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Abstract

With the continuous downscaling of complementaryatrexide-semiconductor (CMOS)
technology, the RF performance of metal-oxide-sendecictor field transistors
(MOSFETS) has considerably improved over the paats Today, the standard CMOS
technology has become a popular choice for regliz@dio frequency (RF) applications.
The focus of the thesis is on device compact mimdelinethodologies in RF CMOS.
Compact models oriented to integrated circuit (IG@nputer automatic design (CAD)
are the key component of a process design kit (P&nid the bridge between design
houses and foundries. In this work, a novel sutestmgodel is proposed for accurately
characterizing the behaviour of RF-MOSFETs withpdeevells (DNW). A simple test
structure is presented to directly access the mtbstparasitics from two-port
measurements in DNWs. The most important passivieelin RFIC design in CMOS is
the spiral inductor. A 1-pi model with a novel swbg network is proposed to
characterize the broadband loss mechanisms of gpitectors.  Based on the proposed
1-pi model, a physics-originated fully-scalable i24podel and model parameter
extraction methodology are also presented for kpicactors in this work. To test and
verify the developed active and passive device tsoaled model parameter extraction
methods, a series of RF-MOSFETs and planar on-gpiial inductors with different
geometries manufactured by employing standard RFOSMrocesses were considered.
Excellent agreement between the measured and thelased results validate the

compact models and modelling technologies develapé#us work.
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1.1 Application and Problem Overview

In order to meet the explosion in market demandufiquitous wireless access, a rapid
proliferation of wireless communication standards iaken place in many areas of
application such as wireless local area networR6RER-LAN, IEEE 802.11), wireless
access in vehicular environments (WAVE, IEEE 1608)eless personal area networks
(Bluetooth, IEEE 802.15) and th& 83G) and # (4G) generations of cellular mobile
communication. It is expected that a large amountnfbrmation access and data
processing capabilities should be realized in modsdividual wireless communication
systems regardless of their location. This is grdgsible if high performance and low
power wireless communication systems can be matwréat at low cost [1].
Traditionally, wireless transceivers were consedcivith discrete single-transistors,
inductors, capacitors, resistors and transmissiwsl However, around 30 years ago,
one started to witness some serious attempts égriaie certain functions of the radio
into a single chip. Early microwave monolithic igtated circuits (MMIC) were
predominantly fabricated in 11I-V compounds (GaAEBFETS/HEMTs, GaAs HBTs
technologies). Taking advantage of the high-speadier mobility, the low-loss
substrate and the high break-down voltage, a lasgale of integration was achieved
with the advent of silicon bipolar junction trarteis(BJT) technology, especially when
the SiGe hetero-junction bipolar junction trangigidBT) became available where the

transistor cut-off frequency;l can be tens of GHz.

The complementary metal-oxide-semiconductor (CM@&hnology has long been
considered slow and noisy [2] and therefore unblgtdor ratio frequency (RF)
applications. Since the middle 1980s, when CMO#®$rtelogy took over from that of
NMOS in the fields of DRAM and microprocessorshits dominated the technologies
of digital integrated circuits. In fact, its simppanar structure and normally off type
complimentary logic gate make CMOS the most suitabchnology for high-density
integration with high-speed and low-power operatisrthe downsizing of the transistor

proceeds. In the field of high-frequency analogcuts for telecommunications



especially those for RF front-end circuits, CMOS hat been the major vehicle except
for some specially designed systems. In spite effélet that it has been predominantly
used for the digital baseband portion, RF CMOS attaristics have been traditionally

regarded as poorer than those of Si-bipolar angpoomd devices.

However, the aggressive scaling of the feature siven though solely driven by digital
applications, has resulted in a continuous impram@nin RF characteristics of silicon
MOSFETs and some of them have already exceeded sbr8¢-bipolar and GaAs
transistors. For example, the 048 generation exhibits a pe&kvalue in excess of 50
GHz [3-5]. Af, of 115 GHz and a maximum oscillation frequefigy of 80 GHz have
been realized by using a 0.8 low-voltage logic-based technology node with a
minimum noise figure (N, of around 2.2 dB at 10 GHz [6-9]. At the 90-nm
technology nodef; and f,.x have been increased to 150 and 200 GHz, resplyctive
[10-12]. At the 65-nm technology nodeandf..x have been increased to 250 and 220
GHz, respectively [13]. Since the early 1990'sr@asing investment and research has
been attracted into RF CMOS radio design [14-18f. ®MOS is considered more
favorable primarily for the following reasons: Rjrghe fabrication maturity and
manufacture volume means the lowest possible 8estond, it offers the best potential
for wireless system-on-chip (SOC) as it would bmpatible with the digital baseband
circuit fabrication process. With the rapid improwent of the RF performance of
MOSFETs, CMOS technology also has the potentiaériable low-power mm-wave

applications as well [19-21].

As modern circuits are usually very complex, thefgrenance of such circuits is
difficult to predict without accurate computer mtsleMost design work related to
integrated circuit designs has a very large toolbingt, primarily for the photomasks
used to create the devices, and there is a largeostc incentive to get the design
working without any iteration. Complete and acceratodels allow a large percentage

of designs to work the first time. These modelditranally fall into three types [22, 23]:

Tabular modelsThis type of model is a form of look-up table taining a large number
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of values for common device parameters such as dmairent and device parasitics.
These values are indexed in the table by correspgiuias voltage combinations. Thus,
model accuracy is increased by inclusion of add#tiaata points within the table. The
main advantage of this type of model is short samoh time. A limitation of these

models is that they work well for interpolation@lues in the table but are unreliable

for extrapolation beyond the table values.

Physical modelsThese models are based upon device physics. Paranudt these
models are based upon physical properties suclxide thicknesses, substrate doping
concentrations, carrier mobility, etc. In the p#isése models were used extensively, but
the complexity of modern devices mean simplificasidvave to be made to make them
computationally practical and they are thereforadagquate for detailed design.
Nonetheless, they find a place for initial analyaisd estimation.  Inclusion of all
physical phenomena would render these models irtipahdn terms of computing

requirements [24-28].

Empirical models The third type of model is entirely based upomnveufitting, using
arbitrary functions and parameter values to fit soeed data so as to enable simulation
of device operation. Unlike a physical model, thedel parameters in an empirical
model need have no physical basis. The fitting @dace is of the utmost importance for
these models to be successfully used to extrapmatata lying outside the range of the

original fitting.

The integrated circuit (IC) design tools, such hs Cadence, H-SPICE, Agilent
Advanced Design Systems (ADS), use compactlels to predict the behaviour of a
design. These models are commonly a hybrid of ghysand empirical models.
Compact models are the interface between the témiyand the design [29]. A circuit
designer iterates the design process by varyingohgpact model, rather than running
expensive and time consuming experiments. Therefmmpact models should be
scalable with geometry and accurate across a withpdrature and bias voltage range.

Compact models for devices are continuously evghio keep up with changes in
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technology. To attempt to standardize the modedrpaters used in different simulators,
an industry working group, the compact model cduf€MC), was formed to choose,
maintain and promote the use of standard modelslésive goal in such modelling is
to predict the performance of the next generatsmas to identify the direction the

technology should be taken before it is actuallyefieped [30].

Despite the advantages brought about by RF CMO$htdogy use, CMOS RF design
poses new design problems and implementation clyggiewhen compared to the past
alternatives. The development of low cost radigdency integrated circuits (RFICS) in
CMOS continues to move towards advanced technaloggs. First pass design success
IS expected, and the time window for a new prodo@nter the market is short. Robust
RF compact models of both active and passive dgdce therefore in great demand.
The accurate characterization of the high-frequdiahaviour is a major difficulty in RF
CMOS modelling. Si substrate loss characteristssilt in the performance degradation
of active / passive devices. This therefore reguiee model with more precise
characterization. The improvement of the model exmuusually means more complex
modelling technology. In addition, new devices, tsu@s spiral inductors,
metal-insulate-metal (MiM) capacitors, varactor® anique to RF CMOS technology.
The device model and model parameter extractiornodeare still in development for
these devices. Another issue is that RFIC desiggnafequires non-linear, noise and

other behaviour analysis, which poses new demandidé model simulation capability.

As regards the MOSFET, besides the well known requents for a compact MOSFET
model for low frequency application, such as accynd scalability of the DC model
[31], there are additional important requirememtsthe RF models [32]: (1) the model
should accurately predict the bias dependence dllssignal parameters at high
frequencies; (2) the model should correctly desctitbe nonlinear behaviour of the
devices in order to permit accurate simulation woffei-modulation distortion and
high-speed large-signal operation; (3) the modelkhcorrectly and accurately predict

HF noise, which is important for the design of lomise amplifiers (LNA); (4) the



components in the developed sub-circuit should lrgsips-based and geometrically

scaleable so that it can be used in predictive atadistical modelling for RF

applications.

Composite (e.g. DC core model + RF sub-circuitsyletiing technology alleviates to a

certain extent the above mentioned design diffiesilf31], but many issues should be

considered in developing a MOSFET model for RF igppbns:

1)

2)

3)

4)

5)

6)

7

8)

9)

The extrinsic source and drain resistances @ @ndRy) should be modeled with
parameters for the real external resistors, ingtéadly with a correction to the drain
current.

Substrate coupling in a MOSFET, that is, the cbation of substrate resistance
and capacitance, needs to be modeled physicallyaandrately using a proper
substrate network for the model be used in RF agiptins [26].

A bias dependent overlap capacitance model, whicturately describes the
parasitic capacitive contributions between the gatd drain/source, needs to be
included.

The distortion behaviour of MOS compact models #hooe evaluated, and
advanced models with better predictability for aison might be required.

Not only the accuracy of the model in DC or lowgnency should be guaranteed,
but the model accuracy should also be ensured iraRge. It requires an accurate
frequency and bias dependence of small-signal peteEa® such as
transconductance and transcapacitance.

Besides the model accuracy for a single devicentbdel scalability needs also to
be considered, at least over a certain channetHeargl width range.

The high frequency noise performance of the MOSHEGdel needs to be
examined experimentally.

A methodology for worst-case model generation dtebestatistical modelling for
RF applications needs to be developed.

Physics-based parameter extraction methodologess toebe developed.



With the emergence of the new generation MOSFETatspduch as the Philips surface
potential (PSP) model [33], (C. C. Enz, F. Krumnerex and E. A. Vittoz) EKV model
[34], and (Berkeley short-channel IGFET (insulagede field effect transistor) model 5)
BSIM5 [35], many advanced problems with RF-MOSFEGdelling have been solved
such as a distortion simulation model, non quagies{NQS) model, the bias dependent
overlap capacitance model and so on. However, theeestill issues, such as the
characterization of the substrate coupling in a MBE The substrate network in
CMOS is of the utmost importance in predicting thevice output characteristics at
radio frequencies. In particular, when employingieav substrate structure / process,
such as the deep n-well (DNW) implantation, thelitranal model is no longer valid.
Since the coupling between the DNW and the p-wafite no matter what the electrical
configuration is, as well as between the DNW arel dhiginal substrate, conventional
substrate networks and corresponding extractionhoast become too simple to
accurately extract the substrate network paramefeBNW RF-MOSFETs. Advanced
layout techniques [36-37] can bring great improvermeto the high frequency
characteristics of a MOSFET. However, the charatton of RF-MOSFET behaviour

considering layout changes is rarely reported.

As a critical passive component, integrated spirductors have been widely used in
CMOS RFIC design such as in RF amplifiers, voltagetrolled oscillators, mixers,

filters and impedance matching circuits. Therefareaccurate equivalent circuit based
model suitable for scalable spiral inductor libranjlding is essential for reliable circuit
implementation and design optimization. Though, siberable research work for
on-chip spiral inductors modelling has been pullishn recent years, a rigorous

physics-based scalable model for planar spiralatats is still lacking.

This thesis focuses on the compact modelling tegles for RF-MOSFETS, on-chip
spiral inductors and devices with novel layout cinees in RF designs. In particular, it
develops a physics-based fully scalable on-chimbpiductor modelling method and a

compact modelling methodology based on a PSP nfodéNW RF-MOSFETs. The



behaviour and modelling methodologies for devicéih vadvanced layout structures,

such as RF-MOSFETSs with non-average gate fingamsgare also investigated.

1.2 Thesis Contributions

There are two main contributions in this thesise Tirst part is the analysis and
modelling of the planar on-chip spiral inductorsnufactured in RF CMOS technology.
The second part is the compact modelling of DNW NRBSFETs. The avalanche
breakdown performance of MOSFETSs with differentegitiger spacing and a compact
modelling method are also investigated in this.pHine developed compact modelling
techniques for RF CMOS devices in this thesis cenabpplied to various other

semiconductor processes which are similar in nauch as BICMOS technologies.

1.2.1 Physics-Based Fully Scalable Spiral Inductor Model

This thesis defines a novel substrate network, isting of R/L/C, to model the
broadband loss mechanisms in the silicon substatevel doublex equivalent circuit
model for on-chip spiral inductors is presentechiérarchical structure, similar to that
for MOS models is introduced. This enables a spatition of the geometry scaling in
the global model and the model equations in thallomdel. The major parasitic effects,
including the skin effect, the proximity effectetlinductive and capacitive loss in the
substrate, and the distributed effect, are analfgiccalculated with geometric and
process parameters at the local-level. As accuralees of the layout and process
parameters are difficult to obtain, a set of mgubrlameters is introduced to correct the
errors caused by using these given inaccurate {aymili process parameters at the local
level. Scaling rules are defined to enable the &timm of models that describe the
behaviour of the inductors of a variety of geontetimensions. A series of asymmetric
inductors with different geometries are fabricabeda standard 0.18n SiGe BIiCMOS
process with 100 ohm/cm substrate resistivity tofyehe proposed model. Excellent
agreement has been obtained between the meassviid end the proposed model over

a wide frequency range.



1.2.2 Deep N-Well RF CMOS Modelling

This thesis also demonstrates a compact modekiolgnique for DNW RF-MOSFETs
based on the PSP model. A simple test structudeveloped for accurately extracting
the substrate network parameters of RF-MOSFETs MW implantation from
two-port measurements. The test structure withsthece, drain and gate terminals all
connected together is used as port one, while eiletbrminal is port two, making the
substrate network accessible in measurements. Aadelogy is developed to directly
extract the parameters for the substrate network the measured data. Novel scalable
models of substrate components for RF-MOSFETs itiws with different number of

fingers are also derived and extracted by usingtbposed test structure.

In addition to the content mentioned above, theotfiof a non-uniform gate-finger
spacing layout structure on the avalanche breakdperiormance of RF CMOS
technology is investigated. A novel compact modellso proposed to accurately predict
the variation of BV with the total area of devices which is dependenthe different
finger spacing sizes. The model is verified anddatbd by the excellent match between
the measured and simulated avalanche breakdowatbestics for a set of uniform
and non-uniform gate finger spacing arranged nMOSHBanufactured in a standard

DNW RF CMOS technology.

1.3 Thesis Organization

Chapter 2 provides the background to the work adeakin the thesis.

Chapter 3 presents the analysis and modellingeobtiachip spiral inductors. The recent
modelling approaches for RF CMOS spiral inductaes extensively investigated and
compared. The key features of the models, includirg models, 2¢ models and

T-models are analyzed in detail. By actual impleragon of each model's parameter
extraction procedure, the pros and cons of thevatgnt circuit topologies, parameter

extraction techniques and fitting capacity of medaie provided. A physics-based fully



scalable on-chip spiral inductor model is introdic&his model is further used to
develop the spiral inductor model libraries for tlsymmetric, symmetric and
differential octagonal spiral inductors fabricatu a standard 0.18n SiGe BiCMOS

process.

Chapter 4 describes the basic requirements fornapaot MOSFET model in RF
applications. A simple test structure developeddioectly extracting substrate network
components in DNW RF CMOS modelling is describegh#sics-based scalable model
of substrate components in DNW RF-MOSFETs withedéht number of fingers is also
introduced in this chapter. The proposed test siracand scalable model are also
suitable for modelling RF-MOSFETs without DNW imptations. The method for
large-signal modelling of RF-MOSFETs based on tt8P Rnodel is described and
examined. A method for modelling the avalanche lodeawvn effect for RF-MOSFETs

with non-average gate finger spacing is also ptesen

Finally, Chapter 5 summarizes the contributionghefthesis and makes suggestions for

future research.
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2.1 Introduction

In addition to active devices (h(MOSFET, pMOSFETattlare available in a CMOS
process, most foundries provide mixed-signal opgtiomwith high quality
metal-insulate-metal (MiM) capacitors and high parfance sheet resistance. However,
their design, characterization and modelling atiearastraight-forward. Hence, this thesis
will thus focus on active devices and spiral industto discuss some specific issues in
their modelling and implementation. The backgrotmt¢he techniques used in the work

is described in this chapter.

2.2 Spiral Inductorsin Silicon Substrate

The first on-chip spiral inductor suitable for CM®FIC designs was first reported in
1990 [1]. Since then, much work has been done tprawe its performance and
characterize its behaviour. Inductors find applaatmainly in two areas, one is in

tuned-amplifiers, and the other is in voltage ocolled oscillators (VCOs).

Design goals depend strongly on the application-clip inductor implementations
entail a myriad of trade-offs between the vertiaatl lateral geometries of the layout.
For example, when an inductor is designed for adeamplifier, it is not uncommon to
trade off the quality factor-factor for a smaller area. However, when an inductor is
designed for a VCO, it is often most desirabledbi@ve the highest possillg limiting

the designer to the top-most metal layer, whichhis furthest layer from the lossy
substrate, or to employ multi-metal levels to abthigh-Q inductors. In either case, a
patterned substrate shield is often used to redueesubstrate loss due to both the

capacitive and inductive coupling. [2]

The most commonly used inductor configuration inG®OS technologies is the planar
spiral. It can be shaped into circular, squareageral or octagonal metal stripe loops
with average or gradient turn width [3-4], and domsted as asymmetric or symmetric

structures. A simplified layout and cross-sectiomew of an asymmetric planar
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octangular spiral inductor are given in Figure 2 Hnd (b), respectively. The inductor is
isolated from the substrate by a layer of insujatad it is usually made of silicon oxide
in RF CMOS technologies. Generally speaking, agrldnductor with a given shape
manufactured in a given process can be complefgified by the following lateral
parameters as shown in Figure 2.1 (a): 1) the nowibieirns,N. 2) the metal widthyv.

3) the edge-to-edge spacing between adjacent t8rd,any one of the following: the
outer diameteD,, the inner diametdD;,, the average diametdy,q = 0.50y + Din), Or
the fill ratio, defined ap = (Doy - Din)/ (Dout + Din). Note thatDyy: = Dayg+ N(W+ S) - S

and thap = (N(W +S) - 9)/0ayg

“spiral

embedded line length
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(b)
Figure 2.1: (a) Layout of an octangular spiral inductor ahd tefinition of the lateral
parameter®,, Din, W andS and (b) Cross-section view of the on-chip spinaluictor
and its vertical parameters, the thickness of negtiahl Trp, thickness of oxide layero},
the thickness of the metal underpags and the thickness of the substrate.
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2.2.1 Definition of I nductance

Inductance is the electric dual of capacitanceapacitor stores electrical energy, while
an inductor stores magnetic energy. According toadiay's law, we know that a
changing magnetic field induces an electrical fi@8g using Lenz’'s law, we know that
the induced electric field always opposes furthenge in the current. In quantitative
form, consider an arbitrary closed circuit formsddonductors with a carried currdpt
as shown in Figure 2.2 (a). The magnetic flux @ tircuity is defined as the magnetic

field crossing the cross-sectional aBa
EIECE (2.1)
S

As there is no other current in the system, thé&isdlctance of the circuit can be

defined as
L =Iﬂ (2.2)
By Faraday’s Law, the voltage induced in a loogelated to the flux by

_dy
= (2.3)

Substituting equation (2.2) into (2.3), we have

dl
V=L— 2.4
" (2.4)

Then, if we now consider an arrangement of loopshasvn in Figure 2.2 (b), current
flow in Loop i and there is some flux linkage between the two dpape have the

following definition of mutual inductances

M =4 (2.5)

where
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% =B S, o (2.6)
S

If the surrounding medium is linear, we havg = M;. The mutual inductances can be
positive or negative, depending on whether the magriluxes from different circuits

will enhance or cancel each other.

B A B A

Loop i Loop |
(@) (b)

Figure 2.2: (a) An isolated current loop. (b) A magneticatlgupled pair of loops.
Current only flows in Loop. It is magnetically linked with Loop S and Sare the area
of the Loopi and Loop, respectively.

2.2.2 Estimations of Perfor mance

1) Quality Factor
The performance of a passive element is usuallysored by its quality factor
(Q-factor). A simple definition of th@-factor is that it is the ratio of the total eneigya

system to the energy lost per cycle [5]

0=w energy stored @2.7)
average power dissipate '

As an inductor stores magnetic energy, @actor for spiral inductors can also be
defined as the ratio of the net magnetic energydketyp the difference between the peak
magnetic energy and the peak electric energy) dtiore system to the energy lost per

cycle
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net magnetic energy store
energy lost per cycle

=w

_wpeak magnetic energy peak electric ene
energy lost per cycle

(2.8)

In RF applicationsS-parameters are the characteristics that we carsurealirectly
from a sample device and they can be converted¥Yntar Z- parameters easily. The
Q-factor of on-chip inductors can be directly evadahfrom the measured two-port
characterization of devices, using the followingpmssion, valid up to the
self-resonating frequency of the inductor [6][34]

_imag(1/Y)

real(1/Y) (2:9)

At low frequency, it is equivalent taL/R for inductors [ and R are the series
inductance and series resistance, respectively)aBRF, it would also include parasitic
effects. Energy is not only lost in the metal bigban the substrate through the parasitic
capacitors. To a certain exter can be interpreted as the difference between the
average stored magnetic energy and average stlmeideenergy divided by the total

energy dissipated in one signal cycle.

_ 200tfj, |
- R

loss

Q (2.10)

A typical characteristic of the quality factor ofspiral inductor versus frequency is
illustrated in Figure 2.3. Due to the simplicity @§ calculation, equation (2.9) is
employed through out this research, which is digomost widely used definition of the

Q-factor for spiral inductors.
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Figure 2.3: Q factor versus frequency.
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Figure 2.4: Inductance versus frequency.

2) Sdf-Resonance Frequency (SRF)

Since the spiral inductor has both inductive angacdive behaviour, the parasitic

capacitances will resonate with the inductance @rtain frequency, roughly given by

[5]

(2.11)

whereL is the inductance of the spiral inductGy,, represents the parasitic capacitance
of the spiral inductor. The frequeney, is defined as the self-resonance frequency. A

typical diagram of the frequency behaviour of aapinductor is illustrated in Figure
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2.4. At frequencies above, , the inductor will look capacitive. Generally,sairal
inductor that is closer to the substrate or isdaryp size has higher total parasitic

capacitance and a lower self-resonant frequency.

3) Inductance and Resistance

Inductance and resistance [5] are two other importi@atures to estimate the
performance of a spiral inductor. The charactesstf the inductance and resistance of a
typical on-chip spiral inductor versus frequencyllisstrated in Figure 2.5 (a) and (b),
respectively. In a manner similar to that for Qdactor, the inductance and resistance
are determined directly from th¥-parameters (converted from the measufed

parameters) as follows [34]

L = —imag@/Y) (2.12)
w
1
R=-real(=) (2.13)
Y
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Figure 2.5: Characteristics of (a) the inductance and (bistasce of a typical spiral
inductance versus frequency

2.2.3 Overview of the L oss M echanisms

Spiral inductors implemented on silicon substratiées from several loss mechanisms,
leading to poor inductor quality factors. Ti@factor of on-chip spiral inductors is

strongly dependent on the metallization and charestics of the substrate used to build
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the device. The various loss mechanisms of on-BRECMOS spiral inductors include
skin and proximity effectd?R losses from eddy currents circulating below thieasjn
the semiconducting substrate, from displacementents conducted through the
turn-to-substrate capacitances and the underlyingstsate material, and from the
primary inductor current flowing through the thinetal traces of the spiral itself
[7]1-[10]. They can be categorized into two groupetal loss and substrate loss. They

are briefly discussed as follows

1) Metal Loss

Spiral inductors manufactured in CMOS technologies constructed with one or more
metallization layers, typically polysilicon and alinum layers. Since real metals always
have finite conductivities, energy is lost whenuarent is flowing in the spiral. The
conductivities of such layers play an integral pardetermining th&-factor of devices,

which is the main limiting factor to the performanaf devices at low frequencies.

In general, the DC resistance of a conductor isrglyy

R=p (2.14)

i
A
wherep is the resistivity| is the length and is the conductor area.

With an increase in frequency, the current distrdsuin the metallization changes due
to eddy currents in the metal layers, also knowrskis and proximity effects, and

current crowding. Since magnetic fields of the devpenetrate the conductors and
produce opposing electric fields within the volumg conductors, currents tend to
accumulate near the skin of conductors. Thus, ffectave cross-section area of the

conductors decreases, and the resistance goeigh dtequencies.

The influence of the skin effect follows d? function dependence, which is usually

evaluated by means of the skin depth
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5= |2 (2.15)

whereg is the conductivity of the conductgrjs the magnetic permeability andis the
angular frequency. The parameter is defined asdnesalent wall thickness of a hollow
conductor having the same DC resistance as the esBtance at the frequency of

interest.

In a multi-conductor system, the magnetic fieldhia vicinity of a particular conductor
can be considered as the sum of two terms, namelysélf-magnetic field and the
neighbour-magnetic field. The effects of nearby drartors thus can be attributed to
proximity effects. In inductors, the proximity effeis apparent because multiple metal
strips are placed close to each other and the ipgrfaequency is high. The magnetic
field in the inner area of a spiral is particulastyong. This makes the resistance higher

for the inner turns.

Series 1 R

Resistance

and

Quality

Factor Q
Frequency

Figure 2.6: General form of resistance affactor for a spiral with current crowding
[13].

The limitation on theQ-factor of on-chip spiral inductors can be trace@n increase in
effective resistance of the metal traces at highuiencies due to skin effect and current
crowding [11], [12]. For frequencies below aboulGHz, skin effects are relatively
small in most processes since the trace metalrtbgskis typically less than or equal to
the skin depth. Above 2 GHz, resistance increaseistive growing skin effect, slowly

approaching an asymptote proportional to the squmreof frequency [13]. In contrast,
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the proximity effect is a strong function of freeueg, resulting in resistance increases at
a rate that is much higher than a linear growtle,rand a function that is concave

downward, as shown in Figure 2.6.

2) Substrate Induced L osses

The conducting nature of the silicon substrate mmagor source of loss and frequency
limitation for on-chip spiral inductor design. Th#icon substrate resistivity varies from
10 kOhm-cm for lightly doped silicon to 0.0010hm-dior heavily doped silicon
processes. The low resistivity of the substrateldet various forms of loss, often
dominating and masking the effects of the capacitoupling and magnetic coupling.
The substrate capacitive coupling can easily besrgtdod by realizing that the top
surface of silicon substrate and the bottom surédawetal layer act like the two plates
of a capacitor which are separated by a dielectiies has an adverse effect on the
inductor performance because energy is storeddnetactrical field of the capacitor
instead of the magnetic field of the inductor. Baydhe self-resonance frequency, an

on-chip inductor would act as a capacitor.

Magnetic coupling is the major loss mechanism fatuctors on a silicon substrate.
However, there exist other electromagnetic fielthéchv result in losses and decrease the
performance of inductors. Figure 2.7 shows a thieeensional cross-sectional view of
an on-chip spiral inductor. The different possiBldield and B-field paths inside an
on-chip inductor are summarized. One fundamentapgnty of an inductor is that it
generates a B-field. The B-field reaching neightgrstrips (B(t) as shown in Figure
2.7) results in skin and proximity effects. TheiBld penetrates into the substrate({B

as shown in Figure 2.7) inducing an eddy currehie €ddy current will generate a
B-field to oppose the inducing one. From the pointiew of inductors, the eddy current
will increase the series resistance of the spiraithermore, the eddy current acts as a
mirror inductor, which contributes a negative muitinaluctance to the spiral inductor

and consequently, reduces the total inductance.

Each of the electric field components(tlE - E4(t) in Figure 2.7 results in the loss of
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energy in the whole structure,(§ is the electric field along the metal tracesltaused
by the current in the winding and the finite cortilaty. The current, in association with
ohmic losses, causes a voltage drop along the whiiding and hence a voltage
difference between each turn. This difference naamstthe field denoted by, which

is present between each turn. Due to the finitéstaasce and capacitive coupling, a
leakage current flows from turn to turn. In the sammanner the electric field
components ft) and E(t) force leakage currents from the metal tracaheooxide and
ground, respectively. In addition to the descril@ectromagnetic fields, many other

high-order effects should be considered. [65]

___________ wCurrent

F A Ground Plane

Figure 2.7: Three dimensional cross-section view of an op-cmiral inductor showing
different E-field and B-field paths.

2.2.4 Modédling

The modelling of on-chip inductors can be categatiinto three groups: numerical

techniques, segmented circuit models and compadelsio

1) Numerical techniques

The method for modelling a distributed electricadtem is to solve Maxwell’'s equations
subject to boundary conditions. Commercial 3-D tetgnagnetic (EM) simulators, such
as HFSS, ANSYS Multiphysics, Maxwell [14], EM-Somnr{é5], operate by solving
Maxwell's equations numerically. They have beedelyi used to model on-chip spiral

inductors. These EM simulators are suitable forueste prediction of simple passive
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structures, while they are unsuitable for simulatiarge three dimensional structures

with multiple segments, such as spiral inductors.

On-chip spirals require a long simulation time, et to fast processors and the
availability of substantial memory. As numericathaiques require both the lateral and
vertical geometries be specified, considerable éspee is required on the part of the
user to simulate on-chip inductors. Thus, full E®Id solvers are not a practical option
for on-chip inductor design. Custom field solvers6] also suffer from several

drawbacks, though they can achieve faster simuladjmeeds by ignoring retardation
effects so that magneto static and electrostaticcximations may be used to quickly
solve the field matrices. The use of these toolmpimates the interface between the

inductor model and the circuit simulator.

The best way to incorporate numerical techniquabendesign flow is to use them first
to generate a library of inductor models that spavide design space, and then link this
library to the circuit simulator. Unfortunately,ishrequires new libraries to be generated
for every process or, worse, an existing librarjpéoupdated even if only a few process
parameters are changed. Another disadvantage tisetith involves the transfer of
simulation data from the EM simulators to the dirgimulator to achieve the optimum
design. Furthermore, this approach offers no dasigight about engineering trade-offs.
Thus, numerical techniques are best suited to ywedther than design and optimize
inductor circuits. EM simulators are generally mudint to predict the inductance,
parasitic capacitance and self-resonance frequehey spiral inductor. However, the
challenge resides in simulating the substrate ieduasses without knowing the doping

profile.

2) Segmented Circuit Models

Many segmented circuit models for spiral inductardelling have been proposed. This
approach entails the use of a separate equivalenitcfor each segment of a spiral
inductor [17-22]. For example, a square inductdahwi turns can be separated intd 4

segments, each with a single-pi equivalent circutidel [17]. Additional terms are
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needed to characterize the coupling effects betwdifierent segments and any

associated bends.

A typical segmented circuit model for a single twfna square spiral is illustrated in
Figure 2.8. Four segments are used to describehtimacterization of the single turn. In
this model, each segment contains the self induetaseries resistance and the
associated capacitances. A dependent current s@ursed to account for the mutual
inductance between segments. The self and mutdattances are calculated using the
method proposed by Greenhouse [23]. The resistan@€apacitances are determined

from process parameters and frequency information.

Although simpler than a field solver, the segmenteddel is very bulky and

complicated. Since the number of segments is detedrby the product of the number
of turns and the number of sides per turn, optitioraof the complete circuit requires a
script that can dynamically add or remove segmientse model. Thus, although it may
be integrated into a circuit simulator environmehng complexity of the inductor model
could easily surpass that of the remainder of ttwaiit, thereby compromising the speed

of the circuit simulation.
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Figure 2.8: Segmented model for a single turn square spicalator introduced in [17].

3) Compact Equivalent Circuit Models
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The disadvantages of numerical techniques and segoheircuit models indicate the
need for simpler models that can be convenientiggrated into circuit simulators for
design. This brought compact equivalent circuit ededo the attention of CMOS RFIC
designers and EDA vendors. Significant work hasegmoio modelling spiral inductors
using such compact equivalent circuit models [2h-Fhough the accuracy of the
lumped circuit approximation breaks down at higliequencies [38] in the modelling
of any distributed system, the lumped models ekbshificient accuracy up to the
self-resonant frequency of the spiral. The speedyenience and compactness of these
lumped models make them ideal candidates for us&dnit design and optimization. It
IS also a common practice for a designer to buildcalable library with a limited

number of devices with well characterized reliaddgivalent circuit models.

CS
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» l _._.,Ir.'.. 1 . -
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Figure 2.9: Single-pi circuit model for a spiral inductor pased in Ref. [8]

A typical compact equivalent circuit model [8] farspiral inductor is shown in Figure
2.9. The model includes the series inductance the series resistancés), the
feedforward capacitanc€y), the spiral-substrate oxide capacitanCg)( the substrate
capacitance(s) and the substrate spreading resistaifgg @s the topology is simple,
analytical expression based methods [26, 29-31]bmmused to obtain the values of
model parameters in such a topology as given inrEi@.9. All the model parameters

can be directly calculated from measurements. Hewethis method may not be
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applicable to complex topologies, as clear relatigps between the model parameters
and measurements can be hard to derive. Therdéfasedifficult to extract most of the
model parameters from measurement analyticallys&hmaodel parameters have to be
determined through optimization procedures. Thay head to physically meaningless

values of model parameters.

Since most of the elements used in an equivalacuititopology are physically
meaningful, the value of electrical lumped elemesds also be directly calculated
from the geometry and material constants of thecsire. The key to accurate
modelling in this way is the ability of the modejuations to describe the behaviour of
the inductance and the parasitic effects precidgheh lumped element of the model
should be consistent with the physical phenomewardag in the part of structure it
represents. And each model equation for the mdeehent calculation should have
high accuracy to describe the corresponding phlysffect. As accurate process
parameters are hard to obtain (depend on foundapgyroximations and assumptions
should be used in model equation derivation, arel whalues of model elements
calculated by using the model equations can onlytrbated as initial values. An
optimization procedure is generally needed to aehigetter agreement between the
measured and simulated results. In this work, tethad will be studied and applied to
building model libraries for asymmetric and symrespiral inductors manufactured

in a SiGe BICMOS technology based on a scalabléldeumodel topology.

Here is an example as follows, which gives physegdressions to initially determine

the model elements of the model illustrated in Feg2i9.

L: The series inductance consists of the inductance of spiral coils,f,) and the

extending metal lined {«ng. They are calculated according to the dc indwedf6]

L. = bd™W® ¢ N S5 (2.16)

spiral — out avg
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5
L,y = 2 jgn 2;_, 050040 WH 5 (2.17)
W+t 3l

3
L = Lspiral + Lextend (218)

The coefficientst anday, a,, as, a4, as are dependent on the fabrication process. These
are further tuned to obtain an optimal fit betwdba extracted values and scalable
model.d, iS the outer diameter of the cdilis the thickness of the conductdy, is the
average of the inner and the outer diameters)zasdhe total length of extending lines.
W, t, S douy davg andlz are in m, andgpiras Lexiena@ndL are in H.N is the number of

turns.

Rs: The series resistance of the spiral is given by

_ |
R ) (2.19)

wherego is the conductivityl refers to the length of the spiral, and the turn thickness,

o is the skin length, which is given by

(2.20)

wherew is the frequency, and is the magnetic permeability of free spage4g10’
H/m). This expression models the increase in rmsigt with frequency due to the skin

effect.

Cox. The spiral-substrate oxide capacitance accoontsbst of the inductor’s parasitic

capacitance. It is well approximated by

1¢
Cox =§tﬂlw (2.21)

OX
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wheresoy is the oxide permittivity (3.48 10" F/cm) andtoy is the oxide thickness

between the spiral and the substrate.

Cs: This capacitance is mainly due to the capacitdreteveen the spiral and the metal
underpass required to connect the inner end a$ghval inductor to external circuitry. It

is modeled by

C, =t pwe (2.22)
S

l:OX,Ml-MZ

wheretox w1-m2 iS the oxide thickness between the spiral anditiaerpass.

Csi: The substrate capacitance is given by

c, =ic

Si 'sub
2

W (2.23)

where Cgyy, is the substrate capacitance per unit area. Shrcsubstrate impedance is
difficult to model, Cyp is generally treated as a fitting parameter thatdnstant for a

given substrate and distance between the spiraihensubstrate.

Rsi: The substrate resistance can be expressed as

2
R=5 (2.24)

sub’

whereGgy, is the substrate conductance per unit area. Siceubstrate impedance is
difficult to model,Ggyy is generally treated as a fitting parameter. #l& constant for a

given substrate material and distance betweenpin@ snd the substrate.

2.3 RF-MOSFET and Compact M odelling

231 RF-MOSFET

The idea of the depletion mode MOSFET and the notd the inversion-mode
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MOSFET were proposed by Lilienfeld in 1928 [39] afi€il in 1935 [40], respectively.
However, the first MOSFET was not fabricated ub8i60 by Kahng and Atalla [41, 42]
because of the technical difficulties to obtain @d oxide and the lack of basic
semiconductor notions. Kahng and Atalla presertiedfitst successful realization of a
silicon inversion-channel MOSFET using thermallpwn oxide for the gate insulator.
Three years later, the MOSFET dramatically incrédatseimportance when Wanlass and
Sah invented the CMOS circuit [43-45]. Due to theampactness and low power
dissipation, MOSFETs have been the most widely sssliconductor device since the

1980s.

Gate

Body Sour ce Body
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Figure 2.10: Schematic of a typical bulk MOSFET structure @S technology.

The basic structure of MOSFETS is shown in Figuf®2consisting of a single gate, a
semiconducting substrate, and heavily doped sandedrain regions. The gate contact
Is separated from the channel by an insulatingasilidioxide (SiO2) layer. The charge
carriers of the conducting channel constitute aerision charge, that is, electrons in the
case of - type substratenfchannel device) or holes in the case ohatype substrate
(p- channel device), induced in the semiconductdhatsilicon-insulator interface by
the voltage applied to the gate electrode. Thetreles enter and exit the channelnat
source and drain contacts in the case ofi-athannel MOSFET, and at+ contacts in
the case of @ channel MOSFET. The structure has not changedhnithe past 20
years [46]. Only the dimensions and other feathiee& been scaled down continuously

to meet the demands of higher speed and increaseplctness.
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For RF applications, an important measure of aststor is the cutoff frequendy This

is the frequency at which the small signal curmgain hy; of the transistor rolls off to
unity (i.e. 0 dB). For today's 65 nm gate-length BEETS, the cutoff frequency can
reach 250 GHz [47]. Applying a frequently used rolehumb that the cutoff frequency
should be around 10 times the transistor's opegafiaquency, one could use these
devices to design integrated circuits operatingau@0 GHz which is high enough for

most of the applications in modern RF electronics.

Besidesf;, other figures of merit have to be consideredaaood RF-MOSFET. For
example, the maximum oscillation frequenty, is often desirable, which is the
frequency when the transistor’s unilateral powangalls off to unity (i.e. 0 dB),. the
minimum noise figureNF;,, the third order intercept voltage point ip3 ahd thermal

noise curreniy” are all critical for RF noise and power applicasiprespectively.

The performance parameters mentioned above caimipdyscalculated as follows [48,

49]

— gm
L=
2'.2 ng + Cpar + Cgso + ngo

(2.25)

f = ! (2.26)

" 2R +R)( g+ 27 (G

NFmin =1+ Kfit\' gm( Rg + R+ 8) (227)

24
Vs =] gg (2.28)

i2 = 4KT g, AF (2.29)

whereK is the boltzmann’s constan,, is the transconductancg,, is the 2nd-order

derivative ofg,, versus gate biaggs is the output conductance. The capacitalgg<pas
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Cyso andCyqo are the intrinsic input capacitances, the paragaie-bulk capacitance and
the gate-source and gate-drain overlap capacitaRgaadR, are the gate resistance and
the real part of the input impedance due to norsigteatic effects, respectivelis is the

source resistance.

2.3.2RF-MOSFET Modelling

In most of the commercially available circuit simdrs, the MOS transistor models
have originally been developed for digital and lfmeguency analog circuit design,
which focus on the DC drain current, conductaneel mtrinsic charge/capacitance
behaviour up to the megahertz range. However, @splerating frequency increases to
the gigahertz range, the importance of the extrir@mponents rivals that of the
intrinsic counterparts. Therefore, an RF model g the high frequency (HF)
behaviour of both intrinsic and extrinsic composemt MOSFETs is extremely
important to achieve accurate and predictive resitthe simulation of a designed

circuit.

As shown in Figure 2.11, a four terminal MOSFET bardivided into two portions [50]:
intrinsic part and extrinsic part. The extrinsicrtp@onsists of all the parasitic
components, such as the gate resistaRgegate/source overlap capacitanCgso,
gate/drain overlap capacitan€epo, gate/bulk overlap capacitan€ggo, Source series
resistanceRs, drain series resistand&, source/bulk junction diod®sg, drain/bulk
junction diodeDpg, and substrate resistandes, Ros, andRpsg. The intrinsic part is the
core of the device without those parasitics. EVerugh it would be desirable to design
and fabricate MOSFETSs without those parasiticsy e inevitable in reality. Some of
them may be unnoticeable in DC and low-frequenceration. For example, the
impedance of the junction capacitance is so ldngethe substrate impedance may not
be seen from the drain terminal at low frequencldewever, the distributedr—C
network (composed of the depletion capacitancestlamaubstrate resistances) and the
ac current flowing through thiR—C network will influence the device performance at

HF significantly.
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An effective modelling approach for RF applicatiagsmso build sub-circuits based on the
intrinsic MOSFET models that have been well esshigid for DC and analog
applications. This approach commonly makes usecoihamercially available MOSFET
model core, such as BSIM from UC Berkeley [51], M@®dels from Philips
Laboratories [52], and EKV model [53]. By addingniped element extensions, the HF
behaviour of devices is captured. In other wortls, ¢ore model and lumped element
extensions compose an equivalent circuit reprasgrdgh RF-MOSFET. One of these
lumped components is the gate resistance, whiclsistsnof the distributed gate
electrode resistance as well as the non-quasisfaticent. The effect of substrate should
also be incorporated into the model by using lumpatiponents. Figure 2.12 shows a
RF MOS model [54] consisting of the gate resistamaeel the sub-circuit (two

capacitances and five resistances) accountindgnéeffect of the substrate.

For simulation, the model parameters are needetthwdre determined by extraction
techniques based on measured data of devices fredif bias conditions and
frequencies. Usually, parameters of the core madel extracted with DG-V and
low-frequency C-V measurements using the same procedures availabléha
commercial model. The extraction of the extrindiengents is then carried out using
measure-parameters at given DC bias conditions. By tertmigethe port with a cable
of characteristic impedance (%), the Sparameter technique measures power waves
propagating into and being reflected by the dewdeich is the easiest and the most
reliable way to characterize high-frequency networkor RF-MOSFETS, two-port
configured test structures, with the gate termgsaving as port one, the drain terminal
serving as port two and the source shorted to thstsate serving as the common
terminal [55]-[58], are commonly employed to capttine characteristics of devices at

high-frequencies.

The macro-modelling approach discussed above pewaduseful compromise between
accuracy and efficiency. These models, accompaitigdappropriate parameter

extraction processes, show fairly good agreemettt measured RF data. However, this
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approach cannot overcome some of the limitatioherited in the MOSFET core model.
For example,g, and gys predicted by commercial models are not yet swfty
accurate, which is especially troublesome for RiEuii simulation where the higher
order derivatives of the current should be smoatth @orrect. There are also errors in
predicting the intrinsicC-V characteristics of short-channel MOSFETs. Morepver
scalable models for the added lumped elements eded for the whole model to be

scalable and predictive [50].

.

Rep Apg

Figure 2.11: A MOSFET schematic cross section view with pdi@siomponents.
Reproduced from Ref. [50].Chemg al. (2000b) MOSFET modelling for circuit design,
2000 Third IEEE international caracas conferencedewice, Circuits and Systems,
D23/1-8.
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Figure 2.12: Four-terminal RF-MOSFET model based on the DC ehodore.
Reproduced from Ref. [54]



2.3.3 Philips Surface Potential (PSP) MOSFET Model [59-62]

The PSP model is the advanced compact model jodeleloped by Arizona State
University (formerly at the Pennsylvania State nsity) and Philips Research and
selected by the Compact Modeling Council as a rewdsrd MOSFET model for the
next generation of MOSFETs. PSP is a surface-gatdrased MOS Model, containing
all relevant physical effects (mobility reductiorglocity saturation, gate current, lateral
doping gradient effects, stress, etc.) to modefteturand upcoming deep-submicron
bulk CMOS technologies. The source/drain junctioodet is fully integrated in PSP.
PSP gives an accurate description of currentsgeBaand their first order derivatives
(i.e. trans-conductance, conductance and capaeganclt also gives accurate higher
order derivatives resulting in an accurate dedoripof electrical distortion behavior.
The latter is especially important for analog arklditcuit design. The detailed
description of the theory and modeling techniqusesdiin the model can be found in Ref.

[59][60].
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Figure 2.13: Simplified schematic overview of PSP’s hierarelistructure. Reproduced
from Ref. [61]

For industry application, the PSP model as deflmegia hierarchical structure, similar to
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that of MOS Model 11 and SP. This means that thiera strict separation of the
geometry scaling in the global model and the medgiations in the local model. As a

consequence, PSP can be used at either one céveis.|

*Global level: One uses a global parameter set, which describé®i@ geometry range.
Combined with instance parameters (such as L and aMocal parameter set is
internally generated and further processed atdta level in exactly the same way as a

custom-made local parameter set.

« Local level: One uses a custom-made local parameter set toatgrautransistor with a

specific geometry. Temperature scaling is inclualeithis level.
The model structure described above is schematidapicted in Figure 2.13.

In the thesis, the Local Level model core is emetbfor DNW RF MOSFET modeling.
The local model parameter set and the model commeer extraction procedure can be

found in Ref. [61].

2.4 Two-Port Measurement and De-embedding

2.4.1 Two-port M easurement

Compact modelling and characterization based oeqaiivalent circuit, always involve
expensive setups (such as a network analyzer,freglaency probe station and probes)
and a tedious calibration and de-embedding prockssit is easier to measure the
voltage or current with open or short circuits,célieal characteristics of low-frequency
electronic devices are typically done by measureéroéroltage, current and the phase
angle between them. However, at RF, voltage ancecuare difficult to define and
measure. High frequency characterizations are lyswddne by using scattering
parameters §parameters) measurements. Figure 2.14 gives gpdntonetwork for

Sparameters, and (2.30)—(2.35) are the equatis®ilieng the network [63].
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Figure2.14: Atwo port network illustrating S-parameters si@g@ment
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(2.32)

(2.33)

(2.34)

(2.35)

wherea; anda, are the incident electromagnetic waves at portdLgort 2, respectively.

b, andb, are the reflected electromagnetic waves from pamd port 2, respectivels,

ands,, are the input and output reflection coefficierasds,; ands;, are forward and

reverse transmission coefficients, respectively.

The measurement setup consists of an Agilent EB3&3work analyzer (50MHz to

40GHz), an Agilent 4156C precision semiconductaapeter analyzer which provides

bias, a probe station and ground-signal-ground (GB®roprobes from Cascade

Microtech.
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2.4.2 Calibration and De-embedding

Typically, the measurement reference planes arenetefby means of a standard
calibration using methods such as short-open-lbad-t (SOLT),

line-reflect-reflect-match (LRRM) and thru- refldate (TRL). As GSG probes were
used, corresponding PADs, interconnects betweerPiizs and the device-under-test
(DUT), and ground ring structures were fabricatéohg with the DUT. It is often

impossible to set the reference planes directlfhatmeasured devices for on-wafer
measurements. Thus, proper de-embedding technigwesto be applied to remove the

impact of any error network between the calibratieference plane and the DUTSs.

In this work, Impedance Standard Substrate (IS8 f€Cascade Microtech and SOLT
procedures were given priority to calibrate the wheetup. For on wafer testing, test

PADs were designed. As for the corresponding GS@begs, the distance between
neighboring probe tips is 1Q6n and the designed PAD size is#%5x75um. In order

to reveal the true performance of the DUTSs, theagiics associated with the probe
structures are subtracted from the readings olutanyeapplying the OPEN + SHORT

de-embedding technique [64] to devices.

Sparameters can be converted ilvtoand Z-parameters in CAD tools or by equations

[63] asfollows

Y :i(l_gl)(]ﬁ- %2)"' $2 §1
Yz (1+8)(1+8)- 8 S (2.36)
_1 _ZSAZ
Y12 -5
Z,(1+8,)(1+ S))- & S (2.37)
_1 _2821
Y21 -5
Z,(1+8))(1+ 8,)- & S (2.38)
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Yo, =
Z,(1+5)(1+ S)- & & (2.39)

TS s)- . 5 (240
%S S5 S e
e S R 242
7 =z =91+ $)* $ § 2.43)

0(1_ 31)(1_ %z)_ SN

Figure 2.15: depicts a typical test structure fADSFETs and the equivalent circuit of
the whole test structure. In Figure 2.05,, C,3, andC,3 represent the parallel capacitive
parasitics, while the inductolts, L,, andLs represent the series parasitic components
introduced by the test structure. The OPEN and SH®#t structures and their

equivalent circuits are given in the Figure 2.168 &igure 2.17 respectively.

Transistor without metal p

Figure 2.15: The whole test structure and its equivalent dircu

According to the equivalent circuit of the OPENttsisucture given in Figure 2.16, the

Y-parameters of parallel parasitic componefis,ecan be calculated by
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jw(C,+C - jaC
Yparallel = YOPEN = [ Jw( -13 12) R J z J (244)
—J aclz J w(CIZ + Cza)

whereYopen is theY-parameter matrix of the OPEN test structures.

Cal. plane after
de-embedding

3
.
g
|

1

Figure 2.16: The OPEN test structure and its equivalent circui

According to the equivalent circuits of the shedttstructures shown in Figure 2.17, the

Z-parameters of series parasitic compon@&gigcan be calculated by

jw( L+ L3) jak,
Zseries: Z - Z = H . (245)
SHORT % OPEN [ jal, j a)(L ,+L 3)

whereZopey is theZ-parameter of the OPEN test structures,oér is theZ-parameter

matrix of the SHORT test structures.

Cal. plane after
de-embedding C

Figure 2.17: The SHORT test structure and its equivalent dircu

The deembedding steps are depicted in Figure ZEit8tly, transform the measured
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Sparameters of the DUT t¥-parametersyrora, because & matrix represents a
structure of components. A simple subtraction wdéembed the parallel parasitic

components.

Ydeembed paraIIeI: Y TOTAL Yparallt (246)

Now, the “outer” parasitic components are the thnelictors, which are in series with
the DUT. As series parasitics can be easily eliteithdy subtracting 2 matrix, the pure

Z-parameters of the DUZ,,. can be obtained by

z z (2.47)

pure — Zdeembed parallel serie

Finally, theseZ-parameters 4, are transformed back int&parameters which

describe the performance of the “inner” DUT.

buT

(e, 0

Figure 2.18: Stripping off the parasitic components givespgbheormance of the DUT.

2.5 Summary

The background knowledge about spiral inductors &MASFETs and two-port
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measurement techniques used in the work is desciib¢his chapter. The commonly
used inductor configuration is discussed. The kelycators for inductor characterization
are introduced, including inductance, quality fac&RF, and resistance. Then, the loss
mechanisms for spiral inductors implemented on l@osi substrate are discussed,
including metal loss and substrate induced losSdse approaches for inductor
modelling are categorized into three groups: nucaériechniques, segmented circuit
models and compact models. The pros and cons ek thedelling techniques are
provided. The popular modelling approaches forRReMOSFET are discussed, as well
as the commercially available MOSFET model coremally, the measurement,

calibration and de-embedding techniques used iwtrk are described in detail.
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3.1 Introduction

As a critical passive component, on-chip spiraluctdrs have been widely used in
CMOS RFIC design such as in RF amplifiers, VCOsxems, filters and impedance
matching circuits [1]-[5]. Therefore, an accuratpiigalent circuit based model suitable
for building a scalable spiral inductor library isssential for reliable circuit
implementation and design optimization. Consideraldsearch work on modelling
on-chip spiral inductors has been published innegears [6]-[19]. These methods are
generally categorized into two types: numerical armmpact circuit modelling
techniques. Numerical techniques are generally cbaze EM field solvers and
consequently, are time consuming. Hence, Spicedgbammpact models (e.g. equivalent

circuit models) are preferred by the IC designers.

Most of the efforts into the development of equivalcircuit models for spiral inductors
in the past years were focused on different tope®gsuch as the d-model [6]-[13],

2-t model [14]-[17], T-model [18], [19]) for accurapeediction of the characteristics of
spiral inductors over a wide frequency range, floaracterization of parasitic effects
(skin and proximity and the capacitive and induetooupling in the substrate), and on
model parameter extraction methods (such as thesureth data based analytic
parameter extraction techniques, physical equdtamsed model parameter extraction
methods). Scalable models with scaling rules whielm be used to describe the

behaviour of spiral inductors over a complete gagoymange are rarely presented.

In general, a scalable modelling procedure for @holts manufactured in a specified
manufacture process is as follows — firstly, par@mseare extracted for devices of
various dimensions and secondly, a function igditto each parameter variation with
the geometry. For scalable fitting, a unique patamextraction solution and physically
meaningful scaling expressions for each paramateroé the utmost importance to
ensure the accuracy of the extracted scalable médrbng the reported parameter

extraction approaches are the numerical optimigatiethod, the analytic [11]-[12],
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[16]-[18] and physical based [10], [13], [19] mogarameter extraction techniques. The
numerical optimization method is difficult to remdscalable because the optimized
parameters are not always unique. The availabilitan analytic parameter extraction
technique is strongly dependent on the complexitthe equivalent circuit used, e.g.
whether every parameter can be directly determineth measurements or not. The
errors introduced by the assumptions used to siynglle parameter extraction at high
frequencies tend to hinder the scalability of thedeis. On the contrary, physics-based
model parameter extraction methods are expectdoktonique, benefiting from the

strictly defined calculation method based on tlyela and process parameters.

In this Chapter, the recent compact models proptmeRF CMOS spiral inductors are
reviewed and extensively investigated in Sectid Bhe key features of these models,
including 1s models, 2& models and T-models are analyzed in detail. Byact
implementation of each model's parameter extractimmtedure, the pros and cons of
equivalent circuit topologies, parameter extractienohniques and fitting capacity of
models are analyzed and compared by using devieesifiactured on a standard 0.18

um RF CMOS process.

2-t models have been widely employed in model libtanilding to achieve wideband
accuracy. However, an acceptable method for fornaingcalable model for on-chip
spiral inductors is still lacking. A physics-basgd equivalent circuit model suitable for
on-chip spiral inductors is proposed in Section BI8 major parasitic effects, including
the skin effect, the proximity effect, the verti@ald lateral high frequency losses in the
substrate and the distributed effect are analyyicalculated with layout and process
parameters. By using the complex effective thicknafsthe substrate for eddy currents
flowing in the substrate, novel equations of thghhirequency lateral substrate losses
are proposed. A series of asymmetric, axially sytmmand centrally symmetric spiral
inductors with different geometries are fabricabeda standard 0.18n SiGe BICMOS
process with 100 ohm/cm substrate resistivity tofweéhe model. Excellent agreement

has been obtained between the measured resulthammoposed model over a wide
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frequency range. Finally, a summary is given inti8ac3.4.

3.2 Overview of Spiral Inductor Models

Inductors have frequency-dependent behaviour cadse@xample, by the conductive
substrate (eddy currents, capacitive coupling), landkin and proximity effects. All of
these frequency-dependent effects account for ¢égeadation of the quality fact@).
This requires the elemental R-L-G-C model to be aexded to capture the
frequency-dependence of the series and shunt canpor{20]. In addition, the
measureds-parameters also indicate the distributed naturmetial windings and their
capacitive coupling. In the past, onlyt2models were considered to be adequate for

modelling distributed effects [14], [16], [17].

Table 3.1: Comparison of the key features of spiral inductmdels. (4 for taken into
account, “x” for not taken into account)

. Analytically . .
Previous Topolo Element extracted Skin  Proximity
models pology number clements effect effect
[7] 1n 9 9 d x
[8] 1n 12 12 \ \
[11] 1 12 11 \ \
[12] 1 14 3 \ \
[15] 2-m 20 20 \ \
[17] 2-m 23 23 \ \
[18] T 13 13 x x
[19] T 10 8 N, x
L R, :"Up'p'e};aéc'iFs'u&":
LSO &0 °© | | °
O Y'Y Y AN o) —_— e -
J‘C F% b J=C ] Lower subcircuit !
ox1|4Wt‘_| OX2 o—H ZSI I Zzl Z |
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S ali=l | Z]
CRSilg:SilT Csub RE,iZTCS$2 o | ZS 4 i .
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Figure 3.1: (a) Equivalent circuit schematic ofdlmodel [6] and [8]. (b) The lateral
partition presented by [8].
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Figure 3.2: Partition of the substrate coupling capacitamte iwo equal capacitances in
the substrate branch proposed in [11].

Former parameter extraction techniques, such aethased on electromagnetic (EM)
calculations [21], are normally estimated solutiangl much optimizing work still needs
to be done. Measurement-based parameter extraetitniques provide an alternative
solution. Mathematical techniques for curve fitfirguch as the genetic algorithm,
particle swarm optimization, artificial neural netk (ANN) and a vector fitting
procedure, turn out to be resource and time comgynaind the extracted results often
have poor physical meaning. Analytical extractiechiniques based on network analysis,
are much more efficient and capable of providingysudal aspects of the inductor
behaviour. In these analytical approaches, appatidms that are valid at relatively low
or high frequencies are usually utilized to decoseptihe complicated circuit model into
several sub-circuits. The elements are then egillastep by step from the simplified
sub-circuits. Thus, the selection of a valid freguerange for proper network partition

is critical for extraction. The key features oftgignodels are listed in Table 3.1.
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A.1-mr Mode

Figure 3.1 depicts the A-model in [6] and [8].Ls; and Rypare used to model series
inductance and resistance. Th&® ladder series branch formed by andR;in parallel
with Ry is used to capture the increase in the seriesta@se due to both skin and
proximity effects at high frequencg.,, Cs and Ry represent the oxide capacitance,
substrate capacitance and resistance to grourmkategely. The parallel networRs,,

andCg,, is used to model the lateral substrate couplingremthe spiral metal lines.

Ref. [8] proposed a novel method to determine thguency bands quantitatively. The
enhanced model was treated as a parallel comhinafioipper and lower sub-circuits.
This lateral partition of the topology made it fides to extractls, Rso, Lsi and Rs;
directly from measuredy-parameters at low frequencies. Thely,, and C,, are
evaluated in an intermediate frequency range byoapatingCyy, as behaving like an
open circuit. TherCgjy, Csiz, Reit, Rsizy Rsup @and Cgyp are extracted from the slopes of the
linear regression of related experimental functivessusw at higher frequencies [8].
Due to the exact frequency band determination ag@ksanable circuit topology
approximation, the parameter extraction procedurg8] has proven to be of high
accuracy. As shown in Table 3.2, the deviation @ftimean-squareRMS errors
between extracted and optimized effective serigstance ESR, L andQ of [8] is
much smaller than in the case of [6] (In this SBGESR L andQ are calculated by the
following equations,ESR = Re(-1X2;), L = Im(1/N)/w, and Q = -Im(Yi)/Re(Y11)
respectively). Note that the optimiz&MS errors of [6] and [8] are almost the same.

The reason is that they employed the same ciroottei
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S21_Block 1

S21_Block 2

Figure 3.3: Comparison of simulate&parameters between the two networks in the
dashed line blocks in Figure 3.2.

= Coxi Ik = Cox2
Lol

% L % L
RSil CSil RSi2 CSi2
o 1 1,

Figure 3.4: Equivalent circuit model of an inductor in [9].
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Figure 3.5: Asymmetric 2z equivalent circuit proposed in [15].

Table 3.2 Comparison of resistancB)( inductancel) and quality factor@) RMS (%)
deviation employing parameter-extraction procedma Ref. [6] and [8], respectively

Fabrication Parametey [6]
R N ESR L Q
Ext. Opt. Ext. Opt. Ext. Opt.
30 2.5 245 656/ 304 7.09 250 8.01
30 3.5 26.1 867, 282 10.83 305 6.55
30 4.5 30.2 135/ 328 556 425 7.33
30 55 347 116| 452 728 343 127
30 6.5 33.8 138/ 429 996 39.7 118
(8]

30 2.5 21.7 750 187 6.9 153 7.16
30 3.5 268 11.7] 153 95 142 7.73
30 4.5 199 104/ 134 49 10.4 5.07
30 55 28.7 111 225 6.5 175 9.90
30 6.5 29.3 147} 235 8.0 158 10.2

In Figure 3.1, the coupling is dominated Ry, at low frequencies and W, at high
frequencies. It is reasonable to elimin&g,at high-frequency measurements. During
the parameter extraction process, we found thaeximaction technique that partitions
Csc into two equalCsd2 segments proposed by [11] is inappropriate. &dfy this,
two-port Sparameters of the two circuits in dashed line kdoo Figure 3.2 have been
simulated. According to the results shown in FigBu® the small-signal characteristics
are quite different. In fact, our extractions wittis technique gave a minus value for
Csub for all of the fabricated inductors. In view ofetlprevious discussion, it is observed

that the lateral partition presented by [8] is Hdyesolution, as depicted in Figure 3.1(b).
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The model in Ref. [9] considers the lossy substaata current sheet and utilizeslag,
and Ry, series branch to model lateral substrate coupisgshown in Figure 3.4. This
plays a similar role to the central grounded braffblock 3 in Figure 3.5) and

consequently, has the capability to moe8&Rcorrectly.

Ry2 /21

[mes
b CI:I:!I. .-
J_T A J_T
% | R,
Mic-branch® =

Figure3.6: Symmetric 2& equivalent circuit proposed in [17].

Rp
AN
1
1
L Cr R,
o YY) A o
:|: Coxi :|: Cox2
R loss Lsub
Rsub Csub

Figure 3.7: Equivalent circuit schematic of T-model [19].

B. 2-r Model

The high accuracy of 2-models which are extended frorwImodels has long been
emphasized. By adding a central grounded bra@eR-C oxide-substrate three-element
sub-circuit, see Block 3 in Figure 3.5), the dmited nature of spiral inductors can be

well modeled [16].

Figure 3.5 presented an asymmetria #iodel [15], to deal with the non-symmetric
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inductor layouts which are the standard offerimgrfrmost CMOS foundries. The skin
and proximity effects are still captured by theetirelemenLR ladder series branch

(Block 1 in Figure 3.5).

Another symmetric 2= model is reported by [17]. As shown in Figure 3a6mutual
inductancel, is introduced to capture the inductive couplingpbag metal lines, which
Is cross coupled between the two series ladderanksaThe lateral substrate coupling is
modeled byC. andRs. All element values can be analytically calculabeded on the
inductor layout parameters (i.e. geometric pararpetelowever, this analytical
calculation is only an initial value evaluation, ialin may deviate largely from the final

value after the necessary optimization.

Since there is one more node in the circuit moogblogy of a 2= model than in a -

model, a singular point exists in complex frequedognain in the Ze model.

C. T-Model

The T-model was first proposed by Horetgal. in [18] and was extensively improved by
Guoet al. [19]. The physical reasoning that underlies thalehds that the distributed
spiral inductor can be viewed as a transmissior livhich can be modeled by a
T-topology lumped element network [22]. Ref. [2@shpresented a scalable model for
millimeter-wave inductors and transmission lines @MOS designs. The parameter
extraction technique proposed in [18] requiresftbguency locations that correspond to
zeros and poles of two measur¥eparameter functions. However, we found that
according to measured data, most of the inductorsad present these zeros and poles

even with frequencies up to 40 GHz. Thus, the @isleeoextraction technique is limited.

Figure 3.7 shows the model proposed in [19]. Thalehdas composed of tw&RLC
networks to account for spiral coils, a lossy stdiet and their mutual interaction. All of
the elements are constants independent of frequamdycan be expressed in a closed
form derived from circuit analysis. By introducifg which accounts for the spiral coil’s

conductor loss originating from the lossy substratarn path, the quality fact@ can
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be precisely described around the peak area.

Table 3.3: Comparison of inductancé)(and quality factor@) RMS (%) deviation for
fabricated inductors with different geometries

Name Fabrication [7] [8] [11] [12]

Parameter 1ln 1xn 1n 1n

R N L Q| L QL Q] L Q

(Radius) (Turns)

DO 30 2.5 153 22.96.91 7.16| 7.53 8.15|6.21 5.52
D1 30 3.5 16.5 21.839.51 7.73|12.4 11.9| 10.5 8.32
D2 30 4.5 248 30.94.90 5.07| 154 14.1|15.2 9.69
D3 30 5.5 26.5 33.26.55 9.90| 11.2 10.5] 115 13.2
D4 30 6.5 30.1 35.28.09 10.2|15.2 17.1]10.2 125
D5 60 2.5 12.8 23.56.07 5.35|5.02 6.58|8.33 7.51
D6 60 3.5 17.9 25.Y5.63 7.32|9.09 10.2|6.72 9.57
D7 60 4.5 276 34.16.58 6.46| 145 16.8|13.7 15.3
D8 60 5.5 235 29.614.3 8.69| 159 15.2|16.7 19.8
D9 60 6.5 35.1 39.213.2 12.8|17.3 19.5|18.5 26.6

Continued Table 3.3: Comparison of inductancéd.)(and quality factor@) RMS (%)
deviation for fabricated inductors with differergagnetries

L [15] [17] [19]
Name| Fabrication Parameter
2 2-1 T
R N L Q L Q L Q
(Radius) (Turns)
DO 30 2.5 3.64 5.25|8.54 7.03|10.2 8.31
D1 30 3.5 4.38 6.33| 10.5 9.56| 14.1 11.3
D2 30 4.5 5.02 4.11| 8.65 10.3| 15.3 12.4
D3 30 55 7.21 551|142 17.1|17.2 16.5
D4 30 6.5 9.02 9.33| 16.9 19.0| 20.1 18.2
D5 60 2.5 9.57 8.31| 10.0 12.5|13.3 16.1
D6 60 3.5 18.9 23.0| 14.3 10.7| 15.8 16.2
D7 60 4.5 175 24.1| 16.6 19.7|19.1 214
D8 60 55 30.1 29.7| 28,5 25.8| 254 25.1
D9 60 6.5 31.4 32.7| 35.4 37.3|24.7 29.5
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Figure 3.8: Comparisons of measured (R =;38) and simulate® (a), L (b), ESR(c),
andH(s) (d and e) by I model [8], 2z model [15] and T-model [19].

For the verification and comparison of the analymeadels, test structures of circle
spiral inductors with various geometrical configioas were fabricated using
Semiconductor Manufacturing International CorpamatiSMIC) 0.18&m 1P6M RF
CMOS technology. In this process, the inductor’adimgs are made of M6 (Metal level
6). In this work, 10 spiral inductors were inveatigd. Two-portS-parameters up to
40GHz were measured by the GSG PAD using an Agde8863B Network Analyzer
and a CASCADE Summit probe station. The layout ipatars are outlined in Table 3.3.
For clarity, results for DO, D2, D4, D5, D7 and B9 well as the simulated results from

the models in [8], [15], and [19] are presente#igure 3.8 and Figure 3.9.
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The RMS(%) errors in the inductance and the quality faébo the fabricated inductors
with different geometries are listed in Table 3t3an be observed that the accuracy of
2-t models is relatively higher than the others. Nb&t theRMSerrors of the D8 and
D9 inductors simulated by [15] and [17] are mucghler than the previous ones. This
results from the singularity in the2models [12]. As D8 and D9 have relatively more
turns than the other measured inductors, theirtrel@agnetic mechanisms are
consequently more complicated. This may introducgingularity to their measured

Sparameters through electromagnetic coupling.

Figure 3.8 (a) and (b) demonstrate that all of thiee models can give an exact
description in the low frequency range, while foductors withR = 60xm, the quality
factors simulated by the 4.{8] and the 2t [15] cannot match the measured results at
high frequencies. The T-model in [19] can stillléa¥ closely with the measured results

but fails to catch the hump above BRF

Figure 3.8 (c) and Figure 3.9 (c) show that altief three models have the potential to
model the frequency-dependeBER whereas the %- model and 2 model exhibit

much better fitting capacity. However, while ther Znodel has a high accuracy, its
number of parameters is nearly double that of thenfodel and T-model. These are the

better solutions if efficiency and accuracy neetlédaken into account simultaneously.
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Figure 3.9: Comparisons of measure® £ 6Qum) and simulated@ (a), L (b), ESR (c),
and H(s) (d and e) byd-maodel [8], 2z model [15] and T-model [19].

Figure 3.10 depicts th&parameter results of the three models for the Bd B9
inductors. These are more difficult to fit than the other inductors. Therefore, it is

better to use them to examine the fitting capaafithhese models.

The magnitude and phase of the transfer functiershown in Figure 3.8 (d), Figure 3.8
(e), Figure 3.9 (d) and Figure 3.9 (e), respegtividbte that the measured magnitudes of
inductors with larger geometries may form anottmealter peak above the frequency of
the main peak. Only the 2-model can generate a second peak. In view of these
phenomena, the 2.model may actually be the best one to model thysipal nature of

spiral inductors among the three types of models.
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3.3 Physics-Based 2-1 RF CMOS Spiral M odelling

3.3.1 Model and Model Parameter Extraction M ethod

A. Mode Sructure

The proposed spiral inductor model has a hieraatisitucture, which is similar to that

of standard transistor models such as BSIM3v3.2 R8B. A strict separation of the

geometry scaling in the global model and the madplations in the local model is

introduced. Consequently, the model can be useddttsgr one of the two levels. The

described model structure is schematically depigteBigure 3.11. Figure 3.12 shows

the structures of on-chip spiral inductors fabeckin this work.
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Figure 3.11: Simplified schematic overview of the proposed eild hierarchical
structure.
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Figure 3.12: Structures of on-chip spiral inductors. (a) Crssstion view of an on-chip
spiral inductor. (b) Top view of a single-end ogalar inductor. As seen from the Fig.
3.12 (a), an inductor with a given shape can bepbetely specified by the number of
turnsN, the spiral turn widttWs the under-pass widt,, the turn spacing and any
one of the following: the inner diametey, or the outer diametdd,,.

Figure 3.13: Proposed doubletJequivalent circuit model for asymmetric spiral
inductors.

B. Model topology

The topology of the proposedr2equivalent circuit model is shown in Figure 3.18.
the circuit,Lg; and R (i=1, 2) are the DC inductance and resistance, régplc The
Lesi - Rej (i = 1, 2;) = 1, 2, 3) ladders with the mutual inductaniks, M1 andM iz, (i

=1, 2) are used to capture the skin and proxiefitgcts.C, is the forward capacitance,
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which includes the overlap capacitar@g, and the coupling capacitanCa,, between

the neighboring turn<C,; (i = 1, 2;j = 1, 2) represents the oxide-capacitance between
the inductor and the substrate [28,; andCgy (i = 1, 2;j = 1, 2) are the vertical
substrate resistance and capacitance of the sihstrapectivelyRqsgandLisg (i = 1, 2)

are introduced to represent the lateral resisthatinductive losses caused by the eddy
current in the substrate.

top pass Cum

A 213

; v A A A
_---/-~\ N \ R . /|
\ N \ 4% - ’
\

4

Cumsr

Oxide L ayer

Figure 3.14: Simplified schematic overview of the capacitivargsitics in an
asymmetric spiral inductor. The fringing capaciesare considered.

C. Model Parameter Set and Model Features

The definition of the physical geometry parametezsded in the model is described in
this section. As accurate values of the layout pratess parameters are difficult to
obtain, a set of model parameters is introducedotoect the errors caused by using
these given inaccurate layout and process parasnatehe local level. For one specific
instance of an inductor, a local parameter settesrmally generated using the relevant

geometric (as given in Table 3.4) and process patens (as given in Table 3.5).

Since most of these local parameters scale witlngey, all inductors of a particular

process can be described by a set of paramet#ex] tiee global parameter set. A set of
scaling rules relates the local and global paransge By applying the set of scaling
rules, a local parameter set can be obtained frgiolal parameter set. An overview of
the local and global parameters in the model iemgim the first and second column of

Table 3.6.
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Table 3.4: Physical geometry parameters

Name Unit Default Description
Din/Dout pum 60 Inner/Outer diameter
Ws pm 10 Width of spiral turn
Wy pm 10 Width of underpass
N / 2.5 Number of turns
S pm 2 Turns spacing

Table 3.5: Process parameters

Name Unit  Default Description

Rrp Oohm/, 0.015 Sheet resistance of spiral

Trp pm 2.9 Thickness of spiral

Rup Oohm/, 0.028 Sheet resistance of underpass

Tup pm 0.85 Thickness of underpass

Cwu UF/n? 34.2 Spiral to underpass capacitance
Cwur pF/m 21 Spiral to underpass fringing capacitance
Cum pF/m 89.8 Spiral turn to turn capacitance

Cus uF/m2 4.307 Spiral to substrate capacitance
Cuise pF/m 3.91 Spiral to substrate fringing capacitance

metal windings to substrate fringing

C F/m 2.3 . .
umse P capacitance for embedded lines

Cus uF/m2 5.357 Underpass to substrate capacitance
Cuse pF/m 6.25  Underpass to substrate fringing capamitan
Tsue pm 700 Substrate thickness

Rsue Q-cm 100 Substrate resistivity

Tox pm 6.664 Oxide layer thickness

In the next sub-section, all of the initial valle@ghe components in the topology shown
in Figure 3.13 are calculated by the above parasietehich also bring many

advantages to the model. 1) The use of processmpéees provides the basis for
building a direct process-tolerances-based staistnodel. The deviations in the
behaviour of actual manufactured spiral inductessilts primarily from the deviation of

the process parameters. 2) All of the elementdhénrhodel are calculated using the
process parameters, physical design parameterghgsital behavior so as to avoid the
inaccuracy introduced by the analytical extractgdgorithm. Therefore, more reliable

values for the model parameters are obtained. roigides the basis for building more
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simplified scalable models. More simplified scatabiodels mean fewer model
parameters and a much easier extraction processs c@n greatly reduce the time for
building models and model libraries. In additiohe ttwo-pi models have a higher
broad-band accuracy and exhibit closer behavitiheaeal physical mechanisms of the
device when compared to single-pi, and T-topolagi€khis is the reason for the choice

of the 2-pi topology in our study.

D. Model Equationsfor Local Level

Physics-based equations are carefully investigatetl employed for the local model
determination in this section. The set of localapagters as given in the first column of
Table 3.6 are used to correct the errors introdigethe using the inaccurate values of
the geometric and process parameters for deteriminaf the model elements in this

work.

Figure 3.14 shows the simplified schematic overvadwhe capacitive parasitics in an
asymmetric spiral inductor. The fringing capaciesicare considered. The model

equations for all of the elements shown in Figude are given as follows:

1) Skin and Proximity Effects: L, Rsijand Mutual Inductances, M, M i3, and

Miz, (I=1, 2, j=1, 2, 3)

With increasing frequency, the skin effect cauaasent crowding towards the surface
of the conductor. The current density decreasew fitte surface to the center of the
conductor. If the cross-section of the conductorp#titioned into many smaller

subsections (in this work, three subsections aesl)ughe current distribution in each
subsection can be taken as uniform [20]. A simgddifpartitioning and modelling method
as seen in Figure 3.15 is used to accurately aapier skin and proximity effects. The
thickness and width for the partitioned three satises of a metal line with a thickness
T, width W, and lengthl, are defined asys hy,s and hys, and wys, Wos and wag,

respectively.
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At the frequencyf.x (the interest modeled frequency, normally set ® liighest test
frequency, 20 GHz is used in this work), the skaptth of metal winding linejna.xcan

be calculated as:

Jmax = ! (31)
mf uo,

max

where,u ando, are the permeability and conductivity of metaklimespectivelyoy, is

defined as:

0,=(RT,)" (3.2)

whereR, is the metal sheet resistivity.

In this work, experimental relationships betwérn(j=1,2,3) and®n.«defined as (3.3) -
(3.5) are used to determine the thickness$es If,s and hyg) of the three subsections,

respectively:

h, =9,./3 (3.3)
h,, =29,,./3 (3.4)
h, =T,-20,., (3.5)

Onceh,g, hys andhssare known, the width of the three subsectionsterretal line can

be calculated as follows:

W, =2(W + T, -2h,) (3.6)
WZS :2(Vvi+-ll—1_4|?s_2ras) (37)
WSS =Vvi _25max (38)
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By using the DC resistance and self-inductanceutation method [26] for rectangular
conductors, the six equivalent circuit model parmgeas shown in the upper-right hand

corner in Figure 3.1% Ros, Rss L1s, Los @andLss can be determined as follows:

J_S:i le ,j=1,2,3 (3.9
am hjsts
'09[ 2|+eh ] 3.10
W, )
L,=2l, jo ™ e 107,j =12 (3.10)
w. + h
+0.50049+ !

The mutual inductancéds,, Ms,3andMs,s can be calculated as follows:

| Ie Ie2
In| ——+ [1+ 5
gqus ngZS

_ jppomds” , gmd.
|82 IE

1o’ (3.11)

1o’ (3.12)

2
.n( b e iﬁw}
M =2l (O b 9MGs (3.13)
_ e 9mds” | gmd,,
|€‘2 |e

whererad,, rad;s andradss are defined as the equivalent radii of the thrdesections,

gmdys, gmds, andgmdss are the geometric mean distances between the plamre,

which can be calculated as follows:

rad,, = 0.2235W, + T,) /0.778! (3.14)
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rad,, = 0.2235W + T, - 4h,) /0.778 (3.15)

rad,, =0.223§ W + T, - 4 h.+ h.)] /0.778 (3.16)

rad; 2 Ih(rad, ;) - rad, 2(In( rad, 20 5}

_ i rad; 2 -rad, 2
gm qu -

(3.17)
iradISZ Uh('aduz)‘ rad{ﬂh( rads ) _0'5}

gmqas - rad; ;" —radsg (318)
iradzgﬂh(radzz)— radsszt[h( rad35)—0.5}

gmd235 - rad,¢” —radsg (319)

So following this approach, the metal segments usedspiral inductor can be divided
into three segments: the spiral, which has thetkengl,, the feed line, which has the

length ofly, and the underpass, which has the lenglh,ofespectively. In this work, the
_>I :<_
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5max _T: Vvi :<___
Yoy v T
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Figure 3.15: Schematic of the skin effect modelling.

width of feed line equals to that of the metal vinedlines.R,, Ty, W, andl.are replaced
with Rrp, Ttp, Wy, lotar (the total length of the spiralpr the spiral and withR,p, Tup, Wy,
lip, for the underpass.gpj Repiy Misz, M iz, and Mgs, (=1, 2; j=1, 2, 3) can be

determined by using (3.1) — (3.19), respectivedyfadlows:
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R, :%rspw"(RWﬁ R,).(1=1,2 j=1,2,3) (3.20)
L., :%gpcm,(Lwﬁ L,).(=12 =123 (3.21)
M., =%(MW12+Mu12),(i =1,2) (3.22)
M. =%(MW13+MU13),(i =1,2) (3.23)
Moo =5 (MM, ), (1 =12 (3.24)

where rgpcor and lspeor are local model parameterR,; and R, represent the DC
resistances of the metal winding lines and the upéss, respectively.,; andL,; are
the self-inductances of spiral and underpass, ot8p8/. My12, My1z, Myzzand My,
Muis, My2s represent the mutual inductances of the metal imindines and the

under-pass, respectively. For the layout giveniguie 3.12 (b)lwaCan be calculated as

+2 (3.25)

The proximity effect may be considered simultangousy introducing the mutual
inductancesMii, M 13 and M3, between the three different inductandgg; (i=1,2;
j=1,2,3). These are calculated with the mutual fa@ehts Kj1,, Kiiz, andKjs, (i=1, 2)

whichare calculated by an empirical method.

Mi12 ,099 j: 1,2 (326)

K., =min
i12 { L L

spi2™— spil

K., =min| - 099|j= 1,2 (3.27)
\/LspiS spil
Kins = min[L,O.% i=1,:2 (3.28)

\/ L spi3™ spi2
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Table 3.6: Model parameter set and the geometry scalingsrudetotal of 17 local
parameters and 68 global model parameters are fesealsymmetric on-chip spiral
inductors.

Local
Parametel Global Geometry Scaling for Delf al;JItIValues clf the
Set Parameter Set Local Parameter Set global parameters
IspL Isp2y Isp?,, _ TR 07945, '09205, 06433,
Ispcorr speorr = sall p""N "D "
|3p4 0.3471
I'sp1 Fspar F'spa L 0.0218, -1.368, -0.1977,
I'spcorr spoorr = Pl "N 7D
I'spa 0.0967
N 1.438, -0.9049, -1.299,
Cpcorr Cp11 Cle Cp31 Cp4 peor = G Ny N O 0.1428
Coxi1, Coxi2 0.005237, -0.5084,
aaaaaa 11~ C 11hc;3mz NFos Ducnm W
Cocortl e Cos -0.3639, 0.215, -0.562
Cox121 Cox122 0.2437, -0.2584,
COXCO”].Z COX123 C0X124 Coxcorr 12 = C xlzihcsw Nfouze Dz W '07202, 005421,
Cox125 -0.05775
Cox21 Cox22 0.001061, 0.1896,
Coxcorr22 Cox23 Cox24 Concorzz = Copr522 N2 Dot Wkore -0.3967, 0.1706,
Cox2s -0.6638
Csub1s Csubia . 15.74, 0.4367, -0.6414,
Csubcorr11 Coubcornt = Coutgsly™ N> DI
Csub13 Csub14 0.2686
Csub122 Csubi2a . 0.003289, 1.031, -1.298,
Csubcorr12 Coubcornz = Counarllp? Nz Diusae
Csub123 Csub124 -0.8483
Csub2t Csub2a . 9.295, 0.7762, -0.8756,
Csbucorr22 Coupcorzz = CoutgaN3? N2 Dfsoee
Csub23 Csub24 0.1861
I'sub1n I'sub1a , 32.76, -0.5752, 1.71,
I'subcorr11 Tsubcoras = Foun 1 5N %D
I'sub13 I'sub14 0.7687
l'sub12a I'sub122 ) 12.69,-0.8495, 0.3311,
I'subcorr12 Toubcornz = Fsusof 57N =D s
I'sub123 l'sub124 0.3437
I'sub2s I'sub23 ) 5.058, 0.4124, 1.715,
I'sbucorr22 Tsubcorzz = Fsup) 522N "D e
I'sub23 I'sub24 0.5148
lo11, No12, Mo13s ] 4.23, -0.036, 0.35,
lNosscorr1 Nosscora. = Va1 2N 22D
lo14 0.08537
lo21s MNo22s MNo23s ] 4.36, -0.03455, 0.3547,
lNosscorr2 Nosscorz = Moz 572N "D
Mo24 0.089
lio11, lio12s lioa3, . 1.737,-0.4737, 0.262,
llosscorr1 Dosscorn. =l 52N Do
lio14 0.1918
lio21, lio22, lio23, . 1.642, -0.4776, 0.256,
liosscorr2 losscorz = 2d1 5 ?N "D
li024 0.1854
M e Vdear Mz , 1.474, -0.2628, -0.1162,
Idccorr Taccorr = aa 5*N"*D
Idca 0.03109

76



0.2788, 0.2942,
IdCll IdCZl IdC3l

Idccorr | laccor zlddhlgczN‘mD":“ -003423, -01537
dc4

2) DC Inductance and Resistance: L4 and Ry, (i=1, 2)

The DC resistancBy. of a spiral inductor can be calculated as

| |
R, = R -2+ R, -tol (3.29)
DWU P WS

The distributed DC inductandg,. of a spiral inductor can be calculated using [26]
follows:

Lae = BDoW di N7 * S (3.30)
wherea, (i = 1, 2, 3, 4, 5) an@ are layout dependent coefficients. For octagonal
inductors,a; (i = 1, 2, 3, 4, 5) an@ are -1.21, -0.163, 2.43, 1.75, -0.149 and 1.33x10
respectively. The average diamedgy is defined as

d =

avg

(Din+ Dout) (331)

N

As the partition method used in (3.3)-(3.5) for mlialy the skin and proximity effects is
experiential, this method causes differences betwte total resistance of the
resistance,, (i=1, 2;j=1, 2, 3) and the DC resistance calculated by uSrp), the
total inductance of the inductancks,;, (i=1, 2; j=1, 2, 3) and the DC inductance
calculated by using (3.30) directly;; andR; are introduced to account for thig and

R,; are calculated as
=2 i = 3.32
Li==M Ly, i=12 (3.32)
2
R-=%MRRdC,i:1.2 (3.33)

where

77



M, =1-2 Rt/ / Ropa ! | Rigs =1-2 Rop1 Ropz R (3.34)
Ric Ric (Rosz Ras* R Ruat Rar Ry)
M . - 1_ 2 Lspll / /Lsp12//L spL3 - 1_ 2 LspllLsplzL spL3 (335)
de de ( LsplZL si3 +L s;11|- s;13+ L snl- snz)

3) Overlap and Coupling Capacitance: C,= Cym+ Chy

C, represents the forward capacitance, which incltdesoverlap capacitancg,, and
the coupling capacitandg,,, between the neighboring segments. A simplifieceswdtic
overview of the capacitive parasitics in an asymimedpiral inductor is illustrated in
Figure 3.14. Considering the parallel-plate capacié and the fringing capacitance
from spiral turn to under pass, the overlap capacg including the fringing effect can

be calculated as follows
Cmu = Cpcorr[WU N( CNIU V\é+ 2 C‘!\VIUF):I (336)
The coupling capacitance between the neighborimgtis calculated as

C..=C...Cuyl (3.37)

mm ~ “~ pcorr ~ MM 'sp

where,Cycor is @ local model parametéy, is the length of turn spacing.

4) Metal-oxide Capacitance: Coy

The metal-oxide capacitanc€sui, Coxiz, Coxe1 andCoyor are defined as

1 .
Coxlj = Coxcorrlj |:E( Cmsp+ Cmsf) + C mup+ C mu£| 1 ]: 11 2 (338)
1 .
Conj = E Coxcorij (Cmsp+ Cmsf) ’ ] = 11 2 (339)

whereC,s,and Crst represent the parallel-plate capacitance andrihgirig capacitance
from the top pass to substrate, respectiv€ly,, and C,, are the parallel-plate

capacitance and the fringing capacitance from tideupass to substrate, respectively.
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Cnsp Cmsi, CmupandCrrare defined as

Cmsp = C MSI totaW (340)
Cmup = CUSI UWU (341)

Cst = 2C gl 1+ 4C od 1ot (C wse~ C MQ(I (3-42)

inne-r'-I out)r
=2I,C (3.43)

where,linner andloyer are the length of the inner and outer spiral tugspectivelyCoxconi

(i=1, 2; j=1, 2) are local model parameter§eori2 = Coxcorr21 IS USed in this work.

5) The Vertical Substrate L oss Model: Rgyj and Caypij

The displacement current loss that resulted froendapacitive coupling effect of the
silicon substrate is highly dependent on the pmcparameters and the working
frequency. For multi-turn inductors, due to theding electric field of the neighboring
metal segments [22], the electric field of the edd=a turns is much smaller than that
of the outer turn, inner turn and the feed lineang&quently, the effective thicknesses of
the substrate relative to the embedded turns amdhtier turn/outer turn/feed lines are
different. The thickness of the substrate relatovéhe embedded turns is much smaller
than the original valufsys A substrate effect factor,is defined here to take this
effect into account. By using the modelling metfadsubstrate capacitive and resistive
coupling effects proposed in [23]-[24], the substreapacitance and conductance of the

embedded turns per unit-length can be calculated as

Con o= Eut /{zlﬂm [8n, +1/(an, g]} (3.44)

70

— sub

Coun.e = in[8h,_.+1/(4n_,)] [“(

110, )] (3.45)
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where gy, Is the conductivity of substrath,  is the ratio of the effective thickness of
the substrate relative to the embedded turns twvithin of spiral turn &, [land & . are
the dielectric constant and the effective dieleatonstant of substrate, respectivetyy,

h, e andé&y ¢ are defined as

asub = (TSUBR SuU - (346)
h e = VeuTsus/Ws (3.47)
1 e -1

gEff_e:E[(gsub-"l)"'ﬁ] (348)

The substrate capacitance and conductance of itiee farn, the outer turn and the feed

lines per unit-length can be calculated as

Cap 0= Eof et (/{zlﬂln [8hr70+ ]7/(4hr0)J} (3.49)

G = Ty, [1+ (1+ 100, )—uz} (3.50)

" infen,_,+1(4n )]

whereh, , is the ratio of the thickness of the substratthé&width of spiral turng o is

the dielectric constant of substrate respectiVglyandé& , are defined as

hr_o = SUB/WS (351)

gsub — 1 (3 52)

1
Eett 0= (gsub+1)+W

The vertical substrate capacitanCgy and resistanc®.;, (=1, 2;j=1, 2) can be

calculated as
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C

Csubij = %[Im (1_ I ratio)C sub_ e+ (l rL ratio+ 2 fd) Csub7 o:| ’ I = 11 21] = 1! 2 (353)
Rsubij = 2 rsubcorrij [l m(l_ l ratio)G sub e+ (l |ln ratio+ 2 f() Gsub7 o:|_l ’ I = 11 21] = 11 2 (354)

Wherevlratio is defined aslra[io = —Ii””er +|°‘“er y Vsub, r'subcorrijand Csubcorrij (i:]-v 2; j:]-v 2) are
I

m

local model parameters. For single or half turnradpinductors, the calculation of

(3.51)-(3.54) can be omitted.

6) The Lateral Substrate Loss Model: Riess and L osg

As the eddy current is generally flowing in theetatl direction in the substrate, and the
impedance caused by the geometric and frequenandept effects is complex, the
eddy current effect can be taken as the major nmesimaof the lateral substrate losses
for spiral inductors manufactured in a specifiedgass. For compact modelling, the
concept of the complex effective height [25] of théstrate is introduced to determine

the lateral resistances and inductanBgs; andL,ss in this work.

The complex effective thickness of the substratetli@ eddy current flowing in the

substrate can be defined as
heff = hox + g(l_ ]) COth[%( 1+ J):| (355)

whereh,, andhg, are the thicknesses of oxide layer and the sildrstrate, respectively.

ois defined as the skin depth of substratig,atwhich can be calculated as

= 1 (3.56)

\V T fmaXILISio-Si

whereu s and g are the permeability and conductivity of the silic substrate,

respectively.

According to the method introduced in [25], the-peit-length series impedance of the

substrate can be calculated as
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L' (w) =f—;Tln {1+ 32[%“)2 {1+ 1+[8’:"] } (3.57)

By using the real and imaginary part of (3.9¥)ssi andLqssiare determined as

Llossi = _I Iossl total% Im [L* (&))] !i = 11 2 (358)

1 . .
Riossi = E rIossiI totaIRe[ L (&))] =12 (359)

wherel,ssi and ressi(i=1, 2) are local model parameters. For compactetfing, the

results oﬂ_*(co) ato=2nfnay 1S Used in this work.

In order to consider the geometric effect on thhengith of the eddy current, mutual
inductancesMy; (i=1, 2;j=1, 2, 3) calculated with the mutual coefficiefs; (i=1, 2;
J=1, 2, 3), betweeh,ss andLgy; (=1, 2;j=1, 2, 3) are introduced into the topology as
shown in Figure 3.13 for capturing this effels; (i=1, 2;j=1, 2, 3) is experientially

defined as follows:

Llossi ’099] J = 1]2; = 1,2’ (360)

K = min [—
\/ L siL spij

Table 3.7: Geometric parameters of asymmetric inductors rf@tured on a standard
0.184m SiGe BICMOS process with 100 Ohm-cm substratstresy. W= W, = W; is
used for these devices. The extracted resultseoflttbal parameter set for these devices
are given as the default values listed in Table 3.6

DUT # W Din (M) N S
(pm) (pm)
D1 80 1.5

D2, D3 120 15,25

D4~D9 200 1.5,25,35,45,55, 6,5
D10, D11 8 240 1.5,6.5
D12~D17 280 1.5,2.5,35,45,55, 6.5
D18, D19 320 1.5,6.5 2
D20, D25 400 1.5,25,35,4.5,55,65
D26, D27 160 15,25
D28~D31 10 200 1.5,2.5,35,4.5
D32, D33 240 1.5,6.5
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D34~D36 15,3565
D37 280 3.5 3
D38 3.5 4
D39~D41 360 15,35,65
D42~D44 400 15,35,65
D45, D46 200 15,35
D47~D51 280 15,25,35,4.5,55
D52, D53 15 320 15,45 5
D54~D56 400 15,4.5,55
D57 20 280 3.5
D58 400 3.5
D59 30 360 3.5

E. Geometry Based Scaling Rules and the Global M odel

The local parameter set can be viewed as a camecfithe model determined from the
local model equations and the employed processgyjanthetric parameters. The global
parameters account for geometric scaling. The oem®pheometry scaling rules
developed for the local parameter set is listedrable 3.6. All of the local model
parameters are considered as a function ofNtH®;, andh,. h, is the hollowness of an

inductor with a specified geometry, which is defirees:

h, = 5‘“ +_VV\\/7 (3.61)
Physical geometry Pr ocess
parameters parameters
Model equations
(L ocal/Glaobal)
I
M easur ed Model Parameter
Data optimization

(Local /Global)

Finish

Figure 3.16: Local/Global model extraction flow.
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Table 3.8: RMSerrors between the simulated and measured indretés), Quality
Factor Q) andS-parameter for the devices listed in table 3.7

Su (%) Stz (%)

real imag real imag

D5 1.675 3.885 2.049 1.991 1.361 4.320
D9 4.771 2.175 3.140 2.899 1.725 4.540
D13 2.268 5.391 2.246 3.076 1.273 4.625
D21 1.761 3.718 0.794 1.638 1.511 1.808
D25 4.604 2.332 2.836 2.612 1.675 5.202
D30 1.557 1.933 0.781 1.425 1.149 1.378
D32 3.270 7.161 0.724 2.417 1.641 2.852
D36 2.546 6.524 3.870 4.126 0.611 5.896
D41 2.108 4.865 3.139 2.725 2.287 3.627
D43 1.826 2.081 2.924 2.991 0.574 5.280
D49 3.967 4.819 3.723 2.941 1.164 3.843
D53 1.469 2.070 0.998 1.238 1.255 2.389
D59 3.515 2.542 0.621 1.267 1.163 1.585

DUT L(%) Q(%)

3.3.2 Model Extraction and Verification

A simplified global/local model extraction flowchas given in Figure 3.16. Once the
process and geometry parameters needed in theicuéB.1)-(3.61) are given (the
required process parameters are generally obtafred the foundry), the local

parameter set given in Table 3.6 can be extractedywan optimization procedure. For
global model parameter determination, a set of oreasents from inductors with

different geometric parameters are required. Is Work, the local model parameters for
the devices with different geometric parametersfisse extracted. The extracted results
are then used to determine the global model pamméy using a simple optimization

procedure.

In order to verify the accuracy of the proposedatia model, a set of 59 asymmetric
octagonal spiral inductors with different geomeparameters fabricated on a standard
0.18um SiGe BiCMOS technology are modelled using thébgllanodel proposed in
the thesis. The geometric parameters of the 59cdsvare outlined in Table 3.7.

Two-port S-parameters were measured and de-embedded (Opkort} r parasitics
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introduced by the GSG PAD using an Agilent E8363Btwork Analyzer and a

CASCADE Summit probe station. The feed lines cotewat the right and left side of

inductors are finally deembedded from test str@stufor model extraction. The model

parameter extraction procedure is executed by ughgdent Integrated Circuit

Characterization and Analysis Program (IC-CAP) devimodeling software. The

Random Optimization Package and HSPICE simulatoplanted in IC-CAP are

employed for the model simulation and optimization.

Measurements are taken of the S-parameters angutliy factor and inductance are

determined. These are compared to the results thherscaled global models. TRMS

errors of theSparameters, quality factoQf and inductancel] for the measured and

simulated results are given in Table 3.8. RMSerror is defined as follows:

n _ 2
RMS_ error= 1000 EZM (3.62)

n

! ( X2 .1 nj
1

where,n is the total number of data points. TRMSerror calculation is executed over

the frequency range from 50 MHz to tBRFof devices.

30

N
o

Quality Factao
=
o

-10

o
i

O 17 77T Pug

E A Global Mode 0O Measure

' '
AN ST S S S S S S T S S S S

5 10 15
Frequency (GH:

@)

I
(=
N—r
s}
e
(&)
g ]
kS 8 o
v N
_407A\ G!Obal rMod%r L ru Mrerarsurer L1
25 0 5 10 15 20 25
Frequency (GH.

(b)

85



1.0i T T
0.8}
4 C
7)) 0.6 -
~ |-
S 04
v4 re oM
ool easure
A Global Mode
00 rr{\rrr'rrrr[\rrr'rrrr
0 5 10 15 20 25
Frequency (GH.
(c)
1.0 g
0.8 O Measure
B A Global Mode
~ 06]:
— ‘ D9
9D o4
§ ozk
Lo
0.0
0.2 PSS S S N S S S S T ST S S S NSO S S S A S S S
0 5 10 15 20
Frequency (GH:
(e)

600 T T T

400
- i
— |
¥, 200k
()
g of
g [ O M
00| - easure
- A Global Mode
_400‘!!!r[\rrr'rrrr'rrrr[rr\r
0 5 10 15 20 25
Frequency (GH.
(d)
200 I T T T T T T
-0
N
—
(92)
~ -200
(0]
o
©
£ -400
600 L
0 5 10 15 20 25
Frequency (GH:

Figure 3.17: Comparison between measured and doublsealable model for
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The measured and simulateg@, L, real(Sy), real(S,), imagSy) and imagS)
characteristics of the asymmetric on-chip inductensh W fixed at 8um, 10um and
15um, Sfixed at 2um while changindD,,: andN, are shown in Figure 3.17 , Figure 3.18
and Figure 3.19, respectively. TR&MSerrors inL between the measured and simulated
data for the inductors are below 5%. The aveRlgerror ofL is 2.291%. For most
of these devices, thRMS errors ofQ are below 5%, and the average errorQofs
3.511%. The averagBMS errors of the real and imaginary parts Sf and S;, are
2.339%, 2.387%, 3.429% and 2.516%, respectivelg @kcellent agreement between
the measured and simulated results verified andatald the accuracy of the proposed
on-chip spiral inductor modelling technique. Theweacy of the proposed scalable rules
are verified by the excellent agreement betweeregtected data and the results from

the scaled models of inductors with typical geomastras shown in Figure 3.20.
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Figure 3.20 (a) to (r): Scalable and extracted data of theghpdrameters.

3.4 Summary

In this chapter, the modelling approaches for RFAEvkpiral inductors are extensively
investigated. Comparisons have been made throughalagnplementation of each

model's parameter extraction procedure. The ketufea of the models are analyzed.
The pros and cons of equivalent circuit topologmsameter extraction techniques and
fitting capacity of models are summarized. The pegs are verified by measurement

of theSparameters of 10 fabricated CMOS spiral induct@rsou40 GHz.

An industry-oriented fully scalable compact circaibdel for on-chip spiral inductors
has been proposed. The model is developed wittemarshical structure, in which a
strict partition of the geometry scaling in the lgdb model and the model equations in
the local model is defined. The major parasiticef, including the skin effect, the
proximity effect, the inductive and capacitive ldasthe substrate and the distributed
effect are considered and calculated using physsgd equations. The accuracy of the
proposed method is validated through the excebgntéement observed up to {BRF
between the simulated and measured results of asgyimmnductors with different

geometries fabricated by a standard Q8SiGe BiCMOS technology.
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4.1 Introduction

The incorporation of DNW implantation into a stardl&€MOS technology has become
a popular choice for reducing undesired interfeeandRF CMOS [1], [2], [3], [4]-[6]. A

DNW implant is generally formed by inserting a higihergy ion implantation step
before n-well formation [7]. In contrast to an RFASFET without DNW implantation,

the DNW actually partitions the substrate of a DNRW-MOSFET into three parts (as
seen in Figure 4.1): the DNW itself, p-well in tb&lW, and the original substrate where
the DNW is formed. Consequently, a back-to-backddigair is thus formed as
illustrated in Figure 4.2. When the diodes opemtéhe off state, there is significant

resistive parasitics in the substrate. This gresilypresses the cross-talk in the substrate

[1].

Gate
p-sub DNW Body Source Drain  Body DNW p-sub

RSP Vav_ve

,”~ Inversion Chanel "~y
n-well « - Poly S Oxide

p-well
( ( deep n-well

—
o T

p-sub

Figure4.1: Cross section of an n-channel transistor with DNW

It has been reported thitandf.x will be enhanced and that DC characteristics are
almost not altered [8]. The DNW can also signifibaimprove the linearity of power
amplifiers (PAs) without disturbing the power permfmances [5], and appears to be
useful for enhancing the dc performance of CMOS@F|2]. Although, the many
advantages of DNW implantation in CMOS technologhes/e been validated, a
reasonable methodology for accurately extractirgy dtbstrate network parameters of
DNW RF-MOSFETs has not been reported. The substiettgork in CMOS is of the

utmost importance in predicting the device outpareacteristics at radio frequencies.
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Since the coupling between the DNW and the p-veallwell as between the DNW and
the original substrate, exists no matter what tleetecal configuration is, it must be
taken into account in any realistic model. Howeweost previous works [9]-[21] have
dealt with substrate parasitic effects in RF-MOS§&EBY using resistance networks only.
The capacitive coupling effect, which is physicailty existence, is always neglected.
Hence, the previously reported substrate modelscan@gsponding extraction methods
become too simple to accurately extract the suiestnatwork parameters of DNW

RF-MOSFETSs.

Furthermore, most test structures used in measuhiegsubstrate characteristics of
RF-MOSFETs have a two-port configuration with tleegterminal serving as port one,
the drain terminal defining port two and the sowherted to the p-substrate serving as
the common terminal [2]-[4][8]. This configuratidhails to capture the interaction
between the source and bulk terminals and that dertwthe source and the drain
terminals through the bulk. Different test struetir have been proposed for
characterizing the distributed substrate networB][ELO-11], and some have employed
three-port [6] or four-port measurement [11]. A e¢oan gate arrangement can help
access the substrate from both the source andrtie gide [5], whereas the gate
network is also included during measurement via ¢fa¢e-source and gate-drain
admittances. Employing the on-probe capacitanca @&round-Power-Ground (GPG)
probe to ac short the extrinsic gate and bulk fid§s not suffer from the problem in [5].
However, this approach is valid only at low freqcies as the GPG probe provides a
non-ideal short at higher frequencies. Furthermaié,of the test structures and
measurement setups in [2]-[6][8][10-11] are devetbdor modelling RF-MOSFETs

without DNW implantation.

In this Chapter, a simple test structure which cake the substrate network of DNW
RF-MOSFETSs distinctly accessible in measuremenprigposed in Section 4.2. A
scalable model for the substrate network of DNWNRBSFET with different number

of fingers is developed in Section 4.2.1. SectioB.24 gives the model parameter
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extraction method. The method and the substrateemace further verified and
validated by matching the measured and simulategphubuadmittances. Excellent
agreement up to 40GHz for devices manufactured MICS0.18um RF CMOS
technology has been achieved in Section 4.2.3id®edt3 is an investigation into the
avalanche breakdown effect of DNW RF-MOSFETs witbn4uniform gate-finger
spacing layout structures. An accurate compact iiegemethod is also proposed.

Finally, a summary is given in Section 4.4.

4.2 Model and Extraction Method for the DNW Substrate

Networ k

4.2.1 Equivalent Circuit Model for DNW

As seen from Figure 4.2(a), the implantation of EdW into the nMOSFET forms a
p-well — DNW — p-substructure in the substrate. This is similar to ar pof
back-to-back diodesD; and D,, as shown in the dashed box of the Figure 4.2(a)).
These two diodes connect the p-well and p-sub. diter terminal of the DNW is
usually connected tdyq. The high potential provided Byyy keeps both diode®¢ and
D,) in turn-off status, and thereby achieves the psepof substrate cross-talk isolation.
At certain Vg4, the influences ofb; and D, on the output characteristics of the
transistor are mainly decided by their ac perforogaB®; andD, can be characterized
by the equivalent circuit depicted in Figure 4.2(lhere Cynwy and Cynwg are the
equivalent capacitance &f; andD,, respectively, when the DNW is biased \&y. It

Is observed in the extracted results of a 64-fifg&W n-MOSFET W= 0.1§tm and

Ls = 2.5um) in Section 4.2.2 that as long ¥ is kept higher than the conduction

voltage of the junction diode of the transisto,,, andCynwg Stay bias-independent.

4.2.2 Directly Extraction Method of the DNW Substrate Networ k

For model parameter extraction, a simple test siracis used to directly access the

substrate characteristics of DNW RF-MOSFETSs froro-pert measurements. This test
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configuration also enables one to perform a moriiléd analysis of DNWs. A

methodology is further developed to directly extrie parameters for the substrate

network from the measured data.

Gate
p-sub DNW Body Source Drain Body DNW p-sub

£~ Inversion Chand "~y
n-well « - Poly S

Figure 4.2: (a) Equivalent circuit model of the DNW implantat and (b) the simplified

model of the DNW when the voltage of the termiBAW (Vyny) is connected to high
Vdd-

s

|

FAy

E
T

77

ff//
Z

v

Metal Level 1 (M1) n-well

Figure 4.3: Simplified layout plane figure of the proposedttetructure for DNW
NMOSFETs. Two different DNW configuration methodse DNW floating and the

DNW grounded are used for the two-port measurenmesitibstrate network component
extraction in this work.

A simplified layout plane figure of the proposedttstructure for DNW nMOSFETS is
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given in Figure 4.3. The test structure with tBeD and G terminals all connected
together is used as port one, while the bulk teain® port two, and the p-substrate is

grounded, making the substrate network distinatheasible in measurements.

SGD B
t y
Gite Gate Gate Gate
DNW Bgdy Soyrce Drpin Sofirce Drfain Sofirce Bpdy D"\IW —
= f . st ] BTl _F;q b, __’:g,i-} | \__::s;_z'J 4 ﬁ; el h‘%—g_‘_ i | I L | =
2 T T . - bo
W:,ZA qjsl':‘i q;ml qu-l EE Rjd1 CSBF EERJs,z Rjd‘nis Clon qu-n EE RT A'A'A:NOQ
0 d -
|:_| m $ éRWSll Rz % Rua <ERW512 Ruwd1n 2 R § ;R?—ij
TWI R wd2,1 Rwsz‘z wdp.n Rustn Likd N
"“'é 5,1 [ E r _i Cw,n
pwell T Remr—h i;g;d,l bo Cudn :
Ravo T a2 oz R T ) |
AN A—t YWy Ll A T d@ n-Well
cdn- 3 = g Lt - o - k C-
T Canwd,1 = Canwd 2 T Can uks CaTin dhwo
MM AMLAS
p-substrate Rl T Caup Raior

Figure 4.4: Equivalent circuit for substrate resistance aagacitance networks of a
multi-finger (N DNW RF-MOSFET with all the source5( drain O) and gate G)
terminals for different fingers connected togetivben the junction diodes are turned off.

Source, drain, and gate resistances are ignoretidorslight contribution to the output
impedance.

Figure 4.4 shows the substrate network of deviceeuthe proposed test configuration
when the junction diodes are turned off. In Figdré, Cs;, Cq; are eaclt/D junction
region capacitorsRs;, Rsjq,i are eacts/D junction resistory,.o, Wwhich combined with
Cuwo» Coor Ruo1, Rvoz andR,, is used to capture the difference between the ianérouter
S/D regions in this workCgnwui and Cynwg,; represent the p-well-to-DNW and the
DNW-to-p-substrate capacitors under each fingeored,s;and C,q;are each finger
capacitors from the bottom of tlI&D regions toB within the deep n-wellRs; i Ruvdi
Rusz2iand Ryqgz i represent the single finger resistors between dt@tn of theS/Dregion
andB. Gy, Cap,jand Cy, jare theSto-B, D-to-B andG-to-B and capacitors of each finger
region, Ruyp, Reuwr and Cypare the capacitor and the resistor of the p-sulestRa
represent the resistors of the DNW under each firggion. Ry represents the n-well

ring resistor.
Based on the equivalent circuit identified in Figur.4, the following relationships can
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be obtained for any number of fingers

NS/d
Cioma = 2. Cissa (4.1a)
i=1
NS/d
Rj_sll jd = Z Rj_sl/jd i (4lb)
i=1
N¢
Cor = > [Coos + Cooi +Cap ] (4.1c)
=)
NS/d
Cws/wd = z Cwslvvd i (41d)
i=1
NS/d
Rustiwar = z Risimats (4.1e)
i=1
Rsiulb = Rsiulbl + R;ulbr (4lf)
NS/d
Ri2maz = z Ris 2/ 2i (4.19)
i=1
Nf
Cdnwu = z [Cdnwu,i] (41h)
i=1
N, '
Cdnwd = z [Cdnwd,i] (41|)
i=1
N, -1
Ry = 2Rinao + {Z[ L ]} (4.1))
i=1

where C;s and Cjy represent the totab/D junction region capacitance®s andRy
represent the toteh/D junction resistancesxs,, represents the total resistance of the
p-substrateCy,, represents the total capacitance caused by the MYy&ndC,qare the
total capacitances from the bottom of 8D regions toB within the deep n-well.
Rusiwarand Rysomvgo@re the total resistances between the bottom dbAbeegions andB
within the deep n-wellNsand Ngrepresent the numbers of source and drain diffusion

regions, respectively. In our model, when the nunfingers is oddNs= Ng = (N; +1)/2,
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while Ns= N¢/2+1 andNyg= N¢/2 when the number of fingers is even.

Assuming that there are no differences in the ir8/€ regions, the above equations,

(4.1a)-(4.1j), can be simplified as

Rw02
Cho — & ©
It Ruwor
Cid Rg " 5
L1 Cﬁ‘(;t; Fi" Rv Lis 5"
SGD o | wdl wd2
Rwst  Ruws2
:] Y"'.'F‘ "‘Il'il 'r‘!.'l" - B
st IL st iik —] |—VS
Clt; Rwo1 | 5
0 1C
2Cdnwo J-_:E dnu ,,CWO
Cdnvvlal R;v'\;o b
) L—w——oDNW
H sub Caub Ranw

Rs.lb”‘\” Rsubr// Rsubl =

Figure 4.5: Simplified equivalent circuit of multi-finger RMOSFETs with S/G/D
terminals connected together.

st/jd = Ns/de,i (42a)
st/jd = lei / Ns/d (42b)
ngdb = N f |_2Csdb,i + Cgb,iJ (420)
Cwslwd = Ns/de,i (42d)
= Ede (4.2¢)
RwsZ/de = EWZJ (42f)

s/d
Cdnwu = N denwu,i (429)
Cdnwd = N denwd,i (42h)
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Rdnw - 2Rdnwo + Rdnwi (42|)
N
where Cii=Cii=Cu, » Ri=Rsi =Ry +» Copy=Cy,i =Cy; » C; =Cs; =Ciyi
Ruti = Rusti = Rugu; and Ri2i = Ruszi = Rugz,i
RWO C R Cv'v'
I J ] R 1
c ) " e '_*l loB
bo —— sgdbt ;
I\ Rwo1 H&j SGE I v Rw
Ca Ria | ™ B ; ZR
_I I_'l' A AR ANy o — Z L R (:an
Rwar  Rwa2 ZMF ¢
SGD et——¢db—
sgdb Rwst  Rus2 R c
fi—e W T— W0 sub b
Ci i B
AL ||i“*'l 2 T
Cho wol Cio =
[ZC 1
2(:anO I CanU Cdnw = 2Cdnwo I [Cdnqudnwd/ (Cdnwu+Cdnwd)]
d d ""‘"
nW RWO ngdbt”‘\" ngdb// Zcbo, Rw1 = Ruat n Rust n (RWOl/ 2)
Caub Raib Cw = Cus!/Cug 112Cue,  Cj=Cisll Cig

= RJ' ”‘\"/st// Rjd , R\,\Q"\\-‘ RWdZI/RWSZ // (Rw02/2)

Figure 4.6: (a) Equivalent circuit for multi-finger DNW RF-M8FETs with the DNW
floating and S/G/D terminals connected togetRey, is ignored for its slight influence
on two-port measurement. (b) Simplified equivalgrtuit for parameter extraction.

RW02
Cbo __||_C\4V0 %D
I Ruwo1 | |_c:wd 2
Ca Ra [[T] B
_I L A va:'. R.‘ My o 8
SGD o | wdl wd2
Cgab Rusi  Rus o
C 1 ﬁ' W ‘"CV ]
] ]S I-er Is
Cbii Rwo1 == Coanwuo = 2Canwo /! Canw
2Cdnwo --Cdnwu _”6\/ 0 Cy= CWS//CWd //ZCwo, CJ ad st// de

ngdbtg ngdbllzcbo, R = Ryar [1Ruet 1/ (Rwol /2)
RJ' ad st// Rjd , Ry, = RWdZ//RWSZ I (RWO2/2)

I:\swoz

N

Figure 4.7: (a) Equivalent circuit model for DNW RF-MOSFETsithv the DNW
grounded and S/G/D terminals connected togethgiSithplified equivalent circuit for
parameter extraction.
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In this section, the following equations are usedrmpirically model thé&-dependence

of Rsub and Csub

+N,R (4.2))

f ' “subunit

Rsub = Rsubl

c =C +N f Csubunit (42k)

sub subl

where Ry, andCgyp, represent the p-substrate resistance and capaeitdra one-finger
device. Ryypunit and Cgypunit are used to explain the increase Ry, and Cypywith an

increase in the number of gate fingers.

In order to accurately predict the scalability lné tsubstrate elements, a direct parameter
extraction methodology is of the utmost importanicethis work, two different test
configurations are employed to extract all of trerameters of the scalable model
derived above. One has the DNW floating and therdilas the DNW grounded. In each
case, allS/D/Gterminals for different fingers are connected tbge as port one, thB
terminal is port two, and the p-substrate is graahdrhe equivalent circuits shown in
Figure 4.6 (a) and Figure 4.7 (a) can easily béevedrfrom the complete equivalent
circuit shown in Figure 4.5, and used for modellthg above two test structures (e.qg.,

with the DNW in grounded or float configurationspectively).

As seen from Figure 4.6 (a) and Figure 4.7 (a)esitme topology frons to B is the
same as that fror® to B, both of the equivalent circuits shown in Figuré 4a) and
Figure 4.7 (a) can be reducedTtmetworks by using simple approaches as showreat th
bottom of Figure 4.6 (b) and Figure 4.7 (b). Basad4.2a) - (4.2k) and the approaches
used to simplify Figure 4.6 (a) and Figure 4.7t@aJigure 4.6 (b) and Figure 4.7 (b),
respectively, the elements of the tikmetworks shown in Figure 4.6 (b) and Figure 4.7

(b) can be calculated with the following equations

c, =N, +1)c,, (4.3a)
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R =R, /(N +1) (4.3b)

J

C, =2C,, +(N, +1)c,, (4.3¢)
RW - O'SRWOIR\Nl,i /(Nf +l) (43d)
" 05R e + Ry /(N +1)

R, = 05R02R2; /N, +1) (4.3€)

? O'SRWOZ + R\/v2,i /(Nf +1)
Cogant = 2Cs, + N |_2Csdb,i + Cgb,iJ (4.3f)
Cdnwuo = 2Cdnwo + N f Cdnwu,i (439)
Cdnw = 2Cdnwo + Nfcdnw,i (43h)

where
Cani - Cdnwu,iCdnwd,i (43h1)
Y Cdnwu,i + Cdnwd i

Using (4.3h.1)Cynwui €an be calculated as

— _Con.iCami (4.3h.2)

dnwd,i — C _C

dnwu ,i dnw,i

(4.2c), (4.29) - (4.2)) and (4.3a) - (4.3h) givee tNi-dependent equations of the
equivalent circuit in Figure 4.5. This enables tieect extraction of the scalable
substrate components as will become clear in thévalgnt circuit analysis which

follows later in this section.

As theZ, andZg of the T-network shown in Figure 4.6 (b) is thensaas th&Z, andZg
shown in Figure 4.7 (b), with the ground terminglraference, th&-parameters of the
T-networks shown in Figure 4.6 (b) and Figure 4)dan be calculated approximately

with the following equations
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-1 _ _ -1 _ _ -1
[Z L ] - [Z dnw_ floating 11 Zdnw_ floating ,12] [Zdnw_ grounded 11 Zdnw_ grounded 12 ]

W'CIR, aC, (4.4a)

= + ! + jaC
1+ C()ZCJ-ZRJZ J 1+ C()ZCJ-ZRJ-Z J sgdb

ZR = Zdnw7 floating ,22 - Zdnw7 floating 12 = Zdnwfgrounded 22 - Zdnwfgrounded 12

“R, +— R, RuC, (4.4b)

VW RCI I wRLC

R . RZ,.C o1

Z = Zdnw floating 12 = o~ - JC() b st - J (440)

o N "ol 1+ a)Z Rszubcszub 1+ a)Z Rszubcszub aﬁdnw

1

ZMG = Zdnwfgrounded 12 = Rdnw + m (44d)

whereZgn fioating@Nd Zanw_grounded@l® the measured Z-parameters of DNW RF-MOSFETs
with the S/G/D terminals connected together and DV is floating or grounded,

respectively.

Further, the real and imaginary parts of the abd@vymarameter expressions can be

rearranged as

2
L =R+ 21 (4.5a)
Re|Z, ] C’R,
; . 29
ngdb sw 1{Im{[zt] 1}_1+a)2CJj2RjZ} (4'5b)
__ & _.2C + 1 (4.5c¢)

— R 2
Ryt = Re[zR]-lwvav22 x (4.5d)
w2™~w

{Re[ZMF D_l = Rs_ulb + wZ Rsubcszub (458)
Cdnw = —{C()[lm [ZMF ]+ a)Rsuszub /(l+ a)Z Rsubcszub)ﬂil (45f)
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Ran = RE[Z,6] (4.59)

dnw

[_ Irn(ZMG )]71 = a(:dnwuo (45h)

By using (4.5a) and (4.5dR andC, can be extracted from the slopes of the plothef t
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Figure 4.8: Macro-model for DNW RF-MOSFET modelling

experimental o? /Re{[zL]‘l} and - w/Im([z,] versus,®, respectively. Equation (4.5a)

and (4.5c) giveC; andR,, after insertingR, andC,,. Further, (4.5b) and (4.5d) give
Csgab andRy1. Using (4.5e)Rsup andCsy, can be determined from the intercept and slope
of the plot of the experimental /Re[z,,. | versusv®. The slope give€s,, after inserting
R After insertingRyy, andCgyy, (4.5f) givesCyny. Using (4.5h) Cynwuo CaN be extracted
from the slope of the plot of the experimental Ig{}versus. , while (4.5g) giveRynw
directly. Thus, all elements of the equivalent wirof Figure 4.6 (b) and/or Figure 4.7

(b) are extracted.



4.2.3 Macro-model, Model Parameter Extraction and Verification

For compact modelling, a macro-model for DNW RF-MEES modelling is given in
Figure 4.8. The model consists of the PSP102.3 hoale with the proposed new
substrate-network. In Figure 4R,, Ry andR; are the gateQ), drain O) and sourceS)
resistorsCs andCjg are the junction capacitances of source/dr&ii)(regions with the
embedded p-wellCy,, Cq,, Csp and Cy, indicate the extrinsic gate-to-bod-(o-B),
drain-to-body D-to-B), source-to-body Sto-B) capacitance and the edge
drain/source-to-body/Sto-B) capacitanceRs and Ry are resistances of the p-well
under theS and D regions, respectivelCqnwu represents the capacitance between the
p-well and the DNW,Cyq represents the capacitance between the DNW and the
p-substrate, while&Cq..,represents the edge capacitance of the DRW, Ruo2, Rudi,
Rua2, Rust and Rysz are introduced to capture the Drain-to-Body andr&ato-Body
resistive parasiticsRyn, is the resistance caused by DNW itsétf,, represents the
p-substrate resistance. Capacitan€gs.C.s, Cuo andCgy, are introduced to capture the

capacitive coupling effect in the p-well and p-dudie.

For model verification, two different test struaarfor nine devices with different
number of fingers were fabricated using the SMIG30M 1P6M RF-CMOS procegsk
of each device is 1, 2, 4, 8, 16, 24, 32, 48 and'é length I(;) and width(\W) for each
gate finger are fixed at O.fuBh and 2.5im). The DNW is either floating or grounded.
The metal level 1 (M1) is used to connect all 81B/G terminals for different fingers

together as port one, while tBaerminal is port two for two-port RF measurement.

The two-port Sparameters were measured and de-embedded (Opehort) $or
parasitics introduced by the GSG PAD using an Awgile-8363B Network Analyzer and
a CASCADE Summit probe station. Then, the de-embeéd8parameters were
transformed toZ-parameters for directly extracting all of the paeters of the
T-networks shown in Figure 4.6 (b) and Figure 4. using the parameter extraction

methodology developed in Section 4.2.2.
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When the junction voltage of thewell — DNW — p-suldiode becomes significant, the

equivalent circuits in Figure 4.6 (a) and Figuré &) and their corresponding parameter
values are less reasonable. Therefore, it is re@rded that the substrate network be
extracted at a smaller voltage thafy,. The extraction of the substrate network
parameters a¥s < (Vi - 0.3V) andVsgp = 0V, gives a more realistic value based on
experimental evidence. The detailed extraction gulace is illustrated for a 64-finger

DNW nMOSFET (s = 0.1&m andW; = 2.5um for each finger) in Figures 4.9 to Figure
4.12. Excellent linear regressions validated theusy of the parameter extraction
methodology developed in this section. Similar &stiobn procedures are finally used for
substrate parameter value extraction for the nelaridated devices with different

number of fingers afg = -1V andVsgp = OV. The extracted results are plotted in Figure

4.13.

OnceR,;, G, Cy, Rut, Ruz, Csgabs Ranw Reub Csub Canwuo @nd Cyny @re extracted, by using
(4.3a)-(4.3h) and (4.2iR;i, Cii, Cuor Cwiv Rwor, Ruvin Ruwozr Ruzyin Coor (2Csani + Cyi),
Ranwo Ranwi Rsubs Rsubunis Csubh Csubunis Canwor Canwui @Nd Cynyi Can be obtained with a
simple optimization procedure from the relationshgtween the total extracted results
andN;. After determiningCqynwui aNd Cynwiy (4.30.2) giveCynwg,i Thus, (4.2a)-(4.2k) and
(4.3a)-(4.3h) become onlMyq— and Nr— dependence equations. Table 4.1 gives the
extracted scalable model parameter values. The axisoms between the extracted
substrate resistances and capacitances of theDhNivé nMOSFETs and the modeled
results simulated on the extracted parameter valhesn in Table 4.1 are depicted in
Figure 4.13. The excellent agreement between tiract®d and modeleldi- dependent
substrate network components verifies that the ggeg scalable model ((4.3a-4.3h))
can accurately describe the scalabilities of tHessate network components of DNW

MOSFETSs.

In Figure 4.8, the parameters of the PSP102.3 numtel are extracted according to the
standard model parameter extraction procedure ssrided in [22]. A conventional
method developed in [23] is used to extract th&ainvalues of three terminal series

resistanceR;, Ry and Rs from de-embedded-parameters. By using the extraction
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method proposed in [23], the following equationg @mployed for the remaining
component extraction from the two-port measurenaérdevices with thesG terminal
defining port one, theD terminal defining port two and th§ B, DNW and the
p-substrate connected together with ground serving as the comterminal (i.e.

common-source test configuration) configurations:

C = Im(Yy.}

gd w (46&)
Cg =Cy (4.6b)
Im +Y,
Cy = —(led ) Cye (4.6¢)

According to (4.1c), the totaly, of an RF-MOSFET when the number of fingerdNis
can be calculated as follows:

C,=N,C

o (4.6d)

gb,i
Thus, Cyyican be extracted for two or more devices with déife number of fingers.

OnceCy,is obtained, (4.3f) give€sp

_ |.ngdbt_ 2Cho = N¢Cyp,;i

Codni = 2N, (4.6€)

The extracted value fd€sqp,; for multi-finger devices with the length) and width(W)
for each finger fixed at 0.18n and 2.fm, is 0.285fF. Cys in Figure 4.8 is calculated
from de-embeddedy-parameters of the common-source connected NnMOS&ET

follows:

_Im(Yy, —Y,) _ Cu(C +C))

C
o w C, +C, +C,

(4.6f)

where Cd :de +Cb0 +Cdb’ Cs = st +Cbo +Csb ’
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Ct = 2C:WO + C:Wd + CWS + CnCSUb and Cn = 2CdI"IW0 + CanUCand '
C,+C Canwu T Cinua

n + sub dnwu

Table 4.1: Extracted parameter values of the proposed mod#leo$ubstrate network in
DNW RF-MOSFETs

Rii(2) Gii(fF) Cud(fF) Cui(fF) Rwo1(2)
4162 2.395 30.64 0.737 87.78
RuwoA @) Ruz,i(e) Coo(fF) 2Csapit Cghi(fF)
203.7 2775 5471 0.908
Ranwi ( Q ) Rsubl( Q ) I:\)subunit( Q ) Csubl(ﬂ:) Csubuni(ﬂ:)
73.79 282.8 0.137 26.18 0.11
Cdnwui(ﬂ:) Cdnwd(ﬂ:) Rwl,i ( Q ) Rdnwo( Q ) Cdnwc(ﬂ:)
5.045 4.771 447.7 3.46 15.2

Table 4.2: Values of the extracted external capacitors femmmon source connected
devices with differenN; at zero bias.L¢ = 0.18um; W = 2.5um)

N Cysia (fF) Cyo (fF) Cas (fF)
1 0.66 3.4 0.68
2 35 4.2 1.02
4 3.9 7.2 3.1
8 8.6 8.5 10.7
16 18.4 10.3 24.1
24 28.3 13.2 41.2
32 36.1 15.5 54.6
48 55.4 16.2 83.4
64 72.2 17.5 110.2

The external capacitances in Figure 4.8 (Cg, Cy andCyg) extracted from the nine
devices with differenlN; at zero-bias conditioVg = OV; Vp = 0V andVsgpnw= 0V) are

listed in Table 4.2.

After all of the parameters have been extractesl ptioposed macro-model is simulated

based on the extracted parameters in Agilent Acde@uesign System (ADS) directly.
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Figure 4.9: Determine R (top) from the slope of the linear regression bé t
experimentaky’/Re{[Z,] ™} versusw?. C; can be calculated from the intercept. Ofce
andC; are determined, (4.5b) giv€syqs, (bottom).
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Figure 4.10: ExtractC,, (top) from the slope of the linear regressionhaf €xperimental
versus—w/Im[Zg] versusw’. R,, can be extracted from the intercept. ORGe andC,
are determined, (4.5d) giv&s, (bottom).
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Figure 4.11: Extract Cynwo (top) from the slope of the linear regression bé t

experimental -Irr’i,v,G]'l versusw. Ry, can be determined from the real partZpg
(bottom).
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of DNW nMOSFETs with different number of fingers.

Figure 4.14 depicts an excellent agreement betwee=measured and simulated output
admittances of the 64-finger NMOSFET at differergsbconditions with a common
source configuration, while the DNW is groundedeTheasured and simulated output
admittancesY,,) at zero-bias for the nine devices with differanimber of fingers are
compared and plotted in Figure 4.14. Excellent exgent is achieved between the
imaginary parts of the output admittances of dexideue to the oscillation of the
measurements at high frequencies, the resistivasipias of the substrate are hard to be

extracted accurately. This introduces errors batvike measured and simulated results

116

w
&)

N W
(62 N ]

N
o

'—\
(6)]
(d44) @oueloede)

=
o



of the real parts of the output admittances ofdistors at high frequencies.
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Figure 4.14: Measured and simulated output admittance of DNMOBFETs with
different number of fingers at zero bia¥{(= 0V; Vp = 0V, Vs= 0V]. All the devices are
connected in common source configuration, whileDh&V is grounded.
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4.3 Investigation and Modelling of the Avalanche Effect in

MOSFETswith Non-uniform Finger Spacing

4.3.1 Avalanche Effect in MOSFETs

There has been an increasing interest in desigRihgower amplifiers (PAs) in CMOS
technology, such as the 0.pf [24], 0.18um [25], 0.13pum [26], 90-nm [27] and
65-nm [28] standard RF CMOS processes. Given tmatetis no restriction on the
choice of drain bias, the break-down charactegsticthe MOSFETs operated at high
drain potentials determine the onset of gain cosgioa and the maximum achievable
output power. Using a MOSFET at best efficiency doll power often requires
operation at the limit set by breakdown mechanigz8% Thus, novel layout structures
which can improve the breakdown limit of MOSFETstheut reducing the RF
performance of devices are of utmost importand@Rrpower amplifier design based on

standard CMOS processes.

As an advanced layout method, the non-uniform firggacing layout is traditionally
claimed as an effective layout method to providendiorm junction temperature across
the fingers, thus significantly enhancing the powerformance of power transistors,
such as the SiGe HBTs [30] and IlI-V FETs [31]this work, we propose that this kind
of layout structure can also be used to effectivietprove the breakdown limit of
MOSFETSs. In this work, characteristics of a nonfarm finger spaced layout structure,
which has a variable pitch between the gate-fingdnish decreases uniformly from the
central portion of a multi-finger nMOSFET to twopmsite outer end portions similar to
[31], is investigated in 0.18m RF CMOS. The drain-source breakdown voltage BV
is the key limitation for realizing power amplifem RF CMOS technology, and the RF
performance of devices is largely determined bypduasitic capacitances, in contrast to
[30], [31], we specifically focus on the impact changing of the spacing size
(corresponding to the increasing of the area ofdince) on the corresponding BV

and parasitic capacitances. For RF MOSFETs, a compwdel for accurately
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predicting the characteristics of the avalanchekdewn current of the devices with
different gate-finger spacing is proposed. The mesk BV;s characteristics and the
extracted equivalent circuit model parameters mdicthat the employed layout
approach can effectively improve the avalanche ksdeavn effects, and only slightly
reduce the cutoff frequendy and maximum oscillation frequendy,, leading to an

improvement in the design of high performance CM@®S.

Source
g \H
O ANNANRENNNNNNNNNNNNANENA RN =<
S, S Su Su S s,
Gatefinger spacing
Device A SI’S\/I
S, =0:28um, M >k 21““0 MN;EH) Device B/C/D/E
| ,,.W” S My,
. “l” [ I G——— “NN
T "
lﬁﬁﬂuuuuu === (G000000000000000060000000000000C0000000 === uuﬁml
.............. TP | T P
L eeeeesereeeenes K ceseecnsienanns MM -eeeeeeeeees K seecessnceninnnncnnns 1

Figure 4.15. Simplified layout plane figure (up) and the géteer spacing sizes
arrangement method (down) of the investigated lagtuctures of nMOSFETs with an
odd number of gate-fingers. The layout is arranggeé symmetric structure. When the
number of gate-fingerd\{ ) is odd, M= (N; -1)/2, while M=N#2+1 for N; is even.S
(M>k>1) represents thelgate-finger spacing size. Device A is a uniforméte-finger
spacing arranged transistor, and the spacing si@ge2im. Devices B, C, D and E are
non-uniformly gate-finger spacing arranged traosistg, represents the central portion
spacing, 0.6m, 0.92um, 1.244m and 1.5@m are used for the four devices, respectively.

4.3.2 Experimental Setup and Results

A simplified layout plane figure and the gate-fingpacing arrangement method of the
investigated devices in this work are given in Féggd.15. Four 65-finger n-MOSFETs
with L = 0.181m andW; = 7.5um, named Device B, C, D and E, which have stepedari
pitches with 0.0im, 0.02um, 0.03um and 0.04m between the adjacent gate-fingers

and with & = 0.6um, 0.92um, 1.24m and 1.5@m were fabricated using the SMIC
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0.18um 1P6M DNW RF-CMOS technolgoy, respectively. Fomparison, a uniformly
spaced 65-finger nMOSFET with the sameand W, named Device A, was also
fabricated. The gate-finger spacing sizes betweemvto out end fingers of Device B, C,

D and E are set equal to the spacing size use@wit®A, 0.28m.

Table 4.3: Description of nMOSFETs with different gate finggpacing arrangements
including extracted gate resistance, parasitic @gtgoeces, DC current, tranconductance,
iso-thermal drain conductance and RF performanc&/pat= Vgs = 1.8V. AQys iS
calculated aggys=04st- Qds

Device . . Device . .
Device A Device B Device D Device E
Parameters C

Ry () 1.20 1.18 1.24 1.19 1.21
Cys (fFF) 332.5 339.1 342.2 345.2 350.8
Cya(fF) 134.1 134.4 1354 136.2 137.2
Cootal (fF) 476.6 473.5 477.6 481.4 488.0
l4s (MA) 117.3 114.8 114.9 113.9 112.3
Om(m9 143.4 142.7 143.8 144.1 143.1

Oas(M9 8.3 8.32 8.5 8.35 8.48
Oast(M 16.74 16.48 15.84 15.54 15.24

Agys(MY 8.44 8.16 7.34 7.19 6.76
fr (GHz) 48.9 47.96 47.92 47.64 46.67

fmax (GHZ) 100.3 99.91 96.93 98.52 96.12

The DC characteristics of transistors are measwitll the Agilent 4156C precision
semiconductor parameter analyzer. Two RF measutesystems, the Agilent E5071C
and the EB8364B network analyzer are used to claiaetthe RF behaviour of
transistors from 100KHz - 1GHz and 1GHz - 50GHzpextively. The breakdown
voltage, BV, is taken as the value ofyMvhen diddVgys equal to 0.09¢Wi/Ly) [32] as

illustrated in Figure 4.16. In this work, the B\at Vg = 1.8V for the five devices are
taken for comparison. For quantitative analysisalsignal parameters ¢ Cyq and R

are extracted based on the following [33], [34]

Cye = [IM(Y,, +Y,,))/@ (4.7)
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Cye = [~ IM(Y,,))/@ (4.8)

R, = Re(Y,,)/[Im(Y,,)[ (4.9)

Oast listed in Table 4.3 represents the iso-thermaindranductance, which is extracted

by using the frequency dependent characterizafidimeodrain conductance [35].

The values of ¢, Cyq and R listed in Table 4.3 were extracted fré@parameters and
averaged in the range of 2 — 15GHz, agy@quals G+ Cy Thefr andf. of the five
devices are estimated from the equivalent circuitdeh parameters as follows

(simplified from [36])

fT = gm/znctotal (410)

P = fT/z\/Rg (gds + znfTng) (4.11)

The measured BY characteristics of the five devices and the extchequivalent
circuit parameters are given in Figure 4.16 and€fd@h3, respectively. Although the
drain currentdsin Device E is reduced by ~4% compared with thdDévice A, g, and
R, of Device B, C, D and E keep close to those ofi@eWw. Compared with that in
Device A, Gua is slightly increased by ~2.4% for Device E, ahdré is only a small
reduction of 2.23GHz and 4.18GHz finandf..c0f Device E as seen from Table 4.3,
respectively. Two points worth mentioning are tthat BV in Device E is improved by
~8% compared with that in Device A, from 2.95V t@\3 and the thermally related
drain conductance doublet (i4gys listed in Table 4.3) is improved by ~20% for Devic
E, compared with that in Device A. As seen fromurgg 4.16, B\ of the four
transistors with non-uniform finger spacing arrangat are higher than that of the
Device A. This should be a joint result of the ioyed thermal characteristics and the

change in g of transistors with the increasing g§.S
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Figure 4.16: Comparison of the measured and scalable modg! @¥racteristics of the
five devices at \; = 1.8V. BV;;0f transistors is increased with the increasingof
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Figure 4.17: Comparison of simulatedslV4s characteristics including the breakdown
region and the measured results for the Device AncCE. B\ is taken be the value of
Vs When diddVgs equal to 0.09¢W/Ly).

4.3.3 Scalable Drain Current Modelling and Verification

The drain current model considering the breakdoffeceproposed here is defined as

follows,
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Table 4.4: Values of the model parameters extracted frora fievices with different
gate-finger spacing arrangement.

Mo M1y Bio B11 B2o
5.04 1.344x18  1.63x10°  9.178x10 -6.83
Bz Bs: Bao Bas Ba1
-488 3.795 1.964 5.075xf0  4.52x10
ng . Vg2d Vs
o = Idse [1_'_ qebsz mebAV(v J (412)
1+ mlpdiss

where, \, is the thermal voltagegsk represents the drain current without the avalanche
breakdown effect, which is modeled by using the B2 model core, pis introduced

to consider the thermal-related power dissipatifiece of transistors, while 1b b, bs

and h are introduced to consider the influence of th@l#a area change caused by the

finger spacing size changes. The power dissipafga,is defined as follows:

V. (4.13)

diss — ' dse

For scalable modelling, the five parameters, Iy, b,, b; and hare dependent on the
nominal active area of transistor (). For a layout structure with an odd number of

gate-fingers, Ay, can be calculated as follows,

A :Aon(Lfo +2§‘, Sk) (4.14)
s :Q(S -§)+S, M=k=1 (4.15a)
K M- ' T

where A is 1.0X10Y which is used as the nominal active area of iséors The
functions used for the scalable,n;, b, b; and hwith regard to A, are defined as

follows,

(M 10 + M llAnor )71 (415b)

3
I
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b, = By €% (4.15c)

b2 = Bz_ol + (BZIAnor )_1 (415d)
b.3 = Bs‘_Ol + (leAnor )_1 (4159)
b4 = B;Ol + (BAIAnor )_1 (415f)

where My, M1, Bio, B11, Bog, Ba1, Bso, Bai, Bsg @and By, are model parameters.

To verify the validity of the proposed model, therNog-A based PSP102.3 model is
modified using (4.12) — (4.15), and implementedAgilent Advanced Design System
(ADS) for simulation. The model parameters for tfee transistors are directly
extracted by using a simple optimization procediitee extracted parameters are listed
in Table 4.4. An excellent agreement between theaeted and simulated BY
characteristics of all the five devices is achieaad illustrated in Figure 4.16. Figure
4.17 depicts an excellent agreement between theureghand simulated drain current
avalanche break down characteristics of Device An€E, at ;= 0.9V, 1.8V and 3.6V,

respectively.

4.4 Summary

In this chapter, a simple test structure and a Incsmpact model have been presented
for predicting the characteristics of the substratwvork of a DNW RF-MOSFET. An

analytical extraction algorithm has been presefaethe substrate network parameters.
By using the proposed novel test structure, a pbylsased scalable model for substrate
components of DNW RF-MOSFETSs is developed. Allted substrate components that
are scalable are directly extracted from two-pogasurements. The derived and
extracted scalable model is finally directly usedapture the substrate characteristics of

common-source connected devices. The model showellext agreement with
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measured output admittances for frequencies ut&Hz for devices with different
number of fingers. The performance of RF-MOSFET&hwa non-uniform gate-finger
spacing arrangement has been investigated. Theogeaplnon-uniform gate-finger
spacing layout method demonstrated the enhancedkden voltage of transistors. A
novel active area dependent avalanche breakdowrelmuab been presented. The
accuracy of the proposed scalable model is validdteough the excellent agreement
between the predicted and measured avalanche longakclrrent and the breakdown

voltage of uniformly and non-uniformly gate-finggvacing arranged RF-MOSFETS.
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5.1 On-chip Planar Spiral Inductor Modéelling

The modeling of on-chip spiral inductors in RF CM@$cesses is an important
research area. Standards for on-chip inductor rsodale yet to be formed in the
industrial community. However, there is one cosssnamong the academic and
industrial community and it is that the on-chiprapinductor models used for CMOS
RFIC design should be compact models. Furtherniorer,der to meet the requirements

of IC designers, the developed models should baldea

As regards the formation of scalable models forchip- spiral inductors, there are two
distinct approaches. One is that the models invelyessions and parameters that have
no direct correlation with the device physics angass parameters. In other words, the
equations are merely mathematical relationshipd tmedata analysis. Therefore, these
equations can only reproduce the behaviour of #wicds which are used to extract the
equations themselves but cannot provide accuratelation for other devices. The
second approach is to develop mathematical expresdirectly based on the device
physics and process parameters of IC designs. ®uket physics basis of the model
structure and behaviour, the equations can actynatedict the device behaviour with
changes in the process parameters and design param&he scalable models
constructed by this method not only accurately igtedtle behaviour of the devices used
to extract the parameters of these equations,|botagcurately predict the behaviour of
other devices with different physical design pararse Another advantage of this type
of model is that it is not subject to specific resions on technology (e.g. bulk silicon
RF CMOS / BICMOS, and SiGe BICMOS processes). Bynging the process related

parameters, the model can be easily applied forpresesses.

The proposed on-chip spiral inductor modelling téghe in this thesis has been
employed by the HHNEC 0.18um SiGe BiCMOS process te 45nm RF CMOS
process which is developed by ICRD. The proposedembbrary presents excellent

fitting accuracy, which also verifies the advantagel advancement of the proposed
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on-chip spiral inductor model.

5.2 DNW RF CMOS Modelling

With the presence of the DNW, the bulk silicon M@3Fhas changed from the
traditional 4-terminal device to a 5-terminal devignd consequently, modelling of the
behaviour of the substrate has become more complexDNW is a popular choice for
noise isolation in CMOS RFIC design. However, thegfiency range where the DNW
takes effect is closely related to the parasitibssate capacitance and substrate
resistance formed by the DNW structure, as wethashigh-frequency parasitics formed
by the p-well of the transistor. The DNW will sifjoantly affect the device output
characteristics within the frequency range whetakies effect. For the RF designers, it
Is important to know the exact values of parasit€snsequently, compact models
which can predict the characteristics of the DNW gireatly needed to guide the circuit
design. Therefore, this thesis has developed al RyE-based compact model for the
substrate structure after the implantation of a DEINd a novel test strategy to extract
the model parameters. The proposed test strucasetiie S, D and G terminals all
connected together to be used as port one, whaldulk terminal is port two, and the
p-substrate is grounded. This makes the substrtiwork distinctly accessible in
measurements and enables a direct extraction AW parasitics. This test structure
provides the basis for the exact extraction ofgheasitics of the DNW. By using this
test structure, we build the RF MOSFET model whglscalable with the number of
fingers of the device and takes the DNW parasitits account as well. The model is
verified using a DNW RF MOSFET manufactured by 8dIC 0.18um RF CMOS
process. The high accuracy fitting up to 40 GHzadedés the utility and accuracy of the
proposed model. The developed PSP-based DNW RF MDSKodel has been
successfully used for building a model library ®/ISMIC 0.13um RF MOSFET and
65nm RF MOSFET, so as to support wireless transcaiesign with a 30 ~ 40GHz

frequency band using CMOS technology.
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In addition to these works, special efforts areo dlscused on the investigation and
modeling of the breakdown effects for RF MOSFET hwiton-uniform gate-finger
spacing. Our investigation found that a device witm-uniform gate-finger spacing
represents a considerable improvement for the -d@imce break-down voltage (BY
This characterization is useful for realizing RRveo amplifier designs in RF CMOS
technologies. A scalable model based on the ar¢laecéctive region is also developed
for accurately predicting the Bycharacterization of devices. It is observed fréma t

experimental data that the model has good accuracy.

5.3 FutureWorks

Future work on spiral inductors and DNW RF CMOS pact modelling would
involve works such as:

1) Perform a feasibility study using the establisl®ubler model for on-chip spiral
inductors with a multi-layer metal series or paaditructure. The study would primarily
be focused on the possible new physical effectamafti-metal series or parallel
connections as well as the adjustments and adslitorthe corresponding models. Of
specific importance would be to establish a phybased scalable model for such
structures. Such structures have a higher induetauien compared to the planar spiral

inductors taking the same chip area.

2) The DNW structure improves the performance efMOSFET. During the off state
of the diode formed by the DNW, there is significagsistance in the substrate, which
greatly reduces the high-frequency loss and imtlre noise isolation features. These
advantages can also be used to improve the penficenaf spiral inductors,
transmission lines and other devices / structugesvever, to use the DNW structure,
the model and model parameter extraction methothése passive devices or structures
is required. However, appropriate technologies amdhods regarding this topic are

rarely reported.
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