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Preface

During the last decade, stimulated by unprecedented growth in the wireless
communication application, outstanding progress has been made in the develop-
ment of low-cost solutions for front-end RF and microwave systems. Lumped
elements such as inductors, capacitors, and resistors have played a vital role in
the development of such low-cost circuits. Numerous articles on the subject of
lumped elements are scattered in a wide array of technical journals and conference
proceedings; however, no comprehensive text dedicated to this topic exists.
There is an urgent need for a book on this subject to fill the void.

This book deals with comprehensive treatment of RF and microwave
circuit elements, including inductors, capacitors, resistors, transformers, via
holes, airbridges, and crossovers. The topics discussed include materials, fabrica-
tion, analyses, design, modeling, and physical, electrical, and thermal practical
considerations. The elements of the book are self-contained and cover practical
aspects in detail, which generally are not readily available. This book also includes
extensive design information in the form of equations, tables, and figures.

The unique features of this book include an in-depth study of lumped
elements, extensive design equations and figures, the treatment of the practical
aspect of lumped elements, and a description of fabrication technologies. The
purpose of this book is to present a complete and up-to-date body of knowledge
on lumped elements. The topics dealing with lumped elements are divided into
14 chapters.

The lumped elements are introduced in Chapter 1. This chapter describes
the basic design of lumped elements and their modeling, fabrication, and applica-
tions. Chapter 2 deals with basics of inductors. It provides basic definitions,
inductor configurations, inductor models, coupling between inductors, and
electrical representations.

Xvii
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The printed inductors are covered in Chapter 3. The realization of induc-
tors on several different substrates are treated. These include inductors on Si,
GaAs, printed circuit board, and hybrid integrated circuit substrates. Wire
inductors are the subject of Chapter 4. Analysis and design of wire-wound and
bond wire inductors are discussed. A brief description of magnetic materials is
also included.

Capacitors, including discrete, MIM, and interdigital, are described in
Chapters 5, 6, and 7, respectively. The basic definition of capacitor parameters,
chip capacitor types, the analysis of parallel plate capacitors, voltage and current
ratings, and the electrical representation of capacitors are included in Chapter
5. Monolithic capacitors are treated in Chapter 6. Equivalent circuit models of
capacitors, high-density capacitors, and capacitor shapes are discussed in this
chapter. The treatment of interdigital capacitors is included in Chapter 7,
describing its equivalent circuit models, design considerations, and applications.

Chapters 8, 9, and 10 deal with lumped resistors, via holes, and airbridge/
dielectric crossovers, respectively. The basic definitions of resistor parameters,
resistor types, high-power resistors, resistor equivalent circuit models, and resis-
tor-circuit representations are included in Chapter 8. The effective conductivity
of resistor materials and thermistor as an application of a resistor are discussed.
Chapter 9 deals with via hole connection and via hole ground. The analysis
and equivalent circuit models and design considerations, including coupling
and layout of via holes, are described. Types of airbridge and crossover, analysis
techniques, equivalent circuit models, and design consideration are discussed
in Chapter 10.

The applications of lumped elements including transformers, baluns, and
other passive circuits are treated in Chapters 11 and 12. The basic theory of
transformers, wire wrapped, transmission line transformers, and ferrite trans-
formers are discussed in Chapter 11. This chapter also describes parallel conduc-
tor transformers on Si substrate and spiral transformers on GaAs substrate.
Passive lumped element circuits are discussed in Chapter 12. The circuit types
include filters, hybrids, dividers, matching networks, biasing networks, switches,
phase shifters, and attenuators.

Chapter 13 deals with fabrication technologies for lumped elements,
including materials, salient features of fabrication, and examples. The fabrication
technologies discussed are printed circuit board, microwave printed circuit,
hybrid microwave integrated circuit, monolithic microwave integrated circuit,
monolithic integrated CMOS, and micromachining.

The microstrip overview is given in Chapter 14 in order to make this book
self-contained. The topics discussed are design equations, design considerations,
thermal design, coupled lines, and discontinuities. The appendix is included to
facilitate readers in their designs. I hope that the selection of topics and their
presentation will meet the expectations of the readers.
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Introduction

A lumped element in microwave circuits is defined as a passive component
whose size across any dimension is much smaller than the operating wavelength
so that there is no appreciable phase shift between the input and output terminals.
Generally, keeping the maximum dimension less than A/20 is a good approxima-
tion where A is the guide wavelength. Lumped elements for use at RF and
microwave frequencies are designed on the basis of this consideration. RF and
microwave circuits use three basic lumped-element building blocks; capacitors,
inductors and resistors. Lumped inductor transformers and baluns are also
commonly used in many circuits.

1.1 History of Lumped Elements

Lumped elements (LEs) came into existence for possible use in microwave inte-
grated circuits (MICs) almost four decades ago. The first usage of lumped
elements was reported in 1965 [1]. During the late 1960s and early 1970s,
several papers [2-9] describing the design, measurement, and application of
LEs were published. During that time, the primary purpose was to reduce the
size of MICs at the low end of the microwave frequency band. At L- and
S-band frequencies, MIC technology using a distributed circuit approach (e.g.,
microstrip) occupies a lot of space. During the 1970s and early 1980s, tremen-
dous progress was made using LEs for MICs at operating frequencies as high
as 12 GHz [10-12]. During the advent of monolithic microwave integrated
circuits (MMICs) in 1976, LEs became an integral part of microwave circuit
design [13-28]. The emergence of wireless and mobile applications along with
increased phased-array applications have provided additional incentives to use
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2 Lumped Elements for RF and Microwave Circuits

LEs to develop compact and lower cost active and passive RF and microwave
circuits [29]. Figure 1.1 shows the basic lumped elements used in MMICs.
Also shown are via holes and dielectric crossovers, which are integral parts of
these elements.

1.2 Why Use Lumped Elements for RF and Microwave
Circuits?

Although lumped-element circuits typically exhibit a lower quality factor Q
than distributed circuits due to smaller element dimensions and the multilevel
fabrication process, they have the advantage of smaller size, lower cost, and
wider bandwidth characteristics. These characteristics are especially suitable for
monolithic MICs and for broadband hybrid MICs where small size requirements
are of prime importance. Impedance transformations of the order of 20:1 can
be accomplished easily using the lumped-element approach. Therefore, high-
power devices with very low input and output impedance values can be matched
to 50() easily with large impedance transformers using lumped elements. Because
lumped elements are by definition much smaller than the wavelength, coupling
effects between them when they are placed in proximity are smaller than those
of distributed elements. In LE-based compact circuits, amplitude and phase
variations are smaller due to smaller phase delays. This feature helps further in
realizing high-performance compact circuits.

Currently MMIC technologies have reached a mature stage; lumped ele-
ments working at up to even 30 GHz are more suitable for low-cost circuit
solutions. At frequencies below C-band, MMICs using lumped inductors and
capacitors are an order of magnitude smaller than ICs using distributed elements
fabricated in microstrip or coplanar waveguide (CPW). At RF and the low end of
the microwave band, the use of lumped elements makes the chip size significantly
smaller without affecting the RF performance, increases the number of chips
per wafer, and gives improved visual and RF yields. All of these factors can
reduce chip costs drastically.

Another advantage of using lumped elements in RF and microwave circuits
lies in the fact that several design techniques used in circuits at lower RF
frequencies, which are not practical at microwave frequencies using microstrip,
coaxial, or waveguide transmission media, can now be successfully applied up
to X-band frequencies. The circuit configurations include true lowpass and
highpass filters; Gilbert-cell mixers; Colpitts, Pierce, Hartley, Clapp, and multivi-
brator-type oscillators; differential, push-pull, and feedback amplifiers; high-
voltage and phase-splitting amplifiers; direct-coupled amplifiers; bridged T-coil
amplifiers; and series and shunt gain peaked broadband amplifiers.
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Figure 1.1 MMIC circuits use passive lumped elements: (a) spiral inductor, (b) interdigital
capacitor, (c) airbridge crossover, (d) thin-film resistor, (e) MIM capacitor, and
(f) via hole.



4 Lumped Elements for RF and Microwave Circuits

In broadband applications, lumped elements play a significant role in
achieving the required circuit performance. To tune out the active device capaci-
tance, one needs an inductance with the minimum possible parasitic capacitance.
At microwave frequencies, one generally uses high-impedance lines, which are
inductive in nature. However, these lines have associated shunt capacitance,
which reduces the gain-bandwidth product of the circuit. For example, a 12-pm-
wide microstrip conductor on a 75-um-thick GaAs substrate requires a
1,160-pm-long line to realize an inductance value of 0.8 nH. The associated
shunt capacitance value is about 0.13 pF. On the other hand, a lumped-element
inductor with a 12-pm width and 2.5 turns will result in 0.8 nH of inductance
and only 0.04 pF of shunt capacitance. Therefore, using lumped inductors with
much lower parasitic capacitance will result in wider bandwidth circuits.

RF chokes using lumped inductors have a distinct advantage in terms of
size and bandwidth in comparison to the A/4 line transformers commonly used
in microwave circuits to bring bias to active or passive solid-state devices. For
example, a compact inductor having 5-nH value and a series resonant frequency
above 20 GHz can be used as a RF choke from 5 to 20 GHz, whereas one
needs two to three sections of A/4 transformers to realize the same bandwidch.

In summary, LEs in comparison to conventional distributed elements have
smaller size and lower cost, large impedance transformation ratio capability,
smaller interaction effects between circuit elements, lower associated complemen-
tary reactance, and wider bandwidth capability.

1.3 L, C, R Circuit Elements

In this section brief descriptions of an inductor (L), a capacitor (C), and a
resistor (R) and their basic functions are provided. Mathematical relations
between the terminal voltage and current across these circuit elements as shown
in Figure 1.2 are also included. In this discussion we will consider these elements
as ideal; that is, L, C, R represent a pure and linear inductor, capacitor, and
resistor, respectively.

ift) i(t) I
—> —> —>

+ +
vit) L v(t)

o1 C
Figure 1.2 Two-terminal voltage and current representations of lumped inductor, capacitor
and resistor.

<+
=
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An ideal inductor of inductance L stores or releases magnetic energy W, ,
and does not store electric energy. This component also does not dissipate any
power and the phase of the time-varying electric current 7(z) lags the phase of
the voltage v(#) across its terminals. Mathematically,

v(t) = L?, v=jwli (1.1a)

(1) =+ dr,  i=— 1.1b

i(¢) =7 v(t) dt, z—ij (1.1b)
1 2

where the time dependence is assumed as ¢/“* and 7 is the root mean square
(rms) value of the current.

In an ideal capacitor of capacitance C, the stored or released energy is
only of electric type W, and such components do not dissipate any power. In
a capacitor the phase of the electric current 7(#) leads the phase of the voltage
v(z) and the relationships between » and 7 are expressed as follows:

i) = Cdig) N e (1.20)
1 (.
v(t) = ro fz(t) dt (1.2b)
| )
W, = 5 Cvg (1.2¢)

where v is the rms value of the voltage.

A lossy component, when its dimensions are much less than the operating
wavelength, is considered a linear resistor. In such a component, the voltage
and current across its terminals are in phase and the incident power is completely
dissipated. If V and 7 are the rms voltage and current across a resistor of value

R, then by Ohm’s law
V=Rl (1.3)

The power dissipated P is given by
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2
P=V]=R[2=% (1.4)

1.4 Basic Design of Lumped Elements

Lumped elements at RF and microwave frequencies are designed based on small
sections of TEM lines such as microstrip lines, which are much smaller than
the operating wavelength. Consider a uniform transmission line with series
resistance (R ), series inductance (Z ), shunt conductance (G ), and shunt capaci-
tance (C), all defined per unit length of the line as shown in Figure 1.3. In
this case the total length € is divided into small sections of length A€ << A.
From transmission line theory, the driving point or input impedance Z;, of
the line of length € and terminated in an impedance Z; at the output as shown
in Figure 1.4, is given by

- Z cosh (y€) + Z sinh (v{€)

Zin = 0Zo cosh (y€) + Z; sinh (y€)

(1.5)

where Z is known as the characteristic impedance and 7 is the propagation
constant of the transmission line. These quantities are expressed as

R+ joL
Zy = \/_—f""_ (1.6)
G+ juC

Figure 1.4 Input impedance of a transmission line terminated in load Z; .
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y=\(R + joL)(G + joC) = a+ ;B (1.7)

where a and 3 are the attenuation and phase constants, respectively. When the
line length is very small, y€ << 1, Z;, may be written as

_ ., L+ Zoyt
Ziy = ZOZO ¥ 2, 40 (1.8)
For a lossless case, R = G = 0
T =
Zy = v% and y = jfB =]a)\/LC (1.9)

Next we discuss the realization of various lumped elements using (1.5).

1.4.1 Capacitor

A lumped capacitor may be realized by using an open-circuited (Z; = )
microstrip section. In this case (1.5) becomes

Z
Zi Dtanh(o o D - Zo (1.10)
4 y€—§(y€)3+...
When y{ << 1,
Zy Zoyt
Zi Dy—2+% (1.11)
From (1.6) and (1.7), and G << wC
G RE 1 joLt
in —.2 +—+ — + (112)
(Ot 3  joCt 3
Neglecting the inductor parasitic,
R 1
” S (1.13)

+
(wC)?* 3 joC

where G, R, C are the total conductance, resistance, and capacitance of the
microstrip section. The equivalent circuit of the open-circuited stub is shown
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in Figure 1.5, where G/(wC )2 and R/3 represent the dielectric and conductor
loss, respectively.

Equation (1.13) also provides another interesting conclusion: For any
open-circuited line, the conductive resistance is only one-third of the total
resistance measured between input and output. This is why in mezal semiconductor
feld-effect transistors MESFETS) or high electron mobility transistors (HEMTs),
the RF gate resistance is taken as one-third of the end-to-end gate finger
resistance.

1.4.2 Inductor

The input impedance of a small section (y€ << 1) short-circuited (Z; = 0)
line is expressed as

Zin=Zytanh (y€) OZyyl = R+ jolL (1.14)

Thus a small-length short-circuited transmission line behaves as an inductor
in series with a resistor R as shown in Figure 1.6. The resistance R represents
the conductor loss, which is negligible for short sections of copper or gold
conductors.

1.4.3 Resistor

As discussed earlier, the short-circuited transmission line behaves as an inductor
when the conductors have low resistance. However, when a section of good

G/lwC)> RA3

O

Figure 1.5 Capacitor-resistor representation of a short open-circuited transmission line
section.

O

Figure 1.6 Inductor-resistor representation of a small-length short-circuited transmission line
section.



Introduction 9

conductor is replaced with thin lossy conductor such as NiCr (sheet resistance
[020€)/square compared to 0.005()/square for gold), the resistive part becomes
dominant and the microstrip section behaves as a resistor with negligible parasitic
inductive and capacitive reactances.

1.5 Lumped-Element Modeling

An ideal lumped element is not realizable even at lower microwave frequencies
because of the associated parasitic reactances due to fringing fields. At RF and
microwave frequencies, each component has associated electric and magnetic
fields and finite dissipative loss. Thus, such components store or release electric
and magnetic energies across them and their resistance accounts for the dissipated
power. The relative values of the C, L, and R components in these elements
depend on the intended use of the LE. To describe their electrical behavior,
equivalent circuit models for such components are commonly used. Lumped-
element equivalent circuit (EC) models consist of basic circuit elements (Z, C,
or R) with the associated parasitics denoted by subscripts. Accurate computer-
aided design of MICs and MMIC:s requires a complete and accurate characteriza-
tion of these components. This requires comprehensive models including the
effect of ground plane, fringing fields, proximity effects, substrate material
and thickness, conductor thickness, and associated mounting techniques and
applications. Thus, an EC representation of a lumped element with its parasitics
and their frequency-dependent characteristics is essential for accurate element
modeling. An EC model consists of the circuit elements necessary to fully
describe its response, including resonances, if any. Models can be developed
using analytical, electromagnetic simulation, and measurement based methods.

The early models of lumped elements were developed using analytical
semiempirical equations. In 1943, Terman [30] published an expression for the
inductance of a thin metallic straight line that was later improved by Caulton
etal. [3], who added the effect of metallization thickness. Wheeler [31] presented
an approximate formula for the inductance of a circular spiral inductor with
reasonably good accuracy at lower microwave frequencies. This formula has
been extensively used in the design of microwave lumped circuits. Grover [32]
has discussed inductance calculations for several geometries. The theoretical
modeling of microstrip inductors for MICs has usually been based on two
methods: the lumped-element approach and the coupled-line approach. The
lumped-element approach uses formulas for free-space inductance with ground
plane effects. These frequency-independent formulas are useful only when the
total length of the inductor is a small fraction of the operating wavelength and
when interturn capacitance can be ignored. In the coupled-line approach, an
inductor is analyzed using multiconductor coupled microstrip lines. This
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technique predicts the spiral inductor’s performance reasonably well for two
turns and up to about 18 GHz.

An earlier theory for the interdigital capacitor was published by Alley [4],
and Joshi et al. [33] presented modified formulas for these capacitors. Mondal
[34] reported a distributed model of the MIM capacitor based on the coupled-
line approach. Pengelly et al. [35, 36] presented the first extensive results
on different lumped elements on GaAs, including inductors and interdigital
capacitors, with special emphasis on the Q-factor. Pettenpaul et al. [37] reported
lumped-element models using numerical solutions along with basic microstrip
theory and network analysis. In general, analytical models are good for estimating
the electrical performance of lumped elements.

The realization of lumped L, C, R elements at microwave frequencies is
possible by keeping the component size much smaller than the operating wave-
length. However, when the component size becomes greater than A/10, these
components have undesirable associated parasitics such as resistance, capacitance,
and inductance. At RF and higher frequencies, the reactances of the parasitics
become more significant, with increasing frequency resulting in higher loss and
spurious resonances. Thus, empirical expressions are not accurate enough to
predict LE performance accurately. Once lumped elements are accurately charac-
terized either by electromagnetic (EM) simulation or measurements, the parasitic
reactances become an integral part of the component and their effects can be
included in the design.

Recent advances in workstation computing power and user-friendly soft-
ware make it possible to develop EM field simulators [38—43]. These simulators
play a significant role in the simulation of single and multilayer passive circuit
elements such as transmission lines and their discontinuities; patches; multilayer
components, namely, inductors, capacitors, resistors, via holes, airbridges, induc-
tor transformers, packages, and so on; and passive coupling between various
circuit elements. Accurate evaluation of the effects of radiation, surface waves
and interaction between components on the performance of densely packed
MMIC:s can only be calculated using three-dimensional (3-D) EM simulators.

The most commonly used method of developing accurate models for
lumped elements is by measuring dc resistance and S-parameter data. This
modeling approach gives quick and accurate results, although the results are
generally limited to just the devices measured. EC model parameters are extracted
by computer optimization, which correlates the measured dc and S-parameter
data (one- or two-port data) up to 26 or 40 GHz depending on the application.
The accuracy of the model parameter values can be as good as the measurement
accuracy by using recently developed on-wafer calibration standards and tech-
niques [44]. The equivalent circuit models are valid mostly up to the first parallel
resonant frequency fi.,. However, when a design is involved with harmonics, for
example, a power amplifier with second and third harmonic terminations at
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the output, one requires either EM simulated data working up to the highest
design frequency or a more complex model taking into account higher order
resonances. If the operating frequency is lower than f./3, then the models
discussed above are adequate.

At RF and microwave frequencies, the resistance of LEs is quite different
from their dc values due to the skin effect. When an RF signal is applied across
a LE, due to the finite conductivity of the conductor material, EM fields
penetrate a conductor only a limited depth along its cross section. The distance
in the conductor over which the fields decrease to 1/¢ (about 36.9%) of the
values at the surface is called depth of penetration, or skin depth. This effect
is a function of frequency with the penetration depth decreasing with increasing
frequency. The flow of RF current is limited to the surface only, resulting in
higher RF surface resistance than the dc value. This effect is taken into account
during accurate modeling of the resistive loss in the component. Modeling of
lumped elements is discussed in later chapters.

1.6 Fabrication

Various technologies are used to fabricate lumped elements, including printed
circuit board, thin-film, thick-film, cofired ceramic, and MICs. At RF and
microwave frequencies, printed circuit board technology is limited to inductors,
whereas the other technologies can be used to make all lumped elements. In
traditional MIC:s, active devices in addition to passive discrete components such
as inductors, capacitors, and resistors are attached externally to an etched circuit
on an alumina substrate. In contrast, in MMICs, all circuit components, active
and passive, are fabricated simultaneously on a common semi-insulating semi-
conductor substrate. Therefore, by eliminating discrete components and bond
wire interconnects, the monolithic technologies have the advantage of being
well suited to high-volume production. Details of these technologies are given
in Chapter 13. Discrete components are manufactured exclusively using thin-
and thick-film techniques, whereas monolithic integrated components are com-
monly fabricated on GaAs and Si substrates. With the advent of new photolitho-
graphic techniques, the fabrication of lumped elements previously limited to
X-band frequencies can now be extended to about 60 GHz.

Discrete lumped elements are produced on big sheets and then individually
diced or cut. However, in MICs and MMICs the lumped elements are fabricated
on dielectric substrates, such as alumina and GaAs. The main purpose of the
substrate is to provide the needed physical support for these components and
a fixed environment for accurate characterization. In this case the EM energy
is confined to a very small area. Thus, the quality of the substrate material is
not as critical as it is for distributed transmission lines. However, to keep the
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dielectric loss due to fringing fields to a low value, substrate materials with
small loss tangent values are preferred. For inductors, it is desirable to keep the
resonant frequency high. For this purpose the interturn capacitance and the
capacitance between the trace and ground plane may be kept to lower values
by using low dielectric constant materials.

1.7 Applications

Lumped elements are widely used in RF and microwave circuits including
couplers, filters, power dividers/combiners, impedance transformers, baluns,
control circuits, mixers, multipliers, oscillators, and amplifiers. Most high-vol-
ume microwave applications are either served by MICs or MMIC:s or both used
together. MMICs have significant benefits over MICs in terms of smaller size,
lighter weight, improved performance, higher reliability, and, most importantly,
lower cost in high-volume applications. The emergence of wireless and mobile
applications along with increased phased-array applications is relentlessly driving
efforts to reduce MMIC cost. LE-based circuit design using inductors, capacitors,
and resistors is a key technique for reducing MMIC chip area, resulting in more
chips per wafer and leading to lower costs.

Another application of spiral geometry is in printed antennas for wireless
communication; such structures can result in a small, low-profile, conformal
antenna [45]. Spiral antennas are very suitable for handsets for mobile communi-
cation due to their ultrasmall size compared to patch antennas.

Depending on the frequency of operation, passive components for RF,
microwave, and millimeter wave applications may be realized using a combina-
tion of solid-state devices, lumped elements, distributed elements, and quasiopti-
cal elements. Unless there is a need for special requirements for circuit realization
in a particular band, commonly used circuit elements in the RF through millime-
ter wave frequency spectrum are shown in Figure 1.7.
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Passive component used

0.001

TCR x LCR K D.CR x 0.D.R \
0.01 1 50 100

Frequency (GHz)

Figure 1.7 Realization of passive components using transistors (T), lumped elements (L, C,

R), distributed elements (D), and quasioptical elements (0).
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Inductors

2.1 Introduction

Lumped-element design using inductors, capacitors, and resistors is a key tech-
nique for reducing MMIC chip area resulting in more chips per wafer and thus
lower cost. Inductors used as circuit components, matching networks, and
biasing chokes play a significant role in the realization of compact integrated
chips. Below C-band frequencies, MMICs using lumped inductors are an order
of magnitude smaller than ICs using distributed matching elements such as
microstrip lines or coplanar waveguides.

Inductors can take the form of single or multiple bond wires, wire-bound
chip inductors, or lumped inductors made using hybrid and MIC fabrication
technologies. In the low-microwave-frequency monolithic approach, low-loss
inductors are essential to develop compact low-cost, low-noise amplifiers and
high-power-added-efficiency amplifiers. Chip inductors are invariably used as
RF chokes at RF and low microwave frequencies.

Inductors in MICs are fabricated using standard integrated circuit pro-
cessing without any additional process steps. The innermost turn of the inductor
is connected to other circuitry using a wire bond connection in conventional
hybrid MICs, or through a conductor that passes under airbridges in multilayer
MIC and MMIC technologies. The width and thickness of the conductor
determines the current-carrying capacity of the inductor. In MMICs the bottom
conductor’s thickness is typically 0.5 to 1.0 xm, and the airbridge separates it
from the upper conductors by 1.5 to 3.0 wm. In a dielectric crossover technology,
the separation between the conductor layers may be anywhere between 0.5 and
3.0 um. Typical inductance values for MMICs working above L-band are in

17
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the range of 0.5 to 20 nH, whereas chip inductors are presently available up
to 400 nH.

Three chapters are devoted to inductors; this chapter deals with general
information on inductors, analytical equations, methods of analysis, measure-
ment techniques for modeling, and coupling between inductors. Chapters 3
and 4 deal with printed/monolithic and wire inductors, respectively.

2.2 Basic Definitions

First of all we define several terms that we come across in the design and usage
of inductors [1-8].

221 Inductance

In electrical circuits, the effect of magnetic energy storage is represented by an
inductance L, which is defined in terms of magnetic flux ¢ by

1 v
L_FéB'dS_T

S

1
= wom, 7 fﬁ Hedl @.1)
14

where

I = the current flowing through the conductor in amperes,

B = magnetic flux density expressed in tesla (T) or weber/m? = MmopmrH,
where the magnetic field, A is expressed in amp/m,

S = surface area enclosed by the loop of wire of length €.

For perfect conductors u, = 1. Free-space permeability is po = 47 X 107
H/m.

The current / produces magnetic flux in the area § bound by the loop as
shown in Figure 2.1. In this case, L is also known as self-inductance. Figure 2.2
shows the magnetic flux lines in a coil.

2.2.2 Magnetic Energy

In an inductor, the magnetic energy is stored as long as the current keeps
flowing through it and is given by
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<«

Figure 2.1 Loop wire configuration showing flux area S, current /, and magnetic flux B.

Figure 22 Magnetic flux lines in a coil.
2
LI
W, = —— 2.2)

where:

W, = magnetic energy expressed in Joules (W - s =J), W and s designate
watt and second, respectively;
L = inductance in henrys (H);

I = current in amperes (A).
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2.2.3 Mutual Inductance

When two conductors carrying current are in proximity, their magnetic flux
lines interact with each other. If the currents flow in opposite directions, the
inductance of each conductor is reduced. Currents flowing in the same direction
increase each conductor’s inductance. The change in an isolated conductor’s
inductance when in proximity to another conductor is known as their mutual
inductance. Consider two conductors in parallel; the mutual inductance is defined

by
M=1[,==-%2_=° (2.3)

where

M = L,, = mutual inductance in henrys (H);

L, = total inductance of the two conductors when the currents flow in
the same direction;

L, = total inductance of the two conductors when the currents flow in
the opposite direction.

If L is the self-inductance of each conductor in the isolated case, then the
total inductance of each conductor is given by

L,=L+ M (currents flow in the same direction) (2.4)
=L - M (currents flow in the opposite direction)

2.2.4 Effective Inductance

For chip inductors, the nominal inductance value is measured at low frequencies;
however, the operating frequency range is much higher. Because the inductor
has associated parasitic capacitance (due to interturn and ground plane effects)
in parallel with its inductance as shown in Figure 2.3(a), the impedance of the
inductor (neglecting series resistance) can be written as

JowL X

Z. = ja)Cp _ JoL

- 2
l—wLCp

(2.5a)

JoL + -
jol,

or
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Figure 2.3 (a) Self-inductance in parallel with parasitic capacitance. (b) Series inductance-
resistance representation.

Z;= jwL, (2.5b)
where
L
Le = — (2.5C)
1- (a)/a)p)

Here w, (= 1/\/LCp) is the parallel resonant frequency. The equivalent
inductance L, is known as effective inductance, and below the first resonance
its value is generally greater than the nominal specified value.

225 Impedance

The impedance of an inductor is defined as

v
Zp=7 = jolL (2.6)

where w = 277f'and f'is the operating frequency in hertz (Hz). The preceding
equation shows that the sinusoidal current in a perfect inductor lags the voltage
by 90°.

226 Time Constant

When a dc voltage is applied across a series inductor-resistor combination as
shown in Figure 2.3(b), the time required to charge the inductor to the applied
voltage is known as the time constant 7 and is given as

T= % (2.7)

where 7, L, and R are expressed in seconds, henries, and ohms, respectively.
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2.2.7 Quality Factor

Several different definitions of Q-factors for inductors have been used in the
literature [9-18]. The most general definition of Q is based on ratio of energy
stored, W, to power dissipated, Pp, in the inductor per cycle; that is

_ o Ws
Q P, (2.8)

At low frequencies an inductor’s primary reactance is inductive and

1 .2
_wZLZO_w_L )
Q=+—=% .
ERZO

where 7 is the rms value of the current. When the inductor is used as a resonant
component close to its self-resonance frequency (SRF) fie, a more appropriate
definition of the Q-factor is in terms of its 3-dB bandwidth (BW) is given by

_ Jis
Q=g (2.10)
A third definition of Q-factor, which has been used for distributed resona-

tors, is evaluated from the rate of change of input reactance with frequency
[19, 20]:

_fres dXin
Q=35 [ df] (2.11)

where Xj,, is the input reactance of the inductor and 4Xj, /df is determined at
fres-

In microwave circuits where the inductors are used far below the self-
resonance frequency, the degree at which the inductor deviates from an ideal
component is described by the effective quality factor Q.f, expressed as [18]:

Im [Zin] )_( wa
R

Qe = RelZy] =2=R (2.12)

where Re[Z;,] and Im[Z;,] are the real and imaginary parts of the input
impedance of the inductor, respectively. This definition leads to the unusual
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condition that Q. becomes zero at resonance. Since in RF and microwave
circuits, for series applications of inductors, the operating frequencies are well
below the self-resonance frequency, the preceding definition is traditionally
accepted.

2.2.8 Self-Resonant Frequency

The self-resonant frequency ( f;s) of an inductor is determined when Im [Z;]
= 0; that is, the inductive reactance and the parasitic capacitive reactance become
equal and opposite in sign. At this point, Re[Z},] is maximum due to parallel
resonance and the angle of Zj, changes sign. The inductor’s first resonant
frequency is of the parallel resonance type. Beyond the resonant frequency, the
inductor becomes capacitive.

229 Maximum Current Rating

The maximum dc current an inductor can withstand without being destroyed
(fusing or electromigration) or overheating due to its finite resistance is known
as the maximum current rating. This maximum current limit depends on the
conductor material, shape, core material used, surrounding environment, and
temperature.

2210 Maximum Power Rating

The maximum RF power that can be applied safely to an inductor without
changing its characteristics or destroying it due to heat generated is known as
the maximum power rating. The maximum power limit depends on the inductor’s
Q, area/volume, core material used, surrounding environment, and temperature.
Printed inductors have higher maximum power ratings than air coil inductors.

2211 Other Parameters

The reader must consider several other inductor parameters per design require-
ments. These parameters are as follows:

Operating temperature range. This is the specified temperature limit within
which the inductor can be operated safely. Above the specified limits, the
inductor’s maximum current rating is reduced due to thermal effects as
well as reliability concerns.

Temperature coefficient of inductance. This is the amount the inductance
changes with temperature and is expressed in parts per million per degree

Celsius (ppm/°C).
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Saturated RF power limit. Inductors with magnetic cores have a maximum
RF power level above which they get saturated, resulting in a nonlinear
response.

2.3 Inductor Configurations

Inductors can be realized in one of the following three forms: a small section
of a strip conductor or a wire [Figure 2.4(a)], a single loop [Figure 2.4(b)], or
a spiral [Figure 2.4(c)]. The printed microstrip section inductor is used for low
inductance values, typically less than 2 nH and often meandered to reduce the
component’s size. Printed circuit single-loop inductors are not as popular as
their coil versions due to their limited inductance per unit area. However, in
MICs, single-loop wire inductors are often used in RF and microwave circuits.
The spiral/coil type are the most popular type of inductors. The coil inductors
may be printed or wire wound. Both can take a rectangular or circular shape.
The circular geometry is superior in electrical performance, whereas the rectangu-
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Figure 2.4 Inductor configurations: (a) bond wire and strip sections, (b) circular and rectangu-
lar loops, and (c) rectangular and circular spirals.
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lar shapes are easier to lay out. Printed inductors are fabricated by using thin-
or thick-film fabrication processes or using monolithic Si and GaAs-based 1C
technologies. The inner connection is pulled out to connect with other circuitry
through a gold wire or by using a multilevel crossover metal strip.

2.4 Inductor Models

Numerous papers have been published in the literature describing lumped
inductor models. Models can be developed using analytical, physics and EM,
and measurement-based methods. The analytical/semiempirical models are based
on three approaches: the lumped-element method [1, 21-26], the microstrip
coupled-line method, and the mutual inductance method [27]. The lumped-
element approach uses frequency-independent formulas for free-space induc-
tance with ground plane effects. These formulas are useful only when the total
length of the inductor is a small fraction of the operating wavelength and
when the interturn capacitance can be ignored. In the coupled-line approach
[28, 29], an inductor is analyzed using multiconductor coupled microstrip lines.
This technique predicts the spiral inductor’s performance reasonably well for
up to two turns and frequencies up to 18 GHz. For more than three turns, we
need to analyze three or more parallel coupled lines. The analytical semiempirical
models are good for approximating the electrical performance of inductors.
Accurate characterization of inductors including the effects of radiation, surface
waves, and interaction between components on the performance of densely
packed inductors in MMICs can only be calculated using 3-D EM simulators
[30-35].

The most commonly used method of developing models for lumped
inductors is by measuring dc resistance and S-parameters [18, 36-40]. This
modeling approach gives quick and accurate results although they are generally
limited to just the devices measured. Equivalent circuit model parameters are
extracted by computer optimization, which correlates the measured dc resistance
and S-parameter data (one- or two-port data) and are valid up to 26 or 40
GHz depending on the application. The accuracy of the model parameter values
can be as good as the measurement accuracy if recently developed on-wafer
calibration standards and techniques [41] are used. These methods are discussed
next.

241 Analytical Models

Lumped-element EC models of printed inductors are shown in Figure 2.5.
Approximate expressions for inductance L, resistance R, and parasitic capaci-
tances for microstrip sections, circular loops, and circular coils are given next

[42].
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Figure 25 EC models: (a) microstrip section and loop and (b) caoil.
24.1.1 Microstrip Section
_ -4 W+t
L(nH) =2 x 10 €[1n<W+ t) 1193 + 5 ] - K, (2.13a)
— KRy ¢
R =55+ (2.13b)
C1(pF) = 16.67 x 1071 € /e, 1.7, (2.13¢)
where all dimensions are in microns and
W W
Kg =0.57 = 0.145 In B h > 0.05 (2.14)
K=14+0217In <¥>, 5< ¥ <100 for aribbon  (2.15a)
S .
K=1+0.333 (1 + W) for a spiral (2.15b)

The term K ¢ accounts for the presence of a ground plane and decreases
as the ground plane is brought nearer. Another term K is a correction factor
that takes into account the crowding of the current at the corners of the
conductor. The terms W, ¢, 4, €, and R, are the line width, line thickness,
substrate thickness, length of the section, and sheet resistance per square of the
conductor, respectively. The calculation of microstrip parameters Z and €
are presented in Chapter 14.
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24.1.2 Circular Loop

L (nH) = 1.257 x 1074 [m(W’: t) + 0.078] K, (2.16a)
_ KRy,
R, () = W, (2.16b)
Cy =33.33 x 10 7ma~Je, 172, (2.16¢)
where « is the mean radius of the loop.
24.13 Circular Spiral
a*n?
L (nH) = 0.03937m . Kg (2.17a)
_D,*+ D, _D,- D,
a=——f .= ——
_ KmanRy,
R, () = W (2.17b)
Cs (pF) = 3.5 x 107D, + 0.06 (2.17¢)

where 7 is the number of turns, D; is the inductor’s inside diameter, D, is the
inductor’s outside diameter, and S is the spacing between the turns. The effect
of ground plane on the inductance value can be reduced by keeping § < W
and § << 4.

A more general expression for inductance of arbitrary shape has been
reported in the literature [43, 44] and reproduced as follows:

2
- Mo”7 Davcl [

S In(ealp) + c3p + cap’] (2.18)

L

where coefficients ¢; for various geometries are given in Table 2.1, p is the fill
ratio, and D, is the average diameter of the inductor. Their expressions are
given here:

(2.19a)
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Table 2.1
Coefficients for General Inductance Expression [43]
Inductor Geometry cq c; c3 Cy
Square 1.27 2.07 0.18 0.13
Hexagonal 1.09 2.23 0.00 0.17
Octagonal 1.07 2.29 0.00 0.19
Circle 1.00 2.46 0.00 0.20
1
D,, = 5 (D, + D;) (2.19b)

242 Coupled-Line Approach

A 2-turn spiral microstrip inductor with opposite sides appropriately connected
as shown in Figure 2.6 may be treated as a coupled-line section. This figure
shows 2-turn circular and rectangular spiral inductors and 1.75-turn rectangular
spiral inductor with connecting single line section and the feed lines represented
between nodes 1 and 2 and between nodes 4 and 5. In the 2-turn case, the
parallel coupled line section, which has a total line length equivalent to the
spiral length between nodes 2 and 4, is represented between nodes 2, 3, and
4 and constitutes the intrinsic inductor. The length is taken as the average of
the outer and inner turn lengths. In the 1.75-turn inductor, an additional single
line between nodes 3 and 4 is connected, whereas the coupled line is between
nodes 2 and 3.

The electrical equivalent coupled-line model shown in Figure 2.6 does
not include the crossover capacitance or the right-angle bend discontinuity
effects. Figure 2.7 shows a modified equivalent circuit of a 1.75-turn rectangular
spiral inductor that also includes the crossover capacitance. This figure also
shows the physical and electrical parameters of the inductor. Figure 2.8 shows
a further subdivision of the inductor, which is required to evaluate its perfor-
mance more accurately. In this case the inductor is split into three sections
representing elements 1, 2, and 3. The performance of these inductors can be
calculated by using either commercial CAD tools or by solving cascaded ABCD
or S-parameter matrices for these elements. Improved versions of these inductors
include chamfered bends.

The electrical characteristics of the intrinsic 2-turn inductor can be derived
from the general four-port network of a coupled-line section as shown in Figure
2.9 where the current and voltage relationships of the pair of lines can be
described by the admittance matrix equation as follows:
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Figure 2.6 Spiral inductors and their coupled-line EC models: (a) circular 2 turns, (b) rectangu-
lar 2 turns, and (c) rectangular 1.75 turns.
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OO ®®

10 micron Wide lines
10 micron Space
175 micron Above ground plane

(a)

Zp, = 165Q
Zgo =420
v, =0.35¢
v, = 0.365¢

DL >D—2—®

— L]
Z=108Q
v =0.36¢

L =0.006 inches in 2—6 GHz CAD model

(b)

C=0.06 pF

Figure 2.7 Rectangular 1.75-turn spiral inductor: (a) physical layout and (b) coupled-line EC
model.
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Figure 28 The network model for calculating the inductance of a planar rectangular spiral
inductor.
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Figure 2.9 A four-port representation of the coupled-line section of an inductor.

This matrix can be reduced to two ports by applying the boundary condi-
tion that ports 2 and 4 are connected together:

V,=Vy (2.21a)
L =-I; (2.21b)

By rearranging the matrix elements, the two-port matrix can be written

as follows:
I i Y30 v
= (2.22)
I3 i villVs

where
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(Yo + Y14) (Yo1 + Y41)

i = - Yoo+ Yo+ Y+ Yy (223)
. (Y12 + Y1) (Y3 + Yy3)
i = 13 Yo+ Vo4 + Yy + Yy (2.24)
and
Y3’3 = Ylll (225)
Y?;l = Y1'3 (226)

due to symmetry.
The admittance parameters for a coupled microstrip line are given by [45]

Y11 =Yy = Y33 = Yy = —j[Yo, cot 6, + Yy, cot 6,1/2  (2.27a)
Y1, =Yy = Y34 = Y43 = —j[Yy, cot 6, — Yy, cot 6,112 (2.27b)
Yi3=Y31 =Yy =Yg =j[Yo, csc 0, - Yy, csc 6,112 (2.27¢)
Yi4=Y4 =Yy3=Y3=j[Yy csc 0,+ Yy, csc 6,112 (2.27d)
where ¢ and o designate the even mode and the odd mode, respectively.

An equivalent “pi” representation of a two-port network is shown in
Figure 2.10 where

YA = _Y1'3 (228)
YB = Y1'1 + Y1'3 (229)
and
o Ya 'e}
D Y o @
(e, O

Figure 210 Pi EC representation of the inductor.



Inductors 33

1
Yy=-j 5 Yy, cot 6, + Yy, cot 6, (2.30)
1 - cos 6, 1+ cos 6,
[YOE< sin 6, ) * YO"( sin 6, )]
+
1 —cos 6, 1+ cos 6,
2[Y06< sin 6, ) YO”( sin 6, )]
2iY0, Yo, — 1+
Yp = -] X 0e 00( COS 66)( COS 60) 2.31)

[Yy, sin 6,(1 + cos 6,) — Yy, sin 6,(1 — cos 6,)]

Because the physical length of the inductor is much less than A/4, sin
,,086,,and cos 6, ,, 01 —- 062,,,/2. Also Y, > Yy,; therefore, (2.30) and
(2.31) are approximated as follows:

YOe
Y,O—f 2.32
45754, (2.32)
Yz O7Y0.0, (2.33)

which are independent of the odd mode. Thus the “pi” EC consists of shunt
capacitance C and series inductance L as shown in Figure 2.11. The expressions
for L and C can be written as follows:

_ 1Y
Y= AT (2.34)
or
26,
L= oo (2.35)
L
o— NV,
® _—c ()]
O O

Figure 211 Equivalent LC circuit representation of the inductor.
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and
YB = ]&)C = ]'Y()e He (236)
or

Yo, 0
C =l (2.37)

w

If € is the average length of the conductor, then
wtl —
ae = T \/eree (2-38)

where ¢ is the velocity of light in free-space and €,, is the effective dielectric
constant for the even mode. When Z, = 1/Y,,, from (2.35) and (2.37),

2€ZO€ '\/;ee
L=—

(2.39)
c
€€
C= Zoc (2.40)

In a loosely coupled inductor, Zy, 00 Z and €,, = €, for the single
conductor microstrip line. The above equations can be used to evaluate approxi-
mately the inductor’s performance.

243 Mutual Inductance Approach

Greenhouse [27] has provided expressions for inductance for both rectangular
and circular geometries based on self-inductance of inductor sections and mutual
inductances between sections. These relations are also known as Greenhouse
formulas for spiral inductors. Consider a 10-section rectangular inductor like
the one shown in Figure 2.12(a). Let all sections have line width W, separation
between sections S, mean distance between conductors &, and thickness #. The
total inductance of the coil is the sum of self-inductance of all 10 sections or
segments and the mutual inductance between sections, assuming the total length
is much less than the operating wavelength so that the magnitude and phase
of the currents across the length of the inductor are constant. Two sections
carrying currents in the same direction have positive mutual inductance, whereas
the inductance is negative for currents flowing in opposite directions. Figure
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Figure 212 (a) Ten-section rectangular spiral inductor showing positive and negative mutual
inductance paths. (b) Lengths for an adjacent sections pair.

2.13 shows the magnetic flux lines for positive and negative mutual inductance.
Because the magnitude and phase of the currents are assumed identical in all
sections, the mutual inductance between sections 2z and & is M, , = M, ,. The
total inductance of 10 sections and a 2.5-turn inductor can be written:

L=L +Ly+...+Ly
(self inductance)
+2(My5+ Myg+ Mz + Myg+ Msg+ Mg+ Mo+ M)
(positive mutual inductance)
—2(My 7+ My 3+ Myg+ My 4+ Mso+ Mss+ Mg+ Mg
+ Ms7+ Meg+ Mzog+ Mg )

(negative mutual inductance)

<4
(b)

Figure 213 Magnetic flux lines: (a) positive mutual inductance case and (b) negative mutual
inductance case.

(2.41)
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The preceding equation is generalized as follows:

m n m—4 m=2
L=%L;+2| ) ( Y Miivgi= Y My (2.42)
= A\ = =

z

where m is the number of sections, 7 is the number of complete turns, and a
maximum value of 7 + 47 is m. For example, for a 2.5-turn inductor, 7 = 2,
m = 10, and the total positive and negative mutual inductance terms are 16
and 24, respectively. The total of positive mutual inductance terms A4 is given

by
Mi=4[n(n—1)] + 2nlm — 4n] (2.43a)

Similarly, for total negative mutual inductance terms M_ the expression
is

M_=4n* + 2n(m — 4n) + (m — 4n — 2) m — 4n — 1) [(m — 4n)/3]
(2.43b)

Although M _ is larger than M, their contribution to the total inductance
value is much less due to much larger spacing. As a first-order approximation,
only mutual inductances between adjacent sections may be included.

Next, the self- and mutual inductances can be calculated from the inductor
geometry. The self-inductance of each section of straight length €; can be
calculated by using (2.13a), where X, =L The mutual inductance is calculated
approximately using

2. 1/2 2. 1/2

- ¢ 4 d d
— 4 e e
Mﬂ,b—leo €€[ln{7+<l+z> }-<1+€—€2> +€—e:|

(2.44)

where €, is the effective length of the two sections between which the mutual
inductance is being calculated. Dimensions of €, and 4 are in microns and
M, p is in nanohenries. As an approximation €, can be considered an average
length for the two sections shown in Figure 2.12(b).

244 Numerical Approach

The analytical methods just described provide a quick way to determine the
inductor dimensions required for a particular design. However, inductor charac-
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terization at high frequencies is generally not adequate to design a circuit
accurately. Numerical methods, implemented in EM simulators, on the other
hand, simulate inductors adequately and also provide additional flexibility in
terms of layout, complexity (i.e., 2-D or 3-D configuration) and versatility.
EM simulations automatically incorporate junction discontinuities, airbridge
or crossover effects, substrate effects (thickness and dielectric constant), strip
thickness, and dispersion and higher order modes effects. Several different field
solver methods have been used to analyze inductors as described in the literature
[46, 47]. The most commonly used technique for planar structures is the method
of moments (MoM), and for 3-D structures, the finite element method (FEM)
is usually used. Both of these techniques perform EM analysis in the frequency
domain. FEM can analyze more complex structures than can MoM, but requires
much more memory and longer computation time. There are also several time-
domain analysis techniques; among them are the transmission-line matrix method
(TLM) and the finite-difference time-domain (FDTD) method. Fast Fourier
transformation is used to convert time-domain data into frequency-domain
results. Typically, a single time-domain analysis yields S-parameters over a wide
frequency range. An overview of commercially available EM simulators is given
in Table 2.2. More comprehensive information on these tools can be found in
recent publications [48, 49].

Table 2.2
An Overview of Some Electromagnetic Simulators Being Used for MMICs
Software Type of Method of Domain of
Company Name Structure Analysis Analysis
Agilent Momentum 3-D planar FEM Frequency
HFSS 3-D arbitrary
Sonnet Software Em 3-D planar MoM Frequency
Jansen Microwave  Unisim 3-D planar Spectral domain  Frequency
SFMIC 3-D planar MoM
Ansoft Corporation ~ Maxwell-Strata ~ 3-D planar MoM Frequency
Maxwell Sl 3-D arbitrary  FEM
Eminence
MacNeal- MSC/EMAS 3-D arbitrary  FEM Frequency
Schwendler Corp.
Zeland Software IE3-D 3-D arbitrary  MoM Frequency
Kimberly Micro-Stripes 3-D arbitrary  TLM Time
Communications
Consultants
Remco XFDTD 3-D Arbitrary  FDTD Time
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In EM simulators, Maxwell’s equations are solved in terms of electric and
magnetic fields or current densities, which are in the form of integrodifferential
equations, by applying boundary conditions. Once the structure is analyzed
and laid out, the input ports are excited by known sources (fields or currents),
and the EM simulator solves numerically the integrodifferential equations to
determine unknown fields or induced current densities. The numerical methods
involve discretizing (meshing) the unknown fields or currents. Using FEMs,
six field components (three electric and three magnetic) in an enclosed 3-D
space are determined while MoMs give the current distribution on the surface
of metallic structures.

All EM simulators are designed to solve arbitrarily shaped strip conductor
structures and provide simulated data in the form of single or multiport
S-parameters that can be read into a circuit simulator. To perform an EM
simulation, the structure to be simulated is defined in terms of dielectric and
metal layers and their thicknesses and material properties. After creating the
complete circuit/structure, ports are defined and the layout file is saved as an
input file for EM simulations. Then the EM simulation engine is used to
perform an electromagnetic analysis. After the simulation is complete, the field
or current information is converted into S-parameters and saved to be used
with other CAD tools.

EM simulators, although widely used, still cannot handle complex struc-
tures such as an inductor efficiently due to its narrow conductor dimensions,
large size, and 3-D geometry. One has to compromise among size, speed, and
accuracy. Simulators lead to accurate calculation of inductance and resonant
frequencies but not the Q-factor.

245 Measurement-Based Model

The advantages of a measurement-based model include accuracy and the ease
with which it can be integrated into RF circuit simulators to perform linear
simulation in the frequency domain. The accuracy of measurement-based models
depends on the accuracy of the measurement system, calibration techniques,
and calibration standards. On-wafer measurements using high-frequency probes
provide accurate, quick, nondestructive, and repeatable results up to millimeter-
wave frequencies. Various vector network analyzer calibration techniques are
being used to determine a two-port error model that de-embeds the device
S-parameters. The conventional short, open, load, and through (SOLT) calibration
technique has been proven unsatisfactory because the open and short reference
planes cannot be precisely defined. Unfortunately, another calibration technique,
through-short-delay (TSD) also relies on either a short or open standard. The
reference plane uncertainties for the perfect short limit the accuracy of these
techniques. However, these techniques work fine for low frequencies.
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The line-reflect-match (LRM) calibration technique requires a perfect match
on each port. The thru-reflect-line (TRL) calibration method is based on transmis-
sion-line calibration standards which include a nonzero length thru, a reflect
(open or short), and delay line standards (one or more dictated by the frequency
range over which the calibration is performed). The advantage of TRL calibration
lies in the fact that it uses simple standards that can be placed on the same
substrate as the components to be measured, thus ensuring a common transmis-
sion medium. This calibration technique accurately locates the reference planes
and minimizes radiative crosstalk effects between the two probes since they are
sufficiently far apart during the calibration procedure.

The TRL calibration technique accurately de-embeds passive circuit ele-
ments by measuring the S-parameters at the reference planes as shown in Figure
2.14. Typically, passive circuit elements are embedded in 50-) lines (88 wm
wide) on a 125-um-thick GaAs substrate 500 xm long. These microstrip lines
have 50() grounded coplanar waveguide transitions at each end for on-wafer
probing as shown in Figure 2.14. Figure 2.15 illustrates the calibration standards
on a 125-pum-thick substrate for de-embedding the two-port elements. The
reference plane in the thru line is located at the center. The length of the thru
line (1,000 pwm) is chosen to be as short as possible but long enough to avoid
interaction between the probes. The electrical length of the delay line chosen
is approximately 20° of insertion phase at the lowest frequency and less than
160° at the highest frequency. Measurement uncertainties increase significantly
when the insertion phase of the delay line nears 0 degrees or an integer multiple
of 180°. A via hole short is used as the “reflect” standard. Because one delay
standard covers an 8:1 frequency span, two delay line standards are included
on the wafer to cover the 1.5- to 26-GHz frequency range. The two delay lines
are 10,600 and 1,460 pum long with an associated time delay of about 102.0
ps (at 2.5 GHz) and 14.1 ps (at 18 GHz), respectively. These time delay values
include frequency dispersion effects.

| @ @D ||
|
|
&, | | @D

Reference planes

Figure 214 The TRL calibration accurately de-embeds the inductor at the reference planes.
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Figure 2.15 On-wafer TRL calibration standards include a thru, reflect provided by a via hole
and delay lines.

Many components have low impedances, so their accurate characterization
is difficult by measuring their S-parameters in a 50-() system. In such cases,
TRL standards and de-embedding lines must have a much lower characteristic
impedance than 50€). Gross and Weller [50] used 3-() and 7-Q) TRL de-
embedding system impedances to determine an air core inductor’s low series
resistance. The RF probable TRL standards in a 3() system are shown in Figure
2.16(a). Because the measurement system and RF probes have 50() impedance,
the TRL standards employ broadband taper line transformers between the probe
launcher and the thru, reflect, and delay lines, which have 3() characteristic
impedance. Figure 2.16(b) shows a taper line transformer and half thru line
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Figure 2.16 (a) TRL calibration standards for the 3-Q reference impedance system. (b) Micro-
strip line geometry to match 3-Q) impedance to 50-() probe impedance, where
€,=10.2 and h = 0.635 mm.

with dimensions on copper clad Arlon substrate with €, = 10.2 and 4 = 0.635
mm.

To extract device model parameters, one can use either the direct method
or the indirect method, as discussed next.

2451 Direct Method

An accurate model of an inductor can be developed by making S-parameter
measurements in a series configuration as shown in Figure 2.17(a). The
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Figure 2.17 (a—c) Three simplified EC models of an inductor.

S-parameter measurements are made in a 50€) microstrip system. The inductors
are printed between 50€) TRL microstrip lines (Figure 2.14) and the substrate
could be alumina, low-temperature cofired ceramic (LTCC), FR-4, GaAs, or
Si depending on the technology being used. In case of chip inductors, they are
mounted across 50€) microstrip lines. The device’s S-parameter data are de-
embedded using TRL standards on the same substrate. The maximum frequency
of measurement must be well beyond the first resonance. A simplified equivalent
circuit to predict accurately the inductance, Q and the first resonance frequency
is shown in Figure 2.17(b).
The S-matrix of Figure 2.17(b) is given by

S S _ 1 VAR YA) (2.45)
Sa Snl Z+220 27y Z,
Here,
Z
511 - Z+—2Z() (2463.)
_2Z
Sy = 7+ 27 (2.46b)
iwl
Z=R, +—I1% (2.46¢)

where
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2 _
w} = 1/LC, (2.46d)

If §51, and Sy1; are the real and imaginary parts of S;;, then by equating
real and real parts of (2.46b),

2

R, =22, [er - 1] (2.472)
Sy 8014

2205211' 1 - (a)/a)p)z

2 2 »
S+ 851

The value of C, is determined using (2.46d) from the first resonance
frequency. At first resonance w,, the angle of S5; = 0. Thus, the inductor EC
model parameters are determined from (2.46) and (2.47) or they may be
extracted by computer optimization. Normally, the computer optimization
technique is used because it also helps to fit more complex EC models for
devices that will also predict higher order resonances. Such models are discussed
in the next chapter.

2.45.2 Indirect Method

The inductance value and Q-factor of an inductor can be determined by connect-
ing externally a known capacitor to the inductor and measuring the first resonant
frequency of the LC resonator. In this method, one can use the device under
test (DUT) in series or in parallel as shown in Figure 2.18. In this method the
Q of the externally added capacitor at the resonant frequency is much larger
than the Q of the DUT. These capacitors have negligible parasitics (or they are
accounted for) and their values are selected so that the first resonant frequency
of the LC network is several times lower than the estimated first self-resonant
frequency of the inductor. Devices are then characterized by making one-port
S-parameter measurements at the input of the DUT.

2453 Series Capacitor

In this case, the capacitor’s bottom plate is grounded and the inductor is
connected in series with the top plate. The EC model for a series resonator is
shown in Figure 2.18(a). When C| >> Cy, at the first series resonance,

L=1/(Ciw}) (2.48)
where wy = 277f]. From the 3-dB bandwidth BW, Q is calculated:

=L=w1L
BW R,

(2.49a)
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Figure 2.18 One-port LC resonator schematics and EC models: (a) series and (b) parallel.

or

R =k (2.49b)

2.45.4 Parallel Capacitor

In the parallel resonator case, two capacitors C and C, are used [51]. The
capacitance values are within about 25% of each other. The EC model is
shown in Figure 2.18(b). With each capacitor, the input return loss of the LC
combination is measured. The input impedance can be written as

, R+ jwl(l - @’LC,) - jR*&C
Zin = Rin + jXin = / 2 P - / B : (2.50)
[1 - w'LC,)" + [RwC,]

where C; = Cj, + C 3. At resonance Xj, = 0 and the resonant frequencies are
given by

2 _ 1 L
D27 nD)? (Crl,z RJ) 251)

where C;; o = C, + Cy 5. From (2.51)
, P ,
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1 1 1
[=———— | S -— (2.52)
4Cy - Cym’ [ff ff]

Ignoring the effect of R, as wL >> R;

1 1 _L _l
Cp = 877-—ZL [F fzz] 5 (C1 + Cy) (2.53)

From (2.51) an average value of R, is given by

I 1/2 I 1/2
R,=05|=— - Q@aLl)l*ft| +05|=—-@nL)f (2.54)
Ctl Cl’2

25 Coupling Between Inductors

When two inductors are placed in proximity to each other, their EM fields
interact and a fraction of the power present on the primary or main inductor
is coupled to the secondary inductor. In this case, the coupling between the
electromagnetic fields is known as parasitic coupling. Parasitic coupling affects
the electrical performance of the circuit in several ways. It may change the
frequency response in terms of frequency range and bandwidth, and it may
degrade the gain/insertion loss and its flatness, input and output VSWR, and
many other characteristics including output power, power added efficiency, and
noise figure depending on the type of circuit. The coupling can also result in
instability of an amplifier circuit or create feedback that results in a peak or a
dip in the measured gain response or make a substantial change in the response
of a phase shifter. In general, this parasitic coupling is undesirable and is an
impediment to obtaining an optimum solution in a circuit design. However,
this coupling can be taken into account in the design phase by using empirical
equations, by performing EM simulations, or by reducing it to an acceptable
level by maintaining a large separation between the inductors.

The coupling between two closely placed inductors depends on several
factors, including separation between the inductors, size of each inductor and
its orientation, resistivity of the substrate on which they are printed, substrate
thickness, and the frequency of operation [52-55].

251 Low-Resistivity Substrates

Figure 2.19(a) shows the measured S; response representing the coupling
between two inductors as a function of distance D between them. Each inductor
has an inside diameter of 60 wm, outside diameter of about 275 wm, 8 turns,
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Figure 2.19 (a) Measured Sy response for two adjacent inductors versus frequency for three
different separations. (b) Measured Sy response for two adjacent inductors
versus distance between them for three values of Si resistivity.

and total inductance of 13 nH. Both inductors were printed on 2 k{)-cm
resistivity Si substrate with a thickness of about 650 xm. Increasing the separa-
tion from 5 to 50 um reduces the coupling by about 10 dB. Figure 2.19(b)
shows S, as a function of substrate D at 2 GHz, for three values of substrate
resistivity. As the resistivity is reduced, the substrate conductivity increases,
resulting in larger coupling between the inductors.

252 High-Resistivity Substrates

Coupling effects between two coplanar inductors as shown in Figure 2.20 were
also investigated for three different orientations using the FDTD method. Each
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Figure 220 (a—c) Three different orientations of rectangular inductors in proximity. (d) Simu-
lated and measured coupling coefficient versus frequency. (From: [52]. O 1997
IEEE. Reprinted with permission.)

square spiral inductor has a 10-um conductor width, 10-um spacing between
conductors, 3-um-thick conductors, and about a 200-um outer diameter. The
spacing between the inductors was 60 um and they were fabricated on a
GaAs substrate. The inductor conductor patterns were elevated above the GaAs
substrate using airbridges to reduce the parasitic capacitance. (See Chapter 10
for more detail on this subject.). The ground planes in the coplanar waveguide
feedlines were connected using airbridges to suppress the coupled slotline mode.
Figure 2.20(a—c) shows the three possible configurations, and Figure 2.20(d)
shows the simulated coupling between ports 3 and 1, while the other two ports
were terminated in 50€). As reported by Werthen et al. [52], coupling between
ports 3 and 1 is slightly higher than between ports 4 and 1. Measured coupling
in the case of configuration (a) is also shown in this figure for comparison.
Coupling between inductors on a 75-um-thick GaAs substrate has been
described by Bahl [55]. For a given inductance value and distance between two
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spiral inductors, the coupling between the circular spirals shown in Figure
2.21(a) is lower than for the rectangular spirals shown in Figure 2.21(b), because
of the larger average coupling distance. Figure 2.22 shows the coupling coefficient
between ports 3 and 1 as a function of frequency for 0.8-nH circular and
rectangular inductors placed 20 o m apart. Dimensions for the circular inductors
are as follows: line width W= 12 um, line spacing § = 8 um, inner diameter
D; =50 wm, and number of turns » = 2.5. The rectangular inductor has the
same dimensions, except it has 11 sections. Here all ports are terminated in
50(). The coupling between ports 3 and 1 is slightly higher than between ports
4 and 1.

Coupling effects between two circular spiral inductors in three different
possible orientations, shown in Figure 2.21, were also investigated [55]. Each
inductor has a 12-um conductor width, 8- m spacing, 4.5-u m-thick conduc-
tors, and 50-um inner diameter. The separation between the inductors varied
from 20 to 200 pm. Figure 2.23 shows the simulated coupling between ports
3 and 1, when the other two ports were terminated in 50£), for 20-xm spacing
as a function of frequency. Among all three configurations, coupling between
ports 3 and 1 is slightly higher than between ports 4 and 1. The configurations
shown in Figure 2.21(c, d) result in the largest and smallest coupling, respectively.
The difference between these two configurations is about 10 dB. Thus, the

Inductor Inductor

(a) (b)
Inductor Inductor

(d)

Figure 2.21 (a—d) Several configurations of inductors in proximity.
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Figure 2.23 Coupling between circular inductors for the three different orientations shown
in Figure 2.21, with D =20 um.

orientations of the inductor coils significantly affect the parasitic coupling
between the two. Similar results have been reported for rectangular spiral induc-
tors [52] as discussed earlier. Therefore, in the layout of such inductors, extra
care must be exercised to minimize the parasitic coupling. Figure 2.24 shows
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Figure 2.24 Coupling between inductors shown in Figure 2.21(a) for various separations.

the coupling at 10 GHz as a function of separation between the inductors. As
distance increases, the coupling decreases monotonically. Table 2.3 summarizes
the effect of inductor B on the input impedance of inductor A. The coupling
effect is less than 1% for inductors having reactance of about 50} and separated
by 20 wm on a 75-um-thick GaAs substrate.

2.6 Electrical Representations

2.6.1 Series and Parallel Representations

When 7 inductors (having inductance values L, Lj, ..., L,) are connected
in parallel, the total inductance L 7 is given by

Table 2.3
Percentage Change in Input Impedance (Z;,) of Inductor Due to Another Inductor’s
Proximity, with D =20 um

Re[AZin] Q (%) Im[AZi,,] Q (%)
Inductor Conf. @ 10 GHz @ 20 GHz @ 10 GHz @ 20 GHz
Figure 2.21(a) 0.9 21 -0.02 0.6
Figure 2.21(c) 14.6 17.6 -0.06 -0.65

Figure 2.21(d) 0.4 2.7 —-0.06 0.62




Inductors 51

1
T UL+ 1Ly + .. 1L,

Ly (2.55)

and its value is always less than the value of the smallest inductor. To increase
the inductance value, the inductors are connected in series. In this case, the
total inductance is written as

LT=L1+L2+...L7[ (256)

where L 7is larger than the largest value of the inductor. Impedance, admittance,
and transmission phase angle formulas for various combinations of inductors
are given in Table 2.4.

2.6.2 Network Representations

At RF and the lower end of the microwave frequency band, the inductor can
be represented by its inductance value L. If Z is the characteristic impedance
of the lines across which the inductor is connected, the ABCD, S-parameter,
Y- and Z-matrices for an inductor L connected in series and shunt configurations
are given in Table 2.5, where w is the operating frequency in radians per second.
When resistance and parasitic capacitances are included in the inductor model,
as shown in Figure 2.17(b, ¢), the results in Table 2.5 can be used by replacing

1
jwL with Zj for series configuration and ol by Y; in shunt con-

figuration. Z7 and Y7 are impedance and admittance for the model in Figure
2.17(b, ¢).

The discussion on inductors is continued in Chapters 3 and 4, where
printed and wire inductors are described, respectively.

Table 2.4
Impedance, Admittance, and Transmission Phase Angle Representations of Inductors,
with R=10
Inductor Impedance Admittance Phase Angle
Configuration Z=R+ jX Y=1/z &= tan” (X/R)
o jwl —jlwl +77/2
omiuj% jollq + Ly = 2M) —jlo(Ly + Ly £ 2M) +77/2
L _ LiLy - M2 —(j/w)<L1 + Ly F 2M> +77/2
A jw<L1+L212M> LyLy — M?
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Table 2.5
ABCD, S-Parameter, Y- and Z-Matrices for Ideal Lumped Inductors

ABCD S-Parameter
Matrix Matrix Y-Matrix Z-Matrix
Series 1 ij] 1 [ij zzg] j[—1 1]
© ° lo 1 Jol +22y] 27y jwl ol 1 -1
o——-o0
™ s o 1 [—zo 2ij} [ij ij]
L - 2y + 2ol | 2jwl -2y jol jol
| ol !
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Printed Inductors

Planar inductors can be classified into two-dimensional and three-dimensional
structures. Two-dimensional inductors are further grouped into four categories
based on their shape, that is, meander, rectangular, hexagonal, or octagonal and
circular as shown in Figure 3.1. Table 3.1 summarizes the major advantages
and disadvantages of each shape. The circular geometry has the best electrical
performance, whereas meander line inductors are seldom used. Three-dimen-
sional inductor topologies are shown in Figure 3.2 and their major advantages
and disadvantages are summarized in Table 3.2.

In this chapter we discuss planar inductors on semiconductor substrates
such as Si and GaAs, on printed circuit boards, and on hybrid integrated circuit
substrates. Silicon is a potential candidate for RFICs, and GaAs is widely
used for MMIC:s. Standard silicon substrates have low resistivity and Si-based
technologies use thin metallization layers that give rise to high substrate and
conductor losses. In comparison, GaAs substrates are semi-insulating (having
very high resistivity), and GaAs-based technologies use thick electroplated gold
interconnects. GaAs passive components have low capacitive and conductor
losses. Several different techniques in both these technologies are employed to
reduce losses in order to enhance the quality factor of inductors.

Low-cost wireless applications require integration of more circuit compo-
nents using multichip modules (MCMs). At RF, organic substrate-based MCM
technology using a standard FR-4 board is another viable approach to develop
low-cost integrated solutions by printing inductors on the same substrate. Several
hybrid integrated technologies are being pursued to integrate inductors along
with other passive components into a MCM substrate. These include thin film,
thick film, and LTCC; and are suitable for high-quality, low-cost, and compact,
high-performance inductors, respectively.

57
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Meander Rectangular

Circular Octagonal

Figure 3.1 Two-dimensional inductor types: (a) meander, (b) rectangular, (c) circular, and (d)
octagonal.

Table 3.1
Two-Dimensional Inductor Configurations and Their Features
Configuration Advantage Disadvantage
Meander line Lower eddy current resistance Lowest inductance and SRF
Rectangular Easy layout Lower SRF
Octagonal Higher SRF Difficult layout
Circular Highest SRF Difficult layout

3.1 Inductors on Si Substrate

RF monolithic ICs are being developed using Si employing CMOS, BiCMOS,
and SiGe-HBT technologies in order to take advantage of mature Si processes and
low-cost potential. One of the major disadvantages of standard Si technologies is
the high substrate losses due to much lower substrate resistivity (less than
10° )-cm) compared to GaAs substrate (107 )-cm). High-densitcy CMOS
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Figure 3.2 Three-dimensional inductor types.

Table 3.2
Three-Dimensional Inductor Topologies and Their Features
Configuration Advantage Disadvantage
Rectangular and circular Higher inductance Lower SRF
Solenoidal or lateral Lower eddy current resistance Lower inductance
Helical Higher SRF Lower inductance

technology uses highly doped substrates with resistivity of the order of 0.01
)-cm, while in the case of BICMOS, the nominal resistivity value is about
10 Q-cm. Thus, spiral inductors and transmission-line sections fabricated on
Si substrates have much lower Q-values than their counterparts on GaAs sub-
strates. In this section, we discuss the characteristics of Si-based inductors
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including Q-enhancement techniques, stacked inductors, and other various
configurations.

Extensive work on Si-based inductors was conducted during the 1990s
and a partial list of references is provided here [1-60]. Because Si technologies
use a large variety of Si substrate resistivity values (i.e., 0.01-100 )-cm), the
design of coil inductors becomes quite complex. The selection of physical
dimensions, such as the number of turns (), the trace width (W), the trace
thickness (z), line spacing (§), and the inner diameter (D;) as shown in Figure
3.3(a), determines the excitation of eddy currents responsible for extra loss in
the conductor as well as in the Si substrate. It is important to discuss first the
excitation of eddy currents and then describe the design of inductors on Si
substrates. The loss in an inductor can be divided into two components; conduc-
tor loss and substrate loss. These losses are discussed next.

3.1.1 Conductor Loss

The conductor loss in an inductor is proportional to its series resistance. At
low frequencies, the series resistance can be calculated from the conductor sheet
resistance multiplied by the number of squares of the conductor. However, at
microwave frequencies, the series resistance becomes a complex function due
to the skin effect and magnetically induced currents (eddy currents). The series
resistance increases significantly at higher frequencies due to eddy currents.
Eddy currents produce nonuniform current flow in the inner portion of spiral
inductors, with much higher current density on the inner side of the conductor
than on the outer side. These two components of conductor loss are briefly
discussed in the following sections.

3.1.1.1 Sheet Resistance

The dc sheet resistance of a spiral coil can be reduced by using a thicker
metallization. Several available thin metal layers can be connected or shunted
together through via holes to realize a thick metal layer or a thicker plated
conductor can be used. Alternatively, high-conductivity conductors such as
copper or gold can be used instead of the aluminum commonly used in Si
technologies. Advanced Si technologies (both Si CMOS and SiGe BiCMOS)
now have a very thick (at least several microns thick) copper interconnect layer
as the last metal. Inductor Qs approaching those typically found on semi-
insulating substrates have been achieved. Use of inductors in the copper metal
layer have replaced the use of “strapping” multiple thin aluminum layers together
to synthesize effectively thicker metal in RFICs.
At low frequencies, the total dc resistance of the coil is given by

¢

= Wio (3.1)

Ryc
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Figure 3.3 (a) A 3.5-turn circular inductor with dimensions. (b) Excitation and eddy currents,
and fields in a coil. /.qj is the excitation current.

where W is the width, 7 is the thickness, € is the total length of the conductor
strip in the coil, and o is the conductivity of the conductor material. At high
frequencies, the above equation is modified and given as

4

S S 32
Wods(1 — ¢7%) 6.2

Ry
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where 0 is the skin depth given by

5= (3.3)

wopo

where u is the magnetic permeability of the material. Because Si technologies
use thin conductors 01 to 2 um thick, at RF frequencies, /6 < 1, Ry OR.
Table 3.3 compares conductivities and skin depth of various metals used. Silver
has the maximum conductivity.

3.1.1.2 Eddy Current Resistance

The eddy current resistance in the inductor trace is a result of current crowding,
that is, increasing current density along a part of the trace width. Consider a
sector of an 7z-turn circular spiral inductor as shown in Figure 3.3(b). The
inductor carries a current /.y and the associated magnetic flux is Bgy. The
magnetic flux lines enter the page plane at the far end of the turn 7 and come
out of the page plane in the center of the coil, where they have maximum
intensity. When there is not enough hollow space in the center of the coil, a
large part of the magnetic flux also goes through the inner turns. According to
Faraday-Lenz’s law, when a conductor is moved into a magnetic field or a
conductor is placed in a time-varying magnetic field, eddy currents are induced
in the conductor in the direction where their self-flux is opposite to the applied
magnetic field. Thus, as shown in Figure 3.3(b), circular eddy currents /.44y
are generated due to magnetic fields that go through the inner turns, and an
opposing magnetic field B.qq4y due to eddy currents is established.

The eddy current loops produced within the trace width cause nonuniform
current flow in the inner coil turns. They add to the excitation current /.y on
the inside edge and subtract from the excitation current /. on the outside
edge. Therefore, the inside edges of the coil carry current densities much larger
than the outside edges, giving rise to a larger effective resistance compared to
the case of uniform current flow throughout the trace width. Because the eddy

Table 3.3
Conductivity, Resistivity, and Skin Depth Values of Commonly Used Metals
Conductivity Resistivity Skin Depth (zm)
Metal (10° s/cm) (1078 Q-cm) @ 1 GHz @ 10 GHz
Aluminum (Al) 3.8 26 2.57 0.81
Gold (Au) 4.1 24 2.50 0.79
Copper (Cu) 5.8 1.7 2.09 0.66
Silver (Ag) 6.2 1.6 2.02 0.64
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currents are induced due to time-varying magnetic fields, their values are a
strong function of frequency. The critical frequency f, at which the current
crowding begins to become significant is given by [40]

_31(W+S)
27T,LL()WZ

fe Ry, (3.4)

where ) is the free-space permeability and Ry, is the sheet resistance of the
trace. An approximate expression for the series resistance is given by [40]

R, = Ry [1 + 0.1(FI£)*] (3.5)

The excitation of eddy currents can be minimized by cutting longitudinal
slits in the inner turns’ conductors or making the inner turns narrower and the
outer turns wider. Because the contribution of the inner turns to the inductor’s
inductance is low because of its small area, removing them altogether or using
a “hollow” coil reduces the effect of eddy currents.

An inductor’s loss depends on the geometry of the inductor, metal conduc-
tivity, substrate resistivity, and frequency of operation. Metal losses dominate
at low frequencies, whereas substrate losses are critical at high frequencies and
are discussed next.

3.1.2 Substrate Loss

A major drawback of inductors on Si substrates (intrinsic or heavily doped) is
the extra substrate resistive losses due to low resistivity of the substrates. The
substrate loss consists of two parts: finite resistance due to electrically induced
conductive and displacement currents, and magnetically induced eddy current
resistance. These losses are known as capacitive and magnetic, respectively.

3.1.2.1 Capacitive Loss

When a coil is excited, a voltage difference occurs between the conductor
and the grounded substrate that gives rise to capacitive coupling between the
conductors. If the substrate is an insulator (i.e., very high resistivity) with a
very low loss tangent value, the ohmic loss in the dielectric is negligible. When
the substrate has finite resistivity, the penetration of the electric field into the
substrate is limited (very low for a low-resistivity substrate). In this case, finite
ohmic loss takes place, depending on the resistivity of the substrate. In low-
resistivity substrates, such as in CMOS technology, the skin depth becomes on
the order of the substrate thickness, giving rise to higher ohmic losses. Because
this loss is coupled through the shunt capacitance, it is also commonly referred
to as capacitive or electric substrate loss.
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Finite resistivity loss can be minimized by either using very high resistivity
substrates or by placing a shield between the oxide layer and the substrate.

3.1.23 Magnetic Loss

In heavily doped Si substrates, currents induced by the penetration of the
magnetic fields of the inductor into the substrate cause extra resistive loss.
Consider Figure 3.4, which shows magnetic field flux lines associated with the
coil excitation current. The flux lines uniformly surround the inductor and
penetrate into the substrate. As discussed in Section 3.1.1, due to the Faraday-
Lenz law, loops of eddy currents /g, flow in the low-resistivity substrate under-
neath the coil, with higher current density closer to the coil. The direction of
Igyp is opposite to the direction of 7, giving rise to extra substrate loss. Because
this loss is associated with magnetic fields, it is commonly referred to as magnetic
or inductive substrate loss. Substrates with high resistivity have negligible magnetic
loss.

In summary, by using narrow conductors that meet skin effect requirements
(W UO30) in the inner turns, using a hollow coil design, and using compact
area coils, one can keep the substrate loss to a minimum. Because the magnetic
field in a small coil penetrates less deeply into the substrate, eddy current loss
is not severe as for large coils. Therefore, an optimum solution, in terms of
inside dimensions and coil area for a given substrate, can be found. These losses
are again discussed in detail in Section 3.1.5.

3.1.3 Layout Considerations

For a given inductance value, one would like to have the highest possible values
of Q and SRF in the smallest possible area of an inductor using standard process

Magnetic field

Y

Figure 3.4 Currents and fields in a coil printed on a lossy Si substrate.
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techniques. For the most part, the cost of the integrated chip dictates the
inductor area, but the high-Q requirement may also be a deciding factor in
low-noise and power amplifiers.

The operation of inductors on Si substrates can be classified into three
regimes: inductor mode, resonator mode, and eddy current mode as described
by Burghartz and Rejaei [60]. These three modes are determined by the resistivity
of the Si wafers. Figure 3.5 shows the variations of Q. the frequency at
which the value of Q is maximum, f(Q .x), SRF, and inductance at maximum
quality factor, L(Q ax), of a 2-nH inductor as a function of silicon resistivity.
The value of maximum Q-factor of a 2-nH inductor on a 3.5-Q)-cm resistivity
substrate varies from 5.5 to 7.5 when realized using various different values of
n, W, S, and inner radius. The dimensions for the results in Figure 3.5 are
based on average Q-value.

Both Q. and f(Q may) increase with substrate resistivity in the inductor
mode regime. In the resonator mode domain, both the Q.. and SRF drop
drastically due to increased capacitive loss in the substrate. In this regime, after
Qmayx drops it increases slightly due to decreased capacitive loss with further
reduction in the resistivity. Further decrease in the resistivity leads to the eddy
current regime, where magnetic loss is greater than the capacitive loss and Q .
decreases further. From Figure 3.5 it is evident that the substrate resistivity
should be greater than 30 and 0.3 {)-cm to prevent the contributions of sub-
strate’s capacitive and magnetic losses, respectively. These numbers will vary
slightly with the inductor’s geometry. Figure 3.6 shows the values for inductance
and the Q-factor for various combinations of the inductor’s dimensions (width,
spacing, inside diameter, and number of turns).

3.1.4 Inductor Model

The EC model for inductors discussed in Section 2.4 of Chapter 2 is based on
the assumption that the substrate is lossless. However, a Si substrate is lossy;
several different models for inductors on Si substrate have been reported in the
literature to account accurately for the effect of a dielectric layer between the
inductor coil and the Si substrate, and for capacitive and inductive losses in
the substrate. The main difference in the models relates to the capacitive and
inductive losses in the low-resistivity Si substrate.

Figure 3.7 shows various EC models that can be used to describe the
characteristics of an inductor on a Si substrate. Various model parameters are
described as follows:

R, = series resistance of the inductor metal;
L = total inductance;

Cp = fringing capacitance between the inductor turns;
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Figure 3.5 Dependence of the maximum quality factor (Qpay); the frequency at Qmax, fF(Qmax);
the inductance at Qmay, L(Qmax); and the self-resonance frequency ( fies) on the
substrate resistivity ( ps;) with (solid lines) and without (dotted lines) consideration
of eddy current in the substrate. The three regimes, in inductor mode (resonance
through Cp) at >10 Q-cm, in resonator mode (resonance through Coy) at 0.1 to
10 Q-cm, and with considerable eddy current at <0.1 Q-cm are indicated. (From:
[60]. O 2003 IEEE. Reprinted with permission.)



Printed Inductors 67

e T
E j 2 IWZGHZW" ﬂ ﬂ j
, [T "/4 il ‘ \ L il /mm" §
: ‘P' 'I = Tﬁ;—j
* LU c(,.'ld:nw_p HW:

Figure 3.6 Comparison of measured (vertical bars) and simulated (small horizontal bars)
values of (a) inductances and (b) quality factors (@) of 57 circular spiral coils
(Tyg =1 um; Tox = 4 um; pgi = 2.5-3.5 Q-cm) having optimum metal widths
(W=4-23 um) and spaces (S = 3-16 xm) for given radius (R = 60-220 xm) and
numbers of turns (n = 2-8). (From: [60]. O 2003 IEEE. Reprinted with permission.)

Cox1,2 = shunt capacitances of the oxide layer;
Cyp1,2 = total shunt capacitance of the dielectric layers and substrate;
R1.2 = shunt resistance due to substrate losses;

R, = parallel resistance due to eddy current loss in the substrate.

Figure 3.7(a, b) describes commonly used EC models. These models are
electrically identical when the shunt series arrangement is converted into a
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Figure 3.7 (a—d) Equivalent circuit models used for characterizing coil inductors on Si sub-
strate.

parallel combination. Here the oxide layer capacitance is absorbed into the
substrate capacitance. Figure 3.7(c) shows a more detailed version of the above
model in which another capacitor C, has been added that accounts for capacitive
coupling to the lossy substrate. The above-mentioned models predict reasonably
well the behavior of an inductor on a Si substrate. A more accurate model
includes substrate resistance, Ry, , as shown in Figure 3.7(d), and accounts for
the magnetic coupling between the spiral and low-resistivity CMOS Si substrate.
The magnetic field generated by the current on the spiral induces current in
the Si substrate, which has the opposite polarity, giving rise to R, resistance.
In a simple way, if the R, term is not used in the model it becomes a part of
Ry.

Thus, series element values depend on the properties and dimensions of
the inductor conductor trace, whereas the shunt element values are determined
by the dielectric parameters between the inductor and the substrate, substrate
doping, and thickness and substrate parameters. Shunt values at ports 1 and 2
are not the same due to asymmetry in the inductor trace and the connections
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between the inductor and ports. As a first-order approximation, shunt values
for ports 1 and 2 can be assumed identical.

3.1.5 Q-Enhancement Techniques

One of the important characteristics of an inductor on a Si substrate is its
quality factor Q. Techniques used to enhance the Q-factor of inductors on a
Si substrate can be grouped into four categories as shown in Figure 3.8. These
are based on trace layout, trace metal parameters, the use of a high resistivity
substrate, and the use of a substrate shield. These are discussed in this section.

3.1.5.1 Trace Layout

For a given set of inductor conductor and substrate materials, one can optimize
the inductor’s Q by properly selecting the physical layout of the inductor trace
to minimize the resistive, capacitive, and inductive losses. Several techniques
discussed in the literature include variable line width [21, 38], differential
configuration [22, 57], and vertical inductor.

Variable Line Width

The effect of eddy currents can be minimized by making the line widths of the
inner turns of the inductor narrower than the outer turns [21, 38]. Narrower
line widths have higher dc resistance; however, this is compensated by using
wider line widths in the outer turns. This structure is shown in Figure 3.9(a).
In this structure the improvement in Q-value is more pronounced at higher
than lower frequencies, because the effect of eddy currents is more severe at
high frequencies.

For inductors having variable line width on a conducting Si substrate, no
substantial improvement in Q is possible, because of excessive capacitive losses

Q enhancement techniques

Trace layout Trace metal Patterned ground shield
High resistivity substrate

® Vertical inductor ¥ Thicker
® Differential inductor ¥ High conductivity ™ High resistivity A Metal 1 ground shield

® Variable line width material A Polysilicon ground shield
™ Si on sapphire A n*ground shield
B Micromachining
B Multilayer

Figure 3.8 Q-Enhancement techniques for inductors on Si substrate.
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Figure 3.9 (a) Variable width layout of an inductor. (b) Simulated Q-factor of 20-nH inductors
for several line widths. Optimum layout ( ),25um(———), 480 um(——--),
and 10 um (— - —-— ). (From: [38]. O 2000 IEEE. Reprinted with permission.)

through the substrate. However, improvement can be achieved by reducing the
capacitive losses by using a multilayer dielectric Si technology or micromachining
technology as discussed later in this section.

Figure 3.9(b) shows simulated results for four different 20-nH inductors
using eight turns optimized for operation at 3.5 GHz. Three inductors have
constant line widths of 10, 25, and 40 wm, whereas the optimized layout
inductor has inner and outer segments line width of 10 and 130 xm, respectively.
The spacing between the turns was 30 wm. In all four inductors, the Si substrate
below the inductor pattern was removed using micromachining techniques. The
maximum Q-value for the optimized layout inductor was about 43 compared
to 26 obtained for the 25-um constant line width inductor, which had the
largest simulated Q of all the three cases.

Differential Excitation

The Q-enhancement of planar inductors can also be achieved by using the
differential excitation technique [22, 57]. Differential circuit topologies are used
at RF frequencies because they are less susceptible to supply noise present in
on-chip bias lines, offer common-mode rejection, and minimize even-order
mixing products [57]. Commonly used ICs that employ these inductors are
differential VCOs, double-balanced mixers, Gilbert cell mixers, and differential
amplifiers. Spiral inductors excited differentially play an important role in these
circuits. The Q-factor of such inductors is enhanced because of smaller substrate
loss and is maintained over a broader bandwidth [22] compared to the single-
ended configuration.
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Five-turn conventional and differential inductors having 8-nH inductance
fabricated on a 15-ohm-cm silicon substrate were characterized. The differential
test structure is shown in Figure 3.10(a). The line width, spacing, and inner
and outer dimensions were 8, 2.8, 150, and 250 wm, respectively. The measured
and simulated Q-values for both single-ended and differential inductors are
compared in Figure 3.10(b). The differential configuration has higher peak
Q-values and a wider operating bandwidth.

Vertical Inductors

A vertical inductor, popularly known as a solenoid inductor, has higher Q than
a planar inductor because of lower capacitive and magnetic losses from the
lossy Si substrate. Solenoid inductors on a Si substrate were fabricated using
micromachining techniques [43]. In this example a thick photoresistive epoxy
mold was used and the Cu-electroplated solenoid coil was built on top of the
50-u m-thick epoxy mold above the CMOS Si substrate. Figure 3.11 shows a
6-turn micromachined solenoid inductor. The spacing between the coil and
the substrate results in lower substrate capacitive and magnetic losses and higher
Q-factor and SRF. The Cu trace was 20 um wide and 20 pm thick with an
80-um turn-to-turn pitch. The measured values for the inductance and peak
Q of a 6-turn inductor at 4.5 GHz were 2.6 nH and 21, respectively.

3.1.5.2 High-Resistivity Substrates

Many techniques have been used to improve the Q-factor of inductors by
reducing substrate loss, especially capacitive loss. These include using high-
resistivity silicon substrates [5], silicon on sapphire [9, 18] or glass or quartz, using
an oxidized porous silicon substrate [15, 25], removing the silicon underneath the
inductor by micromachining techniques [39], and building inductors on a
multilayer structure using low dielectric constant materials between the trace
and the Si substrate [20, 23, 32, 54, 58]. The primary objective in all of these
techniques is to either put the inductor trace on an insulator or to increase the
distance between the trace and the lossy substrate.

Multilayer Techniques

Figure 3.12(a) shows a schematic cross-sectional view of an inductor fabricated
on a multilayer substrate (polyimide-SiO,-Si). The line width, spacing, and
outer dimensions were 16, 16, and 432 X 448 um, respectively [23]. SiO; and
Si MOSEFET substrate thicknesses were 0.5 and 450 um, respectively. The
measured inductance and dc resistance of a 6-turn gold-conductor inductor
were 10 nH and 1.3(), respectively. Figure 3.12(c) shows the measured Q-factor
and SRF as a function of polyimide thickness. As a benchmark, the Q-value
of a similar inductor on a GaAs substrate is also shown. For a polyimide thickness
of 60 um, the Q-value is about 14 and the resonant frequency is about 9 GHz.
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Figure 3.10 (a) Five-turn spiral inductor in differential configuration. (b) Simulated (dashed
line) and measured (solid line) Q-factor values of single-ended and differential
inductor configurations. (From: [22]. O 1998 IEEE. Reprinted with permission.)
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Figure 3.11 Photograph of a micromachined 6-turn solenoid inductor. (From: [43]. O 2001
IEEE. Reprinted with permission.)
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Figure 3.12 (a) Cross-sectional view of a spiral inductor fabricated on a polyimide—Si0y—Si
substrate. (b) Measured Q-factor versus frequency of 10-nH inductors on Si
substrate for different polyimide thicknesses. (c) Measured Q-and SRF versus
polyimide thickness of 10-nH inductors. (From: [23]. O 1998 IEEE. Reprinted with

permission.)
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The Q of an inductor can be further enhanced by reducing the conductor
resistance using thick Cu metal [54]. The test data obtained for various inductors
on a CMOS-grade p-type silicon substrate with a resistivity of 20 {)-cm is
summarized in Table 3.4. The maximum Q-value for several inductance values

is at 2 GHz.

Micromachined Inductors

The quality factor of inductors on a Si substrate has been improved using
micromachining techniques [4, 33, 39, 61-63] as described in Chapter 13. In
this method the Si substrate is removed underneath the planar inductor pattern
by a chemical etching process, which results in much lower capacitive loss and
increased self-resonant frequency due to the reduction of interturn and substrate
parasitic capacitances.

Inductors were realized by placing crossover connections on a SizN4 mem-
brane using 0.6-um-thick metal 1 and the inductor pattern on SiO; using
1.4-pm-thick metal 2. The p-type Si substrate had a resistivity value of 3.5
Q-cm. A photograph of a 4.25-turn inductor is shown in Figure 3.13(a).
Measured and simulated inductance and Q-values [61] for several inductors
are shown in Figure 3.13(b, ¢). As shown, the Q-values for suspended inductors,
because of negligible substrate loss, are much higher than typically obtained
Q-values of 4 to 6 for similar inductors when directly printed on Si substrates
[2, 3]. Normally, metal layers used in Si technology are of aluminum and have
thicknesses on the order of one skin depth. The Q-values of suspended inductors
are further enhanced by using thick Cu metal layers.

In silicon technology, copper interconnects have been introduced to
improve the Q-factors of passive components including inductors and capacitors.

Table 3.4
Summary of Q-Values for Various Conductor and Multilayer Dielectric Thicknesses
Inductance Metal Thickness BCB Thickness
(nH) (pem) (pzm) Max Q-Value*
1.0 0.8 6.0 6.5
1.0 1.2 6.0 10.8
1.0 32 6.0 16.1
1.0 15.0 6.0 25.4
3.2 6.0 6.0 23.0
5.2 6.0 6.0 20.0
1.0 6.0 6.0 25.0
1.0 6.0 12.0 28.0

*Maximum Q-value is at about 2 GHz.
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Figure 3.13 (a) Micromachined 4.25-turn inductor configuration. (b) Simulated and measured

inductance versus frequency of a 4.25-turn micromachined inductor. (c) Simulated
and measured Q-value versus frequency. (From: [61]. O 1996 IEEE. Reprinted

with permission.)
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Table 3.5 compares conventional and micromachined inductor measured data
for 4-turn spiral inductors fabricated with 0.18-um Si CMOS technology using
a 6-level copper interconnect and low-K dielectrics. The line width and spacing
were 20 and 10 pm, respectively. In Table 3.5, “Q . conv.” and “Q . LC”
were calculated using (2.12) and (2.11), respectively. For the smaller diameter
inductor, the maximum Q and f. values for a micromachined inductor are
12.5 and 14.0 GHz as compared to 4.39 and 10.1 GHz for conventional
inductors on Si substrate.

To provide an electromagnetic shield and to reduce the crosstalk between
circuits in a MMIC, a cavity backed suspended inductor can be used [62]. In
this configuration, the etched cavity (both bottom surface and sidewalls) is
metallized with copper as shown in Figure 3.14(a). The spiral inductor consists
of electroless plated copper on polysilicon. It has been reported that this topology
can withstand high shock and vibration requirements. Figure 3.14(b) shows
the top view of a 2.5-turn rectangular spiral inductor and Table 3.6 summarizes
various parameters. Here, 7 is the number of turns, W is the width of the
inductor, § is the spacing between turns, 4 is the inner diameter, z; is the
thickness of the polysilicon conductor, W, is the width of the overpass conductor,
d, is the depth of the cavity, ¢ is the thickness of the copper deposited, and d,
is the separation between the spiral and the cavity wall. The inductor model is
represented by a parallel combination of a capacitor C), and an inductor L in
series with a resistor R, as shown in Figure 2.17(b) in Chapter 2, and the values
measured at 1 GHz along with Q ., values are given in Table 3.6. The variations
of self-inductance L and parasitic capacitance C), as a function of cavity depth
are shown in Figure 3.14(c, d), respectively, and the data show that a cavity
depth of 40 to 50 wm is sufficient to achieve the minimum value of C),. The
self-resonant frequency fi. of an inductor is estimated by using

Table 3.5
Summary of Conventional and Micromachined Four-Turn Inductor Measured Parameters
on Si Substrate

Parameter Conventional Micromachined Conventional = Micromachined
L (nH) 3.16 3.19 4.61 4.69

Qmax cONV. 4.39 125 3.64 1.61

@ f(GHz) 1.75 1.75 1.25 475

Rac (Q) 3.45 3.32 5.28 5.21

Qpmax LC 443 25.7 3.50 10.3

@ f(GHz) 2.05 13.7 1.45 6.80

fres (GHZ) 10.1 14.0 6.65 11.38

Diameter (um) 300 300 365 365
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Figure 3.14 (a) Cavity-backed membrane suspended inductor; (b) top view of a 2.5-turn
inductor, with dimensions; and (c, d) inductance and capacitance versus cavity
depth, respectively. (From: [62]. O 2000 IEEE. Reprinted with permission.)

Table 3.6
Summary of Cavity-Backed Three Inductor Parameters and Measured Data

Parameters Ind1 Ind2 Ind3
n 3 5 7

W (um) 3 5 6

S (um) 3 3 4
d(um) 125 75 125
ts (um) 1.5 1.5 1.5
Wy (pem) 18 18 18
d; (um) 30 30 30
t(um) 0.75 0.75 0.75
de (pem) 30 30 30

L |1gHz (nH) 1.8 27 8.2
C, (fF) 13.1 16.0 28.9
Rs|16Hz Q) 2.1 3.7 8.4
Omax 23 36 30
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1

i (3.6)

fres -

For L = 8 nH and Cp = 0.03 pF, the SRF is 10.27 GHz.
3.1.5.3 Patterned Ground Shield

Several techniques have been discussed in the literature to reduce substrate loss
by placing an EM shield between the trace and substrate. These include mezal
ground shield (MGS), polysilicon ground shield (PGS), and nt ground shield
(NGS). Solid ground shields result in very large capacitances between the trace
and the ground plane, lower inductance, and SRF. Therefore, solid shields are
not used; instead, patterned ground shields are preferred in which slots are cut
perpendicular to the traces of the inductor or the flow of eddy currents. Such
slots block the eddy current flow and reduce the magnetic loss. They also allow
partial passing of the electric field, lowering the capacitive loss without increasing
the parasitic capacitance appreciably. The effectiveness of a patterned ground
shield on the improvement of Q depends on several factors including the
resistivity of the Si substrate and ground shield metal, the thickness of the shield
metal, the shield pattern type, the oxide layer’s dielectric constant and thickness,
the inductor layout and the frequency of operation. Among MGS, PGS, and
NGS techniques, NGS is considered to be the most robust. Figure 3.15 shows
a rectangular spiral inductor with a patterned »* ground shield underneath

(44].

Figure 3.15 Spiral inductor with a patterned ground shield underneath on a Si substrate.
(From: [44]. O 2001 IEEE. Reprinted with permission.)
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The contribution of resistive, inductive, and capacitive losses in the
Q-calculations of the PGS inductor can be analyzed by simplifying the EC
shown in Figure 3.7(c) to one port, that is, port 2 grounded. In this case a
simplified EC is shown in Figure 3.16, where

2
1 + Ry (Coxl + Csbl)

R, = (3.7)
V4 2.2 2
w Coxl Ry Coxl
1+ wz(Coxl + C:bl) belezbl
Ccp = Coxl ' 2 ) (38)
1+ 0 (Cope1 + Cyp1)" Ry
From (2.12),
2
wl R R(C.,+C,)
Q=% L 1T Wiy v )|
s w
Rp + [(E) + 1}13;
= a])e + resistor load factor - capacitor loss factor (3.9)
K

Here both the resistor and capacitor loss factors are less than unity. Thus,
the Q-value can be enhanced by making both loss factors close to unity. From
(3.9) it is evident that the resistor loss factor becomes unity when the value of
R, from (3.7) is very large; that is, Ry is very small (when ground shields
provide a low-resistance ground path) or R is very large (replacing the substrate
with an insulator). All of the patterned ground shields reduce R or improve
the resistive loss factor. However, they also introduce additional parasitic capaci-
tance to C,,; and Cy1, which can degrade both loss factors. Due to the short
distance between the spiral and ground, the MGS and PGS configurations

increase these capacitances much more than the NGS topology. This means

O

Ro § Cy Cep

O

Figure 3.16 Simplified one-port inductor model.
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that NGS is the most robust technique to enhance the Q-factor by about 20%
to 30% [44].

One of the undesirable features of the ground shield technique is lower
and more pronounced SRF due to higher substrate capacitance and lower
substrate loss, respectively.

3.1.6 Stacked-Coil Inductor

To realize very large inductances per unit area, the stacked or multilevel inductor
configuration is used. In this case, as shown in Figure 3.17(a), two inductor
layers are placed on top of each other and connected in series. Because two-
level inductor conductors are connected in such a way that the RF current flows
in the same direction through both of the inductor traces, the magnetic flux
lines add in phase and result in higher mutual inductance. A simplified EC of
a stacked inductor is shown in Figure 3.17(b) and total inductance (Z,) is given

by
L,=L+L,+2M (3.10)

where L1 and L are the self-inductances of spirals 1 and 2 and M is the mutual
inductance between them. The dots in Figure 3.17(b) represent the current
flowing in the same direction through the spirals. If % is the coupling between
the spirals, M can be written

M:k-\/Lle (3112.)

(a) (b)

Figure 3.17 (a) Two-level inductor configuration. (b) Simplified two-port EC.
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When both spirals are identical (i.e., L1 = L, = L) and tightly coupled
(£ 01), the total inductance becomes

L,04L 02°L (3.11b)

Thus the maximum inductance value by stacking two spirals can be
increased by a factor of 4. Similarly, for 7 stacked spirals, the total inductance
of the structure is 7 times that of one spiral; that is, inductance can be increased
quadratically with the number of layers and therefore, very compact inductors
can be realized.

In silicon technology, stacked inductors can be realized by using multilevel
interconnects [8, 42, 48, 60]. Thus, very compact inductors can be realized
using the four to five metal layers typically available in CMOS technologies.
In these technologies, the top layer thickness is about 2 wm, whereas other
metal layers are about 1 pm thick and the oxide layers are about 1 to 1.5 um
thick. The Si substrate resistivity is about 0.01 {)-cm. Because the metal layers
are very close to each other, the coupling coefficient £ is close to unity and
results in large parasitic capacitances between the metal layers. This leads to
reduced SRF. The SRF is also affected by the maximum thickness of the oxide
layer that can be deposited. The oxide thickness affects the SRF much more
than it affects the Q- and L-values because the vertical dimensions are much
smaller than the lateral dimensions and the substrate loss remains unchanged.
Therefore, one can select various metal layers to realize the required inductance
with the highest possible SRF by keeping a larger spacing between the spiral
levels.

Figure 3.18 shows two configurations for a two-layer inductor. The SRF
of a two-layer inductor using M5 and M3 is higher than the inductor using
Ms and My because of reduced interlayer capacitance. For a typical CMOS
technology with five metal layers, the parasitic capacitance between metal layers,
bottom metal and substrate, and Cq are given in Table 3.7. Here for two-layer
and multilayer structures, the expressions for C,q are given by [42]

1
Ceq = I (4C1 + Cy) two-layer (3.12a)
1 n-1
=— (4 Z C;,+C, | n-layer (3.12b)
3n7\ =

The resonant frequency is given by

1

- — 3.13
27/L; Ceq 3.13)

fres -
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Metal 5 Metal 5

Gy

eta T

e

Metal 3

G Substrate i % Substrate =7k

Figure 3.18 Two-level inductor fabricated using (a) metal 5 and metal 4 and (b) metal 5 and
metal 3 layers. (From: [42]. O 2001 IEEE. Reprinted with permission.)

Table 3.7
Approximate Parasitic Capacitance Between Metal Layers and Metal and Si Substrate
C1 (pF/pem’) C; (pF/pem’)
Metal A Metal B Metal A-Metal B Metal B-Substrate  Cq (pF/;umz)
M5 My 40 6 14
Ms M3 14 9 5.4
Ms M, 9 12 4.0

M; designates the metal / layer.

where L, is the total inductance of the stacked inductor. From Table 3.7 it is
obvious that the SRF of a two-layer inductor using M5 and M is about twice
that of the inductor using M5 and M4 layers. Also (3.12a) and (3.12b) suggest
that the effect of interlayer capacitance Cj is about four times more than the
bottom-layer capacitance C,. Figure 3.19(a) shows a three-layer inductor.

Table 3.8 summarizes the measured performance of nine inductors charac-
terized using 0.25-um CMOS technology. Assuming a single-layer inductance
of about 13 nH (45 nH divided by about 3.5) in 240 xm? square area, a five-
layer inductor has about 20 times more inductance compared to the conventional
inductor of the same physical area, using the same conductor dimensions and
spacings.

An alternative approach for a multilevel inductor having about four times
lower Ceq has been reported [48]. Figure 3.19(b) shows the four-layer inductor
wiring diagram with current flow. Due to slightly lower inductance value, this
configuration has a SRF that is approximately 34% higher than the conventional
stacked inductor.
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" Sisubstrate -

(a) (b)

Figure 3.19 (a) Conventional three-level inductor using metals 5, 3, and 1 on a Si substrate.
(b) Improved SRF four-level stacked inductor with current flow path. (From: [48].
(0 2002 IEEE. Reprinted with permission.)

Table 3.8
Summary of Measured Performance of Stacked Inductors Fabricated in 0.25-um CMQOS
Technology*

Number Measured
Inductor Metal Layers of Turns L (nH) fres (GHz)
Ly (280 wm)? 5,4 7 45 0.92
Ly (240 m)? 53 7 45 15
Ls (240 pwm)? 5,2 7 45 18
Ly (280 pm)? 54,3 7 100 0.7
Ly (240 m)? 53,1 7 100 1.0
Lg (200 wm)? 5,2,1 5 50 15
L7 (200 wm)? 52,1 5 48 15
Lg (240 m)? 54,3,2 7 180 0.55
Lg (240 pwm)? 5,4,3,2,1 7 266 0.47

*Line width =9 wm; line spacing = 0.72 xm.



84 Lumped Elements for RF and Microwave Circuits

3.1.7 Temperature Dependence

Spiral inductors on a Si substrate were also characterized [16] over temperature
range —55°C to +125°C. Figure 3.20 shows the top and side views of a 6-turn
inductor studied for this purpose. The line width and spacing were 16 and

Substrate Substrate
contact contact

Length = 6,367 um
Metal width =16 um
Turn-turn space =10 um

Substrate Substrate
contact contact

(a)

Inductor spiral (M3)

> |

Al/Cu Al/Cu Al/Cu Al/Cu Acu| | 20um
M3 vy * T
1.3um Sio, l
M2 | Al/Cu 084 um |
A T
575 um Underpass connection (M2)
Si0
I'M1 level (unused in inductor)j 3.61um 1U;
sio,
\4 7

(b)

Figure 3.20 (a) Top view of a 6-turn inductor on a Si substrate with ground signal ground
pads for RF probe. (b) Cross-sectional view of the inductor with various dimen-
sions. (From: [16]. O 1997 IEEE. Reprinted with permission.)
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10 pm, respectively. Top and underpass connection metallizations were of
aluminum. The inductance, Q, and fi values at 25°C were 10.5 nH and 5.8
at 1 GHz and 4 GHz, respectively.

The inductor’s S-parameters were measured using RF probes over the
temperature range from —55°C to +125°C. The modeled value of inductance
was almost constant with temperature below fi.,. Figure 3.21 shows the variation
of inductance, QQ, normalized metal resistance, and substrate resistance and
capacitance. Both resistance values doubled from —55°C to 125°C. The Q-value
decreases with increasing temperature below 2 GHz and increases with increasing
temperature above 2 GHz. At low frequencies (below 2 GHz in this case), the
primary loss in the inductor is due to the series resistance of the conductor.
However, at higher frequencies (above 2 GHz), the capacitive reactance decreases
and more currents start flowing through the substrate and thus more power is
dissipated in the substrate. Figure 3.21(b) indicates that below 2 GHz, the
variation of Q is dominated by the conductor loss, whereas above 2 GHz,
substrate loss becomes more pronounced. The decreased value of capacitance
with temperature results in lower substrate loss above 2 GHz.

20

R R o e T B A

0-0-55C O-O 25C
51 =0 —25C v-v 85C ‘;‘J
A-A 0C +—+ 125C

Inductance (nH)
>

0
-1 1 10 1
Frequency (GHz) Frequency (GHz)
(a) (b)
2.0 = 2.0 2.0
18 18 | 18 =
[+
§ 16 % 1.6 Capacitance ] 1'6§
g 14t ) S14F sz
2 12f 212} {128
S 10 - S10f poe—— AN 109
208l - SospF— 08T
S 06 Tés 0.6 Resistance 06 S
S 04} S 041 045
=02 Z 02} 028
0 ! ! . 0 | | | 0
-50 -25 0 25 50 75 100 125 -50 -25 0 25 50 75 100 125
Temperature (C) Temperature (C)
(c) (d)

Figure 3.21 Measured 6-turn inductor’s parameters with temperature: (a) inductance, (b) Q,
(c) normalized conductor resistance, and (d) normalized substrate resistance and
capacitance. (From: [16]. O 1997 IEEE. Reprinted with permission.)
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3.2 Inductors on GaAs Substrate

This section describes spiral inductors on a GaAs substrate. Because GaAs is
an insulator compared to Si, substrate losses are negligible and the inductor’s
EC becomes simpler. Q-values of inductors made using GaAs MMIC technolo-
gies are four to five times higher than Si-based technologies due to thicker high-
conductivity metals and the insulating property of the GaAs substrate. Because
high-Q inductors improve IC performance in terms of gain, insertion loss, noise
figure, phase noise, power output, and power added efficiency, several schemes
similar to Si-based inductors to improve further the Q-factor of GaAs inductors
have been used. Improved Q is also a very desirable feature in oscillators to
lower the phase noise. (The phase noise of an oscillator is inversely proportional
to Q. Thus, a 20% increase in Q-factor will improve the phase noise by about
40%.) Because compact inductors are essential to develop low-cost MMICs,
the 3-D MMIC process employing multiple layers of polyimide or BCB dielectric
films and metallization to fabricate compact multilayer/stacked inductors is
becoming a standard IC process. Multilayers of thick high conductivity metalliza-
tion are capable of producing compact, high-current-capacity, high-performance
inductors.

Spiral (rectangular or circular) inductors on a GaAs substrate are used as
RF chokes, matching elements, impedance transformers, and reactive termina-
tions, and they can also be found in filters, couplers, dividers and combiners,
baluns, and resonant circuits [64—83]. Inductors in MMIC:s are fabricated using
standard integrated circuit processing with no additional process steps. The
innermost turn of the inductor is connected to other circuitry by using a
conductor that passes under airbridges in monolithic MIC technology. The
width and thickness of the conductor determines the current-carrying capacity
of the inductor. Typically the thickness is 0.5 to 1.0 wm and the airbridge
separates it from the upper conductors by 1.5 to 3.0 wm. In dielectric crossover
technology, the separation between the crossover conductors can be anywhere
between 0.5 and 3 wm. Typical inductance values for monolithic microwave
integrated circuits working above the S-band fall in the range of 0.5 to 10 nH.

Both square and circular spiral inductors are being used in MICs and
MMICs. It has been reported [13, 76] that the circular geometry has about
10% to 20% higher Q-values and f. values than the square configuration.
The design of spiral inductors as discussed in Chapter 2 can be based on
analytical expressions or EM simulations or measurement-derived EC models.
Usually, inductors for MMIC applications are designed either using EM simula-
tors or measurement-based EC models. Bahl [81] reported extensive measured
data for circular spiral inductors fabricated on GaAs substrates using a monolithic
multilayer process. Various factors such as high inductance, high Q, high current
handling capacity, and compactness were studied. Several configurations for
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inductors were investigated to optimize the inductor geometry such as line
width, spacing between turns, conductor thickness, and inner diameter. The
measured effects of various parameters on inductor performance were included,
such as line width, spacing, inner diameter, metal thickness, underlying dielectric,
and dielectric thickness as discussed in Section 3.2.3.

3.21 Inductor Models

Various methods for modeling and characterization of GaAs spiral inductors
have been described in the literature [69—-82]. An inductor is characterized by
its inductance value, the unloaded quality factor Q, and its resonant frequency
fres- Figure 3.22 shows various EC models used to describe the characteristics
of GaAs inductors. Figure 3.22(a) represents the simplest model, whereas a
comprehensive model for larger inductance values is shown in Figure 3.22(d).
A commonly used EC model is shown in Figure 3.22(b) and an accurate account
of substrate loss is represented in a model shown in Figure 3.22(c). In all of
these models, the series inductance is represented by L, R; accounts for the
total loss in the inductor, C P’ is the fringing capacitance between inductor turns,
and Cy, 4 represents shunt capacitances between the trace and the substrate.

C, C,
I | |
11
L R, ICII
O——M—Wv——o 11
——Cq —— Cy L L R, L,
Rebi Rsb2 -—C ——Cy

(c) (d)

Figure 3.22 (a—d) Lumped-element EC models of the inductor on GaAs substrate.
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The two-port lumped-element EC model used to characterize GaAs induc-
tors in this section is shown in Figure 3.22(d). The series resistance R; used to
model the dissipative loss is given by

Ry= Ry + Rac'\/? + Rdf (3.14)

where R represents dc resistance of the trace, and R, and R ; model resistances
due to skin effect, eddy current excitation, and dielectric loss in the substrate.
In the model L, (L + L1 + L;), R, and the C’s represent the total inductance,
series resistance, and parasitic capacitances of the inductor, respectively. The
frequency f'is expressed in gigahertz.

In microwave circuits, the quality of an inductor is represented by its
effective quality factor Q.g and calculated using (2.12) from Chapter 2. The
Q.fr values were obtained by converting two-port S-parameters data into one-
port S-parameters by placing a perfect short at the output port. In this case,
the following relationships are used to calculate the quality factor and fie:

$12821

Tin =S -5 S (3.15)
— 1 - 1_‘in _ .
Zin = 501+—1-,in—R+]X(Q) (3.16)

The self-resonant frequency ( fies) of an inductor is calculated by setting
Im[Z;,] =0; that s, the inductive reactance and the parasitic capacitive reactance
become equal. At this point, Re[Z},] is maximum and the angle of Z;, changes
sign. The inductor’s first resonance frequency is of the parallel resonance type.
Beyond the resonant frequency, the inductor becomes capacitive.

3.2.2 Figure of Merit

For a given inductance value, one would like to have the highest possible Q¢
and fi in the smallest possible area. In an inductor, changing W, §, and the
inner diameter affects its area and so it is difficult to make a good comparison.
Here we define a unique figure of merit of an inductor (FMI) as follows [81]:

FMI = Qe * fres/inductor area (3.17)

Thus, the highest FMI value is desirable.

323 Comprehensive Inductor Data

Several types of circular spiral inductors having different dimensions, such as
line width, spacing between the turns, and inner diameter, have been designed,
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fabricated, and modeled [81]. These inductors as shown in Figure 3.23 were
fabricated using both a standard and a multilayer MMIC process, with different
conductor thicknesses. A summary of these inductors is given in Table 3.9,
including the dimensions [Figure 3.23(a) and Figure 3.24] and current handling
capability of several inductors. In the inductor column, the first three characters
show the number of turns (e.g., 2.5), the fourth character (/) designates that
the coil inductor has circular geometry, the fifth character is a numeric designator
that represents the inductor’s dimensions (W, S, W', D;) and the last character
signifies its fabrication scheme using polyimide layers and multilevel conductors:
standard S, inductor conductor on 3-um polyimide—A and B; conductors
on 10-um polyimide and multilevel plating—M; and conductors on 10-um

GaAs substrate

(a)

GaAs substrate

(b)

Figure 3.23 Circular spiral inductors: (a) multilayer and (b) standard.
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d
Polyimide 3 v
Metal 2 :;tz
Polyimide 2 A
Polyimide 2 d
2
¢t, Metal 1 v
Polyimide 1 o]
GaAs
&=129,h=75um

Figure 3.24 Cross-sectional view of the multilayer inductor. For multilayer process, t; = t; =
45 pumand dy =3 um, and dy = d3 =7 pm.

polyimide and thick multilevel plating—T. In all the inductors, the underpass
metal 1 is directly on the GaAs substrate. Using the multilayer process, two
types of inductors were studied: high Q and high current. The first type of
inductor is designed using a single level of plating. In this case, as shown in
Figure 3.23(a), the inductor pattern with thick plated metallization 2 is placed
on a 3-um-thick polyimide layer (not shown) backed by a 75-um-thick GaAs
substrate. The innermost turn of the conductor is connected to the output line
through a via in the 3-um-thick polyimide layer and metal 1. Metal 1 is about
1.5 wm thick and placed directly on the GaAs substrate. Parameters for these
inductors are listed in Table 3.10.

Figure 3.25 shows the layouts of some of the 2.5-turn inductors described
here. All inductor patterns are drawn to the same scale. In the second type of
inductor, two levels of plating are used. The first conductor layer is placed on
top of 3-um-thick polyimide and connects the innermost turn of the inductor
to the output line through the via. The second conductor layer is placed on
an additional 7-um-thick polyimide layer and forms the inductor pattern. The
total polyimide thickness underneath the inductor pattern is about 10 pm.
Both metallizations are 4.5 pum thick and are connected by a via through the
7-uwm-thick polyimide. Figure 3.24 shows the multilayer structure used for
multilayer inductors.

Several compact inductors having various numbers of turns (1.5, 2.5, 3.5,
4.5, and 5.5) were also studied. All of these inductors have an inner mean
radius of 50 wm, an 8-um line width, and 8-um spacing between the turns.
Metal 1, which is placed directly on the GaAs substrate, has a thickness of
1.5 pwm, whereas metal 2 has a thickness of 4.5 um and is placed on top of
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2.510A 2.513A 2.514A 2.515A

Figure 3.25 Four different types of 2.5-turn inductors. 2.510A: W =16, S =10, D; = 50; 2.5I3A:
W=16, S$=10, D;=210; 2514A: W =12, §=8, D; =50; and 2.5I5A: W= S=38,
D; = 50. All dimensions are in microns.

3-um-thick polyimide. These inductors are types A and B, with the only
difference being that in type A inductors W' = W [Figure 3.23(a)] and in type
B inductors W' = 2W.

Inductors fabricated using two levels of plating can be designed for much
higher current capacity than is possible if one wiring layer must be thin, as is
the case if only one layer of plating is available. Along with increased current
capability, the Q-factor is enhanced due to lower resistance. The current-
handling capability of a conductor is limited by the onset of electromigration.
The conductor thickness and line width determine the current-carrying capacity
of the inductor. A safe value of maximum current density of gold conductors
on a flat surface is 3.3 % 10°A/cm?. For example, for 4.5-um-thick conductors,
the calculated maximum current-handling capacity is 15 mA per micron of line
width. Table 3.9 provides the calculated value of maximum current for several
inductors investigated in this study.

Inductors were tested for two-port S-parameters up to 40 GHz using
RF probes. Measured data were taken using an on-wafer TRL de-embedding
technique. The TRL calibration standards were placed directly on the same
GaAs substrate as the inductor structures, so that the same calibration standards
can be used for all the multilayer inductors. From the de-embedded S-parameter
data, the model element values were derived and Qg and fi.s were obtained
as described in Section 3.2.1. The Qg values are obtained at the maximum
Q.ff frequency, which is experimentally observed at about 0.5f. Table 3.10
summarizes typical model parameter values for various circular spiral inductors
tested on a 75-um-thick GaAs substrate. The inductors are classified into six
groups, depending on the W + § dimension and the inner diameter. Figure
3.26 shows total inductance as a function of inductor area for an inductor of
type A. Higher inductance and area for a given inductor type means a larger
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Figure 3.26 Variations of measured total inductance versus area for different inductors of
type A.

number of turns. Six groups of inductors are described next, with all dimensions
given in microns:

X0: D;=50and n=1.5, W=20,85=8 »n=25 W=16, § = 10;
n=35 W=12,S=14; n=4.5, W=12, § = 14;

X1: D; =108 and n = 1.5, W=20, S=8; n=2.5, W=16, S = 10;
n=235 W=12, § = 14;

X2: D; =158 and n = 1.5, W=20,5=8; »n =25, W=16, § = 10;
n=235 W=12, § = 14;

X3: D;=210and n =15, W=20, S=8; n =25, W=16, S = 10;
n=235 W=12, § = 14;

X4: D; =50, W=12, §=8, and » = 1.5, 2.5, 3.5;

X5: D; =50, W=8,5=8,and » = 1.5, 2.5, 3.5, 4.5, 5.5.

For a 1-nH inductance value, the X5-type inductors have about 0.25 of
the area of X3-type inductors, whereas for larger inductance values, X5 inductors
are about one-third of the area of X3 inductors. Figure 3.27 shows Qg as a
function of inductor area. The broken lines indicate Qg values for 1- and
2-nH inductance values. Note that for an inductor having about a 1-nH value,
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Figure 3.27 Variations of measured Q versus area for different inductors of type A.

X2-type inductors provide the maximum Q.g, whereas for a 2-nH value, the
X2 and X3 types have similar Q. values, while X3-type inductors have about
a 25% larger area. Figure 3.28 shows the self-resonant frequency of these
inductors as a function of area. The broken lines indicate the resonant frequency
values for 1- and 2-nH inductance values. In general, the larger the area, the
lower the resonant frequency, and X3-type inductors have the lowest and X5
type the highest resonant frequencies.

3.23.1 Line Width

The line width is the most critical variable in the design of coils. In general,
Q.ff increases due to lower dc resistance and f. decreases due to higher parasitic
capacitance with the increase in the line width. Figures 3.29 and 3.30 show
the variations of Q., fes» and inductor area for 1- and 2-nH inductance values,
respectively, for W=8 um, § =8 um, D; =50 wm, and the number of turns
is selected for the desired L value. For W= 12 um; S, D;, and 7 are desirable
variables for achieving the desired inductance value. For W= 16 um, § =10
pm and D; and are desirable variables, whereas for W =20 yum, $ =8 um
and D; and number of turns are desirable variables. For the 1-nH inductor,
the increase in Q¢ value is not significant when the line width increases from
16 to 20 pm, while the increase in area is about 80%. For higher inductance
values, an optimum line width is about 16 um for maximum Q..
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Figure 3.28 Variations of measured self-resonance frequency versus area for different induc-
tors of type A.
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3.2.3.2 Spacing Between Turns

In general, Q. increases with the area of an inductor. However, small area
inductors mandate small separation between the turns. Table 3.11 shows induc-
tor parameters for 8- and 14-um spacing. As expected a 3.5I0A inductor has

Table 3.11
Inductor Parameters for Several Inductors Fabricated Using a Multilevel MMIC Process
on 75-um-Thick GaAs Substrate

Inductor
Number Width (zm) Spacing (um) L¢ (nH) fres (GHz) Peak Q.

1.514A 12 8 0.342 >40 415
2.514A 12 8 0.808 34.2 35
3.5l14A 12 8 1.593 20.5 30
3.714A% 12 8 1.82 18.0 29
3.510A 12 14 1.82 18.7 30
3.511A 12 14 2.63 14.0 315
3.512A 12 14 3.63 10.6 29.5
3.513A 12 14 4.59 8.75 215

*Extrapolated from Figures 3.26, 3.27, and 3.28.
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a slightly higher inductance and lower f,; than the 3.5I14A one due to increased
area. Because the 3.510A inductor has higher inductance and lower fi, its Q.
is expected to be higher than the 3.5I4A inductor’s Q. The data in Figures
3.26, 3.27, and 3.28 have been used to extrapolate fi.s and Q. values for the
inductance value of 1.82 nH. As expected, the 3.7I14A inductor has lower
fres and Qg values than the 3.5I0A inductor. For spiral coils, W/§ > 1 is

recommended.

3.2.3.3 Inner Diameter

Because the contribution of the innermost turn is small due to its very small
inner diameter, enough empty space must be left in the center of a coil to allow
the magnetic flux lines to pass through it in order to increase the stored energy
per unit length. Inductors with four different inner diameters (50, 108, 158,
and 210 wm) were studied. Figures 3.31 and 3.32 show the variations of L,
Qeff> and fre as a function of inner diameter for W =20 um, § = 8 um,
n=15,and W=12 um, § = 14 um, n = 3.5, respectively. As expected, the
inductance increases and fi, decreases with increasing inner diameter (D;) due
to increased inductor area. As can be seen, the maximum Q. occurs around
D; = 100 pm. Similar optimum D; is obtained for other line widths and
multilayer inductors.
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Figure 3.31 Inductor’s L, Qef, and fres versus inner mean diameter for 1.5-turn inductors.
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Figure 3.32 Inductor’s L, Qef, and fres versus inner mean diameter for 3.5-turn inductors.

3.2.3.4 Number of Turns

Multiturn inductors have higher inductance per unit area, but due to higher
parasitic capacitances, have lower-self-resonance frequencies. Figure 3.33 shows
the plots of L,, Qcf, and f¢s versus number of turns for X5 inductors.

The decrease of Qg with an increasing number of turns is because of
increased parasitic capacitance and increased RF resistance due to eddy currents.
Figures 3.34 and 3.35 show typical variations of inductance and Q. as a
function of frequency for 1.5-, 2.5-, 3.5-, 4.5-, and 5.5-turn inductors. Data
are shown up to the first resonance. The maximum Q. point decreases with
the increase in number of turns because of increased RF resistance due to eddy
currents and the increase of parasitic capacitance. Below the maximum Q.
point, the inductive reactance and Q g increase with frequency, while at frequen-
cies above the maximum Q. point, the RF resistance increases faster than the
inductive component. This results in a decrease in the Q. value with frequency,
and Qg becomes zero at resonance of the inductor. As expected, the inductance
increases approximately as n?, where 7 is the number of turns. For X5-type
inductors the value of total inductance (nH), Qg factor, and resonance frequency
(GHz) can be calculated approximately using the following empirical equations:

L,=0.04 +0.122% (nH) (3.18)
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3.2.3.5 Multilayer Dielectric Inductors

Typical inductance values for MMIC applications on a GaAs substrate in the
microwave frequency band fall in the range from 0.2 to 10 nH. On a thin
GaAs substrate (3 mil or smaller), the use of high value inductors in the matching
networks becomes difficult because of lower resonant frequencies due to larger
interturn fringing capacitance and larger shunt capacitance to ground. These
parasitic capacitances can be reduced significantly by using a multilayer configu-
ration [83].

Several types of multilayer dielectric inductors have been tested and com-
pared with standard inductors. Variations of L, (L + L; + L), the quality
factor Q.f, and resonant frequency f.s for four inductor types (see Table 3.9
for designation) are shown in Figures 3.36, 3.37, and 3.38, respectively. Com-
pared to standard inductors, inductors using the multilayer process have about
17% to 21% higher resonance frequencies and 65% to 73% higher Q. values.
The thicker polyimide layer increases the values of Q.g and the resonance
frequency of the inductors due to reduced dissipative loss and lower parasitic
capacitance, similar to the characteristics of multilayer microstrip lines [83].
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Figure 3.36 Comparison of L; for various inductors types fabricated using standard (S),
multilayer (A), multilayer and multilevel metallization (M), and multilayer and
multilevel thick metallization (T) processes. For inductor parameters refer to
Tables 3.9 and 3.10.
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Figure 3.37 Comparison of Qg for various inductors types fabricated using standard (S),
multilayer (A), multilayer and multilevel metallization (M), and multilayer and
multilevel thick metallization (T) processes. For inductor parameters refer to
Tables 3.9 and 3.10.
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Figure 3.38 Comparison of f,s for various inductors types fabricated using standard (S),
multilayer (A), multilayer and multilevel metallization (M), and multilayer and
multilevel thick metallization (T) processes. For inductor parameters refer to
Tables 3.9 and 3.10.

Similar improvements in the inductor’s performance have also been observed
by placing the inductor’s conductor on thick oxidized porous silicon [15]. The
total inductance value is more or less invariant.

The performance of these inductors can be improved further by using
low dielectric constant (€,; = 2.7) low-loss (tan 6 = 0.00006) benzocyclo-butene
(BCB) as a multilayer dielectric. The thermal resistance of polyimide or BCB
is about 200 times the thermal resistance of GaAs. To ensure reliable operation
of these components for high-power applications, these components must be
modeled thermally.

3.2.3.6 Thickness Effect

The effect of metal 2 (Figure 3.24) thickness on the inductors’ characteristics
was also investigated. The Q-factor of an inductor is increased by increasing
the conductor thickness because this reduces the series resistance. For this study,
the metal 2 thickness was increased from 4.5 to 9.0 wm. This increases the
current handling by a factor of 2 when the width of metal 1 is twice the
inductor’s line width (Table 3.9). In the thick metallization case, the Q. value
is further enhanced by about 3% to 17%, the inductance value is reduced by
about 4% to 6%, and the resonant frequency does not change due to increased
parasitic capacitance as shown in Figures 3.36, 3.37, and 3.38. Table 3.12



104 Lumped Elements for RF and Microwave Circuits

Table 3.12
Inductor Parameters for Several Values of Polyimide Thicknesses and Metallization
Thicknesses

Polyimide

Thickness Inductor

(pem) Number L¢ (nH) Peak Qg fres (GHz)
0 2.513S 235 311 11.8

3 2.513A 2.4 35.5 13.15

10 2.513M 2.26 53.7 14.3

10 2.513T 215 55.2 14.35

summarizes the inductor model parameters for several 2.5-turn inductors. These
inductors have up to 93% higher Q. factor values than the standard inductors.

3.2.3.7 Inductor Area

The Q-factor of a coil can be enhanced by increasing its area using either a
larger inside diameter or wider line dimensions or by increasing the separation
between the turns. In general, using a wider line dimension reduces the dc
resistance of the coil. However, the parasitic capacitance of the inductor trace
and the RF resistance due to eddy currents increase with the line width. This
sets a maximum limit for the line width. For a micromachined inductor, this
limit is about 20 wm [21], whereas for planar inductors on a 3-mil-thick GaAs
substrate this limit is about 16 wm for larger inductance values.

However, for low-cost considerations one needs compact inductors. Figure
3.39 shows the figure of merit for several inductors of type A. The value of
inductance selected is 1 nH, and the X5 structure has the best FMI because it
has the smallest area and highest resonance frequency due to lower parasitic
capacitances.

The data discussed earlier for circular spiral inductors are also compared
with standard [81] and variable line width [80] square inductors in Figure 3.40.
As expected, the square inductors have lower Q. than the circular inductors;
however, for higher values of inductances, the Qg values for the circular inductor
on a 3-um-thick polyimide dielectric layer and the variable line width square
inductors are comparable. The resonant frequencies for small inductance values
are comparable; however, for high values of inductance the circular inductors
have higher resonant frequencies primarily due to their small line widths.

3.24 Q0-Enhancement Techniques

One of the most important FMIs is the quality factor (Q). Higher values of
Q are needed to improve the microwave circuit’s performance. Because an
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Figure 3.39 Comparison of FMI for various inductors.

inductor’s Q is inversely proportional to the series resistance of its metal conduc-
tor trace, high conductivity and thick conductors are desirable. Other
Q-enhancement techniques include using variable line width [21, 79], the
differential excitation technique [22], and multilayer dielectric and metallization
[80—82]. In the latter case, as discussed in the previous section, the improvement
in Q is achieved by reducing both the dc resistance using thicker conductors
and parasitic capacitance using a multilayer dielectric medium. More discussion
on this subject for rectangular inductors is included in the next section. The
Q-factor of a coil can be enhanced by increasing its area and reducing the dc
resistance by using a wider line width. However, the parasitic capacitance of
the inductor trace and the RF resistance due to eddy currents increase with line
width; this sets a maximum limit for the line width.

It has been shown experimentally that the quality factor of spiral inductors
can be increased by reducing magnetically induced currents in the trace width
by narrowing the line width of the inner turns similar to a silicon micromachined
inductor [21]. Several square spiral inductors using different trace line widths
and number of segments were designed. A summary of these inductors is given
in Table 3.13. Standard inductors 11S, 15S, 19S, and 23S, also tested for
comparison, have a constant line width of 20 #m, whereas modified inductors
11SM, 15SM, 19SM, and 23SM have different line widths for each turn as
given in Table 3.13. The first two numbers designate the number of segments.
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Figure 3.40 Comparison of Q¢ for type A, and standard circular, square, and variable width
inductors.

All inductors have 12-um spacing between the turns. Figure 3.41 shows typical
physical layouts for standard and modified inductors using 23 segments. The
area of the modified inductors is about 20% to 30% larger than for standard
inductors.

The inductors were fabricated on a 75-um-thick GaAs substrate using a
MMIC process. The thicknesses of the interconnect (metal 1) and plated gold
(metal 2) metallizations are about 1.5 and 4.5 pum, respectively. The inductors
were tested for two-port S-parameters up to 40 GHz using RF probes. The
measured data were taken by using an on-wafer TRL de-embedding technique.
The two-port EC model used is shown in Figure 3.22(d).

Table 3.13 summarizes typical model values for various standard and
variable width inductors. Figure 3.42 shows the variation of measured Q as a
function of number of segments for standard and modified (to minimize eddy
current) spiral inductors. The Q-values are obtained at about 0.5/, which is
also a maximum Q-point frequency. An increase of about 22% in the quality
factor of modified inductors in comparison to standard inductors was observed.
For a given number of segments, the number of squares of conductor is approxi-
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Figure 3.42 Variations of measured @ versus number of segments for constant and variable
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mately the same. The extracted model parameters also suggest that the modified
inductors have reduced R;. Figure 3.43 shows the ratio of R;/R . as a function
of frequency for 15S, 158M, 23S, and 23SM inductors.

The Q-factor of spiral inductors can be enhanced by using thicker metalli-
zation and placing inductors on a thick polyimide layer that is placed on top
of the GaAs substrate. Using this technique, an improvement of 68% in the
quality factor of spiral inductors as compared to standard spiral inductors, has
been demonstrated [80]. Tables 3.14 and 3.15 summarize typical model parame-
ter values for multilayer dielectric inductors. The inductors are rectangular spirals
and their dimensions are the same as those given in Table 3.13 for standard
inductors. The polyimide thickness was 10 sm and the substrate thickness was
75 mm. For Table 3.14, the inductor’s metal 2 thickness was 4.5 wm, whereas
for Table 3.15 it was 9 wm. In comparison to standard inductors the inductors
using a multilayer dielectric process with 4.5-um-thick metal 2 have about an
18% to 20% higher resonance frequency and 41% to 56% higher Q-values.
The polyimide layer increased the values of Q and the resonant frequency.

The total inductance value (in nanohenries) of a multilayer dielectric
inductor can be calculated using the following empirical equation:

L,=0.8~/A(p14)"% (3.21)
100
9o ——
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Figure 3.43 Normalized total resistance versus frequency for several inductors.
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where A is the area in square millimeters and p is the number of segments.
When the metal 2 thickness was increased from 4.5 to 9.0 wm, the Q-value
was enhanced by about 9% to 12%, the inductance value decreased by about
4% to 6.6%, and the resonant frequency did not change due to increased
parasitic capacitance, respectively. These inductors have about 50% to 68%
higher Q-factor values compared to standard inductors. The 10-um-thick poly-
imide layer increased the values of the Q-factor and the resonance frequency
of the inductors due to reduced dissipative loss and lower parasitic capacitance,
respectively, similar to the characteristics observed in multilayer microstrip lines
[83, 84]. The total inductance value is more or less invariant.

3.25 Compact Inductors

Compact inductors can be obtained by stacking several layers of inductor pat-
terns. Such inductors are known as 3-D or stacked inductors. Potential problems
in such inductors are lower Q because of higher series resistance of thin cross-
under conductors, and lower self-resonant frequency due to higher interlayer
capacitance. Bahl [80] reported on high-performance 3-D inductors using a
multilayer process employing two levels of thick metallizations. A two-layer
inductor with the first layer on 3-pm-thick polyimide and the second layer on
10-um-thick polyimide was tested. Both inductor layers have 4.5-um-thick
metallizations and are connected by a via in 7-um-thick polyimide. Because
two-level inductor conductors are connected so that the RF current flows in
the same direction through both of the inductor traces, the magnetic flux lines
add in phase and result in a higher mutual inductance. Figure 3.44 shows two
views of 15-segment inductors. The inductor parameters are the same as those
given for the 15§ inductor in Table 3.13; that is, a 20-um line width and
12-pm line spacing.

The performance of a 3-D inductor is compared with rectangular spiral
standard inductors (Table 3.13) and multilayer dielectric inductors (Table 3.14)
in Figures 3.45, 3.46, and 3.47, which show total inductance, Q-factor, and
fres» respectively. For the 3-D inductor the inductance value is about 3.35 times
higher compared to standard inductors having the same inductor area. The
number of segments for each level of the 3-D inductor is 15, similar to 15S.

Table 3.16 summarizes figure of merit as defined in (3.17) for standard
inductors, multilayer dielectric inductors using 9-um-thick metal 2, and 3-D
inductors. The value of inductance chosen is 6.7 nH. The 3-D structure has
the best FMI because of the smallest area and has the lowest resonant frequency
due to higher interlevel capacitances. The Q-factor for the 3-D inductor is
about 23% higher than for the standard inductor, but about 16% lower than
for the multilayer inductor using thick metallization.
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Figure 3.44 Rectangular spiral inductors: (a) multilayer and (b) multilevel.

The 3-D inductors have high current handling capacity, are compact in
size, and have the highest figure of merit. The use of such inductors in pass-
ive and active MMICs will result in improved RF performance, smaller size,
and lower cost. These inductors can also be used as RF chokes for biasing
power amplifier circuits. The multilayer inductors also allow the use of thinner
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Figure 3.45 Variations of measured total inductance versus number of segments for standard,
multilayer, and 3-D inductors.

50

45

40
4
35 ~

20 — Standard

-8~ Multilayer
® 3D

15
10

7 11 15 19 23
Number of segments

Figure 3.46 Variations of measured Q versus number of segments for standard, multilayer,
and 3-D inductors.
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Table 3.16
Comparison of Several 6.7-nH Inductors for Best Figure of Merit
Standard Multilayer

Parameter Inductor Inductor 3-D Inductor Units
fres 5.0 6.4 443 GHz
a 22.0 33.0 28.5
Area 0.193 0.193 0.084 mm?
FMI 5.7 109 15.03 102 GHz/mm?

(2-3 mil) GaAs substrates, which help in the reliability of GaAs power ICs
without increasing attenuation loss in the circuits.

Two- and three-level stacked square spiral inductors on GaAs substrate
with different numbers of turns were EM simulated. Figure 3.48 shows the
layout of a two-level inductor, and Figure 3.49 compares inductance and SRF
versus inductor area for one-level, two-level, and three-level inductors. In all
the three types, the inside hollow dimension is 50 wm, and line width and
spacing are 8 um. The GaAs substrate used was 75 wm thick.

For multilayer inductors, the inductance and f;; can be expressed in terms
of area and number of turns. For example, for the inductor shown in Figure
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Metal 2

/ Metal 1

Figure 3.48 Physical layout of a two-level inductor using two metal layers.

3.48, the total inductance for single (L), two (L;), and three layers (L3) can
be approximated as follows:

Ly = 304n"% (3.22a)
L, =34L, (3.22b)
1.
L3 = (2 + %)Lz (322C)
n

where A is the area of the inductor in square millimeters, and 7 is the number
of turns. These empirical equations are derived from EM data taken on several sets
of inductor structures tested on 75-u m-thick GaAs substrate with dimensions of
D; =50 pum, W =8 um, and § = 8 um. The thickness of inductors was
assumed to be 4.5 um. The resonance frequency is given by

26
VL;
where 7 =1, 2, and 3, and f;; and L ; are expressed in gigahertz and nanohenries,
respectively.

fres = (3.23)

3.26 High Current Handling Capability Inductors

Inductors fabricated using two levels of plating can be designed for much higher
current capacity than is possible if one wiring layer must be thin, as is the case
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Figure 3.49 (a) Inductance and (b) SRF versus number of turns.

when only one layer of plating is available. Along with increased current capabil-
ity, the Q-factor is enhanced due to lower resistance. The current-handling
capability of a conductor is limited by the onset of electromigration. The
conductor thickness and line width determine the current-carrying capacity of
the inductor. A safe value of maximum current density for gold conductors on
a flat surface is 3 % 10° A/em? [80]. For example, for a 4.5-u m-thick conductor,
the calculated maximum current-handling capability per unit width is 13.5 mA
per micron so a 20-um-wide line can handle up to 270 mA of current.
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High current handling capability inductors were fabricated by using the
multilayer process featuring two levels of global 4.5-um plated gold metalliza-
tion. Polyimide is used as an interlevel dielectric for the interconnect metal and
a glassivation or buffer layer for mechanical protection of the finished circuitry.
The thickness of the interlevel layers 1, 2, and buffer layer polyimide are 3, 7,
and 7 wm, respectively. The thickness of the plated gold metallizations 1 and
2 are both about 4.5 pm. Thicker (9-pm) metallization 2 is also available for
the MMIC process. The separation between the two plated metallizations is
about 7 wm and they are connected by vias through the 7-u m-thick polyimide.
Test data reported in Tables 3.14 and 3.15 were for high-current inductors
and can handle current values of 0.27 and 0.54A, respectively. For Table 3.15,
the metal 2 thickness is 9 wm and the width of metal 1 is twice the inductor’s
line width.

3.3 Printed Circuit Board Inductors

Printed circuit board (PCB) spiral inductors, used for biasing and matching
active devices, have been designed and characterized on multilayer PCBs [85-87].
Figure 3.50(a) shows a cross-sectional view of a multiturn inductor embedded
in a 1-mm-thick, copper-clad (9-um) FR-4 substrate. The spacing between the
conductors is 2 mil. Input and output connections to the inductor were made
using via through holes in 25-um-thick polyimide. The effects of inductor area
and number of turns on its inductance, Q-factor, and resonant frequency were
studied [85]. Figure 3.50(b) shows the variations of inductance, maximum
quality factor, and the resonance frequency versus number of turns for various
inductor area values. The summary of results is similar to that of monolithic
inductors on GaAs. The maximum Q-factor decreases with increasing number
of turns due to increased parasitic capacitance and eddy current resistance.
Here also the inductance increases approximately as n* and the self-resonance
frequency decreases because of increased parasitic capacitance.

As discussed in previous sections, several techniques including variable
line width, thick conductors, thicker substrates, and multilayer dielectric configu-
rations can be used to improve the Q-factor of inductors. The Q-factor can
also be enhanced by replacing the ground plane with a two-dimensional periodic
structure as shown in Figure 3.51. In this case, the ground plane consists of a
thin, two-sided PCB having identical rectangular rings on both sides, with their
centers connected using via through holes. Such a periodic structure lowers the
eddy current resistance and reduces the parasitic shunt capacitance value. For
a 1.5-turn inductor (1.5 X 1.5 mm) on Rogers 4003 (€, = 3.8), the inductance
and Q-values were improved by more than 30% [80].
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Figure 3.50 (a) Cross-sectional view of the PCB inductor; and (b) variations of inductance,
self-resonance frequency, and maximum Q as a function of number of turns for
various inductor areas. The separation between the turns was 2 mil. (From: [85].
() 2002 IEEE. Reprinted with permission.)
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Figure 3.51 Two-dimensional periodic structure enhanced Q-inductor. (From: [86]. O 2002
IEEE. Reprinted with permission.)

The design of meander line inductors on PCBs has been described [87].
Meander line inductors have lower inductance per unit area than coil inductors;
however, they do not require a multilevel process and thus have lower manufac-
turing cost. Figure 3.52(a) shows a one-turn meander line inductor, and its
simplified lumped-element EC model is shown in Figure 3.52(b), where the
R, term is a result of dielectric loss. Closed-form expressions for EC parameters
have been reported [87] and validated using experimental data for several differ-
ent inductors. Table 3.17 provides dimensions and electrical data for a variety
of such inductors. The electrical data are based on measured performance.

The Q-factor and f;es were calculated using the following relations [87]:

_Ro(L-’L’C-R]O)

(3.24)
R} +R.R + 0*L?
W=y A~
¢
R
* Wv
T & s»vse &
Y o T 0
h &
¥y W
R
\Ground plane !
(a) (b)

Figure 3.52 (a) Configuration of a one-turn meander line inductor. (b) LE model.
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1

frcs = m (3.25)

3.4 Hybrid Integrated Circuit Inductors

The evaluation of lumped inductors using MIC technology for microwave
applications began in the mid-1960s. The growth of inductors took off after
the development of MIC techniques for printing high-resolution patterns on
alumina substrates [88, 89]. In this section, inductors fabricated using hybrid

integrated circuit technologies such as thin film, thick film, and LTCC are
described.

3.41 Thin-Film Inductors

High-quality inductors developed using multilayer thin-film glass technology
have been described [90]. The inductor pattern was made up of 3-um-thick
copper printed on a 5-um-thick BCB (€,; = 2.7) layer backed by 700-um-
thick low-loss borosilicate glass substrate (€, = 6.2). The coils were designed in
a coplanar configuration as shown in Figure 3.53 and have an inner diameter
of 200 um. The spacing between the inductor conductor and the coplanar
ground plane was 200 um. The connection between the center of the coil and
the output was made using a second layer of copper printed on the second
5-um-thick BCB layer on top of the inductor pattern.

Several inductors having different line widths and numbers of turns were
characterized. Table 3.18 lists physical dimensions for nine inductors. Measured
inductance and Q-factor values versus frequency, for these inductors, are plotted
in Figure 3.54. Typical measured L, Q x> and f;e values for a 3.5-turn inductor
(d in Table 3.18) are about 6.2 nH, 48.5, and 7.9 GHz, respectively.

The Q of thin-film inductors was enhanced by using suspended inductors
with large air core area over the glass substrate. The inductors were fabricated
by employing a multilayer thin-film process and surface-micromachining tech-
niques. The rectangular spiral inductor pattern consisting of 9-u m-thick copper
was suspended with the help of polyimide posts, and the center of the inductor
was connected to the output using TiCu film on the glass substrate through a
plated via hole. Figure 3.55 shows the rectangular spiral inductor, and measured
electrical data for three different inductors are summarized in Table 3.19. The
electrical data in this table represent state-of-the-art performance for printed
inductors with reduced substrate loss and parasitic capacitance.
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F __ i
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i

Figure 3.53 Top view of a 3.5-turn inductor with ground-signal ground RF probe pads. (From:
[87]. O 2001 IEEE. Reprinted with permission.)

Table 3.18
Dimensions for Spiral Inductors with Different Conductor Widths and Number of Turns*

Spiral Label a b c d e f g h i

Conductor width

(m) 30 50 100 30 50 100 30 50 100
Number of turns 1.5 15 15 35 35 35 5.5 5.5 5.5
Total outer

diameter (um) 380 460 660 580 740 1,140 780 1,020 1,620

*Conductor spacing is 20 wm, the inner diameter is 100 x«m, and spacing to the coplanar ground
plane is 200 m.

3.4.2 Thick-Film Inductors

The design and test data for several rectangular and circular spiral inductors
printed using a thick-film process on alumina substrate have been reported [91].
At RF and lower microwave frequencies, the thick-film process is a viable
technology to develop low-cost MCMs. The inductors were designed using
simple equations [92] on a 25-mil-thick alumina substrate (€, = 9.6). The
inductance and Q-values were obtained by connecting a known capacitor across
the inductor and measuring the one-port reflection coefficient as described in
Section 2.4.5. The inside port of the inductor was grounded through a 12-mil-
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Figure 3.54 (a) Measured inductance and (b) Q versus frequency for several inductors listed
in Table 3.18. (From: [90]. O 2001 IEEE. Reprinted with permission.)

diameter via hole and the output port was connected to a 25-mil RF pad. A
shunt capacitor mounted on a grounded pad was connected to the RF pad
through a 15-mil-long, 1-mil-thick gold wire to resonate out the inductor.
One-port S-parameters were measured using RF probes by placing the center
conductor of the probe on the inductor’s RF pad and its ground connection
on the capacitor ground pad as shown in Figure 3.56. Measuring the first
parallel resonant frequency and 3-dB bandwidth, the inductance and Q-value
were obtained as discussed in Section 2.3.5. Here two different capacitor values
were used, 3.6 and 4.7 pF. Table 3.20 summarizes the measured data for three
inductors having 2, 3, and 4 turns. Because the Q-values of the discrete capacitors
were much greater than the printed inductor’s Q, the effect of the capacitor Q
was neglected. The self-resonant frequencies of the inductors are also several
times greater than the capacitor tuned resonance frequencies.
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Figure 3.55 Configuration of a suspended rectangular spiral inductor having large air core
area.

Table 3.19
Measured Data Summary for Three Suspended Inductors, with t =9 um and H =60 um
Line Inner Outer
Width  Spacing Diameter Diameter Number
(am) (pm) d (um) D (um) of Turns L (nH) Onax  fres (GHz)
40 40 800 1,280 35 213 50 2.85
40 40 500 1,300 5.5 37.8 44 240
40 50 500 1,030 35 16.5 46 4.20

3.4.3 LTCC Inductors

LTCC technology [93-97] offers great potential to realize compact, high-perfor-
mance inductors. Multilevel thick plating enables the design of different inductor
topologies including multilayer standard and offset 3-D, helical, solenoid, and
meander line inductors. In standard, solenoid, and meander line inductors, the
inductance is increased by increasing the number of turns laterally, resulting in
increased area, series resistance, and parasitic capacitances. In contrast, in 3-D
and helical inductors, the inductance is increased by increasing the number of
inductor layers and keeping a larger separation between the layers, resulting in
smaller area for given inductance value, lower series resistance due to reduced
eddy current resistance, and lower parasitic capacitances. Thus, 3-D and helical

inductors in LTCC technology have higher Q- and SRF values as compared
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Figure 3.56 Capacitor tuned inductor.

Table 3.20
Measured Inductance and Q-Factor of Thick-Film Inductors on a 25-Mil-Thick Alumina
Substrate, with Line Width and Spacing = 6 Mil

Number

of Turns L (nH) Q

2 9.7 327
3 13.0 30.6
4 34.0 10.6

to 2-D standard inductors. Figure 3.57 shows conventional 2-D, 3-D, and
helical inductor configurations.

3.5 Ferromagnetic Inductors

Thin-film ferromagnetic materials have been applied to integrated inductors to
enhance their inductance and Q-values [98, 99] by increasing the magnetic
flux associated with the coil. One ferromagnetic film material used is CoNbZr,
which has a relative permeability of about 500 to 1,000 and a thickness of
about 0.1 pwm. The film is deposited using a RF sputtering technique. Test
results report improved inductance and Q-values by about 10% to 20% at
2 GHz, probably due to the thin layer of CoNbZr.

Ferromagnetic inductors can be realized either by sandwiching the inductor
coil between magnetic materials or by placing a magnetic material over the coil
as shown in Figure 3.58. The sandwich-type configuration is preferred due to
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Figure 3.57 Various LTCC inductor configurations: 2-D standard, 3-D, and helical.

its larger increased magnetic flux in the coil. The frequency of operation of
such inductors can be extended by cutting slits in the magnetic materials.
Thicker ferromagnetic films will also give rise to higher inductance values.
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Figure 3.58 Cross-sectional view of ferromagnetic integrated inductors: (a) sandwich type
and (b) on-top type.
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Wire Inductors

Wire-wound inductors have traditionally been used in biasing chokes and
lumped-element filters at radio frequencies, whereas bond wire inductance is an
integral part of matching networks and component interconnection at microwave
frequencies [1-10]. This chapter provides design information and covers practical
aspects of these inductors.

41 Wire-Wound Inductors

Wire-wound inductors can be realized in several forms of coil including rectangu-
lar, circular, solenoid, and toroid. The inductance of a coil can be increased by
wrapping it around a magnetic material core such as a ferrite rod. Figure 4.1
shows various types of wire-wound inductors currently used in RF and microwave
circuits. The basic theory of such inductors is described next.

4.1.1 Analytical Expressions

In this section we describe analytical expressions used for the design of several
types of wire-wound inductors.

41.1.1 Circular Coil

The inductance of a single-turn coil shown in Figure 4.2(a) is given by [7]

2
L=,u(2r—¢z)[<1 —/%)K(/e)—E(k)] (4.1)
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Figure 41 Wire-wound inductor configurations.

O

(a) (b)

23 —

Figure 4.2 (a) Single turn circular and (b) multiturn coil having large radius-to-length ratio.
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12 = 4r(r — a)

- 4.2
Qr - a)? (4.2)

where 7 is the mean radius of the coil and 24 is the diameter of the wire, w is
the permeability of the medium, and E(k) and K(k) are complete elliptic
integrals of the first and second kinds, respectively and are given by

a2

E(k) = J V1 - & sin® ¢ do (4.32)
0

2

d¢
-\/1 — k% sin” ¢
0

When »>> 4, £ 1 and the expressions for K (k), E£(k), and L become

4
K(£) Oln <m> (4.4a)
E(k) O1 (4.4b)
8r
LOru |:ln (;) - 2] H (4.5)

Next let us consider a circular coil of closely wound 7 turns, with cross-
sectional radius @ and mean loop radius R as shown in Figure 4.2(b). An
approximate expression for this case is obtained by multiplying (4.5) by a factor
of n° and replacing » with R, that is,

L=n’Ru [m (%) - 2] H (4.6)

2 . . .
Here the »” factor occurs due to 7 times current and 7 integrations to
calculate the voltage induced about the coil. When the medium is air, u = g
=47 %107 H/cm, and

L =4mn’R [m <%) - 2] (nH) (4.7)

where 2 and R are in centimeters.



140 Lumped Elements for RF and Microwave Circuits

4.1.1.2 Solenoid Coil

Consider a solenoid coil as shown in Figure 4.3 having number of turns 7,
mean radius of R, and length €. As a first-order approximation we may consider
€ much larger than the radius R and uniform field inside the coil. In this case
the flux density can be written

B, = uH, = (4.8)

The total flux linkages for 7 turns is given by
¢ = n % cross-section area X flux density (4.9)
= narR? un (11€)

The inductance of the solenoid becomes

L= ? = umR*n?1¢ (4.10)

or
L=4u,(mRn)*¢  (nH)

where dimensions are in centimeters and w, is the relative permeability of
the solenoid coil. For coils with the length comparable to the radius, several

Contour of integration for Ampere’s law

(magnetic field negligible outside coil)
’ _ L
R
/\’F\I I A

L&}:[&L =

N

R |

» 7 | ;F Il
0O0O0000000O0OO N\

nturns

(a) (b)

TOOOOO 0O0O0O0OO0O

Figure 4.3 Solenoid coil configurations: (a) air core and (b) ferrite core.
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semiempirical expressions are available. For € > 0.8 R, an approximate expression,
commonly used is

4/1’7*(77-R”)2

L=+ 09R

(nH) (4.11)

More accurate expressions for an air core material are given in the literature

[8, 10] and reproduced here. For 2R < € (long coil):

Mmon TR 4R? 8R
L= —[ﬂ( )—m] (4.12a)

and for 2R > € (short coil):

oral o)) () 5] o

where for 0 < x < 1.0

() = 10+ 0383901 + 0.017108x”
S0 = 1.0 + 0.258952x

(4.13a)

£ (x) = 0.093842x + 0.002029x* = 0.000801x° (4.13b)

4.1.1.3 Rectangular Solenoid Coil

Ceramic wire-wound inductors as shown in Figure 4.4 are used at high RF
frequencies. These ceramic blocks are of rectangular shape and have connection

— w—>

Wire

—T— Ceramic

h

1 o

|A/

Figure 4.4 Ceramic block wire-wound inductor configuration.
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pads. The inductance of these coils can be approximately calculated using (4.11)
or (4.12), when

_W+h+a
- T

R (4.14)

where W and 4 are the width and height of the ceramic block, respectively,
and 4 is the radius of the wire.

As shown in (4.11) as a first-order approximation (W, » >> a), the
inductance of a solenoid does not depend on the diameter of the wire used.
Thus, the selection of wire diameter is dictated by the size of the coil, the
highest frequency of operation, and the current-handling capability. For match-
ing networks and passive components, the smallest size inductors with the
highest possible SRF and Q-values are used.

41.1.4 Toroid Coil

If a coil is wound on a donut-shaped or toroidal core, shown in Figure 4.5(a),
the approximate inductance is given as

L= ,bLo,LL,7Td2712/€ (4.15)

where € = 27mR. Here a is the radius of the circular cross-section toroid, R is
the radius of the toroid core, and R >> 2. When R and « are comparable, an
approximate expression for inductance is given by [8] as

L=12572*(R-~/R* - 4%)  (nH) (4.16)

where R and « are in centimeters.

An approximate expression for the rectangular cross-section toroid, shown
in Figure 4.5(b), can be derived as follows [6]. The magnetic field due to the
net current flowing through the core is given by

H¢=—77. Ri<r<Ry (4.17)

The flux through any single loop is

RZ
Dnl. (R
é=p,m,D fH¢ dr='u”';—;nln (R%) (4.18)
Ry
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nturns

Toroid cross-section

No net current cuts contour (equal but opposite
contributions from upward and downward currents)

/ I Net current cutting contour =n/
nturns A

(b)

Figure 4.5 Toroid core inductors: (a) circular radius and (b) rectangular radius.

where D is the height of the core and Ry and R are the inner and outer radii
of the core. The inductance due to 7 turns is given by

1="% -4 Du’In (%) (nH) (4.19)
1

where D, Ry, and R, are in centimeters.

When the coil is tightly wound so that there is no gap between the
enameled wire turns, it provides the maximum inductance and the minimum
resonant frequency. Its inductance decreases as the coil is stretched along its
axis. In this case, the interwinding capacitance decreases and increases the
resonant frequency. The inductance of the coil can also be decreased or increased
by inserting, respectively, a conductive (copper) or a magnetic (ferrite) material
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rod inside the core of the winding. Thus, coil stretching or rod insertion in
the core allows the inductance of the coil to vary making it a tunable component.

4.1.2 Compact High-Frequency Inductors

Chip inductors are widely used in RF circuits to realize passive components
and matching networks and as RF chokes for bringing the bias to solid-state
devices. Requirements for applications in passive and matching circuits are a
high @, high SRF, and low parasitic capacitance, whereas RF chokes need
higher current-handling capability and lower dc resistance values. Also, low-
cost RF front-ends need low profiles or compact size and inexpensive compo-
nents. These inductors are commonly realized by winding an insulating wire
around a ceramic block. Both regular Al;O3 ceramic and high-permeability
ferrite materials are used.

Miniature chip coil inductors having inductance values from 1 to 4,700
nH with SRF ranging from 90 MHz to 6 GHz are commercially available [2].
The Q-values at 250 MHz for 3.6- and 39-nH inductors are 22 and 40,
respectively. Table 4.1 provides the summary of ceramic wire-wound RF inductor
parameters. In the table Z Freq, Q Freq, and SRF Min represent the measurement
frequency of inductance, the measurement frequency of Q-factor, and the
minimum value of self-resonant frequency, respectively.

41.2.1 High-SRF Inductors

Chip inductors with high SRF are required for applications such as matching
networks and passive components. Chip inductors with inductance values

Table 4.1
Summary of Ceramic Wire-Wound RF Inductor Parameters
Current
dc Rating dc

L Freq Q Freq SRF Min Resistance Max
L (nH) (MHz) Q Min (MHz) (MHz) (Ohm) (mA)
1.0 250 16 250 6,000 0.045 1,360
22 250 19 250 6,000 0.070 960
3.9 250 22 250 5,900 0.080 1,000
6.8 250 27 250 5,700 0.110 1,000
12.0 250 35 250 4,000 0.130 986
220 250 55 500 2,600 0.220 758
39.0 250 60 500 2,000 0.290 660
100.0 150 65 500 1,200 0.460 524
470.0 25 45 100 450 1.19 449
1,000.0 25 35 50 290 1.75 370
4,700.0 7.9 20 25 90 490 221
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up to 15 nH and a SRF greater than 4 GHz are commercially available. The
L - SRF product for smaller value inductors is as large as 24 nH-GHz, whereas
for large value inductors (<100 nH) this product is as large as 120 nH-GHz.
For example, a 100-nH inductor’s SRF is about 1.2 GHz.

4.1.2.2 High-Q Inductors

High-Q chip inductors are required for low-loss matching network, filter, and
resonator applications. For chip inductors, a maximum Q-value of 100 can be
obtained. Figure 4.6 shows the variation of Q for several inductor values.

41.23 High Current Capability Inductors

Bias chokes used in power amplifiers require high current capabilities. The
current rating given in Table 4.1 for high inductance values (L O 40 nH,
adequate at 1-GHz applications) is about 660 mA. However, other chip inductors
with a current rating of 1.3A are also available [1].

The material properties of gold, aluminum, and copper wires are compared
in Table 4.2. Because copper has a higher melting temperature, lower resistivity
value, and the best thermal conductivity, the material is exclusively used for
low-loss and high current carrying capacity wires. Table 4.3 lists copper wire
parameters for various AWG gauge values.
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Figure 4.6 Typical variation of Q as a function of frequency for several chip inductors [1].
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Table 4.2
Material Properties of Wires
Material Property Units Gold Aluminum Copper
Melting temperature, T, °C 1063 660 1093
Heat of fusion W-s/g 64 400 202
Thermal conductivity, k W/m-°C 297 240 393
Density G/cm® 19.3 2.7 8.96
Specific heat W-s/g-°C 0.31 0.886 0.92
Electrical resistivity QO.cm 24 x 1078 26 x107° 17 x 107
Thermal expansion
coefficient ppm/°C 14.2 23 17
Table 4.3
Copper Wire Parameters at 20°C
AWG Bare Diameter Enamel Coated Resistance Maximum
Gauge (mm, mil) Diameter (mm, mil) (2/m) Current (A)
32 0.203, 8.0 0.224, 8.8 0.5385 0.53
30 0.254, 10.0 0.274, 10.8 0.3385 0.86
28 0.320, 12.6 0.343, 13.5 0.2129 1.40
26 0.404, 15.9 0.429, 16.9 0.1339 2.20
24 0.511, 20.1 0.541, 21.3 0.0878 3.50
22 0.643, 25.3 0.676, 26.6 0.0610 7.0
20 0.813, 32.0 0.848, 33.4 0.0343 11.0
18 1.024, 40.3 1.062, 41.8 0.0220 16.0
16 1.290, 50.8 1.331, 52.4 0.0152 22.0
14 1.628, 64.1 1.674, 65.9 0.0086 32.0
12 2.052, 80.8 2.101, 82.7 0.0055 41.0
10 2588, 101.9 2.639, 103.9 0.0035 55.0

The current-handling values given in Table 4.3 are for straight wires in
air. The current handling capacity of inductors depends on several factors
including the type of winding (tight or loose), the number of turns, and the core
material used. Closely spaced windings tend to modify the current distribution in
the wire cross section, making it more uneven and thus reducing the current

handling ability.

4.2 Bond Wire Inductor

Most RF and microwave circuits and subsystems use bond wires to interconnect
components such as lumped elements, planar transmission lines, solid-state
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devices, and ICs. These bond wires have 0.5- to 1.0-mil diameters and their
lengths are electrically short compared to the operating wavelength. Bond wires
are accurately characterized using simple formulas in terms of their inductances
and series resistances. As a first-order approximation, the parasitic capacitance
associated with bond wires can be neglected.

Commonly used bond wires are made of gold and aluminum. Table 4.2
compares the important properties of these two materials with copper used for
wire-wound inductors.

421 Single and Multiple Wires

In hybrid MICs, bond wire connections are used to connect active and passive
circuit components, and in MMICs bond wire connections are used to connect
the MMIC chip to other circuitry. The free-space inductance L (in nanohenries)
of a wire of diameter 4 and length € (in microns) is given by [11-13]

2 2
0| 1l 2t ay |, d d
L=2x10 €[ln{d+-\/1+<d>}+2€ -\/1+<2€>+C]

(4.20)

where the frequency-dependent correction factor C is a function of bond wire
diameter and its material’s skin depth & expressed as

C =0.25 tanh (46/4) (4.21a)

1

= (4.21b)
V7ofieo

where o is the conductivity of the wire material. For gold wires, 6 = 2.486f 05,

where frequency fis expressed in gigahertz. When 6/4 is small, C = 6/d. When

€ >> d, (4.20) reduces to

L=2x10"% (m% + 0.5% -1+ c) (4.22)

The wire resistance R (in ohms) is given by

R—Rfe
T ad

(4.23a)
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where R; is the sheet resistance in ohms per square. Taking into account the
effect of skin depth, (4.23a) can be written

f [0.25 2y 0.2654} (4.23b)
mod 6

42.1.1 Ground Plane Effect

The effect of the ground plane on the inductance value of a wire has also been
considered [11, 14]. If the wire is at a distance / above the ground plane [Figure
4.7(a)], it sees its image at 2/ from it. The wire and its image result in a mutual
inductance L mg- Because the image wire carries a current opposite to the current
flow in the bond wire, the effective inductance of the bond wire becomes

L,=L-1 (4.24a)

mg

where

ng—2x1o4e[ % -\/
-G

—
+
PR

(4.24b)

®|§
R

From (4.20) and (4.24)

e >
o 5 O
h h
[ + 1 I y ]
X Ground plane
(a) (b)

S

|<_
O

Figure 4.7 Wires above a ground plane: (a) single and (b) twin.
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[+~ + d14 2
L,=2x107% [mﬁﬂn Ll d T -\/ i -\/ =
4 [+~ + 457 4l

—2é+i:| (4.25)

2/

Here L, is in nanohenries, and ¢, /4, and 4 are in microns.

4212 Multiple Wires

In many applications, multiple wires are required to carry higher currents, to
reduce wire inductance, or improve wire reliability. For example, in the case
of two wires placed parallel to each other at a distance S between their centers
[Figure 4.7(b)], above the ground plane, the total inductance of the pair becomes

Ly=(L,+Ly)2 (4.26)

Here both wires carry current in the same direction; therefore, the mutual
inductances L, and self-inductances are in parallel, and for each wire the self-
inductances and mutual inductances add up. In this case, L,, is given by

ezl (5 oo (5 -y 2] ¢

(4.27)

Equations (4.24b) and (4.27) are identical under 2/ = S and C = 0. The
same procedure can be carried out to calculate the mutual inductance for
multiple wires.

Table 4.4 lists inductances for 1-mil-diameter gold wires [15-17]. So far
we have treated uniformly placed horizontal wires above the ground plane.
However, in practice, the wires are curved, nonhorizontal, and are not parallel
to each other. In such situations, an average value of S and 4 can be used. Also
wire/wires have shunt capacitance that can also be calculated [18].

The inductance of a bond wire connection is generally reduced by connect-
ing multiple wires in parallel. However, as shown in Table 4.4, the inductance
of multiple wires in parallel depends on the separation between them. For a
very large distance between two wires, the net inductance of two wires is half
that of a single wire. When the distance between two wires is four to six times
the diameter of the wires, the net inductance is only 1/4/2 times of a single
wire, and for n wires it is approximately 1/4/7 times of a single wire.
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Table 4.4
Wire Inductance of 1-Mil-Diameter Gold Wires
Spacing
Loop Between
Length Number Height Wires Inductance
(mil) of Wires (mil) (mil) Value (nH) Method
19 1 7 — 0.28 EM simulated [15]
34 1 — — 0.49 Calculated [16]
45 1 — — 0.67 Calculated [16]
34 2 — 2 0.39 Calculated [16]
34 2 — 6 0.31 Calculated [16]
34 2 — 15 0.27 Calculated [16]
45 2 — 2 0.54 Calculated [16]
45 2 — 6 0.44 Calculated [16]
45 2 — 15 0.37 Calculated [16]
45 3 — 2 0.46 Calculated [16]
45 3 — 6 0.34 Calculated [16]
45 3 — 15 0.26 Calculated [16]
57 2 20 — 0.93 Measured [17]
57 3 20 — 0.73 Measured [17]
57 9 20 — 0.43 Measured [17]
57 13 20 — 0.38 Measured [17]
93 2 20 — 1.22 Measured [17]
93 8 20 — 0.60 Measured [17]
93 12 20 — 0.40 Measured [17]
93 14 20 — 0.42 Measured [17]

422 Wire Near a Corner

The inductance and capacitance per unit length of a wire near a corner of
package or shield, as shown in Figure 4.8, is given by

and

L =0.03332,

C =33.33Z

(nH/cm)

(pF/cm)

(4.28a)

(4.28b)

where Z) is the characteristic impedance of the wire, and an expression for Z)
(having an accuracy of about 1%) is given by Wheeler [19] as follows:

20:30 ln{(

2 2

Ve T

- 1} Q) (4.29)



Wire Inductors 151

4

d

®
T

 u _>| |

N—

Figure 48 Wire near a corner of a shield.

where 4 is the diameter of the wire and D = 2H, where H is the distance from
the center of the wire to the shield plane.

423 Wire on a Substrate Backed by a Ground Plane

In many practical cases, the bond wire might be placed on a PCB or alumina
substrate or GaAs chip. In this case (Figure 4.9), the inductance and capacitance
per unit length of a wire can again be obtained by using (4.28), where

L (2= 0 (2 o
o= () = (1) 25 ()|
(4.30)

When wire diameter 4 << 4,

60 4h
ZO —Eln |:7:| (431)

af O A T
4 = |1
x Ground plane

Figure 49 Wire on a dielectric substrate backed by a ground plane.
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and as a first-order approximation

(4.32)

Accurate expressions for L and C are also given in [20] and are reproduced
here:

L=2:/Q(Q+YS) (nH/cm) (4.33a)

-1

! 1 + 4y < n+ +2+
C=10.556 |:ln{1 +Z(1 +4/1+ 4x)} + nzo(_P) 1ln{%}]

(pF/cm)
(4.33b)
where

Q=ln[1 +o-(1+ +4x)] (4.34a)
x = dl4h (4.34b)

_ - _pytl
S—WZO( P) ln<1 +n+x> (4.34¢)
p=&_1 4.34d
B € +1 (4. )

Figure 4.10 shows the variation of Z as a function of 4/H for various
substrates. These data can also be used to calculate wire inductance (nH/cm)
and capacitance (pF/cm) by using the following relations:

L =0.0333+/€,, 2y (4.352)
C =33.33+/€,. 12, (4.35b)
where
— Zy(e,=1)

Ve = =7 () (4.36)
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Figure 410 Characteristic impedance of a round wire microstrip as a function of its position.

424 Wire Above a Substrate Backed by a Ground Plane

The wire above a grounded substrate occurs frequently in microwave integrated
circuits. Figure 4.11 shows this configuration and (4.35) can be used to calculate
the values of L and C. Here Zj and ¢,, are given as follows [18]:

60 . /1-u" R
Zy = —cosh1< - +—> (4.37)

where

Q Air T

T H
i « ]
e Ground plane

Figure 411 Wire above a dielectric substrate backed by a ground plane.
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2
R= (4Hla — alH)
_ 1
u= 2
QHla)" -1

In <ﬁ>
a
o[, 2]

a ae,

425 Curved Wire Connecting Substrates

(4.38a)

(4.38b)

(4.38¢)

Many times a wire connecting two substrates or components is not straight.
Expressions for L and C for a bond wire arc (Figure 4.12) are given by Mondal

[21] as follows:

dl2
L= lOfln [p(x)] dx (nH)

0

where d, 5, and « are all in inches, 4 is the radius of wire, and

2
P x) :§|:V<dcos%,8> - xt 4+ <h—%{cot ,8):|

The capacitance is calculated from

/N Bond wire

Figure 412 Configuration of a bond wire connecting two microstrip substrates.

(4.39)

(4.40)
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14337 .
C= m (pF/ln) (441)
426 Twisted Wire

Twisted-wire transmission lines are used in transformers, couplers, and power
dividers. The inductance of each wire for a twisted-wire pair shown in Figure
4.13 and the interwire capacitance are given next:

. 2
L= % [\/1 + (77S)* cosh™ (%) + @] (H/m)

(4.42a)

€€ d[1 + (wTS)* "2

0
€,56 tan <5> + 2r

where d is the diameter of the bare wire, S is the separation between the wire
centers, ¢ is the thickness, €, is the relative permittivity of the insulation, and
T'is the number of twists per unit length.

C=

d0 (F/m) (4.42b)

o~

42,7 Maximum Current Handling of Wires

When a large current is passed through a wire, there is a maximum current
value that the wire can withstand due to its finite resistance. At this maximum
value, known as the fusing current, the wire will melt or burn out due to
metallurgical fatigue. The factors affecting the fusing mechanism in a wire are
its melting point, resistivity, thermal conductivity, and temperature coefficient
of resistance. The fusing current is given by

oo
e

Figure 413 Cross-sectional view of a twisted-wire pair.

Insulation
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Ip=Kd" (4.43)

where K depends on the wire material and the surrounding environment and
d is the diameter of the wire. Thicker wires have larger current-carrying capability
than thinner wires. When the wire diameter & is expressed in millimeters, the
Kvalues for gold, copper, and aluminum wires are 183, 80, and 59.2, respectively.
For 1-mil-diameter wires, /. fvalues for gold, copper, and aluminum wires are
0.74A, 0.32A, and 0.24A, respectively. A safer maximum value for the current
in wires used in assemblies is about half of the fusing current value. For example,
to apply 1A current one requires three 1-mil-diameter wires of gold. When a
wire is placed on a thermally conductive material such as Si or GaAs, its fusing
current value is higher than the value given above. Longer wires will take a
longer time to fuse than shorter wires because of larger area for heat conduction.

4.3 Wire Models

Coils and bond wires can also be accurately characterized by numerical methods
or by using measurement techniques as discussed in Chapter 2. Both methods
provide the desired accuracy including all parasitic effects.

431 Numerical Methods for Bond Wires

Several numerical methods, including the method of moments [16] and finite-
difference time-domain technique [22, 23], have been used to accurately model
bond wires. These simulations also include the curvature of wire, substrate
height, spacing between substrates, the effect of ground plane, and frequency
of operation. Figure 4.14 shows the variation of inductance [16] as a function
of frequency for various bond wire heights above a GaAs substrate. The height
H varied from 70 to 210 um and the corresponding total wire length varied
from 480 to 720 pm. The steep change in inductance value occurs at frequencies
near SRF.

43.2 Measurement-Based Model for Air Core Inductors

Air core inductors have low series resistance and high Q, and their accurate
characterization is difficult when using S-parameters in a 50-) system. An
indirect method as described in earlier was used to characterize several high-Q
air core inductors [24]. To accurately measure the low values of effective series
resistance (ESR), the indirect method using the TRL de-embedding technique
in a 3() system was employed. The inductance L, ESR, and Q were measured
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Figure 414 Bond wire inductance versus frequency for various wire heights. Gold wire
diameter is 25 um.

by measuring the series LC resonance using a known value of capacitor C,
which was much higher than the parasitic capacitance of the inductor.

The copper wire wound air core and chip capacitor were mounted on a
copper-clad Arlon substrate with €, =10.2, 4 = 0.635 mm, = 0.043 mm, and
tan 6 = 0.001. The TRL standards were also printed on the same board. The
equivalent circuit representation of the LC resonator is shown in Figure 4.15,
where the chip capacitor and ground via models are de-embedded separately.

Chip capacitor model

1
. 1
—) — Via hole |
ground :

—_—— -

Figure 415 EC model representation of an air core inductor and its LC resonator circuit.
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The chip capacitor values were selected to keep the resonant frequency close
to approximately 800 MHz.

Table 4.5 gives the inductor parameters and measured inductance, ESR,
resonant frequency, and Q-values. The resonant frequency fj is lower than the
SRF fis of the coil. The relationships between various parameters are given
below:

Q= “’LRL (4.44)

= 2mfy = e (4.45)
Wy — £TJy — .\/R .

ESR =z + b/ f (4.46)

where C is the de-embedded capacitance value of the chip capacitor, fis the
operating frequency in gigahertz, and R = ESR at /= f;.

43.3 Measurement-Based Model for Bond Wires

When a wire bond inductor is modeled from the measured S-parameter data,
it might result in a lower value than the actual value if one is not careful. This
can be explained by using Figure 4.16. A simple model of a short wire bond
is shown in Figure 4.16(a). The series inductance can be split into two parts
as shown in Figure 4.16(b). A part of the series inductance L, with shunt
capacitance Cj is equivalent to a 50-{) line, that is,

ZQ = -\/L2/C5 =500) (4.47)

This is shown in Figure 4.16(c). Thus, during de-embedding, a part of
the inductance is absorbed in the de-embedding impedance, which lowers the
series inductance value. To obtain an accurate model, one must carefully compare
both the magnitude and phase of the modeled response with the measured
S-parameter data. Also by measuring the SRF, one can de-embed the shunt
capacitance C;. The SRF is given by

1

— (4.48)
2mJLC;

ﬁes -

For example, two 30-mil-long wires have Z [J0.4 nH, C; = 0.06 pF, and
SRF = 32.49 GHz.
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I l

(a) (b) (c)

Figure 4.16 (a—c) Simplified bond wire models.

4.4 Magnetic Materials

The inductance of a coil or a transformer can be increased by replacing the air
core with a high permeability (x) magnetic material core. In this case, the
magnetic flux density is proportional to the relative permeability value. The
materials exhibiting high relative permeability values are known as ferrimagnetic,
and ferrite is a generic term for such materials. Ferrite materials are extensively
used in isolators, circulators, limiters, YIG tuned oscillators, switches, phase
shifters, and so on. Most of these components are commercially available at
frequencies up to 140 GHz.

Ferrites have specific resistivities larger than about 10° Q-cm and are
available with a dielectric constant of 10 or more. Relative permeabilities of
several thousands are common. The basic chemical composition of ferrites is
MFe;Oy4, where M is a divalent metallic ion such as manganese (Mn), nickel
(Ni), zinc (Zn), iron (Fe), or a mixture of these. Ferrite materials are classified
as ceramics because they are made by ceramic technology [25-27]. Powders of
appropriate oxides are mixed and formed into required shapes (cylinders, slab,
toroid, or binocular core) by die pressing or extruding. Different combinations
of oxides can be selected to meet a wide range of electrical requirements. The
composition is then fired at temperatures of 1,100°C to 1,200°C.

The ferrites used for RF inductor and transformer cores use MnZn and
NiZn as divalent metal ion. Many grades of such ceramics are commercially
available and their basic properties are listed in Table 4.6. The ferrite parameters
are a strong function of frequency and temperature. The relative permeability
decreases and the loss factor increases with frequency. The relative permeability
increases with temperature and suddenly drops to 1 at the Curie temperature.

The density of ferrite materials is about 5 g/cm and thermal conductivity is
in the range of 0.06 to 0.1 W/(cm-°C).
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[10]

[11]

Table 4.6
Parameters of Ferrite Materials
Parameter NiZn Ferrite MnZn Ferrite
Relative permeability (x,) 20-850 800-10,000
Temperature coefficient of w, (percent/°C) 0.05-0.15 0.1-1.2
Dielectric constant 10-30 10-105
Relative loss factor (tan &/u,) x 108 30-400 5-35
Resistivity (Q-cm) 10%-10° 501500
Curie temperature (°C) 130-150 120-200
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Capacitors

5.1 Introduction

When a voltage is applied across the two plates of a capacitor, the amount of
energy stored depends on the work done in charging the capacitor. Capacitance
is defined as the capacity to store energy in an electric field between two
electrodes or efficiency of the structure in storing a charge when voltage difference
exists between the plates. Its value depends on the area of the electrodes,
separation between the electrodes, and the dielectric material between them.
Dielectrics with high values of permittivity and higher breakdown voltage are
the most desirable. The capacitor structure might have two or more conductors.
The capacitance, C, in farads, of a capacitor structure consisting of two conduc-
tors is expressed as:

C= (5.1)

<l

where Q is the total charge in coulombs on each electrode or conductor and
V' is the voltage between the two conductors in volts. At the positive polarity
the charge is positive, whereas at the negative polarity it is negative. Field lines
start from the positive plate and terminate at negative plate.

The basic structure of a capacitor as shown in Figure 5.1 consists of two
parallel plates also called electrodes, each of area A and separated by an insulator
or dielectric material of thickness & and permittivity €)€,,, where €) and €,
are free-space permittivity and relative dielectric constant, respectively [1-8].
Gauss’s law gives the total charge on each plate:

163
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w Area (A)

Figure 5.1 Basic parallel plate capacitor configuration.

Q= §60 €.E, - ds= €y€ E A (5.2)

s

where E, (V/d) is the electric field produced by the applied voltage V. From
(5.1) and (5.2),

A Wx ¢

C= €€ = €& (5.3)

where Wand € are the width and length of one of the plates. Equation (5.3)
does not include the effect of fringing field. Equation (5.3) can be expressed
in commonly used units as follows:

X
C = 0.2249%, L4 5

(pF), W, €, and 4 in inches (5.4a)

5 Wx
C=8.85%107¢

7 (pF), W, £, and 4 in millimeters

(5.4b)

6 Wx{
C=8.85x 10, ——

p (pF), W, £, and 4 in microns (5.4c)

A unit of capacitance is the farad (F) and depending on 1ts value it can
be expressed in microfarads (uF or 10 F) nanofarads (nF or 10~ F) picofarads
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(pF or IO_IZF), or sometimes in very small values, femtofarads (fF or 10_1513).
Generally, low-frequency bypass capacitor values are expressed in microfarads
and nanofarads, RF and microwave bypass and tuning capacitors are expressed
in picofarads, and parasitic or fringing capacitance is written in femtofarads.

Almost every chip capacitor has a rectangular area. Other shapes such as
octagonal and circular are also used in MMICs, as discussed in the next chapter.
Rounded corner capacitors have higher yields in terms of electrostatic discharge
failure. Table 5.1 lists plate areas of several possible geometries for the parallel-
plate monolithic capacitors.

5.2 Capacitor Parameters

Selection of a particular capacitor depends on the application at hand. When
selecting a capacitor, one should consider several of its parameters including
capacitance value, tolerances, thermal stability or temperature coefficient, the
quality factor Q, equivalent series resistance, series resonant frequency, parallel
resonant frequency, dissipation factor, voltage rating, current rating, insulation
resistance, time constant, physical requirements, and cost. These are briefly
discussed in this section.

5.2.1 Capacitor Value

Chip or discrete capacitors are available [9-11] in a large range of capacitance
values. A typical range for RF and microwave applications is from 0.1 pF to
1 pF. In monolithic circuits their range is from 0.05 to 100 pF.

Table 5.1
Surface Area of Various Geometries
Dimensions Area

Geometry Width Length Side Radius A

Square w w Wwxw

Rectangle w 4 Wx ¢

Circle r wr?

Regular polygon a 1/4 na® cot(180°/n),
where n is the number
of sides

Parallelogram w 4 W x € sin 6, where 6
is the angle between
sides W and ¢

Triangle a b 1/2 a x b sin 6, where
6 is the angle between
sides a and b
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5.2.2 Effective Capacitance

For chip capacitors, the nominal capacitance value is measured at 1 MHz and
in typical RF applications the operating frequency is much higher. Because the
capacitor has an associated parasitic series inductance as shown in Figure 5.2(a),
the impedance of the capacitance (neglecting series resistance) can be written

iy N D
ZC—][wLS wC]_ a)C[l oL, C] (5.5)
or
Z.=- wJCE (5.6a)
where
C,=Cll - &’L,CI™ = C[1 - (w/w,)*]! (5.6b)

Here w; is the series resonant frequency (= 1y/L,C ), which is discussed
in Section 5.2.7. The equivalent capacitance C, is known as the ¢ffective capaci-
tance and below the resonance frequency, its value is generally greater than the
nominal specified value.

5.2.3 Tolerances

Chip capacitors are available with tolerances of +5%, +10%, and +20%. For
matching and other circuits, one needs tight tolerance capacitors, whereas for
bypass or dc block applications, £20% tolerance is generally acceptable. Typical
tolerances in monolithic capacitors are better than £10%.

52.4 Temperature Coefficient

The rate of change of capacitance value with temperature is known as its
temperature coefficient (TC) and is expressed in parts per million per degree

C Ls C Rs

o— —""t—0 o} ANV o

(a) (b)

Figure 5.2 (a, b) Series representations of a capacitor.
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Celsius (ppm/°C). A smaller value of TC is desirable in most applications,
where circuit stability with temperature is of prime importance. The TC value
may be negative or positive. Sometimes, by selecting the right TC value, the
circuit’s temperature dependence might be minimized. Small-value capacitors
have a TC value of less than +50 ppm/°C. The TC value for monolithic
capacitors using silicon nitride is about +30 ppm/°C.

525 Quality Factor

Quality factor is an important FOM for capacitors and measures the capacitor’s
capability to store energy. When a capacitor is represented by a series combination
of capacitance C and resistance R; as shown in Figure 5.2(b), the quality factor,
Q is defined by the following relation:

1 1
Q= wCR, ~ 27fCR,

(5.7)

where w = 27f, and f'is the operating frequency. For discrete capacitors, the
value of Q is typically measured at low frequencies. Figure 5.3(a) shows typical
measured Q values of ATC series 180, case R chip capacitors. For a 22-pF
capacitor, the Q is greater than 100 at 1 GHz.

5.2.6 Equivalent Series Resistance

All capacitors exhibit parasitic inductance due to their finite size and series
resistance due to contact and electrode resistance. This series resistance is com-
monly known as ESR, and is an important parameter in circuit design using
capacitors. Chip capacitors with extra-low ESR values are also available. Figure
5.3(b) shows typical measured ESR values for ATC series 180, case R chip
capacitors. For a 22-pF capacitor, the ESR value is about 0.05 ohm at 1 GHz.

5.2.7 Series and Parallel Resonances

Unlike inductors, from the equivalent circuit shown in Figure 5.4, we see that
capacitors have both series and parallel resonance frequencies where the series
and first parallel resonance frequencies are dominant. Below the series resonance
frequency, the capacitor works as a capacitor as designed. However, above the
resonance frequency, the capacitor’s total reactance is inductive and it becomes
again capacitive after the first parallel resonance frequency.

A lumped-element equivalent circuit of a capacitor is shown in Figure
5.4, where Ly is the electrode inductance and C, is the parasitic parallel capaci-
tance. The impedance of the capacitance between the two electrodes can be
written
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Figure 5.3 Typical performance of ATC chip capacitors: (a) Q versus capacitance and (b)
ESR versus capacitance.

Figure 5.4 Equivalent circuit of a parallel plate capacitor.
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1

Z.= - (5.8)

. . 1
joly+ <R5 tjol;+ ]a)_C>

Thus, the value of Z, is infinite (because of Cand C P) at dc and decreases
with frequency. Finally it becomes zero at infinite frequency (because of induc-
tance L;). However, as shown in Figure 5.5, the behavior of Z, is nonideal.
Figure 5.5 also shows variations of an ideal inductor L, for an ideal capacitor
C, and for a parasitic capacitor Cp. When C >> Cp, at frequency w, the
reactances of series elements C and L become equal, that is, w;L, = >

$
resulting in total reactance equal to zero. The frequency w; at which this happens
is called the series resonant frequency (SRF), and the capacitor’s impedance is
equal to resistor R;. Thus, at SRF, a capacitor mounted in a series configuration
is represented by a small resistor and its insertion loss is low. As the frequency
increases, the reactance of the capacitance becomes very small and the reactances
. 1
of the parallel elements L; and C), become equal, that is, w,L; = P The
PP
frequency w, at which this occurs is known as the parallel resonant frequency
(PRF), and the capacitor becomes a very large resistor whose value is given by

1
= 2
Ri(w, Cy)
Thus, at PRF, R, is infinite when R, = 0.

R, (5.9)

Inductive

Capacitive

Figure 5.5 Variation of input impedance of ideal series inductor, series capacitor and parallel
capacitor, and parallel plate capacitor.
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5.2.8 Dissipation Factor or Loss Tangent

The dissipation factor (DF) of a capacitor is defined as a ratio of the capacitor’s
series resistance to its capacitive reactance, that is,

1
DF = wCR, = a =tan & (5.10)

where Q was defined earlier in (5.7). The dissipation factor tells us the approxi-
mate percentage of power lost in the capacitor and converted into heat. For
example, DF = tan 6 = 0.01 means that the capacitor will absorb 1% of total
power. To dissipate negligible power, one needs a capacitor with very high Q
on the order of 1,000 to 10,000.

529 Time Constant

In a circuit when an ideal capacitor C is connected in series with a resistor R,
and a dc voltage is applied, it takes a finite time 7 to charge the capacitor to
the applied voltage. This is known as the time constant and is given by

T=RC (5.11)

where 7, R, and C are expressed in seconds, ohms, and farads, respectively.

5.2.10 Rated Voltage

The maximum voltage that can be applied between the capacitor terminals
safely without affecting its reliability or destroying it, is known as the rated
voltage or working voltage. The value of the rated voltage for chip capacitors is
between 50 and 500V, whereas for monolithic capacitors, it is less than 100V.
A typical value for SizNy capacitors is about 50V.

5.2.11 Rated Current

The maximum current allowed to pass through a capacitor without destroying
or overheating it is known as the rated current or maximum current rating. The
rated current is either limited due to the breakdown voltage of the capacitor
or power dissipated. In the former case, it depends on the frequency of operation
and the capacitance value, whereas in the latter case, it depends on the ESR
value.
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5.3 Chip Capacitor Types

Chip capacitors are of the parallel plate type and are an integral part of RF and
microwave ICs. Their sizes are generally much smaller than the operating
wavelength. They are made by sandwiching high-dielectric-constant materials
between parallel plate conductors. Dielectric materials used are of ceramic or
porcelain or similar type material. Generally, they do not have leads. These
capacitors can be connected using surface mounting techniques or soldered or
they are epoxied and connected with gold wires or ribbons. The dielectric in
a capacitor can be of the single layer type as shown in Figure 5.1 or of the
multilayer dielectric type as shown in Figure 5.6.

5.3.1 Multilayer Dielectric Capacitor

If a capacitor is made using different dielectric layers (Figure 5.6) with dielectric
constant values of €,1, €, . . . €,, and thickness 41, d;, . . . d,,, the equivalent
dielectric constant, €req> is given by

n dm
Greq - |:mZ:1 dT €rm :| (5.12)

where d,, is the thickness and €,,, is the dielectric constant of the mth layer,
and d7 is the total thickness, that is,

dr=di+dy+...+d, (5.13)

Figure 5.6 Multilayer dielectric parallel plate capacitor configuration.
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For example: for two layers

1
[ L (hyh)] drdan
€req = |:(d1 +dy) <Erl + E,2>:| T di€, +dyey (5.14)

and the capacitance C is expressed as:
_ . A4
C=8854x 10 (F)

where A and d are in square microns and microns, respectively.

5.3.2 Multiplate Capacitor

The capacitance of a multiplate commonly known as a multilayer capacitor
having 7 plates as shown in Figure 5.7 can be calculated using the following
relation:

eAn—-1)

C=8.854x10° y (pF) (5.15)

where area A is in square microns and  is in microns. In this relation it is
assumed that the overlap area 4 and separation between plates are constant for
all plates. Because there are 2.54 % 104 pmm in an inch,

Metalization Electrodes

Figure 5.7 Multiplate capacitor configuration.
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C=0.2249 %’1—1) (pF) (5.16)

where units of A and 4 are in inches.

The characterization of multilayer capacitors (MLCs) has been described
in the literature [12-20]. This includes accurate analytical models, series, parallel,
and higher order resonances, field distributions, and power ratings. It is not
within the scope of this book to go into such detail, and readers are referred
to the above-mentioned references.

5.4 Discrete Parallel Plate Capacitor Analysis

Because chip capacitors in RF and microwave circuits are connected in various
configurations and because mechanical orientation influences the parasitic
parameters, their approximate analyses are discussed next.

5.4.1 Vertically Mounted Series Capacitor

A parallel plate capacitor is used commonly as a dc block in MICs, where the
microstrip line has a gap and the capacitor is mounted as shown in Figure
5.8(a). In this case the capacitor can be treated as an open-ended stub connected
in series between two microstrip lines. The equivalent circuit for this configura-
tion can be represented as shown in Figure 5.8(b). Ignoring the open-end effects,
the input impedance of the capacitor is given by

1 + j tanh (af€) - tan (B€)
tanh (a€) + j tan (BY)

Zin = Zo.ltanh (y€) = Z,,, (5.17)

where Z, is the characteristic impedance of the capacitor considered as a
transmission line in vertical direction, € is the length of the capacitor, and
Y= a + jB is the propagation constant of the capacitor line.

For capacitor dimensions much smaller than the operating wavelength,
the single-layer capacitor’s characteristic impedance is given by

1207

== for Wid, €, >> 10 5.18
" JeaWid ' ©.182
or
-1
12 +1 + 0.94
Zgo = 2T [W/d+ 0.443 + St 1) TmeWId+ 09 )}
€4 2776,4 2

(5.18b)
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Capacitor

/

Microstrip line

(a)

(b)

Figure 5.8 Vertical-parallel plate chip capacitor: (a) microstrip mounting and (b) EC model.

where €,;, W, and 4 are the capacitor’s dielectric constant, width and thickness,
respectively (Figure 5.8). More accurate Z, will be the average of the above
277-'\/6701'
Ao
Using ABCD matrix, the insertion loss (in decibels) of the capacitor can
be calculated using the transmission coefficient given by

two equations and 8 =

2
A+BIZy+ CZy+ D

IL = =20 log 7= =20 log (5.19)

where Z is the characteristic impedance of the microstrip as well as the source

and load impedance.
For series impedance Z;,, A=1,B=2;,, C=0,D =1, and

IL =20 log |1 + 0.5Z;, /7| (5.20)



Capacitors 175

When a capacitor has a series resonance, € = 2n = 1)7/2 (n = 1, 2,

...),or £ =27 = 1)A/4 and from (5.17) and (5.20),
IL =20 log[1 + 0.5Z, tanh (a€)/Z;] (5.21)
For Zy. = 200, Zy = 50Q, and af = 0.1,
IL =20 log[1 + 0.5 x 20 % 0.0997/50] dB = 0.17 dB

In the case of parallel resonance, B¢ = 2n7w/2 (n =1,2, ...) or € =
nA/2 and from (5.17) and (5.20)

IL =20 log[1 + 0.5Z¢,/{Z¢ tanh (a€)}] = 9.56 dB (5.22)

Thus, for a high-Q capacitor (a€ << 1) the insertion loss in the series
resonance is much less than the insertion loss in the parallel resonance case. This
is also verified by measurements as shown in Figure 5.9. For the configuration in
Figure 5.8, when the capacitor is “ideal” the insertion loss is zero for the series
resonance and infinite for the shunt resonance.

[Io] o Io] o
- « - © = ©o < o N &
o — o™ < [{=] ~ (=) — — — —
Q@ 4 t
s 5. Parallel
resonances
-8
-10
Frequency (GHz)
(a)
80
2
o 60
5 .
2 40 Series
= resonance
S 2
=
a 0
A — © — «© o 1o o
P Whs = & < s oS
—40

Frequency (GHz)
(b)

Figure 5.9 Measured transmission response of a microstrip-mounted series chip capacitor:
(a) magnitude and (b) phase.
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5.4.2 Flat-Mounted Series Capacitor

Another series connection is shown in Figure 5.10(a) and for a lossless case its
equivalent circuit is shown in Figure 5.10(b), where Y/ is the capacitor’s admit-
tance given by

_ ., 2sin(B0) _
YC = ]YO[ m = ]2Y0c tan (,86/2) (5.2321)
0 ;Y. BE (5.23b)

where Y{, is the characteristic admittance of the capacitor considered as a
transmission line along the length €, and L, L., and L,, are the bond wire,
capacitor, and microstrip line inductance, respectively. Approximate expressions
for L, and L,, are given next:

L, = [ZoJ€ulc] € (5.24a)
L, = [Zo\J€lc]€ (5.24b)
where Z . and Z are the characteristic impedances of the capacitor and micro-

strip line, respectively. In this case series resonance occurs when B€ = 7 and
parallel resonance takes place when B€ = 27. In an actual circuit, the series

Ly le={—>

L\ P
N

Ground plane

(a)

(b)

Figure 5.10 Horizontal-parallel plate chip capacitor: (a) microstrip mounting and (b) EC model.
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resonance will occur sooner due to series inductors L, and L, and the parallel
resonance is not significantly influenced by the series inductors [6].

5.4.3 Flat-Mounted Shunt Capacitor

Let us consider a bypass capacitor connected at the end of a microstrip line,
where the top plate is wire bonded to a microstrip and the bottom plate is
soldered or silver epoxied on a ground plane. Figure 5.11 shows this configuration
as well as its distributed EC model. Here L, and C, represent the wire bond
inductance and open-end fringing capacitance of the capacitor. The input
admittance Yj,. of the shunt capacitor is given by

jwC, + Zy, tanh (y{)
Zo. + joC, tanh (y€)

Yinc = ZOc (525)

In this case the input impedance of the wire-bonded capacitor becomes

Capacitor

Bond wire\ \

AN

Microstrip line

O_E_MT:'_.I.
On r Co -l- r bc -l- Co
] |
Zin Zinc
(b)

Figure 5.11 Grounded-parallel plate chip capacitor: (a) microstrip connection and (b) EC
model.
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Zin = jwLy + (5.26)

ijO + Yinc

where Z, and y are defined in the previous section.

5.44 Measurement-Based Model

Accurate models of chip capacitors can be developed by making S-parameter
measurements in a series mounting configuration as shown in Figure 5.12(a).
The devices are mounted across 50-{) microstrip lines on a high-purity alumina
substrate as the S-parameter measurements are made in a 50-() system. The
thickness of the alumina substrate is usually 15 mil, whereas 25 mil can be
used below C-band and 10 mil is recommended above X-band. The device’s
S-parameter data are de-embedded using TRL standards on the alumina sub-
strate. At RF frequencies below 2 GHz, FR-4 PCBs are also used. A simplified
equivalent circuit is shown in Figure 5.12(b).
The S-matrix of Figure 5.12(b) is given by

—/

Ground plane

(a)

Zo = 509

(b)

Figure 5.12 (a) Series mounting of a chip capacitor in microstrip environment and (b) EC
representation.
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S S 1 Z 2Z
[ 1" 12]:_[ 0] (5.27)
Sy Snl| Z+22|2z, Z,
Here,
Z
S11 = Z+—ZZO (5.27b)
_2Z
521 - 7+ 2ZO (527C)

If S51, and Syy; are the real and imaginary parts of S;;, then

R, + joL, —wL +27,

C _S21, = /S0
> =5 (5.28)
0 So1y ¥ 8315
Equating real and imaginary parts,
S
R'f = 2ZO [22—1”2 - 1:| (5.293)
So1, + 851
1 270851;
R - a)LS = % (529b)
So1r o1
At series resonance oy, the angle of §; = 0 and
1
LJ = —2 (530)
Cw;
and (5.29b) becomes
2 2 2
Sy + S5
cC=11- W | 221y T 0210 (5_31)
a)52 2(1)20521,'

Thus, the capacitor EC model parameters are determined from (5.29),
(5.30), and (5.31) or extracted by computer optimization. The simplified model
is valid when capacitor dimensions are much smaller than the wavelength and
does not predict the parallel and higher order series and parallel resonances.
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An EC model for a capacitor that predicts higher order resonances is
shown in Figure 5.13 [18], where C; and Cg represent the interaction between
the capacitor bond pads and substrate mounting. Additional RLC elements
suchas Ly, L,, Cy, Cy, Ry, and R are added to predict hlgher order resonances.
The 0805 style capacitor has a footprint of 2.0 x 1.25 mm?, and results in a
C value of 0.154 pF when mounted on 31-mil-thick FR-4 substrate [18]. The
model parameter values can be determined either from analytical expressions
given in [18] or extracted by computer optimization. EC model parameters for
15- and 22-pF 0805 style ceramic multilayer capacitors are given in Table 5.2
[18]. The expression for L; is given by

L,=[a+bf1K, (5.32)

where

Wcap
Ky =Ko = Ky ln( A ) (5.33)

Here f'is the operating frequency in gigahertz, Wy, is the width of the
capacitor, and 4 is the thickness of the substrate on which the capacitor is
mounted. The values of R, are same as ESR at 1 GHz. As a first-order approxima-
tion, the values of Ky, Ky, and & for the 15-pF capacitor are assumed to be
the same as those for a 22 pF capacitor.

Additional RLC branches for
modeling higher order resonances

L, C;
L, R,

—C,

T T

Figure 5.13 Substrate-dependent EC model of ceramic multilayer chip capacitor.
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Table 5.2
EC Model Parameters for 15- and 22-pF 0805 Style Ceramic Multilayer Capacitors
Extracted by Computer Optimization

Parameter 15-pF 22-pF
Kga 0.654 0.654
Kb 0.283 0.283
a (nH) 1.53 1.49
b (nH/GHz) -0.016 -0.016
C (pF) 15 22

Rs (Q) 0.1 0.1
Cs (pF) 0.016 0.016
Cy (pF) 0.154 0.154
Cy (pF) 0.019 0.029
Ly (nH) 71.995 74.764
Ry (Q) 38.458 38.426
Cy (pF) 0.0258 0.050
Ly (nH) 22.070 15.945
Ry () 22.091 14.481

5.5 Voltage and Current Ratings

For high-voltage, high-power applications, circuit designers must have maximum
voltage, current, and power handling ratings for the components they intend
to use in their circuit designs. For chip capacitors such ratings depend on the
materials used in the fabrication, capacitance value, and the area.

5.5.1 Maximum Voltage Rating

For chip capacitors, the maximum voltage rating depends on the breakdown
voltage (Vp) between the plates. For porcelain capacitors the dielectric field
strength is greater than 1,000 V/mil of dielectric thickness, whereas high-K
materials such as barium titanate (BaTiO3) have a much lower dielectric field
strength value. Typical values of Vj for porcelain capacitors are 200V to 500V.
Many times, the surface breakdown due to sharp edges, contamination, and
surrounding humidity conditions sets the working voltage ratings rather than
internal breakdown voltage between plates. Surface breakdown occurs outside
of the device package and is also known as the flashover voltage.

5.5.2 Maximum RF Current Rating

If Vg is the capacitor’s breakdown voltage and V, is the dc applied voltage, the
maximum (rms) current /,,, allowed to pass through a capacitor C is given by
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1
[mvzﬁ(VB_ V) wC (5.34)

Thus, for given values of V3, V,, and C, the maximum current is propor-
tional to the operating frequency. For example, for Vg =200V, V, =10V, and
C=5 pF, the values of /,,,,are 4.22 and 21.1A at 1 GHz and 5 GHz, respectively.

55.3 Maximum Power Dissipation

At higher frequencies and larger values of capacitance, the maximum value of
current in a capacitor is limited by the maximum allowed power dissipation,
due to the finite value of ESR. If P y; is the maximum allowed power dissipation,
the maximum current 7,,, is given by

P
Ly = \/ = (5.35)

where Py is calculated based on the thermal resistance and the maximum
allowed temperature rise of the capacitor.

Calculation of the thermal resistance of single-layer and multilayer chip
capacitors is complex and an approximate analysis is described here [9]. In this
analysis, the heat removed from the capacitor is considered to be only by
conduction. The thermal conductivity of electrodes and dielectric layers is
considered constant up to 125°C, the maximum operating temperature of the
capacitor. The heat sinking has been assumed in the direction of current flow.
Because some heat removal will occur as a result of convection and radiation,
as well as through vertical paths, the values for thermal resistance calculated
next are relatively conservative providing extra margins in the current ratings.

The thermal resistance of the chip capacitors is calculated by considering
Figure 5.14, where A is the terminal cross-section area (in centimeters) normal
to heat flow and € is the separation (in centimeters) between two terminals at
temperature 77 and 75. If Py is the power dissipated (in watts), Ry is the
thermal resistance (°C/W) of the capacitor and K is the thermal conductivity
(W/cm-°C) of the medium between terminals 1 and 2. The temperature differ-
ence between terminals 1 and 2 is given by

AT = Tz - Tl = PdisRTH (5363.)
where

¢
RTH = ﬁ (536[))
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<_ T1
Heat
¢ flow
T,
f
Area A

Figure 5.14 Heat flow diagram representation of a chip capacitor.

The thermal resistance of a multilayer capacitor is determined by consider-
ing the structure as shown in Figure 5.15. In this configuration, first the total
power dissipated due to electrode and dielectric losses in a vertical column of
length d, at a position of x from terminal 1, is calculated, then thermal resistances
R1y1x and Ry, are calculated. Equations (5.36a) and (5.36b) then become

— RTHlxRTHZx
ATx - Pdlsx RTHlx + RTHZx (537)

Termination 1

at temperature —~>B .
1 Metalization
T Rrnix Py ; | Termination 2
> |e—] Rt attemperature

E—

d

I_—*_I

— W —>i
A|+e'+| —— W —— >
=1

...___ - ——t -

5—|

|
T e

|<-x->dx<—
[«

> B Section B-B

Figure 5.15 Cross-sectional views of a chip capacitor for thermal resistance calculations.
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X

RTHlx = ﬁ (53821)
+4€ —x
where
P = iR, d, + i* (tan SwAC)™" (5.38¢)

Here, 7 is the total current at plane x, R, is the total resistance per unit
length of electrodes, and AC is the capacitance of length &,. The thermal
equivalent circuit of Figure 5.15 is shown in Figure 5.16, where heat generation
is in the middle and several thermal resistances are defined as:

Rtyy = thermal resistance of dielectric for the heat flow over length
€ +€")2
RTH,, = thermal resistance of parallel combination of all electrodes for

the heat flow over length (€ — €")/2;

R = thermal resistance of parallel combination of all short electrodes
for the heat flow over length (€ + €")/2;

RTp, = thermal resistance of parallel combination of dielectric from the
ends of electrodes to the opposite terminal of the capacitor for the heat
flow over length €'.

The expressions for various thermal resistances are given next:

0.5(¢ +¢€")
R =0 .
Heat generation (central) plane .
in
\I
R I R
Termination 1 MV } MW Termination 2
attemperature R | R Rona attemperature
THm THms THd
T1 A\Af‘v : A TZ
Rruge  Rrbims | Rrtm
\4 I A‘M‘l
|

Figure 5.16 Schematic for a thermal resistance calculation for metal and dielectric layer.
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056+ €")

RTHWI_ NA
“(3%)

(5.39b)

_0.5(6 - €")

R = 5.39

2

¢

Ry S TTUNAN
a(5)

(5.39d)

where N is the number of electrodes, the cross-sectional area of one electrode
is A,, = Wr and of N electrodes is NW#, and the cross-sectional area of the
dielectricis Ay= W'H— NWt. Here t, W, W', d, and H are electrode thickness,
electrode width, total capacitor width, separation between electrodes, and capaci-
tor height, respectively. The subscripts & and 7 designate dielectric and metal,
respectively. Assuming a symmetrical configuration, the thermal resistance of
the capacitor [for the heat generated at x = (€ + €')/2] can be written as

_ 0.5
Rinc=— 1 1 (5.40)

+
Rtus  Rtam  RTHms t RTHA

Table 5.3 provides chip capacitor dimensions, number of electrodes, ther-
mal conductivity and thermal resistance values, and maximum power dissipation
for several ATC capacitors. For high-power applications, 100B series capacitors
can handle approximately twice as much power as 100A series.

5.6 Capacitor Electrical Representation

5.6.1 Series and Shunt Connections
When 7 capacitors (having capacitance values Cy, C, . .., C,) are connected

in series, the total capacitance C7 is given by

1
1/C, +1/C, + ...+ 1/C,

CT: (5.41)
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Table 5.3

Thermal Resistance Calculations for Electrodes, Dielectric Layers, and Chip Capacitors [9]*
Electrodes
Cap value (pF)** 1 100 1 100 1,000
N = number of
electrodes 2 28 2 18 62
€ (cm) 0.1 0.1 0.22 0.22 0.22
€' (cm) 0.04 0.04 0.06 0.06 0.06
An (cm?) 0.00006 0.00006 0.000141 0.000141 0.000141
NA, (cm?) 0.00012 0.00168 0.000282 0.002538 0.00874
Km (W/ecm-°C) 0.6991 0.6991 0.6991 0.6991 0.6991
Ritm (°C/W) 1,670 120 1,420 158 46
R1Hms (°C/W) 715 51 812 90 26
Dielectric
€+ €' (cm) 0.14 0.14 0.28 0.28 0.28
Acap (cm?) 0.02 0.02 0.07 0.07 0.07
Ay 0.01988 0.0183 0.06972 0.06746 0.06126
K4 (W/cm-°C) 0.1256 0.1256 0.1256 0.1256 0.1256
RtHg (°C/W) 28 30 16 16.5 18
R1ugr (°C/W) 5310 380 3390 376 109
Capacitor
Rruc (°C/W) 137 114 7.9 7.2 5.9
Maximum power
dissipation (W) 13 8.8 12.7 139 16.9

*For maximum power dissipation calculations, internal and heat sink temperatures are 125°C and
25°C, respectively.

**The first two capacitors are from the 100A series and last three are from the 100B series in the
ATC catalog.

and its value is always less than the value of the smallest capacitor. To increase
the capacitance value, the capacitors are connected in parallel. In this case the
total capacitance becomes

Cr=Ci+Cy+...+C, (5.42)

where Cris larger than the largest value of the capacitor. Impedance, admittance
and transmission phase angle formulas for various combinations of capacitors

are given in Table 5.4.
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Table 5.4
Impedance, Admittance, and Transmission Phase Angle Representations of Capacitors,
with R=10
Capacitor Impedance Admittance Phase Angle
Configuration Z=R+jX Y=1/z & =tan"' (X/R)
o—t—o —jlwC joC —7/2
G G ) )
o— o ={jlw)(1/Cy +1/Cy) Jjo €1 Cof(Cy + Cq) -7/2
G,
o Fo  ilelei+ o jolCr + Cy) -
C,

When a voltage is applied across a group of capacitors in parallel, each
capacitor is at the same voltage. However, when a voltage V is applied across
a combination of capacitors connected in series, the voltage V; across C; capacitor
is given by

C;
V= VC_T (5.43)

5.6.2 Network Representations

At RF and the lower end of the microwave frequency band, the capacitor can
be represented by its capacitance value C. If Zj is the characteristic impedance
of the lines across which the capacitor is connected, the ABCD-, S-parameter-,
Y-, and Z-matrices for a capacitor Cconnected in series and shunt configurations
are given in Table 5.5, where w is the operating radial frequency. As discussed
in Section 5.6, when resistance and parasitic inductance are included in the
capacitor model, results in Table 5.5 may be used by replacing jw C with Y, or
1/Z,, where Y, and Z, are the admittance and impedance of the capacitor,
respectively.

The discussion on capacitors is continued in Chapters 6 and 7, where
monolithic and interdigital capacitors are treated in detail, respectively.
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Table 5.5
ABCD-, S-, Y-, and Z-Matrices for Ideal Lumped Capacitors
ABCD Matrix S-Parameter Matrix Y-Matrix Z-Matrix
c _ . ) . .
o—p—o [, gy, ["”C "”C]
wC - 1 wC —jwC joC
0 1 l =
L oC + 27, 27, —=
Lo [ 0] . 2 o
o—LI o L jwC 1 1 0 WC ol oC
Zo-25 B~
0 wC wC 2o ol oC
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Monolithic Capacitors

Monolithic or integrated capacitors (Figure 6.1) are classified into three catego-
ries: microstrip, interdigital, and metal—insulator-metal (MIM). A small length
of an open-circuited microstrip section can be used as a lumped capacitor with
a low capacitance value per unit area due to thick substrates. The interdigital
geometry has applications where one needs moderate capacitance values. Both
microstrip and interdigital configurations are fabricated using conventional MIC
techniques. MIM capacitors are fabricated using a multilevel process and provide
the largest capacitance value per unit area because of a very thin dielectric layer
sandwiched between two electrodes. Microstrip capacitors are discussed briefly
below. The interdigital capacitors are the topic of the next chapter and MIM
capacitors are treated in this chapter.

All metals printed on a GaAs substrate will establish a shunt capacitance
to the back side ground plane, C, given by

C=C,+C, (6.1)

where C, is the parallel plate capacitance and C, is the capacitance due to edge
effects. The parallel plate capacitance to the backside metal may be expressed
as

C,=A152 x 1078 pF/,LLm2 (75-pum substrate) (6.2)
=A91 x 107 pF/um?® (125-sm substrate)

where A is the top plate area in square microns. As an approximation, C, can
be taken as [1]

191
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C,=P35x% 107 pF/um (75-pum substrate) (6.3)

=P5x107 pF/um  (125-pum substrate)

where P is the perimeter of the capacitor in microns.

An accurate printed capacitor model must treat the capacitor as a microstrip
section with appropriate end discontinuities as discussed in Chapter 14.

Monolithic MIM capacitors are integrated components of any MMIC
process. Generally, larger value capacitors are used for RF bypassing, dc blocking,
and reactive termination applications, whereas smaller value capacitors find
usage as tuning components in matching networks. They are also used to realize
compact filters, dividers/combiners, couplers, baluns, and transformers.

MIM capacitors are constructed using a thin layer of a low-loss dielectric
between two metals. The bottom plate of the capacitor uses first metal, a thin
unplated metal, and typically the dielectric material is silicon nitride (Si3Ng)
for ICs on GaAs and SiO; for ICs on Si. The top plate uses a thick plated
conductor to reduce the loss in the capacitor. The bottom plate and the top
plate have typical sheet resistances of 0.06 and 0.007 {}/square, respectively,
and a typical dielectric thickness is 0.2 um. The dielectric constant. of silicon
nitride is about 6.8, which yields a capacitance of about 300 pF/mm The top
plate is generally connected to other circuitry by using an airbridge or dielectric
crossover, which provides higher breakdown voltages. Typical process variations
for microstrip and MIM capacitors are compared in Table 6.1.

Normally MIM capacitors have two plates, however, three plates and two-
layer dielectric capacitors have also been developed.

6.1 MIM Capacitor Models

Several models for MIM capacitors on GaAs substrate have been described in
the literature [2—5]. These include both EC and distributed models, which are

discussed next.

() B} =

Figure 6.1 Monolithic capacitor configurations: (a) microstrip, (b) interdigital, and (c) MIM.
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Table 6.1
Capacitance Variations of Microstrip and MIM Capacitors on GaAs Substrate
Capacitor Range Design Uncertainty Process Variation
Microstrip (shunt only) 0.0-0.1 pF +2% 2%
MIM 1.0-30.0 pF 5% +10%
MIM 0.1-1.0 pF +5% +20%
MIM 0.05-0.1 pF 5% +30%

6.1.1 Simple Lumped Equivalent Circuit

When the largest dimension of the MMIC capacitor is less than A/10, in the
dielectric film at the operating frequency, the capacitor can be represented by
an equivalent circuit, as shown in Figure 6.2, where B and 7 depict the bottom
and top plate, respectively. The model parameter values can be calculated from
the following relations:

WE e,y 1070 W

C= € €m’7 = 367 7 (F) (6.421)
_ 2R,
R= 3 W(f (6.4b)
1 Wt %
G=wCtan 6 = 13 €mlf7 x 107" tan 6 (mho) (6.4¢)

where €,;and tan 0 are the dielectric constant and loss tangent of the dielectric
film, respectively; R; is the surface resistance of the bottom plate expressed in
ohms per square; and W, €, and 4 are in microns, and f'is in gigahertz. The
value of L can be obtained from (2.13a) in Chapter 2.

The conductor (Q,) and dielectric (Q4) quality factors can be expressed
as

Figure 6.2 EC model of a MIM capacitor.
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6
1 3w 27x10%
Q= 0RC = 2af2R€C ~ 1R e, (6.52)
= 6.5b
Q= tan 6 (6.56)

where f is in gigahertz and €and 4 are in microns.
The total quality factor Q7 is given by

-1
1 1
=5+ (6.6)
Qr [Qf Qd]
Figure 6.3 shows another simple lumped EC. Model parameter values for
MIM capacitors on a 125-u m-thick GaAs substrate are given in Table 6.2. The
model parameters were extracted from measured S-parameter data as discussed in

Chapter 2. Empirically fit closed-form values for such capacitors were obtained
as follows:

L (nH) =0.02249 % log (10 x C) + 0.01 (6.72)
C1 (pF) = 0.029286 x C + 0.007 (6.7b)
C, (pF) =0.00136 x C + 0.004 (6.7¢)

where C is capacitor value in picofarads, the substrate thickness is 125 pm,
capacitor range is 1 to 30 pF, and the frequency range is dc to 19 GHz.

6.1.2 Coupled Microstrip-Based Distributed Model
Mondal [2] described a distributed lumped-element MIM capacitor model based

on coupled microstrip lines. The model parameter values can be either extracted

Physical layout Equivalent circuit

[—— ¢ —>»| 1
C L R 1

Sl
I T

A N R=0.1+0.01 x sqrt{f(GHz)}

!
l

Figure 6.3 MIM capacitor and its EC model.
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Table 6.2

Typical Model Parameter Values for MIM Capacitors
C (pF)* W=1¢(pm) L (nH) Cy (pF) C, (pF) 0** at 10 GHz
1.0 58 0.0325 0.001 0.0054 120.0
20 82 0.0393 0.0129 0.0067 60.0
5.0 130 0.0482 0.0219 0.0108 24.0
10.0 182 0.055 0.0363 0.0176 12.0
15.0 223 0.0589 0.0509 0.0244 8.0
20.0 258 0.0618 0.0656 0.0312 5.0

*Based on 300 pF/mm2 MIM capacitance.

**Q=1/wCR.

from the measured two-port S-parameter data or approximately calculated as
discussed later.

The cross-sectional view and the distributed model based on coupled
transmission lines of a MIM capacitor are shown in Figure 6.4. The model
parameters are defined as follows:

Ly

L9, = inductance/unit length of the bottom plate;

inductance/unit length of the top plate;

L1, = mutual inductance between the plates/unit length of the capacitor;
R = loss resistance/unit length of the top plate;

R = loss resistance/unit length of the bottom plate;

G = loss conductance of the dielectric/unit length of the capacitor;

Ci2

C1o = capacitance with respect to ground/unit length of the top plate;

capacitance/unit length of the capacitor;

Cy = capacitance with respect to the ground/unit length of the bottom
plate.

C19 and Cy are due to substrate effects. The voltage and current equations,

relating the model parameters, based on coupled-mode transmission lines can
be written as follows:

)
ARl [Rl rUebu et ][ g ] (6.8)
0v) JoLi; Ry + jwLyy || —i

Ox
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Figure 6.4 MIM capacitor: (a) cross-sectional view and (b) distributed model.

074
Ox | [G+jw(C1o + (1) —(G + joCy) ][01]

—0ip —(G + joCy) G+ jw(Cy + C12)
Ox

V2

(6.9)

where w is the operating angular frequency. Equations (6.8) and (6.9) are solved
for the Z-matrix [6] by applying the boundary conditions 7;(x = €) and
i3(x =0) = 0, and the values of the LE parameters are obtained by comparing
the measured two-port S-parameters for the capacitor and converting it into
the Z-matrix.

The LE parameter values can also be calculated by using analytical equations
as described here:

Cip = €0 €, Wid (6.10)

or Cjp = W X capacitance per unit area and
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€

C20=Cp+(C2—Cp) 'f (6.11)
r
Cio=Cr—Cy 6.12)
where

Z0,C !

Cr= (2% (6.13)
.\/ re
w

CP = 60677 (614)

1 Z,c !
Cy==.[Z2" 6.15
275 <'\/Er) (6.15)

and c is the velocity of light, Z,,, and €,, are the characteristic impedance and
effective dielectric constant of the microstrip (Figure 6.5) of capacitor width
and GaAs as the substrate, respectively, and Z is the characteristic impedance
of the stripline of width W. Terms €, and €, are the dielectric constants for
the substrate and capacitor film, respectively. The various inductance values are
calculated using the following relations:

PRy

2b b= A —

YAYvvvv vy & A

W

(a)
SRy
<P

(b)

t

v
4

—t)=h

Figure 6.5 (a) Stripline used for calculating C, capacitance and (b) microstrip used for
calculating Ct capacitance.
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1| Cio+ Ci2 -Cn 7
L] = [ (6.16)
¢ —Ci2 Cro *+ Cr2 |y,
where
Ly le]
(L] = [ (6.17)
Ly Ly

and the element where Cyy, Cyy, and Cyg are with €, = 1.

Table 6.3 shows model values that were obtained by fitting two-port
S-parameter data on a 4-mil-thick GaAs substrate. The number of elements
required to model a MIM capacitor are prohibitively large and have limited
usage in circuit simulation.

6.1.3 Single Microstrip-Based Distributed Model

Sadhir and Bahl [4] reported a simple and generalized distributed model for
the MIM capacitors, based on microstrip line theory. The model element values
have been related to the substrate thickness, thereby ensuring the capability of
the model to accommodate different substrate thicknesses and also not be limited
in terms of physical dimensions of the capacitor as long as width or length is
less than half a wavelength. The model values have been validated by comparing
the measured two-port S-parameter data obtained for several capacitors ranging
from 0.5 to 30 pF on the 125-um-thick substrate using TRL calibration
techniques.

Table 6.3
Model Parameter Values for a 101-xm Dimension Capacitor on 4-Mil-Thick GaAs

Substrate

Elements Units Calculated Optimized

Co pF/m 40 22

Cy pF/m 200 300

C]z pF/m 44,692 33,000%

L nH/m 4,222 400

Ly nH/m 421.6 340

Ly nH/m a1 360

*Fabricated dielectric film was found to be 0.17 um thick instead
of nominal 0.14 xm.
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In the distributed EC (Figure 6.6), the bottom plate is considered to be
a microstrip transmission line of the same width (W) and length () as are the
dimensions of a capacitor. The shunt conductance G is the dielectric film loss
of the capacitor. The series resistance R, represents the conductor loss in the
metallization of the bottom plate whose thickness is much less than the skin
depth. Cj is the modified fringing capacitance associated with the top plate,
which can be calculated from the fringing capacitance [7, 8] using the following
relation:

Cr=Cr-C, (6.18)

where the total capacitance C7and the parallel plate capacitance C), are obtained
using (6.13) and (6.14). All of these capacitances are expressed per unit length.
In the case of the MIM capacitor, the bottom plate acts as a “sink” for some
of the field lines from the top plate. The fringing capacitance is optimized so
that the model best fits the measured data. The optimized fringing capacitance
value is related to the theoretical value by the following relation:

Cy=Cptl3 (6.19)

which can be simplified as
C1 (pF) = 1.11 x 107 (\/€,, /Z,p, — 0.034W1H) € (6.20)

where € is the length of the capacitor in microns.

Figures 6.7 and 6.8 show an excellent correlation between the modeled
values and the measured data for S5; and S;; for 2- and 10-pF capacitors.
Figure 6.9 illustrates the variation of Q-factor for various capacitors as a function
of frequency. As expected, higher capacitor values indicate lower Q at a given
frequency. Figure 6.10 shows the series SRF of various capacitors. Table 6.4
summarizes the model parameters of several MIM capacitors.

G =C tand,

| | R, =0.06Q
o—] | | | A% 0
Microstrip line

(W, €) :JECI

(o =0, tané = 0.0005)

Figure 6.6 Microstrip distributed EC model of MIM capacitor.
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+ S21
MEAS_2
< S21
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MEAS_10
1: 0.5 GHz
2: 18 GHz

Figure 6.7 Modeled and measured Sy; for 2- and 10-pF MIM capacitors on 125-um-thick
GaAs substrate.

x SN
MEAS_10

1: 0.5 GHz
f2: 18 GHz

Figure 6.8 Modeled and measured Sy for 2- and 10-pF MIM capacitors on 125-xm-thick
GaAs substrate.

When the MIM capacitor value is small, on the order of, say, 0.2 pF, the
measured value of capacitance is always larger than the design value based on
capacitance per unit area. This is due to the fact that the dielectric thickness
along the periphery is thinner than at other places and this effect is more
pronounced for smaller capacitor areas. Based on measured data an empirical
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Figure 6.9 Q-factor versus frequency for various MIM capacitors on 125-um-thick GaAs
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Figure 6.10 Series SRF of various MIM capacitors on 125-um-thick GaAs substrate.
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Table 6.4
Distributed Model Values of the MIM Capacitors

Cy (pF)
C (pF) W (pm) € (um) €re Zom (for h =125 pm)
0.5 42 42 7.68 67.05 0.0014
20 82 82 8.08 52.3 0.0029
5.0 130 130 8.44 42.08 0.0049
10.0 182 182 8.75 35.51 0.0068
15.0 223 223 8.95 31.68 0.0084
20.0 258 258 9.13 28.63 0.0101

relation was derived that relates the designed capacitor value C to the measured
value C,, by the following equation:

C,, = C(1 +0.012/C) (6.21)

where units are in picofarads.

6.1.4 EC Model for MIM Capacitor on Si

An EC model for MIM capacitors on Si using CMOS technology has been
described by Xiong and Fusco [9]. The capacitor configuration and its EC
model are shown in Figure 6.11. The parallel plate capacitance C is calculated
by using (6.4a) and the expressions for other parameters describing the parasitic
effects are given below.

2 pl 1 1
r(Q)) == — ( + ) (6.22a)
W o1 =) ay(1 - o)
5 ={ 07N 6.22b
1= s >0 (6.22b)
£, 0> %)
o) = 6.22
2 {5’ .y (6.22¢)
2
2x10 “7r

2
L= §(L1 + L)) (6.22¢)
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Figure 6.11 (a) MIM capacitor structure on Si substrate and (b) EC model. (From: [9]. O 2002
John Wiley. Reprinted with permission.)

_ -4 W+t
L{=2x%x10 [(1nW+ t1+0.5 +T> (6.229)
_ -4 2/ W+t
L, =2x10 l(ln W+, +0.5 + T) (6.22g)
1

gl = m (622h)
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C,. = 0.5 x 10°Wle,,, /(36 % 3.141594,,) (6.22i)
=1 (6.22))
&4~ wC, tan 6, =4
1
Cl=5 1 W-elh (6.22Kk)
2
rl = m (6.221)

where W, [, ¢, t, b, and d,, are in microns, capacitance is in picofarads, and
inductance is in nanohenries. The substrate conductance per unit area is Gy,

6.1.5 EM Simulations

6.1.5.1 One-Port MIM Capacitor Connection
When a MIM bypass capacitor is grounded through a via hole, the feed line

or stub may be connected to the capacitor at various locations as shown in
Figure 6.12. The Si3Ny capacitor value in this figure is approximately 10 pF
and feed line width is 20 wm. Configurations (a) and (b) are approximately
similar in electrical behavior, whereas in configurations (c) and (d) the capacitors
are electrically shorter, that is, the parasitic effect is lower. Table 6.5 gives the
phase angle of §;; EM simulated [10] at reference plane A. The GaAs substrate
thickness is 75 wm. In configurations (c) and (d), the 10-pF capacitor’s effective
physical length is calculated to be 38% and 72% shorter, respectively, with
respect to configuration (a). As a first-order approximation, the decrease in
capacitor’s length is independent of substrate thickness and capacitance value.

6.1.5.2 Two-Port MIM Capacitor Connection

Usually in monolithic ICs, the two port connections to MIM capacitor electrodes
as shown in Figure 6.13(a) are on the opposite sides and have a colinear nature.
The models described in the previous sections are valid for this assumption.
Occasionally, due to electrical and physical requirements, the two port connec-
tions made as shown in Figure 6.13(b) are not colinear. In this case, as a first-
order approximation, models based on a colinear assumption may be used
for most applications. However, when one of the connecting ports moves
perpendicular to the other one, as shown in Figure 6.13(c, d), the parasitic
portion of the capacitor model is modified and its effect on the circuit perfor-
mance becomes noticeable at higher frequencies. The effect is more pronounced
when the two ports come closer to each other. Figure 6.14 shows the variation
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Figure 6.12 One-port connections of MIM capacitors: (a) in-line and (b—d) side-fed.

of 811 magnitude and S phase as a function of frequency for the four different
5-pF capacitor configurations shown in Figure 6.13. As ports 1 and 2 come
closer, as expected, the electrical length becomes shorter and its effect on Sy
magnitude is also more pronounced. The feed line width used in this case is
20 pm.

6.1.5.3 Three-Port MIM Capacitor Connection

When a capacitor is connected using three ports, the situation becomes more
complex and the parasitic portion of the model is modified including three-
port discontinuity effects, depending on the connecting lines. Figure 6.15 shows
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Table 6.5
EM Simulated Phase Angle of Sy for Various Feed Configurations Connected to a 10-pF
MIM Capacitor, with GaAs Substrate Thickness of 75 um

Frequency Feed Configuration

(GHz) a b c d

2 -168.8 -163.5 -162.7 -162.1
4 -174.8 -174.9 -173.8 -172.8
6 180.0 179.9 -178.5 =-177.1
8 176.4 176.4 178.4 -179.7
10 173.3 173.4 175.9 178.2

12 170.6 170.7 173.8 176.5

14 168.1 168.1 7.7 175.0

16 165.6 165.7 169.8 1735

18 163.2 163.3 167.9 172.2

20 160.8 160.9 166.1 170.8

1]
| (e

(a) (b)

2 2
(c) (d)

Figure 6.13 Two-port connections of MIM capacitors: (a) colinear, (b) offset linear, and
(c, d) orthogonally fed.

four different configurations and their simulated phase for $5; and S3; is shown
in Figure 6.16. Note that the phase of S3; is a strong function of the locations
of ports 1 and 2.

6.2 High-Density Capacitors

RF and microwave circuits require high-value bypass capacitors to provide a
very low impedance for RF signals and to suppress low-frequency instabilities
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Figure 6.14 (a) Angle of Sy; versus frequency for four 2-port connections and (b) magnitude
of Sy; versus frequency.

due to feedback or bias oscillations. On MMIC:s, it is not possible to utilize
such capacitors because they occupy a large area due to the low value of dielectric
constant of the commonly used silicon nitride (Si3sNy4) material. Such circuits
are connected with external capacitors on a carrier or in a package, resulting in
a higher parts count and an increase in the package size and assembly costs.
To overcome these drawbacks and minimize the wire bond effects at higher
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Figure 6.15 (a—d) Three-port connections of MIM capacitors.

frequencies, MIM capacitors fabricated with very high dielectric materials are
required. This section deals with such materials as well as with other techniques
used to increase many-fold the capacitance per unit area.

6.2.1 Multilayer Capacitors

A MIM capacitor’s density can be increased by using a multiplate structure as
discussed in the previous chapter. However, this configuration is not readily
available in the monolithic form because the multilevel metal layers in the
complex IC process are not available. A two-layer capacitor using metal—
insulator—metal—insulator-metal (MIMIM) in the 0.18-um Cu/SiO, intercon-
nect CMOS IC technology has been developed [11]. Figure 6.17(a) shows the
cross-sectional view of a MIMIM capacitor having length € and width W. The
capacitor dielectric film was 0.07-um-thick Si3N4. The capacitance densities
are 850 and 1,700 pF/mm2 for MIM and MIMIM capacitors, respectively.
Figure 6.17(b) shows a simplified EC model used for these capacitors on a Si
substrate. Measured breakdown voltage values for MIM and MIMIM capacitors
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Figure 6.16 (a) Angle of Sy; versus frequency for four 3-port connections and (b) angle of
S31 versus frequency.

were almost the same and the values wee greater than 40V for 10 —,l.Lm2

capacitor area and about 30V for a 10>-um? capacitor area. Table 6.6 compares
EC model parameters for MIM and MIMIM capacitors with W= 50 um and
€ =25 pum. Figure 6.18 compares the series inductance of these capacitors
when the capacitors aspect ratio €/W = 0.5. In this configuration the series
inductance is lower because of the wider and shorter conductor used compared
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Figure 6.17 (a) Cross-sectional view of a MIMIM capacitor on Si substrate and (b) EC model
for MIM and MIMIM capacitors.

Table 6.6
EC Model Parameters for MIM and MIMIC Capacitors with 25 x 50 ,um2 Size on Si
Substrate

C (pF) Ls (nH) Rs () Cox (fF) Rsup (k€2)

MIM 1.02 0.128 0.61 7.01 450
MIMIM 1.91 0.124 0.36 8.49 4.03
0.20
0.19
E 0.18 1
8 017 -
"‘3 -
S 0.16
'g .
E 0.15 1 —e— MIM
E 0_14.- —— MIMIM
0.13 1
0.12 1
— T 1 T 1 T T T T T T T 7

1
0 10 20 30 40 50 60 70 80
Capacitance (pF)

Figure 6.18 Series inductance versus capacitance value for MIM and MIMIM capacitors
having €¢/W = 0.5.
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to the conventional square geometry that gives rise to a higher resonant frequency.
Figure 6.19 shows a MIM capacitor using four layers of metals in CMOS

process.

6.2.2 Ultra-Thin-Film Capacitors

In general, MMIC capacitors use a 0.15- to 0.3-um-thick layer of SizNy, which
gives a capacitance density of 400 to 200 pF/mm2 and breakdown voltage in
the range of 50 to 100V. The capacitance per unit area can be increased by
either using ultra-thin films or employing high dielectric constant materials.
Lee et al. [12] have reported increasing the capacitance density by using thinner
layers of SizNy. They obtained high-quality SizN4 layers using a remote PECVD
technique and achieved 0.02- to O 1-pm-thick layers with dielectric breakdown
voltage on the order of 3.5 X 10> V/um. Since in several wireless applications,
operating voltages are on the order of 3 to 4V, using 0.06-um-thick SizNy is
a viable approach to achieve a capacitance density of about 1,200 pF/mm?. For
such films, the achievable breakdown voltage is about 20V. Figure 6.20 shows
the variation of capacitance density as a function of dielectric thlckness The
capacitance density increases from 725 to about 3,000 pF/mm® by reducing
the SizsNy thickness from 0.1 to 0.02 um, which corresponds to an increase
of capacitance by a factor of 4.14 when the dielectric thickness is reduced by
a factor of 5.

I S 1
[ X 1 I ]
C— RS T\
|- AN 1 Via
[ Y \{\ 1 I ]
\Vsig,
p-type Si

Figure 6.19 MIM capacitor using four layers of metal in CMOS technology.
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Figure 6.20 Capacitance density versus 1/dielectric thickness. (From: [12]. O 1999 IEEE.
Reprinted with permission.)

6.2.3 High-K Capacitors

A higher value of capacitance per unit area can also be obtained by using a
higher dielectric constant material, such as tantalum oxide (Ta;Os) [13-16].
Such capacitors can be realized either using anodized Ta anodes to make Ta;Os
thin film or using reactively sputtered Ta,Os film. Anodized Ta;Os5 capacitors
have lower operating frequency and capacitance density than the sputtered
TayOs capacitors. Sputtered Ta;Os capacitors with dlelectrlc film thicknesses
of 0.175 pm and capacitance values of 1,430 pF/mm ? have been reported [13].
Measured insertion loss for a 29-pF capacitor was about 0.1 dB up to 9 GHz.
For MMICs, Ta;0s5 is one of the most suitable materials because of its
high dielectric constant (€,, 1 25) value. High quality and high-K thin films
were developed by mixing very high-K titanium oxide (TiOy) into tantalum
oxide (TaOy). A low-temperature deposition process using reactive pulsed dc
magnetron sputtering was used to develop high-K composite and multilayered
TaO,-TiOy materials for high-density capacitors [15]. Both materials have a
dielectric constant value 70% to 100% greater than that of tantalum oxide.
The multilayered structure consists of several alternating layers of the two
dielectrics, with the thickness ratio and the total thickness of each pair being
approximately 0.008 um. In the composite material the percentage content of
TiOy is about 22%. Table 6.7 summarizes capacitor parameters for several

high-K films.
6.2.4 Fractal Capacitors

Samavati et al. [17] demonstrated that the parallel plate capacitance density can
be increased by using cross-connected fractal metal geometries, which use both
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Table 6.7
MIM Capacitors Parameters for Several High-K Materials
Leakage
Current
Capacitance Density Dielectric
Thickness Densi (/uA/cmz) Strength

Film Type €rd (pem) (nF/em®) at 0.5 MV/cm (MV/cm)
Ta0y 22 0.2 97.3 0.005 5
TiOy 67 0.2 296.2 10 0.9
Ta0,-Ti0, 38 0.2 168.0 1.2 23
Ta0,-Ti0y,
multilayered 44 0.2 194.5 0.034 23

parallel plate capacitance and lateral fringing field capacitance, similar to the
interdigital structures discussed in the next chapter. Figure 6.21(a) shows a
commonly used parallel plate capacitor and Figure 6.21(b) shows the top and
bottom plates broken into cross-connected sections. When the lateral gap

i T

(b)

Figure 6.21 Field configurations in (a) a parallel plate capacitor and (b) cross-connected
metal layers, and (c) a three-dimensional representation of a fractal capacitor.

(From: [17]. O 1998 |IEEE. Reprinted with permission.)
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between the plates is very small, structure (b) results in higher capacitance due
to both the vertical electric flux and lateral electric flux lines. If a parallel plate
area is divided onto large fractals each having much larger perimeters than its
equivalent square or rectangle geometries, the lateral fringing field capacitance
can be increased significantly, resulting in a very large total capacitance. This
can be achieved with the help of CAD tools. A simple example is an interdigital
parallel plate capacitor. A major difference between the interdigital parallel plate
and fractal capacitors is that the latter structure is of a random nature and
supports random flow of current. Due to random flow of current in the fractal
capacitors they have much lower series inductance as compared to interdigital
capacitors. Figure 6.21(c) shows a three-dimensional representation of a fractal
capacitor using a single metal layer. Samavati et al. [17] have demonstrated
about 23 times the parallel capacitance of a fractal capacitor using 0.6-um
spacing between the cross-connected fractal geometries. Thus, fractal capacitors
add one more degree of freedom to the design of parallel plate capacitors. This
approach can also be used in multilevel geometries [18].

6.2.5 Ferroelectric Capacitors

High-value capacitors have also been realized using ferroelectric materials [19—
23] with high dielectric constant values. The commonly used ferroelectric materi-
als at RF and microwave frequencies are barium strontium titanate
Baj 5Sr) 5TiO3 (BSTO) and strontium titanate SrTiO3 (STO). Although, BSTO
and STO materials do not contain iron, they are called ferroelectric because
their permittivity is a function of the dc electric field, analogous to a ferromag-
netic material’s permeability dependency on the applied magnetic field. The
dielectric constant value of a bulk BSTO ceramic material is about 1,000 and
their maximum value occurs when no dc bias is applied. The dielectric constant
value can be lowered by decreasing the barium content and increasing the oxide
constant. In such materials, the dielectric constant value also depends on the
operating temperature. Table 6.8 shows typical dielectric constant values for
two compositions of BSTO materials at room temperature.

The temperature dependence of €,; and tan 6 for single-crystal SrTiO3
ferroelectric material has been reported by Krupka et al. [24] and is summarized
in Table 6.9. Because these values are taken from graphs they are approximate.
The expansion coefficient of the SrTiO3 material is about 10 ppm/°C.

In thin-film technology, BSTO films are pulsed laser ablated on a magne-
sium oxide (MgO) substrate (€, J9.7). A general chemical formula for BSTO
is Ba, Sr;_, TiO3, where the Curie temperature is adjusted for a specific operating
temperature by adjusting the value of x. Around the Curie temperature, the
value of €,, is constant over a narrow temperature range. The value of x is
about 0.5 to 0.6 for a Curie temperature of 25°C.
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Table 6.8
Dielectric Constant and Loss Tangent of BSTO Materials at Room Temperature
Material
Ba0.5Sr0.5Ti03 Bao_zsrnlsTi03
Frequency Dielectric Loss Dielectric Loss
(GHz) Constant Tangent Constant Tangent
124 1,288 0.115 356 0.014
13.0 1,345 0.099 351 0.030
14.0 1,266 0.062 335 0.025
15.0 1,222 0.082 335 0.021
16.0 1,333 0.082 336 0.012
17.0 1,306 0.057 349 0.008
18.0 1,229 0.044 358 0.014
Table 6.9
Dielectric Constant and Loss Tangent of Single-Crystal SrTiO3 Material at Various
Temperatures

Temperature tan &

(°c) € x 107

-50 438 4.1

-25 380 4.5

0 350 4.8

+25 320 5.2

In BSTO or simply BST capacitors, dielectric thin films are also formed
using a sol-gel technique [21]. The bottom plate electrode is of Ti/Pt while the
top plate metal is Pt. The thickness and dielectric constant of the BST film are
0.25 wm and 300, respectively. The frequency dependence of a 100-pF BST
capacitor is shown in Figure 6.22(a), whereas Figure 6.22(b) shows the tempera-
ture dependence of the capacitor. The frequency roll-off point is about 2 GHz,
and the temperature coefficient is about 500 ppm/°C.

Data for the sputtered SrTiOj3 thin-film capacitors were also reported
[20]. The dielectric constant value was about 100 and the dielectric film thickness
was about 0.3 um. The measured breakdown voltage was about 30V. Figure
6.23 shows the measured capacitance and insertion loss for various capacitor
area values as a function of frequency. The measured insertion loss for 10-pF
or higher values at 2 GHz was less than 0.05 dB.

Another SrTiOj film capacitor with a dielectric constant of 180 and having
a frequency of operation up to 20 GHz was reported by Nishimura et al. [22].



216 Lumped Elements for RF and Microwave Circuits

108

102 @

Capacitance (pF)

1 1 1 1 11 111 1 1 1 11 111
0.1 1.0 10
Frequency (GHz)

(a)

150
3 550 ppm/°C

5 wof %
p L
o
g L
@©
S 50
o -

0 [ L 1 L 1 L

-50 0 50 100

Temperature (°C)
(b)

Figure 6.22 BST capacitor: (a) capacitance versus frequency and (b) capacitance versus
temperature. (From: [21]. O 1995 IEEE. Reprinted with permission.)

Figure 6.24 shows the I-V characteristics for a capac1t0r having 50 % 50 ,LLm
area. The breakdown voltage defined by 10 mA/cm leakage current was more
than 50V for a 0.2- G -thick SrTiO3 film. The calculated capacitance value is
almost 8,000 pF/mm . We use a parallel plate capacitance that is given by
capacitance/ mm” = 8.854 x 107 €,4/d pF/ mm?, where area and 4 are in square
millimeters and millimeters, respectively, and the area reduction for various
dielectric constant value is given in Table 6.10.

6.3 Capacitor Shapes

Among various possible MIM capacitor shapes, rectangular, circular, and octago-
nal geometries are used, but the rectangular geometry is the most popular. These
are briefly discussed next.
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Figure 6.23 SrTiO3 MIM capacitor: (a) capacitance versus frequency and (b) insertion loss
versus frequency for several capacitor areas. (From: [20]. O 1993 IEEE. Reprinted
with permission.)

6.3.1 Rectangular Capacitors

The rectangular shape is the most popular because its layout is easy to draw,
area calculations are simple, and connections are straightforward. One of the
major problems with this geometry is the higher ESD failure due to sharp
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Figure 6.24 1-V data for STO capacitor having dielectric film thickness of 0.2 wm. (From: [22].
O 1997 IEEE. Reprinted with permission.)

Table 6.10
Area Reduction for MIM Capacitors for STO Dielectric Materials
Area for Area Reduction
€rd d (mm) x 1073 (:apacitance/mm2 100 pF (mm?) Factor
6.77 0.20 300 0.3333 1
108 0.30 3,200 0.0313 10.7
300 0.25 10,625 0.0094 375

corners. Noncolinear connections have higher discontinuity reactances at higher
microwave frequencies, as discussed in Section 6.1.5.

6.3.2 Circular Capacitors

Circular capacitors are seldom used due to the higher complexity of their layout
and their connections to other circuitry, especially wide lines. Because such
configurations do not have sharp corners, ESD failures are lower compared to
other geometries.

6.3.3 Octagonal Capacitors

When MIM capacitors are used in MMICs, generally two or more connections
are made between the capacitors and other circuitry. Flexibility and compactness
of the circuit layout mandate these connections to be made anywhere along
the periphery of the capacitors. In such situations, any connection made off
the straight path (noncolinear) at defined ports or connections made at right
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angles add extra reactances due to discontinuities in the current path in the
circuit, which in turn degrade the MMIC performance. An octagonal MIM
capacitor (Figure 6.25) structure for MMIC applications has the flexibility of
multiport connections with minimum added discontinuity reactances [25], and
also has much lower ESD failure due to tapered corners.

Advantages of this structure as compared to rectangular or square capacitors
are as follows:

1. Chamfered corners reduce step discontinuity reactance between the
feed line and the capacitor, which improves frequency performance of

the MMICs.

2. Reduced bend discontinuity reactance for noncolinear feed points also
improves frequency performance of the MMICs.

3. Provides more than four ports (eight total) for interconnections. When
ICs require more than four ports for matching networks, it provides
an ideal situation with reduced discontinuity reactances.

This structure in general has better performance at millimeter-wave fre-
quencies compared to conventional rectangular-shaped capacitors. We simulated
and tested several capacitor structures as shown in Figure 6.26 using 125-um-
thick GaAs substrate. The TRL calibration technique was used to accurately
de-embed the components performance by measuring the S-parameters. Figure
6.27 compares the simulated reflection coefficients (S1; or return loss in decibels)
for the square-sided and octagonal-sided capacitors in straight and bend feed
configurations. The results were obtained using a very accurate electromagnetic
simulator. Lower values of Sq; for similar feed illustrate the improvement in
the performance. Similar performance trends are shown in Figure 6.27 for the
measured data.

@ Cap ® O

(a) (b)

Figure 6.25 (a, b) Octagonal MIM capacitor showing flexibility in multiport connections.
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NOK NoX

(a) (b)

Figure 6.26 (a) Octagonal-sided MIM capacitor with two feed configurations—colinear and
perpendicular, and (b) square-sided MIM capacitor with two feed configurations—
colinear and perpendicular.

6.4 Design Considerations

In this section we describe several techniques to enhance the quality factor of
capacitors, tunability of capacitors, and power-handling capability of capacitors.

6.4.1 Q-Enhancement Techniques

Several techniques to improve the Q-factor of MIM capacitors have been used,
including thicker and high conductivity metal 1, increasing the aspect ratio
(width is greater than length), and micromachining. These are briefly discussed
in the following sections.

6.4.1.1 Thicker and High Conductivity Metal 1

In MIM capacitors, the bottom metal known as metal 1 is thin, and in Si
technologies, it has low conductivity. The quality factor of MIM capacitors can
be enhanced by using thicker and higher conductivity metal 1, as discussed in

Chapter 3 (Section 3.2).
6.4.1.2 Aspect Ratio

The resistance of the bottom plate (metal 1) can be reduced by increasing the
thickness and reducing the aspect ratio of the conductor and by using a higher
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Figure 6.27 Simulated and measured Sy of square and octagonal capacitors having collinear
and perpendicular feed: (a) simulated and (b) measured.

conductivity material. For standard fabrication processes, a conductor’s thickness
and conductivity cannot be changed; however, the capacitor’s aspect ratio is at
the designer’s disposal. For example, for a given capacitance value, W = 2/,
Figure 6.28 lowers the dc resistance by a factor of 2, compared to the conventional
square geometry, and also reduces the parasitic inductance and increases the
series resonance frequency. The aspect ratio (// W) of a capacitor can be decreased
up to a point so that transverse effects (discontinuity and resonance) are negligi-
ble. Figure 6.28 shows the calculated value of Q for a 5-pF capacitor having
three different aspect ratios.

6.4.1.3 Micromachined MIM Capacitors on Si

The Q of MIM capacitors on Si substrate is drastically improved using microma-
chining techniques [26-28], in which the parasitic substrate loss is reduced by
removing Si below the bottom plate of a capacitor. A photograph of a MIM
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Figure 6.28 QO-factor of a MIM capacitor for three aspect ratios: 1, 0.5, and 0.333.

capacitor on a suspended membrane is shown in Figure 6.29(a). The capacitors
were realized by sandwiching Al)O3 (€, = 9.9) between a 1.4-um-thick
metal 2 and 0.6-um-thick metal 1. The p-type Si substrate has a resistivity
value of 3.5 ()-cm and the etch depth is about 100 m. Measured and simulated
Q-factor values for 2.6-pF capacitors fabricated directly on Si and on suspended
SiN membrane are compared in Figure 6.29(b). The measured Q-value of a

300 —rr —

250 Meas. susp. Q 2.6 pF —o— |
Meas. conv. Q 2.6 pF -+
Sim.susp. Q26 pF e ]

&

200
g150
100}
50 f+
O 10 60
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(b)

Figure 6.29 (a) Photograph of a suspended MIM capacitor fabricated using Si technology
and (b) comparison of measured and simulated Q-values of conventional and
suspended MIM capacitors. (From: [27]. O 1996 IEEE. Reprinted with permission.)
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suspended capacitor was greater than 100 at 2 GHz compared to less than 10
for the capacitor directly on Si substrate. The measured series resonance fre-
quency was 15.9 GHz.

6.4.2 Tunable Capacitor

The voltage dependence of the dielectric constant of ferroelectric materials allows
one to make variable voltage capacitors. Compared to varactor diodes, they
have low voltage tunability, no junction noise, high speed, low cost, and are
easily integrated with MMICs. Such components have applications in tunable
filters, phase shifters, VCOs, and so on. The major disadvantage of such compo-
nents lies in the fact that their operation is nonlinear and the capacitance
tunability decreases with increasing signal power level [29].

Parallel plate capacitors were fabricated on Si substrates using 0.05-um-
thick Bag 7Sr(3TiO3. The ferreolectric layer was grown using a metalorganic
chemical vapor deposition (MOCVD) technique. The measured value of capaci-
tance for a 50- X 50-um” capacitor was 65 pF at OV dc bias. The variation of
€,4 versus dc bias using this capacitor is shown in Figure 6.30. The relative
permittivity value was found to be constant over 45 to 500 MHz. The loss
tangent value at 500 MHz was about 0.009 and the breakdown voltage was
about 8V.

6.43 Maximum Power Handling

The power handling of MIM capacitors can be treated similar to that for chip
capacitors as discussed in the previous chapter.

. /\
YARN

50

¢, of BST

-10 -5 0 5 10
dc Voltage (V)

Figure 6.30 Variation of €, versus dc bias of a BST material. (From:[29]. O 2002 IEEE. Reprinted
with permission.)
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6.4.3.1 Maximum RF Current Rating
The maximum RF current limits due to breakdown voltage and power dissipation

in a MIM capacitor are given by (5.34) and (5.35) in Chapter 5. If the breakdown
voltage is much larger than the dc applied voltage, (5.34) becomes

I, = Vgo (6.23)
V2

Thus, the maximum current is proportional to V3, operating frequency,
and capacitance C. For a capacitor operating at 2 GHz, and with a breakdown
voltage of 50V,

I, = 0.444C (6.24)

where 7, is in amperes and C is in picofarads. For ferroelectric and high-
density capacitors, when the breakdown voltage is low, the current rating of
MIM capacitors can be increased by connecting more capacitors in series. For
example, when two capacitors of double capacitance value are used in series as
shown in Figure 6.31, the current rating is increased by more than four times.
Here for RF design, C'} =2Cand the breakdown voltage across a series combina-
tion of two capacitors is doubled. Equation (6.24) then becomes

I, =1.776C (6.25)

6.4.3.2 Maximum RF Voltage Rating

The maximum RF voltage rating of a capacitor can be calculated by referring
to Figure 6.32. If V,, is the dc applied voltage and P, is the output power across
the load, the maximum voltage (rms) across C is given by

(a) (b)

Figure 6.31 Series connections of MIM capacitors to improve current ratings: (a) two-series
capacitors in series configuration and (b) two-series capacitors in shunt configu-
ration.
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(@)
o>

Figure 6.32 Series configuration of a dc block MIM capacitor at the output of an amplifier.

Ve = Vo + P, R} (6.26)

which should be less than V. If V,,, > Vp, the maximum working voltage of
the capacitor can be increased by connecting more capacitors in series as shown
in Figure 6.31(a). Equation (6.26) does not include any voltage standing wave
effects as discussed in Chapter 14.

6.4.3.3 Maximum Power Dissipation

The maximum current rating of a capacitor is also determined from the maxi-
mum allowed power dissipation to maintain the capacitor’s temperature below
the rated value, for example, 150°C for a monolithic MIM capacitor on GaAs
substrate. If P is the maximum allowed power dissipation, the maximum
current is given by

_ P giss
I, = '\/ESR (6.27)

where ESR is the effective series resistance of the capacitor. The maximum
allowed power dissipation is calculated in the following.

The calculation of thermal resistance for a MIM capacitor is based on
vertical heat flow as shown in Figure 6.33. Consider the RF power to be
dissipated in both top and bottom conductors having the surface resistance of
Rgrand Rgp. Assuming the MIM capacitor as a square structure and ignoring
dielectric losses, the temperature rise is given by

AT = PpcrRric + Ppcer + Ppcg) RTHe (6.28)

where Pperand Ppcp are the power dissipated in the top and bottom plates
and RTpc and Rty are the thermal resistances of the capacitor and GaAs
substrate. Assuming a 45° heat spreading rule for the bottom conductor only
and a capacitor dielectric of Si3Ny of thickness 4,
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where KgN and Kg,a, are the thermal conductivities of the SizN4 and GaAs,
respectively. Table 6.11 lists the maximum power dissipation and 7,,,, for various
capacitor values. The parameters used in the calculations are as follows:

€= W=05774 x 1021/C cm
d=02 pum, h =75 um

Kgy=0.1 W/em - °C and Kguas = 0.294 W/ecm - °C at 150°C

Table 6.11
Calculated Maximum Power Dissipation and /,, for MIM Capacitors on 75-um-Thick GaAs
Substrate
C (pF) Pjiss (max) (W) Imp (A)
0.5 0.27 1.44
1.0 0.44 1.84
2.0 0.71 2.34
5.0 1.43 3.32
10.0 250 4.38
20.0 4.48 5.87
50.0 10.07 8.80
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and

[10]
(11]

(12]

T,, = 150°C, T, = 25°C, AT = 125°C

Rer = 0.0079), Rsg = 0.07Q)

ESR =0.130)
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Interdigital Capacitors

In addition to overlay-type capacitors as describes in Chapters 5 and 6, interdigi-
tal or interdigitated capacitors can be used as lumped circuit elements in micro-
wave circuits, especially at higher microwave frequencies. The quality factor for
such a capacitor is higher than that for overlay capacitors and they are much
larger in size. The maximum capacitance per inch area of interdigital capacitors
is less than 1% of that of the overlay type and therefore is not available in chip
form.

The interdigital capacitor is a multifinger periodic structure as shown in
Figure 7.1. Interdigital capacitors use the capacitance that occurs across a narrow
gap between thin-film conductors. These gaps are essentially very long and
folded to use a small amount of area. As illustrated in Figure 7.1, the gap
meanders back and forth in a rectangular area forming two sets of fingers that
are interdigital. By using a long gap in a small area, compact single-layer small-
value capacitors can be realized. Typically, values range from 0.05 to about
0.5 pF. The capacitance can be increased by increasing the number of fingers,
or by using a thin layer of high dielectric constant material such as a ferroelectric
between the conductors and the substrate, or by using an overlay high-K dielectric
layer, which also acts as a protective shield.

One of the important design considerations is to keep the size of the
capacitor very small relative to a wavelength so that it can be treated as a lumped
element. A larger total width-to-length ratio results in the desired higher shunt
capacitance and lower series inductance. This type of capacitor can be fabricated
by the hybrid technology used in the fabrication of conventional IC or MMIC
technology and does not require any additional processing steps. This chapter
describes the design and modeling of interdigital capacitors.

229
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Figure 7.1 An interdigital capacitor configuration.

7.1 Interdigital Capacitor Models

Several methods have been used to characterize interdigital capacitors, including
approximate analysis, /-inverter network equivalent representation, full-wave
methods, and measurement-based models. These techniques are discussed next.

7.1.1 Approximate Analysis

Analysis and characterization of interdigital capacitors have been reported in
the literature [1-8]. Data from earlier analyses [1-3], when compared with
measured results, showed that these analyses were inadequate to describe capaci-
tors accurately. The analyses were based on lossless microstrip coupled lines [1]
and lossy coupled microstrip lines [2]. A more accurate characterization of these
capacitors can be performed if the capacitor geometry is divided into basic
microstrip sections such as the single microstrip line, coupled microstrip lines,
open-end discontinuity, unsymmetrical gap, 90° bend, and T-junction disconti-
nuities [5] as shown in Figure 7.2. This model provides better accuracy than the
previously reported analyses. However, this method still provides an approximate
solution, due to several assumptions in the grouping of subsections and does
not include interaction effects between the basic microstrip sections described
above. Figure 7.3 shows a simple EC model used to describe the characteristics
of the interdigital capacitors shown in Figure 7.1. An approximate expression
for the interdigital capacitance is given by [1]

€ +1
W!

C= C[(N-3)A4, + A,] (7.1)
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Figure 7.2 The interdigitated capacitor and its subcomponents.
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Figure 7.3 Lumped-element EC models of the interdigital capacitor: (a) low frequency and
(b) high frequency.
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where C'is the capacitance per unit length along W', A; (the interior) and A,
(the two exterior) are the capacitances per unit length of the fingers, NV is the
number of fingers, and the dimensions W' and € are shown in Figure 7.1 and
expressed in mlcrons For infinite substrate thlckness (or no ground plane),
A1=4.409 x 10~ pF/,U,m and A,=9.92%x 10" pF/,um The total capacitance
of an interdigital structure of length € is expressed as

C=(e,+ NE[(N-3)A; +A3] (pF) (7.2)

For a finite substrate, the effect of /# must be included in A7 and 4,. In
the final design, usually § = Wand € < A/4. Approximate expressions for A
and A, are obtained by curve fitting the data given in [1]. These expressions
are as follows:

_ 0.45
Ay = 4.409 tanh | 0.55 (%) ] x 107 (pF/um) (7.3a)

0.5

Ay =9.92 tanh | 0.52 (%) ] x 107 (pF/um) (7.3b)

The series resistance of the interdigital capacitor is given by
R=5 —=R; (7.4)

where R; is the sheet resistivity in ohms per square of the conductors used in
the capacitors.

The effect of metal thickness # plays a secondary role in the calculation
of capacitance. The Q of this capacitor is given by

_ 1 _ 3WN
Q= ©wCR ~ wC4{R,

(7.5)

The capacitance C; and inductance L are approximately calculated on the
basis that for §// << 1, magnetic field lines do not loop around each finger
but around the cross section of the interdigital width W' (Figure 7.1). Under
this assumption L and C; are calculated from microstrip transmission-line theory
using ¢ as the length of the structure. Here Cj is half of the microstrip total
shunt capacitance. Expressions for these quantities are given next:
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Zover
= 4 (7.6a)
c
1 Ve
C, = 3 Zoc £ (7.6b)

where 7 and €, are calculated using W' and / microstrip parameters and
c=3x 10" em/s is the velocity of light in free space.

A general expression for the total series capacitance of an interdigital
capacitor can also be written as [6]

C= 26060 s (V= 1DC (B 7.7
_10‘“ K(k)
- VeK(k) (N_ 1)€ x 10 (F)
or
6107 K)o
=S T e P (7.7b)

where € is in microns, /V is the number of fingers, and €,, is the effective
dielectric constant of the microstrip line of width W. The ratio of complete

elliptic integral of first kind K'(¥) and its complement K'(£) is given by

4 1 { 1+ -\/z}
—In — for 0.707 < k< 1 (7.8a)
T - \/k

K'(k) . \/k_ for 0 € £<0.707 (7.8b)
+ 1
In [2 —,:|
L 1 —+/k

k=tan2<%>, a=W/2, and b= (W+ §)/2, and /e'=-\/1—k2

and

(7.9

Design curves for interdigital capacitors are given in Figure 7.4 [9, 10].
The following example illustrates how to determine an interdigital capacitor’s

EC model (Figure 7.3) parameters.
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Figure 7.4 Design curves of interdigital capacitors on GaAs substrate.

Example

Design a 0.5-pF interdigital capacitor on 125-um-thick GaAs substrate (€, =
12.9) using 5-u m-thick gold conductors having W= 8= 10 uwm. Also determine
its series resonance frequency and Q. at 10 GHz.

From Figure 7.4, the capacitance/area [ 300 pF/cmz. Therefore, area
A=0.5/300 cm? = 0.1667 mm?2. Let us select the total width of the interdigital
structure 1300 wm, which is given as W' = (W + §)N — § 0300 wm. This
gives the number of fingers NV = 16, and final W' = 310 um. Area A =
€ x W' gives € = 538 um. From Table 14.6 (Chapter 14), the values of L
and C| are given as L = 0.140 nH and C; = 0.107 pF. From (7.4),

_ 538 x 0.0049 _
R=1.333 Tlox16 0.0220)

The series resonance frequency, fi, is given by



Interdigital Capacitors 235

1 1
2mLC  6.2832~/0.14 x 0.5 x 10"

Sres = = 19.02 GHz

From (7.5),

1
62832 x 10 x 10° x 0.5 x 10712 x 0.022

Q. = 1446.9

The preceding calculations do not include the effect of skin depth, dielectric
loss, and radiation loss at the open ends of microstrip fingers.

7.1.2  J-Inverter Network Equivalent Representation

An interdigital capacitor like that shown in Figure 7.5(a) can be modeled using
a m-network as shown in Figure 7.5(b). The reactances X; and X, represent
the discontinuity effects between the feed lines and the capacitors, and the B’s
are the susceptance parameters for the admittance matrix. Ry and R; are the
reference planes. Here the structure is assumed lossless. The equivalent /-inverter
network is shown in Figure 7.5(c), where ¢ and ¢, denote the equivalent
line lengths and / is the inverter susceptance, and they are related to the
admittance matrix parameters by the following relations [11]:

J _ sin (—¢1/2) + Ell cos (—¢1/2)

= = (7.10)
VY By sin(=¢,/2)
2(By; + By |B
¢1:M17T+tan_l{ (_;1 _§2| lzz} (7.11a)
1+ By, — By, — | B
2(B,, + B11|B
¢2=M27T+tan_1{ (_52 _;ll '12} (7.11b)
1 + By — By, - | B|

where Ell ZBH/Y], Ezzszz/Yz, ElzzBIZ/'\/m) and |§|2=
BBy - Elzz M and M, are the positive integer numbers. ¥ and Y7 are
the characteristic admittances of two feed lines in the interdigital capacitor
structure.

Several different structures were analyzed and their simulated data were
reported by Zhu and Wu [11]. Figure 7.6 shows the inverter susceptance value
and the equivalent electrical line lengths for several finger (V) values as a
function of frequency. The substrate used is 1.27-mm-thick alumina, €, =10.2.
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Figure 7.5 (a) Interdigital capacitor configuration for a network representation and (b) suscep-
tance equivalent network representation and (c) J-inverter network equivalent
representation. (From: [11]. O 2002 |IEEE. Reprinted with permission.)

The electrical length increases monotonically and the susceptance parameter
shows nonlinear behavior due to invalid lumped-element assumption, that is,
L/A <<0.05. The above-described model has applications in the design of end-
coupled microstrip resonator filters and lumped-element filters using classical
filter theory.

71.3 Full-Wave Analysis

Quasistatic and full-wave numerical methods have been extensively employed
to analyze transmission lines and their discontinuities. The numerical data
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Figure 7.6 Frequency variation of (a) J-inverter susceptance j and (b) equivalent electrical
line lengths ¢ and ¢, for various values of N. (From: [11]. O 2002 IEEE. Reprinted
with permission.)

obtained from these methods have been used to develop analytical and empirical
design equations along with EC models to describe the electrical performance of
planar transmission lines and their discontinuities, including microstrip coplanar
waveguide and slot lines. These equations and EC models have been exclusively
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used in commercial microwave CAD tools. The EM simulators [12—17] as
discussed in Section 2.4.4 play an important role in the simulation of single-
layer elements such as transmission lines, patches, and their discontinuities;
multilayer components, namely, inductors, capacitors, packages, and so on; and
mutual coupling between various circuit elements. An accurate evaluation of
the effects of radiation surface waves and interaction between components on
the performance of densely packed MMICs can only be calculated using EM
simulators.

Table 7.1 lists the physical parameters of a typical interdigital capacitor
(Figure 7.1) analyzed using EM simulators, and Figures 7.7 and 7.8 compare
the simulated performances [18-21].

7.1.4 Measurement-Based Model

Interdigital capacitor EC models have been developed using measured
S-parameters for the structures. Although this approach gives quick and accurate
results, it is limited to just the components measured. Table 7.2 summarizes
the physical dimensions and the EC model parameters of several interdigital
capacitors. Figure 7.9 compares commercial Agilent Eesof’s Touchstone Library
model, EC model, and measured S-parameter data. Figure 7.9(a) shows excellent
correlation between both models and the measured data at low frequencies for
S11. However, at frequencies above 6 GHz, the commercial model departs
dramatically from the measured data. Figure 7.9(b) also illustrates the same
phenomena on a polar plot by comparing S5; of the two different models with
the measured data.

Table 7.1
Parameters for the Interdigital Structures

Substrate height, h =100 wm

Substrate dielectric constant, €, = 12.9
Conductor thickness, t = 0.8 um

Conductor’s bulk conductivity, o = 4.9 x 107 S/m
Substrate loss tangent, tan 6 = 0.0005

W=40 um
S=20 um
€ =440 um
W' =520 um
S'=40 um
€'=60 um

Number of fingers =9
Enclosure: No
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Figure 7.7 Interdigitated capacitor's | Sy;| and | S| responses.

7.2 Design Considerations

In this section we discuss several design considerations such as compact size,
high-voltage operation, multilayer structure, and voltage tunable capacitor.

721 Compact Size

The capacitor size can be reduced by reducing the dimensions of the structure
or by using a high dielectric constant value substrate. The achievable Q-value
and fabrication photoetching limit on the minimum line width and separation
dictate the size of the capacitor. For ceramic and GaAs substrates, these limits
are about 12 and 6 um, respectively. It is well known that the wavelength of
a signal is inversely proportional to the square root of the dielectric constant
of the medium in which the signal propagates. Hence, increasing the dielectric
constant of the medium a hundred-fold will reduce the component dimensions
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Table 7.2

Physical Dimensions and Equivalent Model Values for Interdigital Capacitors
Physical Dimensions INDIG80 INDIG180  INDIG300  INDIG400  UNITS
Finger length, ¢ 80 180 300 400 mm
Finger width, W 12 12 12 12 um
Finger spacing, side, S 8 8 8 8 Mum
Finger spacing, end, S' 12 12 12 12 mm
Finger thickness, t 5 5 5 5 pum
Number of fingers, N 20 20 20 20 um
Substrate thickness, h 125 125 125 125 um
Capacitance, C 0.126 0.252 0.405 0.527 pF
Inductance, L 0.001 0.025 0.064 0.101 nH
Resistance, Ay 1.89 0.850 0.500 0.441 Q
Shunt capacitance, C;  0.028 0.052 0.080 0.104 pF
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Figure 7.9 The measured performance of an interdigital capacitor compared with the present
model and Touchstone model: (a) reflection coefficient and (b) transmission coeffi-
cient.

by a factor of 10. This simple concept is being exploited extensively as distributed
circuit technology is being adopted at RF and lower microwave frequencies.

7.2.2 Multilayer Capacitor

Gevorgian et al. [22] have reported closed-form expressions for interdigital
capacitors, on two- and three-layered substrates, using conformal mapping
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technique. Figure 7.10 shows the interdigital capacitor configuration, and the
total capacitance is given by

C=C3+C,+ Ceq (7.12)

where C3, C,,, and Cp,q represent the three-finger capacitance, capacitance of
the periodical (7 — 3) structure, and a correction term for the fringing fields of
the ends of the strips, respectively. Closed-form expressions for these capacitance
components are given next.

(3 capacitance:

K (ko3)

C3 = 4€0€s3 Klkos)

¢ (7.13)

(a)

<

DR 1 s i i o N O

o~
= {;‘2

hy

&

(b)

Figure 7.10 (a) Physical layouts and (b) cross-sectional view of the interdigital capacitor.
(From: [22]. O 1996 IEEE. Reprinted with permission.)
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where € is the length of strip fingers and

_ 61—1 62—61 63—1
€3=1+qu—5—*q3 =5 t933 (7.14a)

_ K(ki3) K(kg3)

q9i3 = K(kLy) Kko3)’ fori=1,2,3 (7.14b)
. ( (S+29) \
S (S + 251 + 2g)>
03 = S+ 2g S 5 (7.14c¢)
L= ((5+ 28, + 2g)>
) 78
i sinh (2_/71>
kis = h (S + 2¢)
Sin —2/11 >
a7 +20) ) 2 [ 7S+ 28+ 2)
1 — sinh |:—2/7i /smh 2
2| mST ) 2 [ 7S+ 28 + 2)
1 = sinh [Tbj]/smh [ 2
(7.14d)

and kj3 = -\/1 — kj3,7=1, 2, 3. In the preceding formulas, §; = § should be

used where the widths of the external and middle fingers are the same.
C, capacitance:

K(kg)
C,=(n-3)eye,, ——¢ (7.15)

n 0C€en K(kb)

where
=1+ 61_1+ €) — € e -1
€on — 91n 2 92n P + 93n P (7-163)
Kk K(k¢

= (ki) Klko) ¢ 21,2, 3 (7.16b)

K(k},) K(ko)’
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sinh (;—2) cosh? <7T(§Ttg)> + sinh? (%@)
me 7§+ g) . 2 (7S L[S+ g)
Slnh( 2}11' ) cosh (2_hl> + sinh (2—/71>
(7.16¢)

Cend capacitance:

K(k Oend)

(7.17)
K llgend)

Cend = 4ns(2 + 1) € €,ep,

where

_ €] — 1 €) — €] €3 — 1
€end = 1 F 9 lend T *+ 92end T * 93end T (7.18a)

1 - ( (x + 2gend) >2

X (x+w+ 2gend)

x+ 2ger1d x 2
1-({—
<(x twt dend)>

where x [10.5S. The effect of strip thickness # can be accounted for when the
inductor and the gap are replaced by 2§ = 25" + Arand 2¢ = 2¢" — Az, where

koend = (7.18b)

At:—[1+ln875]

and 25" and 2¢" are the physical width of the strip and the gap between them.

723 (Q-Enhancement Techniques

The Q-factor of interdigital capacitors can be enhanced by using high-conductiv-
ity conductors and low-loss tangent dielectric substrate materials. Other
Q-enhancement techniques include suspended substrate, multilayer structure,
and micromachining. These are briefly discussed in the following subsections.

7.2.3.1 Suspended Substrate

The suspended-substrate technique provides a lower loss than the conventional
microstrip structure. Figure 7.11(a) shows a suspended-substrate interdigital
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[ [&

(a) (b)

Figure 7.11 (a) Suspended-substrate interdigital capacitor and (b) multilayer interdigital
capacitor.

capacitor. By selecting the proper substrate thickness and air spacing between
the substrate and ground plane, one can reduce the capacitor loss by a factor
of 25% to 50%. The EM simulated performance of a suspended-substrate
interdigital capacitor is compared with that for a conventional interdigital capaci-
tor in Table 7.3. The capacitor dimensions are W=20 um, $=S5" =10 um,
€' =20 um, € = 600 um, 5 = 100 um, and N = 9. The conductors are

4-pm-thick gold.

7.2.3.2 Multilayer Microstrip

The Q-factor of an interdigital capacitor can also be enhanced by using a
modified microstrip structure, as shown in Figure 7.11(b). This structure is
compatible with the standard MMIC fabrication process. The strip conductor
is fabricated on a thin polyimide dielectric layer, which is placed on top of a
GaAs substrate. This allows more of the electric flux lines in the air and resembles
a suspended-substrate microstrip line, which has much lower dissipation loss
than a conventional microstrip. Another way to think of this is that, instead
of inserting 50 to 75 pum of additional GaAs beneath the line, we have inserted
a thinner layer of polyimide (a material with lower permittivity) in order to
reduce the dissipation loss. This fabrication technique has also been used to
improve the performance of single-layer and multilayer inductors as discussed
in Chapter 3. The performance of a multilayer interdigital capacitor is compared
with that of conventional and suspended-substrate interdigital capacitors in
Table 7.3. Here the dielectric under the conductors is 10-um polyimide
(e, = 3.2), but the other parameters are the same. In this example, both of
these techniques reduce the interdigital series capacitance by a factor of 3.2.

7.2.3.3 Micromachined Technique

The Q of interdigital capacitors on Si substrate is drastically improved by using
the micromachining technique [23] as discussed in Section 3.1.5, in which the
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parasitic substrate loss is reduced by removing Si below the interdigital structure.
This approach reduces the parasitic capacitance by a factor of €, and results in
better millimeter-wave circuits. However, micromachining techniques also
reduce the interdigital series capacitance approximately by a factor of (1 + €,)/2.

1.24 \Voltage Tunable Capacitor

The voltage tunability of interdigital capacitors is achieved by using ferroelectric
materials such as barium strontium titanate or strontium titanate. The properties
of ferroelectric materials were discussed in Section 6.2.5. A voltage tunable
structure could be realized either using bulk material or by employing thin films
as shown in Figure 7.12. The latter configuration is compatible with MIC
technology and can be realized using widely used thin-film deposition techniques.
In the thin-film case, the voltage required to change the material dielectric
constant values is lower than that used for the bulk material configuration. The
dielectric strength for such materials is in the range of a few volts per micron,
which means that the films must be more than 10 wm thick to operate such
structures at 5V to 10V, before breakdown occurs. Relatively higher losses and
a lower breakdown voltage limit the power levels of such structures. Such
capacitors can be designed using the analysis discussed in the previous section.

Conductor/_\ Conductor /\ Conductor
_I‘/—E\ ,_IKE_\A pConductor_
N— —

Ferroelectric substrate

(a)

Conductor Q Conductor /\ Conductor
Conductor _ 47" ¢ ™\ Conductor "¢ "~ Condustor_

\K_/ Ferroelectric film \_/Vf

Dielectric substrate

(b)

Figure 7.12 Field configurations between interdigital fingers: (a) bulk ferroelectric substrate
and (b) thin-film ferroelectric on a dielectric substrate.
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Measured capacitance versus bias voltage and Q-factor versus operating
frequency of an interdigital capacitor on a thin ferroelectric covered substrate
[Figure 7.12(b)] are shown in Figure 7.13 [24]. The ferroelectric thin film of
St sBag sTiO3 was deposited on an MgO substrate. The interdigital structure
has 12 fingers, line width W 020 wm, gap between fingers S 6 um, and

2.1 T T

Capacitance (pF)

11 | | | | |
—40 -20 0 20 40
Bias (V)
(a)

100

80 |—

Device Q

20 |~

Frequency (GHz)
(b)

Figure 7.13 (a) Capacitance versus bias voltage at 1, 3, and 5 GHz, and (b) Q-factor versus
frequency atvarious bias voltages of a SrgsBag5TiO3 thin-film interdigital capacitor
on an Mg0 substrate. (From: [24]. O 1999 John Wiley. Reprinted with permission.)
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finger length € 00150 um. At 5 GHz, the capacitance value varied by 40%
and the Q-value by 100% when the structure was biased from 0 to 40V.

7125 High-Voltage Operation

Conventional interdigitally coupled line structures are capable of handling volt-
ages of less than 200V, depending on the fabrication tolerances and humidity
[25]. To increase the protection against voltage breakdown across the gap, an
overlay of silicon rubber as shown in Figure 7.14 has been used. Because
dielectric loading modifies the electrical characteristics of the coupled line,
accurate design or simulation methods such as EM simulators are required to
determine the new parameters. A dc block fabricated on RT/duroid substrate
with spacing § = 50 um and width W= 60 um achieved a breakdown voltage
of more than 4.5 kV. Breakdown generally occurs at one of the open ends of
the coupled lines [25].

1.3 Interdigital Structure as a Photodetector

An interdigital structure (Figure 7.1) on a semi-insulating GaAs substrate can
be realized as a photodetector. When a dc voltage that is much higher than the
threshold for electron velocity saturation is applied across the electrodes of an
interdigital structure, the incident photon energy is absorbed by the GaAs

€n
€r
_I_é .
T
S 1
&n
A e |

Figure 7.14 Top and side views of high-voltage dc block showing high-voltage insulator
dielectric.
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material, producing electron-hole pairs [26]. These charge carriers induce electric
current between the electrodes, giving rise to the photodetection effect. In such
structures, the semiconductor is usually undoped, the photon energy is larger
than the bandgap of the semiconductor, and the dark current is lower than in
photoconductive detectors. In an interdigital structure, each TiAu electrode
makes a Schottky diode, resulting in a back-to-back diode configuration. When
a voltage is applied across the electrodes, one diode is forward biased and the
other is reverse biased, giving rise to reduced dark current.

A typical interdigital photodetector consists of multilayer GaAs layers as
shown in Figure 7.15(a). The multilayer structure comprises a 0.1-um-thick
intermediate growth temperature (IGT) GaAs layer grown at 350°C on a 0.4-pm-
thick GaAs buffer layer placed on a semi-insulating GaAs substrate. Both layers
are of undoped GaAs type. The fingers have line width W= 4 um, line spacing
S=5 um, and an active area of 300 x 300 wm?.

Ti-Au electrodes

S v N
[ [ | [ | [

|<_

IGT GaAs 0.14m
*

Undoped GaAs 0.4um
A A

640 mm S| GaAs substrate

(a)

1,600

1,200

800 yd

Phetocurrent («A)

400
/

0
0 100 200 300 400 500
Input optical power (£W)
(b)

Figure 7.15 (a) Cross-sectional view of an interdigital photodetector and (b) measured pho-
tocurrent versus input optical power.



Interdigital Capacitors 251

The structure was tested using 0.85-um wavelength optical power. The

devices were biased at 10V. Figure 7.15(b) shows the measured photocurrent
response as a function of optical power. This device can also be used as an
electron detector [26].
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Resistors

8.1 Introduction

Lumped-element resistors [1-13] are used in RF, microwave, and millimeter-
wave ICs. The applications include terminations, isolation resistors, feedback
networks, lossy impedance matching, voltage dividers, biasing elements, attenua-
tors, gain equalizing elements, and as stabilizing or damping resistors that prevent
parasitic oscillations. The design of these resistors requires a knowledge of (1)
sheet resistance, (2) thermal resistance, (3) current-handling capacity, (4) nomi-
nal tolerances, and (5) temperature coefficient of the film. These resistors can
be realized either by depositing thin films of lossy material on a dielectric
base using thin-film, thick-film, or monolithic technologies or by employing
semiconductor films on a semi-insulating substrate between two electrodes.
Nichrome and tantalum nitride are the most popular and useful film materials
for thin-film resistors (thickness: 0.05-0.2 wm).

The resistance R value of a planar resistor, as shown in Figure 8.1, depends
on the material properties and its dimensions, and is given by

R 2T A 4
R—pz—p%—m (81)
where p is the bulk resistivity of the material expressed in {}-m, o is the bulk
conductivity expressed in S/m, € is the length of the resistor along the direction
of current flow (Figure 8.1), Wis the width, 7 is the thickness, A is the cross-
sectional area, and dimensions are in meters. The resistance can also be calculated
from the sheet resistance R, (ohms/square) of the resistive film (for given thickness
t) using the following relation:
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t

LA

—w—s|

Figure 8.1 Geometry of a planar resistor.

1
R=R where R, = p/t = P (8.2)

¢
s W >

For given material R, the resistance can easily be calculated from the num-
ber of squares of width in total length. For example, a line of width 50 um
that is 1,000 wm long has 2.5 times less resistance than a line of width 20 um
that is also 1,000 xm long. Thus the key in increasing the resistance is to keep
the number of metallization squares as large as possible in a given length. Fig-
ure 8.2 shows six squares between terminals 1 and 2 and if the R value is
10 ()/square, the total resistance is 60€).

When a voltage is applied across a resistor (Figure 8.3), the current flowing
through it depends on the resistance or conductance (reciprocal of resistance)
value, or when a current flows through the resistor, the voltage developed across
its terminals again depends on its resistance value.

The ratio of voltage and current is equal to the resistance R, also known
as Ohm’s law:

-V

R= 7 Q (8.3)

where voltage V and current 7 are expressed in volts and amperes, respectively.

T
;L

|« €=6W >

Figure 8.2 Resistance calculation representation of a resistor from sheet resistance.
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Figure 8.3 Electrical representation of a resistor.

The power dissipated, Py, in the resistor due to the applied voltage is
given by

2

>
Py =V- ]=7=[2R (8.4)

where unit of Py is in watts. An ideal resistor, or a resistor with length very
small compared to the operating wavelength, dissipates only electric energy and
constitutes negligible electric and magnetic stored energies because of negligible
associated parasitic capacitance and inductance, respectively.

Like low-frequency resistors, RF and microwave resistors must have the
following properties:

* Sheet resistance in the range of 1 to 1,000 )/square;
* Low temperature coefficient of resistance;

* Good stability;

* Required power dissipation capability;

* Low parasitics.

Table 13.4 in Chapter 13 provides some of the resistive materials used
in the fabrication of resistors. From those materials specified, nichrome and
tantalum nitride are the most widely used. The exact properties of these materials
vary with fabrication process and thickness.

8.2 Basic Definitions
In this section various terms used to specify a resistor are defined.

8.21 Power Rating

The power rating of a resistor is defined as the maximum power a resistor can
withstand without affecting its base value and reliability. Power rating depends
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on its area (larger area can sink more dissipated power) and ambient temperature.
High-power rated resistors have large areas and appreciable parasitics, which
can affect their RF performance at microwave frequencies.

822 Temperature Coefficient

The rate of change of resistor value with temperature is known as the temperature
coefficient of resistors (TCR) or simply TC and is expressed in percent per degree
Celsius or parts per million per degree Celsius (ppm/°C). When the resistance
increases with increasing temperature, the TC value has a positive sign; if it
decreases, the TC value has a negative sign. The resistor’s temperature depen-
dence is given by

Rot = Rpr + TC(Tot = TRT) (8.5)

where OT and RT denote the operating and room or ambient temperature,
respectively. If a resistor has +T'C value of 40 ppm/°C, the resistance value
will increase with temperature by about 0.4% at 125°C; when the ambient
temperature is 25°C, a 100-£) resistor at room temperature will be about 100.4)
at 125°C.

8.2.3 Resistor Tolerances

Variations in the specified resistor values in a batch or batch to batch are
expressed in terms of resistor tolerances. In general, depending on the resistor
manufacturing technology and the application, resistor tolerances in the range
of £1%, *5%, £10%, or £20% can be achieved.

8.24 Maximum Working Voltage

The maximum voltage one can apply across a resistor without affecting its
resistance value is termed the maximum working voltage. The maximum working
voltage depends on the resistor material, allowed resistance deviations from a
small voltage value, and physical configuration. The voltage coefficient of a
resistor in percentage is expressed as

R —
Voltage coefficient = ——— 100 (8.6)

where R and R,, are the resistance values at a very low voltage and the maximum
allowed voltage V,,, respectively.
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8.25 Maximum Frequency of Operation

A resistor value also depends on its frequency of operation. Planar resistors have
associated parasitic reactances and their values increase with frequency, affecting
the net resistance value. At a certain frequency, the capacitive and inductive
reactances become equal and give rise to self-resonance. This will be discussed
in detail in Section 8.3.

8.26 Stability

In most applications, the change of resistance value with time is not a desirable
characteristic. The drift in resistance value over an extended time period is
expressed in terms of szability of the resistor. Typically, thin-film resistors might
change within +0.2% during a 5-year period.

8.2.7 Noise

Every resistor has Johnson noise proportional to its resistance value due to
unwanted random voltage fluctuations generated within the resistor. Depending
on the resistor material and its fabrication, the resistors also have additional noise
sources. For example, in a monolithic thin-film resistor on a GaAs semiconductor
substrate, additional noise is a result of imperfect ohmic contact and the resistor
film.

Johnson noise, also known as “white” or thermal noise, depends on the
temperature and is independent of frequency of operation. The rms voltage v,
expressed in volts is given by

v, = (4kRTAS)V? (8.7)

where £ is the Boltzmann constant (1.38 X 10722 J/K), R is the resistance in
ohms, 7" is the operating temperature in kelvins, and Af is the bandwidth in
hertz over which the noise voltage is measured.

8.28 Maximum Current Rating

Each resistor has a specified maximum current rating above which the resistor
might fail due to current density being higher than the allowed value.

8.3 Resistor Types

The manufacturing of LE resistors can be divided into three categories: chip,
monolithic, and multichip module resistors. These are briefly discussed in this
section.
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8.3.1 Chip Resistors

Thin-film and thick-film hybrid technologies have been used to manufacture
chip resistors for low-power and high-power applications. In thin-film hybrid
technology, resistive thin films consisting of nichrome (NiCr) or tantalum
nitride (TaN) are deposited on alumina for low-power applications and on
beryllia or aluminum nitride for high-power applications.

Thick-film resistors are manufactured using various compositions of ruthe-
nium dioxide (RuO,) paste and a screen printing process. Sheet resistance values
ranging from 1€} to 10 k€) per square are obtained by mixing RuO, with silver
(Ag) and palladium (Pd) conducting particles for values less than 100 {)/square,
and by mixing RuO, with Ag lead ruthenate and bismuth ruthenate for values
higher than 100 ()/square. Commonly used base substrate materials are alumina,
beryllia, and aluminum nitride. More detailed discussion of this subject is

provided in Chapter 13.

8.3.2 MCM Resistors

MCM technologies include PCBs, cofired ceramic, and thin film on silicon.
In PCB technology, the resistor material is deposited on a polyimide layer
and covered with another polyimide film for encapsulation. The electrode
connections through contact holes are made with copper using photolithography
techniques. The resistive film materials used are NiCr, TaN, and CrSi. The
other two MCM technologies use resistor fabrication as discussed for hybrid
and monolithic technologies.

8.3.3 Monolithic Resistors

Resistors are an integral part of MICs and can be realized either by depositing
thin films of lossy metal or by employing bulk semiconductor films on a semi-
insulating substrate as shown in Figure 8.4.

Nichrome and tantalum nitride are the most popular and useful film
materials for thin-film resistors (thickness: 0.05-0.2 g m). Resistors based on
semiconductor (e.g., GaAs or Si) films can be fabricated by forming an isolated
land of semiconductor conducting layer (thickness: 0.05-0.5 um). Both types
are fabricated by defining the desired pattern by photolithography. Factors such
as resistance value, tolerance, reproducibility, and power handling are determined
based on the resistor type. Table 8.1 summarizes typical parameters of monolithic
resistors fabricated on GaAs substrate.

In monolithic resistors, the total resistance is the sum of resistive film and
the resistance of the two ohmic contacts and is given as

R=R

2R (8.8)

4
sw T ey,
c
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Resistor film

Semi-insulating substrate

(a)

Semi-insulating substrate

Metal Metal

Semi-insulating substrate

(c)

Figure 8.4 Planar resistors: (a) thin film, (b) mesa, and (c) implanted.

where R, €, and W, are the sheet resistance, length, and width of the ohmic
contacts, respectively.

8.3.3.1 Thin-Film Resistors

Thin-film resistor materials are of metal types such as GeAu, Ta, Ti, Cr, and
NiCr or of composite material type such as TiWN, TaN, and TayN. Thin-
film resistors are typically 0.1 to 0.4 um thick and have limited current-
carrying capability. The maximum current density allowed by electromigration
requirements in thin films is about 3 X 10> A/cm®. Therefore, the current
density per unit width for such resistors is of the order of 0.3 to 1.2 mA/um.

8.3.3.2 Bulk Semiconductor Resistors

Bulk semiconductor resistors form an integral part of MIC fabrication and no
additional fabrication steps are required. The sheet resistance (R;) value of such
resistors depends on the doping of the material such as 7", 7, and n”. For
GaAs semiconductors, the typical value of R; lies between 100 and 1,500
Q/square, and is lowest for 7" layers and highest for 2~ layers. However, GaAs
resistors have four potential problems: change in surface potential, low current
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saturation, Gunn domain formation, and large temperature coefficient. These
are briefly discussed next.

Change in Surface Potential

The first potential problem is the change in surface potential under resistor
areas over an extended period of time. Such drifts affect the sheet resistance of
the resistor. A dielectric protection layer over such resistors minimizes this
change.

Low Current Saturation

Bulk resistors have nonlinear behavior at high electric fields as a result of carrier
velocity saturation. The electric field at which this phenomenon takes place is
known as the critical electric field and its value for GaAs is 3.3 kV/cm. In
practice, this can be avoided by designing resistor dimensions such that maxi-
mum field strength across the resistor’s electrodes is less than about 2 kV/cm
(0.2 V/um). Assuming that 10V is a safe operating voltage, the minimum
resistor’s length required is 50 wm. If the sheet resistance of an 7"*-type GaAs
layer is 150 )/square, the widths required for 50-, 200-, and 500-() resistors
calculated using W = R €/R are 150, 37.5, and 15 pm, respectively.

Gunn Domains

Gunn domains are formed only above the critical field across the resistor elec-
trodes. Because the operating electric field across the bulk resistors is much
less than critical field, the occurrence of Gunn domains in such resistors is
nonexistent.

Temperature Coefficient

The temperature coefficient of GaAs resistors is positive and large. The approxi-
mate value is about 300 ppm/°C and is about 10 times higher than the values
for thin-film resistors. This results in appreciable increase in resistance value
with temperature. In most MMIC applications, bulk resistors are used when
their value is not critical to the circuit design; otherwise, one has to include
temperature dependence in the design or some temperature compensation tech-
niques must be utilized to offset the change in resistance with temperature.

Because bulk resistors or GaAs resistors are fabricated from single-crystal
GaAs material, the electromigration phenomenon is not present, because this
phenomenon deals with crystalline grain boundaries.

8.3.3.3 Parasitic Effects

A problem common to all planar resistors is the parasitic capacitance attributable
to the underlying dielectric region and the distributed inductance, which makes
such resistors exhibit a frequency dependence at high frequencies. If the substrate
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has a ground plane, one can determine the frequency dependence by treating
the resistor as a section of a very lossy microstrip line. Figure 8.5 shows how
the VSWR increases dramatically at low values of Rgpy because the length of
the resistor becomes too large.

Also shown in Figure 8.5 is the thermal resistance. Clearly, a trade-off is
necessary between VSWR and thermal resistance. The smaller the resistor size
meeting the current-handling and thermal requirements the better the electrical
performance due to lower parasitic effects.

8.3.3.4 Power Handling

The power-handling capacity of monolithic resistors is limited due to burnout
of the thin film by overheating. The power-handling capacity of monolithic
resistors can be determined in a way similar to that of microstrip lines (discussed
in Chapter 14). In this case, the resistor strip is considered to be a lossy microstrip
line. Because the loss in the resistor conductor is much higher than the dielectric
loss, only conductor loss is considered in the calculation of power dissipated.
The temperature difference A7 (in degrees Celsius) between the resistor film
and the back side of the substrate due to Py (in watts) power dissipated in the
resistor is given by

h
AT = PycRru = Pde 17 (8.9)
25
=
@
3
o
20 3
w
Q
2 2
=)
=
151 5
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1.0
0

Sheet resistance Rgy (ohms/square)

Figure 85 Thermal resistance and VSWR of a planar resistor as a function of sheet resistance
and frequency.
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where Ry is the thermal resistance, A4 is the equivalent area of the resistor of
length €, 4 is the thickness, and K is the thermal conductivity of the substrate.
Dimensions of /#, A, and Kare meters, square meters, and W/m-°C, respectively.
The resistor area is given by

A=W, +2¢") (8.10)

where €' is the length of the ohmic contact used to connect the resistor film
to other circuitry and W, is the effective width calculated from the parallel plate
waveguide model. Approximately W, = W+ 24. If R, is the sheet resistance of
the film, the total resistance R is given by

¢
R=R; W (8.11)
From (8.10) and (8.11),
R
A=W+ 2/J)<R— W+ 2€'> (8.12)
From (8.9) and (8.12),
W+ pW—-g=0 (8.13)
where
2¢'R
p=2h+ - (8.14a)
Rih [ Py ,
7= [KA‘*T — 4¢ ] (8.14b)
Equation (8.14b) is valid for positive values of 4.
The solution of (8.13) for positive a value of W' is
7+ + 4
W= — S (8.15)

Thus, the required resistor width for given power dissipation and resistance
value can be calculated from (8.15). Consider an example of a 50-{) resistor
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to dissipate 1'W with the top surface’s maximum allowed operating temperature
of 150°C. The baseplate temperature is 25°C. Other parameters are given here:

h =100 um;

€' =20 pum;

R, =10.8 ()/square;

K =10.294 W/cm°C (GaAs at 150°C).

The calculated values of AT, p, and g are

AT = 125°C;
»=208.64 x 1074 em;
g =0.4150 x 107 cm?;
W=183 um

Table 8.2 summarizes values of W for several power dissipation and resistor
values.
The following design notes are applicable for monolithic resistors:

* Select resistor width to meet electromigration rules as provided by the
manufacturer.

* Maximize resistor area for best power dissipation capability.

* Make the resistor width as close to the transmission line width as
possible to minimize discontinuity effects. Discontinuity effects can

usually be ignored if 1/3 < W),/ Wp < 3, where W) and W are the

Table 8.2
Calculated Required Minimum Width (in Microns) for Thin-Film Resistors
on 100-wm-Thick GaAs Substrate for Several Dissipated Power Values,
with T, = 150°C and T, = 25°C

Power

Dissipated Resistor Value (Q)

(W) 10 20 50
0.5 227 12.9 5.6
1.0 66.8 39.7 18.3
20 133.2 82.4 403
5.0 269.6 1745 92.0
10.0 426.0 282.7 156.3
20.0 648.9 438.5 251.5
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line widths of the microstrip and resistor. Resistors shorter than A/50
can simply be treated as a lumped resistance in series with a microstrip
line of equivalent line dimension.

8.4 High-Power Resistors

High-power chip resistors and terminations are required to absorb unwanted
power in RF and microwave couplers/hybrids and in power dividers/combiners.
Reliable design of such components requires substrate materials having the
following electrical and mechanical characteristics:

* Low dielectric constant (€,);

* High thermal conductivity (K) at high operating temperatures;

*  Coefficient of thermal expansion (CTE) close to that of resistive film and
of copper used as a heat sink;

* Good insulator having high electrical resistivity;

* Good adhesion to resistive film and bonding contact metal;

* Good machinability for batch production;

* Low cost.

Table 8.3 lists several potential candidates for chip resistors, and beryllium
oxide (BeO) has been widely used for such applications as a substrate of choice.
However, BeO powder and dust require special handling because they are known
to be hazardous materials. A comparable material to BeO is aluminum nitride

Table 8.3
Comparison of Dielectric Substrates for High-Power Chip Resistors

Property Alumina BN BeO AIN SiC Diamond
€ 9.9 42 6.7 85 45 5.7
K (W/m-°C)

at 25°C 30 70 280 170 270 1,400

at 100°C 25 200 200 150 190 —

at 200°C — — 150 125 150 —
CTE (ppm/°C) 6.9 5.0 6.4 4.6 3.8 1.2
Shunt capacitance ~ Medium  Small Small Medium  Large Small
Film adhesion Excellent Poor Excellent Good Good Poor
Machinability Good Good Good Good Good Poor
Cost Low Low Medium  Medium  Medium High
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(AIN) and its usage is steadily increasing because of the international community
concern regarding the hazards of BeO. Other possible replacement substrate
materials are silicon carbide (SiC), boron nitride (BN), alumina (Al;O3), and
diamond. As compared in Table 8.3, diamond has the highest thermal conductiv-
ity and is used where good heat sinks are required.

Both thin-film and thick-film technologies are being used to manufacture
high-power chip resistors. Nichrome and tantalum nitride are commonly used
resistor thin films; TaN is preferred to NiCr due to the presence of undesirable
nickel in NiCr that is believed to introduce unwanted intermodulation products
in multicarrier communication system application apparatus.

The power-handling capacity of a chip resistor is defined as the maximum
allowed power dissipation that does not cause the film to burn out and is
determined by the temperature rise of the resistor film. The parameters that
play major roles in the calculation of maximum power handling are (1) total
power dissipated in the resistor, (2) thermal conductivity of the substrate material,
(3) surface area of the resistor film, (4) thickness of the substrate, (5) ambient
temperature, that is, temperature of the medium surrounding the resistor or
heat sink temperature, and (6) maximum allowed temperature of the resistor
film.

If Ry, is the thermal resistance of the substrate and 7, is the maximum
operating temperature, the maximum allowed dissipated power in the resistor,
Py (in watts) is given by

Tm_ Ta

Py = Rty

(8.16)

where 7, is the ambient temperature and Ry is approximately calculated from

d _ d
or
A=Pydl[K(T, - T,)] (8.18)

Here dimensions &, W, and € shown in Figure 8.6 are expressed in meters
and the unit of K is W/m-°C.

The substrate thickness is selected based on mechanical strength, handling,
parasitic capacitance, and cost. Maximum allowed film temperature is usually
150°C and the ambient temperature with chip resistors attached to heat sinks
with additional cooling is about 25°C. Let us assume that the BeO substrate
is 25 mil (0.635 % 1073m) thick and K at 150°C is about 175 W/m-°C. The
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[€ 4 >|
w Resistor
d K
Heat sink

Figure 8.6 High-power chip resistor mounting on a heat sink.

calculated resistive film areas for 10, 20, 50, 100, and 200W power handling
are summarized in Table 8.4. If the substrate selected is 50 mil thick, the resistor
width and length for a square area given in Table 8.4 are 4/2 times more.

8.5 Resistor Models

The characterization of lumped-element resistors can be accomplished using
various techniques including analytical, lumped-element EC, and distributed
line approaches. Among these, EC and distributed approaches are commonly
used and are briefly discussed in this section.

Table 8.4
Chip Resistor Film Dimensions for Various Power-Handling Levels Using 25-Mil BeO
Substrate, with T,;, = 150°C and T, = 25°C

Dissipated

Power (W) Area (mz) W=1¢ (mm)
10 0.29 x 107° 0.539

20 0.58 x 107° 0.762

50 1.45 x 107 1.204

100 2.90 x 107° 1.703

200 5.80 x 107° 2.408
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85.1 EC Model

A simple representation of a resistor and its two-port EC model are shown in
Figure 8.7(a, b), respectively. Assuming that the resistor is divided into two
symmetrical halves, the various elements are as follows: R is the total equivalent
resistance, C), is the capacitance across the resistor ports due to voltage difference,
Cs1, Cys2, and L are the “pi” equivalent shunt capacitors and series inductance
of each half of the resistor structure. The shunt capacitance C;; and series
inductance L also include the parasitics of any wire/ribbon bonds used. Because
resistor (chip or monolithic) sizes used in RF and microwave frequencies are
much smaller than the operating wavelength, using total resistance R in the
center in the EC model is a valid first-order approximation. Because the voltage
difference across a resistor is usually significant, the use of C, in the EC model
is generally required [13].

When a resistor is used as a one-port element in a shunt configuration
(i.e., port 2 is grounded), its model is further simplified as shown in Figure
8.7(c). Here C; = €, + Cg + 2Cy and L, = 2L. In this case, the input

admittance Y, is written as

. 1 .
Yin = Gin *+ jBin =m+ij, (8.19)
or
Substrate
(a)

C
p Ct
| |
L R L 11

R L
Cs1 I CsZ I I CSZ I Cs1 o

(b) (c)

Figure 8.7 Thin-film resistor: (a) microstrip mounting, (b) two-port EC representation, and (c)
simplified one-port EC representation.
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R L CR*+ LY - L,
tw 2 2,2
R*+ 0?17 R* + w’L?

Gin + jBin = (8.20)

At resonance (i.e., B, = 0), the input impedance is real and greater than
R, given by

Ry=— =R+ 'L (8.21)
Gin
The resonant frequency wy is given by
C,(R*+ wiL}) - L, _
TR wl
or
1 R’

wqy = m - E (8.22)

Below the resonance frequency, By, is negative; that is, the resistor’s parasitic
reactance is of the inductive type, while above wy it is of the capacitive type.
Model parameters are extracted using dc resistance and S-parameter measure-
ments as discussed in previous chapters.

8.5.2 Distributed Model

MMICs use both metal film resistors and active semiconductor layer (e.g., 7"
ion-implanted) resistors. Typical sheet resistance values of thin-film (TiWN)
and 7" resistors, being used at M/A-COM in Roanoke, Virginia, are approxi-
mately 10.8 and 150 ()/square, respectively. Figure 8.8(a) shows the physical
layout of a thin-film resistor. Models of thin-film resistors were developed using
several resistor values from 25 to 200(). Figure 8.8(b) shows the microstrip
transmission-line-based model of the thin-film resistor, which consists of several
sections of an ideal resistor in series with a transmission-line section. The total
sum of all transmission-line sections is equal to the length of the thin-film
resistor. The model also includes the ohmic contact resistance of 0.3() and the
ohmic line length of 17 wm. This model is valid for both resistor types (e.g.,
thin-film and active semiconductor layer).

The number of sections 7 required to accurately model a resistor is indicated
by the €/A ratio where € is the total length of the resistor and A is the guide
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Gate metal

/ v
T

v e e |/

Ohmic contact

Rm W Rm W W’

03Q 0.3Q2
- ] ] % ]

€/n €/n
(b)

Figure 8.8 (a) Physical layout of a thin-film resistor. Each end of the resistor has an ohmic
contact pad with the shaded section representing the resistor metal. (b) Distributed
model of the thin-film resistor consists of n number of microstrip lines and resistors.

wavelength for the microstrip transmission line at the model’s highest operating
frequency. The ideal resistor has a value of R" = R/n where R is the total dc
resistance of the resistor. As a general rule of thumb, the number of sections 7
can be indicated by the following relation:

for €/A <0.02 n=1
for €/A = 0.02 n= (50€/A)

Figure 8.9 shows excellent correlation between the measured and modeled
performance of a 100€) resistor. Similar agreement was achieved for other resistor
values. Also, Figure 8.9 shows that the model found in the commercial CAD
tool compares well to this model and the measured data. (Spikes in the measured
transmission phase are caused by the sweeper shifting bands.)

8.5.3 Meander Line Resistor

Normally, small resistors are realized using straight sections of resistive materials.
However, larger and compact resistors take the shape of a meander line as shown
in Figure 8.10(a) in order to fit into a compact area. The resistance of the
meander line of width W is given by

=P
R=17[€ +4(044)¢] Q (8.23)



Resistors 271

0.600
L ~——— Measured
——- Present model
L e Touchstone model
= L
=
g -
o
= 0.500 S P
R
E_J -
w
= L
0.400 I L TR N T I L L L1 L 1 L L R | L
0.500 9.25 18.00
Frequency (GHz)
(a)
0.000
i —= Measured
—_ - - — — Presentmodel
3 T A Touchstone model
2 - e
5 '
D
k=l »
2 =
= 1000 | S
(=N """"\«:‘-....
ey = ‘N\
2 ~
5 . RN
(%]
=
_ZOOOI L 1 1 | L 1 1 L I [ L L Il L L L 1
0.500 9.25 18.00

Frequency (GHz)
(b)

Figure 89 A comparison of the measured transmission coefficient of a 100-() resistor with
the simulated data using the present model and the Touchstone model: (a) magni-
tude and (b) phase.

where € = 2€; + 2{, + {3. The second term in the preceding equation
corresponds to four corners with reduced resistance value. The resistance of the
90° angled corner is about half of an equivalent straight section. The uncertainty
in the resistor value, where one needs better accuracy, can be minimized by
using a modified meander line configuration shown in Figure 8.10(b). In this
case, the resistor components have only straight sections.

Meander line resistors are accurately characterized by using the distributed
approach, where resistor sections are treated as lossy transmission-line sections
and the coupling between the sections is evaluated using parallel-coupled lines.
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]

¢ Rz AR2

%I__ 1 [ 1
L

(a) (b)

Figure 8.10 (a) Meander line resistor configuration and (b) accurate realization of a meander
line resistor.

More accurate characterization of such resistors is performed by using EM field
solvers.

8.6 Resistor Representations

8.6.1 Network Representations

At RF and the lower end of the microwave frequency spectrum, the resistor
can be represented simply by its resistance value R. ABCD-, S-parameter, Y-,
and Z-matrices for series and shunt resistors are given in Table 8.5 where Z,
is the characteristic impedance of the lines across which the resistor is connected.

8.6.2 Electrical Representations

Resistors can be connected in various configurations: series, shunt, and series-
shunt as shown in Figure 8.11. When 7 resistors (R1, R, . . . , R,,) are connected
in series, the total resistance Ry is given by

Rr=R{+Ry+...+R, (8.24)

whereas for parallel connection
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Table 8.5
ABCD-, S-, Y-, and Z-Matrices for Ideal Lumped Resistors
ABCD-Matrix S-Parameter Matrix Y-Matrix Z-Matrix
Series
R
O—W—0 |:1 R:| 1 |: R 220:| l _l
0 1 R+2Zy1 22, R R R
1 1
"R R
Shunt
O—r—o0 10 1 [-Zo 23] [H Ff]
2R 1 Zy+2R|l 2R -2, R R
o———o0 7 1
Ry R, R
1 o—/\/\/\,—o—/\/\/\,—o— Y —0—/\/\/\/—0 2
(a)
R
—AAN— Re
R, R,
o AVAYAY, o Oo—A\N\—— —o
Rs
Ny —M\—
(b) (c)

Figure 8.11 Resistor connections: (a) series, (b) shunt, and (c) series-shunt.

1 "1
Ry i; R,
or

1
1Ry +1/Ry+. ..+ 1/R,

Ry (8.25)

In the case of a series-shunt configuration as shown in Figure 8.11(c), the
total resistance is given by
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RyRy

=R, +
Ry =H Ry + R;

(8.26)

If a 25Q) resistor is connected in series with two 50() resistors connected
in parallel, the total resistance is

0% 50 _ 50 (8.27)

Rr=25+5%50~

Table 8.6 provides impedance, admittance, and transmission phase angle
representations of various combinations of R, C, and L.

8.7 Effective Conductivity

The calculation for resistance of thin films is based on the assumption that the
thickness of the films is much larger than the mean free path of electrons in

Table 8.6
Impedance, Admittance, and Transmission Phase Angle Representations of Various
Combinations of R, C, and L

Phase Angle
Configuration Impedance Z= R + jX Admittance Y =1/Z &= tan” (X/R)
o—w—o0 R 1R 0
R
o "o RiRa/(Ri+Ry) (1/Ry + 1/Ry) 0
R,
R L .
O—w=——0 R+ jol (R- jwl)/R* + &’L?) tan wL/R)
C
o——to R~ jlwC (R+ jlwC) —tan 1/ CR)
(R + 1/w2C?)
ortfto R+ jlwl - 1/wl) R—jlol=1oC)  an (oL - wC)R]

R% + (wl — 1w C)?

Eﬁ:] a)LR( wl + jR ) 1/R - jlwl tan_1(R/wL)

: R? + w?L?
R

oo R(1~ jwCRY R+ joC —tan"(wCR)
c (1+ a)ZCZRZ)

(1/R)" + (wC = Vwl)

|
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the film metal. However, very thin films have decreased conductivity from the
bulk value, due to the scattering of electrons from the film surface [14, 15].
Hansen and Pawlewicz [15] report a general formula for the effective conductivity
o, in terms of the bulk conductivity o, the film thickness #, and the electron
mean free path p that is given as

ﬁ:l-i.{.e_x
o 8x 16«

(6 = 10x — x* + x°) + 1_366 (12 = x2) E, (x)
(8.28)

where x = ¢/p and E (x) is the exponential integral [16]. Figure 8.12 provides
a plot for o, /0 as a function of #/p.
Liao [14] gives an approximate formula for o, /o as follows:

e — 075x [111 <l> + 0.4228] (8.29)
g X

which is valid for x < 0.2.
Another approximate formula by curve fitting the data in Figure 8.12 is
obtained and is given below:

% = tanh (0.84+/x ) (8.30)

|
0.01 E=_Li . | R
0.0 005 0.1 05 1.0 50 100

Figure 8.12 Effective conductivity as a function of thickness to electron mean free path ratio.
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This equation is valid for x 2 0.5. By comparing average data obtained
using the above two expressions with data plotted in Figure 8.12, a reasonably
good agreement was found over 0.2 < x < 0.5. Table 8.7 provides the electron
mean free path for several materials.

8.8 Thermistors

Thermistors are resistors having very large TC values usually with positive sign
and their resistance value increases exponentially with increasing temperature.
The resistance-temperature relationship for thermistors may be expressed as [11]

R(T)=A+ BT (8.31)

where coefficients A, B, and C are determined by conducting measurements
on the materials used. Thermistor materials commonly used are BaTiOj3,
SrTiO3, and PbTiOj3. Thermistors are commonly used in RF and microwave
power meter sensors.

In summary, thin-film resistors as compared to bulk GaAs resistors have
a much lower temperature dependence, are more linear, and exhibit less noise.
However, in general, they need additional masks and processing steps. In
M/A-COM’s MSAG process, no additional masks are required because the
titanium tungsten nitride (TiIWN) used as a thin-film resistor material is also
used as a Schottky gate metal for FET fabrication [17-19].

Table 8.7
Electron Mean Free Path, Bulk Conductivity, and Bulk Resistivity of Good Conductors
Electron Mea!l
Material Free Path p (A) o x 10 (S/m) px 1078 (Q-m)
Ag 570 6.17 1.62
Cu 420 5.80 1.724
Au 570 4.10 2.44
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Via Holes

In RF and microwave circuits, low-loss and low-inductance grounds are very
important to achieve good gain, noise figure, insertion loss, VSWR, output
power, power-added efficiency (PAE), and bandwidth performance. In MICs/
MMICs, one needs the backside ground metallization to be connected with
minimum possible inductance path to the top side of the substrate having RF
ground pads. In MICs four basic techniques are used to achieve such ground
connections. As shown in Figure 9.1, these are via hole, wire bonds, ribbon
bonds, and wrap-around grounds. For RF applications of MMICs, via hole and
wire bond techniques are commonly used, whereas the via hole is an integral
part of monolithic microwave and millimeter-wave integrated circuits. A compar-
ison of these ground connections is given in Table 9.1.

9.1 Types of Via Holes

There are two types of via holes (Figure 9.2): one used for interconnections of
metal layers in a multilayer technology and the second type used for a backside
via hole ground. These are briefly discussed next.

9.1.1 Via Hole Connection

In multilayer ceramics, via hole connections are an integral part of the process.
The holes are punched in each green ceramic sheet and subsequently filled with
a metal paste consisting of tungsten or molybdenum, which makes interconnec-
tions from layer to layer. Computer-controlled step and repeat equipment is

279
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Microstrip  Via hole ground Wire bond ground
Alumina / / /

substrate

Metallic carrier

(a) (b)

Ribbon bond ground Wrap arornd ground

(c) (d)

Figure 9.1 Various ground connection techniques in MICs: (a) via hole, (b) wire bond, (c)
ribbon bond, and (d) wrap-around.

Table 9.1

Comparison of Various Ground Connections
Feature Via Hole Wire Bond Ribbon Bond Wrap-Around
Inductance value Very low Low Very low Very low
Layout flexibility Excellent Poor Poor Very poor
Realization in Easy Difficult Difficult Very difficult
complex circuits
RF performance Excellent Good Very good Poor
Fabrication Difficult Easy Easy Very difficult
Throughput Excellent Good Good Poor
Cost Moderate Low Low High

used to punch holes with high precision. The minimum diameter used is about
6 mils.

In multilayer MMICs and digital ICs, the interconnection between differ-
ent level metals is made by using via holes in the separating dielectric layer or



Via Holes 281

Via hole connection Pad
[ 1 I 1
&n / /
I ]
&n
A
Ground plane Via hole ground

Figure 9.2 Via hole connection through dielectric and backside via hole ground.

layers, which are generally of 1- to 3-um-thick polyimide. For a 3 X 3-um
contact via hole, the dc resistance is about 0.1€). They have minimum parasitics,
are very reproducible, and are fabricated with almost 100% yield. Via hole
connections are integral parts of transistors, inductors, transformers, and Lange
couplers.

9.1.2 Via Hole Ground

A via hole ground is an opening in the dielectric substrate (e.g., GaAs, polyimide,
or Al)O3) made either by dry or wet etching or punching techniques or by
using laser drilling. In thin-film Al;O3 technology, laser drilling is exclusively
used, whereas in LTCC multilayer ceramic technology, numeric precision-
controlled punching is used. Via hole walls are then metallized to make a
connection between the top and bottom sides.

In MMIGCs, the ground connection for active devices and passive compo-
nents operating above L-band frequencies is traditionally achieved by backside
via hole technology. They provide low-inductance grounding for transistors,
diodes, capacitors, resistors, inductors, and transmission lines. They also provide
great flexibility in the physical layout of the circuit. Otherwise, all of the circuit
elements that need RF grounding have to be placed near the edge of the circuit
or use open-circuited radial line stubs to realize effective RF grounds. The
former approach adds uncertainty in the inductance value in addition to extra
processing steps, whereas the latter approach requires more space and makes the
circuit size larger. However, at millimeter-wave frequencies the latter technique is
quite effective.

In MMIGCs, via holes are etched through the backside of the substrate.
Via hole etching is usually performed by using dry etching employing reactive
gases. This technique is also known as plasma etching and is a well-controlled
process leading to vertical sidewalls and excellent yield. Via hole walls are then

metallized using thick gold, which also completely fills the backside, making
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good connections with the via pads located on the front side of the locations
of via holes. Thus, gold-filled via holes make good low-resistance (< 0.03€2)
and low-inductance (< 0.02 nH) connections between the front side pads and
the backside wherever RF or dc grounding is desired.

Via holes require additional backside processing steps, including wafer
thinning, via etching, and metallization, that increase fabrication time and wafer
cost. Also backside processing lowers the yield because now one has to remount
wafers with the front side, which has most of the circuitry, down. On the whole,
via hole technology adds about 20% to 30% additional cost to wafers. Because
most of the present wireless applications are below 3 GHz, where bond wire
parasitic effects are not significant, almost all MIMC for such applications are
produced without via hole technology, in order to compete with hybrid and
printed circuit technologies. Salient features of via hole grounds can be summa-
rized [1, 2] as follows:

1. Low-inductance grounds: Low-inductance grounds result in good RF
ground returns, which are needed in FET power amplifier stages. An
inductance in the source lead manifests itself as a resistive loss in the
gate circuit and, hence, results in a reduction in power gain. At 20
GHz, an inductance of 50 pH reduces the gain of a 600-um gate
periphery FET by nearly 2 dB, whereas a 4-pH inductance degrades
the gain by only 0.2 dB. Low-inductance grounds improve significantly
the device performance at millimeter-wave frequencies. Via hole con-
nections also provide good short circuits for microwave passive circuits.

2. Excellent thermal paths: Excellent thermal connections provide better
heat-sinking paths for power transistors and also improve their reliabil-
ity. The source contacts carry away some of the heat generated in FET,
which results in low-noise performance due to low thermal resistance.
Thus via holes play an important role in low-noise and power devices.

3. Compatible with MIC technology: Although via holes require two more
levels of processing steps, the processing is compatible with MIC tech-
nology. Other methods of grounding, namely, wrap-arounds, sheet
grounding, transformers, and so on, consume a large portion of the
available area, whereas via holes require minimal substrate area resulting
in much better real estate utilization.

9.2 Via Hole Models

Several different techniques have been applied to develop via hole models. These
include analytical methods [3], a quasistatic approach [4], full-wave analysis
[5-15], time-domain measurements [16, 17], and S-parameter measurement-



Via Holes 283

based models [18]. Analytical models have limited accuracy; quasistatic models
are valid for dimensions much smaller than the operating wavelengths; full-
wave techniques provide accurate results but require long computational times;
and measurement-based models are valid for only those geometries used in the
characterization. These methods are briefly discussed in this section.

9.21 Analytical Expression

An analytical expression for the inductance, L;,, of a cylindrical via hole shown

in Figure 9.3 was obtained by Goldfarb and Pucel [3] and is given below.

h+~frt + b —~
Ly, =02 [b - In <+\/—+> + %(7 -+ hz)} (eH)  (9.1)

r

where 7 and 4, the radius and height of the via hole, respectively, are expressed
in microns.
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Figure 9.3 Top and side views of a cylindrical via in microstrip configuration. (From: [3].
O 1991 IEEE. Reprinted with permission.)
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The preceding expression shows good agreement with the measured and
EM simulated data. Figure 9.4 shows the variation of via inductance obtained
using (9.1) and numerical simulation [5] versus d/h (d = 2r) ratio for several
GaAs substrate heights. Numerical calculations and (9.1) do not include the
effect of via hole pad.

The resistance of the via hole may be approximately calculated using the
following expression:

Rya = Rger 1 + % (9.22)

where

1
fo=—— (9.2b)
TGOt

Here fis the operating frequency, ¢ the free-space permeability, o the
conductivity of the metal, and ¢ its thickness.

9.2.2 (Quasistatic Method

Configuration of two semi-infinitely long wires connected by a via through a
circular hole in a ground plane were analyzed using the method of moments
by Wang et al [4]. The geometry studied is shown in Figure 9.5. The pi-
equivalent circuit model consisting of two excess capacitances C,; and C,; and

200 > I
| h=635um — Eq.(9.1)
e ¢ Numerical simulation
— 150 o) 1
z \ h=3814m
S <o
h =200 xm
S 100 AN P
S N4 >
= > h=100zm

50 o\\o\ /oo Z\
\M
0

0.0 0.5 1.0 15
Diameter-to-height ratio (d/h)

Figure 9.4 Variation of via hole inductance versus diameter-to-height ratio. (From: [3]. O 1991
IEEE. Reprinted with permission.)
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Figure 9.5 Microstrip via through a hole in a ground plane configuration. (From: [4]. O 1998
IEEE. Reprinted with permission.)

an excess inductance is shown in Figure 9.6. The via consists of wires 3 and 4
and TT is the plane of reference. The radii of four wire sections 1, 2, 3, and
4 are a1, ay, a3, and a4, and a5 is the radius of the via hole. The media above
and below the ground plane have permittivities and permeabilities as €],
and €, w, respectively, and their heights, 4 and 4,, are much longer than
the wire radii. For nonmagnetic media, 1 = 3 = t¢. An expression for the
excess inductance is given by

T T

| |

| Le |

| |

| — 1 1
Yo1 : —_— Cel Cez — : Yoz

| |
o— —o0

1 1

Il

Figure 9.6 EC model for a via through a hole in a ground plane.
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S

L,=

[\

T

1 b\ | M2 )
h1ln (/el 43) +5 2l (/e2 ﬂ3> (9.3)

where k1 and 4, are constants and their approximate value is £ = k, = 0.5413.
No simple expressions for the excess capacitances are available. Figure 9.7 shows
the normalized C,; capacitance as a function of normalized 4;. The curves are
also applicable for C,; by replacing subscript 1 by 2.

9.2.3 Parallel Plate Waveguide Model

Hoffman [19] described a via hole model located between the microstrip conduc-
tor and ground plane as shown in Figure 9.8 (inset) along with EC model. The
model parameter values were obtained using the parallel plate waveguide model
as discussed in Chapter 14. Figure 9.8 shows the variations of series inductance
and shunt inductance values (normalized with respect to the substrate height)
versus the diameter of the via hole (normalized with respect to the microstrip
width). The values were calculated for €,=9.8 and #/A;=0.001. The normalized
L./h and LP /h values are functions of €,, 4/W, and h/Ay. However, it is
suggested that the data in Figure 9.8 are still valid within reasonable accuracy
over 2.3 < €,<20 and /#/A( < 0.02. As shown in Figure 9.8, the series element
L becomes smaller and shunt element L, becomes larger with decreasing 4/ W
and W /5 values.

3007 Lo K ——0.25 «rer0.75 = - =125 ===-1.75 === 2.25
€183
k
225
200 - -
’/”’ e 1.75
P 125
100 ,,//"’:__,.-,..w'- e 0.75
I T .
...... -
0 . . . . L
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Figure 9.7 Normalized excess capacitance Cgq of the upper wire versus hq/a; ratio for
a5 = 2az and k = aj/a3. (From: [4]. O 1998 IEEE. Reprinted with permission.)
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Figure 9.8 Variation of EC model parameter values of a via hole in the microstrip line for
series inductance Lg and shunt inductance L.

9.24 Method of Moments

Single and double via holes were EM simulated using the method of moments.
The calculations were performed using Sonnet Software [20] for several line
widths over the 2- to 20-GHz bandwidth. The cylindrical hole was approximated
by an octagonal hole, and equivalent inductance values were extracted from
one-port S-parameters. The single via and double via geometries analyzed are
shown in Figure 9.9. Dimensions shown are in mils. The substrate used is
alumina, €, = 9.8. The EC model representation is a simple shunt inductor.
Figure 9.10(a, b) shows the inductance values of a single via obtained for 15-
and 25-mil-thick substrates, respectively.

Figure 9.10(c, d) shows the inductance values of a double via, again for 15-
and 25-mil-thick substrates, respectively. Note that, as expected the equivalent
inductance for the double via hole is lower than that for a single via hole, but
not half due to the mutual coupling as discussed in Chapter 2, which again
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Figure 9.10 Inductance versus frequency: (a) single via, h = 15 mil; (b) single via, h = 25 mil;
(c) double via, h = 15 mil; and (d) double via, h =25 mil. (From: [20]. O 1992 IEEE.
Reprinted with permission.)
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depends on the separation between via holes. The sharp increase in equivalent
inductance for W = 2 mils at 2 GHz is reported to be due to the numerical
precision problem in the analysis.

9.25 Measurement-Based Model

The measurement-based model of a via hole can be derived using one-port or
two-port S-parameters. In this case the via hole structure is represented by a
lumped-element EC. Figure 9.11(a) shows the top view of a via hole embedded
in the transmission line TRL. The equivalent circuit representation of this
element given in Figure 9.11(b) is composed of a series inductance and shunt
capacitance associated with the via hole pad and the shunt inductance and
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Figure 9.11 (a) Via hole embedded in TRL standard and (b) model of a via hole.
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resistance of the metal plug. The comparison between the via hole model
and its three measured data sets, shown in Figure 9.12, indicates an excellent
correlation. Table 9.2 provides model parameters for two pad dimensions and
two substrate thicknesses.

A via hole model has also been validated by comparing the measured and
simulated Sy data for a 5-pF capacitor terminated by a via hole using a 75-u m-
thick GaAs substrate.

9.3 Via Fence

Low-cost RF and microwave systems mandate a higher level of integration and
more circuit functions in a smaller package. In other words, one needs to
integrate RF/microwave circuits, digital circuits, and interconnect and bias lines
in a compact package to lower the volume and cost. When such components
are placed in proximity to each other, a fraction of the power present on the
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0.5

Figure 9.12 Measured versus modeled input reflection coefficient of a via hole. Substrate
thickness = 125 um.
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Table 9.2
Physical Dimensions and Equivalent Model Parameters Values for Via Hole of Figure 9.11
Physical Dimensions VIA75-1 VIA75-2 VIA125-1 VIA125-2 Units
Width, W 175 225 175 225 Mum
Length, ¢ 175 225 175 225 pum
Substrate thickness, h 75 75 125 125 pum

Equivalent Circuit Values  VIA75-1 VIA75-2 VIA125-1  VIA125-2  Units

Inductance, L4 0.017 0.023 0.022 0.029 nH
Inductance, L, 0.003 0.003 0.005 0.005 nH
Resistance, R 0.02 0.02 0.02 0.02 Q
Shunt capacitance, C 0.09 0.13 0.07 0.10 pF

main structure is coupled to the secondary structure. The power coupled is a
function of the physical dimensions of the structure, TEM (transverse electro-
magnetic) or non-TEM, mode of propagation, the frequency of operation, and
the direction of propagation of the primary power. In these structures, there is
a continuous coupling between the electromagnetic fields, known as parasitic
coupling or cross-talk. Such parasitic coupling can take place between the distrib-
uted matching elements or closely spaced lumped elements, affecting the electri-
cal performance of the circuit in several ways depending on the type of circuit.
It may change the frequency response in terms of frequency range and band-
width and degrade the gain/insertion loss and its flatness, input and output
VSWR, and many other characteristics including output power, power-added
efficiency, and noise figure. This coupling can also result in the instability of
an amplifier circuit or create feedback resulting in a peak or a dip in the measured
gain response or a substantial change in a phase-shifter response.

In general, this parasitic coupling is undesirable and an impediment in
obtaining an optimal solution in a circuit design. However, this coupling effect
can be reduced by using metal-filled via holes known as a via fence [21-23].
Via fences provide an electric wall between the fringing fields and are commonly
used in single and multilayer ceramic technologies, silicon and GaAs MIC
technologies, and system-on-a package (SOP) technology. In this structure, con-
necting via top pads by a strip improves the isolation between the structures
by 6 to 10 dB.

To accurately determine such coupling, an electromagnetic simulator such
as three-dimensional finite-element method was used [24]. The results of the
analysis is for the structure, fabricated in LTCC technology, are shown in Figure
9.13. The parameters for the structure are given in Table 9.3.
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Figure 9.13 Via hole fence: (a) cross-sectional view and (b) four-port circuit configuration.

Table 9.3
Summary of Substrate, Microstrip, and Via Hole Parameters Used to Calculate Isolation
Between Two Microstrip Lines in the Via Fence Structure

Substrate: Glass-ceramic € =52
Thickness h =025 mm
Microstrip: Width W=0.414 mm (50Q2)
Length € =117 mm
Distance between lines D =1.814 mm
Via: Diameter d=0.25 mm
Distance between microstrip and
via fence S=0.75 mm

Figure 9.14 shows the calculated forward coupling between two microstrip
lines, with and without a via fence, versus frequency. Here, G is the distance
between via posts, center to center, and “no strip” means vias are not connected
by the strip on the top side. The data show that the via fence with strip improves
coupling by about 8 dB, whereas via posts without strip degrade coupling
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Figure 9.14 Coupling coefficient versus frequency for various G/h values. (From: [24]. O 2001
IEEE. Reprinted with permission.)

at high frequencies. Larger spacing between vias also degrades coupling with
frequency.

9.3.1 Coupling Between Via Holes

The coupling between two via holes was analyzed using an EM simulator.
Figure 9.15(a) shows the structure, where D is the separation between via hole
pads. The pad is a square geometry having a side dimension of 165 um. The
substrate is 125-um-thick GaAs. The coupling between two via holes versus
frequency for four separations (15, 100, 200, and 400 xm) is shown in Figure
9.15(b). The coupling for offset via holes, as shown in Figure 9.16(a), was also
evaluated. Figure 9.16(b) shows the coupling coefficient versus frequency for
four offset S values (40, 80, 165, and 330 um) and D = 60 wm. The coupling
is a strong function of distance between via hole plugs and does not depend
on their orientations.

9.3.2 Radiation from Via Ground Plug

At low frequencies, a via hole acts as a short; however, as the frequency increases,
the reactive component and radiation resistance become significant at high
frequencies. Cerri et al. [25] have calculated the radiation resistance using a
full-wave analysis. In this case, the via hole is represented by a series combination
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Figure 9.15 (a) Two via hole configuration and (b) simulated coupling coefficient versus
frequency.

of an inductor and a radiation resistance. Figure 9.17 shows a plot of calculated
frequency dependence of radiation resistance for an 80-um-diameter via hole.
The GaAs substrate thickness was 200 pwm. Although the radiation resistance
becomes significant at millimeter-wave frequencies, its value below 20 GHz is
negligible.

9.4 Plated Heat Sink Via

In MMIGs, active devices such as FETs, HEMTs, and HBTs have via hole
grounds for source pads and emitter pads, respectively. Such ground connections
have appreciable inductance to reduce gain at higher frequencies. To lower
source inductance and reduce thermal resistance of FETs, plated heat sinks (PHS)
are widely used for discrete devices. In this case (shown in Figure 9.18), each
source pad is connected to the PHS through the holes underneath these pads.

9.5 Via Hole Layout

When an MMIC chip is mounted on a substrate (alumina, BeO, AIN, and so
on), establishing a good ground connection between the back of the chip and
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Figure 9.18 PHS geometry.

the back of the substrate is essential. Here the substrate is epoxied/soldered to
a conductor or a fixture. A poorly grounded MMIC chip may exhibit reduced
performance or spurious oscillations [26]. To minimize these effects, several via
holes are used to connect the mounting pad under the footprint of the chip to
case ground. The layout of such via holes and their numbers helps greatly in
the elimination of resonant modes in the mounting pad. A large number of
via holes, permitted by substrate technology and cost, are generally used to
ensure the reproduction of the MMIC performance. Several other factors includ-
ing thinner substrates, larger via hole size, via spacings of less than A/20 at the
maximum operating frequency, and chips having minimum possible out-of-
band gain help in achieving acceptable RF performance and eliminate spurious
oscillations.
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Airbridges and Dielectric Crossovers

10.1 Airbridge and Crossover

The primary purpose of airbridges and dielectric crossovers is to provide a cross-
connection for two nonconnecting printed transmission-line sections as shown
in Figure 10.1. They are also commonly employed in transistors (e.g., to create
a nonconnecting crossover between a multiple source and gate or emitter and
base), electrodes, spiral inductors and transformers, MIM capacitors (to improve
the breakdown voltage), Lange couplers (to connect alternate lines), and coplanar
waveguide (CPW) based MMICs to connect both ground planes in order to
suppress the propagation of the coupled slotline mode.

Airbridges use air as the dielectric between the two conductors, whereas
dielectric crossovers employ a layer of low dielectric constant material such as
polyimide or BCB. Airbridges and dielectric crossovers have also been used in
reducing the shunt capacitance between the conductors and the ground plane
in MMIC spiral inductors and transformers. Such structures are called airbridged
inductors and transformers. Low shunt capacitance is a desirable feature of a
component to extend the maximum operating frequency.

The airbridge and dielectric crossover allow MICs using multilayer tech-
nologies to have one conductor crossing over another. This crossover consists
of a metal strap that bridges one or more conductors on the substrate surface.
The strap is separated from the bottom conductors by a 1.5- to 3-um air gap.
A good example of airbridge use is in the design of a spiral inductor, which
requires a connection to its inner terminal [Figure 10.2(a)]. Depositing photore-
sist over the conductors to be crossed forms the airbridge. The crossover metal
is deposited on the photoresist and plated, after which the photoresist is removed,
forming an airbridge. Figure 10.2(b) shows a blowup of the airbridge structure
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Figure 10.1 Airbridge and crossover configurations: (a) airbridge and (b) crossover.
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Figure 10.2 Applications of airbridge or crossover: (a) inductor, (b) suspended microstrip,

(c) CPW, and (d) capacitor.

used in a suspended coil inductor. Figure 10.2(c, d) shows airbridge applications
in CPW line and a MIM capacitor. Multilayer structures are generally fabricated
in MMIC:s using very thin dielectric layers of insulating materials such as silicon
nitride (€,; J6.7) and polyimide (€,, 0 3.2). The dielectric constant of these
materials can vary from foundry to foundry depending on the composition

used.

(d)
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10.2 Analysis Techniques

Analyses of airbridges and dielectric crossovers can be carried out by treating
them as multilayered structures [1, 2]. Airbridge structures, such as that shown
in Figure 10.2(b), can be approximately analyzed using multilayer dielectric
microstrip lines, whereas crossover geometry, shown in Figure 10.1(b), is accu-
rately analyzed using three-dimensional EM simulators as described in Chapter
2. Analysis of multilayered dielectric microstrip lines has been performed using
quasistatic analyses, such as the variational method [3—5], and full-wave methods
including spectral-domain [1, 2, 6-8], finite-difference time-domain (FDTD)
[9, 10], and finite-difference [11] methods and the method of moments [12].

10.2.1 Quasistatic Method

For the quasistatic analysis of multilayer microstrip transmission lines having
two or more dielectric interfaces, the variation method is found to be the
simplest. This method requires setting up either the potential function or the
Green’s function for the geometry under investigation. These functions are
derived either by solving a set of algebraic equations obtained by applying
the boundary conditions at various interfaces [3-5] or by using the mransverse
transmission-line method [13, 14]. The latter approach is simpler. For the sake
of simplicity, the strip conductor is assumed to be infinitely thin.

The boundary conditions and continuity conditions of the structure, shown
in Figure 10.3, in the Four