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The advent of low-cost RFIC's fabricated in Silicon-based technologies has 

led to the use of monolithic lumped elements which are located on-die. While it 

is clearly advantageous to have a high degree of integration and thus fewer off 

chip elements, parasitic losses due to semiconducting substrate effects can be a 

performance-limiting factor. Microstrip spiral inductors are key components in 

many high frequency circuit designs, including MMIC's, RFIC's, and mixed-signal 

modules. However, the losses associated with spirals fabricated in a lossy substrate 

environment, such as in CMOS and bipolar technologies, are not accurately modeled 

by the current conventional techniques. This thesis presents a complete modeling 

technique for spiral inductors over such 'high-loss' substrates. 

The quasi-static solution for single and coupled Metal-Insulator-Substrate 

(MIS) microstrip structures has led to the development of methods for calculating 

the self and mutual line parameters r, 1, g, and c, which are in turn utilized in the 

model for the microstrip spiral inductors in the same environment. The equivalent 

circuit model for the spiral inductors is based on the conventional low-loss spi-

ral models with the inclusion of frequency-dependent losses due to semiconducting 
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substrates. The distributed model for spirals in CMOS-based RFICs incorporates 

inductance calculations by the Partial Element Equivalent Circuit (PEEC) method, 

augmented by inductance and resistance calculations for the so-called skin effect 

mode by the spectral domain technique. In addition, the capacitances and shunt 

conductances can be computed by a Poisson solver for layered lossy media; both 

network analog and spectral domain methods are also used to find the shunt admit-

tance per unit length for the microstrip structure as a fundamental element of the 

spiral. Simulations for typical structures have been performed to validate the mod-

eling techniques via comparison with a commercial simulator and network analyzer 

measurements for a 9.5 turn spiral in CMOS for RFIC applications. 
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ANALYSIS AND MODELING OF PLANAR MICROSTRIP SPIRAL  
INDUCTORS ON LOSSY SUBSTRATES  

1. INTRODUCTION 

Inductance is a measure of magnetic flux linkage per unit current, and con-

sequently magnetic energy storage circuit elements are known as inductors. Such 

inductive elements come in a variety of shapes and sizes, ranging from toroids and 

solenoids for relatively large scale circuits, to monolithic structures for use in in-

tegrated circuits. A primary example of the latter is a planar microstrip spiral 

inductor which is an integral part of many radio frequency (RF) and microwave 

frequency circuit designs, as the realizable inductances of such structures are, in 

general, appropriate for the design frequency ranges of interest. 

RF integrated circuits (RFICs) are being increasingly fabricated in silicon 

technology, including CMOS, as a means of cost reduction. The use of spiral induc-

tors in RFICs has created a need for accurate models of these structures in the lossy 

substrate environments which are typical for many silicon-based processes. The 

existing CAD-oriented modeling techniques for microstrip spiral inductors above 

low-loss substrates [1, 2] are not accurate when substrate conductivities are on the 

order of 104 S/m and isolation from the semiconducting substrate is minimal, as is 

typical for a CMOS environment. The primary reason that the low-loss models are 

not sufficient is that the effects of magnetic fields in the semiconducting substrate 

and resultant currents produce considerable degrading effects and can limit a spiral's 

performance. 
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FIGURE 1.1. Example of a Si-Si02-based spiral structure 

This thesis presents a comprehensive analysis and design methodology for 

spiral inductor structures in lossy media primarily for RF applications. An example 

structure of a spiral in a Si-Si02 environment is shown in Figure 1.1 . The tech-

niques for modeling lossless structures are augmented via inclusion of appropriate 

loss mechanisms including radiation and conduction currents in the semiconduct-

ing substrate regions. One resounding theme throughout this thesis with regard to 

inductance calculations is the concept of partial inductance which is reviewed in 

Appendix A. 

Chapter Two presents a general modeling methodology for single and mul-

tilevel spirals in low loss media. The inductance formulae used in this work are 

those of Greenhouse [3], who authored a now heavily referenced paper on a simple 

algorithm to estimate the inductance of planar rectangular spirals. The frequency 

dependence of the spiral inductors brought about by parasitic reactances and con-

ductor and substrate losses are also included. 
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Chapter Three describes the loss mechanisms for microstrip structures above 

semiconducting substrates as is typical in a CMOS or bipolar process. The mod-

eling techniques for spiral inductors in such environments are based on analysis of 

microstrip as a fundamental element of the structures. The losses associated with 

microstrip structures over semiconducting substrates have been addressed in many 

publications including [4-6]. This chapter presents a complete modeling method-

ology that incorporates lumped equivalent circuits for microstrip and spirals. A 

modified Spectral Domain Approach (SDA) using complex dielectric constants is 

used in the computation of capacitances and shunt/transverse conductances. It is 

also shown that a circuit topology based on the physical nature of the structure may 

be employed to represent the frequency dependent behavior of these capacitances 

and conductances. The concept of Partial Element Equivalent Circuits (PEEC), 

which was first developed by Ruehli [19] in 1974, is introduced for highly accurate 

inductance calculations. Sensitivity analysis on the accuracy of different inductance 

calculation methods is also performed. 

Chapter Four examines the effects on performance caused by varying certain 

design parameters for typical spirals and describes the model validation. The effects 

of varying parameters including substrate conductivity and oxide height are analyzed 

to provide general design rules for spirals in a high loss environment. 

Chapter Five contains conclusions and suggestions for future work. 
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2. SPIRAL INDUCTORS IN LOW LOSS MEDIA 

2.1. Introduction 

Analysis of inductors in low loss media is an appropriate area for gaining 

insight into the general behavior of spiral inductors. This chapter deals with the 

design considerations and modeling techniques for low-loss single and multilevel 

spirals. 

An example of a typical single level spiral is shown in Figure 2.1. As a lossless 

dielectric substrate is assumed here, there are only inductances and capacitances to 

be considered for an analysis and modeling effort. The following section is concerned 

primarily with multilevel and muitilayer spiral designs, but the techniques described 

are applicable to any inductor in a lossless medium. 

E 
E 

w=0.2mm 
t=0.005mm -E 

Er=4.5 s=0.2mm h=2.5mm 

FIGURE 2.1. Schematic of an example rectangular spiral 
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2.2. Multilayer Inductors 

Spiral inductors embedded in multilayered media offer an attractive solution 

to the implementation of such off chip lumped elements in RF and mixed signal 

circuits. Design issues to be considered for these structures include the inductance 

values, quality factor, electromagnetic interference (EMI), and the frequency range 

of operation. 

The quality factor, Q, for a spiral inductor is influenced by losses that include 

dielectric, radiation and conductor losses. The substrate loss is an important limiting 

factor in designing on-chip spirals on Si-based ICs such as CMOS RFICs. 

Modeling and design techniques for spiral inductors include lumped element 

equivalent circuit models [1], distributed coupled line models [7-9], or full wave 

simulation [10]. While the last method yields the greatest accuracy for a design, it 

is also computationally taxing, and often a simpler CAD oriented model will suffice 

for given fabrication and material tolerances. 

Closed form expressions for self and mutual inductances of both straight 

planar conductor segments and circular structures have been presented in [1, 3, 11]. 

These expressions lead to an accurate estimate of the static inductance for given 

structural geometry with or without a ground plane. For a complete model of the 

spiral inductor distributed capacitances, losses due to finite conductivity of the spiral 

metallization, and dielectric substrate losses must also be included. 

The radiation analysis for a structure yields additional loss terms in the 

model as well as field expressions which may be used to model coupling of the spiral 

with other components in the far zone. In addition, near-field inductive terms can 

be used to calculate coupling between elements in close proximity. 
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2.3. Design Considerations for Single and Multi layer Spirals 

When considering an inductor structure, parameters such as quality factor 

and self resonant frequency, wo, are key design issues. A maximum usable frequency 

range and minimization of losses are both desirable qualities for an inductor, and 

thus CAD oriented models which can accurately predict these quantities should be 

utilized in the design phase. 

The physical space, or "real estate," occupied by an inductor may also be an 

important issue for the designer. Different inductor configurations, including mul-

tilayered 3-D structures, may be evaluated depending on the particular application 

and design constraints. The CAD oriented models described in this chapter may be 

extended to such multilayered and embedded spiral inductors. Figure 2.2 shows the 

low frequency inductance for a single and two layer structure embedded in a layered 

medium such as LTCC or FR-4 [12] as a function of the number of turns. Multi layer 

structures can be connected in parallel to decrease the resistance and increase the 

inductor Q. Potential advantages of 3-D designs are lower EMI as a result of reduced 

aperture area, as well as lower series resistance for a given inductance value, with 

the former also applying to single layer spirals embedded in multilayered media. 

Dielectric losses in multilayered media may also be calculated. As an ex-

ample, we consider quality factor for spiral metallization on oxide layers over a 

typical silicon substrate (a = 1 S/m). The quality factor based on dielectric losses 

exclusively, Qdl, can be computed as 

w Vliof of e f f 
Qdl = (2.1)a 

where a is the attenuation constant and fell is the effective dielectric constant 

associated with the transmission line representing the metal trace on the oxide layer. 

Upon observation of the plot of Qdl versus frequency in Figure 2.3, it is clear that 
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FIGURE 2.2. Inductance vs. number of turns for single and two layer spirals, 
/1 = /2 = 0.1cm, w = s = 0.002cm, t = 0.00025cm, and separation distance 
d = 0.01cm for the two layer structure 
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w=5 µ m 

h)1(SiO 

100 E2 cm Si 200 µ m 

Si substrate t=200um, conductor w=5um 
60 

50-

40  
h=10um  

-13 300
h=6um 

20 

h=2um 
10 

00	 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
Frequency (GHz) 

FIGURE 2.3. Quality factor, Qdl, vs. frequency for conductors h=2, 6, and 10 
pm above a 200 pm Si substrate. 

for inductors implemented in such Si-based ICs, the structures should be fabricated 

on the thicker oxide layers or second or third level metallization layers in order to 

maximize quality factor. 
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FIGURE 2.4. Equivalent circuit model for spiral inductors 

2.4. Modeling Techniques 

A CAD oriented equivalent circuit model, shown in Figure 2.4, has been 

developed for the spiral inductors [1], which may be extended to multilayered struc-

tures. The method for constructing the equivalent circuit for a rectangular spiral 

employs a modified Geometric Mean Distance (GMD) [3] formulation, incorporat-

ing dielectric and radiation losses and ground plane effects. For a straight planar 

conductor segment, the self inductance, L,, is calculated as, 

Lo = 21[1n(211(w + t)) + 0.50049 + (w + t) /(31)] (nH) (2.2) 

where w and t are the width and thickness in centimeters. For two parallel lines of 

equal length, 1, and GMD separation in centimeters, the mutual inductance is found 

by the following expression, 

Mii = 21Q (nH) (2.3) 

where 
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Q = In [(//GMD) + [1 + (/2/GMD2)]1/2] [1 + (GMD2/12)]1/2 + (GMD /l) (2.4) 

Inclusion of the ground plane effect is accomplished by solving the mutual inductance 

problem with an image inductor of opposite current polarity at a separation distance 

twice that of the substrate height. An appropriate combination of these terms leads 

to the total inductance including a ground plane, and is of the form 

LT = + Mi; + Mori (2.5) 

Capacitance values for a structure must also be calculated to yield an ac-

curate frequency dependent inductance estimate. Both even and odd mode capac-

itances may be calculated via the closed form expressions given in [1], as well as 

fringing capacitances. These can then be easily incorporated into the equivalent 

circuit model. 

Ohmic losses are calculated using the skin effect frequency dependent resis-

tance formulae given in [13]. The series resistance, R, of the equivalent circuit also 

includes a radiation loss term given by 

2 cotto 2 N 
COS (2kh) sin(2kh)1 

= sr, [ + (2.6) 
A 3 (2kh)2 (2kh)377 n=1 

where 77 is the wave impedance, Sn is the average cross sectional area for each of the 

N turns, and k is the wavenumber. Equation 2.6 is derived by approximating each 

turn of the spiral as a magnetic dipole and then summing the contributions of each 

turn to the radiation resistance to arrive at the final expression above. 

In addition, the radiation pattern associated with a typical spiral may be 

calculated from the following expressions for radiated electric and magnetic fields, 

for inductors with and without a ground plane, respectively, 

k210EnN=1Snsin(0)
Ho = sin(khcos(9))eikr

27rr 
771c210 EnN=, Snsin(e)= sin(khcos(0))eikr (2.7)

27rr 
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and 

Snsin(0)
119 = e-jkr

47rr 
nk2/0 EnN Snsin(t9) -ficr= e (2.8)

47rr 

where Io is the current. The EMI in high density modules caused by radiation from 

embedded inductors can be of critical importance for a reliable design. An estimate 

of the coupling effects due to radiation from these RF components may then be ob-

tained using the above expressions. As an example, consider the mutual impedance 

between two coplanar loops above a ground plane, which can be calculated as, 

e-jkdlS2,2k2 2hdiWA°EnArl=1S7111 e-pcvd2+4h2Z771 (2.9)12 47r (d2 + 4h2)3/2 d 

Here h and d represent the substrate height and separation distance respectively. 

Figure 2.5 shows the radiation pattern of an isolated spiral and the mutual inductive 

coupling at 1 GHz with an identical coplanar spiral as a function of distance. The 

mutual inductive coupling may also be evaluated using simple GMD-based formula-

tions or other advanced techniques, such as those based on rigorous analysis of near 

zone fields. 

2.5. Simulations and Measurements 

For model verification, an experimental 10X structure was fabricated and 

tested on a Vector Network Analyzer (VNA), using single port reflection (S11) data. 

The modified GMD-based method is used here to calculate the equivalent circuit 

model for the single layer three turn rectangular spiral shown in Figure 2.6, with 1 

mil copper conductor on a 10 mil duroid (Er = 2.2) substrate. Figure 2.7a shows the 

predicted and measured inductance of the spiral as a function of frequency. Although 
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FIGURE 2.5. a) Radiation pattern of isolated spiral and b) mutual coupling 
between two identical coplanar spirals as a function of distance at 1 GHz 
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1.06 cm 

w  

Er=2.2 s  h 

s=w=0.0203cm 
1.06 cm t=0.00254cm 

h=0.0254cm 

FIGURE 2.6. Schematic of the 3-turn rectangular spiral 

the modified GMD model provides a conservative estimate for inductance, the usable 

frequency range and resonant frequency are in good agreement. 

Quality factor was also calculated from the VNA reflection measurements. A 

comparison of measured and simulated Q factors is shown in Figure 2.7b. Q values 

between 20 and 25 were obtained for a frequency range of 75 250MHz. 

2.6. Conclusion 

In conclusion, CAD oriented modeling techniques may be used to simulate 

the performance of spiral inductors in multilayered media. The design methodol-

ogy presented has been validated by experimental VNA measurement. Inductor 

parameters such as usable frequency range, near and far field coupling estimates, 

and quality factor are extractable from the models which can be used in the design 

phase of RF or mixed signal modules. 
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Frequency Dependent Inductance of Rectangular Spiral 
240 
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20 
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FIGURE 2.7. a) Inductance and b) Quality Factor as functions of frequency, 
simulated, VNA measurement 
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3. ANALYSIS AND MODELING OF SPIRAL INDUCTORS IN 
LOSSY MEDIA 

3.1. Introduction 

As standard silicon-based circuit technologies are being used for higher fre-

quency designs, their usage for implementing microwave structures has also become 

a topic of recent interest. A primary component of many monolithic microwave 

integrated circuit (MMIC) and RFIC designs is a spiral structure used to realize 

an inductive element. One major concern facing designers contemplating the fab-

rication of such spirals in a silicon-based environment is the resulting poor quality 

factor due to lossy substrates and high resistivity metallization when compared to 

inductors manufactured in other established microwave media, such as GaAs [1]. 

However, lower fabrication costs make these structures attractive, as long as reason-

able performance can be achieved. 

3.2. Microstrip in Si -SiO2 

Microstrip structures fabricated in lossy substrate processes, such as those 

in CMOS and bipolar technologies, are a topic of continued interest due to the 

need to implement transmission line structures for on-chip interconnects as well as 

producing other traditional microstrip structures on-die, such as filters, MIM ca-

pacitors, and spiral inductors. While the properties of microstrip lines above lossy 

media have been studied extensively in [4] and [5], current modeling techniques for 

spirals above lossy substrates have not properly incorporated all substrate effects, 

particularly substrate currents, which can have a dominating effect for certain fre-

quencies, substrate conductivities, and geometries. Hence, a general analysis of the 
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substrate effects and development of a modeling technique are necessary for both 

simple single-level spirals (SLS) as well as more complex structures such as the 

designs described in [l4]- [16]. 

First, we consider propagation characteristics of an Si-Si02 microstrip con-

figuration as a basic element of the planar spiral inductor. The planar conductor is 

above a double layer substrate consisting of oxide over bulk silicon. As described 

in the literature [4], three fundamental modes, namely, slow-wave, skin-effect, and 

quasi-TEM, will propagate in such a system, each having a certain frequency range 

for a given set of material parameters. Of particular interest for the case of the 

microstrip spirals in CMOS technology is the skin-effect mode, as this is the prop-

agating mode near the first resonance. 

The skin-effect mode begins to propagate when the skin depth 6 is on the 

same order as or less than the silicon substrate height. In other words, with increas-

ing frequency, the semiconducting substrate begins to behave as a lossy conductor 

wall and the longitudinal currents, which lower inductance per unit length, are closer 

to the silicon/cilicon oxide (Si/Si02) interface. One method of analyzing the series 

impedance terms of this structure is through application of Wheeler's method (in-

cremental inductance rule) [17], which yields an inductance and associated loss that 

are both frequency dependent. An equivalent circuit model for a Si-Si02 coupled 

microstrip line configuration is shown in Fig. 3.1. The capacitances and shunt con-

ductances are determined via a quasi-static Spectral Domain Analysis (SDA) [18] 

with complex dielectric constants. The equivalent shunt elements may be deter-

mined by evaluating the structure using SDA at one frequency and then forming 

the model topology, which in turn yields an overall frequency dependent capaci-

tance and conductance that are in agreement with SDA results over a broad range 

of frequencies. The relationship between Csub and Gsub is taken as, 



17 

\ 
C 

E 1 Si02 

E2, 62 Si 

L(t) 

I [ 

Cox-i- Cm -j-Cox 

1 1Cs G Cs 

I 

(f) 

L(f) 

R(f) 

FIGURE 3.1. Equivalent circuit for Si-Si02 microstrip coupled lines in skin effect 
mode 
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0-sub ,--,
G sub sub (3.1) 

Esub 

which is based entirely on the physical nature of the structure and also provides a 

unique solution for the conductance and both capacitance values. Distributed induc-

tances and resistances are calculated using a modified Partial Element Equivalent 

Circuit (PEEC) [19] methodology including a frequency dependence to account for 

the skin effect mode. The frequency dependent series resistances incorporate the 

effects of finite skin depth in the metallization as well as loss in the semiconducting 

substrate. The substrate losses due to longitudinal currents are computed by finding 

the quasi-static solution to the magnetic vector potential equation in each layer i [6] 

(3.2)V2Azt(x, Y) = iwiloazAzi(x, Y) 

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

ditions (e.g. Az = 0 on the ground plane). In the semiconducting substrate region, 

the current density is computed as 

Jz (x, y) = iwasubAz (x, y) (3.3) 

Fig. 3.3 shows the current density below the oxide as a function of frequency and 

depth for a typical Si-SiO2 microstrip structure with hox = = 120/1m, 

and crsub = 104 S/m. Similarly, Fig. 3.2 displays the normalized longitudinal current 

density, jz, in a cross section of the substrate directly below a unitary filament of 

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

the vertical direction at the substrate/oxide interface, and also in the horizontal di-

rection in the area beneath the strip, as evidenced by the overall magnitude increase 

of the peak longitudinal substrate current density with frequency. 
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3.2.1. Line constants: r, 1, g, and c 

An examination of the per unit length (p.u.l.) line constants r, 1, g, and c, of 

a single microstrip structure provides insight into the mechanisms behind the three 

propagation modes and the transitions between them. Here the behaviors of these 

line constants for a typical MIS microstrip structure are discussed. 

For low values of o-sub, shunt capacitance and conductance are minimized, and 

correspondingly inductance is maximized and series resistance minimized, resulting 

in a quasi-TEM dielectric propagation mode for the two-layer microstrip structure. 

The minimization of the shunt elements can be explained by viewing the double 

layer substrate as a series connection of two capacitances with the semiconducting 

capacitance being complex. Thus, when asub is zero, the total shunt capacitance 

is real and minimum in magnitude, and conversely as asub goes to DO , only the 

insulating layer capacitance remains since the semiconducting substrate capacitance 

is maximum and almost completely imaginary (i.e. a pure shunt conductance). 

It is also intuitive that the series impedance value becomes completely inductive 

when Osub is zero (assuming zero metallization loss) since there are no losses due to 

longitudinal currents in the semiconducting substrate. In addition, this inductance 

is the maximum value for the structure, as any longitudinal substrate currents would 

be opposing the current in the strip and only serve to reduce the total magnetic flux 

linkage. 

For moderate values of asub and relatively low frequencies, a so-called slow-

wave mode propagates. The reasons behind this behavior become evident when the 

capacitance values are examined. Considering that capacitance is a monotonically 

increasing function of asub for a fixed frequency, it is clear that if inductance does 

not decrease significantly while capacitance increases, then the phase velocity, which 
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is proportional to 1/ LC, will be lower. Thus, the mode of propagation in this case 

is a `slow'-wave mode. Another way to view this phenomenon is from the energy 

storage perspective. The magnetic energy storage mechanism is essentially that of 

an air-filled microstrip structure, whereas electric energy is stored almost completely 

in the insulating substrate layer and air above the strip, as this is the dominant shunt 

capacitance for this mode. Thus, as pointed out in [4], the energy transfer across 

the interface results in a slower propagation velocity. 

The skin depth, 6, of a material for a given frequency is a measure of the 

electromagnetic field penetration into the medium and is useful in general for struc-

tures with dimensions on the same order of or greater than 6. When we consider the 

case for which //sub > 6, there are significant implications for the series impedance 

terms, r and 1. As asub increases, the current density in the semiconducting sub-

strate also rises. This reduces inductance as current of opposing polarity is flowing 

closer to the strip conductor, thus reducing flux linkage and consequently the net 

inductance. Resistance rises in accordance with the increasing current density and 

resultant crowding in the semiconducting substrate below the strip. 

To exemplify the behaviors of the line constants and the associated modes, 

Figures 3.8, 3.7, 3.6, and 3.5 display r, 1, g, and c as functions of frequency and lower 

substrate conductivity for a typical MIS structure, shown in Figure 3.4. The ranges 

of asub for each plot have been chosen to show the greatest amount of change in each 

of the line constants for the given frequency range, the same in all four cases. The 

fact that the transitions for r,l,g, and c do not all occur in the same frequency range 

provides insight into why the three fundamental modes exist. In general, a typical 

MIS structure with a relatively high ( > 103 S/m) lower substrate conductivity 

will exhibit all three modes, beginning with slow-wave, then transitioning in the 

skin-effect mode and finally the quasi-TEM dielectric mode. 
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3.2.2. Mutual Capacitance and Inductance 

The mutual reactive immitance terms for a coupled line system are also ad-

versely affected by the presence of a conductive substrate. Figure 3.10 shows the 

mutual inductance and capacitance for a two line structure shown in Figure 3.9. 

As for self inductance, the mutual inductance decreases with increasing frequency 

due to larger longitudinal substrate currents. The increase in mutual capacitance 

for lower substrate conductivity is due to higher displacement current through both 

dielectrics. This behavior may be interpreted as follows, at low frequencies a dielec-

tric layer with a finite conductivity will have primarily conduction currents while 

above a particular frequency the displacement current will dominate. The frequency 
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FIGURE 3.9. Example Si-Si02 coupled microstrip line structure 

range in which this transition between conduction and displacement current occurs 

is directly proportional to 0- sub. 

3.3. Overview of Modeling Techniques for Spirals in Lossy Media 

A number of design techniques have been proposed and tested for spirals 

in lossy media, including use of multiple metallization layers connected in parallel 

[14] and/or high resistivity Si substrates [15], as well as air-suspended spiral designs 

[16]. A spiral's inductance, quality factor, and self-resonant frequency are key design 

considerations. Any scalable models developed must be able to accurately predict 

such figures of merit. In order to model the Si-based spirals, a CAD-compatible 

method incorporating GMD and Partial Element Equivalent Circuit (PEEC)-based 

inductance calculations [3, 19], and Spectral Domain Analysis (SDA)-based compu-
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tation of capacitances and conductances [18], is implemented. The resulting scalable 

circuit model includes the effects of frequency dependent reactances and the asso-

ciated losses due to semiconducting substrates, imperfect dielectrics, and conductor 

metallization for spiral designs, and thus allows for optimization of performance for 

a desired inductance and frequency range. 

3.3.1. Partial Element Equivalent Circuits (PEEC) 

Partial Element Equivalent Circuit (PEEC) [19] models are derived from 

integral equation solutions based on the summation of all electric field sources within 

a conductor geometry, 

J aA 
a at (3.4) 

and their respective time and spatial dependence. The three main computational 

tasks involved are inductance calculations, capacitance calculations, and network 

analysis. 

Formulation of a PEEC model first requires that a structure be broken down 

into volume cells which form a basis for the nodes in the final PEEC. The unknown 

quantities (i.e. current and charge) are assumed to be locally constant within their 

respective cell boundaries. Thus the equivalent circuit element values may be cal-

culated and utilized in solving the integral equation for a single cell or between two 

cells, the latter applying to mutual inductive and capacitive terms. Inductance and 

capacitance values may be calculated via the closed form expressions presented in 

[20]- [21]. The resulting equivalent circuit model then consists of partial self and 

mutual inductances and capacitances, with the number of each being determined 

by the number of nodes and significant coupling terms (Lpu, Cpu) included. 
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Time retardation effects may also be included in the PEEC models for ge-

ometries having dimensions which are large in comparison to wavelength. For a 

region with uniform properties er, , the retarded time is given by, 

IT f-' (64t' = t (3.5) 
c 

where f- and r' are vectors from the origin and c is the speed of light. While 

a retarded PEEC model solver is more difficult to implement due to the delays, 

the difference between the retarded and non-retarded solutions may be significant 

enough to warrant the extra analysis efforts [22]. For EMI problems, the far coupling 

terms can have appreciable phase lags associated with them when the spectrum of 

the excitation contains frequencies such that the condition Tip /max << 1 is no longer 

satisfied. 

PEEC models which do not include retardation are entirely CAD compatible, 

as they consist solely of lumped elements with mutual coupling. Thus, any popular 

simulation tool, such as Libra and MWSpice , may be used to obtain frequency or 

time domain descriptions for any node in the network. 

The PEEC methodology lends itself well to the analysis of multiconductor 

systems with three dimensional geometries. Such a class of conductor arrangements 

includes multilayered lumped elements. Although the standard PEEC methodology 

can be used to compute both the inductances and capacitances associated with 

the spirals, an alternate efficient and accurate spectral domain technique for the 

computation of capacitances and conductances associated with structures on semi-

insulating silicon substrates [18, 23, 24] is used for the models contained herein. 

Spiral inductors which have their 'windings' on multiple metallization levels can be 

accurately modeled by a PEEC description which incorporates coupling between 
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FIGURE 3.11. frequency dependent inductance for 2-turn spiral using simple 
lumped element (dashed) and distributed PEEC-based (solid) models 

the different levels. This significantly reduces the analysis efforts over conventional 

three dimensional modeling techniques. 

A model utilizing the PEEC methodology has been developed for rectangular 

microstrip spiral inductors. An algorithm which systematically subdivides the given 

geometry into appropriately sized cells forms the basis for the elements of the PEEC. 

Finally, ordinary matrix-based network analysis techniques are then used to obtain 

the nodal solution as a function of frequency for the spiral model. Typical results 

comparing a simple lumped circuit model and a PEEC-based model for a spiral are 

shown in Figure 3.11. Clearly, significant differences between the models exist at 

frequencies below self-resonance. 
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3.3.2. Comparison of PEEC (NBS) and Greenhouse's Inductances 

In order to determine the valid ranges for using the Greenhouse [3] method 

for calculating self and mutual inductances, the two expressions are compared with 

the corresponding expressions given by Hoer and Love (National Bureau of Stan-

dards) [20]. The latter equations involve full 3-D integrations over the conductors 

involved, thus providing a high accuracy standard for comparison. Figure 3.13 

shows the inductance p.u.l. of a thin conductor (Fig. 3.12a) as a function of length 

using the two different methods of calculation. Greenhouse's formulation diverges 

from the NBS-based values for length-to-width ratios less than two. This demon-

strates that for thin conductors, Greenhouse's simple formulation is sufficient for self 

inductance calculations for virtually all typical conductor lengths, as most inductors 

involve segments with lengths which are at least twice the line width. 

Next, a conductor of square cross-section (Fig. 3.12b) is examined using the 

same metric for comparison. Figure 3.14 shows the results of these calculations, 

from which it can be deduced that the usable range for Greenhouse's formulation 
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is reduced to lengths above approximately four times the line width. Spirals with 

large numbers of turns and minimized area will usually have a few short sections 

in the center region which are below this range, so the NBS expressions should be 

used in these cases. 

3.3.3. Substrate Loss in Spiral Inductors 

The modeling and design techniques developed for planar rectangular and 

circular spiral inductors in Semi-Insulating GaAs based MMICs [25]- [26] and other 

lossless or low loss ceramic substrates need to be modified to include both the 

conductor loss and substrate loss in semiconducting silicon substrate based ICs 

with aluminum metallization. These techniques include lumped element, distributed 

circuit as well as electromagnetic models which have been used to analyze and design 

low loss structures [1]- [8], [3]- [12], [27, 28]. 

As stated previously, spirals fabricated on semiconducting substrates such 

as in Si-based technologies have typically been plagued with losses due to the high 

resistivity metallization and semiconducting substrates. From the plot of Qdl versus 

frequency in Figure 2.3, it is clear that for inductors implemented in such Si-based 

ICs, the structures should be fabricated on the thicker oxide layers or second or 

third level metallization layers in order to maximize quality factor. 

Some attempts have been made to model lossy spirals on semiconducting Si 

substrates based on measurements for specific spirals [25] and the geometric mean 

distance (GMD) based expressions for inductance and approximate expressions for 

capacitances and conductances associated with the spiral equivalent circuit [2]. At-

tempts have also been made to use planar electromagnetic simulators for spiral in-
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ductor models while augmenting the model to include spiral metallization resistance 

[29]. 

3.4. Spiral Model for High Substrate Conductivity 

The coupled line model described in this chapter forms the basis for an equiv-

alent circuit model for a complete spiral. Such a distributed model is constructed 

by subdividing the structure and computing an equivalent circuit for each straight 

section (or leg), 1m, including the capacitive and inductive coupling terms. However, 

due to the inductive coupling between sections of unequal length, the p.u.l. calcula-

tion of inductance is not suitable. Instead, the frequency dependent inductances are 

calculated via introduction of a virtual ground plane placed at a distance (5/2 below 

the oxide/Si interface in accordance with Wheeler's method, as illustrated in Figure 

3.15. This distributed model may become unnecessarily complex for a large number 

of discretizations; hence, it is desirable to have a means for model reduction. This 

may be accomplished via construction of an n-section ladder network, as shown in 

Figure 3.16, where n is the number of turns. The elements of the ladder network 

are given by 

4k 

Coxik = (3.6) 
m=(4k-3) 

CMik = 
4k 

m=(4k-3) 

+ irn+4)] 
2 Cmp.u.l. (3.7) 

4k 

Csik = E lm cspu.,. (3.8) 
m=;(4k-3) 

4k 

Gsk = E lm Gspu.l. (3.9) 
m=-(4k-3) 



4n 4n 4k 
m=(43)= E E (f)] 4n

k im 
i=1 j=1 /--/m =1 lm"/ 

4k 

Rrc(f) = E lm R(f)p.u.l.
[m= (4k -3) 

The reduced model gives virtually the same performance in the frequency range of 

interest, which is usually from dc to the first resonance. The order of this partic-

ular circuit is, in general, high enough to approximate the response of the original 

distributed model with sufficient accuracy. 

Si02 
h

9 Si 

FIGURE 3.15. Use of virtual ground plane for frequency dependent inductance 
calculation 
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4. DESIGN CONSIDERATIONS AND MODEL VALIDATION 

4.1. Design Considerations 

Quality factor, Q, and self resonant frequency, f, are two key considerations 

when designing a spiral inductor. In the case of semiconducting media, such as in 

Silicon-based technologies, these two parameters may be adversely affected by the 

presence of a substrate with finite conductivity. Thus, any spiral design should seek 

to minimize these effects, with the goal of maximizing Q and f. Design properties 

such as metallization resistance, substrate conductivity, geometrical dimensions, etc. 

are all variables which may be optimized, subject to constraints. 

4.1.1. Metallization Layers 

Multiple metallization layers are common in Si-based processes, which pro-

vides an additional degree of design freedom. In general, it is desirable to fabricate 

a spiral structure as far away as possible from a semiconducting substrate to maxi-

mize performance. To exemplify this assertion, an example single level spiral (SLS) 

structure is considered with oxide layer height as the variable. Fig. 4.1 shows the 

simulated f and the maximum Q of a 4.5 turn spiral of area 245 x 245pm2 and strip 

width and spacing, w = 10pm, s = 5pm, on an oxide layer of varying height over 

the same bulk Silicon substrate (hsub = 120pm, o-sub = 104 S/m). The improvement 

achieved by fabricating the spiral on higher metallization layers is evident in both 

Q and fs,-. The improved Q is a result of lower substrate coupling and consequently 

reduced loss, while f is observed to increase due to a lower oxide capacitance. 
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4.1.2. Substrate Conductivity 

While substrate conductivity, a- sub, may not always be a variable for a fabri-

cation process, an evaluation of its effects on performance is still in order, for it will 

be shown to provide insights into the valid ranges of asub for a given application and 

associated design constraints. 

Fig. 4.2 shows the simulated self-resonant frequency and peak Q of the same 

4.5 turn spiral structure as functions of substrate conductivity. The behaviors of 

these two figures of merit, f and Qmax, are attributable to changes in both the 

shunt admittances and series impedances of the microstrip sections, as well as the 

corresponding changes in the coupling immitance terms. 

The shunt capacitance and conductance values each vary monotonically be-

tween two extrema with increasing frequency, and the frequency range in which the 

transitions occur are directly related to asub. Capacitance p.u.l. varies from Cox 

to Cox+, (= 1/(C;x1 + Cr')), and conductance p.u.l. from zero to G, as frequency 

increases from zero to infinity. 

Likewise, the series inductance and resistance values are also functions of 

frequency which are sensitive to asub. If analyzed at the two extreme values of asub, 

zero and oo, the inductance p.u.l. of the microstrip structure will be equivalent to 

that of a microstrip with insulating substrate of height kx+hsub or hoz, respectively. 

The parameter asub determines the frequency range where the transition between 

these two extremes occurs, since the skin depth, 6., is inversely proportional to 

asub and frequency. The resistance p.u.l. of the Si-Si02 microstrip structure is an 

increasing function of frequency for a given o-sub, as shown in Figs. 3.2 and 3.3, which 

show an increase in current crowding in the substrate with increasing frequency. 

However, for a given geometry and frequency, the resistance p.u.l. is not directly 
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proportional to o-sb This can be deduced from the fact that at the two extrema, 

a sub = 0 and oo, the resistance p.u.l. is zero. 

Clearly, a simple relationship between fJ sr, Qmax and asub does not exist, 

owing to the mechanisms described above. As shown in Figs. 3.3 and 3.2, the 

increase in f for very high usub is due to the reduction in inductance caused by 

the current crowding at the oxide/Si interface since f is proportional to 1/ LC. 

However, the peak Q occurs for a relatively low value of cisub, indicating that even 

though series losses due to substrate effects eventually decline with increasing asub 

for a given frequency, the reduced inductances are significant enough to lower Qmax. 

4.2. Simulation/Measurement Results 

4.2.1. Simulation Results for MIS Example Structure 

To examine the accuracy of the methodology for modeling MIS structures 

presented in Chapter Three, the example structure used in the study of the line 

constants was simulated for two different lower substrate conductivities using HP 

Momentum, a commercial planar structure electromagnetic simulator. Figures 4.3 

and 4.4 show a comparison of c, g, r, and 1 as functions of frequency. The results 

are in very good agreement, which reinforces the validity of the modeling techniques 

presented in Chapter Three. 

4.2.2. Spiral Model Validation 

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

5 nH spiral from [2] with °Si = 10 S/m is simulated using a model which does not 
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address the skin effect mode. The results are adequate for this particular structure, 

as can be observed in Fig. 4.5. 

Next, we consider a 9.5 turn, 10 nH spiral fabricated in CMOS technology 

with asi = 104 S/m. Fig. 4.6 shows a comparison of three models with measured 

data. The proposed distributed model and corresponding ladder network (Fig. 3.16) 

properly account for the skin effect mode, in contrast to the model that only includes 

shunt conductances to represent the substrate losses. It is clear that the inclusion 

of the substrate skin effect is necessary for accurate modeling of the structure. In 

addition, it is observed that the ladder network approximation yields a response 

virtually identical to the distributed model for frequencies from dc to near the first 

resonance. 
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5. CONCLUSION 

This thesis has presented methods for the analysis, modeling, and design 

of spiral inductors fabricated in lossy media such as CMOS and bipolar processes. 

In Chapter Two it was demonstrated that CAD-oriented modeling techniques may 

be used to simulate the performance of spiral inductors in low-loss multilayered 

media. The design methodology presented has been validated by experimental VNA 

measurement. Inductor parameters such as usable frequency range, near and far field 

coupling estimates, and quality factor are extractable from these models, which can 

be used in the design of RF or mixed signal modules. Chapter Three introduced the 

frequency dependent behavior of microstrip in lossy media, such as in Si-Si02-based 

systems, and demonstrated that this behavior necessitates line and spiral inductor 

models which include the skin effect mode at RF frequencies. In Chapter Four, it 

was shown that the proposed model for spiral inductors on lossy substrates is in 

better agreement with measured data for higher conductivity-frequency products 

(acv's) than previous models which only address transverse currents. It is seen 

that the skin-effect mode in particular must be considered for accurate analysis and 

modeling of spiral inductors fabricated on lossy substrates as in CMOS technology. 

The techniques presented in this dissertation are applicable to CAD im-

plementations in terms of equivalent circuit models. It has been shown that the 

frequency dependences of the capacitances and conductances found via the SDA 

using complex dielectric constants may be accurately represented by a novel fixed 

lumped element circuit topology which corresponds to the physical characteristics of 

the structure. Likewise, skin effect resistance in conductors may also be represented 

by an R-L ladder network, as presented in [17], if desired. To properly model the 

frequency dependences of the inductive elements, a virtual ground plane model has 
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been employed which currently is the only portion of the spiral model which is not 

represented by fixed lumped elements. 

Future work in this area should include, but is not limited to, accurate model-

ing techniques for additional components of spiral designs such as substrate contacts 

and their associated currents, as well as multilevel spiral inductor and transformer 

designs in a lossy substrate environment. For the models presented here, it has 

been assumed that the substrate contact, if any, consists of a perfect conducting via 

which connects the substrate to ground at one end of the spiral. When the contact 

position is varied, or multiple contacts are used, there are additional currents in the 

substrate between the contacts and ground. Multilevel spiral designs in a lossy sub-

strate environment introduce an additional design consideration with regard to the 

minimization of losses, and the modeling techniques presented here lend themselves 

well to being extended to such designs. 
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APPENDIX A. Theory of Partial Inductance  

For an arbitrary conductor of constant cross-section, a3, around a loop, the 

magnetic vector potential at a point rz generated by a current /3 in a loop j may be 

calculated as, 

dlidaiAii = (Al)
47r a3 y ai r233 

where ri3 = Iri r31 and d13 is taken along the length of the conductor perpendicular 

to the cross-section. The assumption made here is that the current density perpen-

dicular to the cross section is uniform. The flux linked by loop i can be calculated 

from the above expression as, 

dlzdaz (A2)Oz, = 
fai 

where az is the constant cross section of conductor loop i. To calculate the mutual 

inductance 

Vi;= (A3) 
3 

between loops i and j using (Al) and (A2), the expressions for vector potential and 

flux linkage are inserted with the result being, 

1 µ f dli di;Li; = daidai. (A4)
azai 47r ji jai ji jai rzi 

This result is similar to the Neumann formula for mutual inductance between two 

arbitrary filaments of current, 

dlidljLiu = (A5) 

where the subscript f stands for filament. In fact (A4) and (A5) are identical when 

the cross-sectional areas az,3 are zero. It is apparent averages are being taken in 
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FIGURE 5.1. Example of two loops to be analyzed in terms of straight line 
sections 

both (Al) and (A2), as both expressions are divided by the cross-sectional area of 

the conductor involved. Equation (A4) may be combined with (A5) to yield 

L23 = 1 
L fiidaidai. (A6)ajai fai 

If the conductors forming two loops are analyzed in terms of their respective straight 

line sections, as shown in Figure 5.1, the total inductance may be written in terms 

of a double summation as, 

K M 
L km = EELPkm (A7) 

k=1 m=1 

Here the term Lp is introduced to represent the partial mutual or self inductance 

of the respective conductor sections. The partial inductance for two straight con-

ductors of constant cross sections is calculated using (A4) with the loop integrals 

replaced by line integrals, 
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FIGURE 5.2. Flux linkage areas associated with self and mutual inductance 
calculations 

k'1 bt dlk dlm 
L = dakdam. (A8)

aka, 47r fak Jam k Jrn rkm 

The direction of dlk.m should be in accordance with the assumed current polarity 

in the loops which will lead to both positive and negative mutual inductances. To 

verify this approach, the flux linkage associated with each term in (A7) should be 

considered. For a partial self inductance term (k = m), the region of flux linkage 

extends from the conductor out to infinity. Likewise, for two conductors k and m, 

the flux linkage area for partial mutual inductance computations extends from the 

outside edge of one of the conductors m(k) out to infinity and is also bounded on the 

edges by lines perpendicular to conductor k(m) and extending from the end points 

of conductor m(k). These two flux linkage areas are illustrated in Figure 5.2. If a 
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square loop is analyzed purely in terms of flux linkage, we may do the computation 

with a single surface integral, 

Lin = fs, B dS. (A9) 

Likewise, if two parallel conductors of the square loop are analyzed in terms of the 

flux linkages associated with the self and mutual inductances, it can be deduced 

that the net area will be that of the square itself (S in (A9)). This is clear upon 

observation that the flux linkage areas associated with the self inductance terms 

extend from the conductor to infinity, whereas the area of linkage associated with 

the mutual terms extends from the conductor of opposing current polarity out to 

infinity. The difference between these two areas is in fact the area inside the square 

loop. 
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APPENDIX B. Expressions for Quasi-Static Magnetic Vector Potential 

To develop the fundamental equations used in the quasi-static calculation of the 

magnetic vector potential for an MIS structure, the magnetic field curl expression 

is used as a starting point, 

V xH=J+ ap 
(B1)at 

If the magnetic vector potential curl equation 

pH=VxA (B2) 

is substituted for H in i',B1), we obtain 

VxVx A=p- [j ap] 
(B3) 

which may subsequently be rewritten as, 

apv (V.A) V2A = it (B4)[J+ at J. 

If the divergence of A is chosen such that, 

A = 0, (B5) 

which is known as the Coulomb gauge, and displacement current is neglected, then 

(B4) becomes, 

172A (B6) 

J may be rewritten in terms of E as, 

J = 0E. (B7) 

Now, if we recall the curl equations for E and A, 
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V x E = -as (B8)at 
O x A = B, (B9) 

we can write, 

a
V V A (B10)xxE=---at

aE . at A (B11) 

Assuming a sinusoidal steady-state solution is desired, we may express J as 

J = jwoA (B12) 

which leads us to the final form for (B6) given in Chapter Three, 

V2A = jwpo-A. (B13) 

The solutions for Az for the different regions of a Si-SiO2 based microstrip 

structure in the spatial domain (to be given below) are based on the expressions 

derived in [6] for coplanar structures with no ground plane. Here it is assumed that 

current only exists along the direction of propagation, the z-coordinate for this case, 

and thus A will only consist of a single component A. This allows for a solution of 

a two dimensional scalar potential problem which simplifies the analysis. 

For the non-conducting regions (i.e. air and oxide layers), the z-directed 

magnetic vector potential must satisfy 

V2Az(x, y) = 0, (B14) 

while for conducting regions (i.e. bulk Si substrate), 

V2Az (x, y) = jwi..i.crAz(x, y). (B15) 
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FIGURE 5.3. Structure used for solution of magnetic potential 

Assuming a line current at x = 0 and y = hoz, the solutions for A, in both conducting 

and nonconducting regions are found by applying appropriate boundary conditions, 

A z(x , y = hsub) = 0 (B16) 

dAz(x = ±1, y) 
(B17)

dx 

where ±1 are the locations of two symmetric magnetic walls, shown in Figure 5.3, 

which are introduced to simplify the solutions in terms of Fourier series. The solu-

tions in the two regions are 

oi x2 (y + h)2 Poi 
co 

o. EoAz(x, y > 0) = P In + + E Ekcos(mkx)] (B18)
27r x2 + (y hox)2 l 2 

00 

A, (x, y < 0) = Au/ E 2mk sinh(,k(y hs.,))ekho.cos(mkx) (B19) 
k=1  

where  

qk COSh(2qkhsub) + 771k Si1111(2qkh sub) 2qk e-2mkhozE k = 2 (B20)
(qk + 7T/Z) sinh(2qkhsub) + 2qkmk cosh(2gkhsub) 
1c7r. 

Mk = (B21) 

qk = Vrnii + jwpa (B22) 

The infinite summations in (B18) and (B19) are Fourier series representations of the 

continuous integrals involved when there are no magnetic walls present. 




