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Abstract

The advancement of CMOS technology led to the integration of more complex func-
tions in a single chip. In the particular of wireless transceivers, integrated LC tanks are
becoming popular both for VCOs and integrated filters. The design of a 2"® order CMOS
0.13 um @-enhanced integrated LC filter for a frequency of 2.44 GHz is presented. The
intent of this filter is to create a circuit for integrated wireless receiver and minimize the
requirement for off-chip passive filter components, reducing the overall component count
and size of wireless devices and systems. For RF applications the main challenge is still
the design of integrated inductors with the maximum quality factor. For that purpose,
tapered, i.e, variable width inductors have been introduced in the literature. In this work,
a characterization of variable width integrated inductors is proposed. This inductor model
is then integrated into an optimization procedure where inductors with a quality factor

improvement are obtained.

Keywords: Inductor layout optimization, variable metal width, integrated RF

inductor, Q-enhanced RF LC filter.
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Resumo

Com o avango da tecnologia CMOS surgiram funcionalidades mais complexas num
Unico circuito integrado. No caso particular de emissores-receptores sem fios, tanques
integrados LC estao a tornar-se populares, tanto para VCOs (Osciladores controlados por
tensao) como para filtros integrados. O projecto de um filtro LC integrado de segunda
ordem com melhoramento de factor de qualidade é apresentado neste trabalho. A intengao
deste filtro é a de criar um circuito integrado para a recepcao sem fios minimizando o
requisito de componentes passivos nao integrados, reduzindo o nimero de componentes e
tamanho global de dispositivos sem fios e sistemas. Para aplicagoes de RF (Frequéncia de
radio) o principal desafio ainda é o projecto de bobines integradas com elevado factor de
qualidade. Para este efeito, bobines de espessura variavel tém sido propostas por varios
autores. Nesta tese é proposta uma caracterizacao de bobines integradas de espessura
varidvel. Este modelo de bobine é entao integrado num processo de optimizacgao, onde sao

obtidas bobines com uma melhoria de factor de qualidade

Palavras Chave:Optimizacao geométrica da bobibe, espessura varidavel, bobine

integrada, Filtro LC com melhoramento do factor de qualidade

ib'e
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Chapter 1

Introduction

The radio frequency (RF) and wireless market has suddenly expanded to unimaginable
dimensions. With the emergence of cellular phone, wireless local-area network (WLAN)
and Bluetooth technology, we are standing on the threshold of a new radio frequency
epoch. In the field of communication circuit design, the realization of the complete in-
tegration of RF transceivers and digital signal processing blocks onto a single integrated
circuit (IC) is a logical area in which to develop system-on-chip (SoC) solutions [3]-[4].
By doing this, the cost and the difficulty of assembly and tuning are reduced drastically.
Presently, the growing demand for multi-functional wireless communications systems is
becoming increasingly evident. Meanwhile, the lower cost and faster advance of CMOS
processes has motivated extensive efforts in designing RF CMOS circuits. CMOS tech-
nologies exhibit properties and limitations that directly impact the design of a receiver
from the architecture level to the device level and from the RF front end to the baseband
processor.

In the long term, traditionally analog functions of a radio receiver (see figure will
be replaced with software or digital hardware. The final goal of a radio receiver would be
to digitalize the radio frequency (RF) signal at the out put of the antenna, allowing the
implementation of all receiver funtions in either digital hardware or software [5].

Achieving this would be very interesting for many reasons. It would reduce product
development time and costs. It would also allow to implement new functions that are

impossible to implement in analog hardware. Another great advantage would be the
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possibility of creating receivers designed to allow reception of different modulation types.

RFin RF Band Image IF Bandpass
Select Filter RF Amp Reject Filter Mixer Filter IF Amp Demodulator

i S iy S iy S Output

LO
sine

N

Figure 1.1: Typical radio receiver [I]

The ever increasing demand for wireless communications motivates in reducing com-
plexity, cost, power dissipation, and the number of external components in selecting re-
ceiver architecture (figure . The integrated inductors spiral plays an important role
in the development of Si RF ICs. The spiral inductor has a great influence on the per-
formance of many RF circuits. The obvious example is the LC tank, in which the quality
factor @ of the spiral inductor determines the bandwidth and the resonance impedance of
the LC tank. Another example is the bandpass filter built with inductor and capacitors, in
which the quality factor of the spiral inductor determines the insertion loss [6]. Following
the success in fabrication, intensive research has been conducted in the modeling of spiral
inductors on silicon. One approach is to use a compact circuit model. In other way, a
lot of work has been done in the synthesis and optimizations of spiral inductors in silicon.
The purpose of this thesis is to present an optimization method for the design of spiral
inductors. The focus for this optimization is on the geometric layout of the spiral induc-
tor. We develop a theory based on fundamental electronic principles that yields simple,
accurate inductance expression for on-chip spiral inductors of various geometries.

Besides the introduction, this thesis contains 4 chapters. In Chapter 2 an introduction
to integrated spiral inductors is presented, and the well known pi-model is introduced.
Analytical physics-based expressions for the model elements are givel, and finally working
examples proving the validity of the model are shown. In Chapter 3 the adequation of

the previously described model to variable width integrated indutors is described. After



validating this model, optimization methodologies are applied to the design of variable
width inductors, leading to final designs with quality factor improvement ( for the same
area) in the order of 20%. In Chapter 4 the variable with integrated inductors are used
for designing LC-filters. Examples considering the application for 2.44 GHz are presented.

Finally, in Chapter 5, conclusions are offered.
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Chapter 2

Integrated inductors

The growth of wireless applications in the low GHz frequency range has been a catalyst
in numerous research activities to develop wireless applications. CMOS is considered a
technology of choice in the integration of radio frequency systems in the low frequency
range (up to a maximum of 10 GHz) because of the relatively lower costs in developing
single chip solutions over other semiconductor processes. For RFIC in CMOS, planar
inductors will have a dominant role in defining the achievable performance of the system
as a whole. Depending on the technology possibilities, several metal layers may be used
and different geometries can be adopted. In this work a 0.13um CMOS technology is used
for implementing spiral inductors. In this chapter we review on-chip inductor realization

and see how they can be modeled.

2.1 Introduction

Inductors are components used to store energy in the form of magnetic field. However
integrated inductors are not easy to implement because of their non-ideal behaviour that
entail a myriad of trade-offs. Parasitic effects, such as coupling capacitance and losses
related to the integration substrate, affect these devices, degrading their performance [7].
In order to understand these trade-offs, both vertical and lateral of the layout have to be
considered.

Figure shows a typical implementation of an integrated spiral inductor where the

important physical dimensions of the spiral inductor are identified: inner diameter (d;y ),



6 CHAPTER 2. INTEGRATED INDUCTORS

Figure 2.1: Typical layout of an integrated spiral inductor

outer diameter (dyy,:), space between turns (s) and width of metal trace (w). Since we

have chosen to fill in the spiral down to the inner diameter,

dout = diny + 2nw + 2(n — 1)s (2.1)

The top and outermost end of the inductor are directly connected to a port while
the inner end is connected to the metal strip or air bridge from beneath. Generally, the

uppermost layer of metal is used for construction as it offers a low resistance to the current.

2.2 Inductor model

Quality factor (@) of inductors in RFIC applications is poor. For achieving high
() geometrical parameters of the inductors should be carefully determined so that the
highest @) for the given technology may be obtained. Since inductor design parameters
are highly correlated, optimization based design metodology are usually adopted. Since
electromagnetical simulation is a time consuming process, designers usually adopt inductor
models as a way of increasing the efficiency of the design task. Regarding integrated
inductor models the approach can be found accurate with literature.

While many simulation techniques focus on determining the complete network behav-
ior of an integrated inductor such as its 1- or 2-port s-parameters, this information is not

always in the most useful format for designers. The behavior of a device, such as the
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inductors, may in fact be understood from the s-parameters, but designers are generally
interested in including one inductor device within a larger circuit or system. In this case,
it is necessary to have a more compact representation of the device for its inclusion in a
larger system. For this purpose, various models of integrated circuits represent compact
inductors have been developed [§].

The simplest model available for representing inductors, showed in figure is useful
for characterizing the device’s behavior at low frequencies and is composed of an inductor

in series with a resistor that represents the ohmic losses along the length of the inductor.
L R
TIN——RR

Figure 2.2: Simple 1-port model

This representation can be easily extracted directly from the 1-port complex impedance
of the device, Z;,, = R+ jwL. However, at higher frequencies parasitic capacitors must
be taken into account and this model becomes insufficient.

In order to take into account the losses over a range of frequencies, circuits models of

spiral inductors on silicon, such as the simple m-model proposed in [9] and represented in

figures and

P S
% Si Substrate + %f

Figure 2.3: On-chip implementation of a spiral inductor

However and notwithstanding the fact that more accurate models have been proposed
and developed, the simple m-model of spiral inductor on silicon is the most common model
used by the designers due to its simplicity. Its parameters are easy to adjust to empirical
data and they have a clear physical meaning. As a trade-off, this is a narrow band model

because it is only valid for modeling the behavior of an inductor in a small range of
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Rsi ——Csi Rsi ——Csi

Figure 2.4: 7 circuit equivalent model of a spiral inductor

frequencies. For this reason it is normally used only to model the spiral at frequencies
under few GHz.

So, in this circuit model, the inductor Ls; models the inductance of the spiral inductor
and the resistor R; models the resistance of the metal trace. The capacitor Cs represent
the direct coupling through the overlap between the spiral and the underpass. The oxide
capacitance C,, is the capacitive coupling between the inductor and the substrate through
the oxide layer and the resistance and capacitance of the substrate, referred to ground, are
modeled by R, and Cg;, respectively. The characteristics of each in this equivalent circuit
model elements are strongly dependent on the inductor shape and on the technological
parameters of the CMOS process used. In the next subsections, the analytical expressions

for the evaluation of the m-model element values is presented.

2.2.1 Metal length

For the accurate calculation the length of the inductor be performed accurately a
decomposition of the inductor in its elementary segments was accomplished. Our formula
is derived in an inductor provided with a hollow center of an arbitrary inner diameter d;,

that affects linearly the total length, I:

l=4n(diy +w) +n(w+ s) +4n(n — 1)(w + s). (2.2)

In this work we also consider the half turns of the spiral inductor. Therefore, if the
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spiral have an half turn it is necessary to add the length of that half turn,

length of half inductor = 2(d;,, + w) + n;(w + s) (2.3)

where n; corresponds to the integer part of the number of turns.

2.2.2 Series Inductance

The knowledge of series inductance is a critical point to engineers who develop and
use on-chip inductors for RFICs. The inductance represents the magnetic energy stored
in the device, although parasitic components may store energy as well. For the evaluation
of the inductance, several approaches have been proposed, based either on fitting process
to experimental values [4] or through physics-based equations (modified Wheeler formula)

[10], where

2
n°davg

Ls=Kipo7—"7—-
s 1H0(1—|—K2p)

(2.4)

Given that, K; and Ky are coefficients allowing the model to be adopted to several

inductors shapes and are seen in Table

Table 2.1: Modified Wheeler Expression’s coefficients
Inductor shape K; Ko
Square 2.34 2.75
Hexagonal 2.33 3.82
Octagonal 2.25 3.55

n is the number of turns, dy.4 is the average diameter given by,
1
davg = §(dzn + dout) (25)
and p is the fill ratio defined as

o (dout - dzn)

B (dout + dzn) (26)

From [2.6] two spiral inductors with the same average diameter but different fill ratios
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will have different inductance values. The fuller one has a smaller inductance because its
inner turns are closer to the center, thus contributing less positive mutual inductance and

more negative mutual inductance [4].

2.2.3 Series Resistance

Series resistance Rg arises from the metal resistivity in the inductor and is closely
related to the quality factor. As such, the series resistance is an important key parameter
for inductor modeling. The electric resistance in a metal trace conductor is given by,

l

Rsge = — 2.7
Sde = (2.7)

where the resistance dependence on the metal conductivity, o, is explicit and the metal
dimension is reflected by w, w and ¢ (track thickness). The previous equation is valid for a
conductor where the current density is uniform, typically at DC and low frequency circuits.
On the other hand, when the inductor operates at high frequencies Eddy currents are
induced on the conductor, leading to a non-uniform current distribution, formerly know
as the skin effect [IT]. This means that for hight frequencies, the useful conducting area
in a conductor is reduced. The most critical parameter presenting in the skin effect is the

skin depth and can be determined by [12],

5= - .
o (2.8)

where f is the frequency and p is the magnetic permeability of free space and o the
conductivity of the conductor.

Due to skin effect, for high frequencies Rg becomes a function of frequency given by

l
— 2.9
s owd(1 — e~ t/9) (29)

For a planar conductor the previous equation just takes into account the top and the
bottom walls of the conductor. This approximation is not a problem if the conductor width
is greater than thickness. If not, neglecting the conductor side walls, can introduce a huge

error in resistance estimation. To overcome this gap the following equations to evaluate
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the conductor resistance were proposed where k is a correction factor that depends on w

and ¢ [11], [13].
lim R, R, l (2.10)
1 ac = c= — 5 .
f—0 d owt
lim Rye = bt (2.11)
fooo YCT 200(w +t) '

Rs =1/R3.+ R2, (2.12)

2.2.4 Crossover Capacitance

The capacitance, Cg, appears between the spiral and the underpass necessary to
connect the inner turn to the outside of the spiral inductor. For the evaluation of this

capacitance, all overlap capacitances are considered [14] and it is calculated by

Cg = now?—% (2.13)
tonlfM2

where €,, is the oxide permittivity, n. is the number of overlaps and #,;as1— a2 is the

oxide thickness between the spiral upper and lower metal.

2.2.5 Oxide Capacitance

Between the spiral metal and the silicon substrate, the parasitic capacitance, C,; is
formed. An usually adopted equation to estimate this capacitance is
_leo

OO:L‘ = 5@[11) (214)

where t,, is the thickness of the Si0y between the inductor and the substrate and (w

defines the area of the spiral.
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2.2.6 Substrate Resistance and Capacitance

The substrate parasitic elements are a consequence of the time-varying magnetic field
that penetrates into the silicon substrate, leading to power loss as well as a reduction in

the spiral inductance. The substrate capacitance and resistance are given by

1
Cui = 5 Cauplw (2.15)
2
Ry = 2.16
(;glu} ( )

where Gy, is the substrate conductance per unit area and Cg, is the substrate ca-

pacitance per unit area, where,

Gop = 22 2.17
= (217)
and
E0Er
Coup = — 2.18
= (2.18)

given that oy and hg; are the substrate height and conductivity [14].

2.3 Quality Factor of an Inductor

The quality factor (Q) of an inductor gives a measure of the goodness of the induc-
tor and is usually adopted as the characteristic to be used when comparing inductors

performance. The general expression for the quality factor is [6]:

energy stored

Q=2r (2.19)

energy lossin one oscillation cycle

For inductors, the only desirable source of storing energy is magnetic field and hence
any source of storing electric energy such as capacitances is considered as a parasitic. This

electric energy has to be calculated and the equation [2.19] can be rewritten as
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peak magneticenergy — peak electricenergy
s

Q=2

- — (2.20)
energy lossin one oscillation cycle

From equation it is possible to realize that Q is zero for the frequency at which
the peak magnetic energy is the same as the electric energy. That frequency is called the
self-resonance frequency (SRF'). This means that an inductor maintains is behaviour for
operating frequencies below the self-resonance frequency, but for higher frequencies the
component does not behave as an inductor and presents capacitive performances.

The m-model presented in figure takes into account a set of various parasitic and
loss elements, allowing to rewrite equation as function of the passive elements. To
do this, the circuit model is first transformed into its equivalent circuit with one port

connected to the ground (Figure [2.5).

Spiral Inductor

———— — —— — — — —— — ——— — ——— — —

Rs

| I

I I

I I

| [

| [

| [

| I

L)Y | R —c ——cCs |
@Slne : % P P |
|

| I

| I

| I

5 [

| [

Ls

Figure 2.5: One port equivalent model of m model

This configuration aims to simplify the analysis of the Q behavior. The parasitic
elements Cp,, Ry and Cy; are replaced by its parallel equivalents C, and R,. These

elements continue to be frequency dependent and are calculated as [6].

1 Rsi(cox + Csi)2

R, = TR G (2.21)
1 2 ox st st 2

C, = C + w*(Coz + Csi) Csi R (2.92)

1+ WQ(Com + Csz)QRgl
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Then, in order to obtain Q, we can calculate the energy associated to each of the
passive elements in the equivalent circuit. The peak magnetic energy is related with the
inductance Ls and given by

1o Vi'Ls
Epeakmagnetic = §LS‘/O = 9. [(ng) + RE}

(2.23)

where Vj is the peak voltage at the inductor branch. The peak electric energy store

in parasitic capacitances is

1 VE(Cs + C
Epeak electric = §C%2 = 0(2}7) (224)

and for last the energy loss in one oscillation cycle is

2w Vﬁ 1 R,

Eloss in one oscillation cycle — U 9 : Rip + m (225)

According to definition (2.20]) and replacing equations (2.23))-(2.25)), the quality factor

can be calculated as

peak magneticenergy — peak electricenergy
T

Q = 2 - - ;
energy loss in one oscillation cycle
 wLs R,
Rs  R,+ [(wLs/Rs)"1] R
R%(Cs+C
1— S(Lj”) —W?Ly(Cs + Cp) (2.26)

Note that () increases with increasing Lg and with decreasing Rg. Moreover, it
appears form should increase monotonically with the frequency. However, this is not
the case. At higher frequencies the substrate losses becomes a dominant factor for ¢. We
can see three different terms in previous equation. The first one represents an almost ideal
inductor, where just the magnetic field stored and the ohmic losses are considered. The
last two terms on the right-hand side of denote the substrate loss factor and self-
resonant factor. On-chip inductors are normally built on a conductive Si substrate, and
the substrate loss is due mainly to the capacitive and inductive coupling. The capacitive

coupling, C, (see Figure 2.5) from the metal layer to the substrate has two negative
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consequences: changes the substrate potential and induces the displacement current. The
inductive coupling is formed due to time-varying magnetic field penetrating the substrate
and such a coupling induces the eddy current flow in the substrate. Both the displacement
and currents give rise to the substrate loss and thereby degrade the inductor performance.
An important conclusion we can take from the equation If R, approaches to infinity,
the substrate loss factor approaches the unity. Since R, approaches infinity when R,; goes
to zero of infinity (see equation , the quality factor can be improved by making the
silicon substrate either a short or a open [I5].

A more expedite process to calculate @) could be achieved by measuring the input
impedance of the circuit with one port grounded. The energy stored in the inductor, is
linked to the imaginary part of the input impedance Z;,; whereas the real part of Z;, is
proportional to the energy dissipated in resistances. With this approach, the equation

for the quality factor is reduced to

Q=7 (2.27)

2.4 Working Examples

In order to verify the accuracy of the model (m-model) described, simulations for
inductor of 1, 2 and 3 nH were performed. The inductors were implemented using the top
metal level of a 0.13 pum digital CMOS process. The technological parameters shown in
Table 2.2] were used.

Table 2.2: UMC130 - Technological Parameters

Parameter Value Parameter  Value
€0 8.85¢-12 tog (pm) 600

Er 1 Couwp (F/m?)  4.0e-6

o (Qm) 1/2.65e-8 Gaub 2.43eb

For the metal spacing, a minimum space between tracks of 1.5 pum is always assumed.
In table the dimensions of the inductors implemented are summarized. In this
example a working frequency of 710 MHz was considered.

The validity of these results was checked against simulation with ASITIC (Analysis



16

CHAPTER 2. INTEGRATED INDUCTORS

Table 2.3: Spiral inductor design constraints

Inductor w (pm) djp (pm) n  doye (um)
1 nH 13.8 69.5 2.5 143
2 nH 14.5 137 2.5 214
3 nH 22.3 204 2.5 320

and Simulations of Spiral Inductors and Transformers for Integrated Circuits) yielding

results shown in Table 241

Table 2.4: Results comparison with ASITIC - 710 MHz

L Q
Model  ASITIC e, (%) | Model ASITIC &g (%)
1.00 nH 1.05 nH 4.5 5.38 4.63 13.9
2.00 nH 2.09 nH 4.6 6.89 6.23 6.23
3.00 nH 3.14 nH 4.8 10.5 9.35 11.0

Analyzing the results for these three working examples we observe close agreement

between our formulas and the measured data from ASITIC, with a maximum relative

error in order of 10 %. A major limitation in the design, modeling and simulation of

spiral is the difference between our circuit model of the spirals inductor and the ASITIC.

Then we can conclude that the results are quite acceptable to the chosen frequency of test.

For the model to be more accurately validate it will be necessary to prove it to various

frequencies. The figures and 2.8 shows the results of these three inductors for a

range of frequencies and comparing likewise with ASITIC.
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Figure 2.6: Frequency dependence of [2.6(a)| inductance and [2.6(b)| the quality factor of

spiral inductor
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Figure 2.8: Frequency dependence of [2.8(a)| inductance and [2.8(b)| the quality factor of
spiral inductor

2.4.1 Conclusion

The figures reveals the excellent match between the values calculated and ASITIC. For
high frequencies, the magnetic field effect seems to be a dominant factor. The @ increases
with the frequency up to the peak value and then drops at higher frequencies due to the
parasitic capacitance. Despite of this limitations we can conclude that the model we have

achieved is quite adequate to be used.
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Chapter 3

Integrated inductors with variable

width

3.1 Introduction

The main goals for the design of an integrated inductors consist of:

e high quality factor (@ factor) in order to obtain low-power loss and high-storage

energy inductor,

e self-resonance frequency well above the frequency of operation in order to guarantee

minimum inductance,
e high inductance per unit area in order to obtain highly integrated efficiency,

e high robustness in order to minimize the process derivation [16]

In this work, we try to improve the spiral inductor’s ¢ for frequency range behind
the self-resonance frequency, which can be easily installed into present CMOS technology
without a special process change. The degradation of the Q-factor of monolithic inductors
was attributed to substrate and metal loss, especially for silicon based technology. Using
highly resistive substrate and a high level metal layer can prevent substrate losses. The
metal loss was attributed to Ohm loss and eddy-current loss. Technologies such as using

copper metal, a thick metal layer, and a multilevel metal layer have been employed in order

19
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to prevent the metal loss. One of the goal of this work is to reduce the series resistance Ry,
arising from the resistivity of the metal, reducing the eddy current loss and consequently
improving the @ factor. This is helpful for the design of low-power consumption and
high-performance RFICs. So, a variable metal width of the spiral inductor was proposed.
The basic idea is to increase the line width by arithmetic-progression.

Although this method can operate at low frequencies where the current density in a
wire is uniform, as the frequency increases the skin effect pulls more current to the outer
cross section of the metal wire and the so-called skin depth (i.e., the depth in which the
current flows) is reduced with increasing frequency (see equation ) Thus, the skin
effect increases the series resistance at high frequencies, and the approach of increasing the
line width would not be effective. According to an earlier study, the larger the cross section,
the lower the onset frequency at which the skin effect dominates the series resistance.
Furthermore, a wider metal line would occupy more area, which increases the fabrication

cost [I7]. In this chapter we present one possible solution to this problem.

3.2 Variable width inductors

For a conventional spiral inductor with uniform metal width the influence of mag-
netically induces losses is much more important in the inner turn of the coil, where the
magnetic field reaches its maximum. To avoid this effect, some authors proposed an op-
timization by maximizing the internal diameter [7],[I7]. However this is not the best
procedure to improve the quality factor of the integrated inductor, since increasing the
inner diameter increases the occupied area which goes against one of the designers goals.

One method is to employ the so-called tapered inductor, in which the line width
increases toward the outer turn of the spiral. In this way a reduced series resistance leads
to an improve of the quality factor. In this work, square inductors, where each segment
shows a width increment of Aw, as illustrated in figure [3.1], are considered.

Since each segment will show an increment of both width and length new equations
will be proposed, relying on the dimensions of each segment of the inductor. The width

of a segment may be evaluated with
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Figure 3.1: Variable width square inductor [2]

w; = w + n;Aw (3.1)

where n; is the number of the segment, and w is the initial metal width. So, the
starting point for the derivation of our formulas is a common point with the precise
analytical algorithm: decomposition of an inductor into segments as shown in figures (3.2
and 3.3l

Taking that into account that the basic structure for supporting all the inductor
segments characterization is a matrix of four columns (one for each segment per turn) and

n line (one per inductor turn). Initially, a matrix /;; containing every segment length

il hig lia

log laa lag oy

lnl ln? ln3 ln4_

and a matrix containing every segment width, w;;
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Figure 3.2: A regular spiral inductor divided by segments

Figure 3.3: A non-uniform width spiral inductor divided by segments

w1l w12 Wiz Wi4
W1 W22 W23 W24

Wij = |ws; w3y W33z W34 (3.3)

Wnpl Wp2 Wp3 Wp4
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are generated.

In chapter [2| we see that the model components of the integrated inductors are based
on their geometrical parameters. So, given that these parameters are modified by the
introduction of the increase in the metal width, new expressions for the m-model are

needed.

3.2.1 Modeling variable inductors

For determining the analytical expressions for the calculation of the component values
of the m-model is necessary to characterize the width, w;, and the length, ; for each segment
of the spiral inductor. The new expression for each component are presented below, based

upon the expressions used to model a regular inductor.

a) Series Inductance, Lg

Regarding the m-model inductance, Ly analytical equation we see that a new way for
evaluating d,,; must be adopt because of the change in geometry parameters of the metal

strip and expression, and it is given by

dout = din + (2n+ Dw + 2n —1)s + (2n(2n + 1)) Aw (3.4)

But, at this point there is a easier way to calculate the dy,; of the inductor. Considering

the basic matrices in (3.2)) and (3.3]), the outer diameter is obtained by

dout = lnz + wna (35)

where [,3 is the third segment’s length and w4 is the last segment’s width of the last
turn. The resulting equation of series inductance for a non-uniform inductor width takes
the same form of the expression for a regular width spiral inductor, replacing the outer

diameter. Thus

2
Ndayg

Ls=Kipy——"7"—-
S 1M0(1+K2p)

where the average diameter (dg.,y) depends on the new dyy;.



24 CHAPTER 3. INTEGRATED INDUCTORS WITH VARIABLE WIDTH

b) Series Resistance, Rg

For the evaluation of the series resistance, Rg, is necessary to be more careful, since
the maths inherent is a little more complex. As we see in the expressions that are
used to calculate Rg, and depends on the dimensions of the inductor.

For this purpose two new matrix and based on the matrices containing the
lengths and widths of each segment are generated and .

l11 l1o l13 l14
w11 w12 w13 w14
l21 loo los lo4
w21 w22 w23 w24
i/ — 1 l32 33 134 (3.7)
Wyj w31 w32 W33 W34
lnl ln2 lnS ln4
_wnl Wn2 Wn3 wn4_

l11 112 l13 l14
wii+t  wig+t  wiz+t  wig+t
l21 122 l23 l24
wo1+t  woe+t  woz+t  wag+t
L
) — l31 l32 l33 l34 (38)
wi; + t w31+t w32+t wsz+t  wzs+t
]
In1 ln2 In3 Ina
| Wn1+t  wn2tt  wapztt wpatt

Following our line of thinking, the resultant series resistance is a sum of the resistance
of all segments in particular. In other words, each segment will have a different resistance

because of their different dimensions. Thus,

n 4

1 lij
Ru= Y (390
i=1j=1 %
k n 4 L:
e = — Y 3.9b
r 200 ; ]; wi; +t ( )

c) Crossover Capacitance, Cg

As we discussed in the crossover capacitance, Cg, connect the inner turn to
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the outside of the spiral inductor. As the width of the metal strip is increased for each
segment, the final metal width is larger than the initial one. The capacity is formed by
two plates with different areas. Assuming that the plates are relatively close that there is
low leakage flux, the capacitance is formed by the lower plate area. Thus, only the initial

width of the metal is considered and this element can be calculated by,
2 Eox
Cs =nw"— (3.10)

d) Oxide Capacitance, C,,

As already discussed in this capacity is formed between the metal strip and the
silicon substrate. Analyzing the expression we see that this component also depends on
the dimensions of each segment of the coil. Picturing the 3d-image of the spiral inductor
and keeping in mind that we are considering a m-model for each segment we came to the
conclusion that the oxide capacitances of all the segments are in parallel. So the total Cox

is the sum of them all and is given by,

le n 4
Cor = 5%221@11]@. (3.11)

i=1 j=1

e) Substrate Capacitance, C;; and Resistance, R,;

The mindset for the evaluation of the new expressions of substrate resistance and
capacitance is similar. From the sectional view we can see that the substrate capacitances

of all segments of the inductor are in parallel resulting in the total substrate capacitance,

n 4
Csi = %Csub > ljwi. (3.12)

i=1 j=1
For the substrate resistance, the only different is in the parallel of resistances. But

treating these as conductances, we can sum them and invert the result. Thus,

(3.13)
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In section a validation of the proposed model by comparasion with ASITIC is

performed.

3.3 Validation of the model

To prove the validity of the proposed model was carried out the following test. Main-
taining constant the geometric parameters of the Table and varying the increment
value of width (Aw) the results shown in Table 3.2 were obtained.

Table 3.1: Validity of the optimization model
w (pm) dip (pm) n
10.5 134 2.5

Table 3.2: Results comparison with ASITIC

Inductor | Aw (pum) | doye (pm) L ‘ Q
Model ASITIC e, (%) | Model ASITIC &g (%)
1 0.0 191 2.01 2.14 6.5 16.30 15 8.0
2 0.1 194 2.01 2.07 2.9 16.91 17.7 4.7
3 0.25 199 2.00 2.07 3.5 17.71 18.21 2.8
4 0.5 205 1.98 2.04 3.1 18.95 19.32 1.9
) 1.0 220 1.96 2.04 4.3 21.19 20.87 1.5
6 2.5 257 1.93 1.97 2.0 26.85 23.33 13.1

By the results in Table it is quickly to realize that the quality factor increases
with the variation of the width (Aw) and hence the total area of the inductor. Note also
a maximum relative error of around 10% in value compared with ASITIC, from which we
can conclude that our model is a valid layout optimization. In Table a ratio between
the increase of the area occupied by the integrated inductor and the increase of the quality
factor is presented.

Table 3.3: Validity of the optimization model
Inductor Increased Area (%) Improvement Q (%) Imp.Q/Inc.Area

2 1.8 3.6 2

3 4.3 7.9 1.84
4 7.1 14.0 1.97
) 13.4 23.1 1.73
6 25.9 39.3 1.52

These results are particularly interesting because we can see a greater increase in the



3.4. OPTIMIZATION 27

quality factor in relation to the occupied area. Following this line of reasoning is to be
expected that we can get a higher quality factor for the same area using variable metal

width spiral inductors.

3.4 Optimization

In order to confirm this theory, a set of square spiral inductors has been designed
using an optimization based tool for the automatic design of spiral inductors [I8]. The
efficiency of the tool is accomplished by the inductor m-model. The proposed tool offers
the designer the possibility for obtaining the layout parameters for the desired inductance
value. The solution is obtained considering constraints in the design variables which are

defined by the designer (see Table .

Table 3.4: Spiral inductor design constraints
Parameter Min Step Max
w (pum) 50 0.5 100.0
Aw (pm) 1 025 -

s (pm) 1.5 - -
din (um) 200 0.5  200.0
n 1.5 0.5 15.5
dout - - 700

These constraints consider not only upper/lower bounds on the variable values, but
also a discretization of the values according to the technology. The technological parame-

ters shown in Table 3.5 were used.

Table 3.5: UMC130 - Technological Parameters

Parameter Value Parameter  Value
€0 8.85e-12 tog (um) 600

Er 1 Csup (F/m?)  4.0e-6

o (Qm)  1/2.65e-8 Gsup 2.43eb

The designer may also choose which performance parameter is to be optimized, such as
maximizing the quality factor, Q, at a predefined operation frequency, or the minimization
of the area occupied. This tool was developed in Matlab [19] and the validity of the solution
obtained was checked against results from simulation with ASITIC simulator.

For the model validation a comparison between results obtained with variable width
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design fixed width designs, for a approximately equal area, is presented. A set of examples

for a spiral inductors at a working frequency of 2.44 GHz was considered.

3.4.1 Example 1

In this example a spiral inductor of 1 nH was considered. The spiral inductor con-
straints design obtained for a fixed width layout as well as for Aw of 1.5 ym are represented

in Table In the Table the simulation results obtained with ASITIC for each case

are represented.

Table 3.6: Spiral inductor design constraints for inductance of 1nH

Inductor w (um) dj, (um) 1 doy (um) Aw (um)
1 13.0 69 2.5 153 0.0
2 5.75 42.3 3 153 1.5

Table 3.7: Results comparison with ASITIC

Inductor L Q Improvement (%)
Model ASITIC &7 (%) | Model ASITIC ¢eg (%)
1 1.00 1.06 7 6.86 6.04 12
2 1.01 1.03 2 8.13 7.76 ) 18

In the last columns the relative improvement in the quality factor from using incre-

mental width is given.

3.4.2 Example 2

In this example a spiral inductor of 2 nH was considered. The spiral inductor con-
straints design obtained for a fixed width layout as well as for Aw of 0.5, 0.75, 1 and 2
pm are represented in Table In the Table the simulation results obtained with

ASITIC for each case are represented.

Table 3.8: Spiral inductor design constraints for inductance of 2 nH

Inductor w (um) dj, (um) 1 doy (um) Aw (um)
1 10.5 134 2.5 191 0.0
2 10.0 97 3.0 190 0.75
3 11.8 67.8 3.5 182 0.5
4 5.75 96.3 3.0 173 1.0
) 4.50 96.3 3.0 201 2.0
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Table 3.9: Results comparison with ASITIC

Inductor L ‘ Q Improvement (%)
Model ASITIC e (%) | Model ASITIC ¢eg (%)
1 2.00 2.14 6.5 16.3 15.0 8.0
2 2.01 1.92 4.6 21.3 20.4 4.2 24
3 2.00 1.91 4.6 22.4 21.3 4.8 27
4 2.00 1.90 4.8 17.7 17.5 1.0 8
) 2.00 1.86 7.0 20.7 19.2 7.7 21

In the last columns the relative improvement in the quality factor from using incre-

mental width is given.

3.4.3 Conclusion

The validity of the model was shown through two working examples considering the
design of 1.0nH and 2.0nH inductors at a working frequency of 2.44 GHz. From the
examples presented a quality factor improvement in the order of 10% to 30% may be

obtained, by using variable width for the same chip area.
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Chapter 4

An RF LC Q-Enhanced CMOS

filter

4.1 Introduction

Surface acoustic wave (SAW) filters are applied extensively in today’s communication
equipment. These high performance components have reached a key position in current
communication technology assisting the efforts to increase the spectral efficiency of limited
frequency bands for higher bit rates. During the last decades, driven by the boom of the
wireless technology business, great and important progress in SAW device performance
was made, and a variety of innovative applications were developed. The developments
are based on technological improvements. The reduced size and weight of the complete
system will be an advantage in all kinds of portable electronic products. Moreover, re-
ceiver architectures in telecommunication systems use higher IF frequencies to improve
the interfering signal rejection. The allocations of radio frequency spectrum has led to
the development of small and low-cost wireless products. The commercial sector has re-
sponded with increasing levels of integration. Researchers have attempted to design high
(@ bandpass filters by enhancing lossy integrated inductors. Shunt mounted resonator,
composed of an inductor and capacitor in parallel is presented to realize RF bandpass
filter. The design of the integrated on-chip 1.2V 2.44 GHz Q-enhanced LC filter using

silicon CMOS process is presented in this chapter.
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4.2 Tuned Amplifiers

Highly selective bandpass filters have long been implemented with tuned amplifiers. In
figure the amplitude response of a tuned amplifier is represented, which may be char-
acterized by the central frequency, wg, and the 3-dB bandwidth, B. In many applications,
the 3-dB bandwidth is less than 5% of wy [20]

Gain (dB)
A

Bandwidth

Center frequecy

S
>

Frequency (Hz)
Figure 4.1: Frequency response of a tuned amplifier

The basic principle in the design of tuned amplifiers is the use of parallel RLC circuit
as the load, or at the input, of a BJT or a FET amplifier. In figure a MOSFET class
A amplifier, having a tuned-circuit load is illustrated. For the sake of simplicity, the bias
details are not included. Since this circuit uses a single tuned circuit, it is known as a

single-tuned amplifier [20].

Vo
. % RO ——oa ;53 L (i) vi ¥ omvi % R ——c 3 L o
A4 A4 A4 A4 A4 N A A4 $
(a) (b)

Figure 4.2: The basic principle of tuned amplifier is illustrated using a MOSFET with a
tuned circuit load. Bias details are not shown.

The amplifier small signal equivalent circuit is represented in figure [£.2] where R de-
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notes the parallel equivalent of Ry and the MOSFET output resistance r,, and C' is the
parallel equivalent of Cf, and the FET output capacitance (usually very small). From the

equivalent circuit we may write,

Vi Vi
YL sC + R + SL
The voltage gain is a second-order bandpass function and can be expressed as
Vo gm s
o _ I 4.2
Vi C 2+ =5+ 1 (4.2)
We may thus conclude that the tuned amplifier has a center frequency of
1
VvVLC
a 3-dB bandwidth of
1
B=— 4.4
RO (4.4)
a quality factor of
Q= % = woRC (4.5)
and a center-frequency gain of
Volgwo) _ _gm Jwo _ _9m Jwo — _goR  (46)
Vi(jwo) C' (jwo)? + Bjwo + wj C (~wo)* + Bjwo + w§ " '

In the case of wireless transmitters it is necessary to implement filters of very high
selectivity. In these cases LC filters may be employed. The use of integrated inductors
in CMOS technology raises problems for the implementation of high selectivity LC filters
selectivity due to the difficulty of designing coils with high quality factor operating at RF
frequencies. For wireless applications fully integrated highly selective bandpass filters are

needed with quality factor in the order of 30. In this cases a Q-enhanced LC topology
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must be adopted. In the next section a brief description of a ()-enhancement technique

using a negative active resistance g,, will be presented.

4.3 Principles of ) enhancement

) enhancement has long been used in LC circuits for signal amplification, signal
selection and for generating stable oscillation [21]. In this section, our discussion is focused
on the @-enhancement in integrated LC filters. If a high selectivity LC resonator is desired
some form of ()-enhancement is needed to increase the quality factor of resonators designed
with lossy on-chip resonator.

Regardless of the coupling mechanism between the resonators, losses associated with
the on-chip reactive components change the center frequency and the loaded quality factor
of the filter. Having estimated and modeled the total resistive loss of the resonator, a active
device to create a negative resistance, (-1/Gpeq), exactly the opposite caused by the losses
of reactive components can be added to compensate its effect as shown in figure

Although methods that include phase-shifted current feedback via coupled inductors
have been investigated, the direct use of active devices as negative resistors is the preva-
lent @-enhancement technique [3]. This way, combining the reactive component with a
negative resistance, the real part of the total impedance is reduced, eliminated or even
made negative, depending on the value of the negative resistance used. We can say that
the quality factor of the original lossy component can be improved (enhanced) by the
negative resistance and resulting component can replace the original used in the LC filter.

This @Q-enhancement technique is shown in figure [£.4]

c L
R c L Rp
—>

Figure 4.3: Active @-enhancement using negative resistance

Assuming that a lossy inductor with a quality factor of Qg can be simplistically mod-

elled (4.3) by an inductor L with an series resistance Rg, we may consider,
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Lp~Ls % Rp = (1 +Q0*Q0) Rs
\ Gneg

Figure 4.4: @-enhancement technique applied to a RLC filter

L
Rg = 2

= o (4.7)

These losses can be compensated by connecting the negative resistance in parallel with
the LC tank. Assuming that the quality factor of the tank capacitance is much larger than
the inductor, the series combination of the inductor (Lg) and its loss Rg can be modeled

as a parallel combination of an inductance Lp and resistance Rp given by

Lp=Ls(1+ )~ Ls = wLQo (4.8)
o5
and
Rp = Rs(1+ QF) = wLQo (4.9)

If the inductor quality factor Qg is large enough then, Lp = L. The frequency response

of the filter in the figure can be approximated as

‘/0(3) ~ Gm
‘/m(s) B GP - Gneg + ﬁ +sC

=
—
VA
~
Il
|

(4.10)
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Figure 4.5: @-enhanced LC bandpass filter
or
,Gm _AO wos
Hs) = vol8) o c° -9 (4.11)
Vin(s) g2 4 G-lmea L 824+ Bs 4w

From which we may conclude that the central frequency will be given by

wo = \/Tic (4.12)

Also from equation we may conclude that the filter quality factor will be given

C—1_ (&
= VLC \E (4.13)
GP G (GP - Gneg)

The filter central gain, Ay will be given by

GnQ  Gn

An = _m
0~ C wo GP - Gneg

(4.14)
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and the bandwidth, B can be described as:

L(G’P - Gne )
p=“ _VIC J (4.15)

As shows, the quality factor of the inductor (Qy) does not modify the center
frequency but increases the @ of the resonator. Thus at high frequencies, due to the
higher losses, a larger Gy, is required which results in changing both (). Note that the
equation is valid only around the LC tank’s resonant frequency, due to the fact that
the equivalent parallel conductance from the inductor loss varies with frequency.

Considering the circuit implementation of a second-order @-enhanced LC filter in
the center frequency tuning is achieved through varactors which are PMOS transis-
tors implemented in separate wells (in an n-well technology) and with their drain/source
terminals connected together to the well terminal. The capacitance seen by the gate is
adjusted by changing the voltage V; and exploiting the variation of the gate capacitance
when the transistor goes from weak inversion to the accumulation region.

The operation of a MOSFET can be separated into three different modes, depending
on the voltages at the terminals. In the saturation or active mode the switch is turned
on when Vi3 > Vp and Vgs > Vs — Vp and a channel is created which allows current to
flow between the drain and the source. The drain current is weakly dependent upon drain
voltage and controlled primarily by the gate-source voltage, and modeled approximately

as:

1 W
Id = *Mncozv

5 o (Vs = Vr)? (4.16)

A key design parameter, the MOSFET transconductance gy, is:

Im = OV, 0V,

R (1 W

w
gﬂncoxf(vgs - VT)2> = ;uncozf(‘/gs - VT) (417)

The cross coupled transistor Ma-Mjz form the negative transconductance -Gyeqy which

based on equation changes the quality factor of the filter. The transconductance Gyeq



38 CHAPTER 4. AN RF LC Q-ENHANCED CMOS FILTER

is dependent on the control voltage, V;. Considering that the transistors My and M3 are

equal, we know that,

1
ID273 — QIDl =

! 2_11 w VA
o g () 0=V = S 3nCur (1) (VW)
2 1 (%)1 2
< (Vo—Vr) = 5w (Vg —Vr) (4.18)
(7 )23

Using the equation [£.16] results in,

ey = unooz\/ % (VZ) 1 (VLV>273(VQ V) (4.19)

where (W/L)23 and (W/L); refer to the (W/L) ratios of My3 and M; in figure

respectively. To simplify the formulas we consider that

w w
b (5) (1), am

S0,

Gocg = By(Vy — V) (4.21)

Following the same reasoning, the control voltage Vg, changes the transconductance
Gy, of the input differential pair My-Mjs thus, changing the peak amplitude gain Ag of the
filter while keeping the () invariant. Note that G, as a function of Vy,, can be expressed

as

Gm = /Bm(vgm - VT) (422)

where

w w
o = 0.5uCoz4 /0.5 | — — 4.23
0w o () (T), (20

and (W/L)45 and (W/L)g refer to the (W/L) ratios of My 5 and Ms in figure [4.5] respec-
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tively.

Thus using and the peak amplitude gain Ag defined in equation can

be expressed as,

2 m m
Ag=—Gm 28 Vom = Vi) | (4.24)
GP - Gneg G’P - @;(VZI - VT)
In similar way the quality factor ¢) can be expressed as,
\/E
0 . (4.25)

B Gp— B(Vg— V1)

4.4 Integrated Filters design

Like analog circuit in general, radio-frequency integrated circuit (RFIC) designs suffer
from required trade-offs that include linearity, noise, power, frequency, gain and supply
voltage [I].

The circuit design investigated in this work introduces a loss-compensated second-
order RF filter that is to be implemented in a standard 0.13pm CMOS process. This filter
uses an on-chip resonant tank comprised of an spiral integrated inductor and a capaci-
tance that is a combination of thel circuit parasitics as well as specifically incorporated
passive elements. Loss compensation is achieved by using a transconductor that emulates
negative resistance. This particular topology is a circuit solution for the @-enhancement
as explained in the section 4.3

An operational objective of this work is to implement a @-enhanced LC filter with
center frequency of 2.44 GHz and 3-dB bandwidth of 84 MHz and a maximum gain of 15
dB. One of the trade-offs suffered when incorporating active on-chip filters to replace the
passive off-chip counterparts is in the required power consumption. In wireless devices
circuit topologies that maximize the time of operation are a primary concern.

This section provide details regarding the @-enhanced LC filter including circuit oper-
ational characteristic, design methodology, physical layout considerations and simulation
results.

Components values for the inductors and capacitors of the resonant tank were chosen
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to realize the specifications of the filter. In this case, we have,

wo = 2 - 2.44 - 10° = 1.5331 - 10'%ad/s (4.26)

and

B =271-84-10%ad/s (4.27)

In order to prove the advantage of using optimized integrated spiral inductors two
designs of the LC filter were performed. So, a comparison between the non-optimized
(fixed width) and the optimized integrated inductor (variable width) is performed. An
inductor of 1 nH was considered to implement this filter since it is a reasonable value for
the envisaged central frequency. In table the layout dimensions as well as the values of

the inductance and resistance of the inductors used to implement the filter is presented.

Table 4.1: Inductor of 1 nH used in filter
w (pm) dip (pm) 1n doys (pm) Aw (pm) L(nH) R(Q) Q
7.75 68.8 2.5 112 0.0 1.00 14 11.0
5.5 47.5 3.0 114 0.75 1.00 1.133 13.55

Its possible to size the values of the transconductance, G4, and of the capacitance

solving the following system of equations given by and Thus,

1
wo =1\/Ic

_ GPfGneg
B==F"

(4.28)

results in

Table 4.2: Values of the Gy and C
Regular inductor Optimized inductor

Gneg (mS) 3.7 2.6

C (pF) 4.25 4.25

In order to obtain this values of the G, we have to size the dimensions of the

transistor MOS. By equation demonstrated in the previous section we have that,
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ey = ucox\/(w @/) 1 (VLV>2 (V- v2) (4.29)

)

To simplify the sizing of transistors to obtain the desired G4, it was decided to design
the three transistors with the same size and L = L; = Ly = L3 = 600 pm since the length
should be greater than three times the minimum allowed by the technology (3 x 130um).
Substituting in the above equation, the width of transistor MOS in order to obtain the

value of the G4 is given by,

GregL

W =
1inCox/0.5(Vy — Vi)

(4.30)

For the technological parameters we have considered p,C,, equals to 309 - 1076 pm
and a V7 is 0.27 V. These values were obtained from simulations in Cadence. The value of
V4 is 0.8 V as a way of having the transistors working in moderate inversion. Given that
we are now able to determine the exact value for the width of the transistor. The table

shows the value of the W for both regular and optimized inductor.

Table 4.3: Value of the Width of the transistors MOS
Regular inductor Optimized inductor

MOS Width (pm) 18.7 13.14

Now we must design the size of the transistors My, M5 and Mg in order to obtain the

desired gain, Ag. Assuming we want a gain of 15dB, by equation we know that,

G = (Gp — Greg) Ao (4.31)

In the previous section we demonstrated in equation that,

G — Mncox\/os (T)G (VD%(VW V) (4.32)

Again, to simplify the sizing of transistors to obtain the desired g,,, it was decided to

design the three transistors with the same size and L = Ly = Ly = Lg = 600 um, puCyy
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equals to 309 - 1076, V4 is 0.27 V and Vym 1s 0.8 V.
Substituting in the above equation, the width of transistor MOS in order to obtain

the value of the G4 is given by,

Mncoz V 05(‘/gm - VT)

The table shows the value of the W extracted from equation for both regular

(4.33)

and optimized inductor.

Table 4.4: Value of the Width of the transistors MOS (4,5,6)
Regular inductor Optimized inductor
G (mS) 12.1 12.3
MOS Width (um) 62.8 63.6

To verify the design of the @-enhanced RF bandpass filter, the filter was simulated in

a UMC130 standard CMOS process using the Cadence design environment.

4.4.1 Simulation results

In this section the results of the simulations, namely the passband response are pre-
sented. Two implementations of the filter were performed. The first implementation using
a regular integrated inductor, ie, with fixed width. In the second implementation an opti-
mized integrated inductor with non-uniform metal width was used proving that the filter
maintain the good performance with this type of inductor.

As illustrated in figure [4.6] for the simulation of the inductor the corresponding pi-
model was used. As previously explained, the value of the m-model resistance Rg is
frequency dependent. Yet, since we are considering its inclusion in a highly selective filter,

using a fixed Rg value obtained for the center frequency is a good approach.

4.4.2 ¢, LC filter with regular integrated inductor

The figure shows the schematic of a second order @-enhanced LC filter using
a regular integrated inductor. Using the input values of the table presented in the
previous section for the case of Aw= 0 we obtained the following values of the model-m

components.
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Figure 4.6: A 2" Q-enhanced on-chip LC bandpass filter

Table 4.5: Model © components values
Ls(H) Rs () Cs(F) Cou (F) Cu(F) Ry (Q)
le-9 14 0.751e-15 22.8e-15 0.526e-15 5.61e8

The filter passband response measurements performed using AC analysis in the Ca-
dence simulator is shown in figure

The measured gain of 12.65 dB at the center frequency of 2.405 GHz is lower than the
originally designed filter gain in approximately 2.5 dB. Figure [£.7] also illustrates that the
filter center frequency is shifted slightly lower than the required fo of 2.44 GHz specified
for the targeted Bluetooth application, falling within 1.43% of the design goal. The table
compares the predicted and the simulated results.

Analysing the results presented in the table it could be concluded that the method

used to design the filter is quite acceptable since the results are close to the desired results.
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AC Response

15

fc: 2.405e+009
A: 12.65

Gain (dB)

2 21 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9

Frequency (Hz) x 10°

Figure 4.7: Frequency response of the RF LC Q-enhanced filter using a regular spiral
inductor

Table 4.6: Simulation results
Targeted values Achieved values &.(%)

Gheg (mS) 3.7 3.87 4.59

G (mS) 12.1 11.14 7.93

fe (GHz) 2.44 2.405 1.43

BW (MHz) 84 90 7.14
Quality factor 29 26.72 8

Output Gain (dB) 15 12.65 15.67

The largest relative error was obtained in the output gain of approximately 16%. This
errors were already expected since the parasitic capacities of the transistors are not taken
into account and the quadratic model of MOS transistors is not the most appropriate for

the technology used.

4.4.3 ¢, LC filter with optimized integrated inductor

For the implementation of the second order (J-enhanced LC filter using a optimized
integrated inductor studied in chapter |3 the filter design used was the same (see figure
[4.6] but now using the input values of the table [£.1] for the case of Aw= 0.75. The table
[4.7] shows the value of the model-m components obtained.

The frequency response of the filter is shown in figure [4.8

The measured gain of 13.07 dB at the center frequency of 2.417 GHz is lower than the
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Table 4.7: Model m components values
Ls (H) Rs(Q) Cs(F) Cu (F) C4(F) Ry (Q)
1le-9 1.13 0.504e-15 30.1e-15 0.691e-15  4.28e8

AC Response

15

fc: 2.417e+009
A:13.07

Gain (dB)

2 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9
Frequency (Hz) % 10°

Figure 4.8: Frequency response of the RF LC Q-enhanced filter using an optimized spiral
inductor
originally designed filter gain of approximately 2 dB. Figure [£.7] also illustrates that the
filter center frequency is shifted slightly lower than the required foy of 2.44 GHz specified
for the targeted Bluetooth application, falling within 0.94% of the design goal.

The table compares the predicted and the simulated results

Table 4.8: Simulation results
Targeted values Achieved values &,.(%)

Ghreg (mS) 2.6 2.72 4.62
Gy (mS) 12.3 11.28 8.2

fe (GHz) 2.44 2417 0.94
BW (MHz) 84 88 4.76
Quality factor 29 27.5 5

Output Gain (dB) 15 13.12 12.53

By the results in table we can see a close agreement between the target and the
achieved values. The largest relative error was obtained in the output gain of approxi-
mately 12.5%.

In the following subsection a comparison of the performance of the filter using the two

types of integrated inductors is performed.
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4.4.4 Conclusions

In order to get a more appropriate comparison between the two implementations of the
filters, a fine tuning was carried out with the purpose of the frequency response of the filters
became identical and in order to meet the desired specifications. The inverse proportional
relation between Gy, of the input and G4 of loss compensation negative resistance must
be taken into account. For example, suppose that G, is decreased for lower @, then G,
should be increased to keep the gain constant. The center frequency shifting is mainly due
to the parasitic capacitances of the transistors. This can be compensated by reducing the
value of the capacitance C. In this way, we can achieve the synchronized coarse tuning of
fo, gain, the -3 dB bandwidth and the corresponding . The fine tuning can be done in
the following steps by considering the weak interaction between fy, gain and @, and the

control variables such as G, and Gyt

1. Tune C for fj fine tuning.
2. Tune Geq for fine bandwidth tuning and the consequent fine filter @ tuning.

3. Tune G, for fine gain tuning.

The table presents the values of the parameters changed to the fine tuning.

Table 4.9: Fine tuning resulting values

Parameter | Regular inductor | Optimized inductor

Before  After Before After

C (pF) 125 406 | 4.25 410
Wias (pm) | 18.7 19.7 13.14 14.1
Wise (pm) | 62.8 71.5 63.6 71.5

In figures and the AC desired response of the filter is presented.

The table shows the performance comparison of RF integrated LC filter for the
two types of integrated inductors.

The comparison table demonstrates that the proposed RF filter has lower power-
consumption when using the optimized (variable width) inductors in order of 10%. This
reduction is due to decreased resistance of the optimized inductor. A smaller resistance

requires a Gy smaller reducing the size of the transistors.
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AC Response
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Figure 4.9: Frequency response of the RF LC Q-enhanced filter using a regular spiral
inductor

AC Response
20 T T

fc: 2.441e+009
A:15.04

1

!

Gain (dB)

-10

2 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8 2.9
Frequency (Hz) 9

Figure 4.10: Frequency response of the RF LC Q-enhanced filter using a regular spiral
inductor

Table 4.10: Simulation results

Performance Parameters Regular Inductor  Optimized Inductor
Center frequency (GHz) 2.441 2.441
3 dB Bandwidth (MHz) 84 84
Maximum Gain in passband (dB) 15.01 15.04
Supply Voltage (V) 1.2 1.2
DC Current (mA) 5.66 5.09

DC consumption (mW) 6.79 6.11
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Chapter 5

Conclusions

The design and simulation of a 2.44 GHz in standard 0.13pm CMOS fully integrated
second-order (Q-enhanced LC bandpass filter have been introduced and verified, which
demonstrate that the RF bandpass filter can achieve a high selectivity.

In a fully integrated LC bandpass filter the integrated spiral inductor is an important
performance-limiting component in RF circuits. This work is devoted to the study of RF
integrated inductors as planar square spirals in silicon-based technology. The degradation
of the @Q-factor presents great challenge for the designers. The inductor series resistance
is analysed taking into account both ohmic losses, due to conduction currents and mag-
netically induced losses, due to eddy currents.

A method to improve the @) factor of the inductor is presented. The method is based
on the layout optimization being the width of the metal strip used to perform the main
variable of the optimization process. For a given frequency of operation, the application
of the proposed method minimizes the series resistance of each segment of the inductor
coil, leading to a multistrip-width layout.

The proposed method is used to optimize the layout of square spiral inductors for
the 0.13um CMOS technology. The comparison of the results obtained for the optimized
layout with those of other non-optimized (occupying the same chip’s area) reveals that the
application of the proposed model leads to a significant increase in the inductor @ factor.
From the examples presented a quality factor of 20% to 30% to may be obtained by using

variable metal width.

49
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A 2™ order filter with center frequency ate 2.44 GHz was designed using integrated
spiral inductors. The quality of on-chip reactive components is a challenge in the design of
such filter, since the losses and the parasitics in those components can result in frequency
response distortion and need for active components like negative resistors to compensate
the losses. In order to validate the performance of the optimized inductor a comparison
as performed between inductors with and without layout optimization. The results shows
that with a power supply of 1.8 V the filter using the optimized inductor has a lower power
consume in order of 10%.

With this work it has been verified through simulation that the design of a ()-enhanced
LC filter in a new systematic way to achieve gain, center frequency, and filter QQ tuning

capability.
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Appendix A

Publications

In this appendix the article made throughout this thesis are presented. The article
”Using Variable Width RF Integrated Inductors for Quality Factor Optimization”, was
submitted in the 4th IFIP WG 5.5/SOCOLNET Doctoral Conference on Computing,
Electrical and Industrial Systems, DoCEIS 2013. This article is based on all the work

done throughout the project of this master thesis.
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Abstract. The advancement of CMOS technology led to the integration of more
complex functions. In the particular of wireless transceivers, integrated LC
tanks are becoming popular both for VCOs and integrated filters [1]. For RF
applications the main challenge is still the design of integrated inductors with
the maximum quality factor. For that purpose, tapered, i.e., variable width
inductors have been proposed in the literature. In this paper, analytical
expressions for the determination the pi-model parameters, for the
characterization of variable width integrated inductors are proposed. The
expressions rely exclusively on geometrical and technological parameters, thus
granting the rapid adaptation of the model to different technologies. The results
obtained with the model are compared against simulation with ASIT/C, showing
errors below 10%. The model is then integrated into an optimization procedure
where inductors with a quality factor improvement in the order of 20-30% are
obtained, when compared with fixed width inductors.

Keywords: Inductor layout optimization, variable metal width,
integrated RF inductor

1 Introduction

During the last years the worldwide market on communications has experienced an
ever-growing demand for integrated systems with scaling down dimensions and
increased functionality. In the particular case for RF communication circuits,
integrated spiral inductors are widely used, notwithstanding their poor performance
and their subsequent negative impact on the circuit efficiency at high frequencies.
This poor performance is due to the large effect the technology parasitics have on the
small value of inductance usually required. As a result, significant effort has been
employed in investigating silicon planar inductors, their associated models and
methods of improving their performance [1-3].

Regarding layout optimization, non-uniform metal width is proposed, as a way of
increasing the inductor quality factor [4, 5]. The main objective of this methodology
is to reduce the influence of magnetically induced losses in the inner turns of the



spiral where the magnetic field reaches its maximum. By reducing the line width
toward the center of the spiral a minimization of the series resistance of the inductor
coil, taking into account both Ohmic losses due to conduction currents, and
magnetically induced losses due to Eddy currents, is obtained. Although several
promising results have been reported, a fully analytical characterisation of the
inductor, leading to perfect understanding of the device performance limitations, is
needed so that optimized designs may be obtained.

In this paper analytical expressions for the evaluation of the inductor model
parameters are proposed. These expressions rely exclusively on technological
parameters and on the geometrical characterization of each inductor segment. The
proposed model is used for the optimization-based design of several inductors, where
the advantage of using tapered topologies is well pointed out.

The remain of the paper is organized as follows. The novelty introduced by this
paper, is highlighted in Section 2. In this section the basic inductor model is
introduced and then, the adaptation of the model for variable width inductors is
carefully described. Section 3 is dedicated to the description of several working
examples. Finally, conclusions are offered in Section 4.

2 Relationship to Internet of Things

Internet of things relies on the interconnections of a large number of heterogeneous
cooperating devices. The development of these devices has been made possible due to
the rapid evolution of electronic technologies, enabling the implementation complex
functions, in smaller and more rapid circuits. To cope with the necessity of
minimizing the power consumption of such systems, new design methodologies must
be adopted. In the particular case of communications services, RF integrated inductors
are becoming popular elements. Yet, designing integrated inductors for RF
applications is a challenging process where a set of correlated geometrical parameters
must be obtained, leading to the need of using optimization-based design
methodologies.

The main objective of the work described is the optimization of the spiral inductors
quality factor, by using variable width inductors

The novel contributions of this paper are as follows:

e |t proposes a set of analytical expressions for the evaluation of the pi-model
parameters, for variable width integrated inductors. The proposed expressions
depend exclusively on the technological parameters and on the geometric
characterization of each segment of the inductor.

o |t proposes an efficient optimization-based design for nano-CMOS planar spiral
inductor, based in analytical models, instead of using an electromagnetic
simulation based approach;



Since the proposed equations are an extension of the model used for fixed width
inductors, next sub-section gives a brief description of this model. In subsection 2.2 the
adequacy of the model to variable width inductors is carefully described.

2.1 Planar Spiral Inductor Pi-Model

Several integrated inductor models have been introduced in the last years, as
illustrated in Fig.1 [6]

Pi-mode
With

substrate

resistance

Substrate-
coupled
Madel

Reduced Complexity——

-Accuracy -

Fig. 1. Planar inductor lumped element models complexity versus accuracy trade-off

The simplest one is the pi-model, which is widely used for inductors operating in a
frequency range up to a few GHz. For the sake of simplicity, the pi-model, illustrated
in Fig. 2.a., is adopted, where L,, and R,. account for the inductance and resistance of
the spiral. The overlap between the spiral and the underpass allows direct capacitive
coupling between the two terminals of the inductor. The feed-through part is modelled
by C;. Capacitor C,, represents the capacitance between the spiral and the substrate.
Finally, C,; and R, account for the silicon substrate capacitance and resistance,
respectively.

Cs

Ls Rg

b) | Dout -

a)
Fig. 2. a) Planar inductor pi-model; b) Geometric parameters for a square inductor.

For the evaluation of the inductance, Ls several approaches have been proposed,
based either on fitting processes to experimental values [7] or through physics-based
equations [8], where

Ly = klﬂonzdavg/(l + kap). ©)



Given that,

p= (dout - din)/(dout + din)' (Za)
davg = O.S(dout + dint)' (23)
Aoyt = dip, + 2nw + 2(n — 1)s. 2.b)

Where n is the number of turns, s is the track-to-track distance, and w is the track
width. Finally, k; and k,, are coefficients allowing the model to be adapted to several
inductor shapes.

The evaluation of the spiral resistance, Rs, is obtained by [9]
3
Ry = /Rdcz + Ry ©)

Ry =1/ (owt). (4.2)

Where,

Ry = kl/[206(w + t)]. (4.b)

And ¢ and t are the metal conductivity and thickness, respectively. The metal length, I,
is obtained with [10]

L= Nsidesdavgn tan(T[/Nsides)- )
And the skin depth, 6, may be determined by [11]

8§ =1/ ounf. (6)

For the evaluation of the capacitance, Cs, all overlap capacitances are considered and
given by [12].
Cs = ncW2 on/tole—MZ' (7

Where &4 is the oxide permittivity, n. is the number of overlaps and t,,p1_p2 1S the
oxide thickness between the spiral upper and lower metal. The parasitic capacitance,
Cox between the spiral metal and the silicon substrate, is estimated with [12]

C,y = 0.5lwe,, /t,,. )]

Where t,, is the thickness of the SiO, between the inductor and the substrate and Iw
defines the area of the spiral. Finally the Substrate resistance, Ry, and capacitance Csg;,
are obtained with 11

Ry = 2hg/(lw o). ©
C,; = 0.5lw g,¢,./hy;. (10)



where a,; and Ag; are the substrate conductivity and height, respectively.

This model has been extensively used in an optimization-based tool for inductor
design [13] yielding solutions with very good accuracy when compared with results
obtained with ASITIC.

2.2- Variable Width Inductor Model

Variable width inductor layout has been proposed as a way of maximizing the quality
factor of integrated inductors. In this work, square inductors, where each segment
shows a width increment of Aw, as illustrated in Fig.3. , are considered.

WIZAW
|

Dout

Fig. 3. Variable width square inductor

Since each segment will show an increment on both width and length new
equations will be proposed, relying on the dimensions of each segment of the
inductor. The width of a segment may be evaluated with

w; = w + n;Aw. an

Where 7, is the number of the segment, and w is the initial metal width.

In this work, the basic structure for supporting all the inductor segments
characterization is a matrix of five columns (one for each segment per turn) and »
lines (one per inductor turn). Initially, a matrix containing every segment length, /; as

Li by bz hLa s
lpy 1 l lay 1
Sl DO | (12
lnl lnz ln3 ln4 lnS

Is generated. Then a matrix containing every segment width, w;;



Wa1 Wiz Wiz Wiy Wy
Wij = | ... (13)

Wn1 Wn2 Whs Wna Wps

is generated.
Regarding the pi-model inductance, Ls, a new way for evaluating d,, must be
adopted. Considering the basic matrixes in (12), (13), d,,, may be obtained by

dout = lna + Wps. (14)
For the evaluation of Rg, (4.a) and (4.b) are replaced by

1o
_1 Ly
Ry, = atzzw'. . (15.2)

L (15.b)

For this purpose the two new matrix (15.a) and (15.b) are generated containing each
segment geometrical information for R, and R,

(i1 bz hs he hs)
Wi1 Wi Wiz Wi Wig
lij Ly Ly bz bLa s

wij  [War W2z Wiz Wap Wisy (16)

Ly L, lis L4 bs
Wi+t wip+t wizt+t wy,+t wis+t
lij lyy Ly Ly L4 ls
Wyt [Wa ke W ¥E R wa R Wkl (D
lnl ln2 ln3 ln4 lnS
Wy, 6 Wy, +8 W+t wy, +8 wys + t

Finally (8) , (9) and (10) are replaced by



1 n 5 (]8)
SOX
Cox Zz'tox é é ll]W”

=1 j=1
R, = = Zi ! (19)
ot Gsup == lijWij.
n 5
1
Csi = 5 Csup Z Z Lijwy; . (20
i=1 j=1

For which an auxiliary matrix containing the area of each segment is considered.

4 Variable Inductor Working Example

In order to confirm the validity of the proposed layout optimization method, a set of
square spiral inductors has been designed. Three examples, considering the design of
1nH, 1.5nH and 2nH inductors at a working frequency of 1GHz will be presented. In
all examples the technological parameters shown in Table | were used

TABLE I
UMCI130 — TECHNOLOGICAL PARAMETERS
Parameter Value Parameter Value
& 8.85¢-12 tox(Lm) 600
& 1.0 Cou (F/m?) 4.0e-6
o (Qm) 1/2.65¢-8 | Gy (S/m?) 2.43e5

For the model validation a comparison between results obtained with variable width
design, against fixed width designs, for an approximately equal area, is presented.
The layout parameters were evaluated according to the constraints in Table |1

TABLE III
SPIRAL INDUCTOR DESIGN CONSTRAINTS
Parameter Min Step Max
w (um) 5.0 0.5 100.0
Aw (um) 1 0.25 -
s(um) 1.5 - -
d;, (Lm) 20.0 0.5 200.0
n 1.5 1.0 15.5
Aot - - 500




A. Example 1 — Inductor with 1 nH

In this example a spiral inductor of 1nH was considered. The results obtained for a
fixed width layout as well as for Aw of 1.25um, 1.5um and 1.75um are represented in
Table Il. Also in the same table, the simulation results obtained with ASITIC for each

case are represented.

TABLE IIII
OPTIMIZATION RESULTS FOR 1nH INDUCTOR WITH SEVERAL AW

Ind Aw w din n dout L (nH) Q Q.
(um) (um) | (um) (um) | Model | Asitic | e | Model | Asitic | &g Impr.

1 0 138 | 688 |25 157 1 1.07 [ 6.3% | 6.94 | 6.28 [105%

2 | 125 7.5 413 | 3| 154 [0998 | 1.06 [54% | 8.07 | 824 |1.7%| 16%

3 15 725 [ 398 | 3 | 161 [ 0999 | 1.04 |43%| 857 | 853 [05% | 23%

4 | 175 5.75 403 | 3] 162 101 | 1.04 | 25% | 852 | 8.16 | 4.4% | 23%

In the last column the relative improvement in the quality factor from using

incremental width is given.

B. Example 2 — Inductor with 1.5nH

In this example a spiral inductor of 1.5nH was considered. The results obtained for a
fixed width layout as well as for Aw of 2um, 2.5um and 3.0 um are represented in
Table 11. Also in the same table, the simulation results obtained with ASITIC for each

case are represented.

TABLE IVI
OPTIMIZATION RESULTS FOR 1.5 nH INDUCTOR WITH SEVERAL AW

Ind Aw w din n dout L (nH) Q Q

(um) (um) (um) (um) | Model | Asitic | e |Model | Asitic | ¢ impr
1 0 20.3 103 | 25 231 1.5 1.62 | 7.6% | 10.1 | 9.27 |9.0%
2 2 115 61.3 3 233 1.5 158 |52% [12.29|12.61|2.6% | 22%
3 2.5 6.25 64.3 3 221 1.5 152 |1.6% [11.07|10.59 [4.6% | 9%
4 3 8.75 58 3 253 1.51 154 | 1.8% |13.44|12.74 |55% | 33%

C. Example 3 — Inductor with 2nH

In the last example a spiral inductor of 2.0nH was considered. The results obtained for
a fixed width layout as well as for Aw of 2um, 2.5um and 3.0pum are represented in
Table I1. Also in the same table, the simulation results obtained with ASITIC for each

case are represented.

TABLE V
OPTIMIZATION RESULTS FOR 1.5 nH INDUCTOR WITH SEVERAL AW

Ind Aw w dm n dum L (nH) Q Q

(um) (um) (um) (um) | Model | Asitic | e |Model | Asitic | & impr
1 0 258 137 25 297 2 216 |7.6% | 1272 | 11,62 |9.4%
2 2.75 125 85 3 296 2 21 |4.8% | 1503 [15.21 [1.2% | 18%
3 3 9.75 86.3 3 288 2 205 | 2.6% | 1439 | 1419 |1.4%| 13%
4 3.75 10.3 80.5 3 317 2 2.05 [2.6% | 16.14 {1534 |5.2% | 27%




5 Conclusions

In this paper the analytical expressions for the evaluation of integrated inductor pi-
model parameters was proposed. This expressions consider variable width square
inductors, were each segment shows a constant increment of width. The validity of
the model was shown through three working examples considering the design of
1.0nH, 1.5nH and 2.0nH inductors at a working frequency of 1GHz. From the
examples presented a quality factor improvement in the order of 20% to 30% may be
obtained, by using variable width.

Should higher frequency of operation be envisaged, a more accurate inductor, such as
2-pi-model should be used. The adaptation of the proposed equations to the 2-pi-
model is under test.
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