


A SYNTHESIS METHOD FOR QUALITY-FACTOR ENHANCED 

SUBSTRATE INTEGRATED INDUCTOR FOR L-S BAND

OLEBOGENG BONE KOBE

Registration No: 14100212

BSc (Telecommunications) (Oxford Brookes University)

Electrical, Computer and Telecommunications (ECT), 

Faculty of Engineering and Technology (CET), 

Botswana International University of Science and Technology 

olebogeng.kobe@studentmail.biust.ac.bw

A Thesis Submitted to the Faculty of Engineering and Technology (CET) 

in Fulfilment of the Requirements for the Award of the Degree of Master of Science in 

Telecommunications Engineering of BIUST

Supervisor(s): Prof. Joseph Chuma 

Electrical, Computer and Telecommunications 

College of Engineering & Technology, BIUST 

chumaj@biust.ac.bwj\+2674900117 

Signature: ______ Date: 9c

September, 2017

Copyright © Olebogeng Kobe, 2017

mailto:olebogeng.kobe@studentmail.biust.ac.bw


DECLARATION AND COPYRIGHT

I, Olebogeng Bone Kobe, declare that this dissertation/thesis is my own original work and 

that it has not been presented and will not be presented to any other university for a similar 
or any other degree award.

Signature...... l.J

This dissertation/thesis is copyright material protected under the Berne Convention, the 

Copyright Act of 1999 and other international and national enactments, in that behalf, on 

intellectual property. It must not be produced by any means, in full or in part, except for 
short extracts in fair dealing; for researchers private study, critical scholarly review or 
discourse with an acknowledgement, without the written permission of the office of the 

Provost, on behalf of both the author and the B1UST.

ii



CERTIFICATION

The undersigned certifies that he/she has read and hereby recommends for acceptance 

by the College of Engineering and Technology a dissertation/thesis titled: A 

SYNTHESIS METHOD FOR QUALITY-FACTOR ENHANCED ON-CHIP 

MICROWAVE RESONATOR FOR L-S BAND, in fulfilment of the requirements for 
the degree of Master of Science in Telecommunications Engineering of the BIUST.

Dr.Dr.

(Supervisor) (Co-Supervisor)

Date:Date:

iii



ABSTRACT

The thesis presents a flawless synthesis method for designing high quality factor (Q) 
on-chip microstrip resonator in the form of an inductor based on layout optimisation 

technique. While the layout optimisation method is already reported in the literature, it 
was only based on the turns of the spiral inductors with the width of the inner turn 

narrower than the width of the outer turn. Therefore, since resistivity is dependent of 

the conductor length and thickness, it is certain that the shorter and/or the thicker the 

conductor the lower the resistance. Consequently, the low resistance means reduced 

ohmic losses thus higher performance and higher-Q. Therefore, this optimisation 

method does not extensively consider ohmic losses relating to resistance of the 

conducting metal. Conversely, the proposed technique is an extended layout 
optimisation method developed to reduce ohmic losses of the conducting metal by 

varying the width of sequential segments, with the inner most segments narrower than 

the outer most segments of each turn of the spiral inductor. The application of this 

technique means that the width of each segment is different from that of the 

succeeding segment, thus making the width of a single spiral turn variable. The 

technique reduces ohmic losses caused by resistance of segments. It is substantiated 

that the resistance of a narrow conductor can be reduced by making the conductor 
short. Likewise, the resistance of a longer conductor can be reduced by making the 

conductor wider. Two structures, one possessing the traditional characteristics of 

former technique, and the other possessing the characteristics of the new proposal were 

built and simulated. The simulation results present higher current distribution in a 

variable segment width as compared to lower current distribution in a variable turn 

spiral. The higher the current flow the high the energy stored in the structure hence 

high Q-factor. The resultant Q-factor improvement observed was over 35% in 

comparison to the conventional fixed width model. Also a 11.57% improvement was 

observed compared to the original layout optimisation technique i.e. the variable turn 

width and spacing.
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1) CHAPTER ONE

1.1 BACKGROUND

In the early years of radio communications, rectangular waveguides were the most 
popular resonant structures due to their high-Q value. Despite bandwidth (BW) 
limitations, they were used to design high-Q devices with minimal power dissipation. 
The popularity of these resonant structures diminished as the demand for more 

miniaturised components continued to grow. Several other waveguide structures that 
exhibit greater BW and miniaturisation were developed. Among these were ridge 

waveguides which offered both great BW and smaller structure size. The ridge 

waveguide consist of at least one longitudinal internal ridges that serve primarily to 

increase transmission BW [1]. Following the ridge waveguide development, a new 

structure in coaxial line was used, providing the much needed miniaturisation 

capability and wide BW. However, this structure was limited by the lack of 

longitudinal component of field which made it difficult to create components using it. 
In an attempt to reduce the limitation of a coaxial line, Robert M. Barrett [2] modified 

it to design what was known as a stripline. Similar to a coaxial line, the stripline had 

zero cut-off frequencies. However, the popularity of the stripline was cut short by 

further modifications that lead to the current microstrip. The first microstrip 

developments were done shortly after the appearance of Barrett’s article in the early 

1950s, and it was presented as a competing printed circuit line [1]. In its simplest form, 
a microstrip resonator consists of two metal conductors separated by a dielectric 

substrate as illustrated in Figure 1.1. The suspended metal conductor on top of the 

substrate is a strip-line whereas the bottom conductor plate is a ground plane. The 

material separating the two conductors is a dielectric substrate of a dielectric constant

(£r)-
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Figure 1.1 - Microstrip geometry (a) cross-sectional view (b) top view and (c) 
equivalent lumped-element model

The microstrip line is a basic component used to develop microstrip inductors which 

exist in various forms as illustrated in Figure 1.2. The inductor with least number of 

sides is a square spiral, whereas the inductor with infinite number of sides is a circular 
spiral, and between the two lies a variety of shapes such as hexagonal, octagonal etc. 
The square spiral is known to have a high inductance value but a low-Q value due to 

current crowding effect on the comers, and the circular spiral is known to have a lower 
inductance value but a higher-Q value. A circular spiral uses less chip area while 

making use of large chunks of metal conductors which reduces the Rs [3]. Despite its 

better-Q due as a result of lower Rs, the circular spiral is less popular since it is 

difficult to layout compared to other shapes. This limitation makes the square spiral 
more popular since it is easy to layout.

a)

Figure 1.2 - Forms of spiral inductors
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I' Rp> Cp-r CsT
Ls

Figure 1.3 - An equivalent model for terminal grounded inductor for Q-modelling [4]

While both the spiral and substrate parameters are important for modelling-Q of the 

structure, at low frequencies the substrate-loss factor (Fs) and the self-resonance factor 

(Fr) are almost equal to unity, therefore only the magnetic energy stored by the 

inductor is important for Q-evaluation. This implies that the shunt branch in the circuit 

of Figure 1.3 is eliminated for Q-formulation thus leading to the intrinsic Q given by 

equation (1).

to)0 Ls
(1)Q =

Rs

where 030, Ls, Rs are the resonance frequency in radians, series inductance and series 

resistance respectively. The ultimate-Q is then given by equation (2) as in [5], where 

an increase in frequency will result in significant reduction in Q value. This is due to 

the effect of the Fs and Fr in equations (3) and (4) respectively.

r Rl(cs+cp)
L Ls (cs + cp)]Rp

^ ~ Rs o)q Ls (2)*p+[ra2+ih
Rp

(3)FS — Rp+[ra2+ih
^ _ Rg(C, + Cp) - WoLs(Cs + Cp) (4)Fr = Ls

where Cp, RP and Cs are the coupling capacitance, coupling resistance and series 

capacitance between the metal lines respectively [4], The limiting factor in microstrip- 

Q is the Rs of metallisation. Other factors contributing to these limitations are 

conductive substrate losses normally from 1 to 10 H-cm. This is more common in the
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silicon based substrates because of its conductivity nature [6]. Silicon substrates have 

low resistivity compared to the GaAS substrate, therefore the most vital degradation 

factor in the performance of silicon integrated inductors is the substrate losses. While 

capacitive coupling is also a major source of substrate losses the main cause of 

substrate loss is the inductive coupling normally caused by the magnetic fields 

entering the substrate, inducing eddy currents [7], [8] on the substrate material. Eddy 

currents increase the substrate losses and this reduces the performance and Q of the 

spiral. Due to the planar geometry of the inductor, these magnetically induced currents 

penetrate the silicon substrate inducing some currents loops within the substrate. 
However, the effects are predominant in the large area inductors, therefore they are 

suppressed by the development of silicon micromachining technique which is well- 
suited with ordinary silicon technologies [9].

1.2 OVERVIEW

Resonators, whether distributed or lumped-elements [10] allow for the exchange of 

electric and magnetic energies with low loss. While lumped element resonators are 

employed at radio frequencies (RF) ranging up to 300 MHz [11], their dimensions are 

comparable to the size of a wavelength at higher frequencies. For these reasons, it is 

almost impossible to design RF circuits using lumped elements at high frequencies. 
However, the difficulty leads to the use of integrated circuits (ICs) which offer 
capability to fabricate small devices. Despite positive outcomes from the 1C 

technology, miniaturised circuits exhibit poor power handling capacity and a very low- 
Q. This is a common limitation for miniaturised distributed circuits, including on-chip 

resonators such as microstrip patch antennas and spiral inductors. Generally, on-chip 

resonators are distributed elements that can be represented in a lumped element model 
for analytic purposes. These are circuits composing of resistive, inductive and 

capacitive (RLC) components which can either be analysed in series or parallel 
configurations as illustrated in Figure 1.4. The interconnection of the lumped-elements 

results in energy storage and oscillation at o)0. At this frequency, the capacitor and 

inductor store the electric and magnetic energy respectively. For a microstrip 

resonator, the magnetic energy is of utmost importance as it defines the resonator’s Q.
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The Q itself determines the performance of the resonator, and it is defined as the ratio 

of the energy stored to the total energy dissipated per unit cycle for a sinusoidal 
excitation [12]. This is represented by equations (5)-(7) as in [12]-[16], where Em is 

the maximum magnetic energy stored, Ee is the maximum electric energy stored and 

Pdiss is the average power dissipated. The symbol Qu represents the unloaded-Q while 

a) is frequency in radians. Qu is an important parameter of a resonant circuit and it is 

systematically discussed in subsequent sections.

Average Energy stored (5)Qu = w Average Energy lost per cycle

Em~Ee
Qu = 27T (6)

Pdiss

(7)Qu = ~ ReCyn)

1.2.1 Lumped-Element Model

The RLC circuits are fundamental components in many RF applications such as filters 

and voltage controlled oscillators (VCO). While C and L store electric and magnetic 

energy respectively, R is an energy dissipating component. It provides stability with 

minimal damping during oscillation.

c

-© c

(a)

Figure 1.4 - Lumped-element model of a resonator a) series and b) parallel 

configuration

Considering a series resonant circuit in Figure 1.4 (a), at zero frequency, the 

impedance of the capacitor is infinite leading to an open circuit whereas the impedance 

of the inductor is very low leading to a short circuit. An increase in frequency 

decreases and increases the impedance of inductor and capacitor respectively relative
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to the impedance of the resistor, thus the source voltage divides between the resistive 

impedance and the capacitive and inductive impedance. This leads to a smaller voltage 

at the output compared to the source voltage. Then at infinitely high frequency, the 

capacitive impedance is zero, thus presenting short circuit behaviour to the capacitor. 
On the other hand, the inductive impedance is infinite resulting in an open circuit, thus 

leading to significant voltage at the output [17]. The total impedance of the circuits in 

Figure 1.4 (a) is therefore given by equation (8).

Ztotal — R “F ja)L + (8)

As the frequency increases, the integrated inductor traces start to exhibit significant 
capacitive effects with adjacent traces and the substrate. These additional capacitive 

effects change the inductor’s behaviour to that of a second-order system, thus 

exhibiting a frequency(co0) in equation (9), at which the inductive impedance and the 

capacitive impedance are equal. Various RF applications use on-chip inductors at 
resonance frequency and a precise and efficient metric of energy storage can be drawn 

from the BW [18] of the system. The impedance of the series circuit at resonance is 

very low, and the phase angle is equal to zero because of the equality in imaginary 

capacitive and inductive impedance which results in cancellation of the two 

components. These two components control the phase angle, and as a result, the phase 

angle remains zero when they are equal. Also when the two are equal, the circuit 
realises maximum current possible. The centre frequency of the circuit is then given by 

the following equation.

i (9)~ Vic

1.2.2 Quality Factor

A. Unloaded-Q

While Q has so many definitions, the most common definition is described by 

equations (5) and (6). Assuming a second-order R.LC system, the poles are 

parameterized in terms of the damping ratio(f) and natural frequency (con) where the
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transfer function of the system is given by (10). The pole locations are divided into 

four damping classes, undamped, underdamped, overdamped and critically damped. 
For the undamped case £ = 0, therefore the poles are given by 5 = ±j(x)n. For the 

underdamped case 0 < £ < 1, therefore the poles are given by s = —a ± jodd where 

(od is the damped natural frequency given by o)d = cun>/1 - £2 and a is a matching 

constant. For the critically damped case f = 1, therefore the poles are coincidence at 
5 = — o)n. Lastly for the overdamped case, f > 1, therefore the poles are given by 5 = 

—(f ± -yJi;2 — l)cun. For these cases, the Q value of the system is redefined by 

equation (11) where Ao) = o)2 - o)l5 defining the -3dB BW illustrated in Figure 1.5. 
The relation between the resonance frequency (co0) and the poles is given by u)d =

Va)2-a2[19].

T(s) = (10)s2 + 2^a)ns + a)£

Q = —
x Aoj (11)

The Q definition in (11) relates a)0 to the BW of the system inconsiderate of the 

impedance or power ratio. Such a definition is applicable to the computation of Q of 

parallel and series RLC lumped-element configurations [20] as illustrated by equation
(12).

Qp = w°CR=i (12)

Qs = —R (13)

For a parallel configuration in equation (12), the value of R has to be very high to 

force a current flow through the L and C elements, thus increasing the chance of 

energy storage. And for a series configuration in equation (13), R value has to be very 

small so that less energy is lost at the damping at resonance.

7
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A

-3dB

> 0)

Aoj

Figure 1.5 - Q response of a resonating circuit

B. Loaded-Q

Practically, resonators do not operate as independent circuits, but circuits coupled to 

other circuits in RF systems. The coupling of these resonant structures to external 
circuits introduces additional energy losses. This leads to reduced-Q commonly known 

as the loaded-Q (Ql). The relationship between the Ql and the Qu is described by a 

common relation presented by equation (14), where Qc represent the extemal-Q 

defined by equation (15) and Pe represents power dissipated by the external coupling 

and it is given by equation (16).

1 - JL • J_
Ql Qu Qe

(14)

Em (15)Qe = W —
Pe

12 n 
o lmax^ (16)P^2

Commonly, a coupling coefficient denoted (k) is used to measure the degree of 

coupling between the resonator and the load circuitry connected to it [21], The 

coefficient is defined by a Q relation described by equation (17).

8



(17)
Qe

Substituting for Qe in equation (14) using equation (17), k is also defined as.

, Qu ““ Ql k = —----- (18)
Ql

The coupling coefficient describes the amount of energy loss in the external load 

against the amount of energy loss in the resonator itself. Consequently, there are three 

possible conditions associated to this power ratio, where power loss in the external 
circuitry is either large, less or equal to the power loss in the resonant circuit [22]. A 

condition where the Qe is larger is referred to as under coupling, and in this case the 

coupling coefficient k < 1. For k = 1, then Qe and Qu are equal and the coupling is 
referred to as critical coupling. Lastly, if Qe is smaller than Qu of the resonator, the 

coupling is referred to as over coupling and k > 1.

1.3 MOTIVATION

High-Q on-chip inductors play a major role in the design of high performing RF 

integrated circuits (RFICs) and microwave integrated circuits (MICs). They have been 

extensively used in various applications at lower and intermediary frequencies, and 

these include sensors, oscillators, power converters and filters.

The performance of these RF and MW components tremendously ruined by conductor 
and substrate losses, with parasitics causing capacitive coupling which also has effect 
on the overall performance [9]. In addition, eddy currents from adjacent conductors 

causes high power dissipation at higher frequencies, thus leading to low-Q. Due to 

these effects, resistivity and dielectric loss has become more crucial substrate 

parameters that need to be taken into consideration when designing high-performing 

on-chip device.

With the increasing demand for designing low power and high frequency circuits, 
various applications such as impedance matching, tank circuits and bias chokes have

9



gained popularity and are widely used for low noise amplifiers, VCOs and power 
sources respectively [19]. It is quite common that this small RF devices are packaged 

with other circuits within metallization layers of an active die and board-level 
integration in what is commonly known as ’’on-chip” fabrication.

Various materials such as flame retardant 4 (FR-4) and silicon are widely used for the 

surface mount of these inductors. Owing to its high thermal conductivity, silicon has 

been the most commonly used material for fabrication of these on-chip devices [23]. 
Most commonly, silicon oxide (Si02) has been used for suspension of these devices on 

silicon substrate. With the Si02 layer present, the flexibility of using HR-Si exists 

hence significant reduction in substrate losses is achieved. The HR-Si is capable of 

presenting an effective resistivity of 3kfl.cm for considerable low loss suitable for RF 

and microwave applications [24].

Regardless of their limitations, spiral inductors are extensively used in integrated 

circuits design as they provide miniaturisation for high level integration of 

components. As a result intense research is carried out to devise synthesis methods to 

alleviate these limitations, and in recent years, silicon micromachining techniques 

[25]—[27], have been applied in order to remove the integration substrate, and the 

technique proved to be vital in improving the Q and self-resonance frequency (fsRp) of 

the inductor [9]. Another method with significant advantages is the "on-package” 

integration technique, in which the inductor and associated RF circuits are immersed 

within the metallization layers of the packaging chip such as in Low-Temperature Co­
fired Ceramic (LTCC) [28]—[33].

1.4 PROBLEM STATEMENT

Despite tremendous research work carried out for several years, spiral inductors still 
suffer high losses and low-Q. However, the demand for these RF components 

continues to grow due to rapid growth in applications that utilise them. Reported for 
the first time in the past twenty years [9], the layout optimisation technique has been 

inadequately investigated particularly on the simplest form of spiral, the square spiral. 
This has only covered the multilayer spiral technique and the variable conductor width
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and coil spacing technique which was only focused on optimising metal width by 

varying from turn to turn. While these two techniques have some positive results on 

the Field distribution and power dissipation, there is still a room for improvement 
considering the fact that the spiral layout and conductor dimensions plays a major role 

in the ohmic losses associated to conductor and substrate losses.

1.5 OBJECTIVES

1.5.1 Q-factor enhancement

The main objective of this work is to devise a synthesis method to improve the quality 

factor of a microstrip inductor. In order to achieve this, there is a need to develop a 

design method which can preserve the energy generated in the resonator, to minimize 

the energy loss. This leads to the second objective in conductor loss reduction, to 

minimize ohmic losses and substrate related conduction losses.

1.5.2 Conductor loss reduction

Conductor layout plays a major role in energy storage and energy dissipation of a 

resonator. The induction of eddy currents at the centre and between the conductor 
traces is highly dependent on the design and layout of the conductor. Wider conductor 
traces increase the capacitive coupling between the conductor and the substrate, thus 

increasing the amount of displacement currents within the substrate. These also reduce 

the self-resonance frequency of the resonator. Therefore, narrower traces are necessary 

especially at the centre of the structure, leaving a wider inside diameter.

1.6 HYPOTHESIS/RESEARCH QUESTIONS

Conductivity of a material depends on its resistivity, where resistivity is an intrinsic 

property of a material and directly proportional to the total resistance (R), an extrinsic 

quantity that depends on the length and cross-sectional area of a resistor (resisting 

material). The resistance of an object depends on its shape and material of which it is 

composed. While highly conductive materials are used for fabrication of microstrip
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inductors, their size and shape has a huge effect on their performance. Thin metal 
traces cause high resistive losses, whereas wide metal traces cause high electric field 

leading to high energy loss. All these lead to lower Q of the structure as a whole. An 

investigation into the layout of the structure may lead to a loss compensation solution, 
with reduced conductor losses and reduced capacitive losses. While the variable spiral- 
turn width and coil spacing technique yields some promising results, the technique 

could be extended to segmentation level, thus a variable spiral-segment width and coil 
spacing technique viable.

1.7 SIGNIFICANCE OF STUDY/CONTRIBUTION

The layout optimisation technique has been modified and extended to segmentation of 

the spiral model in order to reduce ohmic losses caused by the conducting metal, thus 

increasing the Q of the inductor. Formerly, the layout optimisation technique was 

investigated in [9], [12], but the investigation only considered the variation of spiral 
width from one turn to another. The extension of the technique considers variation of 

metal width from one segment to another which offers reduced resistance and higher 
Q. The outcome of the new investigation produces scattering parameters-S, Y and Z 

over a frequency band. While Q is directly calculated from the CST simulator, it can 

also be calculated from the Y and Z-matrices.

1.8 OUTLINE

This thesis is divided into four chapters. Chapter-1 introduces the background and 

principle of microstrip inductors as RF components.

Chapter-2 is a literature review, focusing more on the existing work as a way of data 

collection. This chapter discuss different techniques in spiral modelling and 

optimisation. It explains some loss mechanisms relating to spiral inductors and the 

influence of the layout parameters, including material type on spiral inductor 

performance and Q.
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Chapter-3 introduces a proposed design technique for spiral inductors. A design 

method for square spiral inductor is presented. The spiral electromagnetic equations 

are expressed, and the layout technique is applied for optimisation to achieve high-Q 

within the L-S microwave band. The structural implementation of this proposed design 

is discussed, and numerical analysis is performed. This includes an electromagnetic 

simulation using CST MWS as well as results and discussion.

Lastly, Chapter-4 discusses conclusions drawn from the research and its findings from 

numerical and practical analysis undertaken. This also describes some of the lessons 

learned from this work and highlights future progress.
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2) CHAPTER TWO

2.1 TRENDS IN SPIRAL INDUCTOR MODELLING

Spiral inductor fabrication came in the 1960s as a follow up of the microstrip concept 
first introduced by Robert M. Barrett in the early 1950s [2]. However, the components 

failed to gain popularity since they were not easy to integrate. These required a large 

chip area for practical inductance values considerable for microwave frequencies. 
Also, the components suffered low Q as a result of losses related to the heavily doped 

silicon substrates. Nonetheless, in the early 1990s, silicon on-chip inductors were 

designed, tested and reported by Nguyen and Meyer [34] in a 0.8pm silicon BiCMOS 

technology. They designed two square spirals of values 1.3 and 9.7nH with a peak Q- 
value of 8 and 3 at 4.1GHz and 0.9GHz respectively. The performance of the two 

spirals were tested and verified in LC-VCO and RF bandpass filter circuits, yielding 

promising results. Ever since, intense research on spiral inductors performance trends, 
design, optimisation, modelling and Q enhancement has been carried out and reported 

[12], [35]—[40] in literature. The application of these RF components continued to 

grow, and today their application is widely extended to higher frequencies including 

microwave and millimetre wave bands.

2.2 DESIGN MODEL ANALYSIS FOR LOSS COMPENSATION

2.2.1 Conductor Layout Optimisation

Layout optimisation method first appeared in the late 1990s when Craninckx and 

Steyaert discovered [41] that the largest contributor to high Rs at higher frequencies is 
at the innermost turns of the spiral. They discovered that the magnetic field induced by 

the current in the spiral conductor induces an electric field at the inner turns thus 

generating eddy currents. These currents affect the current distribution in the inner 
conductor making it inconsistently distributed thus increasing the series resistance. As 

a result, a new technique in layout optimisation was reported [9] in which the width of 

the metal trace for each turn is optimised by varying the width from turn-to-tum.
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Lopez-Villegas et al. [9] used this technique to design a square spiral inductor in a 

silicon-based multichip technology complemented with a silicon micromachining post­

processing and managed to observe a Q improvement of 60% at a frequency of 3.5 

GHz [9]. Recently, Pei et al. [12] applied the same technique on a square spiral with 

non-uniform strip width and non-uniform winding spacing obtaining an improvement 

of 42.86% [12]. It is clear that the physical structure and layout of microstrip inductor 

plays a very important role in Q-factor enhancement. A summary of recent 

developments on Q-enhancement using the layout optimisation method is presented in 

Table 2.1.

Table 2.1 - Summary of latest developments in conductor layout optimise inductors

Refs.Paper title Authors QmxxYear
[42]Narayana et al.High-Q Characteristics of Variable Width Inductors 

With Reverse Excitation
22.802014

[43]A Parameterized Cell Design for High-Q . Variable 
Width and Spacing Spiral Inductors

Manikandan, 
et al.

22.43

[44JPassos et al.Analytical Characterization of Variable Width 
Integrated Spiral Inductors

2013

2012 and
[12]Pei et al. 24.00earlier Improving the quality factor of an RF spiral inductor 

with non-uniform metal width and non-uniform coil 
spacing

2.2.2 Pattern Ground Shield (PGS) 

A. Analysis of PGS inductors

Patterned ground shield (PGS) [7] is one of the various techniques discovered to 

enhance performance of on-chip spirals for silicon-based RFICs [40]. The technique 

shorts the electric field to the ground plane. It is patterned with slots orthogonal to the 

spiral inductor to eliminate the induced current loop by cutting off the current path [7] 

as indicated in Figure 2.1. These slots are significantly narrower to prevent the vertical 

electric field from entering the silicon substrate underneath. Shi et al [40] presented a
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Q enhancement for PGS inductors at high temperature. Figure 2.1 illustrates the cross- 

sectional view and circuit model of a PGS spiral fabricated on a 0.35um CMOS 

process.
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Figure 2.1 - a) Cross-sectional view and b) equivalent lumped-element equivalent 

circuit model of a PGS on-chip spiral fabricated on a CMOS process

The ohmic loss due to metal coil is represented by Ri and R2 whereas R3 and R4 

represent the losses due to proximity and skin effect of the metal coil. These 

parameters are temperature dependent, thus vary significantly with temperature 

change. Other parameters relating to ohmic losses are the RSUbs which lack temperature 

dependent properties, especially in a PGS inductor. While these are difficult to extract, 

they can be easily extracted using the 2-port S-parameter measurements for no-ground 

shield (NGS) inductors [40]. The minimal spacing in-between the PGS and the spiral 

means the shunt capacitance of the Si02 is given by equation (19), and as a result of 

the PGS shielding effect, the shunt capacitance in the silicon substrate is almost 

insignificant as opposed to that of the NGS inductor circuit model.

Cox 1 + C0x2 + Cox 3 (19)Cox ~ 3

Another dissimilarity of a PGS and a NGS inductor is that in a PGS, the section 

coupling is too high due to a shortened electric return path. This then leads to the 

introduction of C3 and C4 to reduce the capacitive coupling effects within the SiOz 

layer. A further analysis on the effect of PGS is reported in [45], and a comparison 

between a solid ground shield (SGS) and PGS is investigated. While PGS may 

significantly improve Q, SGS on the other hand does not. For SGS, the varying EM
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field within the inductor may introduce some eddy currents thus causing reflection on 

the ground plane which then serve as a counteractive inductor requiring PGS to cut off 

the current loop [4]. The SGS model therefore has significantly higher Rs due to the 

reflected current image [7], whereas the PGS inductors has the same Rs as the NGS 

inductors since they both have no current image. Table 2.2 provides a summary of 

some of the latest developments on Q enhancement using the PGS.

Table 1.2 - Summary of latest developments in PGS inductors

Year Paper title Authors Qmax Refs.
2015 A Novel WL-Integrated Low-Insertion-Loss Filter with 

Suspended High- Q Spiral Inductor and Patterned Ground 
Shields

Zheng et 49 [461

al.

2012 and On-chip spiral inductors with patterned ground shields for Si- 
Based RF IC's

Yue et al. 6.76 [7]
earlier

Improving the quality factor of an RF spiral inductor with 
non-uniform metal width and non-uniform coil spacing

Pci et al. [12]

Effect of ground shield of a silicon on-chip spiral inductor [45]Murata et 4.7

al.

B. Application of PGS inductors

Pokharel and Liu in [47] proposed a low loss, high selective on-chip bandpass filter 

employing the improved open loop resonator with folded structure and the PGS, 

achieving a 1.8 dB improvement of insertion loss. Similarly, Liao et al. in [40] 

demonstrated that a proper PGS can effectively compensate for the degradation of the 

Q, thus improving the Q of the inductor. The PGS technique effectively reduces the 

substrate coupling resistance [14]. Tao Zheng et al. [46] used this technique and 

obtained a high-Q value on a low resistivity silicon wafer.

2.2.3 Differential Excitation

Differential circuits [48] are commonly used to develop monolithic transceiver design 

due to their robustness and very high noise rejection properties [49]. While these
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topologies are used in ICs. they are practically used to excite spiral inductors by 

connecting the source directly to the two terminals of the spiral inductor [6]. The 

differential excitation method reduces eddy currents circulation by a significant 30- 

50% [49] and limit the electrically coupled currents from occurring in the substrate by 

50% [48]. A three turn spiral inductor with an outer diameter of 220pm, spiral width of 

16 pm, and coil spacing of 2pm was fabricated in a 0.35pm single-poly, four metal 

CMOS process [3]. This design yielded a differential Q of 3.1, 50% greater than Q of 

the single-ended excitation at 2.5GHz. A summary of some of the recently reported 

developments in Q improvement using differential inductors is present in Table 2.3.

Table 2.2 - Summary of latest developments on differentially inductors

Authors Qma.x Refs.Paper titleYear

Kuhn ei al. Q>30@3GHz [50]Modelling Spiral Inductors in SOS Processes2004

22.7@4GHzReiha et al. [48]I ligh-Q Differential Inductors for RFIC Design2003

Danesh et al. 9.3@2.5GHz [49]Differentially Driven Symmetric Microstrip Inductors2002

2.2.4 Negative Resistant (-Rs) 

A. Analysis of-Rs Inductor

A negative resistance circuit method reduces substrate loss to improve Q. This circuit 

produces high percentage increase in Q without reducing the self-resonance frequency 

(fsRi:)- This technique is attractive and applicable to high-Q on-chip inductors 

fabricated on various substrates [51]. On-chip spiral inductors of physical geometry 

presented in Figure 1.2 of Chapter l are represented by a lumped element model of 

Figure 1.1 (c) with a PGS inductor model in Figure 2.1 (b). The series resistance Rs 

signifies ohmic losses resulting from metal strip and eddy currents induced in the 

substrate. While the induction of eddy currents is taken care of by the introduction of 

PGS described in section 2.2.2, Rs is dominated by the ohmic losses of the conducting 

strip. This could be eliminated by introduction of by a negative equivalence of Rs as 

illustrated by Figure 2.2. The negative resistance method is a loss compensation 

mechanism that introduces a negative resistance of magnitude -Rs to reduce the
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dominant ohmic losses in the spiral traces. In this case, the negative resistor is placed 

in series with -rRs to cancel out or reduce the amount of losses caused by -rRs [52].

Yin ^

Zin

a) b)

Figure 2.6 - Typical negative resistance/conductance generators

This approach was reported in [52]—[60], stating that the Q is enhanced by using an 

active negative resistance placed in series to the lossy microstrip inductor. The 

conservative loss compensation circuit characteristically forms a negative 

resistance/conductance generator. The dependency of the negative resistance method 

to frequency means that the negative resistance experience a quadratic decrement with 

frequency unlike the high frequency characteristics of the metal resistance which 

increases with frequency as a result of skin effect [52]. Even though the negative 

conductance in Figure 2.2 (a) is frequency dependent, a frequency dependent negative 

resistance is introduced in series to the positive resistance of the inductor in cross- 
connection to the cross-coupled nMOS resistors. The cross-coupled transistors 

generate negative resistance for sustainable oscillations in the circuit [53]. In addition, 
[58] states that a tapped-inductor feedback techniques results in a higher-Q by 

producing a negative feedback. This compensates for the conductor losses related to Q, 
thus improving the total-Q of the resonating structure. Table 2.4 provides information 

on latest development in Q-enhancement using the negative resistance technique.
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Table 2.3 - Summary of latest developments in spiral inductors with negative 

feedback

Paper titleYear Authors Qmax Refs.

Design and modeling of high-Q variable width and 
spacing, planar and 3-D stacked spiral inductors

2014 Manikandan [53]

et al.
A Tunable Bandpass Filter Using Q-enhanced and semi­
passive inductor at S-Band in O.lSum CMOS

Wang et al. [58]
2012 and
earlier On frequency and quality^ factor independent tuning 

possibilities lor RF band-pass filters with simulated 
inductors

Andriesei et [55]

al.

Quality Factor Enhancement of On-Chip Inductor by 
Using Negative Impedance Circuit

[51]Pham et al. 4.73

A 0-dB IL 2140 +/- 30 MHz bandpass filter utilizing Q- 
enhanced spiral inductors in standard CMOS

Soorapanth et [52]

al.

B. Application of-Rs-Inductor

Beifort et al reported in [57] a Q-enhanced LC bandpass filter based on the negative 

resistance method. They investigated and presented a technique for sizing the 

transistor of the negative resistance based on the approximation of the Q of the novel 
lossy LC tank, and estimated the effective-Q as in [57] as,

0 = —— ven (20)
1 -G Rm0np

and Rp represents the equivalent trans-conductance of the differential -Rs 

and the parallel resistance in RLC circuit. Therefore selection of a suitable value of 

Gmo can improve the value of the Q from Q0 to the required Qen. An approximation for 

Gmo calculation is given by the following.

where G mo

(21)Gmo — Gm Gds

Here, Gm and Gds are transconductance of the output conductance.
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2.3 SUBSTRATE MATERIAL

Substrate material plays a vital role in the overall performance of an integrated circuit. 
The most important parameters to consider when designing a substrate integrated 

device are the substrate’s resistivity and dielectric loss. This is due to the fact that 
materials with high resistivity and low dielectric loss tend to enhance performance of 

resonant circuits [23]. The evolution of substrate technology started from as far as 

ceramic technology, followed by organic materials and most recently silicon. Lately, 
there has been more interest in using glass as a substrate for 2.5D/3D application [61]- 

[63]. Glass proved to provide better electrical performance compared to silicon. 
Despite it being an insulator, and edged by silicon in terms of conductivity, glass 

provides reliability performance as a result of possibility to adjust its thermal 
properties. Glass substrate is reported in [64]—[67]. Several other materials such as low 

temperature co-fired ceramic (LTCC) are regarded suitable for various applications 

where metal with excellent conductivity such as gold and silver are used. LTCC have a 

lower dielectric constant as well as low insertion loss. This makes it an ideal substrate 

for RF and microwave application. Silicon substrate reported in [7]-[9], [23], [24] is 

the most commonly used because of its excellent thermal conductivity. Trott and 

Shorey [68] studied the mechanical properties of glass and silicon, and they reported 

that a thinned silicon substrate for integrated circuits has become a common process to 

meet the packaging form factor required by consumer applications [68]. Nonetheless, 
the thinned silicon substrate is difficult to handle, thus requiring the use of a carrier 
substrate bonded temporarily as an aid to handling. The procedure for thinning the 

substrate is illustrated in Figure 2.3.

Device Substrate

De- bond SubstrateBond Substrate Thinned SubstrateCarrier Substrate

Figure 2.7- Temporary bonded carrier for silicon substrate thinning process [68]
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2.4 ELECTROMAGNETIC DESIGN AND SIMULATION TOOLS

One way to evaluate resonant structures is the use of EM simulation tools, used to 

reproduce the inductor’s electrical behaviour under different conditions. Most 
commonly, the following simulation software have been

High Frequency Structure Simulator (HFSS)2.4.1

This is a commercial finite element solver for EM structures developed by Ansys [69]. 
It is a complete solution for modelling arbitrarily shaped 3D EM structures such as 

antennas, filters and high speed digital circuits. It is a general tool that could be used to 

design and analyse various EM application [69]. Due to its flexibility and generality, 
the HFSS simulator is one of the most popular in commercial design environment. It is 
capable for extraction of parasitic parameters including S, Y and Z-parameters. In 

addition, the software visualise 3D EM fields and produce SPICE model based on 3D 

Finite Element Method (FEM) solution of the EM topology under investigation [70]. 
HFSS has features that offer flexibility in mesh generation and refinement. Such 

features include the automatic adaptive mesh generator. This makes the simulator 
more popular and useful for various purposes.

2.4.2 Sonnet Suite™

This is simulation software that uses Method-of-Moment applied directly to Maxwell 
equations to solve planar problems. The software addresses design challenges 

involving predominantly 3D planar circuits that include, strip-line, microstrip, 
coplanar waveguides, PCB and a combination of vias, metal strips in the z-direction 

and layers of metal traces entrenched in a stratified dielectric material. Sonnet 
develops accurate RF models including the S, Y and Z-parameters for planar circuits 

[71]. With the physical description of the circuit provided such as the arbitrary layout 
and material properties of the conducting metal and substrate material, it is quite easy 

to use the sonnet tool [72].
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2.4.3 CST Microwave Studio®(CST® MWS®)

This is EM simulation software which is considered more precise and efficient for 
computational solution in the EM design and simulation. It encompasses tools for 
design and optimisation of devices operational in a wider range of frequencies. The 

CST software is capable of analysing thermal and mechanical effects of an EM 

structure [73]. This is an expert tool for 3D EM modelling at higher frequencies, which 

enable accurate analysis of high frequency devices such as filters, antennas, couplers, 
planar and multilayer structures [74], signal integrity (SI) and EMC effects [75]. The 

CST MWS is based on Finite Integration Technique (FIT) and it allows the user to 

select between the time and frequency domain. As a general purpose simulator, CST 

competes with HFSS as it gained popularity in the last few years. Nowadays, it is 
widely used for analysis and design of planar antennas, and detail results are readily 

available in literature [70].

Optimisers for EM Structures2.4.4

Selecting a comprehensive optimum of specific electromagnetic (EM) system is a 

fundamental process for optimising EM systems. Various optimisation algorithms such 

as stochastic algorithm that include genetic algorithm, simulated annealing, particle 

swarm etc. are widely used for optimisation process in electrical and electronics 

engineering. However, most of these algorithms require adequate computational time 

to find an optimal solution. Parallelisation of the stochastic algorithms is a remedy for 
computational overhead, but is mostly not sufficient [76]. Effective algorithms need to 

be built which requires only few model evaluations in order to arrive at the optimal 
solution. EM optimisation process mostly involves many parameters some of which 

may be discrete. While handling large number of discrete parameters is a huge task, 
simulated annealing and genetic algorithms are capable of handling large numbers. 
Simulated annealing models the hardening of liquid metals to solid metals, while 

genetic algorithm models evolution and genetic recombination in nature [77]. The two 

algorithms are programmable, easy and efficient. Over the last few years, GA has 

gained popularity and has exploded into the research scene with great success, mainly

23



due to its characteristics that make it a perfect tool that marries relatively well with 

existing EM analysis techniques, and typically yields results that fulfil the specified 

requirements in a non-impulsive fashion. A great deal of effort has been expended in 

expanding the computational maturity ofGA optimization in electromagnetics, as well 

as in extending the domain of applications to include quite creative designs. One 

distinct focus area in which GA optimization has yielded quite fruitful results are novel 

pattern synthesis, broadband operation and the development of antennas.[78]
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3) CHAPTER THREE

3.1 ELECTROMAGNETIC DESIGN AND ANALYSIS
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Figure 3.1- Square Spiral Geometry

The formation of the conductive part of this spiral can be analysed using Maxwell’s 

equations. The electric potential on a small length element (dl) of a straight segment is 

given by the product E0.dl, where E0 is the electric field applied. The sum of the 

product E0.dl over the straight segment of length / is equivalent to the line integral of 

the product, thus giving the total electric potential of the segment as

= ~IE° (22)AV

The internal impedance of the segments is given by the line integral of the ratio of 

current density (J) and segment metal conductivity (a) as

Z' = f—dlJ a
(23)

The external inductance is represented by equation (24) where A represents the 

magnetic vector potential, k the index running through conductors making the 

structure, and a term involving Green function [35] denoted R.
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j(xV,z/)e-ikRA(x,y,z) = njv 

L' = wrt. Stake's theoremat

dV'dAL' = J —dl for )4ttR (24)

Finally, the capacitive term of the segments is given by equation (25) where, <J> 
represents the electrical scalar potential.

P(xV,z')e-ikR dV'JC' = J V<t>dl for c()(x,y,z) = /v (25)47T£R

The sum of equations (23), (24) and (25) is equivalent to the total electric potential 
given by equation (22) leading to the following relation.

/E0dl —Jldl —J-gdl —JV(Ddl = 0 (26)

The original time-periodic format of the magnetic and electric potentials represented 

by equations (24) and (25) respectively is practically unrealistic and difficult to 

compute since the two involve integrating over combined charges and currents in the 

entire structure including those in the conductor and substrate matter. Practically, the 

two equations could be rewritten in the form of given by equations (27) and (28) as in 

[79]. This reduces the integral to just the charge metal segments, thus resulting in a 

computable format as follows.

$0.0 GE(r.r')p(r')dV'

A(r,t)=£2J GM(r.r')JCr')dV'
k Vk

(27)

(28)

3.2 CIRCUIT MODELLING AND OPTIMISATION

The geometric layout plays an important role in the inductance and Q of spiral 
inductor. Thus the initial step in the design is to define the inductor parameters such as
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the number of turns (N), width of the coil (W), coil spacing (S), inner and outer 
diameter. A study [80] developed computational expressions for each parameter in the 

model as a function of the inductor’s geometric values and fabrication process 

parameter. However, the limitations in validity of some of these expressions owe to the 

quantitative analysis of an inductor. For example, the calculation of the series 

resistance (Rs) is based on the DC resistance of the conductor and the skin effect 
without considering the losses due to proximity effect. Figure 3.2 presents the 

proposed spiral layout. The width of the inner segment is W and the width of the outer 
segment is W+AW(4N-1) where (AW) is the increment in segment width. Equation 

(29) represents the width of the ith segment and equation (30) signifies the spacing 

between the ith segment and the (/+4)* segment of the spiral while (AS) is the 

reducing factor.

SAS6 

5AS2...

:SAS3

W + OAW = 

W + 4A1V- 
W + 8AW

SAS0
"--SAS4

Figure 3.2 - Square spiral with variable segment W&S.

ieZ
1 < i < 4N

Wi = W + AW(i - 1) ( (29)

( iez |
U < i < 4(N - l)jSj = SAS(i_1> (30)

The series inductance (Ls) is given by

V»4(N-D 
> Mi (31)Li +Ls =

Where Li is the self-inductance of the ith segment given by

w,+tm—^—I- 0.50049 4
Wi+tm

Lj = 21, (in (32)
31|

27



Where li is the length of the \,h segment in centimetres (cm), and Li is the inductance in 

nano-henrys (nH). Symbol Wi is the width of the ith segment in cm and tm is the metal 
thickness in cm. constant throughout the spiral turns. Symbol Mij is the mutual 
inductance between segments i and j = (i + 4) defined by;

My = 21jp (33)

where (3 is the mutual inductance parameter given by the equation below,

p-,nJi+(i) + ii (34)GMD

The GMD defines the geometrical mean distance between the two parallel segments

wf w?wf WIn GMD = lnpy — (35)12pfj 60pfj 168pfj 360pfj

Where p is the pitch of the two segments i and j. The Q of the spiral is then given by 

equation (17) in chapter 1, and the Rs is a frequency-dependent component accounting 

for the proximity effect and the skin effect on the current flow.

) li). [rs(«) -t/5)J (36)Rs = + c aca5(l - e

where C is a constant obtained from fitting the simulation results, rs(co) is the metal 

sheet resistance, B, is the magnetic field at the \th segment and it consist of three 

components generated by the ith, (i + 4)t/land (i - 4)t/l segment on the Ith segment. 
Symbol o), o and 6 are the frequency in radians, conductivity and skin depth of the 

metal segment respectively. Lastly, p and p are the electrical resistivity and 

permeability of the conductor respectively. 5 is given by

5 = V(2p/oap) (37)
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3.3 ANALYTIC MODELLING AND PROXIMITY EFFECT

The non-uniform current distribution in segments of spiral in Figure 3.2 is typically 

due to the skin effect which exists at all frequencies. However, the effect is only 

considerable at lower frequencies whereas at higher frequencies it is overshadowed by 

the proximity effect. This effect is a result of magnetic fields from adjacent conductors 

as shown in Figure 3.3(a) and has a greater impact than skin effect on the total-Q of the 

coil in a wide-ranging bandwidth towards the mm-wave range [48]. Also known as the 

current crowding effect, proximity effect is a well-known phenomenon responsible for 
increasing the effective resistance and reducing Q in a multi-turn spiral [81]. While it 
is negligible in conductors carrying current in opposite direction, it is significant in 

conductors carrying current in the same direction and is modelled by treating the two 

adjacent conductors as one conductor of effective W^for W » S [82] as illustrated in 

Figure 3.3(a). While increasing W drops the ohmic losses by a l/W at lower 
frequencies, the decline is much slower at higher frequencies due to the skin effect. 
Considering the rectangular cross-section in Figure 3.3(b) of the \th segement, and 

assuming a current flow in the z-direction, the basic equations for the electric field and 

magnetic flux can be deduced. This is possible since the electric field strength and 

magnetic flux density are directly proportional to the current density(J). The curent 
density is in the z-direction, thus the electric field strength has only the z-component 
Ez satisfying equation (38) under harmonic excitation and steady state condition [83].

d2Ez d2Ez 
dx2 + dy2 — k2Ez = 0 (38)

Jk$ + k$ and kx and ky are complex wave constants. The solution to the 

partial differential equation (38) is then given by,

Ez(x, y) = Ez0 cosh(kxx) cosh(kyy)

Where k =

(39)
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Therefore, with the help of Maxwell’s equation and application of Faraday’s law, the 

following magnetic flux components are determined.

Bx(x,y) = Bx0 sinh(kxx) cosh(kyy) 

By(x,y) = By o cosh(kxx) sinh(kyy)

(40)

(41)

Bz(x,y) = 0 (42)

Wei i—

Figure 3.3 - (a) Parallel current carrying spiral segments modelling proximity effect 
(b) segment cross-sectional view

A demonstration in Figure 3.4 shows the distribution of electrically induced currents 

resulting in a significantly low magnetic field. This can be verified at lower 
frequencies with the magnetic (V) and electric (Vcf>) vector potentials noting that 
V x V(|) = 0 [84].

3
S

■o

■8 8u *3
8 | II

-a

f 1S 3
[, 5 8 Electrically induced conduction 

and placement currents

Figure 3.4 - Schematic representation of electrically and magnetically induced currents

Typically, spirals are interconnects of various metal segments cascaded together to 

form a minimum four sided coil. The four sided coil is a square spiral which consist of 

four segments per turn as in Figures 3.1 and 3.2. Accordingly, the square spiral of N
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turns has 4N segments, and each segment has two branches, one relating to Ls and Rs. 
The second branch is associated to the substrate impedance. Assuming a dense 

capacitive coupling impedance matrix, an additional branch of lossy capacitors is 

added from one segment to another. This increases the total number of branches by 

(s + l)(s + 2)/2 where (s) represents the number of segments. These branches can be 

seen in the lumped element model in Figure 3.5. The elementary structure for 
supporting all segments characterization is denoted by the scalar matrix equations (46) 
and (47). With regard to the n-model inductance (Ls) of the whole structure, a new 

evaluation procedure for Dout is devised. The new technique takes advantage of the 

spiral length and width matrices for evaluation of Dout as given by equation (43).

(43)Dout — ln4 "F Wns

^Ci.i+2
11—wv

Zd+2,i+3Zci.i+1„ "Ci+l,i+2—rdt—'WV----- .1 %
I * X x

/ s&br\—

1 \J_j_ \/l
Q+l^l Q+ljr2

/ \ . nth-SegmentT^i+2.sl Q+2^2T
^i+2^1^i+2ji

i

i $RU1
ti\ I\ I\ I/\ //' T —\ /// \\\ /// N\\ ✓✓✓ NXX ✓XX v____"

3rd -Segment

Figure 3.5 - Equivalent circuit model of spiral segments

'_"
1st -Segment 2"d -Segment

In addition, the DC and AC values of Rs are given by equations (44) and (45) as in

[85].

(44)
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, N 5
kyy jii 
g6 Z-i ZL VV;; -

i=l j=l lJ
^ac — (45)

Where ljj and Wjj are the scalar quantities of matrices describing the length and width 

of each segment. Therefore a scalar matrix containing all information regarding the 

geometry of each segment with regard to the DC and AC resistance is generated and 

described by equations (46) and (47) respectively [85] where n represent the nth turn 

and m represent the mth segment.

Ul ^12 U3
W^3 Wlm

^21 ^22 ^23
Wn W23 - W2m

lnl ln2 ln3 
-W^ Wn^ Wn3 *" W

lm

k 2m
(46)

Wij

1 nm
nm

In ^12 ll3 1 im
Wu+t w12+t wl3+t- Wim+t

l24=mI21 I22 I23
Jl =
Wjj+t (47)w21+t W22+t W23+t w2m+t

1Ini ln2 ln3 nm
-Wm+t Wn2+t VVn3+t ' W +tnm

Csi and RSi as inThis technique alters the substrate modelling expressions for C 

equations (48) - (50) for which a supplementary matrix expressing the area of each 

segment is considered since these parameters are proportional to the area covered by

ox?

each segment [85].

**Lox
(48)

_ _ Csub
Csi - 2 (49)lijWi,
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2 N 5 1Rsi = (50)
Gsub lijWij

3.4 NUMERICAL ANALYSIS AND RESULTS

Two spirals, one with a variable metal width increasing from inner turn to the outer 
turn and the other with a variable metal width increasing from inner segment to outer 
segment were investigated. Using equation (2), a numerical evaluation of the spirals Q 

was evaluated and presented by Figure 3.6. The figure present data calculated from 

spiral inductors with a variable-tum-width (VTW) configuration and a variable- 
segment-width (VSW) configuration respectively. The data show that each spiral has 

the highest Q peak at around 2GHz as per design specification, with the former having 

a value of 44.15 at 2.15 GHz and the latter a Q-value of 49.28 at exactly 2GHz.

VARIATION OF QUALITY-FACTOR OF A VSW AND VTW SPIRAL OVER L-S BAND

FREQUENCY (Hz)

Figure 3.6 - Graph of Q versus frequency of VTW and VSW spirals

Within the L-S band, the tum-to-turn variable width spiral configuration yields Q- 
values ranging from 31.63 at the lowest frequency (1GHz) of the L-S band to 44.15 at 
2.15GHz, and 26.13 at the highest frequency of the L-S band (4GHz). On the other 
hand, the new segment-to-segment variable width configuration yields Q-values 

ranging from 36.44 at 1GHz to the highest Q-peak of 49.28 at 2GHz, and down to 22.7
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at 4GHz. The steep in energy loss after the resonance frequency is due to the rapid 

increase in parasitic capacitive effects as the frequency increases. The numeric Q- 

results at various frequency points in the L-S band are given in Table 3.1 below as 

calculated from the graphical results in Figure 3.6.

Table 3.1 - Q-value comparison at selected frequencies within the L-S Band

Q@lGHz Q@ 1.5GHz Q(®2GHz Q@2.5GHz Q@3GHz Q@3.5GHz Q@4GHz
VTW 31.63 40.5 44 43.14 39.18 33.23 26.13
vsw 36.44 46.15 49.28 47.05 41.03 32.58 22.7

The increasing electric fields due to capacitive effect resulting from wider spiral 

segment widths closer to the centre of the inductor leads to generation of eddy currents 

at the centre diminishing the overall performance of the inductor as frequency 

increases. This also results in a rapid approach to the fsRF causing the spiral to lose its 

inductive property acquiring capacitive behaviour for frequencies beyond fsRF. In 

contrary, the spiral with turn-to-turn configuration shows a gradual Q drop since the 

induction of eddy currents are reduced by narrow width of the inner turns. However, 

for a target centre frequency (in this case 2GHz), the segment-to-segment variable 

width configuration yields promising results and is applicable for narrow bandwidth 

devices. Figure 3.7 presents graphical representation of the resonance loss factor. As 

expected, the self-resonance factor (Fr) of the two spirals is equal to unity at radio 

frequencies and approaches zero at microwave frequencies. The difference in the rate 

at which the two reaches the self-resonance frequency (fsRF) is specifically affected by 

the rate at which the electric energy is lost. As illustrated by the diagram, the VTW 

configuration has a higher fsRF compared to the VSW configuration due to wider strip 

widths closer to the centre.
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VARIATION OF SELF-RESONANCE FACTOR OF A VSW AND VTW SPIRAL OVER L-S BAND

*°-9 
O 08

m 0.7 

< 0.6

O

<u_

Oz
zo
[2 0.5 

!fj 0.4
a:

LU
00

0.3

FREQUENCY (Hz)

Figure 3.7 - Self-resonance factor of a VTW and VSW structure

Likewise, the effect of the substrate-loss factor was investigated as the frequency 

increases. But unlike the Fr, the Fs is similar for both types of spiral regardless of 

metal layout structure. This is because the Fs is dependent on substrate parameters 

only, and for as long as the same substrate material has been used, the parameters 

remain the same. For that reason, an illustration in Figure 3.8 shows a single graph 

indicating that the Fs of both spirals is measurable and equal across similar points.

VARIATION OF SUBSTRATE-LOSS FACTOR OF A VSW AND VTW SPIRAL OVER L-S BAND
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Figure 3.8 - Substrate loss factor of a VTW and VSW structure
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3.5 ANALYTIC MODELLING AND PARAMETER EXTRACTION

To verify the numerical results discussed in section 3.4, an electromagnetic simulation 

was carried out using CST Microwave Studio. An analytic approach comparing the 

two layout techniques was developed. Two models were designed and built on a CST 

environment to analyze the efficiency of the two layout techniques. The investigations 

considered various parameters including, current distribution, power loss, E-field, H- 
field and most importantly Q-factor of the structure, and for both configurations, the 

reference impedance was set at 5011. The models were then simulated, and optimised 

using the CST Generic Optimizer, the algorithm is described in section 2.4.4.

3.6 ELECTROMAGNETIC SIMULATION

3.6.1 A Variable Turn Width (VTW) Spiral Inductor

Figure 3.9 - CST model of a VTW Spiral Inductor

The model was designed in a CST environment, and the material used for the spiral is 

copper, whereas silicon (Si) and silicon dioxide (Si02) were used for substrate and 

oxidation (dielectric) layer respectively. All material specifications are listed in Table 

3.2. Like the spiral, the ground plane material is copper and poses specifications of the 

spiral listed in the table.
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Table 3.2 - Material specifications

Substrate Spiral Dielectric
Silicon (lossy)
Type: Normal 
Epsilon 11.9 
Mue: 1
El. Cond:0.00025 [S/m] 
Rho:2330 [kg/mA3] 
Therm.cond:148 [W/K/m] 
Heat cap. 0.7 [kJ/K/kg] 
Diffusivity: 9.07419e- 

005[mA2/s]
Young's Mod. 112 

[kN/mmA2]
Poiss. Ratio 0.28 
Thermal Exp. 5.1 [le-6/K]

Copper (annealed)
Lossy metal 
Mue:l
El. cond. 5.8e+007 [S/m] 
Rho 8930 [kg/mA3]
Therm, cond. 401 [W/K/m] 
Heat cap. 0.39 [kJ/K/kg] 
Diffusivity 0.000115141 

[mA2/s]
Young's Mod. 120 

[kN/mmA2]
Poiss. Ratio 0.33 
Thermal Exp. 17 [le-6/K]

Silicon Dioxide (optical) 
Type: Normal 
Disp. eps. Nth order model. 

N=4 (fit)
Mue:l

A. Surface Currents distribution (VTW)

Figure 3.10 shows current distribution on a VTW model. As illustrated by the diagram, 
the proximity effect is very high on every turn, and the current tends to concentrate on 

the edges and corners of the conductor reaching a value of up to -7.27 dB (max A/m) 
at the edges. The magnitude of current in the middle of metal traces (segments) ranges 

between -21.8 dB (max A/m) and -14.5 dB (max A/m).
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Figure 3.80 - Surface Current Distribution in a VTW model

B. Electric field

Figure 3.11 illustrates the intensity of electric field induced around the resonator. The 

electric field is significant with a value of up to -24.2 dB (max V/m).

o i
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i-9.7
•14.5 «
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-29.1 :
-33.9

•40

aiNfil.
I
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Frequency:
Phase:

x2 z
0

Figure 3.11- Electric Field Distribution in a VTW model
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C. Magnetic field

Figure 3.12 shows the magnitude and area of concentration of the magnetic field, with 

a maximum value of around -9.7 dB (max A/m) around the spiral.

o
-4.85
•9.7

•W.S
•19.4
-24.2
-29.1
-33.9

30 Maximum [A/m]: 5907 ■ 0d8 Max
Frequency:
Phase:

xz12
0

Figure 3.92 - Magnetic Field Distribution in a VTW model
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E. S-Parameters (VTW)

S-Param»trrj [Mjyoj* r <B]

a) Freajency/Ob

S^aramcttrs [Nbjntjde n <£]
■005

------- S2.1

■0.1

■0.15

■0.2

■0 25

■03

■035
15 2 25 3 35

b) Freojency / Ot

Figure 3.114- S-parameters of a VTW model

F. Q-factor of a VTW Spiral Inductor 40.088@2GHz

_ □3 Variable_Tum_Width - Notepad
j £ile £dit Fflrmat View Help
Q-Factor ASCII Export
Project "C:\Users\Kobe\AppData\Local\Temp\CSTD6l\MyProject\MicroMSpiral VTYOpt.cst" 
H-Field "2D/3D Results\H-FieLd\h-field (f-2)"
Frequency/Hz 2.00000000e+009 
Energy/3 1.16409966e-011

Layer Solid Loss/WConductivity Hue Q

**Cond. Enclosure** 
Copper (annealed)

5.8000e+007 1.0000e+000 0.0000e+000
5.8000e+007 1.0000e+000 3.645te-003 4.0132e+001

9.1355e-004 1.6813e+002
2.7316e-003 5.3553e+001

componentl:groudplane 
component1:Spiral

3.645ie-003
3.9773e-006

**Sum of Surface Losses** 
*‘Volume Losses**

4.0132e+001
3.6; :004

3.6491e-003 V 4.0688e+081••Sum**
V

<

Figure 3.15 - Quality-factor ASCII Export file from CST MWS (VTW model)
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3.6.2 A Variable Segment Width (VSW) Spiral Inductor

The material used to model the VSW model in Figure 3.16 is listed in Table 3.2. For 
fair comparison, the two models, VTW and VSW were modelled in the same 

environment and with the same materials.

Figure 3.126 - CST models of a VSW Spiral Inductor

A. Surface Currents distribution (VSW)

Figure 3.17 illustrates surface current distribution on a VSW model. Current is evenly 

distributed with a max value of-7.27 dB (max A/m) measure across the width of each 

metal trace (segment). However, current is unevenly distributed in the inner turns of 

the spiral ranging between -7.27 dB (max A/m) to -3.64 dB (max V/m).
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Figure 3.17- Surface current distribution in a VSW model

B. Electric field

Figure 3.18 shows low electric field surrounding the VSW model, with the electric 

field ranging between -40 dB (max A/m) and -23.9 dB (max A/m).

o
-4.85

-9.7
-14.5
-19.4
-24.2
-29.1
-33.9

3D Maximum [V/m]: 2.455e+06 - 0 dB Max 
Frequency;
Phase:

2
56.25

Figure 3.18- Electric Field Distribution on a VSW model

C. Magnetic field
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The diagram in Figure 3.19 illustrates the intensity of the magnetic field surrounding 

VS W model. The magnitude of the magnetic field ranges between -24.2 dB (max A/m) and - 
14.5 dB (max A/m) closer to the metal traces (segments).

a

o
-4.85
-9,7

-14.5
-19.4
-24.2
-29.1
-33.9

' . ......
30 Maximum [A/m]; 5539 = 0 <JB Max

2Frequency:
Phase: 56.25

Figure 3.19 - Magnetic Field Distribution on a VSW model
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E. S-Parameters (VSW)

SP»anwwi (MjjrmJe n «B)

------- SI. I
•H

-16

-18

-20
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25 3a) 35 «
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S-Paracnean p-'a/t* n <£]
0

------- S2.1
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0.25
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15 2 25 3 35 «b) FrtQjencv / Q-C

Figure 3.21 - Scattering Parameters of a VSW model

F. Q-Factor of a VSW Spiral Inductor 44.728@2GHz

1 Variable_Segment_Width - Notepad - □
| £ilc Edit Farm at View Help
Q-Factor ASCII Export
Project "C: \Users\Kobe\AppData\Local\Temp\CSTOEl\MyProject\MicroMSpiralVSWDpt.cst" 
H-Field “2D/3D Results\H-Field\h-field (f-2)"
Frequency/Hz 2.00000000e+009 
Energy/3 1.04391669e-011

Layer Solid Conductivity Hue Loss/W Q
1 **Cond. Enclosure** 

Copper (annealed)
5.8000e+007 
S.8000e+007 

ccmponentl:groudplane 
component1:Spiral

1.00006+000
1.00006+000

0.0000e+000
2.9283e-003
4.5932e-004
2.4689e-003

4.4799e+001
2.8S60e+002
5.3133e+001

I
!

••Sum of Surface Losses** 
••Volume Losses••

2.9283e-003 4.4799e+001
4.6621e-006 2^81386+004 

(^4,4728e+001 J••Sum** 2.9329e-003
V

>

Figure 3.22 - Quality-factor ASCII Export file from CST MWS (VSW model)
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3.7 ANALYTIC CONCLUSION AND DISCUSSION (VTW VS. VSW MODEL)

Compared to the VTW model, the VSW spiral inductor model stores less energy in the 

electric field. This implies that the amount of energy stored in the magnetic field is 
high than the energy stored in the electric field, thus having a good impact on the 

overall Q-value. Similarly, the concentration of surface currents in the VSW model is 
better than the distribution in the VTW model. This reduces the induction of substrate 

related losses, such as displacement currents and eddy currents. The only advantage 

possessed by the VTW model in comparison to the VSW model is the size of the 

structure. As illustrated by Table 3.3, the VTW model has smaller dimensions 

compared to the VSW. However, the difference is not that significant where size is not 
a big problem. To conclude the analysis, the VSW model yields higher-Q than the 

VTW model. Figure 3.15 and Figure 3.22 shows the different extracted Q-values of 

the two structures respectively at 2GHz. The VSW model has a high-Q value of about 
11.57 % to the Q of the VTW model. This agrees to the numerical model discussed in 

section 3.4 of this work. A deviation of 5.18% is observed between the numerical 
value and the practical value. The reason for deviation is probably due to the losses 

induced in the practical modelling of which the numerical modelling does not account 
for, such as the radiation and thermal emissions.

Table 3.3 - Dimensions of the two models (VTW vs. VSW model)

QmaxWsub LsubHDoutASSma\SminAWWmi„ Wma.x

40.088509.37478.1239.753622.088.323.934.7024.46VTW 10.35
526.56 44.728482.8142.373491.3212.552.191.35VSW 29.7110.75

A comparison of powers in Figures 3.13 and 3.20 shows that for an equal amount of 

power simulated on each model, the VSW model has lower radiation as compared to 

the VTW model. Also, the power lost in metal and dielectric is lower in the VSW 

model. This shows efficiency of the new layout technique as compared to the previous 

technique.
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3.7.1 Comparison with similar existing work

A comparison ot this work to other existing works of similar structures and objectives 

is illustrated in Table 3.4. it is clear from the comparison that the current work yields 

better results in terms of Q-factor than the previously used methods.

Table 3.4 - comparison of current results with existing similar work

Year/Ref. Title/Description Q-Improvement compared 

to conventional design

2017/(This 

work)
Variation of spiral width from one segment to 

another with non-uniform coil spacing
38.9%

Layout Optimized Non-Uniform Series-Parallel 
Inductors for High Inductance Density and 

Quality Factor

2015/[86] 30%

Design and modeling of high-Q variable width 

and spacing, planar and 3-D stacked spiral 
inductors

20l4/[53] 20%

30%Variation of spiral width from one segment to 

another with non-uniform coil spacing
2013/[85]

3.8 PUBLICATIONS

O.B. Kobe et a!., "A review on quality factor enhanced on-chip microwave planar

Int. J. (2016), Elsevier”.resonators, Eng. Sci. Tech.,

PUBLISHED:® http://dx.doi.org/!0.1016/j.jestch.2016.09.024

O.B. Kobe et al. ‘'Modelling high-Q square spiral with variable segment width and 

spacing, 2016 IEEE Radio and Antenna days of the Indian Ocean (RADIO)”. 

PUBLISHED:® https://doi.org/10.1109/radio.2016.7772019
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CHAPTER 4

4.1 CONCLUSION

A new layout optimisation method for on-chip spiral inductors is presented. The new 

technique is based on the variation of spiral metal width and coil spacing, and it 
implemented and investigated on a square spiral. While the method is applicable to 

various types of spiral inductors, for analytical purposes, it is much easier to analyse it 
on a square spiral since it is easy to layout and is less time consuming. The 

variable segment width (VSW) is an extension of the existing variable turn width 

(VTW) layout method. The difference between the two techniques is that the 

technique varies metal width from one segment to another, with the old technique 

varying metal width from one turn to another. While there is a trade-off between 

resistance and physical size, the immediate variation of metal width brings reduced 

ohmic losses relating to the conducting metal.

The two models, a VTW and a VSW were built and simulated on a CST MWs Studio, 
where various parameters such as S, Y and Z-parameters were obtainable for 
evaluation of resistance, inductance and Q-factor values. Both models were simulated 

and optimised with a genetic algorithm (GA) in-built within the CST simulator 
software. The optimisation process was ran for several solver runs until the goal 
function values started repeating and then the optimisation process was aborted 

reloading the best achievable goal function value. The best parameters for each model 
were then recorded in Table 3.3. The optimisation results in Table 3.3 show that the 

VSW model requires larger area compared to the VTW model. This is due to the trace 

shifting from the inside as segments widths increase towards the outer turns. Also, the 

dielectric and substrate thickness is larger in the VSW than in the VTW, reducing 

electric fields created between the ground-plane and the wider metal traces, and this 

could increases the resonators Q-factor. Similarly, increasing the spacing between 

adjacent segments improves-Q, however the effect is opposite for the inductance 

value. With the GA, the coil spacing is as well optimised with a minimum spacing of 
2.19um, and a maximum spacing of 12.55um achieved at the outer and inner turn

was

new

new
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respectively tor high-Q in the VSW model. The resulting Q-factor improvement 
observed was at least 35% compared to the conventional fixed width model, and 

11.57% compared to the original layout optimisation technique i.e. the variable turn 

width and spacing. This is a very significant improvement in Q-factor, thus the new 

spiral exhibit better performance than the previous type.

4.2 FUTURE RECOMMENDATION

As already discussed, the existing spiral inductor models can be improved for better 
and stable performance over a wide frequency range.

The VSW technique can be further applied to multisided spirals such as hexagonal and 

octagonal for further investigations on performance trends. It is substantiated that the 

more the sides a spiral have the better the current distribution and performance. 
Therefore the expectation is that, in a multisided spiral, the VSW model can yield 

much better results. Despite the complexity of applying the technique to this kind of 

spirals, the investigation is still a necessity and should be considered for future 

research.

The VSW method possess high capacitive coupling, therefore it is necessary to 

investigate measures for dealing with the high electric fields penetrating the dielectric. 
A PGS technique may be considered as an additional loss compensation method to the 

VSW, thus a VSW model with a PGS may be considered for future work.
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A.2. OPTIMISATION RUN

Variable Turn Width Spiral Inductori)

The automatically added space for open boundaries has been limited to ten times the model’s 

bounding box diagonal because the structure is very small in terms of the smallest 
wavelength.

Meshing successful

The mesh adaptation has been deactivated. It is strongly recommended to enable the mesh 

adaptation for the tetrahedral mesh unless the problem is very large.

Sample 1 (4 GHz)

Automatically activated electric shielding for ports 1, 2.

Performing parallel excitation with 2 threads. More...

Stimulation at port 1. mode 1

Stimulation at port 2. mode 1

Sample 2 (1 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 3 (2.2 GHz)

Stimulation at port 1, mode l

Stimulation at port 2, mode 1

Sample 4 (1.8 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 5 (2 GHz)



Stimulation at port I. mode 1

Stimulation at port 2. mode 1

No automatic samples have been calculated up to now. Therefore, the frequency sweep is 

continued with additional automatically chosen samples.

Sample 6 (3.439 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 7 (1.213 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 8 (2.887 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

The S-parameter convergence criterion has been satisfied after calculating 8 frequency 

samples.

Calculating remaining monitors.

The Z and Y matrices have been successfully calculated.

The VSWR results have been successfully calculated.

Parametric 1D storage is switched off.

The automatically added space for open boundaries has been limited to ten times the model s 

bounding box diagonal because the structure is very small in terms of the smallest 

wavelength.

Optimization aborted with improved goal value. Best parameter set is stored.

x



Variable Segment Width Spiral Inductorii)

The automatically added space for open boundaries has been limited to ten times the model's 

bounding box diagonal because the structure is very small in terms of the smallest 
wavelength.

Generating a finer mesh for listed regions or removing small features may help. More...

Meshing successful

The mesh adaptation has been deactivated. It is strongly recommended to enable the mesh 

adaptation for the tetrahedral mesh unless the problem is very large.

Sample 1 (4 GHz)

Automatically activated electric shielding for ports 1, 2.

Performing parallel excitation with 2 threads. More...

Stimulation at port 1. mode 1

Stimulation at port 2, mode 1

The direct solver will be used.

Sample 2 (l GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 3 (2.2 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 4 (1.8 GHz)

Stimulation at port 1, mode 1

xi



Stimulation at port 2, mode 1

Sample 5 (2 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

No automatic samples have been calculated up to now. Therefore, the frequency sweep is 

continued with additional automatically chosen samples.

Sample 6 (3.598 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

An additional check has indicated that the frequency sweep needs to be continued.

Sample 7 (1.285 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

Sample 8 (2.17 GHz)

Stimulation at port 1, mode 1

Stimulation at port 2, mode 1

The iterative solver will be used.

The S-parameter convergence criterion has been satisfied after calculating 8 frequency 

samples.

Calculating remaining monitors.

The Z and Y matrices have been successfully calculated.

The VSWR results have been successfully calculated.
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