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Abstract

Silicon integrated passive devices have been gaining importance with the need to in-
tegrate more functionalities on a single chip to realize the complex systems on chip.
High quality passive devices are quite critical especially for communication circuits.
With the ever expanding wireless communication market and the increasing fre-
quency of operation, there has been continuous innovation on the development of
high performance integrated passive devices. Of the passive devices, the most crit-
ical one is the inductor. The integration of inductor poses several challenges like
the low quality factor, parasitics, design complexity, manufacturability, processing

cost, etc. Some of the challenges are addressed in this thesis.

Inductors are generally designed either based on a library of previously available
fabricated inductors or using an electromagnetic simulator or based on numerical
methods. A typical spiral inductor design problem is to determine the layout param-
eters that results the desired inductance value. The inductance and quality factor of
on-chip spiral inductors are determined by its layout parameters and the technolog-
ical parameters. This layout parameters must be optimized to obtain the maximum
quality factor at the desired frequency of operation. This thesis presents an efficient
method of determining the optimized layout of on chip spiral inductor. The method
initially identifies the feasible region of optimization by developing layout design pa-
rameter bound curves for a large range of physical inductance values that satisfies

the same area specification. For any desired inductance value the upper and lower
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bounds of the optimization variables are determined graphically. An enumeration
algorithm implemented finds the global optimum layout that gives the highest qual-
ity factor in less than 1 second of CPU time with less function evaluations. The
optimization method also gives the performance of all possible combinations that
results the same inductance value. Subsequently important fundamental tradeoff
of the design like quality factor and area, quality factor and inductance, quality
factor and operating frequency, maximum quality factor and the peak frequency is
explored in few seconds. The method also gives other valuable information such
as sensitivity of the inductance and quality factor to the layout design parameters.
The accuracy of the proposed method is verified using a 3D Electromagnetic simu-

lator.

The thesis also presents an extensive analysis of the dependence of quality factor,
peak frequency, self resonance frequency and area of a spiral inductor on its lay-
out parameters while keeping the inductance value constant as opposed to various
studies reported. This performance trend study establishes the optimum metal
width and number of turns for a specified inductance value and desired operating
frequency. An algorithm is proposed here for accurate design and optimization of
spiral inductors using a 3D Electromagnetic simulator with minimum number of

inductor structure simulations and thereby reducing its long computation time.

The area occupied by planar inductors are very large as compared to the area occu-
pied by active devices. Inductor chip area can be reduced by stacking two or more
identical spiral coils in series on multiple metal levels. With technology scaling, the
number of metal layers are increasing and taking advantage of this, new multilayer
inductors can be explored to improve the performance of on-chip inductors. In this
thesis a new multilayer pyramidal symmetric inductor structure is proposed. Being

multilevel, the proposed inductor achieves high inductance to area ratio and hence
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occupies smaller Silicon area. The symmetric inductor is realized by winding the
metal trace of the spiral coil down and up in a pyramidal manner exploiting the
multilevel interconnects technology. Closed form expressions are also developed to
estimate the self resonating frequency of the multilayer pyramidal symmetric in-
ductor. Results are compared to two layer conventional symmetric and asymmetric
stack. The estimation is also validated with full wave Electromagnetic simulation.
The performance of multilayer pyramidal symmetric inductors of different metal

width, metal offsets and outer diameter is demonstrated by experimental results.

The proposed inductor is also implemented in the inductance-capacitance (LC)
tank of a 2.4 GHz cross-coupled differential voltage controlled oscillator. The tank
capacitor is implemented in a differential manner by parallel connection of series
connected inversion mode PMOS transistors. The quality factor of planar inductors
will be higher than multilayer inductors. However multilayer inductors occupy less
than 50% of the area for the same inductance. Performance also needs to be traded
off with the cost and it would be advantageous to use multilayer inductors as long
as the design specifications are satisfied. Performance of the voltage controlled

oscillator is measured on a prototype board developed using the packaged chip.
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1. Introduction

1.1 Introduction

The ever expanding wireless and consumer electronics market, necessitates the integration
of more and more multiple functions and there is an increasing demand for small size, low cost
and high performance circuits. Interestingly today, many wireless applications necessitates
the integration of more and more multiple functions like phone, video-game console, personal
digital assistant, digital camera, web-browser, e-mail, etc. This has presented a challenge
to integrate the analog, digital and radio frequency (RF) systems on a single chip to realize
the RF systems on-chip (SoC) or mixed signal SoC encompassing the complex issues of system
reliability, short turn around time, high process portability, cost reduction, etc. [6,7]. One of the
biggest hurdle in the realization of SoC is the integration of the passive components especially
in RF systems. The need for integration of more functionalities has changed the direction of
passive components development in the last several years. Of the passive devices, the most
critical one is the inductor [8]. Spiral inductors are widely used even at microwave frequencies
and their applications in millimeter-wave circuits are investigated [9]. CMOS technology has
been widely adopted for its mature and mass productivity [10, 11] and steady improvements
in the radio frequency characteristics of CMOS devices via scaling driven by advancement
in lithography, has enabled increased integration of RF functions. High performance on-chip
inductors have become increasingly important and with the increasing frequencies of operation
of the circuits, the on-chip inductors will gain even more importance in the future [12].

This chapter is organized as follows. A brief summary of the silicon integrated passive
devices is given in Section [[.2l An introduction to on-chip inductor is presented in Section
[[L3. The losses in the conductor and the substrate are also explained. An overview of the
evolution and progress of the on-chip inductor with a review on the integrated inductor design
is presented in Section [[.4l This is followed by the discussion on the design complexity and
performance issues in Section [LLBl which have motivated us towards the development of an
efficient design methodology and a new topology of the multilayer spiral inductor. Finally in

Section [I.6l the organization of the thesis is given.
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1.2 Silicon Integrated Passive Devices

1.2 Silicon Integrated Passive Devices

In any typical printed circuit board, the component count of passive devices usually dom-
inates that of the active devices. Surface mount passive devices were used earlier and even
today in many applications they are still in use. In a cell phone board, the passive devices used
to account for 95 percent of the total component count, 80 percent of the board area and 70
percent of the board assembly costs [13]. An example cited was of an Ericsson cellphone result-
ing in a passive to active ratio of 21:1 [14]. The ratio has been reducing with the advancement
in the integration technology. A complete RF front end for wireless local area network from
Maxim Integrated Products, Inc. has passive device count of just 4 inductors, 33 capacitors,
and 4 resistors [15].

Frequently used passive devices in several analog, RF and mixed signal circuits include
resistors, capacitors, inductors, varactors, etc. Resistors are used in voltage dividers, resistor
arrays, biasing etc. Capacitors are used in filters, tank circuits, to bypass or couple RF, as
storage capacitor in DRAM, etc. Inductors are used in impedance matching, resonant circuits,
filters, bias circuits, etc. of RF integrated circuits such as voltage controlled oscillators (VCO),
low noise amplifiers (LNA), mixers and power amplifiers. In order to reduce the size and
realize low cost systems, today various passive devices are being integrated alongwith active
devices on the same die. With the advancement in technology, various passive components are
being offered that are integrated during the front end processing. Some of the types of resistors,
capacitors and inductors available in silicon technology are listed in Table[[.T][12]. The values of
the electrical parameters given here are as specified by the international technology roadmap for
semiconductors (ITRS) in 2007 for on-chip passive devices in the RF and analog/mixed signal
(AMS) chapter. These specifications are achievable with the currently available technology and
tools. These clearly forecast the need of high quality passive devices. The available resistors are
p-doped polysilicon resistors and back end of line (BEOL) metallization resistors. Polysilicon

resistors are attractive due to a higher sheet resistance while BEOL resistors have less parasitics.
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Table 1.1: Types of passive devices available in silicon technologies

Sheet resistance ¢ Matching Temp. linearity Parasitic capacitance

Resistors
(©/0) (%opm) (ppm per °C) (fF/pm?)

pT polysilicon 200-300 1.7 <100 0.1

Thin film BEOL 50 0.2 <100 0.03
Capacitors Density  Voltage linearity Leakage o Matching Q

(fF/ um?) ppm/V?) (A/cm?) (Y%opm) for 1pH, 5GHz
Metal Oxide Semiconductor 7 - <le 9 - -
Metal Insulator Metal 2 <100 <le 8 0.5 >50

Metal Oxide Metal 3.7 <100 - - -

Inductor : For a 1 nH inductor the achievable Q is around 29 at 5 GHz with a dedicated thick metal

Capacitors like metal oxide semiconductor (MOS) i.e polysilicon gated capacitors on single-
crystal silicon, metal insulator metal (MIM) and metal oxide metal (MOM) are offered in
silicon technology. MIM is preferred because of its higher quality factor but it is less reliable as
compared to MOS. Inductors offered are the planar and multilayer spiral inductors but quality
factor of the inductor is generally low.

Passive devices are chosen depending on the specifications pertaining to the area of applica-
tion and the technology adopted for implementation. The technology of choice for analog and
mixed signal SoC is RF complementary metal oxide semiconductor (CMOS) or SiGe-Bipolar
CMOS. RF CMOS technology is preferred when the specification requirements are moderate
and when there is a strong demand for cost reduction while SiGe-BiCMOS technology is pre-
ferred for specifications with higher sensitivity and low-power consumption requirements, with
relatively low priority for cost reduction [6]. This will also depend on the time to market and

overall system cost [10]. The integration of passive devices also requires an extra masking and
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Si0,

N

(a) (b)

Figure 1.1: Planar spiral inductor and its cross section showing the magnetic field lines.

processing steps. Therefore, the integration of passive devices in RF-SoC or mixed signal SoC
plays a key role in determining the overall performance and processing cost and it offers various

challenges [16].

1.3 On-Chip Inductor

Inductors are realized on-chip by laying out the metal trace on silicon using one or more
metal interconnects in different ways. The most popular planar inductor topology is the square
spiral. Fig [[.1] shows the spiral and its cross section with the magnetic field lines. Since the
metal turns are closely placed the flux in the turns and the flux lines passing through centre
of the coil are linked. The magnetic flux is defined as the magnetic field crossing the cross

sectional area of the conductor and is given by .

v = ?{B.dS

- ,ufH.dS (1.1)

Inductance is defined as the ratio of the total flux linkages to the current to which they link.
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1. Introduction

The self inductance is thus given by,

Y
L=—
I

(1.2)

where L, U, I, u, B, H, and dS are the inductance in henries (H), magnetic flux in webers
(Wb), current in amperes (A), permeability in henries per meter (H/m), magnetic flux density
expressed in tesla (Wb/m2), magnetic field density in amperes per meter (A/m), and area in
meters squared (m2), respectively. Inductors will store energy from the applied voltage in their

magnetic field through flux. The voltage induced is given by

v
dt
di
g 1.
o (1.3)

V =

The mutual inductance caused by the magnetic interaction between two currents adds to the
self-inductance. The mutual inductance on a turn i due to the impinging flux from the nearby
turns j can be calculated as

v,

My = — (1.4)

J

The total inductance is calculated as the sum of the self-inductance and mutual inductance.
If the currents flows in the same direction the inductance increases, and if the current flows
in the opposite direction the inductance decreases. The inductance computation for a spiral
inductor is discussed in Section 2.2. If the turns of the spiral inductor are closely packed the
mutual inductance due to the close coupling will be high. The turns of the spirals should be
laid out such that the coupling is maximized. Other structures include meander, octagonal,
circular and solenoid as shown in Fig The geometrical or layout design parameters are the
number of turns (/N), spiral track width (W), track spacing (.5), outer diameter (D,,;) and inner
diameter (D;,). The layout parameters are depicted in Fig[[2l The figure of merits (FOM)
of on-chip spiral inductors are (i) quality factor, @ (ii) optimum frequency, f... at which @
reaches its maximum value, Q. (iii) self-resonant frequency, f,..s at which the inductor behaves

like a parallel RC circuit in resonance [10] and (iv) inductance to silicon area ratio (L/A). A

typical inductance and a quality factor plots are shown in Fig[l.3and Fig[l.4] respectively. The
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Meander Rectangular

Circular Octagonal

Figure 1.2: Planar inductor structures [1].

inductance and the quality factor are frequency dependent. The calculation of the inductance
and the quality factor is discussed later in Chapter 2. Qualitatively three operating regions can
be identified depending on the change of inductance values with frequency [17]. The regions
are shown in the figure. Region I is the useful band of operation where the inductance value
remains relatively constant. Region II is the transition region in which the inductance value
changes at a faster rate and becomes negative. This frequency at which the inductance value
crosses zero is the first self-resonance frequency of the inductor. Beyond this frequency it enters
Region IIT where the inductor resonates with its parasitic capacitance and is far from behaving
as an inductor [10]. The inductor must not be used in this region.

The quality factor of integrated inductors on highly doped silicon substrate is quite low. This
is mainly because of the loss in the conductor and the Si substrate. The losses in the conductor

is proportional to the resistance of the metal. At low frequencies the series resistance will be
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Figure 1.3: Inductance as a function of frequency.
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Figure 1.4: Quality factor as a function of frequency.
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1.3 On-Chip Inductor
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Figure 1.5: Eddy current effect in the microstrip stripline conductor.

given by

pl
B—
Wt

(1.5)
where [ is the total length of the metal, W is the width of the metal and p is the resistivity of
the metal. At higher frequencies the series resistance becomes a complex function of frequency
due to the skin effect. The high frequency current will recede to the bottom surface of the
metal segment which is above the ground plane [18,19]. This can be understood by considering

the metal segments of the spiral inductor as microstrip transmission lines as shown in Fig[L.Al

As a result, the effective thickness of the metal decreases which is given by

tegs =0(1—e€7) (1.6)

where ¢ is the skin depth of the metal. Therefore the equation of series resistance reduces to
lp
R~ 1h L 1’ (1.7)
Wo(l—es)

So, resistance increases as the skin depth decreases with the frequency,. At high frequency,
the nonuniformity in the current will also result due to the magnetically induced eddy currents
[20]. Consider a section of an n-turn circular inductor as shown in Fig [L6 Let the current
in the inductor be I.,; and the associated magnetic flux be B,.,;;. The magnetic flux lines

entering the page near the turn n will come out of the page in the center of the inductor. If
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Turn

Turn n-1

coil

Figure 1.6: Section of an n-turn circular inductor with the fields and the eddy current.

the inner diameter of the spiral inductor is very small, this magnetic fields originating from
current carrying outer metal turns will pass through the inner turns. According to Faraday’s
and Lenz laws circular eddy currents will be induced in these inner metal turns of the inductor
as shown in Fig An opposing magnetic field B.4q, will also be developed due to the eddy
current. From the figure we can see that the eddy current will add to the I..,; on the inner side
(left edge) and subtract from I.,; on the outer side (right edge) of the conductor. The current
density will be thus, higher on the inner side than on the outer side and result in a nonuniform
current in the metal turns of the spiral inductor.

The resistivity of silicon substrate ranges from 10 KQcm for lightly doped to 0.001 Qcm
for heavily doped substrate. Because of the low resistivity of the substrate, electric energy
is coupled through the displacement current. This electrically induced displacement current
flows vertically, perpendicular to the plane of the spiral inductor as shown in Fig Also,
the magnetic field due to the inductor will penetrate through the substrate. This will induce

eddy current loops that will oppose the excitation currents in the spiral turns and weaken the
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Device current

Magnetically
induced eddy
current

Substrate /

Electrically induced conduction and
displacement current

Figure 1.7: Representation of the substrate currents in a spiral inductor. The solid lines represents
the electrically induced currents and the dashed lines represent the eddy current [2].

original magnetic field of the inductor.

With the scaling of CMOS technology, the number of metal layers and the total dielectric
insulator thickness has increased. This has introduced new directions for performance improve-
ments as the substrate coupling noise can be reduced with the increased distance of separation
with scaling. Today, some RF CMOS technologies have thick top metal layer provision to
reduce the series resistance and improve the quality factor of the inductor. However, the area
occupied by inductors are quite large as compared to the area of active devices and it does not

scale with the technology.
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1. Introduction

1.4 Review of Si On-Chip Inductor Design and Opti-
mization

The fabrication of inductors by integrated circuit techniques was investigated early in 1960s
and 1970s but it was held that inductors are the most difficult component to integrate. This is
because of the large chip area requirement for practical inductance values considered at several
hundred megahertz and the low quality factor due to losses associated with the heavily doped
silicon. Silicon on-chip inductor was first reported in 1990 by Nguyen and Meyer in a 0.8 um
silicon BICMOS technology [21]. The inductors were square spirals of values 1.3 and 9.3 nH
with a peak quality factor (@) of 8 at 4.1 GHz and 3 at 0.9 GHz respectively. They also proved
its performance in an LC voltage controlled oscillator and RF bandpass filter circuits [22,23].
Since 1990, there has been an enormous progress in the research on the performance trends,
design and optimization, modeling, quality factor enhancement techniques etc. of spiral in-
ductors and significant results are reported in literature for various applications. Today, spiral
inductors are widely used even at microwave frequencies and their applications in millimeter-

wave circuits are investigated [9)].

1.4.1 Spiral Inductor Structures

Most of the early efforts on the integration of inductor on Si seems to be especially inspired
by the vision at that time to realize fully integrated CMOS radio transceivers. The first three
papers by Nguyen and Meyer as mentioned above paved the way of research in this direction. In
1993 Chang et al. [24] showed that spiral inductors can be operated beyond the UHF band by
reducing the capacitance and resistance loss with selective removal of the underlying substrate.
A 100 nH square spiral inductor was designed with number of turns 20, metal width of 4 um
and 4 pum spacing, resulting in an outer dimension of 440 ym. Simulations on the SONNET EM
3D electromagnetic simulator showed that removal of the underlying substrate can increase the
inductor self-resonance from 800 MHz to 3 GHz. The structure was fabricated through MOSIS

as a standard n-well 2 ym CMOS IC. Data for the ) was not provided, but an equivalent
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1.4 Review of Si On-Chip Inductor Design and Optimization

circuit for the inductor at 800 MHz implies a () of about 4 at that frequency. In 1994 Negus
et al. [25] demonstrated an RFIC incorporating a monolithic inductor in a process that was
claimed to be capable of producing inductors with @’s greater than 10. Also the integration
of an inductor in a single-chip GSM (Global System for Mobile communications) transceiver
RF integrated circuits were reported in [26,27] but the measured data for the inductors are
not given. For the first time the detail of inductor test and measurement were reported by
Ashby et al. in 1994 [28]. Some 16 rectangular spiral inductors of metal trace widths 5, 9,
14, 19, 24 and 49 pm and different number of turns with same outer dimensions of 300 pm
were fabricated in a high-speed complementary bipolar process and were characterized for use
in wireless applications. The inductance value ranges from 1.74 nH to 35.4 nH with @ of 12
and 5.5 respectively. They also proposed a more accurate model modifying that of Nguyen and
Meyer by adding extra components in the lumped equivalent model of the inductor.

In the following years active research on inductor integration continued leading to several
innovative structures. These reports are grouped together according to the type of the inductor
structure and presented here in the following subsections. They are not necessarily in the order

of the year reported.

1.4.1.1 Spiral Inductor with Shunted Metal Layers

In standard silicon process, the thickness of the metal is limited to 1-2 ym and the series
resistance loss is one of the major factors for low (). The series resistance of the metal be-
comes a complex function at high frequencies due to eddy current effect and skin effect. In
1996, Soyuer et al. [29] proposed that the series resistance of the inductor could be minimized
by increasing the thickness of the metal with shunting of multiple metal layers as shown in
Fig [[.8 Different versions of four turn inductors, designed by shunting M2/M3, M3/M4 and
M2/M3/M4 metal layers in parallel were reported. Thickness as high as 4 um was achieved.
All the three inductors have the same inductance around 2.2 nH but the inductor implemented

by shunting M2/M3/M4 has the highest () of 9.3 at 2.4 GHz. Similar results by the same
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M1
p- Silicon Substrate !/

Figure 1.8: Cross sectional view of a spiral inductor showing the shunting of metal layers M2, M3
and M4 in a four metal layer process and the metal underpass in metal layer M1 [3].

authors are also given in [3]. It was also observed that @ did not increase in proportion with
the metal thickness. This is because at higher frequencies above 2 GHz, the metal thickness
may exceed skin depth and due to skin effect, the effective thickness of the metal will decrease.
At 1 GHz the skin depth of Al, Cu and Au are 2.56 pm, 2.07 um and 2.46 pm respectively.
The @ therefore did not increase in proportion to the thickness. In 2005, Chia-Hsin Wu et
al. [30] presented another inductor where the turns of the inductor were shunted with selected
metal layers. This configuration of the inductor structure demonstrated that the frequency at
which the () peaks can be modified by shunting metal layers selectively. This structure can be
viewed as an inductor with increasing thickness from outer to innermost turns of the spiral.
In fact, the series resistance will be reduced while the parasitic capacitance will be increased
as the metal trace in the inner turns approach closer to the substrate. Therefore, ) at low
frequency will be higher and due to larger parasitic capacitance () decays early, resulting in a

shift of the frequency at which @) peaks.
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1.4 Review of Si On-Chip Inductor Design and Optimization

Figure 1.9: Conventional two layer stack spiral inductor.

1.4.1.2 Multilevel Spiral Inductors

Planar structures require a minimum of two metal layers, with the spiral winding in one
layer and the underpass in another metal layer. Planar spirals occupy a large area of the die.
As the number of metal layers increases with the technology scaling, inductors can be realized
exploiting multiple metal layers. In 1995 Merrill et al. [31] and Burghartz et al. [32] proposed
multilevel inductors. Two or more spirals in different metal layers are connected in series as
shown in Fig to increase the inductance to area ratio. It is commonly referred now as
‘stacking’ and the desired inductance can be realized in a smaller area. Further demonstrations
followed in [17,33-35]. Use of multiple metal layers has enabled different modifications in the
inductor structure in order to increase the inductance to area ratio and realize inductors utiliz-
ing smaller area as compared to planar inductors or to enhance the performance for different
applications.

Merrill et al. [31] observed that a three turn spiral inductor with M1/M2/M3 connected in

series has 9 times higher inductance to area ratio than the inductor with M1/M2/M3 connected
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in parallel. The series connected inductor was 16.7 nH while the parallel connected was only
1.84 nH. In [33] a spiral inductor built in M1/M2/M3/M4, with each spiral having 4 turns
resulted in an inductance of 32 nH with a peak @) of 3 at 0.4 GHz and f,.; of 1.8 GHz. The
spirals in different layers may be placed directly one over the other so that they overlap exactly
or slightly shifted diagonally to avoid overlapping. With maximum overlap, the inductance was
higher since the spirals are coupled perfectly but the metal to metal overlap capacitance was
higher, resulting in a smaller @ and f,.s. In another study by Koutsoyannopoulos et al. [17], the
layout parameters of the stacked spirals were varied to realize the same inductance with almost
equal outer diameter. The diagonally shifted two layer spiral has an outer diameter of 281 pum,
width and spacing of 9 um and the exactly overlapping two layer spiral has an outer diameter of
286 pum, W of 14 pm and spacing of 9 pm. The inductors with exactly overlapping spirals have
higher @ even though the capacitance between the two layers is higher. Since the metal width
is larger, the series resistance was smaller. In 2001, Zolfaghari et al. [34] reported very high
value inductance of 45 nH (M5,M4), 100 nH (M5,M4,M3), 180 nH (M5,M4,M3 M2,M1), and
266 nH (M5,M4,M3,M2) built in a 0.25 pum five metal layer process. They also showed that f,..s
can be increased by moving the spirals farther from each other. In a five metal layer process,
two layer inductors with each spiral of 7 turns, outer diameter of 240 m, W of 9 m and spacing
of 0.72 m were constructed in (M5, M4), (M5, M3) and (M5, M2). It was demonstrated that
when the bottom spiral is moved from M4 to M2, the f,., increases from 0.96 GHz to 1.79 GHz.

In 2002, Feng et al. [35] fabricated a super compact inductor in 0.18 um process consisting
of six identical spirals of four turns each, metal width of 1 pum, spacing of 0.5 ym and area of
22 pmx23 pm. This inductor has an inductance of 10 nH and peak @ of 1.1 at 2.48 GHz. To
further improve the f,.s, miniature 3D inductor was proposed by Tang et al. in 2002 [36]. In
this structure, stacks of one turn spirals having different diameters are connected in series. It
can be pictured as one stack placed inside the other. The metal to metal capacitance in this
form of winding appears in series as opposed to parallel connection in stack and hence results
in a smaller parasitic capacitance as compared to stack. The miniature 3D inductor increases

fres by 34% with 8% degradation in @) as compared to the stack of same inductance. Yin et al.
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analyzed this structure in detail in [37]. If the stack inductor has only one turn in each layer
then it results in the vertical solenoid structure of Hau-Yiu Tsui and J. Lau [38] reported in
2005. It was shown that 4.8 nH vertical solenoid inductor approximately gives a 20% increase
in maximum ¢ and 50% increase in f,..s, while occupying only 20% of the area as compared
to 4.1 nH planar spiral inductor in a six-metal layer process. Earlier to this, a 5 nH horizontal
solenoid inductor of 96 turns and area of 4 um x 100 pm x 450 um was reported by Edelstein
and Burghartz [39] in 1998 with a peak @ of 2.5 at 1.5 GHz. In summary, multilevel inductors
have higher inductance to area ratio and occupy smaller area. Nevertheless, this reduced area
is achieved at the cost of performance. The inter metal layer capacitance and the metal to

substrate coupling capacitance increases and hence suffers from poor () and smaller f,..

1.4.1.3 Inductor with Patterned Ground Shield

In 1998, Yue and Wong [4] demonstrated that the silicon parasitics of on-chip inductor could
also be eliminated with a patterned ground shield inserted between an on-chip spiral inductor
and silicon substrate as shown in Fig[[LT0l The ground strips provide a good short to the electric
field and terminate it before it reaches the silicon substrate. It was shown that at 1-2 GHz,
the addition of a polysilicon patterned ground shield increases the inductor @ up to 33% and
reduces the substrate coupling between two adjacent inductors. However, the self-resonance
frequency decreases due to the introduction of additional substrate parasitic capacitance. The
effects of a ground shield shape and material on the performance of spiral inductors were studied
in detail by Yim et al. [40]. They observed that with a PGS, the frequency dependence of the
inductance increases while that of the series resistance decreases. The increase in the quality
factor also depends on the area of the PGS, which means that there must be an optimum area
of the PGS which gives the highest quality factor. They also compared the quality factor of
inductors with n* buried/n-well layer PGS, metal-1 PGS and poly PGS. The inductor with
poly PGS has the highest quality factor. Their investigation also showed that the isolation of

adjacent inductors does not improve significantly with a PGS. Recently, Cheung et al. [41,42]
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Figure 1.10: A patterned ground shield that can be inserted between an on-chip spiral inductor and
silicon substrate to reduce the unwanted substrate effects [4].

proposed a floating shield technique which has several advantages over the traditional ground
shield. A differentially driven floating shield inductor has about 35% improvement in Q-factor

over an unshielded one.

1.4.1.4 Symmetric Inductors

In integrated circuits, the differential topology is preferred because of its less sensitivity
to noise and interference. All the structures discussed above are asymmetric. For differential
circuit implementation, a pair of planar spiral inductors can be used with their inner loops
connected together in series [43] as shown in Fig. [Tl Since the currents always flow in oppo-
site directions in these two inductors, there must be enough spacing between them to minimize
electromagnetic coupling. As a result, the overall area occupied by the inductors are very large.
To eliminate the use of two inductors and reduce the chip area consumption, the center tapped
spiral inductor was presented in 1995 by Kuhn et al. [44] for balanced circuits. Later, in 2002,

Danesh and Long [45] presented a symmetrical inductor with enhanced Q for differential cir-
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Figure 1.11: Layout of a pair of asymmetric planar inductor for differential circuit implementation.

cuits as shown in Fig. The symmetric inductor is realized by joining groups of coupled
microstrip from one side of an axis of symmetry to the other using a number of cross-over and
cross-under connections. The symmetrical inductor under differential excitation results in a
higher @ and f.es. A 7.8 nH inductor with an outer diameter, metal width and a spacing of
250 pm, 8 pm and 2.8 um respectively has a peak @) of 9.3 at 2.5 GHz under differential exci-
tation while ) is only 6.6 at 1.6 GHz under single ended condition. It also occupies less area
than its equivalent asymmetrical pair of inductors. This type of winding of the metal trace was
first applied to monolithic transformers by Rabjohn in 1991 [46]. A “group cross” symmetric
inductor structure [47] manufactured on a printed circuit board (PCB), in which the metal
traces cross each other in groups, was also shown to have less effective parasitic capacitances
between two input ports and higher f,., and (). However, the area of all these inductors is still

large. Other different forms of symmetric windings were also studied [48-50].
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Inductor 1

L

| | —— Inductor 2

<«— Port 1

Common node Port 2

(Port3)

Figure 1.12: Layout of a pair of asymmetric planar inductor for differential circuit implementation.

1.4.1.5 Tapered or Variable Width Inductors

In 1997, J. Craninckx and M. Steyaert [43] studied that in a multiple turn planar inductor
with a small radius, the largest contribution to the increase in the series resistance at high
frequency comes from the inner turns. The magnetic field due the current in the inductor
spiral passes through the inner turns which induces an elctric field and thus generates the eddy
current in the turns. Due to this eddy current, the current distribution in the inner conductor
becomes non uniform and hence increases the series resistance. They suggested that this can be
prevented by making the width of the inner turns smaller than the outer ones or by using a "hol-
low’ coil i.e large radius. In 2000, Lopez-Villegas et al. [51] presented this approach in a more
systematic manner by proposing a method to find the optimum width of each turn and achieve
the maximum () factor at a given frequency. This structure is generally referred now as tapered
inductor. The improvement in the @) factor was reported for a micromachined 34 nH inductor
reaching a ) of 17. By micromachining the substrate under the spiral inductor is removed.
However, the importance of varying the width of the turns is not so significant for inductors

on Si substrate where the substrate losses also comes into effect at high frequency [20,52].
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1.4 Review of Si On-Chip Inductor Design and Optimization

1.4.2 Quality Factor Enhancement Techniques

On-chip spiral inductors fabricated on Si substrates suffer from poor quality factor due to
ohmic and substrate losses. The quality factor is inversely proportional to the finite resistance
of the metal layer which becomes a complex function at high frequencies and the losses in
inductors increase as a result of induced currents and dielectric losses. The low resistivity of
silicon substrate results in capacitive coupling, allowing the flow of conduction current through
the substrate. Several techniques have been used to enhance the quality factor of inductors
on silicon. One such method is micromachining i.e etching out the silicon underneath the in-
ductor using front side etching or backside etching or by using high aspect ratio and surface
micromachining techniques as reported in [24,53-59] etc. These methods result in near elim-
ination of the substrate loss thereby yielding very high quality factor inductors with high self
resonant frequency. In 1998, Yue and Wong [4] demonstrated that the silicon parasitics of
on-chip inductor could also be eliminated with a patterned ground shield as discussed above
in section [[4ZT.3. Other methods include the use of high resistivity silicon substrates [60] and
sapphire substrates [61], differential excitation technique [45] as discussed in section [[L4.1.4]
multilayer substrate [62], n-well formation [63], the formation of porous silicon [64], proton

bombardment [65] etc. Most of these processes are uncommon in digital logic CMOS process.

1.4.3 Inductor Design and Optimization Methods

The performance of a spiral inductor is determined by its geometrical or layout parameters
and the technological parameters. The dependence of the quality factor and inductance on
these parameters have been studied in detail [17,66,67]. Thus, the complexity in the design
of an on-chip inductor lies in deciding these layout parameters in order to achieve the target
inductance with its desired quality factor. Various methods have been proposed to design and
optimize an inductor. In 1998, Niknejad and Meyer [68] developed a computer aided design tool
‘ASITIC’ (Analysis and simulation of spiral inductors and transformers for ICs) for designing,

optimizing and modeling of the spiral inductor and transformers. It allows the user to search
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1. Introduction

the parameters space of an inductor optimization problem while trading off between speed and
accuracy. It gives a SPICE file which can be used in circuit analysis and the layout of the
spiral inductor can also be exported. In 1999, Hershenson et al. [69] presented an efficient op-
timization methodology based on the ‘geometric programming (GP)’ [70]. The authors showed
that the inductor design goal i.e to optimize the () factor can be formulated as a geometric
program to obtain the trade off curve between L and () for a particular operating frequency.
Such a curve aids the designer in deciding the inductance value and explore the trade offs of
performance for a particular application. In 2000, Post [71] developed an algorithm to find the
optimized layout parameter based on the well accepted model of Yue and Wong [4]. Similarly
other optimization methods were proposed based on sequential quadratic programming [72,73],
simulated annealing [74], artificial neural network [75,76] etc. which have proved to be more

efficient reducing the computation time and converging rapidly to the optimal design.

1.5 Motivation and Problem Description

The major motivations of the thesis are described below.

(i) Need to study the performance trend of on-chip inductors for a fixed value of
inductance
The figure of merits of on-chip spiral inductors are determined by their geometrical or
layout parameters and the technological parameters. There exist numerous trade offs
between the performance of a spiral inductor and its design parameters. In most of
the performance trend studies reported in literature, the layout parameters were sys-
tematically varied and the corresponding changes in the inductance, quality factor and
resonance frequency were reported. This approach is useful in applications where one
has the flexibility of choosing from a range of inductance values. However, if a designer
targets to design a specified inductance value and optimize its layout parameters for a
particular application, such studies give insufficient information since the quality factor

and the inductance follow an opposite trend with the layout parameters. For example,

TH'821 Cl:l \!EIVIII_\\LI/_\\I T
B 22



1.5 Motivation and Problem Description

(iii)
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one may attempt to increase the quality factor by increasing the inner diameter which will
minimize the eddy current effect. But this approach will alter the value of inductance.
One can vary the number of turns, metal width and spacing to get back to the desired
inductance value. However, this will again alter the quality factor and this need not be
the optimum value at the desired frequency. Therefore, a study of the performance trend
by varying the layout parameters keeping the inductance value constant would be more

beneficial in applications where a fixed value of inductance is required.

Need for optimization of on-chip inductor

Inductors are generally designed either based on a library of previously available fabricated
inductors or using an electromagnetic simulator. The former method limits the design
space and the latter is computationally expensive and time consuming. A typical spiral
inductor design problem is to determine the layout parameters that results the desired
inductance value. For a desired inductance value, a number of possible combinations of
these parameters exist. Therefore it is important to find the optimized parameters for a
particular inductance that results the highest () at desired frequency. The performance of
several analog, mixed signal and radio frequency integrated circuits are well determined
by the quality of the inductors. For example, the quality factor of the inductor determines
the stability and phase-noise power of an oscillator for any communication applications
and also determines the characteristics of filters such as small percent bandwidth, small
shape factor and low insertion loss. Hence, the design of inductor is one of the critical
steps of the design cycle since the performance and cost will depend on the quality factor
and area of the inductor. Thus, an efficient method to determine the optimum layout
parameters is the utmost need for a designer to shorten the design and product time-to-

market cycle.

Need for bounding of layout parameters for fast optimization
Generally, inductors may be optimized using an enumeration method [68,71] or a numer-

ical method like in [72-76]. Enumeration methods are simple and can find a nearly global
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1. Introduction

optimum design but it is highly inefficient. On the other hand numerical methods proved
to be more efficient reducing the computation time and converging rapidly to the opti-
mal design. However, such algorithms result a single set of inductor design parameters
and no information is available on how far the other combinations are from the optimal
one. Information of near optimal solution is also important to judiciously explore the
tradeoff between the different competing figure of merits. The efficiency and the result of
optimization of all such methods require the knowledge of performance trends of inductor
with its layout parameters inorder to decide the design search space. If the designer is not
well acquainted with the complexity of inductor design, the design parameter constraints
may include sets of infeasible specifications which will increase the number of function
evaluations and computation time unnecessarily. For example, a large search space may
be defined which will require huge computation time or a small search space may be de-
fined where the solution may not be globally optimum. Thus, there is a need to develop
a method to find the bounds of the optimization constraints and restrict the search to
only the feasible region and promote fast convergence to a solution. The incorporation of
a bounding method with an optimization schedule will definitely speed up the optimum

inductor synthesis.

(iv) Need for inductor optimization using an electromagnetic simulator
Inductors are also designed using an electromagnetic simulator. This method is compu-
tationally expensive and time consuming due to which design methods based on lumped
element model are generally adopted. But, a lumped element model gives only an approx-
imate electrical characteristic and the result may be prone to errors. Verification of the
design using a full wave EM simulator is therefore required before fabrication. Sometimes
the designer may even be compelled to repeat the entire design when such errors are not
tolerable. Therefore, optimization using an EM simulator would be more advantageous.
But a method using an EM simulator would be acceptable only if a few structures have
to be simulated. This can be made possible by identifying the optimum width and the

number of turns from the simulation of few structures. If these few structures can be iden-
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tified, then the optimized design parameters can be determined most accurately using an

EM simulator.

(v) Design of Multilayer symmetric inductor structure
In most of the integrated circuits like amplifiers, mixers, oscillators etc. the differen-
tial topology is preferred because of its less sensitivity to noise and interference. For
such applications symmetric inductors are preferred because under differential excitation
quality factor and self resonance frequency increases. Generally, a pair of asymmetric
planar inductors connected together in series or the conventional symmetric inductor
is used. But the area occupied is very large. With technology scaling, the number of
metal layer is increasing and taking advantage of this, new multilayer inductors can be
explored to improve the performance of on-chip inductors. Further, its performance can
be demonstrated by fabricating and characterizing the inductors. The structure can be
implemented in an application circuit and performance can be illustrated by test and

measurement results.

In summary, the development of an efficient inductor design and optimization methodology,
investigation of a novel multilayer symmetric inductor topology and its experimental valida-
tion, and finally the implementation of the proposed structure in a 2.4 GHz voltage controlled

oscillator are the motivations behind this work.

1.6 Organization of the Thesis

From the previous sections of this chapter, we have seen that with the advancement of the
Si technology various inductor structures have evolved from asymmetric to symmetric and from
planar to multilayer to meet the demands of high performance miniaturized circuits. The ohmic
loss and the substrate loss can be minimized in various ways. The design is a complex process
involving the optimization of its layout parameters, using various tools and methodologies

available today to cater to the needs of the design and reduce the design time to market cycle.
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1. Introduction

The motivations for this thesis were also presented.

Chapter 2 exemplifies the importance to study the performance trend more systematically,
keeping the inductance constant and varying the layout parameters. This studies will lead to
promising conclusions that would help to optimize the inductors more efficiently. Also a method
of bounding of the layout design parameters is proposed thereby limiting the feasible design
search space and hence optimization can be carried out efficiently. Performance characterization
using an EM simulator is more accurate as compared to that using a lumped element model.
This chapter also suggests a method to identify only the few nearly optimum structures and
find the most optimized design parameters using an EM simulator.

In Chapter 3, a multilayer spiral inductor is proposed, in which the traces of the metal
spiral up and down in a pyramidal manner exploiting the multiple metal layers. This structure
is discussed extensively with the development of a lumped element model and calculation of its
parasitic capacitance to predict its self resonance frequency. It is also shown that, this form of
spiralling results in lower parasitics. The performance trends of this new inductor with its layout
parameters are also investigated. The structure is also symmetric and it is illustrated that, for
differential circuit implementations, the area of the chip can be reduced to a large extent as
compared to its equivalent conventional inductors. The layout, fabrication and measurement
results of the inductor are also reported in detail.

Chapter 4 discusses the design of an LC differential voltage controlled oscillator employing
the proposed inductor in the LC tank. The design process of the tank inductor and the capacitor
is explained. A prototype of the VCO is implemented in 0.18 ym UMC RF CMOS technology.
The performance of the VCO is investigated by simulation and are validated by the testing and
measurement results.

Finally, in Chapter 5, the conclusions of the thesis are summarized and a brief discussion

on the directions for future work is given.
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1.7 Summary

1.7 Summary

In this chapter, the design of on-chip inductor was discussed with a review on its innovative
structure evolution and design trends, followed by a discussion of the unsolved problems and
scope of this work. A brief summary on the trend of integrated passive devices was given. The
first and basic step in the design of integrated inductor is the selection of a particular topology
and lay out in a chosen process technology. With the scaling of CMOS technology, inductor
structures of various shapes have evolved from asymmetric to symmetric and from planar to
multilayer. A review of different inductor structures fabricated in standard CMOS process was
given. The impact of different ways of winding on performance metrics like quality factor,
inductance and self resonance frequency was discussed. Several techniques reported, in order
to improve the quality factor by reducing the substrate losses were also reviewed. One requires
a good understanding of the performance trends with respect to the layout and process param-
eters to optimize the design. A review of such optimization methodologies was also included.
Several issues on the design trends and optimization methodologies that have motivated us for

this work are discussed and the organization of the thesis was presented.
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2.1 Introduction

2.1 Introduction

A typical spiral inductor design problem is to determine its optimum layout parameters for
a given inductance that will result the highest quality factor at desired frequency. This chapter
discusses new approach for spiral inductor design and optimization. Section proposes an
algorithm to decide the bounds on the design parameters of spiral inductor for a large range of
physical inductance values that satisfies a given area specification. With this parameter bounds
we can eliminate a large proportion of the redundant sample designs. Section 2.3 presents an
extensive analysis of the dependence of quality factor, peak frequency, self resonance frequency
and area of a spiral inductor on its layout parameters while keeping the inductance value con-
stant as opposed to various studies reported. The benefits of such a study is discussed and
illustrated with a design example. In section [2.4] it is proved that by incorporating this bound-
ing technique the feasible region of the problem can be determined and the number of function
evaluations required to converge to the optimum solution can be reduced. Hence optimization
can be completed in few seconds efficiently. Numerical algorithms based on lumped element
model are generally adopted since EM simulations are computationally expensive and time con-
suming. However, EM simulators provides the most accurate design. An optimization using
an EM simulator would be acceptable only if few structures has to be simulated to find the
optimum design parameters. Such an algorithm is proposed in section 2.5 which consists of the
minimum steps required to design and optimize a spiral inductor by simulating few inductor
structures using a 3D EM simulator for a given technology. The selection of the few structures
is based on the insights obtained from the studies of performance trends of previous section.

Finally the chapter is summarized in section 2.6

2.2 Bounding of Layout Parameters

A spiral inductor optimization problem may be formulated as
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

maximize @ (N, W,D,S)

subject to  L(N,W,D,S) < Lyesired
Npin €N < Nipag
Winin < W < Wi
Smin <8 < Sia

Dmin S D S Dmax

where @) (N, W,D,S) is the objective function and N, W, D and S are the optimization variables.
The set of sample points for which the objective function and all constraints are defined is the
domain of the optimization problem and the set of all points that satisfies all the constraints is
the feasible set. The size of the design search space and number of function evaluation will be
determined by the lower and upper bounds on these variables. For fewer function evaluation it
is important to restrict the search space only to the feasible region. This means that only the
range of N, W, D and S which will result in the desired value of inductance must be specified
to the optimizer. In this section a method of bounding on these optimization variables is
demonstrated and locate the feasible region for any desired value of inductance.

The spiral inductor design variables N, W, D and S are not independent. The limits on the

outer diameter will decide the possible combinations of N, W and § governed by the relation

Dows = Din + 2W N + 28 (N —1) (2.1)

Therefore to simplify, it is assumed that the spiral inductor outer diameter is specified. For
any desired inductance value several combination of the N, W, D,,; or D;, and § exist. Also
there will be certainly a range of inductance values that satisfies the same area limitation. The
algorithm develops the spiral inductor layout parameter bound curves of all such inductors and
these curves can then be used to determine the bound on number of turns and width for any
value of inductance that can be designed satisfying the same area limitation. The algorithm is

explained by the flowchart in Fig. 2.1l and it consists of three major steps as given below:
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Input
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Plot the inductance envelope and use as reference
chart for deciding the layout parameter bounds

Figure 2.1: Flowchart to determine the layout parameter bounds of spiral inductor.
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

i) Determine the maximum number of turns, Ny, that can be accommodated in the limited

area for each width and spacing of the spiral.

i1) Keep the outer diameter, D,,; at maximum and constant. For each width, W and
spacing, S, vary the number of turns from 1 to N,,.., keeping D;,, > D;,, min and compute
the inductance for each case. One may consider that the turns of the inductor are spiraling
in gradually. Therefore, in each combination D;, will vary and will be at its maximum

limit for each N,WW and S combination.

iii) Keep the inner diameter, D;, minimum and constant. For each width and spacing, vary
the number of turns from 1 to N,,qz, keeping Doyi < Dout mae @and compute the inductance
for each case again. Here we may consider that the turns of the inductor are spiraling
out gradually. In this case, D,,; will vary for each N, W and S combination within the

area limit.

The inner or outer diameter is given by equation 2.Il In this way, for each N, W and S
combination we will get the maximum inductance from step (i) and minimum inductance from
step (i4i) by varying D;, and D,,; within the area limits. Different formulaes are proposed in
the literature to compute the inductance of a spiral inductor. In this work we followed the
inductance calculation algorithm developed by Greenhouse [77] based on Grover’s [78] formula.
In this method the planar spiral is divided into a number of straight conductor segments. The
total inductance is calculated as the sum of all the self-inductance of the straight segments and
mutual inductance, both positive and negative between the parallel segments. For example a
square inductor of three turn can be divided into 12 segments. The number of segments may

not necessarily be a multiple of four. So the inductance is calculated as
Liotar = Lsery + My + M- (2.2)

where Lyoq is the total inductance, L5 is the total sum of self inductance of all the segments,
M, and M_ are the total sum of all the positive and negative mutual inductances of all the

segments. The self inductance of a segment is calculated as
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Figure 2.2: Parallel conductors of (a) equal length (b) different length.
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L =0.0021 |In

where [ is the length of the segment, W is the width of the conductor, ¢ is the thickness of the

conductor. The mutual inductance between two parallel conductors of equal length as shown

in Fig is given by

M =2H (2.4)

where [ is the length of the conductor and H is the mutual inductance parameter given by

l [2 GMD? GMD
H_ln{GMD+ 1+7GMD2 }— 1+ 2 + l (2.5)

where GMD is the geometric mean distance between the two conductor. This is approximately

equal to the distance, d between the center of the conductors. Its exact value is calculated as

(2.6)

w2oowt oW WS
Z"GMD_l”d_{12d2+60d4+168d6+360d8+"'}

For the spiral inductor case, the length of the parallel conductors are not equal such as the
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

case shown in Fig[2.2(b)| If a and b are the length of the two conductors separated by GMD

as shown in the figure, their mutual inductance is calculated as

2 Ma,b = {Mb+p + Mb+q} - {Mp + Mq} (2-7>

where each mutual terms are calculated using equation 2.4 For example
Myip = 2lyspHyyp = 2(b + p) Hpyp (2.8)

where Hp.,, is the mutual inductance parameter given by equation for [ = b+ p. Thus the
inductance is calculated summing all the self and the positive and negative mutual inductance
of all the conductor segments of the spiral inductor.

To illustrate the bounding methodology we consider here an example, where D,,; is assumed
to be 400 um. The width was chosen to vary from 5 um to 25 um. Several studies [66,79], has
shown that the tight coupling of the magnetic field maximizes the quality factor and reduces
the chip area for a given inductor layout. The interwinding capacitance from tighter coupling
has only a slight impact on performance . Therefore the spacing was kept constant at 2 pum.
The largest N,,.. was found to be 26. The possible inductances varies from 0.13 nH to 140 nH.
The minimum and maximum inductance of all possible combination of N, W and S is shown

in Fig. [2.3(a)| and Fig. respectively. In the figure, inductance values only for number

of turns up to 10 are shown and D;, was allowed to be as small as 50 ym. The information
from Fig. and Fig. is combined to generate the layout parameter bound curves
as shown in Fig. 2.4l The curves are plotted only for width 5 pm, 10 pm, 15 pm, 20 pm and
25 pm for clarity. The other widths that are not shown in the figure also follows the same
pattern. In the figure two groups of curves are shown, one for D;, maximum and other one
for D;, minimum. Here it must be noted that maximum inner diameter D;, is different for
all widths. Consider the width, W = 25 um. We can see that the curve with minimum and
maximum inner diameter D;, meets at N = 7. The region enclosed by these two curve cover all
possible inductance that can be designed with W = 25 pm. It can be seen that the inductance

varies from 1 nH to 10.5 nH and N varies from 1 to 7 with D;, = 52 pum to 375 pm. Similarly,
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Inductance (nH)

Inductance (nH)

Figure 2.3: (a) Minimum inductance and (b) Maximum inductance for all combinations of N = 1
to 10 and W =5 pm to 25 pm within the area 400 pm x 400 pm. Spacing fixed at 2 pm.
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Inductance (nH)

with Din
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10 12 14 16
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Figure 2.4: Layout parameter bound curves of possible inductances by varying D;,, from minimum to
maximum for all combination of number of turns and width that satisfies the area 400 pm x 400 pm.
Spacing fixed at 2 pm.

for other widths the region enclosed by the plot with D;, maximum and minimum gives the
possible inductance that can be designed with each width and the range of turns. Since the
graph is shown only for inductance up to 50 nH the intersection point of the plot for W =5 um
is not seen.

A typical problem is to design a fixed inductance. Let us consider that the desired inductance
is 10 nH, so we may draw a straight horizontal line of 10 nH. The line cuts the curves of all
widths and the corresponding minimum number of turns is 3 and maximum is 9. Moreover,

widths W > 25 pm will not be able to satisfy the area limit and result 10 nH inductance. If

TH'821 CEI \!EIVIII_\\LI/_\\I T
B 36
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W > 25 pm is to be chosen to realize 10 nH then the area has to be increased. Each point
in the graph corresponds to different inner diameter. Here D;, ranges from 52 pm to 275 pum.
Similarly, for L greater than 16 nH, width must be less than 20 pum to satisfy the area limit.
In this method of bounding the layout design parameters, the spiral inductor outer diameter is
assumed to be given. Since the area is fixed, it can be seen that for some range of inductances
the range of the metal width that can be used becomes limited. So it may be possible that the
optimum quality factor obtained using the layout parameter bounding method may be lower
as compared to an optimization schedule without any area limitation. However, for a known
area, it will be always advantageous to use this method to find the bounds on the width and
turns for any inductance and the corresponding inner or outer diameter limits. The feasible
region of the optimization is thus identified and the optimum search can be performed within
the feasible region only. If we consider the spiral area greater than 400 pm x 400 pm, the size
of the envelope will increase as maximum number of turns, N,,.. for each width will increase.
Similarly, if the spiral area is less than 400 um x 400 pum, the envelope size will decrease.
Therefore the bounding curves must be plotted for the maximum inductor area specified. Even
for a different area specification the replotting of the curves would take only few seconds.

For example, metal width greater that 25 m cannot be possibly used to design inductors
greater than 10 nH in this area of 400 m 400 m. If width greater than 25 m is to be used
the area needs to be increased. Because of the fixed area assumption, some possible structures
with very large metal widths may not be included. For optimization of inductors at frequencies
less than their peak frequency, the quality factor may be lower as compared to an optimization
schedule without any area limitation

The graphical information can be summarized as:

i) For a specified area the range of inductance values that can be realized by each combina-

tion of turn, N and width W is obtained.

it) For any desired value of inductance, the bounds on the number of turns, width and

diameter is obtained.
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

In this way, the bounds on the design parameters is determined and the optimal search can
be carried out efficiently. Since the bounding of the design parameters for a large range of
inductance values can be done simultaneously, it will shorten the design cycle especially for

applications that require multiple inductors of different values.

2.3 Performance Study of Fixed Value Inductors using
EM Simulator

The inductance value of a spiral inductor is mainly decided by its geometrical or layout
parameters [17]. The performance is determined by its layout parameters and the technological
parameters. The first step in the design of spiral inductor involves the finding of the combina-
tion of numbers of turns, width, spacing and inner or outer diameter for a specified inductance
value. These layout parameters can be determined from the bounding curve in section 2.2 De-
pending on the inductor layout and the technology, the associated parasitics due to the ohmic
loss in the metal and the losses due to the lossy substrate will vary. To investigate the effects
of the parasitics on the performance, a method of moment based 3D EM simulator is used.
For an extensive analysis of the design and performance issues of spiral inductors the layout
parameters are varied for a constant value of inductance. In this way the performance can be

compared closely.

2.3.1 Area of the inductor

Spiral inductors occupy a large area of the die as compared to the area required by active
devices in RF circuitry. The area must be kept at minimum to reduce the cost. This can be
done by adjusting the inner diameter with the variation in the number of turns to achieve the
target inductance. The inductance is calculated using the algorithm developed by Greenhouse
as described in the previous section. To understand the effect on the area, we synthesized 10
nH inductors by varying number of turns, width or spacing and adjusting the diameter. The

area of the spiral is given by D,,; X D, The trend of outer diameter variation with number
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Figure 2.5: Contour plots of outer diameter (with labels in um) as a function of width and turns for
a 10 nH inductor with spacing 2 pm.

of turns and width for two different spacing is shown by the contour plots in Fig. and
Fig.[2.6l The labels in the contour lines indicate the outer diameter for the corresponding turns
and width combination of each 10 nH inductor. The outer diameter values gradually decreases
as one moves along the positive X-axis with the increasing number of turns. Similarly, the
outer diameter values gradually decreases as one moves down on the y-axis with the decreasing
width. The dotted line shows the boundary of 10 nH inductor geometries. In both the cases,
as the number of turns increases the total length of the spiral also increases and the same
inductance is achieved in a smaller area. But with the increase in width, area increases. If we
cross examine the two figures, we can see that for the same width and turns the inductor with
larger spacing occupies larger area. This is because when the spacing between the tracks is
increased, the magnetic coupling decreases. To achieve the same inductance, the inner diameter
has to be increased for the same number of turns and width. So inductors realized with larger
number of turns, smaller width and spacing will occupy minimum area. But this smallest

inductor is not going to result the best performance definitely due to the eddy current effect

TH'821 CEI \!EIVIII_\\LI/_\\I T
B 39



2. Optimization of Spiral Inductor with Bounding of Layout Parameters

Inductor
geometry
- not possible
-~ for 10nH

Width (micrometer)

5 6 7 8 9 10
Number of turns

Figure 2.6: Contour plots of outer diameter (with labels in um) as a function of width and turns for
a 10 nH inductor with spacing 6 pm.

and current crowding in the metal conductor. The performance trend will be discussed in detail
in the next subsection. Therefore, a good design would require a careful trading off between
the performance and the area occupied by the spiral. Area may also be reduced by using the
stack topology in which two or more individual spiral coil overlaps with each other. If the
spirals are identical and the mutual coupling factor between the spiral is unity, for an n-layer
stack, inductance increases by nearly a factor of n? [34]. For example a 10 nH inductor may be
designed as a two layer stack of ~2.5 nH each. In Fig.[2.7] the trend of outer diameter variation
is shown for such a design. For the same width and turns combination, the area may be reduced
by an average of 53%. However with stacking, parasitic capacitance increases and hence the
self resonance frequency decreases. The performance of the stack and its planar counterpart is

also compared in the next subsection.
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2.3 Performance Study of Fixed Value Inductors using EM Simulator
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Figure 2.7: Contour plots of outer diameter (with labels in um) as a function of width and turns for
a 10 nH inductor assumed to be designed by stacking two spirals of 2.5 nH inductance

2.3.2 Quality Factor Variation with the Number of turns

Quality factor is the most important figure of merit of the inductor. For an inductor, @) is
proportional to the energy stored which is equal to the difference between the peak magnetic
energy and electric energy. Quality factor of an on-chip spiral inductor increases with frequency
and reaches a maximum value after which it decreases due to the ohmic loss in the series
resistance and the loss in the substrate. To investigate the effect of varying width, turns and
spacing on quality factor when the inductance is constant, three groups of 10 nH inductors are
simulated wherein one of the parameter is varied keeping the other two constant. The layout
parameters of these inductors are given in Table 2.1l In Group A the number of turns are
varied, in Group B the width is varied and in Group C the spacing is varied. The structures are
simulated using a 3D EM simulator. In simulation, the substrate and the dielectric layers are
defined as per the technology parameters of a four level metal process to reproduce the actual
inductor as close as possible. The spiral underpass is in M3. The technological parameters of

the design are summarized in Table 2.2 The performance trends are discussed as follows.
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

Table 2.1: Layout Parameters.

Group Number Width Spacing D,  Doue Total length L Omaz  frax fres
name  oftums (um)  (um)  (um) (um)  (um)  (nH) (GHz)  (GHz)
3 14 2 422 514 5600 10.00 6.04 1.06 3.6
4 14 2 270 394 5296 10.01 6.21 1.06 3.9
A: Different 5 14 2 186 342 5264 10.04 6.17 0.94 4
6 14 2 126 314 5264 10.05 6.04 0.94 4.19
turns 7 14 2 82 302 5360 10.00 5.84 0.94 4.19
8 14 2 44 296 5424 10.06  5.67 0.94 4.3
9 14 2 10 294 5458 10.01  5.58 0.94 4.3
6 6 2 129 221 4192 10.07 5.7 1.71 6.1
6 8 2 130 246 4502 10.05 5.9 1.38 5.4
B: Different 6 10 2 130 270 4788 10.06  6.03 1.22 4.8
6 12 2 129 293 5050 10.06  6.07 1.06 4.4
Width 6 14 2 126 314 5264 10.05 6.05 0.94 4.1
6 16 2 124 336 5502 10.03  5.98 0.87 3.8
6 18 2 121 357 5716 10.03  5.92 0.82 3.6
6 20 2 118 378 5930 10.01 5.8 0.75 3.3
4 14 2 270 394 5296 9.93 6.21 1.06 3.9
C: Different 4 14 6 278 426 5612 10.00 5.8 1.0 3.71
Spacing 4 14 10 282 454 5864 10.02 5.9 1.0 3.6
4 14 14 284 480 6084 10.03 5.3 1.0 3.35
Table 2.2: Technological parameters.
Parameter Values
Substrate resistivity 10 Q2cm
Silicon dielectric constant 11.9
Oxide thickness 4.5 pm
Oxide dielectric constant 4
Conductivity of the metal 5.8x105(2cm)~*
Metal thickness 1 pm
TH-821 GENEMALAH
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2.3 Performance Study of Fixed Value Inductors using EM Simulator

Group A Spiral inductors of 10 nH with turns 3, 4, 5, 6, 7, 8 and 9 were simulated keep-
ing the width and spacing constant at 14 pym and 2 pum respectively. In Fig. 2.8 the quality
factor for varying turns are plotted. As expected for a given number of turns, quality factor
increases as frequency increases and then decreases due to the parasitics associated. The Q) q
depends on the number of turns. As the number of turns increases from 3 to 4, initially Qnaz
increases but beyond 4, @, decreases. The maximum value of (), obtained was 6.21 for
N = 4. The f,,4. obtained for N = 4 also was maximum. As the number of turns increases,
keeping the inductance constant, the inner and outer diameter reduces decreasing the area and
increasing the total length of the spiral as observed in previous section. Because of smaller inner
diameter, magnetic fields of the adjacent outer turns will pass through some of the innermost
turns, inducing eddy current loops. This will result in non uniform current in the innermost
turns thereby increasing the effective resistance as can be seen from Fig. 2.9] where the real or
resistive component of the impedance (Re[Z1])) is plotted for each inductor. As a result, quality
factor decreases with increase in the number of turns. In other words, for smaller number of
turns since the inner diameter is large, the eddy current effect decreases and the quality factor
increases. Thus, spiral inductors designed with larger number of turns to save the area will
suffer from low quality factor. However, further decreasing the number of turns from 4 to 3
by increasing the inner diameter does not improve quality factor but instead increases the area
(Dour X Dyyy) and the total length. The large change in area and length is required as the
mutual inductance parameter decreases with less number of positive mutual couplings. With
the increase in length, the series resistance of the spiral increases and therefore decreases the
quality factor. The area and quality factor can be traded off carefully and the layout parame-
ters of a spiral inductor can be chosen. The f,., also increases with the number of turns when

the width is fixed since the area is decreased.
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters
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Figure 2.8: Quality factor for 10 nH inductors designed with number of turns 3, 4, 5, 6, 7, 8 and 9
and the width and spacing fixed at 14 pm and 2 um respectively.
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Figure 2.9: Parasitic series resistance for 10 nH inductors designed with number of turns 3,4,5,6,7,8
and 9 and the width and spacing fixed at 14 pm and 2 pum respectively.
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2.3 Performance Study of Fixed Value Inductors using EM Simulator

2.3.3 Quality Factor Variation with the Metal Width

The width of the metal track is a vital parameter. In Group B, 10 nH spiral inductors of
width 6 ym, 8 pm, 10 gm, 12 pm, 14 pm, 16 pm, 18 pm and 20 pm were designed while keeping
the number of turns fixed at 6 and spacing at 2 um. For a fixed turn, when the same induc-
tance value is realized with larger width, the area increases. In Fig. 2.10] the quality factor for
varying width are plotted and it can be seen that as the width increases, the quality factor in-
creases at low frequencies (say at 0.6 GHz). This is because quality factor depends on the series
resistance of the metal trace and larger width inductor which has less resistive loss will have
higher quality factor. However, at high frequencies (say 1.8 GHz) quality factor decreases with
increase in width. To explain this, the series resistance is plotted against frequency in Fig. 2.11]
As frequency increases the resistance increases due to the well known skin effect and current
crowding problem. Skin effects are relatively small below 2 GHz as the metal thickness will be
less than the skin depth, nevertheless the current crowding is a strong function of frequency.
Current crowding causes an increase in resistance at a much higher rate than the normal linear
one especially above a frequency termed as critical frequency [80]. From Fig. R.TT] we can see
that for larger width, the current crowding effect begins at lower frequency. Also, with the
increase in width, the substrate coupling capacitance increases due to the increase in surface
area. Therefore, the quality factor of larger width inductors decays faster and self-resonant
frequency also decreases. Both f,,.. and f,.s increases for smaller width and depending on the
inductor application and the desired operating frequency one can optimize layout parameter

appropriately.

2.3.4 Quality Factor Variation with the Spacing between the Metal
Tracks

In Group C, the width and the number of turns is kept constant at 14 pym and 4. Four
10 nH inductors of spacing 2 pym, 6 pm, 10 gm and 14 pm were designed and simulated. In

Fig. .12 the quality factor for various spacing is compared. When the spacing between the
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters
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Figure 2.10: Quality factor for 10 nH inductors designed with different width of 6 pm, 8 pym, 10 pm,
12 pm, 14 pm, 16 pm, 18 pm and 20 pm.
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Figure 2.11: Parasitic series resistance for 10 nH inductors designed with different width of 6 pm,
8 pm, 10 pm, 12 ym, 14 pym, 16 pm, 18 um and 20 pm.
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2.4 Efficient Optimization with Bounding of Layout Parameters

tracks is increased, the magnetic coupling decreases. To achieve the fixed inductance, the inner
diameter has to be increased for the same number of turns. This increases the total length of
the spiral thereby increasing the parasitic series resistance as can be seen from Fig. 2.13] and
hence the quality factor is highest for minimum spacing. It can also be seen that the f,,.. and
fres also have similar trends as of ) and the best values are obtained for minimum spacing of

metal tracks.

2.4 Efficient Optimization with Bounding of Layout Pa-
rameters

To illustrate that the design time and accuracy of a spiral inductor optimization schedule is
improved using the bounding curves an enumeration type optimization algorithm similar to [71]
is implemented and the lower and upper bounds on the constraints of the design parameters
is given according to the bounding curves. Since, only the possible combinations of width and
number of turns that will result the desired value of inductance is given, the step to check
whether design exist is not required as in [71]. The steps of the optimization algorithm is

summarized below:

i) Input the design specifications, such as the desired inductance value, technology param-

eters and specified operating frequency.

i1) For L = Lgesireq refer the layout parameter bounds diagram and read the range of the
number of turns and width that will result the exact value of desired inductance. Assign

N = N,yn to Npae and W = Wi to Wipae.

iii) For each N and W combination adjust the inner diameter, Dy, is so that L = Lgegirea

and calculate the total length of the spiral.

iv) Compute the quality factor for each combination of turns and width at the desired oper-

ating frequency using the lumped element model [81] and store it.
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters
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Figure 2.12: Quality factor for 10 nH inductors designed with different spacing of 2 pym, 6 pm,
10 pm and 14 pm with number of turns and width fixed at 4 and 14 um respectively.
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Figure 2.13: Parasitic series resistance for 10 nH inductors designed with different spacing of 2 pm,
6 pm, 10 pm and 14 pm.
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2.4 Efficient Optimization with Bounding of Layout Parameters

v) The maximum quality factor @,,,, is the optimum solution and its corresponding layout

max

parameters are the optimum layout parameters.

vi) Verify the design using a 3D electromagnetic simulator.

2.4.1 Lumped Element Model of a Planar Spiral Inductor

The optimization is based on the well accepted accurate physical model [81] shown in
Fig. 214l The lumped element model consists of the inductor and its associated parasitics.
The model gives the equivalent circuit representation of the inductor which can be used to
characterize the electrical behavior of the component. The realization of an ideal lumped
element is impossible and therefore a model should account for the frequency dependent char-
acteristics resulting from the fringing field, proximity effects, substrate material, conductor
thickness etc. The model may be valid upto the self resonance frequency of the inductor. The
inductance and resistance of the spiral and underpass is represented by the series inductance,
L, and series resistance R, respectively. The capacitive coupling due to the crosstalk between
the adjacent turns and the overlap between the spiral and the underpass is modeled by Cj.
C, and R, represents the overall parasitic effect of oxide and Si substrate. L, is calculated

similarly as discussed before. The parameters R, Cs, C, and R, is calculated as

pl
_ 2.
R = st — ey (2.9)
C,=n W? ‘;— (2.10)

1+ w? (Cop + Cg;) Cs; RE,

C,=C,, 211

v 1+ w? (Cop + Cs )2 RS, (2.11)
B 1 Rsi (Cop + Cs;)?

M=o i T c2 (2.12)

where p is the resistivity, [ is the total spiral length, W is the width and ¢ is the skin depth,
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

T

Figure 2.14: Simplified lumped element model of on-chip spiral inductor on silicon.

t is the physical thickness of the metal, n is the number of overlap, ¢/, is the oxide thickness
between the spiral and the underpass. Cg; and Rg; are the capacitance and resistance of the
silicon substrate and C,, is the oxide capacitance between the spiral and the silicon substrate

calculated as

1 Eox
W= 2.1
C, 5 = (2.13)
Rei— —— (2.14)
oy [ W Gsub .
1
Csi=5 W Cow (2.15)

where G, and Cy,;, are the conductance and capacitance per unit area of the silicon substrate

and t,, is thickness of the oxide layer separating the spiral and the substrate.
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2.4 Efficient Optimization with Bounding of Layout Parameters

Table 2.3: Optimization constraints.

Parameter Values

Desired Inductance 6 nH
Operating frequency 2 GHz
Outer diameter < 400 pm

2.4.2 Calculation of Figure of Merits

Quality factor is proportional to the magnetic energy stored which is equal to the difference

between the peak magnetic energy and electric energy:.

peak magnetic energy — peak electric enerqgy
s

Q=2 , (2.16)
energy loss in one cycle
Based on this definition Q is calculated as [4]
wl R
Q - Ay .
R. By (&)1 1R,
R? (Cs+C
[1— £ G+ G) WALy (Cs + Cp)] (2.17)

L,

where Ly, R;, Cs, R,, and C), are model parameters defined above. The self resonant frequency,
fres of an inductor is the frequency where the inductive reactance and the parasitic capacitive
reactance become equal and opposite in sign. This is determined by the frequency point where

Q) goes zero. The optimum frequency, fq.. is the frequency at which () is maximum.

2.4.3 Performance Evaluation with an Optimization Example

In this section we demonstrate the optimization methodology by taking up a problem to
optimize the design of 6 nH inductor at 2 GHz. The design constraints are given in Table 2.3
The optimization is performed with the same technology parameters in Table 2.2l A tolerance

of 2 % is allowed on the inductance value. For an inductance of 6 nH, from the bound curves
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

in Fig. 24 (Section 2), we determine the upper and lower bounds on the number of turns and
width. The number of turns can vary from 3 to 7 for W varying from 5 pym to 25 ym. The
quality factors at 2 GHz as a function of varying width and turns are plotted in Fig. and
the corresponding outer diameter is shown in Fig. .16 The highest value of @ is 7.13 for
W =12 ym and N = 4.5 and is marked by a circle. The inner diameter (D;,) is 133 um
and outer diameter (D) is 255 um. We verified the predicted inductance and the quality
factor using a 3D electromagnetic simulator [82]. The frequency dependence of inductance and
quality factor for this optimum design are plotted in Fig. 2.17 and Fig. 2.18 respectively. The
inductance calculated using Greenhouse method [77] is 5.92 nH but however at 2 GHz from
Fig. 217 the effective inductance is 6.34 nH. There is an error of 6.62 % only. In general
inductors are used only in its inductive region i.e the useful band of operation of an integrated
inductor [17] where the inductance value remains relatively constant.

Spiral inductors consume a lot of die area in RF circuitry as compared to the area required
by active devices. To minimize the cost, the performance can be carefully traded off with
the area (D, X Dyu). These tradeoff can also be explored from Fig. and Fig. 2.16
Inductors with larger number of turns has smaller area but quality factor is lower because of
smaller inner diameter. The magnetic fields of the adjacent outer turns will pass through some
of the innermost turns, inducing eddy current loops which result in non uniform current in
the innermost turns thereby increasing the effective resistance and hence lowering the quality
factor. This eddy current effect can be minimized by increasing the inner diameter and realized
the same inductance with 2 - 3 turns, but the area will also increase. However, it does not
improve quality factor due to the increase in the series resistance as the total length increases
with increase in area. For a fixed turn the spiral area also increases with the increase in
width. Spiral structure may be selected considering both the quality factor and area. For a
5 % reduction in the quality factor, area can be saved by 39 % as compared to the optimum
structure with the combination W =9 ym, N = 6 and D,,; = 199 pum that results ) = 6.7.
Similarly for a 10 % reduction in the quality factor, area can be saved by 49 % as compared

to the optimum structure with the combination W = 8um, N = 7 and D,,; = 181 um which
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2.4 Efficient Optimization with Bounding of Layout Parameters
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Figure 2.15: Quality factors for 6 nH inductors as a function of width and number of turns.
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Figure 2.16: Outer diameters for 6 nH inductors as a function of width and number of turns.
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Figure 2.17: Inductance of the optimum design of 6 nH inductor as a function of frequency.
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2.4 Efficient Optimization with Bounding of Layout Parameters

Table 2.4: Performance comparison of optimization techniques.

Process parameters Optimized layout

Run

Methods L tox tmetal S freq Qrmaz w N Dout time

(nH)  (um)  (um) (um)  (GHz) () (um)  (sec)
_ 5

Hershenson [69] 6 5.2 0.9 op=3x10 1.9 2.5 4 7.8 4.75  206.3 <1
6 5.2 0.9 oar=3x10° with PGS 1.9 1.5 4.2 13 3.75  292.2

Zhan [72] 5.7 5 1 Rsheer=20 2 2 10.78 17.5 3 400 41

Nieuwoudt [73] 6 6 0.5 oar=5.8x10%, 04,,=7000 0.5 0.9 3.55 27.26 4.45 3675 =14
6 5.2 0.9 oa/=3x10%, 04up=10 1.9 2.5 5.21 13 3.5 308

Proposed 0.219
6 6 0.5 oar=5.8x10%, 04,=7000 0.5 0.9 4.60 30 3.5 432
6 4.5 1 oM =5.8x10%, 04,p=10 2 2 7.13 12 4.5 255

oar ¢ conductivity of the metal (Qcm)~! PGS : protective ground sheild

Osup ¢ conductivity of the substrate (2m)~!  Rgpeer : sheet resistance of the metal (m Q/CJ)

results () = 6.4.

In the literature spiral inductor optimization techniques are presented for different process
parameters at different operating frequency. So it would be difficult to compare the results
closely. For a fair comparison we have repeated the proposed optimization method using the
process parameters employed in [69,72,73]. The spacing was fixed at 2um since the turn to
turn spacing in the published results was 2um. The comparison of proposed method and other
optimization techniques [69, 72, 73] for inductance values close to 6 nH is given in Table 2.4]
Enumeration method always results in a global optimum solution as compared to numerical

algorithms that may sometimes lead to non convergence and local optimum solutions.

We have seen that the bounding of the layout parameters was performed based on the well
accepted inductance calculation algorithm developed by Greenhouse and in the optimization
algorithm presented, a lumped element model of the spiral inductor was used in which the
inductance was also calculated using the same formula. Optimization algorithms published in

the literature are also based on this model. Since the scalable inductor model have shown good
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

Table 2.5: Verification of Layout Parameters.

Ref. Number Width Spacing D,, measured L
of turns  (pm) (upm)  (pum) (nH)

[83]  3.75 13 1.9 292 6
[83]  5.75 10 1.9 339 16.2
[84]  9.25 5.2 2 145 6
[85] 4 18 2 346 5.9
[85] 5 18 2 346 7.5

agreement with measured and published data the bounding of the layout parameter algorithm
also results in the range of the design parameters that results the desired inductance values. In
Table 2.5l the verification results of the bounding method with some of the structures published
is presented. The layout parameters and the inductance values matches as with the bounding
curve of Fig. 2.4. Since the parameter bounds determined are a wide range that will result the

desired inductance values, the bounding will have negligible error.

2.4.4 Computational Speed

The optimization of 6 nH inductor discussed before is completed in 0.219 second of CPU
time using the simple and accurate expression [86] for inductance calculation and 16.81 second
of CPU time using Greenhouse method [77]. In enumeration method the time required for the
optimization or the number of function evaluations will depend on the discretization of the
design space (N, W and D,,;). In our design example, we have chosen 11 x 21 x 98 grid. The
W and D,,; was incremented by 1 yum, 4 um respectively and N was incremented by half turn
each time. These step size were chosen with assurance that optimum design was not missed out.
The optimization method requires a total function evaluation of 5393. Since the quality factor
was calculated only at the combinations which results L = 6 nH the quality factor function

evaluation is only 175. But an enumeration method without layout parameter bounding and
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Figure 2.19: Comparison of global optimal trade off curves for inductance range 1 nH - 20 nH at
2.4 GHz (GP - geometric programming).

with the same design constraints would require a total function evaluation of 37044. This
will again increase for an arbitrarily decided constraints and may require as large as million
function evaluations [73]. Therefore with layout parameter bounding, a large proportion of the
sample points that are redundant for a desired inductance value is pruned off and the number
of function evaluations is reduced significantly.

In Table 2.4 a comparison of the computation time is also included. Geometric program-
ming (GP) takes the minimum time of less than a second, among the numerical methods. The
computation time of our proposed method is comparable to GP but less than other methods.
Also, the global optimization of inductance range 1 nH - 20 nH as discussed before, is com-
pleted in 6.40 seconds of CPU time. To compare the computation time with GP more closely,
we have also implemented geometric programming algorithm [69]. For the same inductance
range, with the same technological parameters, geometric programming performs the optimiza-

tion in 7.36 seconds of CPU time. In Fig. .19 the global optimal trade off comparison at
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

2.4 GHz is shown. Moreover if a field solver, which requires an average simulation time of
5 min per frequency point, is used to get the same result it may take several days. Therefore,
with layout parameter bounding, the computation time of an enumeration method is even less

than or comparable to other numerical algorithms of [69,72,73].

2.4.5 Global Optimal Quality Factor Trade-off Curve

In the previous section we have discussed the optimization method considering the opti-
mization of 6 nH at 2 GHz as an example. We have repeated the optimization to generate
the global optimal tradeoff curves for inductance range 1 nH - 20 nH at 1 Hz, 2.4 GHz and
5 GHz and it is shown in Fig. 2.20l The major inference is that the quality factor decreases
with the increase in inductance. It may appear that in the quality factor plot for 1 GHz, )
does not increase with inductance for an inductor value less than 4 nH. This is because of
the specific design constraint on layout parameters. It may be noted that at 1 GHz it is still
possible to get higher () for inductances less than 4 nH if one increases the limits of the design
constraints of the optimization. Ideally, the quality factor will increase with the inductance
if there is no limitation on the design constraint. The trend of variation of the corresponding
optimum width, number of turns and outer diameter are plotted in Fig. 2.21] Fig. and
Fig. 2.23] respectively. We can see that optimum width decreases with inductance while the
number of turns increases in all the three cases. Also for any inductance, as the frequency
increases the optimum width decreases and the number of turns increases. These curves gives a
good overview of inductance values and their quality factor at different frequencies for on-chip

inductors and one can quickly estimate what values are appropriate for the desired application.

2.4.6 Peak Quality Factor Variation with Inductance

For any inductance, the peak quality factor increases with the increase in frequency as we

vary the layout parameters until it reaches its maximum peak quality factor, Q) and the

max
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Figure 2.20: Global optimal quality factor and inductance trade off curves at 1 GHz, 2.4 GHz and
5 GHz.
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Figure 2.21: Optimum width versus inductance at 1 GHz, 2.4 GHz and 5 GHz.
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Figure 2.22: Optimum number of turns versus inductance at 1 GHz, 2.4 GHz and 5 GHz.
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2.5 Optimization using EM simulator

corresponding frequency is referred as f Beyond this frequency where the highest value

mazx*

of quality factor is obtained, the peak quality factor will begin to decrease as we change the

layout parameters. There also exist a trade off of the maximum quality factor, @),,,. and the

max

frequency at which it occurs, f, So we have optimized the quality factor without the fre-

max -

and f

ae fOT inductance range 1 nH - 20 nH. The result is shown

quency constraint to find @Q,,,..

in Fig. 2241 It gives the @

e a0d f - pair for each inductance value. This indicates that

under the specified design constraint, for example, an inductance of 5 nH can be designed with
the maximum quality factor of 8.5 at a frequency of 6.5 GHz. The optimum combination of
N, W and D,,; is given in Table 2.6l The results presented in Table being computed using
a lumped element model, upon verification with a 3D electromagnetic simulator may result in
slight error similar to that mentioned before for our design example of 6nH at 2 GHz. However

the error is within the manufacturing tolerance of spiral inductor realization [73].

2.5 Optimization using EM simulator

The analysis of the performance trend of a fixed inductance value with the layout parameters
in the previous section has established the basic insights necessary for an inductor optimization.
With this knowledge the optimized layout can be identified by simulating only few structures
using an EM simulator to get the accurate design and save design time. We propose here
an algorithm which consists of the following minimum steps required to design and optimize
a spiral inductor by simulating few inductor structures using a 3D EM simulator for a given

technology.

i) Generate all the possible combinations of the layout parameters for the desired inductance
value by varying the width and turns and adjusting the inner diameter. Spacing must be

kept at minimum as large spacing increases the area and degrades the performance.

i1) For the desired operating frequency, identify the optimum width for the desired inductance

value to get the highest quality factor by simulating a few structures of same number of
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

Table 2.6: Maximum quality factor and the corresponding optimum layout parameters.

Inductance Width Turns Do Qo fnaz
(nH) (pm) (pm) (GHz)
1 17 2 169 174 9.5
2 8 3 147 12.9 10.0
3 8 3.5 168 10.7 6.5
4 5 4.5 143 9.4 8.0
d 5 5 152 8.5 6.5
6 4 5.5 147 7.8 6.5
7 4 6 152 7.3 5.5
8 4 6.5 156 6.8 5.0
9 4 6.5 166 6.5 4.5
10 3 7.5 148 6.1 5.0
11 3 7 162 5.9 4.5
12 3 7.5 163 5.6 4.5
13 3 8 164 5.4 4.0
14 3 8.5 165 5.2 3.5
15 3 8.5 171 5.0 3.5
16 3 8.5 177 4.9 3.5
17 3 9 177 4.7 3.0
18 3 8.5 189 4.6 3.0
19 2 9.5 162 4.5 4.0
20 2 10 162 4.3 4.0
TH-821 GENEMALAH
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2.5 Optimization using EM simulator
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Figure 2.24: Maximum quality factor and their corresponding peak frequency for inductance range
1 nH - 20 nH.

turns but different width as demonstrated by results in Fig. [2.10/in previous section. The
Qmaz and fp,.. strongly depends on the width of the spiral. At the desired operating
frequency, the width of the structure with the highest quality factor is the optimum
width. If there is more than one optimum width, choose the larger one for smaller series

resistance or choose the smaller one for higher self resonating frequency.

ii1) Simulate a group of inductors of optimum width but different turns as demonstrated by
results in Fig. 2.8 in previous section. The structure with the highest quality factor is
the optimized inductor. An examination of the trade off between the quality factor and
area can also be carried out. Varying the number of turns, f,,.. remains constant with
a slight variation in Q4 and f..s. Since inductors occupy considerable area on a chip,

the area minimization is important.

For example, we consider that an inductor of 10 nH is to be optimized for a desired operating

frequency of 1 GHz. We generate all the possible layout combinations for width varying from
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

5-20 pum with a step of 1 pm and number of turns varying from 2-10 with a step of 0.5 turn. The
step size is chosen with certainty that the optimum design is not missed out. Spacing is kept
constant at 2 um. We get a total of 227 structures with different combinations. The relevant
combinations are reduced to 15 numbers based on the algorithm proposed above. When they
are simulated, one gets an optimum width of 12 pym or 14 pm. We choose here 14 pym as larger
width will have smaller series resistance. We get the optimum 10 nH inductor with quality
factor of 5.9 at 1 GHz for the same technology in Table 2.2l The number of turns is 4 and the
area is 394 x 394 um?. The performance may be traded off with the area. With a 5% decrease
in the quality factor we may choose inductor with 7 turns as optimum one, saving an area by
41.2%. Similarly we have optimized 1 nH and 6 nH inductors at 5 GHz and 2 GHz respectively.
For 1 nH, we obtained an optimum width of 16 um at 5 GHz and optimum turn of 2. The
highest quality factor obtained is 12 with an area of 182 x 182 um?. For 6 nH, the optimum
width is 10um at 2 GHz. The highest quality factor obtained is 6.74 for 5 turns and area of
226 x 226 pm?. The optimum layout was obtained by simulating only 12 and 15 structures of
a total of 117 and 200 possible structures for 1 nH and 6 nH respectively.

In the literature, spiral inductor optimizations are reported with different technology and a
fair comparison would be difficult. The advantage of the proposed methodology becomes very
clear when the design is compared with lumped element based method. We compare this result
with the previous optimization based on lumped element model in the same technology. The
comparison is given in Table 2.7l As expected, the lumped element model overestimates the
performance; however the most striking difference is that both resulted in different optimized
geometries. For example, in the case of 1 nH the lumped element simulation gives an optimum
width of 20 ym as compared to 16 ym by EM simulation. The lumped element method does not
estimate the influence of substrate parasitics and frequency dependence accurately. Moreover
an optimization based on it always needs to be verified. The EM simulation results are more
accurate as compared to lumped element based methods. Therefore, for a given technology,
the optimum combination of the number of turns, width and inner diameter that results the

highest quality factor at the desired operating frequency can be confidently determined for any
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2.6 Summary

Table 2.7: Comparison of optimized inductors.

L Freq Lumped element model based simulation Electromagnetic simulation
Q W N Doyt Q W N Doyt
(nH)  (GHz) (pm) (pm) (pm) (pm)
1 5 15.18 20 1.4 234 12 16 2 182
6 2 7.94 12 4 279 6.7 10 5 226
10 1 5.45 16 5 362 5.9 14 4 394

value of inductance using a 3D simulator by the proposed method. It is to be noted that this
optimization method is not computationally very expensive since less than 10% of the possible
structures needs to be simulated to finalize the optimum one as illustrated. From these illustra-
tions, the advantage of performance trend study keeping the inductance value fixed is evident.
This method ultimately results in the optimized design with simulation of less than 10% of the

possible combinations.

2.6 Summary

We have developed an efficient method of bounding the layout design parameters of on-chip
spiral inductor. The bounding algorithm results several curves for various width as a function
of number of turns and the selection of upper and lower bounds of optimization variables was
done graphically. With bounding curves the feasible region of optimization of a large inductance
range that satisfies the same area specification was identified. We have also demonstrated the
importance and advantages of studying the performance trade-off’s of spiral inductor, keeping
the inductance constant. The metal track width must be optimized for the desired operating
frequency since fq. is a strong function of width. With the number of turns, f,,., remains
almost constant and quality factor changes slightly, therefore the number of turns must be
selected to optimize the area. Based on this insights obtained from the performance trends of

a fixed value inductor design, the optimized layout was quickly determined using only few EM
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2. Optimization of Spiral Inductor with Bounding of Layout Parameters

simulations of inductor structures as illustrated by the optimization of 1 nH, 6 nH and 10 nH
at 5 GHz, 2 GHz and 1 GHz respectively.

An enumeration optimization algorithm was implemented based on layout parameter bound-
ing. The number of function evaluations was significantly reduced and optimization took less
than 1 sec of CPU time. The results of optimization was also verified using a 3D EM simulator.
Since the feasible region for any desired inductance value is determined apriori the optimization
results in global solution and the method is very fast. Since bounding curves can be tailored
to include all the desired range of inductance the method is more advantageous when multiple
inductors of different values are to be optimized. Several important fundamental tradeoff of the
design like quality factor and area, quality factor and inductance, quality factor and operating
frequency, maximum quality factor and the peak frequency etc. for inductance values ranging
from 1 nH - 20 nH were explored in few seconds. With layout parameter bounding, enumera-
tion method is proved to be as fast as other numerical algorithms. Enumeration method always
results in a global optimum solution. Hence with layout parameter bounding, optimum spiral

inductors can be synthesized and analyzed in an easy and simple manner in few seconds.
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3. Multilayer Pyramidal Symmetric Inductor

3.1 Introduction

In most of the integrated circuits like amplifiers, mixers, oscillators etc. the differential
topology is preferred because of its less sensitivity to noise and interference. There are mainly
two categories of differential inductor design found in the literature. The first one is a pair of
asymmetric planar inductors connected together in series [43] as shown in Fig. [L11] to make
it symmetric (differential). Since the currents always flow in opposite direction in these two
inductors, there must be enough spacing between them to minimize electromagnetic coupling.
As a result, the overall area occupied is very large. The second one is the planar symmetric in-
ductor of [45] as shown in Fig. [[.T2lwhich is realized by joining coupled microstrip from one side
of an axis of symmetry to the other using a number of cross-over and cross-under connections.
An intermediate metal layer is dedicated for the underpass of the cross coupled connections.
The center tapped idea was proposed in [44] for balanced circuits and this type of winding of
the metal trace was first applied to monolithic transformers [46]. The symmetrical inductor
under differential excitation results in a higher quality factor and self resonance frequency. It
also occupies less area than its equivalent pair of asymmetrical inductors. Since these struc-
tures are planar, the area is still large. Minimization of inductor area is equally important as
enhancing the performance to reduce the production cost. A multilevel symmetric inductor
can be realized by stacking two differential inductor of [45] as shown in Fig. Bl The structure
is a natural extension of the planar differential inductor. This structure is referred hereafter as
multilayer conventional symmetric inductor. Realization of cost effective symmetric inductor
structures with minimum area without performance degradation is addressed in this chapter.

This chapter presents the design of a different form of multilevel symmetric winding in which
the traces of the metal spiral up and down in a pyramidal manner and hence called as multi-
layer pyramidal symmetric (MPS) inductor. The design of the MPS inductor is discussed in
section By varying the width, diameter and metal trace offsets between the adjacent metal
layers, the performance of the MPS inductors are evaluated in section 3.4l A compact model to

predict the equivalent parasitic capacitance and self resonant frequency of the structure is also
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3.2 Design of the MPS Inductor Structure

Inductor 1

Figure 3.1: Layout of a two layer conventional symmetric inductor using four metal layers (not
drawn to scale).

developed in section 3.3l The structure is fabricated and the testing and the measured results
are discussed in section and finally the design, fabrication and testing of MPS inductor is
summarized in section [3.6l It may be noted that in this Chapter, five different inductor struc-
tures are referred repeatedly. Three of them are multilayer structures viz. MPS, multilayer
conventional symmetric structure as shown in Fig. [3.1] and multilayer conventional asymmetric
stack. The other two structures are conventional planar symmetric as shown in Fig. and

the symmetrical inductor using a pair of planar asymmetrical inductor as shown in Fig. [L11l

3.2 Design of the MPS Inductor Structure

The proposed multilayer pyramidal symmetric inductor (MPS) is shown in Fig. B2 The
MPS inductor is realized by connecting two inductors in series as indicated by Inductor 1 and

Inductor 2 in the figure. In these inductors, the metal traces are pyramidically wound and are
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3. Multilayer Pyramidal Symmetric Inductor

referred as pyramidal inductor. For example, for a four layer MPS structure, Inductor 1 has its
outermost (first) turn on topmost metal, M4 and the second turn on M3 and follows similarly
down to the bottom metal level, M1 having the innermost (fourth) turn. The second pyramidal
spiral inductor starts winding from bottom metal level, M1 with outermost (first) turn and the
second turn on M2 and repeats till it ends with the innermost turn on M4. The two inductors
are connected at the bottom metal level, M1. So for each inductor, the turns of the metal
track runs in different metal layers and the inner diameter changes proportionately to avoid
the overlapping of the turns and spirals down and up in a pyramidal manner and hence the
name. There will be coupling between these two inductors and the total inductance is given
by the sum of its self and mutual inductances. If W is the metal width and Oy is the offset
between the edges of two consecutive turns in adjacent metal layer, then the inner diameter
decreases or increases by 2(W+Oy;) as the inductor winds down and up respectively. The j
turn of one inductor overlaps with the same j** turn of the other inductor as seen in Fig. 3.2
and winding up and down is achieved using two vias between adjacent metal layers. The design
parameters comprise of W, Oy, Doy, Dy, and number of metal layers. Since each inductor has
only one turn in each layer, there are only two metal traces in each layer. The effective increase
in series resistance due to current crowding is expected to be small as compared to multilayer
conventional symmetric structure. The upper metal layers of the process technology is used to

avoid the thinner lower metal layers and associated substrate losses.

3.3 Lumped element model of the MPS Inductor Struc-
ture

In this section, a lumped element model of the multilayer pyramidal symmetric inductor is
developed based on the models developed for single layer and multilayer structures [34], [36],
[81]. The model is shown only for a four layer MPS inductor in Fig. B3l As discussed in the
previous section, the MPS inductor can be considered as two inductors connected in series.

So the symmetric inductor designed using four metal layers can be modeled as two inductors
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3.3 Lumped element model of the MPS Inductor Structure
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Figure 3.2: Multilayer pyramidal symmetric inductor.
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3. Multilayer Pyramidal Symmetric Inductor
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Figure 3.3: Lumped element model of a four layer multilayer pyramidal symmetric inductor.

of four turns each, connected in series. Considering each turn as a segment, the structure is
divided into eight segments. The length of each segment is represented by /;; where 7 denotes
inductor 1 or 2 and j denotes the turn number 1, 2, 3 or 4 of each inductor. However the
length of the j** turn of both the inductors are equal i.e l;; = ly; etc. The inductance of the
7™ turn of the i inductor is also represented by L;;. For example L represents inductance of
second turn of the first inductor. The 5% turn of each inductor overlaps with each other and
the overlapping capacitances are given by C;. The coupling to the substrate will be only from
Loy, Los, L13 and Ly as it can be easily observed in Fig. [3.2l That means the coupling from
Lyy, Lis, Log and Loy will be shielded by Loy, Loo, L1z and Lyy respectively. The respective
oxide capacitances are represented by C,, ;. The Cy,p, and R, denote the substrate parasitics.
Therefore, there will be a total of four metal to metal overlap capacitances and four metal to
substrate capacitances. The metal trace to trace capacitance is usually smaller than the metal
to metal overlap capacitance and hence neglected here for simplicity [34]. Following a similar
approach, the model can be extended for N layers where N is even. The number of metal layers
used for designing the inductor is equal to the number of turns. Hence for an MPS inductor
designed using N layer, the structure can be divided into 2N segments and there will be N

metal to metal overlap capacitance and N metal to substrate capacitance.
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3.3 Lumped element model of the MPS Inductor Structure
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Figure 3.4: Voltage profile and distributed capacitance of multilayer pyramidal symmetric inductor.

The self resonant frequency of an inductor is defined as the frequency at which the peak
magnetic energy becomes equal to the electric energy i.e the inductive reactance and the ca-

pacitive reactance become equal and opposite. It is given by

1

27/ LeqyCequ

where L.y, is the equivalent inductance and C,,, is the equivalent parasitic capacitance. The

fres = (31)

Ceqv for a given voltage can be estimated from the total electrical energy stored in the structure
as expressed by 1/2 Cp,, V2. The total energy is the energy stored in the equivalent metal to

metal (E,,,) and metal to substrate capacitance (Ep,sup),
Etotal - Emm + EmSub (32)

The voltage profiles alongwith the distributed capacitances of the structure is shown in

Fig. 3.4l Assuming a linear voltage profile [34], [36] the voltage at each node m is given by
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3. Multilayer Pyramidal Symmetric Inductor

m—1
> b
j=1

1<m<H4

Vo _ =V, Jj=m—4 6 S m S 9

The voltage across each turn or segment of the inductor is denoted by V;;, where 7 is the
inductor 1 or 2 and j is the turn number 1, 2, 3 or 4 of each inductor. V;; can be calculated by

averaging the voltage at its two nodes. For example
1
Vii = §(V1 + V3) (3.4)

In order to compute the energy stored at each Cj;, the voltage drop between the j” turn of

each inductor is given by
AVyjo; = Vij — Vay (3.5)

It can be seen that

Vo
A‘/v11,21 a A‘/12,22 = A‘/v13,23 = A‘/14,24 — ? (36>

Then, the energy stored in the equivalent metal to metal capacitance (FE,,,) and metal to

substrate capacitance (E,,s.) of a four layer MPS inductor can be calculated as follows.

1
Emm == 5 Ceqv_mm‘/;)2
]_ 2 1 2 ]' 2 1 2
= 5 CllA‘/Il,21 + 5 C22A‘/12722 _'_ 5 033A‘/13,23 + 5 C44A‘/14724
1 1 1 1
= 3 Crnn, AIAV] 5 + 5 Chrtans; A2 AV 50 + 5 Chionty AsAV o5 + 5 Crran AsAVE 5,
_ % 2 Canans(As + A 1‘ Chiaal e+ As) (3.7)
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3.3 Lumped element model of the MPS Inductor Structure

1
EmSub = 5 C’eqv_mSub‘/o2

1 o 1 s 1 s 1 2
= 5 Cox_l‘/Ql + 5 Co:c_Z‘/QQ + 5 Co:c_?)‘/lg + 5 Cox_4‘/14

1 o 1 2 1 9 1 2
= 3 Can sV + 5 CrtysupA2Voy + 5 CrysupAsVis + 5 CusuAaViy
= 1 V2 1

2 16(loy + log + li3 + 114)?

x| Coysun(Ar12) + AdZ) + Canysa (A2(2l21 4 1) + Ag(ls + 2114)2)}
(3.8)
where Cyp,ar, and Cyy,ng, are the capacitance per unit area between the metal layers 1 and 4
and between 2 and 3 respectively. The Cyy,sup and Ciy,s0p are the capacitance per unit area of

substrate with respect to the metal layer 1 and 2 respectively. A; is the area of the j turn in

terms of outer diameter D,,;, metal width W and offset Oy; given by
Aj = AW [Dous — W(2j — 1) — 204(5 — 1)], j=12...... n (3.9)

Therefore, the equivalent metal to metal, Ceqy_mm and metal to substrate capacitance, Cegy_msub

can be calculated as

Ceqv_mm -

{CM1M4(A1 + As) + Crpnss (A2 + Ag)}

B~ =

(3.10)

1
16(loy + loo + liz + 114)?

X [CMlSubmlz;l A2 + Consus (Ag(ngl Fp9)? + Ag(ls + 2114)2)]

Ceqv_mSub

(3.11)

Finally the equivalent capacitance of an N layer MPS inductor is thus given by equation
B.12] where liytq = Z?:l [; and j = 1 to n. Since all [;; = ly;, inductor number is removed
from the notation. Similar expressions for a two layer stack of n turns is available in litera-
ture [34], [36] and reproduced here in equation B.13] following the same nomenclature of the

above derivations. The equivalent capacitance of a two layer conventional symmetric inductor
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3. Multilayer Pyramidal Symmetric Inductor

of n turns is also derived following the same approach and is given by equation B.I4l The
detailed derivation is given in Appendix. Here, n represents the number of turns of the spiral
inductor in each stack layer and the number of turns of each inductor of the two layer symmetric
inductor. Chy,,, My, 15 the capacitance per unit area between the top spiral metal layer and
bottom spiral metal layer while Cyy, ,,.. sup is between the bottom spiral metal layer and the

substrate. The results are discussed in the following section.

N/2
1

Cequmps = ZE CMkMN+1,k(Ak+AN+1—k)
k=1

1 N/2 k 2 k 2
+ 2 CMkSub Ak{ Z 2 — lk} + AN+1—k{ Z 2Ny1-5 — lN+1—k}
16 total p_ j=1 j=1
(3.12)
1 - i
Ceqv_Stack - W CMtoprottomZAk 2 lj - lk
total k=1 j=k
2
C u A |2 L 3.13
T O A3 = 319
2
i [
Ceqv_MCS — CMtoprottom ZAk + 16 lz CMbottomSUbZAk 2k =t 22 J 1] 3 14)
total

3.4 Characterization of the MPS Inductor Structure

In this section, the performance of several MPS inductors of varying width, diameter and
metal offsets are discussed. Subsequently the performance and area is compared with the asym-
metric pair and single layer (planar) symmetric structure. The performance is also compared
to other single layer symmetrical inductors reported in the literature. Thirdly, the equivalent
parasitic capacitance and self resonating frequency of MPS, two layer asymmetric stack and
two layer conventional symmetric, each having the same layout parameters, are compared using

the analytical expressions of the previous section. This predictions are also validated with EM
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3.4 Characterization of the MPS Inductor Structure

simulation results in each case. The results of inductance and the quality factor presented in
this section are calculated from the two port parameters of EM simulation results, both for sin-
gle ended and differential excitation. The single ended and differential impedance represented

by Zs. and Zg;fr is calculated as

1
Zw = — 3.15
v (3.15)

iz Yiin + Y+ Yo+ Yy (3.16)
i Y112y — YiaYar ‘

where Y71, Y, Ya1, Yoo are the admittance or Y parameters. The inductance and quality factor
for single ended and differential configuration denoted by L., Qse, Laifr and Qgis respectively

is calculated as
1 m(Zse)

L= (3.17)
0. — % (3.18)
Lgs = %;ff) (3.19)
Im(Zaisy) (3.20)

Quits = Re(Zaigy)

3.4.1 Performance trend of MPS inductors

The figure of merit (FOM) of on-chip spiral inductors are (i) quality factor, @ (ii) optimum

at which @ reaches its maximum value, @, .. (iii) self-resonant frequency, f.cs

max

frequency, f,..
at which the inductor behaves like a parallel RC circuit in resonance and is far from behaving
as an inductor [10] and (iv) inductance to silicon area ratio (L/A). To investigate the effect
of width, diameter and metal offsets on the figure of merits, three groups of inductors were

simulated, wherein one of the parameter is varied keeping the other two constant. The layout

parameters of these inductors are given in Table B.Il In Group A the diameter is varied, in
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3. Multilayer Pyramidal Symmetric Inductor

Table 3.1: Layout parameters and figure of merits of MPS inductors.

Group Width Offsets Dln Dout L Qmaw fmaw fres L/A

(um)  (pm) (pm) (pm) (nH) (GHz) (GHz) (pH/um?)
8 2 174 250 214 40 10 20 0.34
A g 2 130 206 142 47 12 26 0.33
8 2 54 130 8 61 24 62 0.47
8 2 146 222 168 45 1.1 24 0.34
By 2 114 222 140 51 10 25 0.28
16 2 82 222 108 53 10 27 0.21
12 2 114 222 140 51 10 25 0.28
C 4 102 222 124 50 11 26 0.25
12 6 90 222 108 51 12 29 0.21

Group B the width is varied and in Group C the metal offset is varied.

The structures are simulated in a six metal layer 0.18 pum process technology using a 3D
Electromagnetic simulatorH [82]. In simulation, the substrate and the dielectric layers are de-
fined as per the technology parameters of the process to reproduce the actual inductor as close
as possible. The performance trend is demonstrated here for single ended applications and
therefore, the inductances and the quality factors are calculated according to equation .17 and
B.I8 respectively. In Group A MPS inductors, as the outer diameter decreases the total length
of the metal trace will decrease while other parameters are kept constant. As a result the in-
ductance decreases and quality factor increases as shown in Fig. BH(a) and B5(b) respectively.
In Group B and C, the outer diameter is kept constant and the width and metal offset between
the adjacent metal layer is varied. The inner diameter decreases with the increase in width
and offset. This will shorten the total length of the spiral and therefore the inductance value
decreases. The quality factor will thus increase with a decrease in inductance. The variation in

inductance and quality factor is shown in Fig. and Fig. 3.7l The self resonating frequency
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3.4 Characterization of the MPS Inductor Structure
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Figure 3.5: (a) Inductance and (b) Quality factor of Group A MPS inductors with different outer
diameters. Width and offset is kept constant at 8 um and 2 pm respectively.
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3. Multilayer Pyramidal Symmetric Inductor
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Figure 3.6: (a) Inductance and (b) Quality factor of MPS inductors (Group B) with different widths
of the metal trace. Outer diameter and offset is kept constant at 222 pum and 2 pum respectively.
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Figure 3.7: (a) Inductance and (b) Quality factor of MPS inductors (Group C) with different offsets

between the adjacent metal layers. Width and outer diameter is kept constant at 12 um and 222 um
respectively.
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3. Multilayer Pyramidal Symmetric Inductor

is higher for smaller inductance in all the cases. The inductance, peak quality factor and the
self resonant frequency are also given in Table 3.l The variation of the diameter in Group A
results in a significant change in the inductance and quality factor in contrast to the variation in
metal width and offset. The metal offset is analogous to the inter turn spacing in planar struc-
tures. In Group C, as the metal offset increases, the inductance decreases whereas the quality
factor is almost constant. This shows that with a small offset the magnetic coupling can be
maximized and the inductance to area ratio can be increased. These results are also consistent
with the performance trend of planar inductors with layout parameters studied in [17,66, 87].
The important characteristic of MPS structure is its symmetrical nature. In Fig.[3.8 the input
impedance seen at port 1 and 2 of three different inductors of diameters 250 pum, 222 uym and
206 pum are plotted. The width and metal offset are 8 um and 2 pum respectively. The identical

impedance measured at each port clearly indicates the symmetry of the structure.

The effect of variation of process parameters on the inductance, quality factor and the self
resonance frequency of the MPS inductors was also studied. The results are given in Table [3.2]
It would be indeed difficult to present the effect of process parameter variations quantitatively
as this would require an extensive simulation of a large number of structures for a large range
of inductance values. It may be possible to do a Monte Carlo simulation with the help of some
tools, but the MPS is a new structure and since it is not a part of the Foundry design kit, it would
be difficult. So only a qualitative result is presented here. We can see that the inductance does
not change with the variation in the process parameters. So the inductance value is determined
by its layout parameters. The quality factor increases with the increase in substrate resistivity,
oxide thickness and metal thickness and sheet resistance. The self resonance frequency also

increases with the increase in substrate resistivity and oxide thickness.
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3.4 Characterization of the MPS Inductor Structure
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Figure 3.8: Impedance seen at each port of MPS inductors of (a) Width = 8 um, Dy = 250 pm,
Offset = 2 um (Group A), (b) Width = 8 pum, Doyt = 222 um, Offset = 2 pm (Group B) and (c)
Width = 8 pum, Dy = 206 pm, Offset = 2 um (Group A).
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3. Multilayer Pyramidal Symmetric Inductor

Table 3.2: Performance trend with variation of process parameters.

Process parameters Inductance Quality factor Self resonance frequency
Metal Thickness increases o increases
Metal Sheet Resistance increases o decreases
Substrate Resistivity  increases e increases increases
Oxide thickness increases . increases increases

Note: ...negligible change observed.

3.4.2 Comparison of MPS with its equivalent planar inductor struc-
tures

To illustrate the effective area reduction we compared the area required by the proposed
MPS structure with its equivalent planar conventional symmetric and a pair of asymmetric
inductors. Monolithic inductors are mostly used in the 1-3 GHz frequency range and therefore
the comparison is done for an inductance of =8 nH at 2 GHz. The area comparison is given in
Table The width and spacing are kept constant at 8 pum and 2 pum respectively. For the
case of an asymmetric pair the given area is the approximate area that will be occupied by two
4 nH inductors separated by a distance of 40 um. The number of turns for each inductor of
the asymmetric pair is given.

The last column gives the reduction in area obtained if the same inductance is realized
with MPS structure. For the single layer structures we know that the same inductance can be
realized with different turns. The layout design parameters of these structures is determined
from the layout parameter bounding method discussed in the previous chapter. For any desired
inductance value the combination of metal width, number of turns and the inner and outer di-
ameter is determined. For metal width of 8 um and spacing of 2 pum, the number of turns ranges
from 2 to 6 with inner diameter greater than 100 pm. The MPS inductor occupies an area of
only 130 x 130 um? and hence achieves an area reduction of 65% to 95% over its equivalent

symmetric inductors, 71% to 94% over the pair of asymmetric 4 nH inductors. The inductance
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3.4 Characterization of the MPS Inductor Structure

Table 3.3: Comparison of area occupied by different symmetric inductors structures of 8 nH.

Types of Number Area % reduction ~ L/A
inductor structure of turns Metal layers (um?) in area  (pH/pum?)
of MPS
MPS T M6, M5 130 x 130 - 0.47
M4, M3
2 M6 622 x 622 95.6 0.02
Conventional 3 M6 380 x 380 88.2 0.05
planar symmetric 4 M6 286 x 286 79.3 0.09
5 Meé 243 x 243 71.3 0.16
6 M6 220 x 220 65.0
2 M6 367 x 774 94.0 0.02
Symmetric inductor 3 M6 238 x 516 86.2 0.05
using a pair of 4 Me6 191 x 422 79.0 0.09
asymmetric 4 nH 5 M6 171 x 382 74.1 0.12
6 M6 162 x 364 71.3 0.13

to area ratio increases at an average of more than 400% as compared to planar structures. In the
literature, different inductor structures are reported with different technologies. It is difficult
to compare the performance very closely. So for comparison the structures are simulated with
the same parameters of 0.18 um technology. The simulated structures are 5 turn conventional
symmetric, asymmetric pair of 4 turn each as highlighted in Table[3.3l In order to compare the
performance of the MPS structure for differential applications, the quality factor is computed
according to equation and plotted in Fig. 3.9 Both the symmetric and the asymmetric
inductor pair is built on M6. At low frequency the quality factor of the MPS inductor and
the conventional symmetric inductor are almost the same but higher than the planar asym-
metric pair. The planar asymmetric pair has the highest self resonating frequency. The MPS
structure, being multilevel has higher parasitics and therefore the resonance frequency is lower.
For an application at low frequency the MPS structure will be advantageous with its smaller
area. For example at 2.4 GHz the MPS structure achieves an increased quality factor of 11%

and an area reduction of 79% over its equivalent asymmetric pair. Again, the MPS inductor
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3. Multilayer Pyramidal Symmetric Inductor
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Figure 3.9: Quality factor comparison of 8 nH MPS inductors with conventional planar symmetric

inductors.
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3.4 Characterization of the MPS Inductor Structure

Table 3.4: Comparison of MPS with reported planar symmetric inductors.

L Doyt  Width Area Quality factor fres (GHz)

Inductor Tech. L/A
structures (mH)  (wm)  (um) (um?) Single Differential ~ Single Differential  (pH/um?)
ended ended ended ended

[45] Three 8 250 8 62500 6.6 9.3 6.3 7.1 0.12
metal at 1.6 GHz at 2.5 GHz

(88] Four 8 280 10 78400 ~4-4.5 ~6.5-7.5 ~4-5 ~ 5-6 0.10
metal at <2GHz  at <3.5 GHz

MPS Six 8 130 8 16900 6.1 7.8 6.2 6.4 0.47
metal at 2.4 GHz at 3.2 GHz

Note: Structures in [45] and [88] are conventional planar symmetric.

achieved an area reduction of 71.3% with a 9% decrease in the quality factor compared to the
conventional symmetric structure. The MPS inductor is compared to the conventional planar
symmetric inductors of [45] and [88]. The results are summarized in Table B4l The quality
factor and the self resonant frequency is more or less comparable. However the area of MPS
inductor is smaller by 72.9% and 78.4% compared to symmetrical inductors of [45] and [88]

respectively. Therefore, the inductance to area ratio is also higher by more than 300%.

3.4.3 Comparison of MPS with multilayer conventional symmetric
and asymmetric stack structures

In this subsection symmetric structures and asymmetric stack, each having the same layout
parameters are compared. The inductor structures are designed in a six metal layer 0.18 um
process technology [5] and the results are summarized in Table The outer diameters and
metal widths of all the inductors are 130 um and 8 pm respectively. The MPS inductor is
designed using M6, M5, M4 and M3 and the turn to turn offset of the MPS inductor is 2 pum.
The stack consists of two spiral inductors each of four turns with their topmost spiral on metal
layer M6 and their bottom spiral on M5 or M4 or M3. Similarly the multilayer conventional
symmetric structures consist of two differential inductors in M6 and M4 connected in series

and their crossover underpasses are in M5 and M3 respectively. Each differential inductor has
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3. Multilayer Pyramidal Symmetric Inductor

Table 3.5: Comparison of MPS inductor with two layer asymmetric stack and two layer conventional
symmetric inductor.

Structure Metal N Dout Area L Ceqv_mm Ceqv_’rnSub Ceqv fr'es (GHZ) L/A
Layers (um)  pm? (nH) (fF) (fF) (fF) Predicted  Simulated  (pH/pm?)

Stack M6, M5 4 130 16900 8.4 132.04 5.82 137.87 4.9 4.6 0.49

(Asymmetric) M6, M4 4 130 16900 7.5 50.48 7.76 58.25 7.6 6.4 0.44
M6, M3 4 130 16900 7.2 34.95 11.65 46.60 8.6 7.6 0.42

Multilayer M6 M4 4 130 16900 6.7 38.27 1.88 40.15 9.7 6.8 0.39

symmetric

MPS M6, M5, — 130 16900 7.3 66.24 2.19 68.43 7.1 6.6 0.43
M4, M3

Note: Inductance given is the effective Inductance calculated from EM simulation at 2 GHz. The frcs of the stack inductor

is given for single ended case.

four turns and a spacing of 2 um. These three types of inductor structures are more or less
similar with the difference only in the form of winding of the metal turns. All the structures
are also simulated using EM simulator and the effective inductance measured at 2 GHz is given
in the table. The parasitic capacitances are computed using the analytical expressions derived
in the previous sections. In a typical six metal layer CMOS technology the metal to metal
capacitances viz. Cpypar = 34 aF/um?, Cypar, = 13 aF/um?, Cypar, = 9 aF/um?, Cun,
>~ 36 aF/um?, Copsw =2 12 aF/um?, Cupsu = 8 aF/um? and Cyrgu = 6 aF /um?.

From Table we can observe that for the stacked inductor, as the distance of separation
between each spiral increases, the f,., increases while the inductance changes slightly. As
the spirals move away from each other the equivalent metal to metal capacitance decreases and
metal to substrate capacitance increases. The overall equivalent parasitic capacitance decreases
and therefore the resonance frequency increases. The equivalent parasitic capacitance of the
proposed MPS inductor is less than the stack inductor built in M6 and M5 metal layer and
more than that of M6 and M4 or M3. The equivalent metal to substrate capacitance of the
MPS inductor is much lower than the stack in all the cases. The turn to turn interwinding and
underpass capacitances are not considered in the calculation and therefore the predicted values

are higher than the simulated ones. For the conventional multilayer symmetric case the spirals
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3.5 Experimental Verification

are on M6 and M4 and therefore the parasitics

are smaller than the MPS. However due to smaller coupling as a result of larger separation
the inductance is much smaller eventhough the layout parameters are same. The inductances
and the quality factor of MPS and multilayer conventional symmetric inductors are computed
according to equation and [3.200 The results are plotted in Fig. B.I0. Since stack is asym-
metric, it is not included in the plot for comparison. The results are also reflected in Table [3.5]
For the stack inductor, the inductance is calculated based on equation [3.17 and the self resonat-
ing frequency (simulated) is determined from the quality factor calculated, based on equation
B.I8 At frequencies <3 GHz, the quality factor of MPS is slightly higher. This is because in
MPS structure there are only two turns in each layer and the current crowding effect due to the
eddy current will be less resulting in smaller ac series resistance and hence higher quality factor.
The measured effective inductances at 2 GHz of MPS and multilayer conventional symmetric
are 7.3 nH and 6.6 nH. In fact, to get the same inductance, the outer diameter or the number
of turns of the multilayer conventional symmetric must be increased and this will reduce the
self resonance frequency and increase the area. So, for multilayer symmetric inductors of equal
inductances the MPS structure will have smaller area and higher inductance to area (L/A)

ratio with almost comparable performance.

3.5 Experimental Verification

In this section we discuss the testing and measurement of the MPS inductors. It is presented
in three subsections. The process details are briefly stated first and followed by the discussion

of the test inductor structures and finally the measured results are reported.

3.5.1 Process Parameters

A Few MPS structures were fabricated in 0.18 pum process of United Microelectronics Cor-
poration (UMC). The process is UMC L180 1P6M MM /RFCMOS and the parameters are given

in Table 3.6l It may be noted that during the design and simulation phase these values are
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Figure 3.10: (a) Inductance and (b) Quality factor comparison of MPS and two layer conventional
symmetric inductor of same layout parameters.
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3.5 Experimental Verification

Table 3.6: Technological parameters. [5]

Parameter Values

Substrate resistivity 20 Qcm
Silicon dielectric constant ~ 11.9
M6 to substrate seperation 8.2 pum

Oxide dielectric constant 4

Table 3.7: Layout parameters and figure of merits of MPS inductors

Test Simulated
inductor W Offsets D . Q... W fres L/A
name (pm)  (pm)  (pm) (pm) (nH) (GHz) (GHz) (pH/pm?)
W8_Dout130 8 2 54 130 8 6.1 2.4 6.2 0.47
W8_Dout222 8 % 146 222  16.8 4.5 1.1 2.4 0.34

used for the respective parameters.

3.5.2 Layout of MPS Inductors

Inorder to evaluate the performance of the MPS inductors we have fabricated few MPS
inductors and the layout parameters are given in Table B.7 As silicon area is very expensive
fabrication of many inductors are not practical. Therefore we have decided to fabricate two
MPS inductors of outer diameter 130 pm and 222 pm suitable for on-wafer testing. Both the
inductors have the same width of 8 ym. The layout parameters were chosen such that the
resulting inductance value around 8 nH and 14 nH. As expected the area required will be more
for the 14 nH inductor given that the offset and the width are the same. The inductor of
outer diameter 130 um will be used in the tank of the VCO which will be discussed in the

next chapter. The top view of the layout of these test inductors are shown in Fig. B.11l The
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3. Multilayer Pyramidal Symmetric Inductor

inductors are named as W8_Dout130 and W8 _Dout222. The layouts are drawn in Cadence
Virtuoso XL Layout editor using the foundry design kit. Note that the provisions made for
enabling on-wafer measurement actually take much area than the inductor itself.

The inductors will be characterized on wafer by probing with RF probes and using a Vector
Network Analyzer (VNA) to measure the Scattering or S-parameters. The RF probes used
for high frequency characterization usually have the Ground Signal (GS/SG) or Ground Signal
Ground (GSG) configuration. In the figure we can see the inductors placed and each port
connected to the probe pads laid out in GSG configuration for a two port characterization.
Using a GS/SG configuration probe one can save the area of the wafer since only two sets of
contact pads are needed as compared to six for GSG. But we have chosen a GSG configuration
as it gives better isolation between the signal ports. The pitch of the pads are 200 ym, drawn
to match the pitch of the GSG probes. The metal turns of the MPS inductors are in M6, M5,
M4 and M3. The probe pads are of size 65 ym x 65 pm. Fig. represents the standard
‘open’ and ‘short’ dummy test fixtures for the deembedding method which will be discussed
in the next section. In the ‘short’ pattern of Fig. only the signal probe pad (on the
left) is shorted and the other is open. This will be used to correct the probe and pad contact

parasitics.

3.5.3 Deembedding Process

For accurate on-wafer characterization of the device, the deembedding process must be done
in which the parasitics due to the probe pads and the metal interconnects are subtracted from
the measurement of the device under test (DUT) i.e inductors in this case. For this process
standard test fixtures are fabricated along with the devices to measure the series and the shunt
parasitics. Different deembedding processes are proposed in the literature. In Fig. B.I3] an
equivalent model of the DUT with the parasitics is given [89]. The admittance Y,, Y, and Y,
represents the parasitics due to the couplings between the ports. Y; and Y, represents coupling

between the signal metal lines and the ground leads. In the case of inductor as DUT, we can see
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3. Multilayer Pyramidal Symmetric Inductor

(b)

Figure 3.12: Standard test fixtures used to characterize the parasitics (a) Open and (b) Short.
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Yy,
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— Z. 7. Zy Zy —
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Yq test Y.
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G G

Figure 3.13: An equivalent model of the DUT with the series and parallel parasitics originating from
the probe pads and metal interconnect.

from Fig.[B.ITlthat the distance between the signal metal lines and the ground leads is of several
microns and the coupling between them is negligible. Therefore Y, and Y, can be eliminated.
Z, and Z, represent the parasitic contact resistance between the probe and the pad. Z. and
Z 4 represent the interconnect parasitics. In circuits inductors can be seen connected with long
interconnects and hence this can also be considered as part of the DUT and therefore Z. and
Z4 can also be removed to simplify the model [89]. Z. represents the series impedance of the
ground leads. In our test fixture design, we shielded the signal probe pad by metal (M1) layer
to prevent the signal leakage to the substrate. Therefore, Z, can also be eliminated [89,90].
The simplified model of the DUT with the fixture parasitics is shown in Fig. .14 Therefore
the impedance Z, and Z, can be corrected with a dummy ‘single short’ fixture measurement,
Zsingle_short and the shunt parasitics Y,, Y, and Y, can be corrected with a dummy ‘open’ fixture
measurement, Y,,.,. The standard ‘open’ and the ‘single short’ test fixtures are already shown

in Fig[3.121 The deembedding is therefore done in two steps as given below.

i) The S parameters of the DUT in a fixture is measured. For this case it is the inductor

as shown in Fig B.I1l Let Sy, represent the measured S parameters. Then Sy, is
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Figure 3.14: A simplified model of the DUT with the series and parallel parasitics.

converted to Zipiqr-

[Stotal} = [Ztotal} (3.21)

The S parameters of the single short fixture is measured and let it be represented by
Ssingle_short- Ssingle_short is converted to Zsingle_short~ Subtracting Zsingle_short from Ztotal

will correct the effect of Z, and Z, and let it be represented by Zp; 1.

[Ssingle_shorti| = [Zsingle_shorti| (322)
Z, 0
[Zsingle_short:| = (323)
0 Z
Z, 0
[Z/DUT} = |:Ztotal:| - (3.24)
0 Z

Finally this corrected Z parameters of the DUT is converted to Y parameters.

[Z/DUT} = [YéUT} (3.25)
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3.5 Experimental Verification

ii) The S parameters of the ‘open’ fixture is measured and let it be represented by S,pen-
This measurement includes the effect of contact parasitics and so Zgpngie_short must be
subtracted initially. So Sypen is converted to Zypen, and Zgingieshort is subtracted from

Zopen- This will give the admittance parasitics and let it be represented by Y,

open*

[Sopen] = [ Zopen] (3.26)
[4m}=[&my—?1; (327
Zipen| = [Yaren) (3.28)

The actual Y-parameters of the inductor are hence given by

[YDUT] F [YIIDUT} - [Yo/pen] (3.30)
Your] = [Vpor] - |0 T (3:31)
Y, Y, +Y.

3.5.4 Measured Results and Discussion

Two of the proposed inductors were fabricated in UMC 0.18um 1P6M RF CMOS process.
The inductors as given in the previous section, have the same metal width of 8 ym, and outer
diameter of 130 pum and 222 pm (W8 _Dout130 and W8 Dout222 in Fig. BI5 The inductors

were characterized on wafer and S parameters were measured using a Vector Network Analyzer

(VNA). We have used Ground Signal Ground (GSG) RF probes. The standard de-embedding
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Figure 3.15: Micrograph of the chip with inductors and the VCO.
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3.6 Summary

process as discussed before was performed. The results of inductance (L) and the quality factor

(Q) are calculated from the two port parameters as

~ Im(1/Y1)
 Im(1/Y1)
© = Re(i/vi) 339

The measured inductance and the quality factor of the two MPS inductors of outer diam-
eter of 130 pym and 222 um are shown in Fig and Fig. B17. The inductor with the outer
diameter of 130 um has an inductance of 6.9 nH at 1 GHz with a peak quality factor of 6 at
2.1 GHz while the inductor with the outer diameter of 222 ym has an inductance of 27 nH at
1 GHz with a peak quality factor of 3 at 1.1 GHz. The measured and the simulated results
agree well upto the frequency at which the quality factor peaks. Beyond this frequency the
substrate loss in the inductor dominates the ohmic metal loss. The measured self resonating
frequency of the MPS inductor is lower than the simulated results. This is due to the presence
of a grounded guard ring which results in larger capacitance to ground. Without the guard
rings in the layout of the test inductors, the self resonating frequency will increase by more
than 40% [91] and simulation will be close to the measured values. Typically, guard rings are

placed around the inductor used in circuits to reduce the substrate noise coupling.

3.6 Summary

A multilayer pyramidal symmetric spiral inductor was proposed in this chapter. The pro-
posed structure is applicable for both single ended and differential circuits. Being multilevel,
the structure achieves higher inductance to area ratio and occupies smaller area as compared
to its equivalent conventional planar symmetric and asymmetric pair. The performance trend

of MPS inductors were demonstrated by varying its width, outer diameter and metal offsets.
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Figure 3.16: Measured and simulated (a) Inductance and (b) Quality factor of the MPS inductors
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Figure 3.17: Measured and simulated (a) Inductance and (b) Quality factor of the MPS inductors
of outer diameter 222 um.
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3. Multilayer Pyramidal Symmetric Inductor

The symmetric nature was also illustrated with design examples. To estimate the equivalent
parasitic capacitance and self resonant frequency, a compact model with a closed form expres-
sion was also developed. The results of the model were compared to that of an Electromagnetic
simulator. The performance of MPS inductor was also compared to other reported symmetric
inductors in literature. With multilayer pyramidal symmetric inductor, the area occupied by
the inductor in integrated circuits will be reduced substantially and subsequently the cost will
be minimized. Two structures of outer diameter 130 pm and 222 pym and width of 8 ym were
fabricated and characterized. The four layer proposed structures with the outer diameter of
130 pm resulted an inductance of 6.9 nH at 1 GHz with a peak quality factor of 6 at 2.1 GHz
while the inductor with the outer diameter of 222 ym has an inductance of 27 nH at 1 GHz

with a peak quality factor of 3 at 1.1 GHz.
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4. Implementation of the MPS in Voltage Controlled Oscillator

4.1 Introduction

Voltage controlled oscillators are used in many analog and RF signal processing systems.
It is one of the key building blocks of RF transceivers. With the rapid growth and advance-
ment of wireless communication systems and standards, there has been an increasing demand
of high performance and fully integrated GHz voltage controlled oscillators. VCO’s may be
implemented as ring oscillators, relaxation oscillators or tuned oscillators. Ring oscillators and
relaxation oscillators are easily integrable and suitable for low power but have poor phase noise
performance. On the other hand phase shift or RC oscillators are stable and provide a well-
shaped sine wave output. However, RC oscillators are restricted to high frequency applications
because of various reasons. RC oscillator encounters high phase noise at high frequencies which
results in instability of frequency. It requires very small resistor value (typically in one-tenth
of Ohms) at high frequencies, which is difficult to realise on-chip. At high frequencies RC
Oscillator require very high gain transistors because of losses encountered in RC network and
are limited by their banwidth constraints to produce the desired phase shift for oscillation.
The frequency of oscillation is proportional to 1/27RC V2N where N is the number of stages.
At high frequencies, large number of RC sections is required to have frequency stability with
substantial phase noise. Hence, RC oscillators are good for frequencies up to 1 MHz. Thus the
best choice for high frequency voltage controlled oscillators are LC oscillator with less phase
noise and realizable I, and C component values onchip.

LC oscillators have low phase noise and jitter at high frequencies as compared to RC oscilla-
tors. Wireless applications require a low phase noise and therefore LC oscillators are preferred.
Of the various LC oscillator topologies, the cross-coupled differential LC oscillator topology
is the optimum choice. The differential output also eliminates the need of single ended to
differential conversion circuitry. In differential VCO implementation the inductor of the LC
tank is implemented with a pair of planar spiral inductors by connecting their inner loops in
series. Since the currents always flow in opposite direction in these two inductors, there must

be enough spacing between them to minimize electromagnetic coupling. As a result, the overall
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4.2 Passive elements of the LC tank

area occupied by the inductors is very large. To eliminate the use of two inductors and reduce
the chip area consumption, the center tapped spiral inductor [44] or a symmetrical inductor [45]
can be used. This type of winding of the metal trace was first applied to monolithic transform-
ers [46]. The symmetric inductor is realized by joining groups of coupled microstrip from one
side of an axis of symmetry to the other using a number of cross-over and cross-under connec-
tions. Symmetrical inductors under differential excitation results in a higher quality factor and
self resonance frequency and occupies less area than its equivalent asymmetrical inductors. In
this chapter, the implementation of the multilayer pyramidal symmetric inductor in a 2.5 GHz
voltage controlled oscillator is presented. In section [£.2]the design of the passive elements of the
tank circuit of the VCO are explained. In section [4.3] the design of the 2.4 GHz VCO circuit is
discussed. In section 4] the simulation results are reported and in section 4.5 the measurement

results are discussed. Finally the chapter is summarized in section

4.2 Passive elements of the LC tank

In the following subsections, the design of the inductor and the varactor of the LC tank

circuit are discussed.

4.2.1 Inductor Design

On-chip inductors fabricated on Silicon substrate suffers from poor quality factor due to
ohmic and substrate losses. However for a chosen technology and desired frequency of the
application, the layout design parameters of the on-chip inductor can be optimized for best
quality factor and minimum area as discussed in chapter 2. In an LC oscillator the most
critical circuit element is the inductor. For a low phase noise oscillator the quality factor
of the LC tank must be sufficiently high. The quality factor of the LC tank is dominated
by the quality factor of the inductor. Hence an inductor with a high quality factor must be
designed. Also the inductance value must be chosen such that it satisfies the tank amplitude

and the oscillator startup constraints for the maximum bias current allowed by the design
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4. Implementation of the MPS in Voltage Controlled Oscillator

specifications. To minimize the area, the inductor of the LC tank is implemented with the new
multilayer pyramidal symmetric inductor structure. The VCO was designed with minimum
VCO core power constraint of 5 mW. So, this gives the design constraint on the maximum bias

current for a supply voltage of 1.8 V.

Ibias < ]max]bias S 2.7 mA

Now considering a minimum tank amplitude of 1 V, we get the minimum parallel resistance

requirement of the tank given by

Ibias X Rp 2 ‘/tank,min (41)
This implies
Van min
i (4.2)
Ibias

Therefore, choosing a bias current of 2 mA we get a minimum R, of 500 2. Now, we can
find a suitable inductor with high quality factor and R, > 500 2. We know that the quality

factor of the lossy tank is given by

L1 1
Qtank QL QC’

The quality factor of the tank will be dominated by the quality factor of the inductor since

(4.3)

the quality factor of the capacitor is very high as compared to that of the inductors. Therefore,

1 1

= 4.4
Qtank QL ( )
Then,
Qtank = QL
R wol
w 2 - R (45)
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4.2 Passive elements of the LC tank

This implies,

where R, is the series resistance of the inductor. A number of MPS inductors were simulated.
The MPS inductor layout parameters were varied. The metal width and the diameter were
adjusted so that the inductor quality factor peaks around 2.4 GHz. Many structures were sim-
ulated as discussed in the performance study of MPS inductors in the previous chapter. The
inductor which has higher quality factor, small series resistance and R, > 500 €2 is selected. An
MPS inductor which has an inductance of 8 nH at 2.4 GHz was chosen. It has an outer diameter
of 130 pum, inner diameter of 54 pum, metal width of 8 um and offset of 2 um was chosen. The
inductance and the quality factor under differential excitation is shown in Fig 4.1] and Fig. 4.2
The inductor has a peak quality factor of 8 under differential excitation and inductance of 8
nH. At 2.4 GHz the quality factor is around 6 and the series resistance is 22.5 2. This results
in a parallel resistance of 810 €2. The structure is simulated using an EM simulator by defining
all the process parameters according to the UMC foundry design kit for the chosen 0.18 um
RF CMOS process. The structure was simulated from 0 to 10 GHz. This inductor resonates at
around 6.5 GHz as can be seen from the figure. The equivalent m model parameters extracted

at 2.4 GHz is shown in Fig

4.2.2 Varactor Design

The total capacitor of the LC tank includes the combination of the tank capacitor connected
across the inductor, the NMOS and PMOS parasitic capacitances and the inductor’s parasitic
capacitance. The details of the VCO circuit is presented later in next section. The oscillator
frequency will be tuned by varying capacitance of the tank with a controlled voltage. This

varactor can be implemented with a varactor diode or a MOS varactor. Studies on the use of
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4. Implementation of the MPS in Voltage Controlled Oscillator
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Figure 4.1: Inductance plot of the tank MPS inductor.
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Figure 4.2: Quality factor plot of the tank MPS inductor.
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4.2 Passive elements of the LC tank

50.04 fF

2250 8.04 nH

. W— .

20.96 fF 21.7 fF
j— 2 25 KO — 2.19 KQ

Figure 4.3: Parameters of the m model of the tank MPS inductor extracted at 2.4 GHz.

MOS varactor and varactor diode have shown that the performance of both MOS varactor VCOs
is superior to that of the diode varactor VCO [92]. In this work the tank varactor is implemented
using a MOS capacitor. The capacitor is formed by the polysilicon gate and the channel of a
MOSFET. The capacitance of this MOS device varies non-linearly as the DC gate bias of the
MOSFET is varied through accumulation, depletion and inversion. Therefore, this structure
which is always present in a CMOS process is used as the tuning element of an oscillator.
Both NMOS and PMOS varactors are possible but PMOS varactors are preferred since NMOS
varactors are more sensitive to substrate-induced noise, as it cannot be implemented in a
separate p-well. Different variations in the MOS capacitors are explored in the literature.
In this work a PMOS inversion mode varactor is implemented. The drain and source of the
PMOS is connected together to form one terminal of the capacitor and the gate forms the other
terminal. The bulk is connected to the highest positive voltage available in the circuit i.e the
power supply Vyg. The tuning range of the PMOS capacitor with this connection is much wider
than for the PMOS capacitor with bulk, drain and source connected together, since the former
capacitor is working in the strong, moderate, or weak inversion region only, and never enters

the accumulation region [92]. The maximum capacitance will be given by C,, where
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4. Implementation of the MPS in Voltage Controlled Oscillator
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Figure 4.4: Schematic of the PMOS varactor.

_ 3.9¢,WL

Con (4.7)

tOCC

where t,, is the thickness of the gate oxide. In this process the gate oxide thickness is approx-
imately 42 A and the capacitance is approximately 822 x 1075 pF /um?. For an oscillation of
2.4 GHz and a chosen inductance of 8 nH the required total tank capacitance is 0.55 pF. Since
the parasitic capacitance will also contribute to the tank capacitance, the tank C will be less
than 0.55 pF. Considering the parasitics the width of the PMOS capacitor was adjusted so
that the circuit oscillates at 2.4 GHz. The tank capacitor was implemented in a differential
manner by a series connection of two inversion mode PMOS transistors as shown in Fig. [4.4]
Each PMOS capacitor has 18 fingers and each finger of width 10 ym and with minimum gate
length of 0.18um. Therefore each capacitor of the tank will have an overall width of 180 pm.
So, the total tank C is the effective capacitance of the series connected PMOS transistors. The
variation of the total tank capacitance with the control voltage connected to drain and source
of each tank capacitor is shown in Fig[4.5l Each tank C varies from 260 fF to 416 fF as can be

seen from Fig and therefore the overall tank C varies from 130 fF to 208 fF.
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4.2 Passive elements of the LC tank

210.0F

Capacitance (F)
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Figure 4.5: Variation of the total tank capacitance with the control voltage.
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Figure 4.6: Variation of the capacitance for a single PMOS of the tank capacitor with the control
voltage.
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4. Implementation of the MPS in Voltage Controlled Oscillator
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Figure 4.7: Schematic of the cross coupled LC voltage controlled oscillator.

4.3 VCO Circuit Design

The cross-coupled differential LC oscillator topology using both PMOS and NMOS is shown
in Fig.[4.7l The oscillation amplitude of this topology is larger and the phase noise is lower than
the oscillators using only NMOS. The rise and fall time symmetry is also better resulting in
smaller 1/f3 conversion [93]. In an LC oscillator the most critical circuit element is the inductor.
For a low phase noise oscillator the quality factor of the LC tank must be sufficiently high. The
quality factor of planar inductors will be higher than multilayer inductors. However multilayer
inductors occupy less than 50% of the area for the same inductance [34]. Performance also
needs to be traded off with the cost and it would be advantageous to use multilayer inductors
as long as the design specifications are satisfied. The inductance value was chosen such that
it satisfies the tank amplitude and oscillator startup constraints for the maximum bias current
allowed by the design specifications [43].

The differential oscillator of Fig. 4.7 can be viewed as a negative resistance LC oscillator
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4.3 VCO Circuit Design

Figure 4.8: Transconductance model of the oscillator.

as shown in Fig[L.8 The active device is a simple transconductance (Gj;) amplifier connected
in positive feedback to an LC tank circuit. The tank circuit sees a negative resistance of 5_}3{
looking back into the transconductor output. As per the Barkhausen criteria for the circuit
to oscillate, this negative resistance will exactly cancel the equivalent parallel resistance of the
tank circuit. In other words, the active device must add enough energy to the circuit to cancel
the total losses of the tank circuit. For the cross coupled complementary differential oscillator

the negative resistance seen across the tank is

=

Guvmos) + Gapmos)

(4.8)

Rnegative =

The oscillation condition requires that the closed loop gain be of atleast unity magnitude

and zero phase angle. Therefore,

-2

Guvmos) + Gupmos)

| =R, (4.9)

where 7, is the equivalent parallel resistance of the tank circuit. The ratio of parallel resistance

to negative resistance is called the safety start up factor, which is generally chosen to be greater
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4. Implementation of the MPS in Voltage Controlled Oscillator

than 3. With this condition the minimum size of the PMOS and the NMOS transistors is
determined. For this design the chosen MPS tank inductor has a parallel resistance of 810 €.
So Ganvmos) + Gupmos) = 10 mS was chosen such that the oscillation safety start up factor
is 4. Because G, is proportional to %, the device width can be minimized by using the
smallest allowable gate length. The MOS devices were implemented using the minimum gate
length allowed in 0.18um process. This minimizes the gate area and thus the gate capacitance.
In order to set Gu(nmos) = Gumpmos), the PMOS devices must be approximately twice the
size of the NMOS devices. The transistor width can be estimated using the following device

equation.

k, W
IDsat — ?pf(‘/gs - ‘/;5)2 (410)
dIDsat
gm — d‘/gs
W
= by (Vo — Vi) (4.11)

After a number of iterations and using the foundry model parameters the width for the
PMOS and NMOS devices were chosen to be 38 ym and 15 pm respectively. The tail current
control device was implemented as a simple NMOS current mirror. This tail current device can
alter the voltage swing across the tank circuit of the oscillator. The negative resistance seen
across the tank circuit can be varied by changing this current and therefore the actual equiva-
lent parallel resistance (R,) of the resonator can be experimentally determined by finding the
lowest bias current at which the circuit will oscillate. To measure the oscillator output using
50 €2 test equipment, the output of the oscillator is connected to a buffer. The size of the buffer

transistors are adjusted so that it can drive the 50 2 test equipment.
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4.4 VCO Simulation

4.4 VCO Simulation

The VCO circuit is simulated using Spectre of Cadence. The simulations are performed
using the UMC foundry design kit of 0.18u 1P6M RF CMOS process technology. The tank
inductor is simulated using an EM simulator and the m model of the multilayer pyramidal
symmetric inductor extracted at 2.4 GHz is used in the circuit simulation. In order to trigger the
oscillation, a short current pulse is generated from a piece-wise-linear current source connected
in parallel with the tank circuit. Fig shows the steady state output of the oscillator. The
single ended and the differential output are shown. Fig. shows the tuning curve of the
oscillator. The tuning range is from 2.33 GHz to 2.51 GHz for the tuning voltage varying from
0.7 to 1.8 V. This results in a bandwidth of 180 MHz and a gain, K., of around 163 MHz/V.
The output power spectrum is shown in Fig [4.11l

The most important design constraint of the VCO is the phase noise. Phase noise is essen-
tially a random deviation in frequency which can also be viewed as a random variation in the

zero crossing points of the time-dependent oscillator waveform. A real oscillator is described as

Vour(t) = Vo) X y[27 it + 6()] (4.12)

where y is a periodic function, V, is the constant amplitude, f. is the center frequency, ¢ is
the fixed phase of the oscillator. The fluctuations introduced by V,(t) and ¢(t) will result in
sidebands close to f. with symmetrical distribution around f.. This frequency fluctuations
are characterized by the single sideband noise spectral density normalized to the carrier signal

power. It is given by

Psidebcmd(fc + Af? 1HZ)}

Pcarrier

Ltotal(.fca Af) = 10l0g[ (413)

where Pegrpier 18 the carrier signal power at frequency f. and Pygepana(fe + Af, 1Hz) is the
single sideband power at the offset of Af from the carrier f. at a measurement bandwidth of

1 Hz. It has units of decibels below the carrier per hertz (dBc/Hz). The total phase noise
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Figure 4.9: (a) Single ended outputs at positive node of the VCO. (b) Enlarged version of figure
(a). (c) Single ended outputs at negative node of the VCO. (d) Enlarged version of figure (c). (e)

Differential output of the VCO and (f) Enlarged version of (e).
TH'821 CEI\!EIVII/_\\LI/_\\I T

116



4.4 VCO Simulation
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Figure 4.12: Simulated phase noise of the VCO.

includes both the amplitude and the phase fluctuations but it is dominated by the phase part
of the phase noise. Phase noise is also simulated by performing a steady state noise analysis in
Spectre. All the parasitic capacitance due to the bondpads, the parasitic bondwires inductance
and the electrostatic discharge protection circuits were included in the simulation. This results
in a phase noise of -109 dBc/Hz at an offset frequency of 1 MHz. The phase noise is plotted in
Figld 12l The layout of the VCO is shown in Fig. 413l The chip area of the VCO without the

pads is 193 g m x 300 pm only.

4.5 Measurement Results and Discussion

The VCO was fabricated in UMC 0.18 pm 1P6M MM/RFCMOS process. The VCO mea-
surement was done on a prototype board developed using the QFN packaged chip and the
RF outputs were available through standard SMA connector. Agilent E4407B ESA-E Series,

TH-821_G

nn
g
n
g

-

v

118



1scussion

4.5 Measurement Results and D

Vdd Buffer

,,,,,,,, _,. L

A
X

inductor

N

[Tank MPS

SRR

o

TR T

by
Ir

T,

T e

iy

MOS pa

N

R\ R

T
)

1
i
I
i
)

7

e

7

i

|

PMOS varactor

o

B

RN {E

s

Gnd

Layout of the VCO.
119

4.13

Figure

V +

TH-821_GENEMALAH



4. Implementation of the MPS in Voltage Controlled Oscillator

Figure 4.14: Testing and measurement of the VCO on the prototype board.
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4.5 Measurement Results and Discussion
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Figure 4.15: Measured output power spectrum of the VCO.

Spectrum Analyzer was used for the measurements. The micrograph of the chip was shown in
Fig. in the previous chapter. The prototype board and the measurement set up is shown
in Fig. 14l Fig. shows the measured output power spectrum for a carrier frequency of
2.54 GHz. The single ended output power is -10 dBm. A span of 200 MHz and a resolution
bandwidth of 1 MHz are chosen for this measurement. The phase noise at different offsets from
the carrier is shown in Fig.[4.16 The phase noise is -98 dBc/Hz, -108 dBc/Hz and -128 dBc/Hz
at an offset frequency of 100 KHz, 1 MHz and 10 MHz respectively from the carrier. It may be
noted that if differential output was measured, the phase noise will be lowered by 6dBc since
the oscillation amplitude would almost double. The supply voltage is 1.8 V and the VCO core
consumes a power of 5 mW. Fig. [L.T7 shows the tuning characteristic of the VCO. The mea-
sured tuning frequency range is 2.441-2.557 GHz for a control voltage ranging from 0-1.8 V.
This corresponds to a tuning of 116 MHz bandwidth and gain Kyco of 68.23 MHz/V. The
performance of the VCO with the new multilayer inductor can be compared to other oscillators

based on the widely used figure of merit (FOM) [94]. At carrier frequency of 2.545 GHz the
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Figure 4.16: Measured phase noise of the VCO.
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Figure 4.17: Measured tuning characteristics of the VCO.
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4.6 Summary

Table 4.1: VCO performance summary.

Parameter Values

Supply voltage 1.8V

Current (core) 5 mA

Tuning range 2.441-2.557 GHz
Tuning bandwidth 116 MHz
Output power (50 2 load) -10 dBm

Phase noise at 100 KHz offset -98 dBc/Hz
Phase noise at 1 MHz offset ~ -108 dBc/Hz
Phase noise at 10 MHz offset  -128 dBc/Hz

FOM is 180. The performance is summarized in Table The performance is comparable to
other oscillators of [95,96] with multilayer tank inductor. The performance of the VCO meets
the specifications for various applications in the 2.4 GHz to 2.5 GHz unlicensed ISM band and

with the new inductor it would be advantageous to have a large reduction in the chip area.

4.6 Summary

In this chapter the design and implementation of an integrated cross coupled LC voltage
controlled oscillator using the MPS inductor in 0.18 um RF CMOS technology was presented.
The cross coupled topology results in higher oscillation amplitude and also reduces the 1/f noise
upconversion. The VCO circuit was simulated and verified using Cadence Custom IC design
tools. The oscillator attains a steady state in less than 2.5 ns. With MPS inductor as tank
inductor the area of the VCO chip will be reduced. Employing the new inductor in the tank,
a satisfactory performance of the VCO with a phase noise -98 dBc/Hz at 100 KHz offset is
achieved. With smaller area and low parasitics, the new inductor can be used to reduce the

cost of RFIC’s.
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5.1 Conclusions

An efficient method of bounding the layout design parameters of on-chip spiral inductor was
developed. The bounding algorithm results in several curves for various width as a function
of number of turns and the selection of upper and lower bounds of optimization variables
was done graphically. With bounding curves the feasible region of optimization of a large
inductance range that satisfies the same area specification was identified. The importance and
advantages of studying the performance trade-offs of spiral inductor, keeping the inductance
constant was also demonstrated. The metal track width must be optimized for the desired
operating frequency since fq. is a strong function of width. With the number of turns, f..
remained almost constant and quality factor changed marginally, therefore the number of turns
were selected to optimize the area. Based on these insights obtained from the performance
trends of a fixed value inductor design, the optimized layout was quickly determined using only
a few EM simulations of inductor structures as illustrated by the optimization of 1 nH, 6 nH
and 10 nH at 5 GHz, 2 GHz and 1 GHz respectively.

An enumeration optimization algorithm was implemented based on layout parameter bound-
ing. The number of function evaluations was significantly reduced and optimization took less
than 1 sec of CPU time. The results of optimization was also verified using a 3D EM sim-
ulator. Since the feasible region for any desired inductance value is determined apriori, the
optimization results in global solution and the method is very fast. The bounding curves can
be tailored to include all the desired range of inductance, therefore the method is more ad-
vantageous when multiple inductors of different values are to be optimized. Several important
fundamental tradeoffs of the design like quality factor and area, quality factor and inductance,
quality factor and operating frequency, maximum quality factor and the peak frequency etc.,
for inductance values ranging from 1 nH - 20 nH were explored in few seconds. With layout pa-
rameter bounding, enumeration method was proved to be as fast as other numerical algorithms
and optimum spiral inductors can be synthesized and analyzed in few seconds.

A multilayer pyramidal symmetric spiral inductor was proposed. The proposed structure
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is applicable for both single ended and differential circuits. Being multilayer, the structure
achieves higher inductance to area ratio and occupies smaller area as compared to its equiv-
alent conventional planar symmetric and asymmetric pair. The performance trend of MPS
inductors were demonstrated by varying their width, outer diameter and metal offsets. The
symmetric nature was also illustrated with design examples. To estimate the equivalent para-
sitic capacitance and self resonant frequency, a compact model with a closed form expression
was developed. The results of the model were compared to that of an Electromagnetic sim-
ulator. The performance of MPS inductor was also compared to other reported symmetric
inductors in literature. With multilayer pyramidal symmetric spiral inductor, the area occu-
pied by the inductor in integrated circuits will be reduced substantially and subsequently the
cost will be minimized. Two structures of outer diameter 130 pm and 222 pym and width of
8 pm were fabricated in UMC 0.18 um RFCMOS Process and characterized on wafer. The
four layer proposed structures with the outer diameter of 130 pum resulted in an inductance of
6.9 nH at 1 GHz with a peak quality factor of 6 at 2.1 GHz while the inductor with the outer
diameter of 222 ym has an inductance of 27 nH at 1 GHz with a peak quality factor of 3 at
1.1 GHz.

The multilayer pyramidal symmetric inductor was implemented in the LC tank of a 2.4 GHz
voltage controlled oscillator. The measured phase noise of the VCO is -99 dBc/Hz at 100 KHz
and 108 dBc/Hz at 1 MHz offset frequency with power consumption of 5 mW. The VCO was
tuned with an inversion mode PMOS varactor and it operated from 2.441 to 2.557 GHz. The
chip area of the VCO without the pads was 193 um x 300 pum only. The performance of the
VCO meets the specifications for various applications in the 2.4 GHz to 2.5 GHz unlicensed
ISM band and with the new inductor it would be advantageous with a large reduction in the

chip area.

m
- -
m
P

i

v

TH-821_G
126



5.2 Directions for Future Research

5.2 Directions for Future Research

(i) Inductance calculation for multilayer pyramidal inductor

(iii)

(iv)

m

g

m

A closed form expression can be developed for the accurate calculation of inductance
of the multilayer pyramidal inductor. Since it is a multilayer structure there will be a
number of inductive couplings between the spiral turns of the inductor on the same metal
layer and the turns in different layers. It would be difficult as compared to that of a

planar inductor.

Modeling of multilayer pyramidal inductor

A scalable equivalent circuit model of the multilayer pyramidal inductor can be developed
which accounts for the physical phenomena like skin effects and substrate losses. Analyt-
ical expressions can be established to determine the parameters of the model. The model
can be used to optimize the quality factor of the MPS inductor. The model can also be

integrated with circuit simulation programs.

Quality factor enhancement of multilayer pyramidal inductor

Various quality factor enhancements techniques has been proposed in the literature as
reviewed in Chapter 1. An extensive analysis of these methods can be done specifically
for the multilayer pyramidal inductor. Experimental studies can be carried out to further

improve the quality factor of the inductor.

Multilayer pyramidal transformers and baluns

Transformers are used in RF designs for impedance matching and other functions [97,
98]. Balanced-to-unbalanceds, or baluns are useful for conversion between differential
and single-ended signals [97]. Multilayer pyramidal topologies can be easily explored for
transformers and baluns. Further models can be developed so that the performance can

be easily predicted and can be incorporated in circuit simulations.
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Appendix A

Parasitic capacitance calculation for
conventional multilayer symmetric inductor

In this section, the derivation of equivalent parasitic capacitance for multilayer conventional
symmetric inductor given in equation 3.14 is explained. Let us first consider the two layer
structure as in Fig. 3.1 where each inductor has four turns. For each inductor, a half turn
of the spiral can be considered as a segment and the structure can be broken down into 8
segments. Let the lengths of each segment of the inductor be represented by S;; where 4
denotes the inductor 1 or 2 and j denotes the segment number 1, 2, 3, 4, 5, 6, 7 and 8 of
each inductor. If each end of the segment represent a node then, there will be a total of 17
nodes. The voltage profiles alongwith the distributed capacitances of the structure is shown in

Fig. [A. 1l The voltage at each node m is given by

(

m—1
25
Vo V, J=1
2 T 7 s = m =8
> 5y
j=1
V=19 0 m=9
8
> S
Vo -V, j=m-8
. Yo I8 10<m<17
> Sy
\ j=1

The voltage across each segment of the inductor denoted by V;; where 7 is the inductor 1 or 2
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A. Appendix

and j is the segment number 1, 2, 3,...., 8 of each inductor can be calculated as
1 . .
V,-jzi(Vj%—VjH) for i=1to2,j=1to8 (A.1)

The energy stored at each metal to metal overlapping capacitance Cj; in Fig. [Al can be

calculated by calculating the voltage drop between the j** segment of each i*" inductor as
AVijo; = Vij — Vo (A.2)

FI'OIIl thiS, lt w111 result that A‘/11721 = A‘/l2,22 == A‘/lg’gg = A‘/14724 = A‘/15725 = A‘/m’gﬁ =
AVizor = AVigag = % Then, the energy stored in the equivalent metal to metal capaci-
tance (F,,,) and metal to substrate capacitance (E,,s.) of a four layer MCS inductor can be

calculated as follows.

2
Emm - Oeqv_mm‘/o

1 1
CulAVE 5 + 3 Coo AV 5 + 5 Cy3 AV 5

’—‘[\3|,_.[\3|,_\

1 1

+3 CuuAVi oy + 3 Css AV o5 + 3 Cos AV o6
1 1

+§ C'77AV127,27 + 3 CSSAV128,28

1 1

=35 CM2M4a1AV121,21 + 5 CM2M4a2AV122,22
1

+ 5 CM2M4Q3AV123,23 N 5 CM2M4Q4AV124,24
1

- CM2M4CL5A‘/125,25 + 5 C'MzM4CLGAV*126,26

1
+ 5 CM2M4CL7AV127,27 + 3 OM2M4a8AV128,28
a1+a2+a3+a4+a5+a6+a7+ag

= ‘/;2 C1]\/[2]\/[4 4
_ VO2 CM2M4 AL+ Ay + A3+ Ay

N RPN =N =N =N

4
(A.3)

where A, Ay, A3 and A, represent the total area of the spiral turn 1, 2, 3 and 4. For an

easy comparison and to comply with the notations of the stack and the MPS inductors, this
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ox4

Cox5 —|7Cox6—|700x7 ‘I_Coxs ‘|_Cox1 —IE:OXZ —Iéoxs

Figure A.1: Voltage profile and distributed capacitance of two layer conventional symmetric inductor.

representation is adopted since Ay = (ay +asg), As = (as+ar), As = (as+ag) and Ay = (a4+as).

1

Epsw = 5 Ceqv_msubvo2
e % ConaV2 + = 001_21/'22 +5 L G 3V 5 N4 Va4
i O TN i G ; ConsV
= % City5up01 Vs + 1 Cirtysupa Vg + % Cr5up3Voy
; Crtpsub@aVay + = 5 CrnosuvasViy + 5 ! OMzSub%‘Vw
; Cotpsub@r Vi + ; Ctp5ubs Vi

(A4)

On calculation of voltages from equation [A.2 we will get Vig = —Vo1, Vig = —Vay, Vig =

—‘/23, and ‘/15 = —‘/24. AISO, we can see that 518 = 521 = 517 = 522 = 2, 516 = 523 = %3
and Si5 = Sy == 4, where [y, 15,13 and [4 are the total length of the full turn 1, 2, 3 and 4.
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Turn 1 is the outermost one. Therefore, the above equation further simplifies to

1

EmSub - 5 ‘/02 CMQSub [S%S(al + a8)

1
16 lfotal
+(2S15 + S17)? (ag + a7) + (2518 + 2517 + Si6)*(asz + ag)

+(2S18 + 2517 + 2516 + Si5)*(ag + as)}
1, 1 LN2 (2t loy?
=3 Yo Crasuggre— {A1<§) + 4 )

20 4+ 215 + 1 200 + 21y + 215 + 14\ 2
<1 2 3>—|—A4(1 22 3 4)}

(A.5)

Chu,n, 1s the capacitance per unit area between the metal layer 4 i.e the metal layer of the
top spiral and 2 i.e the metal layer of the bottom spiral. C),su is the capacitance per unit
area between substrate and the bottom spiral metal layer 2. Therefore, the equivalent metal

to metal, Ceqpmm_mcs and metal to substrate capacitance, Ceqy msu_mcs Will be given by

1
Ceqv_mm_MCS - Z C’]\/[2M4 (Al + A2 "~ AS + A4) (A6)
1 l
Ceqv_mSub_MCS §— 16 l2 l OMQSub |:A1< 1)
tota

+A2<2l12+12> +A3<211+2212+13)2

20y + 21y + 213 + 1y 2
+A4< 2 ) }

(A7)

The area of the full spiral j* turn can be calculated in terms of outer diameter D,,;, metal

width W and turn to turn spacing s given by

j=12...... n (A.8)

Thus for a two layer conventional symmetric inductor of n turns, the equivalent parasitic

capacitance Ceqy_pcs is given by equation 3.14.
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