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Analysis and Modeling of Single-Ended and Differential Spiral

Inductors in Silicon-Based RFICs

1. INTRODUCTION

1.1. Background and Motivation

Since its introduction the integrated circuit (IC) has pervaded nearly ev-

ery aspect of modern life. Recently, there has been increased emphasis on ra-

dio frequency (RF) and mixed-signal integrated circuits including the creation of

"System on Chip" (SoC) and "Application Specific Integrated Circuits" (ASIC).

The SoC design methodology allows the product manufacturers to reduce a cir-

cuit board full of components into a single low-cost integrated circuit including

digital and analog components. The latest developments in the areas of wireless

and telephony data access have driven the demand for SoC/ASIC devices with

higher performance, lower power and lower costs in increasingly smaller packaged

formats. This demand has caused the introduction of not only physically smaller

packages but smaller discrete passive components. A particularly difficult aspect

in the integration process is the embedding of such passives, such as monolithic

spiral inductors, as illustrated in Fig. 1.1, transformers and differential spiral in-

ductors. However, despite the difficulties, the benefits of embedding passives on-

chip are substantial, including significant increases in reliability and performance

of the integrated circuit combined with lower cost [1, 2]. As a result, the use of

monolithically integrated on-chip single-ended spiral inductors, transformers and

differential spiral inductors has become commonplace in the IC industry.
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FIGURE 1.1. Illustration of a planar spiral inductor on silicon substrate.

The RF and mixed-signal IC design process requires accurate passive de-

vice models that can be included in the circuit simulation along with the entire

IC design. The implemented inductor model should be composed of frequency-

independent circuit elements to allow for time-domain circuit simulation in com-

mon circuit simulators such as SPICE. To give the IC design engineers a real

benefit., the compact model topology should use a minimum number of ideal

lumped elements while offering a maximum amount of modeling flexibility. Fur-

thermore, having a robust automated extraction procedure is desirable to reliably

and quickly produce circuit models for a given spiral inductor design on demand.
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1.2. Integrated Inductive Passives

As the demand for wired and wireless communications systems continues to

expand the need for high quality' inductive passives for int.egration in SoC/ASIC

circuits has become increasingly important. The chip area2 of the passive compo-

nent is very large as compared t.o the chip area covered by an active component.

Yet., the performance of the passive element can greatly influence the overall sys-

tem performance. Often the performance of the passive element can be improved

by increasing the physical footprint. As a result there are conflicting demands to

simultaneously reduce the footprint of integrated passives, while maintaining high

levels of device performance.

The demand for inductive components in IC analog blocks, along with

conflicting drives for performance and size limitation, has driven research and de-

velopment into modeling and optimization of inductive integrated passives. The

most common such component is the monolithic spiral inductor over conduc-

tive silicon-based substrate first presented in the 1960s. Other important induc-

tive components include the differential spiral inductor, the transformer and the

BALUN. Recently there has been an increased interest in differential spiral induc-

tors for implementation in systems with differentially driven interconnects. The

integrated monolithic transformer has been developed for DC isolation, BALUN

functions and impedance transformations [3].

'The ratio of energy stored to energy lost is high.

2Physical area taken by an integrated passive can also be referred to as the footprint.
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FIGURE 1.2. Sample layout of an oct.angular spiral inductor. The black traces
indicate upper level metal traces and the red traces indicated lower level metal
underpass traces. (Layout details: metal width = 4jim, turns = 4.5, metal spacing
= 3/2m, outer diameter = 12Ojm)

1.2.1. Single-Ended Spiral Inductors

The common monolithic single-ended spiral inductor has become an inte-

gral part in many high-performance ICs due to improvements made during the

past decade. The development process has been difficult due to the inherent ob-

stacles in integration of relatively large passive devices in a silicon-based process.

Despite the limitations involved, the benefits of the monolithic spiral inductor

have proven large. Spiral inductors are an important component of many analog

blocks such as the voltage-controlled oscillator (VCO), low-noise amplifier (LNA)

and passive-element filters [4, 5]. An example of a typical single-ended spiral

inductor layout is shown in Fig. 1.2.
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The monolithic spira.I inductor over a lossy silicon-based substrate was first

presented by researchers at Motorola. in 1966 [6]. This original spiral inductor had

an outer diameter of 0.33 inches and was over silicon with resistivity of 50 cm.

The reported inductance was 2.3 pH a.nd the quality factor was approximately

5. Today's researchers are confronted with outer diameters below 100 pm and

silicon resistivity below 0.01 11 cm. Despite technology advances over the past

35 years, quality factors have remain relatively constant over the years, albeit

at much higher frequencies. This can be attributed in large part to the ever

decreasing physical size of the spiral inductor. A majority of reported Q factors

for spirals inductors have been limited to below 10 in the giga-Hertz ranges [7,

8]. Recent advances made since 2002 have implemented copper metal windings

combined with proton-bombarded silicon substrates to achieve quality factors of

45 for a 1.5 nH inductor [9]. While impressive, these results

expensive to implement and still do not show the significant advances that can be

noted in many other technology fields. This has lead to the common conception

that the integrated spiral inductor is a bottleneck in overall system performance.

Throughout this thesis the common monolithic spiral inductor will be de-

scribed with the term "single-ended" to remove confusion between the differential

spiral inductor. It would not be practical to operate the single-ended spiral in-

ductor in differential mode due to asymmetries in the physical layout.

1.2.2. Differential Spiral Inductors

The circuit area involved with highly integrated circuit design has contin-

ued to decrease over the past years [10]. This has lead to a focus on optimizing

valuable chip space for necessary circuit performance parameters. Optimization of



chip area is of noted importance for integrated passives due to their relative large

footprint in comparison with other circuit components. A common issue with the

single-ended spiral inductor has been magnetic flux leakage and capacitive cou-

pling to other components, such as interconnects, contained in t.he IC. There has

been a need to develop methods to limit the effect of the associated cross coupling.

One solution that has resulted, as a side-effect of research in decoupling the spiral

from the silicon substrate, has been the use of patterned ground shields below

spiral inductors [11]. The patterned ground shield removes capacitive coupling to

other components in the integrated circuit. Another implemented method is to use

two identical inductors laid out side by side to create a symmetrical structure for

reducing magnetic coupling. However, this method has a harmful effect on perfor-

mance by reducing effective inductance. Operating the symmetric inductors with

signals can allow for positive magnetic flux coupling, increasing effec-

tive inductance. A more recent and efficient development, has been the creation

of the differential spiral inductor [12J. The differential spiral inductor basically

takes two spiral inductors and intertwines them thereby increasing the efficiency

in coupling the magnetic flux. An example of a typical differential spiral inductor

layout is shown in Fig. 1.3.

The deployment of the differential spiral inductor in RFICs has not been

solely limited to differential operation. Since there already exist.s a constant drive

to increase the performance to footprint ratio, the differential spiral inductor has

been discovered as an easy method for enhancing performance without major

changes to currently available technology [13]. As a result, the modeling efforts

made with respect to the differential spiral inductor should be able to accurately

capture the characteristics of the device in either common or differential modes

of operation.
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FIGURE 1.3. Sample layout of an octangular differential spiral inductor. The
black traces indicate upper level metal traces and the red traces indicated lower
level metal underpass traces. (Layout details: metal width = 3,um, turns = 5.
metal spacing = 2im, outer diameter = lOO1um)

In the differential mode of operation the differential spiral inductor utilizes

a symmetric geometry and differential signaling3 to substantially improve induc-

tance and quality factor per unit area [14]. The differential signaling method

has become increasingly important in high performance mixed-signal circuits for

reducing problematic interconnect cross talk that occurs with even-mode excita-

tion [15]. The differential signal has less susceptibility to noise due to the built-in

common-mode rejection. The differential spiral inductor is constructed in such

a way as to be compatible with differential signaling. For example in Fig. 1.3 a

symmetry along the horizontal axis is noted.

3Also referred to as odd-mode excitation



There are several drawbacks to the differential spiral inductor including

high overall shunt and series interwinding capacitance due to the general layout.

To maximize the benefits achieved with magnetic flux coupling the winding sepa-

ration is decreased thereby increasing series interwinding capacitance. This causes

a decrease in inductor self-resonant frequency(SRF) which results in t.he inductor

becoming capacitive at a lower frequency than a similar non-differential spiral

inductor. This effect will be most noted when the differential spiral is operated

as a single-ended device. A higher peak Q may be achieved but the decrease to

negative Q4 will occur faster.

1.3. Outline

This thesis presents a comprehensive compact modeling methodology for

modeling integrated single-ended spiral inductors and differential spiral inductors

on silicon. The single-ended spiral inductor and differential spiral inductor will

be addressed in depth, including extraction procedure details and comparison

of 'model results with measurements. The methodology uses a basic network

building block approach that could easily be expanded to other inductive passive

devices used in high-frequency ICs (i.e. BALUNs, transformers). An automated

extraction procedure will be discussed for high-volume model extraction.

Chapter Two presents the comprehensive modeling methodology for single-

ended spiral inductors and differential spiral inductors in silicon-based ICs. The

modeling approach is formulated by solving for unique network branches and then

4The positions at which Q changes sign correlate to self-resonant frequencies.



synthesizing branches into ideal lumped elements for a complete equivalent circuit

model.

Chapter Three presents results for the comprehensive modeling methodol-

ogy presented in Chapter Two. The presented results will compare various mea-

surement. data characterist.ics, including Rii(w), Lii(w), R12(w), L12(c..i), Qi1(w),

Sji(w), and S12(w), t.o extracted models. Results will be presented for four com-

mon single-ended spirals, one small inductance single-ended spiral, one differen-

tial spiral inductor, one narrowed-frequency range extraction and a sample high-

volume model extraction of 508 inductors.

Chapter Four presents various conclusions and gives suggestions for possi-

ble directions of future work.
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2. MODELING DEVELOPMENT AND OVERVIEW

2.1. Loss Mechanisms in Passive Devices on Silicon

There are a number of well established techniques for calculating the in-

ductance of various conductor arrangements [16]. Well established approximation

techniques also exist for the specific geometry of the spiral inductor [17]. However,

it can be noted that many of these techniques are approximations and have built

in limitations. Most. notably is the absence of techniques for capturing the effect of

a conductive silicon substrate and/or lossy metal traces. This has motivated the

development. of a number of software packages that attempt to tackle modeling

of spiral inductors over iossy silicon substrate. In doing so, a number of non-ideal

loss mechanisms must. be addressed.

2.1.1. Electric and Magnetic Fields

It is important to understand the source of the loss mechanisms in single-

ended spiral inductors and differential spiral inductors over silicon substrates.

When an AC current is applied to the input nodes of a spiral inductor, time-

varying electric and magnetic fields are produced as illustrated in Fig. 2.1. Here,

a small subsection of a spiral inductor is shown that contains two metal conduc-

tor segments side by side. The magnetic field is produced by the current flowing

through the metal conductors as described by one of Maxwell's Equations. Fara-

day's Law of Induction, which forms the basis for inductive behavior, can be

written in differential form as

(2.1)
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FIGURE 2.1. Electric and magnetic fields in an integrated spiral inductor layout.

In the corresponding integral form. the law states that the line integral of the

electric field around a closed ioop is equal to the negative rate of change of the

magnetic flux through the loop. An electric field is generated in t.he metal windings

as a result of the impressed AC current. If the direction of this electric field is in

the positive x-axis direction, equation (2.1) can be simplified to

lax y

VxE=L t9Ex 813
az = (2.2)

I E 0 0

which demonstrates the commonly referred to "right-hand-rule". Notice that be-

tween metal conductors magnetic flux will interfere negatively with the illustrated

current directions in Fig. 2.1.

The electric field interactions can be described with another one of

Maxwell's Equations, Gauss' Law for Electricity with
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(2.3)
fo

in free space, which states that. the electric flux out of a.ny closed surface is pro-

portional to the total charge within t.he surface. In a spiral inductor these electric

field interactions should ideally be minimized due t.o their harmful capacitive and

ohmic loss effects'. The lateral electric field is caused by a voltage difference be-

tween the adjacent metal conductors. A resulting lateral displacement current is

generated. Depending on the height of the oxide and how far the electric field

penetrates into the substrate, a conduction current can also be generated in the

substrate, resulting in ohmic losses. In developing new processes a major consid-

eration should be the minimization of this field penetration into the substrate by

increasing the thickness of the oxide.

The shunt electric field is caused by t.he voltage difference between the

metal conductors and the silicon substrate. At low frequencies the electric field

causes displacement currents to flow through the oxide. Displacement and con-

duction currents continue to flow from the oxide/substrate interface into the sub-

strate. The ohmic losses generated in the substrate due to the conduction current

will depend on the conductivity (resistivity) of the silicon substrate. In general

substrate conductivity (resistivity) values ranging from 1 o S/rn (0.01 Il-cm) to

10 S/rn (10 Il-cm) can be considered high to low conductivities.

'Often referred to as parasitics.
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2.1.2. Metal Losses

Due to nonzero resistivity of metal layers there are resistive losses in the

metal windings. For rectangular shaped conductors. like those used in construct-

ing spiral inductors, the 'DC' resistance can be expressed as

1
Rd =

OtL't
(2.4)

where w is the width and t is the thickness of t.he conductor. The thickness and

conductivity of the metal are process parameters that are not easily modified. In

order to improve performance many companies t.oday are creating special pro-

cesses for designs that require high performance spiral inductors that increase

conductivity and/or thickness.

At low frequencies the DC resistance dominates with a constant current

density as illustrated in Fig. 2.2. At higher frequencies magnetic fields penetrate

the metal conductors and generate eddy currents. The generated eddy currents

in the metal conductors reduce flux coupling that results in reduced inductance

values at higher frequencies [18]. A resulting non-uniform current distribution is

observed, often referred to as the proximity effect, which is illustrated in Fig. 2.2.

Another change in the uniform current distribution at higher frequencies is referred

to as the skin effect. The magnitude of fields and currents decrease exponentially

with penetration into the conductor as calculated by the skin depth, which is

defined as

1

,/7rf/La
(2.5)

The skin effect results in current flowing in the outer area of the conductor, also

illustrated in Fig. 2.2. This effectively reduces the cross sectional area of the

conductor causing a frequency dependent increase in the series resistance.
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:i'
DC Proximity Effect Skin Effect

FIGURE 2.2. Visual representation of the effects on current distribution in spiral
inductor metal conductors.

2.1.3. Substrate Losses

A major consideration in the design of integrated spiral inductors is the

process in which the inductor is constructed. In many cases the silicon substrate

is heavily doped, which leads to high ohmic losses when current flows through the

substrate [19]. The spiral inductor is usually separated from the silicon substrate

by a layer of silicon oxide as illustrated in Figs. 1.1 and 2.1. However the magnetic

and electric fields illustrated in Fig. 2.1 can still penetrate into the lossy silicon

substrate.

The time-varying magnetic field generates current in the substrate called

substrate eddy currents. To illustrate the direction of the eddy current in the

substrate a visualization of the eddy currents flowing in the substrate is shown

in Fig. 2.3. Current flowing in the lossy substrate generate ohmic losses that are

reflected back to the spiral inductor by increasing series resistance in a frequency-

dependent manner. Since the eddy current flows in the opposite direction of

current flow in the spiral inductor the eddy current generates an opposing mag-

netic field. As a result the series inductance of the spiral inductor decreases. In
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FIGURE 2.3. Visual representation of the induced eddy currents in the silicon

substrate below a spiral inductor.

addition, as frequency increases the skin-depth of the silicon substrate decreases

and the eddy-currents move closer to the spiral. The combined effects result in a

degradation of the inductor quality factor as frequency increases.

2.1.4. Distributed Effects

An increasingly important effect that is becoming apparent in micro-

devices on silicon substrate is the distribution of current. In general distributed

effects in spiral inductors can be observed and easily noted. Distributed effects in

spiral inductors are directly observed as a decrease in the effective series branch

resistance R12(w) at higher frequencies, even to negative values in the frequency-

range of interest, where the series branch impedance is given by

1
Zseries() R12(w) + jwL12() (2.6)

Y12(w)



16

and Y12(w) is the mutual short-circuit admittance parameter of the two-port net-

work. For spiral inductors over high resistivity substrates it is observed that

the series resistance R12(w) has a pea.k followed by decreasing trends. This phe-

nomenon can be attributed t.o distribution of current and the resulting phase delay

between ports.

For low resistivity substrates the onset of the decreasing trends occurs

at higher frequencies as eddy-current losses dominate. A comparison of typical

Ri2(w) characteristics for high and low resistivity is shown in Fig. 2.4. Measure-

ments for two identical spiral induct.ors are shown over 10 S/rn and iO S/rn to

illustrate the noted distributed effects setting in for the spiral inductor on high

resistivity substrate. Anot.her similar spiral is shown on 10 S/rn subst.rate with

slightly lower outer diameter to further illustrate the distributed effects. It is ob-

served that the spiral over iO4 S/rn substrate does not display distributed trends,

however, both spirals on 10 S/rn substrate show decreases in R12(w). Furthermore,

the spiral with larger outer diameter begins with higher DC series resistance but

displays more noted decreases in R12(w) as frequency increases.

This evaluation of the onset of distributed effects is enforced by observa-

tions made by Hasegawa for microstrips over lossy silicon [20]. Microstrips over

moderate to high-resistivity substrates operate in a "slow-wave" mode that de-

creases the wave velocity beyond the wave velocity of the dielectric mode [21]. In

the past this has not caused problems for passive devices because the size of a

wavelength was much greater than the effective length of a passive device. Today,

with the introduction of new silicon processes, the electrical lengths of passive

devices are increasing as operating frequency continues to rise.

In the case of distributed measurements the trends for R12 (w) show a de-

creasing real part, even to negative values. These trends can not be modeled
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FIGURE 2.4. Observed trends in measurements of spiral inductors displaying
distributed trends.

with a single branch impedance consisting of realizable passive circuit elements.

If it is assumed that a non-distributed solution to the single-ended spiral inductor

should only be modeled with realizable branch impedances or admittances (e.g.

non-negative circuit elements), then RLC branches pose an inevitable limitation.

It should be pointed out that. similar trends in R12(w) can be achieved using lat-

eral substrate branches [22]. However, this model creates two major problems

that counter the presented comprehensive modeling methodology. There are not

sufficient degrees of freedom in the model to allow a high-level of modeling flexi-

bility, and the model has no sufficient technique for automated extraction without

using optimization. In addition there are significant inconsistencies in the physical

interpretation of the model, which will be laid out in Sect. 2.3.

Techniques for modeling distributed effects in interconnects are well docu-

mented [23]. In the area of on-chip spiral inductors the techniques used with inter-

connects have been expanded. The Partial Element Equivalent Circuit (PEEC)

technique, which is a method for solving complex electromagnetic problems, is



an example. When the PEEC method is employed for a. spiral inductor the ge-

ometry is divided into a large number of partial elements that are modeled with

resistances, self and mutual inductances and capacitances. Various realizations

of the basic PEEC method have been employed to design on-chip spiral induc-

tors [24-26]. By ensuring that individual elements are much smaller than the

wavelength at the operating frequency, the PEEC model is able to automatically

extract a circuit that includes distributed effects. Another technique is to extract

a distributed capacitance model from the complex input impedance of the spiral

inductor [27]. Although both of these models, especially the PEEC model, have

the potential to be very accurate they are unwieldily due to the large number

of circuit elements and the necessary simulation time that is required to extract

them. It is more desirable to model distributed effects using the minimum num-

ber of elements. As a ladder network can be used with

the minimum number of elements to effectively model a loss-less transmission line

required for a given bandwidth [28].

2.2. CAD Modeling Techniques

The current demand for integration of on-chip passive devices has greatly

increased the demand on Computer Aided Design (CAD) [29]. The CAD engi-

neer has the difficult task of providing accurate models in a timely fashion to a

variety of circuit designers, each with unique requirements. The task is further

complicated by the need to utilize premium chip space to obtain optimum per-

formance from the passive device. Currently there is no effective, reliable way to

predict inductor performance absent a measurement system. This forces the CAD

designer to measure and model many inductor variants from which the circuit de-
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signer can choose. Due to expense constraints, many devices can not be physically

measured and, therefore, only exist in the form of computer simulations. All of

these issues combine to present a difficult dilemma for the CAD engineer. To ad-

dress these issues a design methodology for CAD modeling of spiral induct.ors is

presented. The comprehensive modeling methodology produces accurate models

from measurement or simulation data with an automated extraction approach.

2.2.1. Custom Simulator Characterization

Recently, an increasing number of sources for custom electromagnetic (EM)

modeling simulators have been made available. This increase is a direct result

of the high cost of measurement characterization and an attempt t.o improve

the quality of devices prepared for measurement characterization. These custom

simulator tools are optimized and coded specifically for the integrated passive.

Unfortunately, the accuracy of these custom EM simulators can be poor due to

low portability from one process to another. The main benefit of these custom

EM simulators is availability and speed.

An important example of a custom simulator for integrated passives

is Analysis and Simulation of Spiral Inductors and Transformers for ICs

(ASITIC) [30-32], which is an implementation of PEEC for spiral inductor mod-

eling. There have been reports of good success in using this tool to model spiral

inductors.

Other commercially available custom simulators include OEA's Spiral [33]

and National Technical University of Athen's SISP [341. These simulators imple-

ment methods that increasingly allow merging of the IC design flow. Along with

the varied commercial software there has been an increase in the number of free
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custom simulators for spiral inductors as the final product. of Master's or PhD

thesis work. To effectively implement any of these simulators in a design flow

requires extensive testing and calibration to measurement data. However, these

simulators never completely remove the need for measurement. sources.

2.2.2. Electromagnetic Simulator Characterization

The general EM simulators differ from custom simulators in that they

are useful for solving arbitrary EM problems. With the inherent flexibility of the

general EM simulators the simulation of integrated passives can be addressed. Yet

almost all general EM simulators can not sufficiently address imperfect conductors

and lossy substrates simultaneously. The resulting gap has introduced difficulties

for engineers looking to accurately capture the characteristics of spiral inductors

on lossy silicon substrate.

A commonly used EM simulator is Ansoft's HFSS [35] which is a full-wave,

3-D simulator that implements the Finite Element (FE) method. This simulation

tool has proven very useful for solving EM problems but has many limitations

in accurately producing results for spiral inductors on lossy silicon. This is a

direct result of an inability in the port solver to properly handle lossy conductors

together with semi-conductive dielectrics. Other commercially available packages

include Agilent's Momentum [36] and Sonnet Software's Sonnet Suites [37] which

are "2.5-D" simulators that implement the Method of Moments (MoM).

2.2.3. Comprehensive Wide-Band Compact Modeling

A wide-band compact modeling methodology is based on the ability to

model device characteristics (whether produced from simulation or measurement)
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with the least number of ideal circuit elements to capture the various physical

effects over a wide-range of frequencies. It is also desirable to allow for a method

of automated extraction that minimizes computation time (e.g. without. the im-

plementation of optimization techniques). There have been a number of compact

models developed for spiral inductors that attempt to accurately characterize a

limited class of spirals, often without a presented automated extraction method

(see Sect. 2.3).

A comprehensive wide-band compact modeling solution for integrated pas-

sives will be presented. The presented solution was developed in general for inte-

grated inductive passives, and discussed in this thesis for the single-ended spiral

inductor and differential spiral inductor. The model is compact with a limited

number of ideal circuit elements. The model accurately captures the physical ef-

fects over a wide-range of frequencies. Lastly the solution includes an automated

extraction procedure that is computationally efficient.

2.3. Existing Compact Models

There are a number of existing compact models for spiral inductors on sil-

icon. Each compact model has been developed over the years to address specific

modeling issues. As silicon process technology continues to progress and oper-

ating frequencies continue to rise, many existing compact models have become

less accurate over wide frequency ranges. In developing new compact models it is

important to study existing compact models and expand where needed.
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FIGURE 2.5. The previously presented "9-element" compact model for spiral
inductors on silicon.

2.3.1. "9-element" model

The most commonly used compact spiral inductor model is the standard

"9-element" H-model (e.g. [4. 38]) as shown in Fig. 2.5. The series branch of the

9-element model consists of a series combination of an inductor and a resistor

together with a parallel-connected capacitor, which may be thought of as repre-

senting the capacitive coupling to the underpass as well as between the turns of

the spiral inductor. While this model is useful over a limited frequency range

for electrically small spiral inductors on low-loss substrates, it does not properly

model distributed effects as well as higher-order loss effects, including conductor

skin and proximity effects in the metallization and eddy-current loss in the sili-

con substrate for heavily-doped silicon processes. The lack of a single accurate

wide-band model typically leads to the creation of many narrow-band models for

a given spiral inductor. The problem of producing multiple narrow-band models

is compounded by the availability of many different spiral inductors for a given
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silicon process. A wide-band modeling approach significantly simplifies this bot-

tleneck in the design flow by providing a single model for a given spiral inductor.

A wide-band spiral inductor model also has the capability of providing a valu-

able accurate response outside the main frequency-band of interest for a specific

application.

2.3.2. Single-fl Model with Lateral Substrate Branch

Anot.her present.ed compact model uses a lateral substrate branch in a

modified single-fl model [22]. as shown in Fig.2.6. Similarly a more complex model

has recently been developed that uses lateral substrate branch to model conduction

currents [39]. The basis of these models is to capture the additional effect of

displacement and conduction current flow t.hrough the substrate. This would be

due to lateral electric field penetrating into the substrate as shown in Fig. 2.1. In

developing a model it is important to determine the amount of effect this current

is actually having on inductor performance. In other words what is the physical

effect that is occurring to create such. "distributed" trends previously mentioned

in Sect. 2.1.4. If t.he physical effect is actually due to lateral displacement and/or

conduction currents through the substrate then lateral substrate branches should

be used.

Using only a resistor in the lateral substrate branch, shown in Fig. 2.6,

produces an inconsistency. To achieve necessary trends the lateral resistance must

increase as conductivity in substrate increases. When the lateral resistance is

infinity it is an effective open circuit and equivalent to the model without lateral

substrate branch which should align with a spiral inductor over high conductivity

substrate. An example of this behavior is seen in Fig. 2.4. To achieve the trends
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FIGURE 2.6. The previously presented compact model for spiral inductors on
silicon with lateral substrate branch.

seen with iO4 S/rn substrate a very large resistance would be placed in the lateral

substrate branch.

Examination of the lateral substrate branch with capacitor to model dis-

placement current does not contain this inconsistency. However, to test the va-

lidity of this model measurements can be examined. In Fig. 2.7 measurements

are shown for the important R12 (w) characteristic for two similar spiral inductors

on 10 S/rn substrate. Two changes have been made to see whether the displace-

ment and conduction current are having an effect. One of the spiral inductors has

been moved closer to the silicon substrate and separation of metal windings has

been decreased. This should allow for more pronounced lateral conduction and

displacement. current effects. As shown in Fig. 2.7 an inconsistency is apparent

in that the spiral inductor farther from the substrate and with wider separation
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FIGURE 2.7. Observed trends in measurements of spiral inductors when investi-
gating lateral substrate current.

displays the more pronounced decreases in R12(w). This tends to suggest that lat-

era! displacement and conduction current is not flowing appreciably and a lateral

substrate branch is not necessary.

2.3.3. Single-H Model with Transformer Loops

Figure 2.8 shows the wide-band single-fl equivalent circuit model for spiral

inductors. The inductance Ld and resistance Rd in the series branch represent

the spiral inductor's series resistance and inductance at the low frequency limit,

respectively. The inductance and resistance R32 simulate the transformer

loop to account for the frequency-dependent losses. The mutual inductances M3

between L3 and Ld can be thought of partly representing the inductive coupling

between the spiral metalization and the semiconducting substrate. The impedance

of the series branch with transformer loops is given by [40]
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FIGURE 2.8. Wide-band compact equivalent circuit model for spiral inductors
in RFICs in single-H topology.

N
M82(jw)2

Zseries (w) = Rd + j(dJLd (2.7)
+ jwL1'

where N is the number of transformer loops. With only a single loop, the series

circuit is effectively a simple transformer with a resistive load. Each additional

transformer loop adds an extra term to the summation in equation (2.7), which

allows for more variability in the frequency response. In equation (2.7) the el-

ement L32 is arbitrarily chosen as lpH to uniquely determine the equation (see

APPENDIX A). It should also be pointed out that there is no inter-winding capac-

itance connecting port 1 and port 2, as is commonly used in the 9-element model.

The inter-winding capacitance is used to model an increase in effective L12(w) at

higher frequencies; however, distributed trends will be present and pronounced

at lower frequencies, resulting in the need for a double-fl model. The double-H

model described in the following section includes an inter-winding capacitance.
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The st.andard C C/C topology consisting of ideal G and C elements

is used for the shunt branches in the H configuration of the wide-band compact

model. Increased flexibility can be realized by adding one or more parallel G/G

combinations in series with the basic C G/C circuit. The impedance of this

augmented shunt circuit is

1 1

shtzntk (w) jwCoxk

N
1+G +iwCsubk,

i=1

(2.8)

where N is the total number of C/C combinations in the shunt circuit and k is

the branch number.
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3. NEW COMPACT MODELING METHODOLOGY

3.1. Introduction

This thesis presents a new comprehensive methodology for wide-band com-

pact modeling of on-chip spiral inductors, including automated component value

extraction. The proposed wide-band models consist entirely of ideal lumped el-

ements to make them compatible for transient analysis in common circuit simu-

lat.ors. In order to make the models wide-band, two major frequency-dependent

effects are included. These are frequency-dependent series loss in the metalization

and lossy substrate, as well as distributed effects.

Frequency-dependent series loss in the spiral induct.or is modeled using

transformer loops (similar to the substrate current loops used in the equivalent

circuit models for on-chip interconnects [40, 41]). A simple transformer structure

has also recently been used for scalable modeling of spiral inductors [421. The

single-fl model augmented with transformer loops to incorporate the effects of

frequency-dependent series loss in spiral inductors achieves high accuracy over

a wide frequency range, in particular for spiral inductors on low-resistivity sub-

strates, where eddy-current loss in the substrate is dominant. [43, 44].

The limitations of the single-fl network topology (Fig. 3.1) become appar-

ent as the physical size of the spiral becomes electrically larger and distributed

trends set in as described in Sect. 2.1.4. The decrease in R12(w) cannot be rep-

resented by the one-port branch series impedance element Z1(w) in Fig. 3.1

consisting of only ideal lumped R, L, C elements. In order to represent these

distributed effects, a compact distributed model topology consisting of two cas-

caded fl sections (double-H network topology [45, 46]) is utilized, as illustrated

in Fig. 3.2. In a limited number of cases where the spiral inductor has low induc-



FIGURE 3.1. Standard single-Il network topology for compact spiral inductor
models.

tance the limitations of the single-il model can be overcome using the single-T

network topology as shown in Fig. 3.3. The corresponding distributed double-

H and single-T equivalent circuit models also incorporate transformer loops to

accurately model series loss effects over a wide frequency range.

Both single-H, single-T, and double-Il compact wide-band models consist

entirely of ideal lumped elements. The component values are determined from

measured two-port S-parameter data using a robust automated extraction proce-

dure based on a least-squares fitting algorithm [47] and a scaling technique for

the double-fl model. To verify the capabilities and demonstrate the strengths of

the new modeling methodology, a number of sample spiral inductors covering the

common classes of on-chip spiral inductors are extracted from measurement data.

3.2. Modeling Methodology

The primary focus of this work is to set forth a modeling methodology

that can be employed to accurately characterize a wide variety of spiral induc-
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FIGURE 3.2. Distributed double-fl network topology.

tors. In generall, spiral inductors on silicon substrate may be classified into four

categories, as shown in Table 3.1. A number of modeling techniques are currently

available to handle categories 1 and 2 [4. 43, 44, 49]. The more challenging spirals

to model are contained within categories 3 and 4. The difficulties in capturing

the distributed trends in spiral inductors have recently been addressed in [39,

45, 46]. Here, a methodology is present.ed that encompasses all four general cate-

gories outlined above in one comprehensive modeling methodology. Combining the

single-H, single-T, and double-fl network topologies along with a fast, automated

extraction procedure produces a comprehensive wide-band modeling methodology

that can accurately model the common classes of spiral inductors used in modern

silicon-based RFICs.

The modeling methodology can be divided into two general steps. The

first step is to develop a network topology whose frequency-dependent branch

impedance and admittances can be determined from given two-port measurement

S-parameters. Furthermore, the resulting frequency-dependent network branch

admittances and impedances, such as Zserjes (w) and Yshufltk (w) in Figs. 3.1 and

3.2, should be synthesizable in terms of ideal lumped element circuits includ-



FIGURE 3.3. New single-T network topology for compact spiral inductor models.

ing parameter extraction within an automated procedure. In this thesis, the

single-fl, double-H and single-T network topologies shown in Figs. 3.1-3.3 are

employed. The three branch elements in the single-fl model (Fig. 3.1) can be

directly (uniquely) expressed in terms of the three independent, two-port S- or Y-

parameters of the spiral inductor [50]. The double-H net.work shown in Fig. 3.2,

however, has four unknown branch functions. A fourth relationship based on a

scaling technique is formulated in Section 3.4.3. The t.hree branch elements of

the of single-T model (Fig. 3.3) can be uniquely determined in terms of the three

independent two-port S- or Z-parameters of the spiral inductor.

The second step of the modeling methodology is to represent each network

branch in terms of an ideal lumped element circuit and extract the component

values. To simplify this process and avoid the need for extracting complex poles,

the network branches are limited to either G, C or R, L circuits based upon the

physical effects they are representing. The series network branch Zseries (w) is

used to model the frequency-dependent resistive and inductive component of the

inductor, including higher order loss effects. To model the frequency dependence

of the series branches, transformer loops are utilized, as in [40]. The transformer
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TABLE 3.1. General classifications of spiral inductors

Inductor Type lIodeled Effects

Iectrical Size ubstrate Loss Prox-

imity

Skin Substrate

Eddy Current

Distributed

Smalli Large High

1 . . 0

2 . 0 0

3 . . o o 0

4 o o o 0

loops model the effects of the frequency-dependent series loss in the spiral induc-

tor, which can be attributed to conductor skin effect, proximity effect and sub-

strate eddy-current loss for low-resistivity substrates [43, 44]. The shunt network

branches Yshuflik (w) are utilized to model the electrical interactions of the metal

windings with the Si-Si02 multi-layer substrate as presented in [4, 49]. Care

must be taken to choose ideal lumped element circuits that not only accurately

model the frequency-dependent branch impedance Zseries(w) and branch admit-

tances Yshflfltk (w) but are also feasible in the implementation of an automated

extraction procedure.

3.3. Equivalent Circuit Models

3.3.1. Single-T Equivalent Circuit Model

To address the distributed effects that are observed in very small induc-

tance value spiral inductors, the single-fl network topology can be exchanged for
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the single-T network topology. The resulting single-T network model is a subset of

the double-fl model shown in Fig. 3.2 where the outer shunt admittance branches

are removed. The resulting single-T network model is shown in Fig. 3.3. The

main benefits of using the single-T topology instead of the double-il topology are

the reduction in the number of branches and the simplicity of network extraction.

The frequency-dependent shunt admittance and series impedance branches

can be represented over a wide frequency range by ideal lumped element circuits,

similar to the wide-band equivalent circuit model in the single-H network topol-

ogy. The primary difference in the single-T network topology is that the shunt

admittance branch is centered to allow for a C G/C circuit to be lumped at a

central node. The single-T equivalent circuit model is developed for very small

spiral inductors displaying distributed trends (i.e. on low conductivity substrate)

that require lumping of the shunt capacitive effects at a central node. The corre-

sponding new wide-band distributed equivalent circuit model for spiral inductors

is shown in Fig. 3.4. In the small value inductors the capacitive coupling to the

underpass is of increased significance. As a result in the single-T equivalent circuit

model inter-winding capacitances are placed from ports to the central node.

3.3.2. Double-H Equivalent Circuit Model

To include distributed effects in a compact spiral inductor model, the

single-il network topology is extended to an equivalent, higher-order ladder net-

work. The resulting double-H network model is shown in Fig. 3.2. The frequency-

dependent shunt admittance and series impedance branches can be represented

over a wide frequency range by ideal lumped element circuits, similar to the wide-

band equivalent circuit model in the single-fl network topology. The correspond-
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FIGURE 3.4. Wide-band compact equivalent circuit model for spiral inductors
in RFICs in the single-T topology

ing new wide-band distributed equivalent circuit model for spiral inductors is

shown in Fig. 3.5. An additional parallel capacitance is added to include the ca-

pacitive effects between the metal windings of the spiral inductor. Interwinding

capacitance has increased importance when capturing the distributed character-

istics of the metal windings. As in the single-H model, the transformer loops

represent the frequency-dependent series loss effects in the spiral inductor. The

general trend of these loss mechanisms is an increase in series resistance and a

decrease in series inductance with increasing frequency. Distributed effects result-

ing in a decreasing or negative effective series resistance at higher frequencies are

obtained in the new distributed equivalent circuit model through the interaction

of the series branch and center shunt branch circuits. All lumped elements are

chosen in such a way as to accurately model the electrical effects and to be com-
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FIGURE 3.5. Wide-band distributed equivalent circuit model for spiral inductors
in RFICs.

patible wit.h an automated extraction procedure. If this extra precaution is not

taken, an accurate equivalent circuit model can be developed but an automated

extraction procedure may not be feasible.

3.3.3. Differential. Double-fl Equivalent Circuit Model

Further expansion of the generic modeling methodology presented in

Sect. 3.2 leads to the differential spiral inductor. However, the model should

have a number of imposed limitations. These limitations are a result of the need

to maintain a compact and simple equivalent circuit. The differential spiral in-

ductor's primary difference from the single-ended spiral inductor, from a modeling

stand point, is that the differential spiral can be operated in two configurations.

These configurations are often referred to as shorted-tap configuration(differential

operation) and open-tap configuration(single-ended operation). Therefore, the de-



Connection made in shorted tap mode

FIGURE 3.6. Wide-band compact network topology for differential spiral induc-
tors in RFICs in double-fl topology.

veloped equivalent circuit model should allow for easy user modification to switch

back and forth between configurations.

Physically this operation is allowed by creating a center tap, which allows

access to the center point of the differential inductor. This results in a three-port

device. Therefore the developed network topology and equivalent circuit model for

the differential spiral inductor should also be three-port models. The differential

double-fl network topology is shown in Fig. 3.6. It can be assumed that if instead

a two-port model was created for both modes of operations that individually they

would model each configuration with higher accuracy. However, each separate

model would not be usable in to model the alternate configuration.

Another major consideration when developing the differential spiral model

is the increased importance of magnetic coupling. The layout of the differential

inductor takes advantage of current directions in the metal windings to maxi-

mize magnetic coupling, effectively raising the total series inductance. To accu-

rately capture this coupling the series branch Zserjes(W), in Fig 3.6, should be
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coupled. It is not, feasible t.o demonstrate arbitrary coupling between network

branch impedances. instead, there must. be a method for converting this coupling

into branch impedances and branch admit.t.ances in the existing network topology.

The differential net.work topology has been defined and presented. How-

ever, as in the past.. if t.he network topology can not be synthesized with ideal

lumped components usable in SPICE simulators it. is of little use. Furthermore, as

discussed in Sect.. 3.3.2, there should be an automated procedure for determining

these component.s. With these considerations t.aken into account the differential

double-H equivalent circuit model is shown in Fig. 3.7. It is important to point

out the simplicity with which the center tap is modeled. Most commonly the

center tap is an underpass metal interconnect, of finite dimensions. Therefore it

must be modeled as an imperfect conductor. Due t.o t.he limited length of the tap

it should be sufficient to model it as shown. If the tap reaches sufficient length it

will display more distinct frequency dependent characteristics that would require

transformer loops. Since the center tap often passes under the upper layers of

metal windings t.he capacitance to upper levels should be considered. This ca-

pacitance is often negligible and would only need to be considered for differential

spirals with large numbers of turns.

3.4. Extraction Procedure Details

3.4.1. Single-fl Equivalent Circuit Model

As a stepping stone to following extraction procedures the single-H equiv-

alent circuit model procedure can be examined. This procedure was originally

developed by Melendy for single-ended spiral inductors on high conductivity sili-

con substrate [44]. The extraction of the single-H equivalent circuit model begins
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FIGURE 3.7. Wide-band compact equivalent circuit model for differential spiral
inductors in RFICs in double-H topology.

with the network solution of the single-H network shown in Fig. 3.1. The series

impedance can be directly obtained from the Y12 admittance parameter as pre-

viously shown in (2.6). The two shunt branches shown in Fig. 3.1 are extracted

Ei]

= Yi1(w) + Y12(w) (3.1)

Y8hnt2(.j) = Y22(w) + Y12(w) (3.2)

As a final step, a circuit element extraction using Cauchy's method, as described

in Sect. 3.4.6, is performed for the series branch Zseries (w) and the shunt branches

Y8ht1(w) and Y8hflt2(w).

".thj



39

3.4.2. Single-T Equivalent Circuit Model

The extraction procedure for the single-T equivalent circuit. is st.raight for-

ward due to the unique relationship between Z-paramet.ers and the single-T net.-

work. The three branches are extracted as

Zseriesi(W) = Zii(w) Z12(w) (3.3)

Zseries2(W) = Z22(w) Z12(w) (3.4)

1
Y8hflj3(w)

Z12(w)
(3.5)

Similar to the previous section the circuit element extraction is performed

for the series branches Zserjesi(,) and Zseries2(W) and the shunt. branch Y5hflj3(J).

3.4.3. Double-H Equivalent Circuit Model

The extraction of the double-fl equivalent circuit model begins with the

network solution of the double-H network shown in Fig. 3.2. The given inductor

measurements provide three independent two-port network parameters Y11, Y12

and Y22. It should be pointed out that the interwinding capacitance extraction is

trivial and is not shown explicitly in the network topology in Fig. 3.2. Extraction

of the interwinding capacitance is done with high-frequency data and removed

from the measured short circuit admittance parameters as

Y11(w) = Yiim(w) j,iC (3.6)

Y12(w) = Yi2m(c.i) + jwC (3.7)
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Y22(w) = Y22m(W) jwC (3.8)

These three modified independent network parameters are used in the

following extraction process. The four unknown network branches

Zseries(). Yshnnti (w), Yhflt2(w) and Yshun.t3 (w) of the double-H network shown in

Fig. 3.2 are related to the three independent network parameters as

1

Zseries (w)
(YSh12 (w) +

Zseries(u))
Y11(w) = YShflt1(w) +

2
(3.9)

Yshnt2 (w) +
(w)

1 \
Zseries (w))

Y12(w) = (3.10)
shnnt2 (w) +

Zserjes (w)

1

Zseries(W)
(hflt2(w) + 1

)Zseries
= Y8ht3(w) + 2

(3.11)
shunt2 (w) + ,

-'series (w)

Unlike the case of a single-H network, the four network branches cannot be

uniquely determined from the three independent, network parameters. To solve the

network, a frequency-dependent complex scaling relationship between two shunt

branches

Y8hflt2(w) = e(W)YShfl1(W) (3.12)

is defined. The specification of the complex scaling function (w) is achieved sim-

ply in terms of three real scaling constants as described in Sect. 3.4.5. Equat.ions

(3.9), (3.10) and (3.11) together with the scaling relationship (3.12) result in the

following polynomial equation for series branch impedance function Zseries(w):

Y12(w)
(Zseris())2 + (2 e(w))

1
+ (w) (Yii(w) Y12(w)) =0 (3.13)

Zseries (w)

Although the polynomial needs to be solved for every frequency point, the polyno-

mial solution is desirable because it is computationally very fast. With Zserjes(w)

determined, the three shunt admittance branches are found as
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1
Y8hnt,(w) = Y11(w) Y12(w) (3.14)

Zseries (w)

YShflt2(w) = (3.15)

1
= Y22(w) Y12(w) (3.16)

Zseries (w)

The last step, as in previous extractions, is the circuit element extraction

as described in Sect. 3.4.6. The circuit element extraction is performed for the

series branch Zserjes(w) and t.he three shunt branches Y6ht1 (w), shunt2 (w), and

Yshttnt3 (u.$).

3.4.4. Differential Double-H Equivalent Circuit Model

With the double-H equivalent circuit model extraction procedure thor-

oughly developed in Sect. 3.4.3 the procedure can be expanded for the differential

variant. There are two primary changes in the double-H equivalent circuit shown

in Fig. 3.5 to the differential variant shown in Fig. 3.7. These changes include

the addition of inductive coupling, which captures the effective inductance en-

hancement due to the specific layout of the differential and current direction in

adjacent windings. Another important addition is the tap impedance which allows

the formation of the third port.

To work with the coupling inductance M in a network environment, it is

advantageous to move it to network branches. This can be done in a simple way by

looking at the transformer equivalent circuits in Fig. 3.8. The inductive coupling

can then be transferred to a network branch admittance as

1
Ym(W) .

3WM
(3.17)

In the differential spiral inductor the current flow is such that the coupling in-

ductance is negative. The extraction can be seen as being composed of two main
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steps. The first step uses S-parameter data of the differential spiral in the open tap

configuration. The coupling inductance in the Zserjes() branch shown in Fig. 3.6

can be seen as an effective increase in the series inductance without changing its

RL impedance nature. The Y3hflt2(w) admittance shown in Fig. 3.6 can be seen as

a series combination of a C G/C branch, denoted as Ycc(w) and the negative

mutual inductance branch Ym(w) as

Yshunt2 (w) (3.18)
Ym(w) + YCGC(W)

The second major step of the extraction takes the S-parameter data from

the differential spiral in the shorted tap configuration. With this step performed

second it is assumed that all branch impedances and admittances are known except

Ym(i)) and Ztap(W). Here, it is convenient to define the coupling coefficient as

where

M
k

jrr'
(3.19)

0 < kI 1. (3.20)
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In the differential double-H equivalent circuit. where L1 = L2 = Ld, this con-

strains the magnitude of M as

MI <Ldc. (3.21)

With this constraint, the range of available coupling inductances is limited. The

necessary tap impedance can then be calculated using Y12(w) by

where

Z0(w) + 'cent')
(3.22)

Ym(W)Yshunt2(W) Ycenter(W)(Yshnt2(W)

1 +2
Ycenter(w) (3.23)

Zseries(W)

The tap impedance can also be calculated using Y11 (w) using equation (3.22) with

Ycenter(w) calculated with

1
2(Yi1(c') Y8hflt1(w))

Zseries()
(3.24)Ynter()

1
1+ (YSh,t1(W) Y11(w))

eries (w)

Here, the true problem with the self-imposed limitation of including only one extra

branch, as shown in Fig. 3.6, is apparent. It is not possible to uniquely match

Y1i(w) and Y12(w) with only Ztap(). It is imperative to choose one solution, either

of equations (3.23) or (3.24), and minimize the error on the other Y-parameter.

It is found, as described in Sect. 4.2, that the errors produced are minimal and

do not affect overall accuracy.

As before, the last step, is the circuit element extraction as described in

Sect. 3.4.6. The circuit element extraction is performed for the series branch

Zseries (w) and the three shunt branches Yshuntj (w), Yshunt2 (w), and Y8hflj3 (w).
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3.4.5. Shunt Scaling Technique

As mentioned previously (see Sect. 3.4.3), the scaling relationship needed

for the network solution of the double-il network is obtained by simply using real

constants icr, ic2 and ic3 within a limited range that can be quickly scanned. First,

an initial estimate for shunt admittance Yshntj (w) using the single-li network

model in Fig. 3.1 is obtained. The extraction of a C C/C circuit is used to

produce rough estimates for the equivalent circuit parameters CO3 C8b and

CSflbe The estimated shunt branch is given in terms of t.he equivalent circuit

parameters as

JWCoxe (CSibe + JWC8ube)
(3.25)Yestimate (w) =

CStbe + jw(C0 + Csuie)

Scaling of each extracted value is performed using i, ic2 and ic3 to obtain i1CO3

2CSUbe and lc3G1sube, which are scaled equivalents of the estimated CC/C circuit.

With the scaled equivalents, a new C C/C admittance is calculated as

jWki C0 (Fc2Gsube + jWk3CSUb)
(3.26)Yk,scaled(W) =

k2CSUbe +W(KiCoe + k3CSUb)

The two resulting C C/C admittances are used for the creation of a frequency-

dependent scaling factor given as

(K2CSUbe + jIc3wCsub) (CSUbe + + Cb))
(3.27)(w) =,c

+jWCSUbe) (k2CSUbe +J(J)(lClC0e + k3CSube))

In this way the scaling factor (w) is created that has the correct real and imag-

mary trends to allow for scaling of the shunt branches as laid out in equation

(3.12).
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3.4.6. Ideal Lumped Element Extraction

The final step in the modeling methodology is generating ideal lumped

circuit elements for use in SPICE simulators. Once the frequency dependent.

characteristics of the network branches have been solved a unique mapping can

be done to the ideal circuit elements. By limiting the types of network branches

to Zseries(w) or Yhflt(w) this last step can follow a procedure developed by Me-

lendy using Cauchy's method. Similar rational polynomials are developed for

series branches using transformer ioops and for shunt branches using C C/C

elements [25, 43]. The procedure is reviewed in APPENDIX A for application in

the presented modeling methodology.
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4. RESULTS

4.1. Single-Ended Spiral Inductors

4.1.1. Introduction

To demonstrate the broad capabilities of the presented comprehensive mod-

eling methodology a large number of single-ended spiral inductors will be presented

to demonstrate the accuracy and flexibility of the presented methodology. All in-

ductors were fabricated in BiCMOS or CMOS processes and provided by National

Semiconductor Corp. [51]. By presenting such extensive measurement/model com-

parisons, the author seeks to remove the questions that have been raised with

previous models that are only accurate over a very limited set of spiral induc-

tor parameters. First, a set of four inductors with widely varied silicon process

and geometry parameters will be presented. Then, to show a method of improv-

ing model performance over narrowed frequency range, a case study is presented

for an individual inductor. In order to present a particularly difficult model ex-

traction, an extraction of a small inductance value spiral is examined. Lastly,

the presented automated procedure is put to the ultimate test in a high-volume

inductor extraction of 506 inductor measurements.

4.1.2. Overview

To demonstrate the broad capabilities of the presented comprehensive mod-

eling methodology, four inductors from the four general classes of spiral inductors

were modeled. The inductors were chosen to show the flexibility of the model-

ing methodology to accurately characterize a broad class of inductors. A brief
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TABLE 4.1. Descriptions of spiral inductors used for modeling results

Inductor Approximate

Inductance

Substrate

Resistivity

Epi Layer

Resisitivity

Electrical

Size

A 1.5 nH 10 1-cm - Small

B 1.5 nfl 0.01 a-cm 10 Il-cm Small

C 9.5 nfl 10 Il-cm Large

D 4.5 nfl 0.01 Il-cm 10 Il-cm Large

description of the inductors is contained in Table 4.1. Inductor B was modeled

with the single-fl equivalent circuit model. The remaining inductors were modeled

with the double-fl equivalent circuit model for maximum accuracy over the fre-

quency range of 0.1 to 10 0Hz. In order to demonstrate the benefits of modeling

electrically large inductors with the double-H model, single-H models were also

extracted for comparison purposes for Inductors C and D. To illustrate the two

possible outputs of an extraction process, sample results are shown for the single-

H and double-H equivalent circuits. Table B-i lists the circuit component values

of the single-H model for Inductor B obtained with the automated extraction

procedure. Tables B-2, B-3, B-4 lists the double-fl extracted circuit component

values obtained for Inductor A, C and D, respectively.

To demonstrate the accuracy of the models, a number of inductor charac-

teristics that are of importance to circuit designer are shown. Figure 4.1 shows

the short circuit input resistance R11 for Inductors A and B as defined by

1
= Rii(w) +jwLn(w). (4.1)

Y11(w)
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FIGURE 4.1. Modeled input resistance Rii(w) for Inductors A (Double H Model)
and B (Single II Model).

There is slight, improvement in modeling performance for Inductor B above 8 GHz

by using two transformer loops as the higher order effects become more prominent.

Similarly, the R11 (w) results for Inductors C and D are shown in Fig. 4.2. The

benefits of the double-H model are clear in comparison with the results of the

single-il model.

The model results for L11(w) are shown in Fig. 4.3 for Inductors A and B

and in Fig. 4.4 for Inductors C and D, respectively, where Lii(w) is defined in

equation (4.1). Again the benefits of using two transformer loops for Inductor B is

significant in the modeling of L11 (w). The R11 (w) and L11 (w) results demonstrate

the accuracy of the modeling methodology in terms of the one-port input char-

acteristics of the single-ended spiral inductors. The single-H and double-H model
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FIGURE 4.2. Modeled input, resistance Rii(w) for Inductors C and D.

comparison for Inductors C and D provide high motivation in implementing a

double-fl model topology.

The second set of characteristics to show are the mutual resistance R12

and mutual inductance L12 defined by (2.6). The model results for Rj2(c.') are

presented in Fig. 4.5 for Inductors A and B and in Fig. 4.6 for Inductors C and

D, respectively. The results for R12 (w) are the best indicator for the need of a

distributed model. A single-fl model is unable to capture the negative resistance

trends seen in R12(w) at higher frequencies. This is particularly evident for the

large Inductors C and D in Fig. 4.6. The single-H model has poor accuracy beyond

low frequencies because it can not model the decreases in R12(w). When using a

distributed model, the series resistance parameter is able to achieve negative values

because of the presence of the additional shunt C G/C branch at the center.
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FIGURE 4.5. Modeled resistance R12(w) for Inductors A (Double H Model) and
B.

It is noted that Inductor D on high conductivity substrate has less pronounced

decreases in R12(w) compared with Inductor C as was predicted in Sect.. 2.1.4.

Inductor A is a borderline case for the necessity of using a double-H model.

The single-fl model is able to model the inductor accurately up to 6 GHz. To

demonstrate the modeling capabilities of the single-H model prior to decreases in

a model was extracted for Inductor A with measurement data up to 6

GHz. The results shown in Fig. 4.5 illustrate the accuracy of the single-fl model

before diverging from measurement data beyond 6 GHz. While interesting the

single-fl model may not be useable. It is apparent in Fig. 4.9 that peak Q does

not occur for Spiral A until after 6 GHz, suggesting that circuit designers would

request accurate characterization beyond 6 GHz.
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FIGURE 4.6. Modeled resistance R12(w) for Inductors C and D.

Comparisons of the model results for L12(w) are shown in Fig. 4.7 for

Inductors A and B and Fig. 4.8 for Inductors C and D, respectively. Here the

benefits of including an inter-winding capacitance is noted. Without. t.his inter-

winding capacitance the single-fl model can not achieve increases in the effective

inductance L12(w).
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FIGURE 4.7. Modeled inductance L12(w) for Inductors A (Double H Model) and
B.
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FIGURE 4.9. Modeled input quality factor Qii (w) for inductors A, B, C, and
D.

The last performance characteristic is the input quality factor Q (w) de-

fined as

Im(
Qii(w)

Yii(w)
(4.2)

Re(
Yii(w)

The input quality factor is an overall performance measure of a spiral inductor.

To show the flexibility of the modeling methodology in accurately capturing the

overall performance of a wide variety of spiral inductors, the results for Qii (w) are

shown in a single diagram in Fig. 4.9. All four models show excellent agreement

over the entire frequency range from 0.1 to 10 GHz. In particular all models give

accurate peak Q information which is crucial for circuit designers modeling needs.
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Further results are presented à.s a case study of an electrically large single-

ended spiral inductor wit.h an inductance of approximately 9nH. In many designs

there is a narrowed range of frequency range interest. It may not be necessary to

have an accurate model over the entire frequency range from 0.1 to 10 0Hz. In

all the results presented up to this point., models have been extracted over this

wide frequency range.

4.1.3. S-Parameter Comparison

The default data used for comparisons of measurements and models in

this thesis are the following characteristics: Rii(w), Lii(w), R12(w), L12(u.i), and

Q ii(w). These characteristics are used because they offer insight into the operation

of the device for circuit designers. On the other hand the microwave designer

engineers and test engineers are more accustomed to dealing with S-parameter

data as a default. As the RF and microwave circuit design fields continue to

converge the S-parameter data becomes increasingly important for the circuit

designer to understand.

A comparison of modeled and measured S-parameter data is shown for

Inductor C, a previously presented spiral inductor. The real part of modeled 5-

parameters Sii(a.) and S12(w) are shown in comparison with measurement data

in Fig. 4.10 for Inductor C. Likewise, the imaginary part of the modeled S-

parameters Sii(w) and S12(w) are shown in comparison in Fig. 4.11. There is excel-

lent accuracy over the entire frequency range for the modeled S-parameters. This

comparison illustrates the benefits of using the default characteristics (R11 (w),

L11(w), etc...) for viewing the
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FIGURE 4.11. Comparison of modeled and measured imaginary part of
S-parameters Sii(w) and S12(w) for inductor C.
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otherwise undetectable errors. The results also demonstrate the high levels of

accuracy that are displayed for the alternate characteristics in t.his t.hesis.

4.1.4. Narrowed Frequency Range Extraction

For very large spirals with relatively large inductance values it. is natural

that a peak value of Q will be reached at a much lower frequency than for a smaller

spiral. After peak Q is attained the performance of the spiral will continue to

degrade until Q becomes negative. At this point the spiral is acting as a lossy

capacitor. In general it is not desirable to operate a spiral inductor in this range.

Therefore, it may only be necessary to extract a model in this select. frequency

range. This has the benefit of producing a model with improved accuracy over

this narrowed frequency range. In comparison, however, the performance will be

degraded outside this narrowed frequency range.

To demonstrate the usefulness of this strategy, the results for the approx-

imately 9 nH inductor are shown in Figs. 4.12-4.14. The data presented in these

figures represent the measurement data and two model extractions. One extrac-

tion was done over the entire frequency range from 0.1 to 10 Gllz. In Fig. 4.14

it is evident that the peak Q occurs at approximately 1.5 GHz and that this in-

ductor acts as a capacitor beyond 6 GHz. So for the second model extraction a

limited frequency range of 0.1 to 5 GHz was used as an example. The extracted

circuit elements for the full-range extraction are shown in Table B-5 and for the

narrowed-range extraction in Table B-6.

Fig. 4.12(a) shows a comparison of the input resistance Rii(w). The major

difference can only be seen at the peak where the narrowed frequency range ex-

traction gives slightly degraded results. This is expected because this peak occurs







4.1.5. Small Inductance Value Extractions

A final area that requires further investigation encompasses single-ended

spiral inductors with relatively small inductance values' that display distributed

trends. Typically, these inductors have small inductance values due to two reasons:

wide met-al traces and/or short trace length. Often a very short trace length will

allow an inductor to be modeled with single-H model, but not in all cases due

to large number of parameters that contribute to the performance of the spiral

inductor.

This limited set of single-ended spiral inductors requires further investiga-

tion due to the common difficulty in model extraction. This can be attributed to

a number of issues, not the least of which is measurement sensitivity. Assuming

a proper measurement and de-embedding process is achieved, there are still the

difficulties evident in examining the typical geometry of this limited set of spi-

rals. With increased metal trace width it has already been pointed out that series

inductance decreases, however, shunt capacitive effects increase. The limitation

in the presented- double-H model, see Fig 3.2, forces series branches to be equal

due to a limitation of unique input variables2. When this limitation is applied

to small inductance value spiral inductors there is a resulting difficulty in model

extraction.

To address the limitation in the double-H model that forces series branches

to be equal the single-T model was developed. In many modeling cases the single-

'Small inductance values shall be assumed to be in the sub lnH region.

21n general, there are are only three independent network parameters (e.g.

Sn, S,2, S22) for a passive, reciprocal two-port network.
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T model will not be helpful because the capacitive effects can not be lumped at a

central node. However, for the small inductance value spiral inductors displaying

decreases in R12(w) t.he single-T model can achieve high accuracy with a small

number of circuit elements.

Since the single-T model is a subset of the double-H model, the double-

H model can still model t.hese small inductors albeit with difficulty. Often, this

difficulty is more a cause of measurement sensitivities that can be magnified in

the double-H model extraction. In this case the modeling difficulties can be cir-

cumvented by allowing increased computational time in achieving an accurate

double-H model.

In order t.o demonstrate the difficulties and success of a model extraction

for one of these small inductance spiral inductors, a sample case was chosen with

an approximate inductance of 0.65 nH. For simplification the single-T network

was assumed to be symmetric where Zseriesi(W) Zseries2(C.)) in Fig. 3.3. This

reduction further reduces the extraction complexity. A single-T model extraction

was performed taking approximately 15 seconds on a Pentium 4 3.06 GHz pro-

cessor. A double-H model extraction was performed taking approximately 210

seconds using the same processor. The circuit elements for the extracted single-T

and double-H circuit models are shown in Tables B-7 and B-8.

Figure 4.15 shows results for the modeled input resistance R11 (u). The

small input inductance L11(w) can be seen in Fig. 4.16g. Both input charac-

teristics are modeled accurately using the double-H model. The single-T model

3The single-T model with a single transformer loop is not shown solely to reduce clutter

in the plots. The results of the single-T model with a single transformer loop are similar

to the double-H model with a single transformer loop
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FIGURE 4.20. Illustration of t.he T-network using Z-paramet.ers.

4.2. Differential Inductors

4.2.1. Introduction

To accurately present the important results for differential inductors a new

performance measurement is used. The previously used input quality factor is

less meaningful when discussing the differential inductor. The characteristics of

a two-port device as seen with odd-mode excitation are much more critical. The

calculation of the differential input impedance is accomplished by applying odd

mode excitation to the T-network shown in Fig. 4.20. The resulting impedance

seen from Port 1 to Port 2 can be defined as Zd2ff by

(Zi1(w) Z12(w)) (Z22(w) Z12(w))
Zdff(w)

Zii(w) 2Z12(w) + Z22(w)
= Rdff() +3wLdff(w) (4.3)

with resistive and inductive components Rd2 ff and Ld211. This differential

impedance is the input impedance seen between Port 1 and Port 2. Furthermore,

a differential quality factor can be defined as

Qdff(w)
wLdff(w)

(4.4)
Rd211(w)



also referred t.o as t.he Port. 1 to Port 2 quality factor. The previously used perfor-

mance measures such as input quality factor are still relevant since t.he differential

inductor can be operated in a number of configurations.

It should be pointed out that results presented here were implemented

with an automated extraction program that solves the tap impedance based upon

Y12(w). This implementation was discussed in Sect. 3.4.4 and shown in equations

(3.22) and (3.23). The calculated errors in Y11(w) were minimized. This is the

preferred implementation because the input admittance will rarely be used when

the differential spiral is operated in the shorted tap configuration.

4.2.2. Overview

In order to demonstrate the effectiveness of the present.ed modeling

methodology in capturing the performance of the differential spiral inductor, a

sample octangular differential4 was chosen with an approximate inductance of 2.2

nH. The extraction process was performed with inputs of two measurement data

sets for open tap configuration and shorted tap configuration. The extracted ideal

circuit components are displayed in Table B-9.

The modeled input resistance Rii(w) is shown in Fig. 4.21 for both open

and shorted tap configurations. The only change made in the circuit modeled

is a connection of the modeled tap to ground as shown in Fig. 3.6. Similarly,

the modeled input inductance Lii(w) is shown in Fig. 4.22. The shorted-tap

configuration significantly reduces L11 (w) by connecting Ztap(w) and effectively

cutting the spiral in half. These two modeled characteristics are important because

4Similar in layout to Fig. 1.3.
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TABLE 4.2. Overview of Automated Inductor Extractions

Wafer

Number of

Measurements

Successful

Extractions

Extraction

Time (mm)

Average Time

Per Inductor (see)

279 279 2125 457.1

18 18 35.5 118.3

6' 18 18 36.2 120.7

7b 119 119 242.5 122.3

18 18 36.5 121.8

18 18 35.3 117.7

18 18 34.9 116.4

22' 18 18 34.7 115.6

aExtraction performed with 900 MHz Ultra SPARC 111+ Cu processor.

bExtraction performed with 3.06 GHz Pentium 4 processor.

the silicon substrate had a 10 a-cm substrate, which enables distributed trends

in measurements at lower frequencies, see Sect. 2.1.4. The large number and Va-

riety of these measurements provided a good opportunity to test and debug the

inductor extraction process.

An upper level program was written to control the inductor extraction

process. The program requires two inputs: the directory location containing the

measurement files and the file extension of the measurement files. The automated

extraction program needs no further interaction from the user and produces files

containing circuit elements and data showing model performance. In this manner

extraction attempts were made on all 506 measurements. The results of this high

volume automated inductor extraction are shown in Table 4.2.
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The results show the extremely high reliability of the presented modeling

methodology in extracting inductor models for large numbers of measurements

in an automated manner. Also displayed in Table 4.2 are the computation times

associated with particular wafer extractions. The use of a modern processor allows

for relatively low average extractions times of approximately 2 minutes per spiral

inductor measurement.
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5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

A new comprehensive methodology for wide-band compact modeling of

single-ended spiral inductor and differential spiral inductor devices on lossy silicon

substrat.e has been presented. The modeling methodology consists of both a wide-

band compact equivalent circuit model and an automated extraction procedure.

Distributed effects in electrically larger spirals are modeled in terms of a double-

H equivalent circuit topology. A three-port equivalent circuit was presented to

model the differential spiral inductor with center tap.

The frequency-dependence in the equivalent series resistance and series in-

ductance of the spiral inductor is modeled in terms of coupled transformer loops,

which capture higher order loss effects, including conductor skin and proximity

effect and the effects of eddy-current loss in the conductive substrate. The auto-

mated ext.raction procedure is based on Cauchy's method and takes advantage of

the simple mapping, between the coefficients of the rational impedance functions

and the equivalent circuit elements. The extraction process is considerably faster

in comparison with standard optimization techniques. The presented equivalent

circuits remain compact by minimizing the total number of circuit elements re-

quired for accurate modeling. The total number of circuit elements required for

each device is shown in Table 5.1.

To verify the accuracy of the new methodology numerous inductors were

extracted from two-port S-parameter measurements over the frequency range 0.1

to 10 GHz. Results from six spiral inductors and one differential spiral inductor

were presented in detail. The measurement sets were chosen to cover the general

classes of spiral inductor devices on lossy silicon substrate. Results for several sig-



TABLE 5.1. Overview of Presented Compact Models

Circuit Elements

1-Loop 2-Loop

Single-Ended 1-T (symmetric) 9 12

Single-Ended l-T (asymmetric) 15 21

Single-Ended 2-fl 2O 26b

Differential 2-fl 23

5 duplicates

b8 duplicates
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nificant characteristics Rii(w). L11(4, R12(w), L12(w) and Q11(w) were presented.

For the differential spiral inductor results were shown for open and shorted tap

configurations, as well as the Qd2ff (w) characteristic.

The excellent accuracy of the results across all classes of spiral inductors

demonstrates the flexibility of the modeling methodology. The new methodology

for wide-band compact model development for spiral inductors should be very

useful in the design of RF and mixed-signal integrated circuits. The methodology

produces an equivalent circuit with ideal lumped elements allowing for direct

implementation of the model in common circuit simulators such as SPICE for

transient and frequency domain simulation.
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5.2. Future Work

There are a number of significant areas of future research that focus on

improving compact models. improving extraction techniques, and expanding the

modeling methodology to other integrated passives.

The extraction techniques could be improved by generating new pole syn-

thesis techniques for automatically extraction network branches. For example,

generation of a pole synthesis matching to circuit elements for the transformer

loops series branch in parallel with a capacitor. The procedure would be signifi-

cantly more difficult with the generation of complex poles.

The present.ed modeling methodology was shown to have flexibility in

adapting to new passive devices. Yet there is still work that must be done when im-

plementing the methodology for new devices. There are other integrated passives

that are becoming increasingly important that could be modeled. One examples

is the BALUN which would require an asymmetric version of the presented differ-

ential spiral model. Further expansion would allow for modeling of other passive

devices, such as the integrated transformer.

The final area of future work is the adaptation of the modeling method-

ology to an existing design flow. Optimization of modeled characteristics over

narrowed frequency range would need to be explored. The automated procedure

for high-volume extraction has already been presented, but a method for sifting

through the large reams of data must be explored. The final result would be

an integrated procedure for providing the circuit designer with the highest level

of accuracy, minimum footprint, and ideal device characteristics over the widest

possible frequency range.
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APPENDICES



APPENDIX A. Circuit Element Extraction

An important consideration in developing compact models is the need for

a fast and accurate means of extracting the component values. Typically, com-

pact models, including the 9-element model (see Sect.. 2.3.1). are extracted using

time-consuming optimization. Because optimizers involve an iterative solution

process they can be prone to convergence problems, depending on the initial val-

ues supplied by the user. The optimizer may converge to a. "local minimum" or

possibly never reach convergence. To avoid these problems with the more complex

transformer loop model, a robust CAD-oriented extraction methodology using a

least-squares (LS) fitting procedure was developed [43]. Because of the large

number of frequency points and limited number of components, the LS fitting

procedure involves the solution of an over-determined system of equations. Note

that this extraction approach is feasible because of the simple mapping between

the coefficients of the resulting rational polynomial and the component values in

the wide-band compact model.

As the impedance functions developed in equations (2.7) and (2.8) show,

both the series and shunt impedance functions include summations of single pole

terms, which can be rewritten as rational polynomials of jw. To take advantage

of the rational polynomial form, Cauchy's method [47, .48] is used to extract the

coefficients of the rational polynomial and, hence, the component values involved

in the summations. To illustrate the extraction procedure, the main steps in

the extraction are described for the series impedance branch. The shunt circuit

extraction is similar and the main differences will be described.

Examination of the series impedance function (i.e. Zseries()) shows that

at low frequencies RdC and Ld dominate the impedance of the series circuit in the



transformer ioop model. The dc values can be found by separating the measured

data, similar to equation (2.6), into the resistive and inductive parts and extracting

the low-frequency asymptotes of both curves. After obtaining Rd and Ld, the

remaining unknowns are isolated by rearranging (2.7) as

N MRd + jwLd Zseries(w)

ii R
(A.l)T(jw)=:

(jw)2
i=1

+ jwL82

Equation (A.1) shows that the only remaining terms are due to the transformer

loops and are contained in a summation of single pole functions. This summation

can be rewritten as a rational polynomial in jw

T(jw)
a0 + ai(w) +... + an_i(jw)' N(jw)

(A.2)bo+bi(jw)+ +b(jw) D(jw)

Rewriting (A.2) and applying it to each frequency point 'm (m = 1,2,. . . , M)

results in a set of M complex equations of the form

T(jm) D(jwm) N(jm) =0. (A.3)

The total number of coefficients in the rational polynomial is 3 or 5 for the single

and double transformer loop models, respectively, while the number of frequency

points is on the order of 100 for the examples shown in this paper. The example of

the commonly used single transformer loop case can be used to clarify the process.

The set of M complex equations in (A.3) is rewritten as

T(jim) [b0 + bi(jw)] a0 = 0, (A.4)

which must be satisfied at each frequency point of interest. The resulting over-

determined system is solved directly using a standard matrix eigenvalue equation

approach. The components of the resulting eigenvalue vector provide the coeffi-

cients of the rational polynomial set forth in (A.2). A partial fraction expansion



is performed on the rational polynomial to obtain the poles and residues, written

in general as

N(jw) r1 +...+
D(jw) (jw) Pi (jw)

(A.5)

In t.he case of the single transformer loop, the simple mapping function is used to

map (A.1) to the poles and residues of (A.5) as

roTe
(A.6)(jw)po

where L1 is taken as a scaling factor and, as previously mentioned, has been

chosen as lpH for all models presented in this thesis. This value of L3 can be

chosen arbitrarily, but it should be taken into consideration that R82 o L2 and

o './L. Occurrence of an extraction failure will not be dependent on the

arbitrarily chosen value of

The impedance function of the shunt circuits is similar in form to that of

the series branch circuit, as can be seen from (2.8). C0 caxi be extracted from the

low frequency asymptote of the shunt impedance, and the impedance function is

rearranged as

N
1 1 1

Yshufltk(w) jwC G
(A.7)

OXk i=1
subk, + jWCstLbk,i

This form directly leads to an extraction using Cauchy's method as explained

above, where only the simple mapping of poles and residues to the impedance

function (A.7) must be rearranged. In the commonly used C C/C equivalent

shunt circuit, the simple mapping is arranged with (A.7) as

1

Csubkl

(jw) Po
(A.8)

(jw) +



In a similar manner the mappings of C C/C G/C as well as double transformer

loops are arranged. Caut.ion must be given to the generation of the poles and

residues indicated in (A.5), which can result in irrational polynomials due to

measurement noise [25].

Because of the similarities in the impedance functions of the series and

shunt circuits of t.he wide-band compact model, the same algorithm can be used

to extract all branches of the equivalent circuit model, which leads to a very

compact and efficient. extraction procedure. The extraction time for a typical

complete equivalent circuit. model consisting of single or double transformer loops

and C C/C or C C/C C/C shunt circuits typically is on the order of 30

seconds for the single-fl equivalent circuit model and 90 seconds for the double-H

equivalent circuit model on a SPARC UltralO workstation.



APPENDIX B. Extracted Circuit Models

TABLE B-i. Extracted single-fl equivalent circuit parameters for a 1.5nH spiral

on iO4 S/rn substrate

Parameters Single Loop Model [Double Loop ModelliParameters Both Models

RDC 2.3086 1 2.334 l 67.23 fF

LDC 1.408 nH 1.494 nH C8b11 199.05 IF

33785 l 53435 l Gsui 10.39 mS

L83 1 H 1 pH 76.81 IF

M81 17.20 nH 16.07 nH 267.0 if'

R2 - 4955.0 l 10.66 mS

L2 - ipH -

M2 10.97 nH -



TABLE B-2. Extracted double-fl TABLE B-3. Extracted double-fl

equivalent circuit parameters for a equivalent circuit parameters for a

1.5nH spiral on 10 S/rn substrate

Parameters Extracted Values

RDC 0.569 1?

LDC 0.667nH

R51 16.45 kf

1H

M1 5.572 nH

C 10.00fF

23.45 if'

7.457 IF

G8,11 0.146 mS

47.07 IF

13.40 if'

1.707 mS

CO3 8.593 if'

Cb31 6.550 if'

0.2947 mS

4.5nH spiral on iO4 S/rn substrate

Parameters Extracted Values

RDC 1.3002

LDC 2.404 nH

R31 18.71 ku

lizH

M3 10.26 nH

C 15.00ff'

C1 22.31 IF

C8b11 17.63 IF

2.626 mS

CO2 75.85 IF

C1 52.10 IF

Gsb21 2.414 mS

CO3 26.66 IF

Csub3i 46.21 IF

2.626 mS



TABLE B-4. Extracted double-H TABLE B-5. Extracted double-fl

equivalent circuit parameters for a equivalent circuit parameters for a

9.5nH spiral on 10 S/rn substrate 9.OnH spiral over the frequency range

Parameters I Extracted Values

RDC 2.778 11

LDC 4.325 nH

R81 26.0 ku

L81 lpH

M1 13.61 nH

10.00fF

C0 19.71 fF

64.67 fF

9.90 mS

73.01 if'

C21 10.82 fF

2.189 mS

CO3 15.27 if'

31.06 if'

G8b31 1.688 mS

0.1 to 10 0Hz

Parameters Extracted Values

RDC 2.370 Il

LD( 4.108 nH

R81 106.7 k1

L1 1tH

40.14 nH

I_________
35.00 if'

47.55 fF

C3bii 171.1 fF

9.061 mS

CO2 269.7 if'

23.97 fE

3.542 mS

CO3 46.21 if'

10.00 fF

Gb3 1.856 mS



TABLE B-6. Extracted double-H TABLE B-7. Ext.racted double-fl

equivalent, circuit parameters for a equivalent circuit parameters for a

9.OnH spiral over the frequency range 0.65nH spiral on. 10 S/rn substrate

0.1 to 5 GHz

Parameters I Extracted Values

RDC 2.467 1

LDC 4.191 nH

R3, 17.34 k1

L91 11.tH

M81 18.13 nH

35.00 IF

55.00 IF

63.52 IF

4.015 mS

257.0 fF

32.73 fF

2.923 mS

55.27 IF

40.21 IF

G81 2.215 mS

Parameters Extracted Values

RDC 0.274 11

LDC 0.326 nH

R, 11.53 kl

L1 1H

M81 4.456 nH

(. 17.00 IF

31.22 IF

18.89 IF

Gb1 1.912 rnS

C 41.81 IF

C1 10.37 IF

G21 3.326 mS

C3 55.27 IF

Cb31 12.30 IF

1.762 mS
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TABLE B-8. Extracted single-T equivalent circuit. parameters for a 0.65nH spiral

on 10 S/rn substrate

Parameters Single Loop ModelJDouble Loop ModelliParameters Both Models

RDCI 0.2751 Il 0.2659 Il CO3 101.0 IF

LDCI 0.3188 nH 0.3324 nH C8b31 30.37 IF

23.26 ku 54.98 kfZ G8b31 6.874 mS

L811 1jtH lpH

M811 4.273 nH 3.340 nH - -

R1,2 - 5431.8 u -

L$]2 1.tH -

M312 4.247 nH Cw 42.76 IF
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TABLE B-9. Extracted differential double-fl equivalent circuit parameters for a

2.2nH differential spiral inductor

1-Loop

Parameters

Extracted

Values

2-Loop

Parameters

Extracted

Values

Common

Parameters

Extracted

Values

RDC' 0.9322 ci RDC 0.9092 Il CO3, 84.18 if'

Lr 0.509 nH LDC 0.541 nH Csubii 35.74 if'

29.56 kci R1 63.38 ku G8b11 5.952 mS

L31 11tH 11tH

M1 8.703 nH M3 6.143 nH CO2 124.0 if'

R82 11.60 kci Cb2i 41.349 if'

L82 1 jH Gb21 2.693 mS

M32 8.177 nH G0 80.85 fF

k 0.959 k 0.902 C8b31 29.76 fF

M 0.488 nH M 0.488 nH Gb31 5.645 mS

29.4W

Rtap 0.660ci

0.261 nH




