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Abstract

As the dimensions of the transistors keep decreasing, the effects of transistors’ di-
mensions fluctuation will become increasingly important for differential radio-frequency
(RF) integrated circuits (ICs). In most RFICs, the transistor’s channel length is usually
much smaller than its channel width. Therefore, small unintentional changes in the channel
length due to unavoidable fabrication process variations can cause a large circuit perform-

ance deviation, and thus, the effects of channel length fluctuation are extremely important.

This thesis investigates the effects of channel length fluctuation on the performance
of RF oscillators. Two fully integrated, cross-coupled, differential LC oscillators have
been designed in triple-well 0.18 um CMOS technology and used as the test circuits. The
measured results of the first VCO has a relatively large frequency tuning range of ~25%
because two pairs of varactor are used and a power consumption P, less than 1.5 mW
with 1.5 V supply voltage. Also, it has an output power P, of -13.3 dBm and a P_,,, of
1.31 mW at an oscillation frequency f; of 5.5 GHz, which corresponds to the best phase
noise performance of -121.2 dBc/Hz at 1 MHz offset frequency.

The simulated results of the second oscillator has a f; of 1.12 GHz, a P, of 1.79
dBm and a P_,,, of 6.479 mW with 1.8 V supply voltage. Both the f; and P, are found to
be decreased (increased) when the fabricated channel length is larger (smaller) than the one
at the design and simulation stages. The maximum variation of f, and P,,, are 2.45 kHz
and 0.08 dBm, respectively, with less than 20% of variation in the channel length. Formu-
lae have been derived to predict these variations. Also, the use of body bias on the transis-
tors is proposed as a means to compensate for the changes in the frequency performance
characteristics due to the channel length fluctuations. In addition, it is found that the vari-
ation of fy and P, due to channel length fluctuations is more significant in oscillators with
higher f,. A recommendation is given to designers of how to design an oscillator with high
fo while minimizing the sensitivity of f; and P,,, to channel length fluctuations. While the

phase noise is expected to be affected by the channel length fluctuations, simulation result
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does not show a significant dependence of the phase noise on channel length. This discrep-

ancy is believed to be caused by the inaccuracy of the phase noise simulation.
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Chapter 1

Introduction

1.1 MOTIVATION OF THE THESIS

1.1.1 Silicon Complementary Metal-Oxide-Semiconductor Technology

The integrated circuit (IC) technology market share presented in percent of total
dollars for 1982 to 2002 is shown in Figure 1.1. It can be seen clearly from this figure that
no technology in the past has dominated the IC market like the complementary metal-ox-
ide-semiconductor (CMOS) technology does today. Although the market share of CMOS
ICs dropped from its previous year value in 1997, it is not an indication of declining CMOS
applications. This is, in fact, due to the continuous lowering of prices of metal-oxide-sem-
iconductor (MOS) memories, particularly the dynamic random access memories (DRAMs)
[1]. Also, due to the growth of bipolar complementary metal-oxide-semiconductor (BiC-
MOS) IC market prior to Intel’s switch from BiCMOS-based Pentium microprocessors to
CMOS-based ones [1]. Thereafter, the dominance of CMOS ICs turned its market share
up again in 1998 and increased to 86% in 2002.

The widespread use of CMOS technology [1] is mainly due to the combination of

the following factors.

« Lowest price per function compared to other technologies at the same geometry.
+ Low power dissipation.

« High density (i.e. deep submicron features) and scalability.

» Capability for analog and digital circuitry on the same chip (i.e. system-on-chip).
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Figure 1.1 1982 to 2002 IC technology market share [1].

The trends with CMOS supply voltage and gate length are good illustrations of low power
dissipation and high density, respectively, which is shown in Figure 1.2. From this figure,
it can be observed that both supply voltage and gate length will be scaled down continuous-
ly, suggesting that the power dissipation and density will be further reduced and increased,

respectively.

The interaction among commercial wireless communication applications, available
spectrum, and the types of elemental and compound semiconductors likely to be used is
schematically shown in Figure 1.3. The consumer portions of wireless communications
markets are very sensitive to cost, which is one of the key factors determining the location
of boundaries between the types of radio-frequency (RF) semiconductors shown in the top
part of Figure 1.3 [2]. In fact, the boundary between the group IV semiconductors silicon
Si and silicon germanium SiGe has been moving to higher frequencies with time [2]. This
is because of the continuous increase of the peak frequency at unity current gain F, and peak
maximum frequency at unity power gain F,,, with the continued down-scaling of metal-
oxide-semiconductor field-effect transistors (MOSFETs) in Si CMOS technology, which

is shown in Figure 1.4.
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Figure 1.2 Trend of supply voltage and gate length for CMOS [2].
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Figure 1.3 Schematic plot of the interaction among commercial wireless
communication applications, available spectrum, and the types of
semiconductors likely to be [2].

In consequence of the advantages and trends discussed above, RF transceivers im-
plemented in Si CMOS technology for commercial wireless communication applications is

a very active and popular research area in nowadays.
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Figure 1.4 Trend of peak F; and peak F,,,, with gate length for CMOS [2].

1.1.2 Voltage-Controlled Oscillators in Wireless Transceivers

Oscillators have been essential components since the time Edwin Howard Arm-
strong discovered the heterodyne principle in 1912, which defines the multiplication of two
signals in the time domain in order to produce a frequency shift in the frequency domain
[31, [4]. However, mobile telephony was not available until the emergence of voltage-con-
trolled oscillator (VCO) modules in the 1980’s [3]. A VCO module is basically a miniature
version of a discrete-component oscillator constructed on a substrate; it is self-contained
and requires only connections to the ground, supply voltage, tuning voltage, and output
load [3]. Initially, such modules were fairly large and relatively expensive [3]. However,
demand increased for miniaturized VCO modules with the growing sales of mobile tele-
phones in the late 1980's and early 1990's [3]. Therefore, new, smaller and lower cost VCO
modules were developed and the size of reduction over time of the state-of-the-art commer-
cial VCO modules is shown in Figure 1.5. Although it can be seen from this figure that the
size of VCO modules has been reduced significantly and satisfied the tough space con-

straints imposed by the new mobile wireless devices such as cellular phones, an even small-
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er and more cost-effective VCO technology arose by the end of the 1990’s: monolithic IC

VCO technology [3].
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Figure 1.5 The size of reduction over time of the state-of-the-art
commercial VCO module [3].

Monolithic IC VCO technology is defined as a VCO implementation in which all
the circuit elements of an inductance-capacitance (LC) VCO are integrated on one chip [3].
In general, the overall performance of the early monolithic VCOs was poorer than the VCO
modules, especially the phase noise and tuning characteristics [3]. However, monolithic
VCOs are extremely small, cost-effective and available in the same process in which RF
transceiver functions were being implemented, which implies that the VCO could be inte-
grated with other RF functions [3] and it is illustrated by a simplified block diagram of a
RF transceiver in Figure 1.6. It should be noted that only the important RF circuit blocks,
starting from the low-noise amplifier (LNA) or power amplifier (PA) at the antenna end to
the analog-to-digital converter (ADC) or digital-to-analog converter (DAC) at the base-
band end, are shown in Figure 1.6. Therefore, research on monolithic IC VCO technology
continues so that better VCOs with improved performance characteristics at increasingly

higher frequencies can be obtained. However, the design of a VCO that generates the local
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oscillator (LO) carrier signal is still a challenge in the design of single-chip transceivers in

CMOS technology in today’s wireless communication systems.

Downconversion
Mixer

Antenna

Band-pass
filter

-

Low frequency signal
processing

ADC

Channel

select

Duplexer

Band-pass
filter

I)AC‘ﬂ-J

Upconversion
Mixer

cavccsasvncsnsncasncsvanspusncaccscasrnansas

Figure 1.6 Simplified block diagram of a RF transceiver [5].

1.1.3 Device Mismatch

According to the international technology roadmap for semiconductors (ITRS),
which is an assessment of the semiconductor technology requirements as a result of a co-
operative effort of the global industry manufacturers and suppliers, government organiza-
tions, consortia, and universities, one of the difficult challenges in optimizing RF/analog
CMOS devices with scaled technology is mismatch [2]. Device mismatch occurs due to
unavoidable fabrication process variations such as over- and under-etching, varying doping
concentration gradients and unequal oxide thicknesses. As the minimum feature size in the
microelectronics devices are reduced to deep submicron values, the control of the variation
in the fabrication steps becomes increasingly difficult [6]. For example, it was reported in
ITRS 2003 that the variation of etching in modern and future technologies is approximately
20% [2]. This makes the variation of the device parameters in the modern technologies
larger than the one in the older technologies, and thus, the circuit yield is requiring more

attention than before [7].
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As previously discussed, CMOS technology has become a viable choice for imple-
mentation of RFICs building blocks as the technology is scaled down. Also, for many
RFICs, differential circuit configurations are used. Therefore, the effects of mismatch in
the device parameters due to processing will become increasingly important, especially the
effects of mismatch in the transistor’s parameters since MOSFETs are the most complicat-
ed devices in CMOS technologies. However, interestingly, almost no published research
can be found in this subject. This is in contrast to the large amount of published research

that exist on mismatch effects at lower frequencies.

1.2 OBJECTIVES OF THE THESIS

The accuracy of a circuit’s performance depends on the exact values of the transis-
tors’ dimensions. This is especially true for differential RFICs. Unfortunately, because of
inevitable fabrication process variations such as over- and under-etching, non-uniform dop-
ing concentration gradients and uneven oxide thicknesses, the dimensions of the transistors
at the design and simulation stages are different from the one after fabrication. Therefore,
the effects of transistors’ dimensions fluctuation will become increasingly important with
the continued down-scaling of MOSFETSs’ dimensions. In most RF circuits, the transistor’s
channel length is typically much smaller than its channel width. Therefore, the effects of
channel length fluctuation are crucial since small non-deliberate changes in the channel

length can lead to a large performance deviation.

The objective of this thesis is to investigate the effects of channel length fluctuation
on the performance of RF oscillators. To investigate this problem, two fully integrated,
cross-coupled, differential LC oscillators will be designed in TSMC triple-well 0.18 um
standard CMOS technology [8] and used as the test circuits. Also, a possible solution to
compensate for the changes in the frequency performance characteristics due to these fluc-
tuations will be sorted. In addition, a recommendation of how to design an oscillator with
high oscillation frequency f while minimizing the sensitivity of f; and output power P,

to channel length fluctuations will be given to designers. It should be noted that the fluc-
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tuation of the channel length is assumed to be dominated by the variation of etching in this
research since the reported variation of etching in modern and future technologies is ap-

proximately 20% in the ITRS 2003 [2], which is a very large variation.
1.3 ORGANIZATION OF THE THESIS

Chapter 2 begins with a discussion of the properties and structures of two passive
devices: capacitor and inductor. It will first present the performance parameters that are
used to determine the properties of varactors followed by a review of the eight available
options of varactors in standard CMOS technology. The principle of operation and the
qualitative analysis of the performance parameters for two types of varactors — p*—to-n-
well junction varactor and n-type accumulation mode metal-oxide-semiconductor (MOS)
varactor — will then be presented. A performance comparison will be also given for differ-
ent types of varactors in recent technology generations. Following this, the model of the
metal-insulator-metal capacitor used for simulation in Spectre will be reviewed. Finally,
the performance parameter and the equivalent circuit model for a spiral inductor will be

presented with a performance comparison of recently reported state-of-the-art inductors.

In Chapter 3, the theory of LC oscillators will be reviewed using a two-port model
and a two one-port model. The performance parameters used to evaluate LC oscillators
will then be presented. These performance parameters are oscillation frequency f, fre-
quency tuning range, power consumption P, amplitude of oscillation V. / output power
P, and phase noise L{Aw}. A Figure-of-Merit (FoM) will also be defined to compare
different designs of LC oscillators using these performance parameters. This chapter will
then be concluded by a discussion and comparison of two cross-coupled differential LC os-
cillator topologies: n-channel MOSFET (nMOSFET) cross-coupled differential topology

and complementary cross-coupled differential topology.

The process variation and device mismatch will be presented in Chapter 4. This
chapter will first define the difference between global variation (GV) and local variation

(LV). The influence of LV on resistors, capacitors and MOSFETs will then be reviewed

8
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with the emphasis on MOSFETs, since this is the device that is of interest in this research.
Following this, the influence of LV on MOSFETs from deep submicron and RF perspec-

tives will be discussed.

Chapter 5 will present the circuit design and the results of the two fully integrated,
cross-coupled, differential LC oscillators used for the analysis of the effects of channel
length fluctuations on the performance of LC oscillators. The results of each oscillator will
be discussed and analyzed using the performance parameters for LC oscillators that will be
presented in Chapter 3. Also, the use of body bias on the MOSFETSs will be proposed as a
means to compensate for the changes in the frequency performance characteristics due to
the channel length fluctuations. In addition, a recommendation of how to design an oscil-
lator with high f; while minimizing the sensitivity of f; and P,,, to channel length fluctua-

tions will be given.

Finally, Chapter 6 will conclude the thesis with a summary of the research followed

by some discussions on the future research work.
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Chapter 2

Passive Devices — Capacitor and Inductor

Analog and radio-frequency (RF) integrated circuits (ICs) are built with active and
passive devices. Typical active devices in mainstream silicon technology are metal-oxide-
semiconductor (MOS) field-effect transistors (FETs), bipolar junction transistors (BJTs)
and diodes, while passive devices are resistors, capacitors and inductors. Passive devices,
especially capacitors and inductors, find wide usage in RFICs. For instance, they determine
the oscillation frequency of resonators, allow simultaneous power and noise matching for
low-noise amplifiers (LNAs), and increase efficiency by maximizing the voltage swing for
power amplifiers (PAs) [9]. In this chapter, therefore, the properties and structures of dif-
ferent capacitors (varactor and metal-insulator-metal capacitor) and inductors will be dis-

cussed.

2.1 VARACTOR

Varactor is a shortened form of variable reactor, referring to the voltage controlled
variable capacitance of a biased pn junction [10]. To understand the properties of varactor,

it is essential to know what performance parameters are used to determine its properties.
2.1.1 Performance Parameters

Varactors can be characterized by several performance parameters such as capaci-
tance tuning ratio, quality factor and capacitance-voltage characteristic. Among these pa-
rameters, the capacitance tuning ratio and quality factor are the most important [11], [12]

and they are presented and discussed in the following two subsections.

10



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

2.1.1.1 Capacitance Tuning Ratio

Capacitance tuning ratio is defined as

P

Capacitance Tuning Ratio = =~ , (2.1)
min

)

where C,,,,, and C,;, are the maximum and minimum capacitance values that the varactor
can achieve, respectively. Also, C,,,, and C,,,;, are usually measured at the lower and upper
limit of the tuning voltage, respectively. It is desired to have a large capacitance tuning ra-
tio as it enables a large frequency tuning range for a voltage-controlled oscillator (VCO),
which can compensate the variations of capacitance and inductance with respect to their
nominal values due to process variations and make wide-band or even multiband applica-
tions possible [13]. In fact, the capacitance tuning ratio is also known as C,,,,/C,,;, ratio

due to the simple definition in Equation (2.1).
2.1.1.2 Quality Factor

The quality factor of a varactor Q is defined as

|maximum stored capacitive energy — maximum stored inductive energy| 2.2)

Qc=2m energy dissipated per cycle

where a sinusoidal voltage excitation is applied to the varactor [14]. Intuitively, from Equa-
tion (2.2), Q¢ is a relative measure of the inherent losses of the varactor, which should be
as small as possible. As a consequence, a good performance varactor should have Q as
high as possible since the inherent losses are presented in the denominator in Equation

(2.2).

An approximate analytical expression of Q. can be obtained from a simplified
equivalent circuit for a varactor using resistor and tunable capacitor as the inherent losses
and ideal varactor, respectively, as shown in Figure 2.1. It can be seen from Figure 2.1 that
the resistor and tunable capacitor can be connected to each other in either series, parallel or
a combination of both [14].

11
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Figure 2.1 Simplified equivalent circuit for a varactor with resistor and
tunable capacitor representing the inherent losses and ideal varactor,
respectively, connected in either (a) series, (b) parallel or (c)
combination of both [14].

Regardless of which simplified equivalent circuit is used, a varactor should be de-
signed to operate far below its self-resonant frequency fgg so that it will not affect the op-
eration of the inductance-capacitance (LC) oscillator. When a varactor is operating far

below the fgz, the stored inductive energy is negligible, and thus, Equation (2.2) becomes

- »,,/maximum stored capacitive energy| _ anEC, max]

= , 23
Qc=2m energy dissipated per cycle E (2:3)

where

E (2.4)

CVe

1
C,max = .i , peak

is the maximum stored capacitive energy in which V¢ 4 is the peak voltage across the

tunable capacitor and E 4 is the energy dissipated per cycle [14].

For the equivalent circuit connected in series as shown in Figure 2.1(a),

1 1 IC,g k 2
EC,max = Ecsvé,peakz Ecs( j(,l)éa) (25)
s

12
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and
2 2 R
E _ IC, EeakRsT _ IC,eeak sl 26
dis — 2 period — 2 f’ (2.6)

where C; is the tunable capacitor representing the ideal varactor using series equivalent cir-
cuit, I¢ peqx 18 the peak current flowing through the whole series connection causing V¢ 0o
across the tunable capacitor, R, is the resistor representing the inherent series losses, T)y.ioq
is the time for one period of the applied signal, f = 1/ T perioa 1S the frequency of the ap-
plied signal and @ = 27f is its angular frequency. By substituting Equations (2.5) and

(2.6) into Equation (2.3), the quality factor of a varactor using the series equivalent circuit

QC,siS
lC (IC, geak)2
0 z2n2 LI P (2.7)
Cs 2 “wCR,’ '
IC,eeakRsl s
2 f

In fact, Q¢ s can also be derived directly from the input impedance Z;, of the series equiv-

alent circuit as shown in Figure 2.1(a) as follows:

_|m(z,)  F1/(eC)]
Cs ™ Re(z,) ~ R ~ oC,R,’

S $°s

(2.8)

which gives the same expression as in Equation (2.7) [14].

Similarly, for the equivalent circuit connected in parallel as shown in Figure 2.1(b),

the E¢ 4, 18 given by Equation (2.4) and

V2

VZ

C, peak C,peakl

Ey = _#I—Tperiod = __2_Igﬂ-j—" (2.9)
p p

where R,, is the resistor representing the inherent parallel losses. Therefore, the quality fac-

tor of a varactor using the parallel equivalent circuit Q¢ , can be found by substituting

13
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Equations (2.4) and (2.9) into Equation (2.3) with C replaced by the tunable capacitor rep-

resenting the ideal varactor in a parallel equivalent circuit C,, which gives

b

Vi’, eakl

S, peak
2R, f

, peak

Qc,=2m = 0C,R,. (2.10)

Also, similar to the series equivalent circuit, Q¢ , can be obtained directly from the input

admittance Y, of the parallel equivalent circuit as shown in Figure 2.1(b) as follows:

- IIm(Yin)| - |wCP| —
Cr ™ Re(Y,) ~ 1/R, ~

, (nCpRp, ‘ (2.11)

which gives the same expression as in Equation (2.10) {14].

In reality, however, the measured loss of a varactor consists of both series losses and
parallel losses. The series losses correspond to the substrate losses and losses in the inter-
connecting metal layers, whereas the parallel losses represent the dielectric losses [14].
Therefore, a resistor connected in series with a parallel connection of resistor and tunable
capacitor, as shown in Figure 2.1(c), is a better model of a real varactor. To determine the
quality factor of a varactor using this equivalent circuit with the combination of both series

losses and parallel losses Q¢ .,mp, its input impedance Z,,,,;, is used and it is given by

2
R[1+(wC,,,,R,) 1+R, _j (0CompRy)R,

> > (2.12)
1+ (u)CcombRp) 1+ (u)CwmbRp)

V4

comb = Rcomb +-IXcomb =

where R_,,,,;, and X, are the resistance and reactance of Z_,,,;,, respectively. By substi-
tuting R,pmp and X, into Equation (2.8), Q¢ omp can be derived as

m(z,)| (0C

R )R
QC,comb - comb pp (2.13)

Re(Zi) R (1+(0C,,ppR )1 + R, '

14
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Now, invert both sides of Equation (2.13) and divide both the numerator and denominator

by R, with the assumption of Qcp=0C R, 1, then Equation (2.13) simplifies to

2
1 Rst(chomb) +1 1 1 1

= = oC R + = + .
comb*'s
QC,comb chombRp ('OCcombRp QC.S QC.p

(2.14)

Two important observations can be made from Equation (2.14):
1. If Q¢ or Q¢ p, is much smaller than the other one, it dominates Q¢ comp-

2. The series losses must be considered carefully with the parallel losses in the design of

a varactor.

2.1.2 Available Options in Standard CMOS Technology

Integrated varactors can be categorized into two families in standard complementa-
ry metal-oxide-semiconductor (CMOS) technology: pn junction varactors and MOS varac-
tors. In each family, there are four types of varactors and they are described and compared
in the following two subsections. This comparison is used to determine which type of var-
actor in each family will be discussed and analyzed in detail later in this chapter. The main
criterion used for the comparison is the expected relative quality factor for each type of var-
actor. Another criterion used is the process and/or terminal constraints that each type of
varactor has. These two criteria are used because they are the only characteristics which

are predictable without actually building, testing and measuring all types of varactors.

The inherent losses is mainly contributed by the portion of the signal path that is
inside the substrate or the well for all eight types of varactors. Therefore, the sheet resist-
ance Ry, of different materials can be used to perform a simple and quick comparison for
Qc [14]. The R, of a given material is defined as the resistance per square [15]. It is pro-
portional to the electrical resistivity p of the material, which is equal to the reciprocal of the

electrical conductivity o of the material [15]-[17], i.e.

1
Rpesp=—. (2.15)
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The ¢ of an intrinsic silicon is defined as
c = q(nu, +pup), (2.16)

where ¢ is the magnitude of electronic charge, n and p are the electron and hole concentra-
tions, respectively, and 4, and 4, are the electron and hole mobilities, respectively [17].

. For materials using electrons as majority carriers, i.e. n » p, Equation (2.16) becomes
G =qgny,. (2.17)

Similarly, for materials using holes as majority carriers, i.e. p » n, Equation (2.16) simpli-

fies to
O'quup_ (218)

In silicon, 4, is.approximately 2.8 times of 4, [18]. Therefore, from Equations
(2.15), (2.17) and (2.18), devices using electrons as majority carriers to form the signal path
are expected to have a higher 6, lower p and R, and thus, lower inherent losses than those
using holes as majority carriers. Consequently, devices using electrons as majority carriers

are also expected to have a higher Q than those using holes.

2.1.2.1 PN Junction Varactors

PN junction varactors are the most widely used integrated capacitance tuning ele-
ment in VCOs [11], [19]-[25]. The cross-sections of four different types of pn junction
varactors available in standard CMOS technologies are shown in Figure 2.2. The resistor
represents the series losses, which are the main inherent losses, associated with the signal
path that is inside the substrate or the well. Also, a variable reverse bias voltage Vp is ap-
plied between the anode A and cathode C terminals to vary the value of the device capaci-
tance Cg,,,c.- Moreover, the p-substrate is grounded through a p* implantation contact that

is usually done in practice to provide a common ground on the same chip.
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Figure 2.2 Illustration of cross-sections for four different types of pn
junction varactors available in standard CMOS technologies: (a) p*-

to—-n-well, (b) n*—to—p-substrate, (c) n*~to—p-well and (d) n-well-to—p-
substrate [14].

The first type of pn junction varactor is the p*—to—n-well junction varactor, which
is shown in Figure 2.2(a). It utilizes the junction capacitance associated with the depletion
region between the p* implantation and the n-well. Notice that no depletion region is
formed surrounding the n* implantation because the n* implantation is only a contact for
the n-well. The main inherent losses in this type of pn junction varactor are associated with
the signal path inside the n-well, where electrons are the majority carriers. Therefore, it is
expected to have a relatively high Q.. This type of pn junction varactor does not have any
process constraints since all components used to create it are available in standard CMOS
technologies. Also, it has no terminal constraints since bias voltages can be applied to both

the A and C terminals [14].
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The second type of pn junction varactor, as shown in Figure 2.2(b), is the n*—to—p-
substrate junction varactor. It utilizes the junction capacitance associated with the deple-
tion region between the n* implantation and the p-substrate. It should be noted that no de-
pletion region is formed surrounding the p* implantation because the p* implantation is
only a contact for the p-substrate. The main inherent losses in this type of pn junction var-
actor are associated with the signal path inside the p-substrate, where holes are the majority
carriers. Therefore, it is expected to have a O, which is lower than the first type. Similar
to the p*—to—n-well junction varactor, this type of pn junction varactor does not have any
process constraints in standard CMOS technologies. However, it has terminal constraints.
Its A terminal is grounded since it is formed by the p-substrate. Therefore, all signals, in-

cluding the bias voltages, must be applied to the C terminal [14].

The n*—to—p-well junction varactor, as shown in Figure 2.2(c), is the third type of
pn junction varactor. It can be seen that this type of pn junction varactor is almost same as
the n*—to—p-substrate junction varactor shown in Figure 2.2(b), except p-well is used in-
stead of p-substrate as the p-type material of the pn junction varactor. Therefore, this type
of pn junction varactor is expected to have a Q. similar to the second type, which is lower
than the first type. Additionally, since a p-well is used, then the n-well and deep n-well
must be used to isolate the p-well from the p-substrate, i.e. a triple-well process is required.
To use the n-well and deep n-well for isolation, the highest available direct current (DC)
bias voltage on the whole chip V,;; must be applied to the n-well through an n* implanta-
tion. By doing this, with the p-substrate grounded, the pn junctions between the p-well and
n-well/deep n-well, and p-substrate and n-well/deep n-well will be reversely biased. There-
fore, the junction currents and junction capacitances between these two pn junctions will
be minimized, and thus, a good isolation of the p-well from the p-substrate can be achieved
by using the n-well and deep n-well. Triple-well process, however, is not available in all
standard CMOS technologies. For instance, triple-well process is available in Taiwan
Semiconductor Manufacturing Co., LTD (TSMC) 0.18 um CMOS technology [8] but not
in TSMC 0.35 um CMOS technology [26]. Consequently, this type of pn junction varactor

has process constraints. Also, due to the p-well is isolated from the p-substrate, the terminal

18



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

constraint that exists in the second type of pn junction varactor is eliminated, and thus, bias

voltages can be applied to both the A and C terminals.

The fourth type of pn junction varactor is the n-well-to—p-substrate junction varac-
tor, which is shown in Figure 2.2(d). This type of pn junction varactor is also almost same
as the second type of pn junction varactor shown in Figure 2.2(b), except n-well is used in-
stead of n* as the n-type material of the pn junction varactor. Therefore, it has no process
constraints but a terminal constraint, which is that the A terminal is grounded and all signals
must be applied to the C terminal. The junction capacitance utilized by this type of pn junc-
tion varactor is associated with the depletion region between the n-well and p-substrate.
The main inherent losses are associated with the signal path inside both the n-well and the
p-substrate, where electrons and holes are the majority carriers, respcctivély. Therefore,
this type of pn junction varactor is expected to have the lowest O among all four types of
pn junction varactors because it has two main contributions to its inherent losses instead of
one, which are the cases for the other three types of pn junction varactors described previ-

ously [14].

From the comparisons discussed above, it can be concluded that the p*—to—n-well
pn junction varactor is the best among all four types of pn junction varactors that are avail-
able in standard CMOS technologies. It has the highest expected Q. Also, it has no proc-
ess or terminal constraints in standard CMOS technologies. Therefore, the p™—to—n-well

pn junction varactor is selected to be discussed and analyzed in detail later in this chapter.
2.1.2.2 MOS Varactors

MOS varactors have been studied intensively in the last few years [11], [13], [14],
[19]1-[25], [27]-[44]. The cross-sections of four different types of MOS varactors available
in standard CMOS technologies are shown in Figure 2.3. The resistor represents the series
losses, which are the main inherent losses, associated with the signal path that is inside the
substrate or the well. Also, a variable bias voltage is applied between the gate G terminal

and the connected drain-source S terminal to vary the value of Cg,,;.., which is the capac-
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itance between the G and S terminals looking from the gate. Moreover, the p-substrate is

grounded through a p* implantation contact that is usually done in practice to provide a

common ground on the chip. In addition, none of the MOS varactors shown in Figure 2.3

have the G and S terminals connected to ground. Therefore, all MOS varactors have no ter-

minal constraints with respect to the limitation of the application of bias voltages on the ter-

minals.

Inversion Layer G S B
formed by Electrons

Inversion Layer G
formed by Holes Q

////,7/’/’ Cox T—‘L

p-substrate

n-well

p-substrate

(a)

(b)

Accumulation Layer G S Accumulation Layer G S Vada
formed by Electrons ¢ formed by Holes Q o
L Coc [+ ™~ Cox 1
: l E" ’ + +
E E
g p-well L
.- deep n-well
p-substrate p-substrate
(© (d)

Figure 2.3 Illustration of cross-sections for four different types of MOS
varactors available in standard CMOS technologies: (a) nIMOS in
strong inversion mode, (b) pIMOS in strong inversion mode, (c)
nAMOS in accumulation mode and (d) pAMOS in accumulation mode

[14].

Depending on the type of MOS varactor, the operation mode changes between

strong inversion and weak inversion or accumulation and weak inversion. In strong inver-

sion and accumulation modes, many free carriers are accumulated at the surface of the sem-

iconductor, whereas very few free carriers are accumulated in weak inversion mode.
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Therefore, to compare the MOS varactors by estimating their expected relative Q¢ using
the relationship between Q. and majority carriers discussed before, all four types of MOS
varactors in Figure 2.3 are illustrated as they are operating in either strong inversion or ac-
cumulation mode. The Cg,,;.. of a MOS varactor is approximately equal to the oxide ca-
pacitance C,, in these two operation modes [14]. Therefore, only C,, is shown in Figure

2.3 for these types of MOS varactors.

The first type of MOS varactor is the n-channel inversion mode MOS varactor (re-
ferred hereafter as the nIMOS varactor), which is shown in Figure 2.3(a) and whose cross-
section is identical to a regular n-channel MOS (nMOS) transistor with the body B terminal
(i.e. p-substrate) connected to ground. Its Cg,,;c varies from C,,,, to C,,;, when the oper-
ation mode is changed from strong inversion to weak inversion by adjusting the gate-source
voltage V¢ from positive to negative values. The main inherent losses of an nIMOS var-
actor operating in the strong inversion mode are associated with the signal path formed by
an inversion layer at the surface of the semiconductor, where electrons are the majority car-
riers. Therefore, nIMOS varactor operating in the strong inversion mode is expected to
have a relatively high Q.. The nIMOS varactor is not subject to any process constraints
since all components used to create it, which is a regular nMOS transistor, are available in

standard CMOS technologies [14].

The second type of MOS varactor, as shown in Figure 2.3(b), is the p-channel in-
version mode MOS varactor (referred hereafter as the pIMOS varactor), whose cross-sec-
tion is identical to a regular p-channel MOS (pMOS) transistor with the B terminal
connected to V ;. Its Cg,yice Changes from C,,;, to C,,,, When the operation mode is
changed from weak inversion to strong inversion by adjusting the V;g from positive to neg-
ative values. The main inherent losses of a pIMOS varactor operating in the strong inver-
sion mode are associated with the signal path formed by an inversion layer at the surface of
the semiconductor, where holes are the majority carriers. Therefore, pIMOS varactor is ex-
pected to have a Q. lower than its n-channel counterpart, i.e. nIMOS varactor, when both

of them are operating in strong inversion mode. The pIMOS varactor does not have any
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process constraints since all components used to create a regular pMOS transistor are avail-

able in standard CMOS technologies [14].

The n-type accumulation mode MOS varactor (referred hereafter as the nAMOS
varactor), as shown in Figure 2.3(c), is the third type of MOS varactor. Its Cy,,;., changes
from C,,,, to C,,;, when the operation mode is changed from accumulation to weak inver-
sion by adjusting the V¢ from positive to negative values. The main inherent losses of an
nAMOS varactor operating in the accumulation mode are associated with the signal path
formed by an accumulation layer at the surface of the semiconductor, where electrons are
the majority carriers. Therefore, nAMOS varactor operating in the accumulation mode is _
expected to have a Q- similar to an nIMOS varactor operating in the strong inversion mode,
which is a relatively high Q.. The nAMOS varactor is not subject to any process con-
straints since all components used to create it are available in standard CMOS technologies

[14].

The fourth type of MOS varactor is the p-type accumulation mode MOS varactor
(referred hereafter as the pAMOS varactor), which is shown in Figure 2.3(d). Its Cj,;c.
changes from C,,;, to C,,,, when the operation mode is changed from weak inversion to
accumulation by adjusting the V¢ from positive to negative values. The main inherent
losses of a pAMOS varactor operating in the accumulation mode are associated with the
signal path formed by an accumulation layer at the surface of the semiconductor, where
holes are the majority carriers. Therefore, pAMOS varactor operating in the accumulation
mode is expected to have a Q- lower than its n-channel counterpart, i.e. nAMOS varactor,
when both of them are operating in accumulation mode {24]. It should be noted that, sim-
ilar to the n*—to—p-well junction varactor, pAMOS varactor requires a triple-well process
so that the p-well can be isolated from the p-substrate. Consequently, it has process con-

straints since triple-well process is not available in all standard CMOS technologies [14].

From the comparison discussed above, it can be concluded that both the nIMOS and
nAMOS varactors are the best among all four types of MOS varactors that are available in

standard CMOS technologies. They have the highest expected Q.. Also, they have no

22



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

process or terminal constraints in standard CMOS technologies. However, previous exper-
imental work [14], [39], [44] have shown that nAMOS varactors, in fact, have a Q. higher
than nIMOS varactors. As a result, nAMOS varactor is selected to be discussed and ana-

lyzed in detail later in this chapter.

2.1.3 p*—to-n-well Junction Varactor

2.1.3.1 Cross-Section and Principle of Operation

The cross-section of a p*—to—n-well junction varactor is shown in Figure 2.4, which
is, in fact, the typical structure of pn junction varactor used in standard CMOS technologies
[11], [12], [25]. It is implemented by putting a p* implantation in an n-well using an n*
implantation as a contact with the p-substrate connected to ground through another p* im-
plantation. For simplicity, the cross-section only shows the most important equivalent cir-
cuit elements — junction capacitance Cj, inherent series losses R; ¢ and inherent parallel

losses R; , — that are needed to describe its principle of operation.

A‘ - o -well /

p-substrate

Figure 2.4 Illustration of cross-section for p*—to—n-well junction varactor
only showing junction capacitance C;, inherent series losses R; ; and

inherent parallel losses R; , for describing the principle of operation
[14].
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A pn junction under reverse biasing is used as a varactor in integrated VCOs [11],
[19], [21]-[24] since forward-biased pn junction has a non-desirable severe degradation of
QOc [14], [19], [36], [37], which will be discussed later in this chapter. Therefore, the op-
eration of a p*—to-n-well junction varactor is mainly based on the C j associated with the
depletion region between the p* implantation and the n-well. It should be noted that, as
mentioned before, no depletion region is formed surrounding the n* implantation because
the n* implantation is only a contact for the n-well. In principle, the C;operates as a parallel
plate capacitor. The depletion region is depleted of free carriers, and thus, behaves as an
insulator, which forms the dielectric between the parallel plates. As a result, the C; is a
function of the width of the depletion region, which is controlled by the variable reverse
bias voltage Vp that is applied between the anode A and cathode C terminals. If Vp increas-
es (i.e. the pn junction is more reversely biased), more majority carrier holes and electrons
are depleted in the p-region and n-region, respectively, which increases the width of the de-
pletion region, and thus, decreases C;. On the contrary, if Vg decreases, C; increases as a

consequence of decreasing the width of the depletion region [10], [15], [17], [45]-[47].
2.1.3.2 Qualitative Analysis of Capacitance Tuning Ratio

The dependence of C; on Vj at a specific frequency is illustrated qualitatively in

Figure 2.5. As mentioned in the previous subsection, C;is a function of V and is given by

C..A.
- o
Ci(Vp) = Vv (2.19)
R
1+ —)
¢bl
where Cj'-o is the zero-biased junction capacitance per unit junction area A; when Vg =0V,
0p; = 0,In[(N4Np)/ n?] is the built-in voltage of an open-circuit pn junction,
¢, = (kT)/q is the thermal voltage, k is the Boltzmann’s constant ( 1.38><1O_23 JK"), Tis
the temperature in degrees Kelvin, N, is the acceptor impurity concentration, N is the do-

nor impurity concentration, n; is the intrinsic carrier concentration and m; is a constant de-

pends on the abruptness of the junction [10], [15], [17], [45]-[47]. The typical values of m;
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for a linearly graded junction, an abrupt junction and a hyper-abrupt junction are 1/3, 1/2
and 2, respectively [10], [15], [45], [47]. Substituting Equation (2.19) into Equation (2.1),

the capacitance tuning ratio for a pn junction varactor is

Cmax — Cj( VR, min) — (¢bi + VR, max) i ' (2.20)
Cmin Cj( VR, max) ¢bi + VR, min

It can be observed from Equation (2.20) that a large value of m; is desired since it provides
a larger capacitance tuning ratio. Therefore, the hyper-abrupt junction has the largest ca-
pacitance tuning ratio and the linearly graded junction has the smallest. In practice, how-
ever, the abruptness of the junction is usually unknown [10], [15], [45], [47]. Also, the
capacitance tuning ratio in Equation (2.20) is only a theoretical value and the actual capac-
itance tuning ratio for a real pn junction varactor is smaller than the theoretical value due

to fixed parasitic capacitances [14].

A

— — —
—
L —d

/ Q. (in log scale)

C; (in linear scale)

\d_

forward reverse
bias bias

—> Vg

Figure 2.5 Qualitative behaviour of C; and Q¢ versus Vj of a p*-to-n-well
junction varactor at a specific frequency [37].

2.1.3.3 Qualitative Analysis of Quality Factor

The relationship between Q¢ and Vi of a p*—to—n-well junction varactor at a spe-

cific frequency is illustrated qualitatively in Figure 2.5. When the pn junction varactor is
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reverse biased, the R; , shown in Figure 2.4 is negligible and the main contribution to the

inherent losses is R; ;, which can be assumed to be voltage independent [14], [36], [37].

' 52
Therefore, the corresponding Q- can be computed from Equation (2.7) and it only increases
a little when Vj increases (i.e. the pn junction is more reversely biased) since C; does not
decrease much for a pn junction [36], [37], [47], as illustrated in Figure 2.5. However, the
Qc of a forward-biased pn junction varactor (i.e. when Vj, is negative) is degraded severely
due to the increased relative importance of the diffusion capacitance C;rand its associated

parallel diffusion resistance Rdiﬂr[14], [36], [37].

The Cgyr is in parallel with the C; when the pn junction is forwardly biased, which

is given by

ks (2.21)

Cayr = § i

where 7 is the diode transit time and Rz = Vipormad/Ip in which Vi, is the thermal
voltage and I}, is the pn diode forward bias current [14], [17], [45], [47]. Also, typically,
Cairand R ;¢ are much larger and smaller than C; and R; , respectively [45], [46]. There-
fore, the total capacitance and total parallel resistance are approximately equal to Cyyrand
Ry In addition, the inherent series losses are negligible and the main contribution to the
losses is the inherent parallel losses for a forward-biased pn junction [14], [36], [37]. Asa

result, the Q. for a forward-biased pn junction varactor can be computed from Equation

(2.10) as follows

As an example, with a typical value of 7= 100 ps [45], Q= 1.26 at 2 GHz. This confirms
that forward biasing a pn junction varactor degrades the Q. severely, which is illustrated

in Figure 2.5.
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2.1.4 n-type Accumulation Mode MOS Varactor

2.1.4.1 Cross-Section and Principle of Operation

An n-type accumulation mode MOS (nAMOS) varactor is, in fact, a modification
of a regular pMOS transistor and only operates in the accumulation and depletion modes
theoretically [14], [20], [24], [29], [42], [44]. To ensure its operation in strong, moderate
and weak inversion modes is forbidden, any injection of holes in the channel must be in-
hibited [42]. This is achieved by replacing the two p* implantations (i.e. the source and
drain) of a regular pMOS transistor with two n* implantations to obtain the contacts to the

n-well, as shown in Figure 2.6.

+ VGS-(TJ

|
J

k n-well W,

p-substrate

Figure 2.6 Illustration of cross-section for nAMOS varactor.

It is noteworthy that implementing a nAMOS varactor does not require any special
or additional fabrication processes in a standard CMOS technology. Also, a variable bias
voltage is applied between the gate G terminal and the connected drain-source S terminal
to vary the value of Cg, .., Which is the capacitance between the G and S terminals looking
from the gate in this case. That is, a nAMOS varactor is a two terminal device whose op-

eration mode, and thus, C,4,,;.. can be changed by applying different gate-source voltage
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Vgs- Moreover, the p-substrate is grounded through a p* implantation contact that is usu-

ally done in practice to provide a common ground on the chip.

Ideally, replacing the p* implantations with n* implantations in the source and drain
of a regular pMOS transistor should suppress any injection of holes in the channel so that
a nAMOS varactor only operates in the accumulation and depletion modes. However, in
reality, nAMOS varactor does also work in the weak inversion mode, which will be dis-
cussed at the end of this subsection. Therefore, nAMOS varactor actually has three opera-
tion modes — accumulation, depletion and weak inversion — and their cross-sections are
shown in Figure 2.7. For simplicity, the cross-sections in Figure 2.7 only show the most

important equivalent circuit elements that are needed to describe the principle of operation.

Figure 2.7(a) shows a nAMOS varactor operating in the accumulation mode when
the G terminal is biased positively with respect to the S terminal. Under this biasing con-
dition, electrons are accumulated at the surface of the semiconductor and an accumulation
layer is formed. This accumulation layer acts like a conduction plane at the bottom of the
oxide since it is built by free carriers. Therefore, for a nAMOS varactor operating in the
accumulation mode, this accumulation layer dominates the inherent losses and can be rep-
resented by parasitic resistance in accumnulation mode R,... Also, the C,,, ;. is simply the
oxide capacitance C,,, which is equivalent to the C,,,,, that a nAMOS varactor can achieve

[44].

When the G terminal becomes negatively biased with respect to the S terminal, the
nAMOS varactor operates in the depletion mode, which is shown in Figure 2.7(b). Elec-
trons are pushed away from the surface of the semiconductor, and thus, a depletion region
is formed at the surface of the semiconductor. This depletion region gets wider as the volt-
age applied to the G terminal becomes more negative [44]. Therefore, for a nAMOS var-
actor operating in the depletion mode, the parasitic resistance associated to the n-well in
depletion mode R, (between the edge of the depletion region and the edge of the n™ implan-
tations) represents the main inherent losses in the n-well. Also, the Cy, ;.. is the C,, in se-

ries with the voltage-dependent capacitance formed by the depletion region C, [44].
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Figure 2.7 Illustration of cross-section for nAMOS varactor operates in (a)

accumulation mode, (b) depletion mode and (c) weak inversion mode
[13], [14].
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. As the voltage applied to the G terminal becomes further negative with respect to
the S terminal such that |-V 2 |V;|, where Vris the threshold voltage of the device, the
nAMOS varactor starts to operate in the weak inversion mode [44], which is shown in Fig-
ure 2.7(c). This is not expected since the idea of replacing the p* implantations of a regular
pMOS transistor by n* implantations should able to inhibit the injection of holes from the
p* implantations, which implies no abundance of holes can be accumulated at the surface
of the semiconductor, and thus, no inversion layer should be formed. Consequently, nA-
MOS varactor should only operate in accumulation and depletion modes. In fact, this con-
cept is correct. However, replacing the p* implantations by n* implantations and having
the C,,ic. adjustable by V¢ with the drain and source terminals connected together, the
nAMOS varactor is essentially same as the two terminal MOS structure described in [15].
Therefore, at high frequencies, where the nAMOS varactor is supposed to be operated at,
very few holes are generated by thermal generation at the surface of the semiconductor to
fulfill the required charge changes due to the -V ;5 [15]. This is because thermal generation
is a very slow process and there is no external provider, i.e. p* implantations in this case,
to provide the required positive charge [15]. As a consequence, most of the required posi-
tive charges are generated by ionizing the donor atoms at the bottom of the depletion region
to fulfill the required charge changes [15]. This phenomenon takes effect until enough
holes are generated to form an inversion layer at the surface of the semiconductor by ther-
mal generation, which shields the depletion region from getting wider since all electric
fields are terminated on the inversion layer [13], [33]. When this happens, the C, reaches
its minimum value Cj,,;,, and thus, the nAMOS varactor reaches the C,,;, that it can
achieve. Therefore, for a nAMOS varactor operating in the weak inversion mode at high
frequencies, the parasitic resistances associated to the inversion layer R;,, and R, represent

the main inherent losses. Also, the Cy,y,, is the C,, in series with the Cy ,,,;, [13].
2.1.4.2 Qualitative Analysis of Capacitance Tuning Ratio

The capacitance tuning ratio for the nAMOS varactor is evaluated qualitatively in

this subsection using the simplified equivalent circuit with only the capacitances including
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the capacitance C,,qiric» Which represents all extrinsic parasitic capacitances such as gate
overlap capacitance, gate fringing capacitance and capacitances formed between the inter-
connecting metal layers [29], [37]. As discussed in the previous subsection, the nAMOS
varactor has three operation modes — accumulation, depletion and weak inversion — and its
capacitance depends on the mode of operation, which is illustrated in Figure 2.8 at a spe-
cific frequency. Their simplified equivalent circuits are shown in Figure 2.9. It should be
noted that the simplified equivalent circuit for the weak inversion mode operation is for
high frequencies purpose since the nAMOS varactor is assumed to be used for high fre-

quencies applications.

Cdevice (in \ —
linear scale) K
[ '\
4 .
— Q. (in
log scale)
—l¢ >l > VGs
weak depletion \
inversion accumulation

Figure 2.8 Qualitative behaviour of C,,,;., and Q¢ versus Vg of nAMOS
varactor at a specific frequency [37].

It can be seen from Figure 2.9 that the C,,,, and C,,,;, are obtained when the nAMOS
varactor is operating in the accumulation mode and weak inversion mode, respectively. In

accumulation mode, C,,,, is derived from Figure 2.9(a) as [14]

Coax = C +C,_ .. (2.23)

max parasitic 0x

To derive C,,;,, the simplified equivalent circuit in Figure 2.9(c) is used and gives [14]
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Figure 2.9 Simplified equivalent circuit showing only capacitances for
nAMOS varactor operates in (a) accumulation mode, (b) depletion
mode and (c) weak inversion mode at high frequencies [13].

C,.Cu mi
d, min
C. =C . 2 DR (2.24)
t
min parasitic Cox + Cd, min
Therefore, the capacitance tuning ratio for anAMOS varactor approaches one as Cp 4sinc
becomes infinite by inspecting Equations (2.23) and (2.24), which is not desired. As a re-
sult, to obtain the maximum capacitance tuning ratio for a nAMOS varactor, Cp,g,45isic must
be minimized, or equivalently, the ratio of device intrinsic capacitance and extrinsic para-
sitic capacitances must be maximized. To maximize this ratio for a specified nominal ca-
pacitance value, the nAMOS varactor should be implemented by a long, wide and single-
fingered gate so that the extrinsic parasitic capacitances formed between the interconnect-

ing metal layers can be minimized [27], (33], [41].
2.1.4.3 Qualitative Analysis of Quality Factor

From Figure 2.7, it can be seen that all the parasitic components between the G and
S terminals are in series connection. Therefore, the Q- of a nAMOS varactor can be com-

puted by Equation (2.7), which is repeated here for convenience:
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_ 1
oCR

Ocs (2.25)

C,, in this case, is the series parasitic capacitance including the C,, and C, and can be ex-

pressed as
Cy(Vis) o LW nd C,, | Cy(Vise)) (2.26)

where L, is the gate length, W, is the gate width, nsis the number of gate fingers, C,, is
the oxide capacitance per unit area and C;, is the depletion capacitance per unit area. As
for Ry, it is the series parasitic resistance mainly contributed by the gate resistance R, in

series with the channel resistance R, given by

RV = L(5Ms,, BalVe Ly o)
s TGS nen Lg n, Wg ’

where n; and n, are the non-ideal factors characterizing the distributed effect and the
number of contacts of a MOS structure device for R, and R, respectively [13], [15], (48].
It should be noted that, in fact, C:, and R, and thus correspondingly C; and R are functions
of Vg since they are different in each operation mode. Also, if the gate is contacted on
both sides and multifingers are utilized on the layout, which is an usual practice in radio-
frequency (RF) designs, R, is negligible and R, dominates R [13], [33]. Therefore, solv-
ing Equations (2.25), (2.26) and (2.27) gives the relationship [13]

-2
Qce Ly . (2.28)

Consequently, minimizing L, for a nAMOS varactor will maximize Qc. However, this
contradicts the condition required for maximizing the capacitance tuning ratio as discussed
in the previous subsection. Therefore, there is a direct trade-off between the capacitance

tuning ratio and Q. for nAMOS varactor.

The dependence of Q- on V5 of a nAMOS varactor at a specific frequency is il-

lustrated qualitatively in Figure 2.8. When anAMOS varactor operates in the accumulation
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mode, the R, is represented by R, which is highly conductive, and thus, the O is high
[13]. As the operation shifts from accumulation to depletion, the accumulation layer is van-
ishing and the bottom plate of the C,,,.. is formed in the n-well, whose resistance is rela-
tively high. Therefore, the R, represented by Ry, increases and thus Q- drops [13], [36],
[37]. When the operation of nAMOS varactor shifts from depletion to weak inversion, Q¢
increases instead of decreases despite the continuous increase in R, until an inversion layer
is formed at the surface of the semiconductor, which shields the depletion region from get-
ting wider. This unexpected phenomenon happens because the Cy,,;.. decreases at a faster
rate than the increase in R, due to the high varactor sensitivity (i.e. the rate of changes of
Cgevice to the rate of changes of V;¢) and thus the overall Q¢ increases, which produces a
dip in the Q- curve in Figure 2.8 [13], [36], [37]. In addition, C,,;., is small enough in the
weak inversion mode such that Q. in the weak inversion mode is higher than in the accu-
mulation mode [13]. Also, Q. is approximately constant in the weak inversion mode since

both Cg,,;.. and R, approach a constant value in this operation mode [28], [34].
2.1.5 Performance Comparison

The capacitance tuning ratio and Q. of different types of CMOS varactors from the
published literature are listed and compared in Table 2.1 to provide an idea of the values of
these two performance parameters in recent technology generations. These varactors were
originally implemented in different standard CMOS technologies and measured at different
frequencies ranging from 1 GHz to 2.5 GHz and different tuning voltage ranges. Therefore,
to have a fair comparison, first, all related information are converted to 2 GHz, which is a
frequency between two important wireless communication systems: 1.9 GHz Global Sys-
tem for Mobile Communications (GSM) in Canada [49] and 2.4 GHz Bluetooth [50]. The
Cax and C,,,;, that are used to compute the capacitance tuning ratio, in fact, are assumed
to be constant over the frequency ranging from 1 GHz to 2.5 GHz, i.e. the capacitance tun-
ing ratio values listed in Table 2.1 are collected from the references directly without any
modification. However, the Q has to be adjusted since it is strongly frequency dependent

and Equation (2.25) can be used for the conversion. For example, converting a published
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QOc at 1 GHz to 2 GHz can be simply achieved by dividing the published Q- by a factor of
two. In addition, the minimum quality factor of varactor Q¢ ,,.;,, is listed in Table 2.1 but
not other values of Q¢ because Q¢ ,,;, is the worst Q¢ that the varactor can have, which is
the best Q- value used as a limiting factor and starting point for circuit design or to indicate
if the varactor is able to fulfill the minimum requirement of a circuit for design specifica-

tions.

Table 2.1 Comparison of capacitance tuning ratio and Qc ,;, for different types of

CMOS varactors.
Reference V?Il‘-;";:or Techl?(:(l)gys(um) Vo'{\t:;len (gV) legzjtg)mm ¢ min
[37) 2000 | P'—to-n-well 0.5 Vg =0, 1.8] 131 | 110
Jjunction

[37] 2000 SIMOS 0.5 (Lg =0.5um) | Vgs=1[-1.6,0.2] 1.74 19
[37] 2000 05(Lg=1pm) | Vgs=1[-1.6,0.2] 2.01 34
[44] 2000 nIMOS 0.5 Vgs =[0.5,2.3] 2.15 25.8
[37] 2000 05(Lg= 0.5pum) | Vgg=[-1,0.8] 2.07 51
(3712000 | nAMOS 0.5(Ly,=1um) | Vgs=I[-1,0.8] 2.76 105
[44] 2000 0.5 Vgs=10.5,2.3] 1.69 33.2

Second, acommon tuning voltage range of 1.8 V is used to obtain the C,,,, and C,,;,
values to compute the capacitance tuning ratio for each varactor. This 1.8 V is based on
Lithium ion (Li*) batteries that are the most common power supply for wireless applica-
tions nowadays and the common minimum operating voltage for Li* batteries are 3 V [14].
In fact, only 2.8 V of this 3 V is used as power supply since there is a 0.2 V voltage drop
for the voltage regulator [14]. Also, with a typical tuning voltage margin of 0.5 V for both
the power supply and ground, the actual usable tuning voltage range is from 0.5 V to 2.3
V, i.e a tuning voltage range of 1.8 V [14]. The absolute voltages used for the 1.8 V tuning
voltage range, however, depend on the type of varactor and they are also shown in Table

2.1.

Most of the capacitance tuning ratio and Q¢ ,,,;, values listed in Table 2.1 are deter-

mined from plots reported in the corresponding literature. Some of the values, therefore,

35



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

may be reproduced with small error. However, again, the main purpose of presenting Table
2.1 is to give a general idea of the values of these two performance parameters in recent

technology generations, and thus, small inaccuracy is acceptable.
Several observations can be made from Table 2.1:

1. p*-to-n-well junction varactor has smaller capacitance tuning ratio but much larger

Q¢ min than MOS varactors.

2. pIMOS varactor has smaller Q¢ ,,;, than nAMOS as estimated in Section 2.1.2.2 by

comparing rows 2 and 3 with rows 5 and 6, respectively, in Table 2.1.

3. nIMOS varactor has smaller Q ,,;, than nAMOS as mentioned in Section 2.1.2.2 by

comparing row 4 with row 7 in Table 2.1.

2.2 METAL-INSULATOR-METAL CAPACITOR

Capacitors can also be realized in ICs using the traditional structure, i.e. parallel-
plate capacitors with an insulating material called the dielectric between these two conduc-
tive plates [6]. This type of capacitor is called metal-insulator-metal capacitor or common-
ly known as MIM capacitor. The MIM capacitor is usually implemented using one of the
conventional metal layers as the bottom plate and a special thin metal layer placed between
two conventional metal layers as the top plate with a thin oxide of approximately 40 nm

thick [51] between them as the dielectric [6].

The capacitance value of a MIM capacitor Cyys can be computed by

A €,E;
Crim = —Lt—' (2.29)
i

where A, is the area of one of the plates, €, is the permittivity in vacuum, €; and ; are the
relative permittivity and thickness of the dielectric, respectively [6]. It can be observed
from Equation (2.29) that the smaller the #;, the larger the Cyy), and thus a thin oxide is used

as the dielectric for MIM capacitor to increase the capacitance value per area, which saves
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chip space [9]. In reality, however, the Cy, is underestimated by Equation (2.29) since
some of the electric fields called the fringing field go through the air instead of the dielec-
tric, which increases the apparent area of the plates and this problem is proportional to the
thickness of the dielectric [6]. Fortunately, for a MIM capacitor, a thin oxide is used as its
dielectric and the dimensions of its plates are usually much larger than its vertical dimen-

sion [6]. Therefore, this problem is usually neglected in ICs design.

Figure 2.10 shows the equivalent circuit model of a MIM capacitor between Port 1
and Port 2 used in the Spectre simulator for the TSMC 0.18 um CMOS technology [51].
In this model, Ryspps ¢ and Lygy, o are the parasitic resistance and inductance in the elec-
trodes, Cypm 0x» 18 the oxide capacitance between the bottom plate of the MIM capacitor
and the substrate, and Rygyps 5, and Cpgppg 5, are the silicon substrate resistance and capac-

itance, respectively [51].

Raaiv,s LMIMs Cpgpyg
Port 10-MAA " L—{}—0 Port 2

= CmiM,ox

Ryviim sub == CMmiM,sub

Figure 2.10 Equivalent circuit model of a MIM capacitor between Port 1
and Port 2 used in the Spectre simulator for the TSMC 0.18 pm CMOS

technology [51].

The capacitance tuning ratio of a MIM capacitor is, obviously, one since Cyyps 18
voltage independent. Its Q- is usually larger than 150 at 2 GHz [51], which is even larger
than the Q¢ ,,;, of a p*—to—n-well junction varactor presented in Table 2.1, using the con-

version method discussed in Section 2.1.5.
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2.3 INDUCTOR

In standard CMOS technology, spiral inductors are the most widely used integrated
on-chip inductors. Spiral inductor, as suggested by the name, is implemented by spiral-
shaped planar metal coils using one or more metal layers. An example of a 1.5 turns rec-
tangular planar spiral inductor realized by one metal layer with the key device geometrical
parameters is shown in Figure 2.11, where L;, L,, L; and L,, are the length of the first, sec-
ond, third and last segments, respectively, W, is the conductor width and S; is the spacing
between two adjacent segments [52]. The additional segment is realized by a different met-

al layer, which is required for connecting the inductor at Port 2.

Y

Port 2

3 3
f————

Figure 2.11 Illustration of a 1.5 turns rectangular planar spiral inductor
realized by one metal layer with key device geometrical parameters
[52]. The additional segment is realized by a different metal layer,
which is required for connecting the inductor at Port 2.

The objective of designing the layout of a spiral inductor is to obtain the desired in-
ductance in the smallest area possible. At the same time, the parasitic capacitance must be
kept low to ensure the designed frequency band is inside the fgz of the element so that it
will not affect the operation of the LC oscillator [52]. Another objective in the design of a

spiral inductor is to maximize its quality factor Q;, which is the most important perform-
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ance parameter of spiral inductor, for the frequency range at which the inductor will operate
[52]. These objectives can be achieved by adjusting the geometrical parameters and the
number of turns to implement the spiral inductor [52]. Further discussion regarding the op-
timization of the Q; and the corresponding changes of the inductance with respect to the

geometrical parameters and the number of turns can be found in [53], [54].

Qy is defined as [53]

|maximum stored inductive energy — maximum stored capacitive energy]| (2.30)
energy dissipated per cycle T

Q,=2n

Similar to O, from Equation (2.30), Q; is a relative measure of the inherent losses of the
inductor, which should be as small as possible. As a consequence, a good performance in-
ductor should have Q; as high as possible since the inherent losses are presented in the de-

nominator in Equation (2.30).

Physically, an on-chip inductor is a two-port element, which is shown in Figure
2.12(a). In this model, L;  is the inductance of the spiral inductor, R; ; is the metal series
resistance representing the energy losses due to skin effect in the spiral interconnect struc-
ture and the induced eddy current in any conductive media close to the inductor, C; ; is the
series capacitance representing the capacitance due to the overlap between the spiral and
the center-tap underpass, C; ,, is the oxide capacitance between the spiral and the substrate,
and Ry g, and Cy ,, are the silicon substrate resistance and capacitance, respectively [52],
[53]. However, to simplify the analysis without sacrificing the inductor characteristics, a
one-port physical model is used. This lumped one-port physical model is derived from the
two-port model by connecting the Port 2 to ground [53], which is shown in Figure 2.12(b).
To further simplify this one-port model, the impedance C; ,,, R, 5,5 and Cy g, can be re-
placed by a resistance-capacitance (RC) parallel network [53], which is shown in Figure

2.12(c), where
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Crs
Il
"

RL,S Ll’s
Portl()ﬁ—’\/\/\/—l LTE_O Port 2
— CL,ax Cl,ox
Ry sub CrLsub Risub CL,sub
(a)
Port1 O~ Port 1
i Crox ‘
Ry Ry
= Crs §RLP = Crp T CLs
RL,sub T CL,sub LL,s Ly
(b) (c)

Figure 2.12 Lumped physical model of a spiral inductor: (a) two-port [52],
(b) one-port full version [53] and (c) one-port simplified substrate
version [53].

2
R C +C
. — 1 + L,sub( L, ox L,sub) 231)

R, = >
® CL, oxRL, sub CL, ox

and

2 2
1+ (Cp o+ CpL ) CL subRL sub
CL,p — CL,ox . 0x su ,2su2 , SU . (2.32)
l+o (CL, 0x+ CL, sub) RL, sub

Using the circuit element in Figure 2.12(c), the maximum stored inductive energy

E} 1nax» maximum stored capacitive energy Ec .., and energy dissipated per cycle E;, are
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VL
L, k™L,
EL, max — peaz 52 s (2.33)
2[(wLy, )"+ Ry (]
V2 (C, +C; )
L, k L, L,
E¢ o = —22° 2S Pl (2.34)
and
E, = @Vil’—“"[ L, Br } (2.35)
LS 2 2 .
© 2 R, (oL, )*+R},

respectively, where V. is the peak voltage across the spiral inductor {53]. The analytic
expression of Q; can be obtained by substituting Equations (2.33) to (2.35) into Equation
(2.30), which yields

" R, R +[(L, /R, ) +1]R
? Lp L,s L,s L s
2

. [1 R (Cpr+Cpp)

ol R
Ls, Lp , (2.36)

2 -
L. ()] LL,S(CL,S + CL,P)]

where the first term is the magnetic energy stored and the ohmic loss in the spiral inductor,
the second term is the substrate loss factor representing the energy dissipated in the sub-
strate, and the last term is the self-resonance factor describing the reduction in Q; due to
the increase in the peak electric energy with frequency and the vanishing of Q; at the fgg

[53].

In practice, for quick circuit design and analysis, an approximate analytical expres-
sion of Qy is preferred rather than the accurate but complicate analytical expression shown
in Equation (2.36). Similar to the varactor, an approximate analytical expression of Q; can
be obtained from a simplified equivalent circuit using resistor and fixed inductor as the in-

herent losses and ideal spiral inductor, respectively, as shown in Figure 2.13. It can be seen
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from Figure 2.13 that the resistor and fixed inductor can be connected to each other in either

series or parallel.

(b)

Figure 2.13 Simplified equivalent circuit for a spiral inductor with resistor
and fixed inductor representing the inherent losses and ideal spiral
inductor, respectively, connected in either (a) series or (b) paralliel.

As mentioned earlier, one objective of designing the layout of a spiral inductor is to
ensure the designed frequency band is inside the fgg of the element [52]. When a spiral in-
ductor is operating far below the fgp, the stored capacitive energy is negligible, and thus,

Equation (2.30) becomes

. . . E
0, =2 |maximum st.ore.d inductive energy| _ nl L, max| , (2.37)
energy dissipated per cycle E,
where
L2 2.38
EL, max ~ EL L,peak (2.38)

in which I .4 is the peak current flowing through the whole series connection causing

VL peak across the fixed inductor.

For the equivalent circuit connected in series as shown in Figure 2.13(a), the E} .,

is given by Equation (2.38) and
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2 2
I R I .R1
Egis = L ;ak sTperiod = ‘L—E‘;a_"f] (2.39)

Therefore, the quality factor of an inductor using the series equivalent circuit Q; ; can be
found by substituting Equations (2.38) and (2.39) into Equation (2.37) with L replaced by
the fixed inductor representing the ideal spiral inductor in a series equivalent circuit L,

which gives

1, 2
liLsIL, peak ol

Qs =2m =—. (2.40)
’ R
IL, eakRsl 5

2 f

In fact, O  can also be derived directly from the input impedance Z;, of the series equiv-

alent circuit as shown in Figure 2.13(a) as follows:

_|im(z,)] oL
Ls ™ Re(z,) = R,’

5

(2.41)

which gives the same expression as in Equation (2.40).

Similarly, for the equivalent circuit connected in parallel as shown in Figure

2.13(b),

1, 2 1. (VL pear)?
EL,max = ELpIL,peak:: ELP(—_-]'_(D-E[:!L) (2.42)
P

and

v v

L, peak L,peakl
Eys = -_zﬁeiTperiod = —Zﬁa—? (2.43)
4 P

where L, is fixed inductor representing the ideal spiral inductor using parallel equivalent
circuit. By substituting Equations (2.42) and (2.43) into Equation (2.37), the quality factor

of an inductor using the parallel equivalent circuit Qy , is
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i ( Vi, Eeak) 2
2"p

JoL R

Q,,=2m : 4 =wl‘j—. (2.44)
L,Eeakl p
2R, f

Also, similar to the series equivalent circuit, Q; , can be obtained directly from the input

admittance Y;, of the parallel equivalent circuit as shown in Figure 2.13(b) as follows:

_Im(vy)| _ |F1/(oL)| _ R,

L™ Re(Y,) = 1/R, oL,’

(2.45)

which gives the same expression as in Equation (2.44).

The inductance, maximum quality factor of inductor O ,,,, and fg of different spi-
ral inductors from the published literature are listed and compared in Table 2.2 to provide
an idea of the values of these performance parameters in recent technology generations. It
should be noted that the Q; ,,,, is usually reported in literature, which is in contrast to Q¢
where Q¢ i is reported. This is because Qy ,,,, is ranging from approximately 3.7 [55]
to 15 [56] at 2 GHz, which is much smaller than the quality factor of other passive devices,
and thus, it is usually used as a constraint and starting point for circuit design in practice
[571-[59]. Also, some of the Qy .., and fgg values listed in Table 2.2 are determined from
plots reported in the corresponding literature. In the cases which fgg is not shown on the
plots, the Q; versus frequency plot is used to determine the fgg. This is achieved by extrap-
olating the Q; curve and the fgg is the frequency at which the Q; is zero. The values, there-
fore, may be reproduced with small error. However, again, the main purpose of presenting
Table 2.2 is to give a general idea of the values of these two performance parameters in re-

cent technology generations, and thus, small inaccuracy is acceptable.
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Table 2.2 Comparison of inductance, Q; 4, and fs for different spiral inductors.

Reference Structure of CMOS Inductance 0 Ssr
Spiral Inductor Technology (um) (nH) Lmax | (GHz)
rectangular shape using not 35@
[551 2000 only top metal layer 0.35 reported 2.5 GHz 4.2
rectangular shape using
top metal layer with bot- not 37 @
[551 2000 tom metal patterned 0.35 reported 2 GHz 4.7
ground shield
rectangular shape using 2
pm-thick aluminum and not 75 @ 6@
(5311998 silicon substrate of 11 reported 1.3 GHz 1.3 GHz 68
Qcm
rectangular shape using 2
wm-thick aluminum and
o not 74 @ 72 @
[53] 1998 | silicon §ubstrate_9f 11 reported 1.5 GHz 1.5 GHz 3.6
Qcm with polysilicon
patterned ground shield
circular shape using top
two metal layers with 242 @ 9.6 @
[60] 2001 special passivation 0.25 3GHz 3GHz 127
scheme
circular shape using top
two metal layers with 6.05 @ 13 @
[61] 2002 polysilicon patterned 0.18 3GHz 3GHz 7
ground shield
circular shape using four
parallel current paths 5@ 15@
[56] 2001 with polysilicon pat- 0.18 2 GHz 2 GHz 4.2
terned ground shield
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Chapter 3

LC Oscillator

A major challenge in the design of single-chip transceivers in CMOS technology
for today’s wireless communication systems is the design of a VCO that generates the local
oscillator (LO) carrier signal. Cross-coupled differential LC oscillators are the most pop-
ular choice due to their relatively low phase noise, ease of implementation and differential
operation [62]. Therefore, in this chapter, the theory of LC oscillators will be reviewed,
and the performance parameters used to evaluate VCOs will be presented. Finally, differ-

ent cross-coupled differential LC oscillator topologies will be discussed and compared.

3.1 LC OSCILLATOR THEORY

All resonator-based LC oscillators can be represented by a simple two-port positive
feedback linear time invariant (LTI) circuit in the s-domain as shown in Figure 3.1(a) [63].
This positive feedback LTI circuit can be described by the transfer function

Y(s) _ G(s)
X(s) ~ 1-G(s)H(s)’

3.1

where G{(s) is the feedforward network or open-loop transfer function, H(s) is the feedback
network’s transfer function, X(s) is the input signal which is the noise from the circuit com-
ponents, Y(s) is the output signal and ¥(s)/X(s) is the closed-loop transfer function [64],

[65]. If a positive feedback LTI circuit satisfies the Barkhausen criteria:
G(s)H(s) = 1 (3.2)
and
ZG(s)H(s) = n-360°, (3.3)
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where n is an integer, then the circuit may oscillate at the fundamental angular oscillation
frequency wq [65]. To ensure oscillation in the presence of temperature and process vari-
ations, the oscillator is typically designed to have a loop gain, i.e. G(s)H(s), greater than
one and the nonlinearities in the circuit are amplified to reduce the loop gain to exactly one

in steady-state operation {65].

X(s) G(s) | Y(s) Reff Ractive
4
Resonator 4-"-» éctivi
H(s) ircui
(@) (b)

Figure 3.1 Representation of resonator-based L.C oscillators using (a) two-
port model and (b) two one-port model [63], [65], [66].

An alternate way to represent LC oscillators is to use two one-port networks: an ac-
tive circuit and a resonator as shown in Figure 3.1(b) [65], [66]. The resonator network, for
LC oscillators, is made up of a parallel resistance-inductance-capacitance (RLC) network
or commonly known as LC tank [65], [67]. The active circuit network is a simple transcon-
ductance g, amplifier that implements gain or negative resistance R,,;,, t0 compensate for
the losses of the effective parallel resistance in the resonator network R,g [67]. To ensure
oscillation in steady-state operation, R, must exactly cancel R, When this happens,
the circuit becomes lossless, which results in oscillation [66]. Due to this representation,
LC oscillators are also known as negative resistance oscillators and this representation will

be utilized for the oscillator analysis and design in this research.

3.2 PERFORMANCE PARAMETERS

To understand the properties of different cross-coupled differential LC oscillators,

it is essential to know what performance parameters are used to determine their properties.
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The most important performance parameters used for evaluating LC oscillators are oscilla-
tion frequency f,, frequency tuning range, power consumption P,,,, amplitude of oscilla-
tion V. or output power P,,,, and phase noise L{Aw}, which are presented and discussed

in the following subsections.
3.2.1 Oscillation Frequency

The oscillation frequency f, of resonator-based LC oscillators is determined by the

resonant frequency of the resonator, i.e. the LC tank:

1

) 27tA/LtkCtk,

where L,;, and C,;, are the total inductance and total capacitance in the LC tank, respectively.

fo (3.4)

Ideally, the C,; is same as the value of the capacitor that is used to build the LC tank. How-
ever, there are some parasitic capacitances from the inductor, metal interconnections in the
circuit and active circuit network, which also contribute to the Cy. The parasitic capaci-
tances from the active circuit network are the parasitic gate-source capacitance Cy and par-
asitic gate-drain capacitance Cgy of the MOSFETS that are used to form the active circuit

network. Therefore, a more precise expression of Equation (3.4) is

1

= , (3.5)
2nA/thk( Ccap + Cparasitic)

fo

where C_,, is the value of the capacitor that is used to build the LC tank and C,;,44isic 18 the

equivalent parallel capacitance formed by all parasitic capacitances.
3.2.2 Frequency Tuning Range

The actual values of the L, and Cy, in practice, are usually different from their
nominal values due to process variation. As a consequence, from Equation (3.5), the actual
fo is different from the nominal f,. Therefore, the spread in the L, and C,;, must be com-

pensated electronically to ensure the nominal f can be achieved. As discussed in Section
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2.3, spiral inductors are the most widely used integrated on-chip inductors, which are also
the inductors used in this research, and their inductance values are fixed after fabrication.
Therefore, varactors are used to provide an electronically tunable C_,, to ensure the nomi-
nal f; can be achieved, and thus, LC oscillators are also known as VCOs when varactors are
utilized in the LC tank since the circuit performance, including the f;, is adjusted only by

the voltage sources that are used to bias the circuit.

The frequency tuning range of VCOs is a range of frequencies that they can cover

and often is defined as

fmax_fmin _ z(fmax _fmin (3.6)

Frequency Tuning Range = ,
f max +f min

fcentre
where f,..c fnin and fopppre are the maximum, minimum and centre frequencies that the
VCOs can achieve, respectively. Recall that varactors can vary their capacitance values
from C,,;, to C,,,,- Therefore, by substituting Equation (3.5) into Equation (3.6), the fre-

quency tuning range of VCOs can also be expressed as

Jcmax + Cparasitic — A/Cmi" + Cparasitij . 3.7

Frequency Tuning Range = 2(
A/Cmax + Cparasitic + A/Cmin + Cparasiti

It can be observed from Equation (3.7) that the Cp,,44iric decreases the frequency
tuning range since it leaves a smaller portion of the C,, for frequency tuning, which indi-
cates that the largest frequency tuning range can be obtained when the C,, 4y is mini-
mized. However, the Cp,4iric Caused by the inductor is fixed when it is designed. Also,
the practical value of the C,4iric Caused by the metal interconnections in the circuit would
not be known until the layout of the whole circuit is completed. Therefore, minimization
of Cparasiric at the design stage can only be achieved by minimizing the size of the MOS-
FETs that are used to form the active circuit network since the C,; and Cg4 are proportional

to the size of the MOSFETs [15], [17].

49



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

3.2.3 Power Consumption

The power consumption P, of cross-coupled differential LC oscillators is deter-

mined by
Pcon = Vddlbias’ (3.8)

where V4, is the supply voltage of the circuit and I, is the bias current controlled by the
bias current transistor (this transistor will be described later in Section 3.3) in the circuit.
Also, the P,,,, is usually expressed in mW. It is obvious that the less power the circuit con-
sumes, the better the performance it has because it can operate for a longer time with a giv-

en power supply.

3.2.4 Amplitude of Oscillation / Qutput Power

The amplitude of oscillation V. of LC oscillators is determined by

/L k
Vose = Zudpias = 0oLy Qul ;s = 'EI';thIbias’ (3.9)
t

where Z, is the equivalent parallel impedance of the LC tank at the resonance node and

o= {5+ 2]

el

is the quality factor of the LC tank in which Qc, are the quality factors of different capac-
itors C; that make up the C,; [58], [68]. In practice, the Q. are usually relatively large
compared to Q; when a spiral inductor is used in the LC tank. Therefore, O, is usually
limited by Q, ; and is given by

WL

Qu=0 = (3.11)

N
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in common design practice [57], [58], [69], [70] when the spiral inductor is approximated
by a series equivalent circuit previously discussed in Section 2.3. This also implies that the
effective series resistance and L in the resonator network can be approximated by the R,
and L of the spiral inductor, respectively. As a consequence, by applying series-parallel
transformation (series-parallel transformations for both RC and RL networks can be found

in Appendix A), R,gand Ly can be expressed as

Ry~ OuR, =~ 0p (R, (3.12)
and
Ly =L, (3.13)
respectively.

It is desirable to have a large V.. so that the oscillator waveform is less sensitive to
noise. From Equations (3.9) and (3.11), this can be achieved by either increasing the L,
with the I;,, fixed or vice versa. However, the use of a larger inductor to increase the L,
with the Ip;,, fixed would require a smaller Cy; to maintain the same nominal f;, which re-
sults in the use of a smaller C,,, since it is very difficult to reduce Cpya4iric in practice.
Consequently, the frequency tuning range would be decreased. On the other hand, it can
be seen from Equation (3.8) that the use of a larger Ij,;,; with the L, fixed would increase
the P.,,, which is non-desirable. Therefore, there is a direct trade-off among V., frequen-

cy tuning range and P,,,,.

The V,, in practice, is usually reported in literature as output power P, which is
the amount of RF power available for driving a load that is typically 50 Q [71]. Also, itis

usually expressed in dBm, which is the number of milliwatts in dB [71].
3.2.5 Phase Noise

Phase noise L{Aw} is an indication of the spectral purity of oscillator’s output. The

output of an oscillator, ideally, is a single frequency represented by a single vertical line in
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the frequency spectrum [71], as shown in Figure 3.2(a). In reality, however, there are nois-
es in the oscillator such that the output is not a single vertical line but a skirt of noises near
the fy [71], as shown in Figure 3.2(b), and these noises are called the phase noise. L{Aw}
is usually specified as the ratio of the noise power in 1 Hz bandwidth at an offset frequency
away from the f;, to the carrier power [71]. Also, it is usually expressed in dBc/Hz at an
offset frequency in practice, so it is a negative number, and thus, the more the negative it

is, the better is the performance of the circuit.

g g
g g
[ A
> >
Jo Frequency Jo Frequency
(a) (b)

Figure 3.2 Illustration of the output spectrum of (a) an ideal oscillator and
(b) a practical oscillator with a skirt of noises due to the phase noise
[71].

A well known phase noise model of oscillators, Leeson’s model [72], is a LTI mod-

el and it was expanded upon in [73], which predicts the L{Aw} to be:

L{Aw} = 10.1og{3‘;_-’:T[1+(2Q% 2}(1+%|f)}, (3.14)

where F is an empirical parameter, & is the Boltzmann’s constant, T is the temperature in
degrees Kelvin, P; is the average power dissipated in the resonator, @ is the fundamental
angular oscillation frequency, Aw is the offset frequency from wg at which the L{Aw} is

characterized, and A(sol /7 is the corner frequency between the 1/]‘3 and l/j& regions as
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shown in Figure 3.3 [73]. This equation can model all three regions of the typical phase
noise characteristics shown in Figure 3.3 correctly if both F and Aw 1p are known accu-
rately. However, F is the device excess noise factor, which represents the noise contributed
by the active devices in the oscillators and does not include the nonlinear frequency con-
version effects [73]. Also, A(ol /7 is not same as the device 1/f noise comer (73], [74].
Therefore, both F and Aw 1f are empirical parameters at the design stage and they are usu-
ally unknown. Another problem with Leeson’s model is that it is derived using a LTI sys-

tem although oscillators are not LTI systems in practice [73].

L{Aw} A

1/f

2Fk
10 - log( T)
PS

$ { -
Ao, £ g log (Aw)
2th

Figure 3.3 Qualitative behaviour of phase noise versus offset frequency
from the fundamental oscillation frequency [73].

Hajimiri and Lee proposed a more accurate phase noise model using a linear time
variant (LTV) system in [73]. This model explains all the processes involved in converting
device noise into phase noise, in particular, the upconversion of 1/f device noise into low
offset frequency phase noise [73]. It also accommodates the noise folding mechanism,
which translates noise at harmonics of the oscillation frequency into the phase noise skirt
of Wy [73]. The conclusion drawn in [73] is that the upconversion of the 1/f device noise

depends on the symmetry of the oscillator waveform. Also, proper design of a LC oscilla-
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tor using a complementary cross-coupled differential topology can create a more symmet-
rical oscillator waveform than a non-complementary cross-coupled differential topology,
and thus, can suppress the upconversion of the 1/f device noise which improves the low off-
set frequency phase noise [73]. However, this model is not easy to implement in practice
since calculations must be performed for each node of the circuit. Moreover, later in [74],
[75], it was found that the upconvérsion of the 1/f device noise from the bias current tran-
sistor is the main contributor to the low offset frequency phase noise, whereas those con-
tributed from the MOSFETS that are used to form the active circuit network are small and

can be neglected.

In this research, to overcome the difficulties of using these two phase noise models

to predict the L{Aw} at the design stage, a simple expression

o) 2
kTR, {1+ 0, ) —
L{Ao} = 7 f (Am) (3.15)

V2. /2

osc

is used [58], [76], [77]. In this expression, Ossfis the noise factor safety margin necessary
to ensure proper startup of the oscillation, i.e. the ratio of the R to the magnitude of the
R,iive (referred hereafter as oscillation startup safety factor). This expression provides
straightforward insight into designing oscillators with low phase noise since the values for
all the parameters in the expression are known at the design stage. As an example, it can
be observed from Equation (3.15) that the L{A®} can be improved by increasing V.
However, as discussed in Section 3.2.4, an increase of V. by increasing the L, with the
Ip,;4s fixed would reduce the frequency tuning range. On the other hand, an increase of V.
by increasing the I,;,, with the L, fixed would increase the P.,,. Therefore, there is a

trade-off among L{Aw}, frequency tuning range and P_,,.
3.2.6 Figure-of-Merit

Comparing different LC oscillators using the performance parameters one by one
that are discussed above is not an easy task. This is especially true since different designs
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might sacrifice some performance parameters in order to improve others, but all parameters
should still meet the design specifications. Therefore, a Figure-of-Merit (FoM), which is a
value of an expression that attempts to incorporate all the important performance parameter
values that describe the performance of a circuit, is used to readily compare different de-

signs. The FoM for LC oscillators is [78]

) P
FoM = ZOlog(A—:-;)— L{Aw}- 101og(ﬁ) ~20logQ,, - (3.16)

It can be seen from Equation (3.16) that all performance parameters for which higher values
indicate better performance are added to the FoM, whereas those for which lower values
mean better performance are subtracted. Therefore, a larger FoM would show an overall

better performance of a circuit.

3.3 CROSS-COUPLED DIFFERENTIAL LC OSCILLATOR
TOPOLOGIES

Cross-coupled differential LC oscillator topologies can be categorized into two
families in standard CMOS technology: n-channel MOSFET (nMOSFET) cross-coupled
differential topology (referred hereafter as the nMOS topology) and complementary cross-
coupled differential topology (referred hereafter as the CMOS topology). In fact, there is
one more family: p-channel MOSFET (pMOSFET) cross-coupled differential topology
(referred hereafter as the pMOS topology), which is the counterpart of the nMOS topology.
Because the operation and analysis of the pMOS topology is very similar to the nMOS to-
pology, then only the nMOS and CMOS topologies will be discussed and compared.

3.3.1 nMOSFET Cross-Coupled Differential Topology

Figure 3.4 shows the schematic diagram of the simple nMOSFET cross-coupled
differential LC oscillator composed of the inductors L1 and L2 with inductances Lg; and

L, and parasitic series resistances R; and R, respectively, the capacitors C1 and C2 with
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capacitances C; and C,, respectively, and the nMOSFETs M1 and M2 with parasitic gate-

source capacitances Cyg; and Cy, and parasitic gate-drain capacitances Cgy; and Cygp, re-

spectively. Note that since it is a symmetric differential topology, L1 = L2, C1 = C2 and

M1 = M2, and thl.lS, Ls] = Ls2, Rsl = Rsz, C1 = C2, C

gsl = Cgs2 and ngl = ng2'

Figure 3.4 Schematic diagram of the simple nMOSFET cross-coupled
differential L.C oscillator.

3.3.1.1 Resonator Network / LC Tank

The LC tank of this topology, which is shown in Figure 3.5, is built by the series-

connected inductors L1 and L2 in parallel with the C,; composed of the capacitances C/,

C2, Cysp» Cgsr Coqp and Cygp. It can be simplified into a simple parallel RLC network, as

shown in Figure 3.5, where

and

2 2
Reffz QL,s(Rsl +Rs2) = 2QL, sRsl ’ (3'17)
L,=L,+L, = 2L, (3.18)
CICZ C le

¢, C
= gsl ~gs2 | gsl 9
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Figure 3.5 LC tank of the simple nMOSFET cross-coupled differential LC
oscillator shown in Figure 3.4.

3.3.1.2 Active Circuit Network

The active circuit network is built by the nMOSFETs M1 and M2 connected in a
cross-coupled fashion. It works as a cross-coupled differential amplifiers and provides the
Rgcrive to Teplenish the energy lost per cycle through the R, g of the LC tank. The R,
seen looking into the cross-coupled nMOSFETs is

Rpcuive = ——-

active _G >
m

(3.20)

as shown in Figure 3.6, where
Gm =8m1 = Em2 (321

is the total transconductance, and g,,; and g, are the transconductance of M1 and M2, re-
spectively. Therefore, to ensure the circuit produces stable oscillation, the magnitude of

the R;¢rive must be smaller than the R, 4 i.e.

R
G, > 22 L (3.22)
2QL, sRsl ((!)0le )
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Ractive = -2/Gpy

M1[‘5>°<|E‘]Mz

i

Figure 3.6 The R,;,. seen looking into the active circuit network of the
simple nMOSFET cross-coupled differential LC oscillator [58].

by utilizing Equation (3.17). It should be noted that an O of two to three is usually im-

plemented to ensure the startup of the oscillation [58], [79], i.e.

20ssf _ 0-"5 sl
m= _ 2 - 2"
2QL, sRsl (wOle )

3.23)

The circuit performance of this simple nMOS topology, unfortunately, is very sen-
sitive to the V4, and can be seen from a DC analysis of this circuit. Its DC equivalent circuit
is simple since the inductors and capacitors can be replaced by the short and open circuits,
respectively, leaving only the M1 and M2 connected to the V,; and the ground directly,
which is shown in Figure 3.7. It can be observed from Figure 3.7 that the DC drain-source
bias voltage Vg and the DC gate-source bias voltage Vs for both M1 and M2 are Vg =
Vqqand Vg = V4, Therefore, neglecting the body effect and assuming the M1 and M2 are

operating in the saturation region, the DC drain-source current I for both M1 and M2 is

’

K, Cox (W 2
8

and the corresponding g, is

(W
g, = =2 = uncox(—s)(vdd-vm)(l +AV,), (3.25)
4
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Figure 3.7 DC equivalent circuit of the simple nMOSFET cross-coupled
differential LC oscillator.

where Vpy is the threshold voltage of the nMOSFETs and A is the channel-length modula-
tion parameter. It can be clearly seen from Equations (3.24) and (3.25) that both I, and
&nm are directly affected by the V;, which is not desirable in practice since there is always

supply voltage variation.

To make the I, and thus, the g,, immune to the supply voltage variation, a bias
current transistor, which controls the I;,,, can be added to the circuit to set the bias of the
nMOSFETs. The bias current transistor is biased with a proper DC gate voltage V, to op-
erate in the saturation region so that it works as a constant current source, and thus, the I,
is less sensitive to the supply voltage variation. It can be implemented by placing either a
pMOSFET at the top of the circuit or an nMOSFET at the bottom of the circuit, as shown
in Figures 3.8(a) and (b), respectively. In practice, the pMOSFET bias current transistor is
better than its nMOSFET counterpart with respect to the nMOS topology because it taps
the LC tank common mode point, which has less variation from the alternating current
(AC) perspective in comparison to the common source point tapped by the nMOSFET bias
current transistor [81]. Also, the pMOSFETs has lower 1/f device noise than the nMOS-
FETs [80], [81]. However, the bias current transistor adds noise to the overall L{A®w} of

the oscillator regardless of whether a pMOSFET or a nMOSFET is used.

Another advantage of having a bias current transistor is to increase the flexibility of
the circuit. For example, as discussed in Section 3.2.5, increase the I, with the L, fixed

would increase the V., and thus, improve the L{Aw} with a tradeoff of increasing the
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P

con- Also, since the V.. can be enlarged by increasing the I, without changing the V

a low voltage circuit implementation with a high P, is possible by employing this topol-

ogy.

Cl1 C2

M1 M2

Vg 0"'%‘} Tpigs
®

Figure 3.8 Schematic diagram of the simple nMOSFET cross-coupled
differential LC oscillator with a bias current transistor implemented
by placing (a) a pMOSFET at the top of the circuit or (b) an
nMOSFET at the bottom of the circuit to control I;,,.

3.3.2 Complementary Cross-Coupled Differential Topology

The schematic diagram of the simple complementary cross-coupled differential LC
oscillator is shown in Figure 3.9. It is composed of the inductor L1 with inductance L; and
parasitic series resistance Ry, the capacitor C1 with capacitance C;, the nMOSFETs M1
and M2 with parasitic gate-source capacitances Cys; and C, ¢, and parasitic gate-drain ca-
pacitances Cyy; and Cpyp, respectively, and the pMOSFETs M3 and M4 with parasitic gate-
source capacitances Cy3 and Cyqy and parasitic gate-drain capacitances Cgy3 and Cgyy, re-
spectively. It should be noted that M1 = M2 and M3 = M4 since it is a symmetric differ-
ential topology, and thus, Cyg; = Cgr, Cogy = Coya, Cog3 = Cggq and Cypyz = Coyy. Also,
from the AC perspective, a connection to the common mode point of the inductor is not
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necessary in this CMOS topology compared to the nMOS topology. Therefore, oscillators
in a CMOS topology can be implemented with only one symmetrical inductor, which saves

much chip space.

M3M M4

M1 M2

—l

Figure 3.9 Schematic diagram of the simple complementary cross-coupled
differential LC oscillator.

3.3.2.1 Resonator Network / LC Tank

Figure 3.10 shows the LC tank of this topology, which is built by the inductor L1
in parallel with the Cy; composed of the capacitances C;, and the C,; and Cyq of the M1,
M2, M3 and M4. Similar to the nMOS topology, it can be simplified into a simple parallel

RLC network, as shown in Figure 3.10, where

2
R =0, sRs1 (3.26)
L, =L, (3.27)
and
C C
Ciu = Cr+ £ 42C, + 22 42C 5. (3.28)
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Figure 3.10 LC tank of the simple complementary cross-coupled
differential LC oscillator shown in Figure 3.9.
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3.3.2.2 Active Circuit Network

The active circuit network of the CMOS topology is, in fact, a modification of the
one for the nMOS topology. The cross-coupled pMOSFETs M3 and M4 are connected in
parallel to the cross-coupled nMOSFETs M1 and M2 in order to provide the R,,,;,, togeth-
er. Therefore, the analyzes and discussions of this topology are nearly identical to those for

the nMOS topology that are presented in Section 3.3.1.2, except for the following.
1. Two pairs of cross-coupled of transistors instead of one should be considered.

2. The LC tank is composed of one inductor, one capacitor, and the Cg; and Cy, 0f the M1,
M2, M3 and M4 instead of two inductors, two capacitors, and the C and Cy of the
M1 and M2 should be considered.

Consequently, Equations (3.21) to (3.23) should be modified to:
G = 8m1 +8ma = Em2 ¥ 8m3> (3.29)

2R
G >—2 __ sl (3.30)

m 2 2
QL, sRsl (wOle)

and
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> 2Ossf _ZOSSJ‘Rsl

w2l = . (3.31)
Q; R (0oLgy)

respectively, where g, ; and g,, 4 are the transconductance of M3 and M4, respectively. Al-
so, the CMOS topology version of Figures 3.8(a) and (b) are shown in Figures 3.11(a) and
(b), respectively. Note that the sizes of the M1, M2, M3 and M4 are designed to have g,
= 8m2 = 8m3 = &m4 1N practice, which enhances the symmetry of the oscillator waveform,

and thus, improves the L{Aw} performance [73].

Vad Vadq
o ]
L1
M3 M4 rﬁﬁq
C1
L1 i
M Il
C1
—- M1 M M2
J_—:'. E—_L
M1 M2 =
Vg Ipias
.

Figure 3.11 Schematic diagram of the simple complementary cross-
coupled differential LC oscillator with a bias current transistor
implemented by placing (a) a pMOSFET at the top of the circuit or (b)
an nMOSFET at the bottom of the circuit to control I,,,.
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3.3.3 Performance Comparison

3.3.3.1 Oscillation Frequency

The f; of the nMOS and CMOS topologies can be derived by substituting Equations
(3.18) and (3.19), and Equations (3.27) and (3.28) ipto (3.4), respectively, which yields

1 1
o= ¢, C T mLaCac s,y P
1 1 sIVM1 gsl gdl
and
1
fy = . x . (3.33)
ZnJle(Cl + —-%s—l +2C, 1 + —L2‘3 + 2ng3)

As discussed in Section 3.3.2.2, the active circuit network of the CMOS topology is usually
designed to have g,,; = 8,2 = &m3 = 8m« 1N practice. To achieve g,,; = 8,12 = 83 = Eme>
the aspect ratio of the pMOSFET's must be larger than the one for the nMOSFETSs because
My 1s approximately 2.8 times 4, in silicon [18] and the threshold voltage of the pMOSFETs
Vrp is larger than the Vi, when their absolute values are compared [82]. This implies that

Ce

fore, to have the same f;, it can be observed from Equations (3.32) and (3.33) that the C;

s1 < Cgs3 and Coyy < Cyyz since both Cy¢ and Cy, are proportional to the W, [17]. There-

used in the CMOS topology must be smaller than the one for the nMOS topology.
3.3.3.2 Frequency Tuning Range

From the discussion in the previous subsection, the C,,, 4 of the CMOS topology
is larger than the one for the nMOS topology. Also, recall from Section 3.2.2 that the larg-
est frequency tuning range can be obtained when the C, ;41 1s minimized. Therefore, the

CMOS topology has a smaller frequency tuning range than the nMOS topology.

64



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

3.3.3.3 Power Consumption

For a given L{Aw} performance, the CMOS topology consumes less power than the
nMOS topology. This is because the entire I, is useful for the oscillation in the CMOS
topology since both pMOSFETs and nMOSFETS are employed at the same time instead of
only the nMOSFETs in the nMOS topology. That is, the CMOS topology only needs ap-
proximately half of the I,;,,, and thus, approximately half of the P, that is required by the

nMOS topology to generate the same V., which gives the same L{Aw} performance.
3.3.3.4 Amplitude of Oscillation / Qutput Power

The CMOS topology generates a larger V. than the nMOS topology for a given
Ip;,s- In the CMOS topology, the advantage of having the Ij;,, used by both pMOSFETs
and nMOSFETs is taken rather than only by the nMOSFETSs in the nMOS topology. There-
fore, the V. generated by the CMOS topology for a given I, is approximately twice of

the one produced by the nMOS topology.
3.3.3.5 Phase Noise

As discussed in Section 3.2.5, the L{Aw} can be improved by increasing the V..
Also, from the previous subsection, the CMOS topology generates a larger V.. than the
nMOS topology for a given I;,;,,. Therefore, the CMOS topology has a better L{Aw} per-

formance than the nMOS topology for a given I;,,.
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Chapter 4

Process Variation and Device Mismatch

Designers are currently utilizing the advanced deep submicron CMOS technologies
to achieve the goal of implementing and integrating of low-voltage, low-power, low-cost
and high performance analog, RF and mixed-signal circuits for diverse applications. Un-
fortunately, however, as the technology is scaled down continuously, the control of the var-
iation in the fabrication steps such as etching, channel and source/drain implants, and gate
oxide growth becomes more and more difficult [6]. This makes the variation of the device
parameters in the modern technologies larger than the one in the older technologies, and
thus, the circuit yield loss is more pronounced than before [7]. As a consequence, the con-
trol of the process variation and manufacturing uncertainty becomes more critical. Also,
physical, predictive and accurate statistical models describing the device, and thus, the cir-
cuit parameters variation caused by the process variation become more indispensable for
designers. Therefore, in this chapter, the global and local variations will be reviewed and
followed by the influence of local variation on different devices. Finally, some considera-
tions for the influence of the local variation on MOSFETSs will be discussed from the deep

submicron CMOS technologies and RF perspectives.

4.1 PROCESS VARIATION - GLOBAL AND LOCAL

The variation of device characteristics can be categorized into two families: global
variation (GV) and local variation (LV). The GV describes the lot-to-lot, wafer-to-wafer,
and die-to-die process variability [6]. That is, it accounts for the total variation in the value
of a component over a wafer or a lot {83]. Therefore, it is also known as the interdie vari-
ation [6] or distance effects [84]. For example, since the same variation is assumed for the

devices in the same circuit, the GV has little influence on the circuit behaviour of some an-
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alog circuits such as a current mirror with a constant current bias as long as all transistors
can still be biased in the saturation region. The LV describes the process variability caused
by the variation of some process parameters such as oxide thickness and doping profile
across the die [6]. That is, it reflects the variation in a device value with reference to an
adjacent device on the same die [83]). Therefore, it is also known as intradie variation [6]
or local mismatch [83]. As an example, devices with the same geometry placed side by side

and close to each other may have different electrical parameters due to the LV.

In reality, most circuit simulators with statistical modelling capability for digital ap-
plications ignore the LV when simulating the circuit behaviour [6]. This is not a problem
because the influence of the GV but not the LV on the circuit performance is important for
digital circuits. Also, the device variation caused by the GV is much larger than that caused
by the LV [6]. For analog circuits, however, both of the GV and LV influence significantly
the variation of the circuit behaviour [85]-[87]. Therefore, modelling of devices with the
LV is needed in designing analog circuits to simulate and predict the analog circuit per-
formance statistically and accurately. In analog circuits, resistors, capacitors and MOS-
FETs are the most common devices used and sensitive to the LV. As a result, the influence
of LV on resistors, capacitors and MOSFETs will be discussed in the following section.
However, since MOSFETs are the devices focused on in this research, the influence of LV

on MOSFETs will be examined in more detail.

It should be noted that terms such as mismatch, parametric matching, stochastic
fluctuations and offsets are all commonly used to refer the electrical device parameters of
IC components and they can vary substantially due to process variation. Therefore, these

terms will be used interchangeably.

4.2 INFLUENCE OF LOCAL VARIATION ON DEVICES

Two parameters are used to describe the matching characteristics of devices. They

are the mean p and the bias-corrected standard deviation 6, which are defined as
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N
2
k=1

M=T

(4.1)

and

(4.2)

respectively, where x; is the parameter value of the kth sample and N is the total number of
samples for the experiment [88]. The u describes the systematic mismatch between the
matched devices, which is caused by mechanisms that influence all of the samples in the
same manner [6]. The ¢ is a measure of the random mismatch caused by stochastic fluctu-
ations in process parameters or material properties [6]. The W is important because the ab-
solute value of the devices affects the circuit performance directly. In the case of
symmetric differential circuits, the matching property of the devices is as important as or
even more important than the variation of the absolute value of the devices, and thus, the ¢

is also critical.

4.2.1 Influence of Local Variation on Resistors

Current CMOS technology provides various resistance options: n* or p* poly resis-
tors, n* or p* diffusion resistors and n-well resistor [82]. The effects of process variation
are not the same for different types of resistor since different materials have different elec-
trical characteristics and temperature dependencies. However, the process variations that
cause the device mismatch of different types of resistor are very similar and they can be
categorized into two groups: area fluctuations and peripheral fluctuations [6]. The area
fluctuations are those fluctuations that occur in the whole device and scale with the device

area such as the fluctuations of the film thickness, the doping concentration, the doping pro-
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file and the annealing conditions [6]. The peripheral fluctuations are those fluctuations
only take place along the edges of the device and scale with the device periphery. An ex-
ample of the peripheral fluctuations is the dimensional variation caused by the photolitho-
graphic inaccuracies and nonuniform etching [6]. Therefore, for a pair of matched resistors
with width Wy and resistance R, the standard deviation of the random mismatch between
the resistors Oy, is
Ap o+ %’-’
R

WedR

Op = 4.3)
where Ag , and A, , are the mismatch coefficients describing the influence of the area and
peripheral fluctuations for resistors, respectively [89]. It can be observed from Equation
(4.3) that resistors with narrow widths have poorer matching characteristics than those with
wide widths. That is, to improve the matching, resistors implemented with wide widths are

preferred to narrow widths.

4.2.2 Influence of Local Variation on Capacitors

In CMOS technologies, several different types of capacitor are available: MIM ca-
pacitors, pn junction capacitors and MOS capacitors. The capacitance value and matching
property of a MIM capacitor are sensitive to the variations of the thickness of the dielectric
and the geometry of the metal plates [6]. For a pn junction capacitor, the process variations
that cause the device mismatch are the fluctuations of the doping concentration and the dop-
ing profile. In the case of a MOS capacitor, the capacitance value is dependent on the var-
iations of the oxide thickness, the geometry and the doping profile [6]. Similar to the
resistors, the process variations that cause the device mismatch of different types of capac-
itor can be categorized into the area fluctuations and the peripheral fluctuations (excluding
the fluctuation of the oxide thickness) [89]. For a pair of matched capacitors with capaci-

tance C, the standard deviation of the random mismatch between the capacitors 6 is
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Ac p
Aaa+ é
O = —F7, 4.4

JC
where Ac, and Ac,, are the mismatch coefficients describing the contribution of the area
and peripheral fluctuations for capacitors, respectively [89]. It can be observed from Equa-
tion (4.4) that as the C increases, the contribution of the peripheral fluctuation decreases.

Also, for large capacitors, the area fluctuations dominate the random mismatch such that

/A
o= -7_2—“ 4.5)

4.2.3 Influence of Local Variation on MOSFETs

MOSFETs are the most complicated devices in CMOS technologies and the varia-
tions in many process parameters can cause the variations in device characteristics. The
subject of MOSFET parameter mismatch fluctuation was originally examined from the an-
alog IC designers’ standpoint and based on the characterization of populations of matched
pairs with a range of device dimensions. Lakshmikumar et al. [83] were the first research-
ers to publish insights about MOSFET matching beyond the basic analog circuit designers’
concept that large devices match better. They introduced the Poisson statistics for the do-
pant fluctuations. Also, they derived the theoretical relation between the mismatch stand-
ard deviation and the inverse of the square root of the active device area. A generalized

description for this relationship is

App
Cprp = , (4.6)

AP WL
where G p is the standard deviation of the mismatch AP of the parameter P, A, p is the mis-
match coefficients and WL is the active device area of the population of the matched pairs
under investigation [7], [83]. In addition, Lakshmikumar et al. aimed to use the DC drain-

source current mismatch Al as a measure of the device mismatch, where Ipg is given by
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2
Ips = g(vcs— Vr) 4.7)
in which
, W
B = ucoxf‘i (4.8)

is the current factor, since MOSFETs are generally operating in saturation region in analog
circuits and the channel length modulation effect is neglected because of old CMOS tech-
nology (3 pum CMOS process), and thus, only large devices were available for the experi-
ment at the time the research was taken place. Typically, the device factor Alpg/Ipg, which
is the variation of the DC drain-source current normalized to the DC drain-source current,
is used to describe the mismatch behaviour of MOSFETs [6], [85], [90], [91]. It includes
two portions — the threshold voltage mismatch and the current factor mismatch — and is ex-

pressed as [6], [85], [90], [91]

o Lo e oy o

Ips
4.2.3.1 Threshold Voltage Mismatch
The Vi of a MOSFET can be expressed as

QB Q; qDI
V, = +20,+— —— + —, 4.10
T = Oys+20p C C C ( )

ox ox ox

where 0,5 is the contact potential of the body material to the gate material (i.e. the gate-
body work function difference), ¢ is the Fermi potential in the substrate, Q;e is the deple-
tion region charge per unit area, Q; is the fixed oxide charge per unit area, ¢ is the magni-
tude of electronic charge and D; is the threshold adjust implant dose, with the assumption
that the implanted ions have a delta function profile at the silicon-silicon dioxide interface

(18], [83]. Notice that the last term in this expression accounts for an ion implantation step

71



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

in the fabrication process, which allows to adjust the V- to a desired value and is known as
the threshold adjust implant [92]. The ¢ of Vcan be determined if the standard deviations
of the various terms on the right hand side of Equation (4.10) can be found. The conclusion
drawn in [83] is that the standard deviation of threshold voltage mismatch is inversely pro-
portional to the square root of the channel area. Also, the major contributor to the threshold
voltage mismatch is the nonuniform distribution of the dopant atoms in the substrate. How-
ever, in a well-controlled process, the effect of the nonuniform distribution of fixed oxide
charges on threshold voltage mismatch is negligible. In addition, the gate oxide capaci-
tance has little influence on the threshold voltage mismatch since it is quite uniform. More-
over, the ¢ has a logarithmic dependence on the substrate doping and the ¢,,¢ has a similar
dependence on the substrate and polysilicon gate dopings. Therefore, these two slow var-
ying terms can be regarded as constants, and thus, not contributing to any threshold voltage

mismatch.
4.2.3.2 Current Factor Mismatch

The B, as previously mentioned in Equation (4.8), is given by

, W
B =nC,7* (4.11)

4
and is repeated here for convenience. In all fabrication processes, there are edge variations.
Edge variation happens because the edges of the interconnection lines and devices of an in-
tegrated pattern cannot be exactly located due to the uncertainty in the locations of the par-
ticle beams and mask dimensions [93]. Therefore, the edges of ideally straight edges are
never exactly straight. Also, the physical dimensions are not exactly same as those drawn
on the layout because of the photomask offsets and the photomask raggedness (84]. As a
consequence, the W, and L, at the design and simulation stages are always different from
those after fabrication. This was confirmed from the conclusion in [83], which stated that
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the mismatch in B due to the edge variations is proportional to (1/ L; +1/ Wﬁ) . It was
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also concluded that the variation of the gate oxide capacitance is a common contributing

factor to the threshold voltage mismatch and the current factor mismatch.

4.3 INFLUENCE OF LOCAL VARIATION ON MOSFETS
FROM DEEP SUBMICRON AND RF PERSPECTIVES

The threshold voltage mismatch and the current factor mismatch have been studied
by many researchers such as Lakshmikumar et al. [83], Shyu et al. [89] and Pelgrom et al.
[94]. However, their research was based on old CMOS technologies. For example, the re-
search for Lakshmikumar et al. and Pelgrom et al. were performed on 3 um [83] and 2.5
pum [94] CMOS processes, respectively. Therefore, their results did not and were not able
to consider the influence of the process variation on MOSFETS that only exists in deep sub-
micron CMOS technologies. Fortunately, recent literature [7], [83]-[85], [90], [91], [95]
have already studied this subject in deep submicron CMOS technologies and found that
some factors that were negligible in influencing the device matching behaviour of MOS-
FETs are now becoming important. For instance, it was found in [95] that the threshold
voltage mismatch is affected by the penetration of the source/drain and halo implants
through the gate. This penetration depends on the thickness and crystal orientation fluctu-

ations of the gate of the MOSFET [95].

The previously discussed device mismatch behaviour of MOSFET:s is described by
the device factor Alp /I, which is based on the threshold voltage mismatch and the cur-
rent factor mismatch. This approach for describing and analyzing the device mismatch be-
haviour of MOSFETs is widely used by designers because Ip¢ is one of the common
parameters that is used to analyze the property of MOSFETs. However, depending on the
applications, different device factors should be used. For example, in analog circuit appli-
cations, the mismatch of the g,, was introduced in [96] additional to the Vand the B since
&m 1S an important parameter in analog circuit designs. As for RF applications, unfortunate-
ly, almost no published research can be found in this subject, especially regarding the par-

asitic capacitances and gate resistance, which is very important for RFICs designs.
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Chapter 5

Channel Length Fluctuation Effects on
the Performance of RF Oscillators

The accuracy of the transistors’ channel length is very important to the circuit per-
formance, especially for differential RFICs. In reality, however, the dimensions of the tran-
sistors at the design and simulation stages are different from those after fabrication due to
unavoidable fabrication process variations such as over- and under-etching, varying doping
concentration gradients and uneven oxide thicknesses. Therefore, as the dimensions of the
transistors keep decreasing, the effects of transistors’ dimensions fluctuation will become

increasingly important.

In most RFIC:s, the transistor’s channel length is usually much smaller than its chan-
nel width. Therefore, small unintentional changes in the channel length can cause a large
performance deviation. To examine this problem, two fully integrated, cross-coupled, dif-
ferential LC oscillators are used as the test circuits. Both oscillators are designed in TSMC
0.18 wm having one polysilicon and six metal layers CMOS technology and with a triple-
well process available [8]. The first oscillator utilized the CMOS topology with an nMOS-
* FET as the bias current transistor and the second one employed the nMOS topology with a
pPMOSEFET as its bias current transistor. Also, the use of body bias on the MOSFETs is pro-
posed as a means to compensate for the changes in the frequency performance characteris-
tics due to the channel length fluctuations. Therefore, in this chapter, the circuit design and
the results of the first and second oscillators, will be presented. It should be noted that the
fluctuation of the channel length is assumed to be dominated by the variation of etching in
this research since the reported variation of etching in modern and future technologies is

very high, it is approximately 20% in the ITRS 2003 [2].
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5.1 COMPLEMENTARY CROSS-COUPLED DIFFEREN-
TIAL LC VCO

5.1.1 Circuit Design

The schematic diagram and the layout of the cross-coupled differential LC VCO de-
signed for this research are shown in Figures 5.1 and 5.2, respectively. This VCO utilizes
the CMOS topology with an nMOSFET M7 as the bias current transistor to control I,,..
The outputs are buffered using source followers (nMOSFETs M5 and M6) for measure-

ment purposes.

The inductor used in the LC tank is a 1.5 turns octagonal planar spirél inductor im-
plemented with only the top metal layer. It can be observed from Figure 5.2 that it is a qua-
si-symmetrical spiral inductor. Therefore, the two-port lumped physical model shown in
Figure 2.12(a), which is for symmetrical spiral inductor, can be used with modification.
The modification is simply having the C; ., Ry, and Cy g, different instead of having
them the same for Ports 1 and 2 to reflect the quasi-symmetrical structure. This modified
two-port lumped physical model is shown in Figure 5.3 and it was used for the circuit sim-

ulation.

Figure 5.4 shows the simulated and measured Q; and inductance of the 1.5 turns
quasi-symmetrical octagonal planar spiral inductor based on the model shown in Figure
5.3. The details of how to extract the measured Q; and inductance can be found in [52].
The values of the equivalent circuit model parameters used in the simulation is summarized
in Table 5.1. It can be observed from Figure 5.4 that this 1.5 turns quasi-symmetrical oc-
tagonal planar spiral inductor has a Q; ,,,, of 8.4 at 5 GHz with a corresponding inductance

of 1.28 nH.
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Figure 5.1 Schematic diagram of the complementary cross-coupled

differential LC VCO with two pairs of nAMOS varactors for
frequency tuning and an nMOSFET as the bias current transistor.

Two pairs of nAMOS varactor are used as the capacitor in the LC tank so that tuning
of f is possible and a larger frequenéy tuning range can be achieved compared to using only
one pair of nAMOS varactor [13]. The first and the second pairs of the nAMOS varactor
are composed of four nAMOS varactors nAMOS1 and nAMOS2, and nAMOS3 and
nAMOS4, respectively. It should be noted that the gate terminals and the connected drain-
source terminals of the nAMOS varactors are connected to the hot node of the oscillator
(V,+ or V,-) and the control voltage V,,,, respectively. Therefore, the Cy,, ;. Of the
nAMOS varactors can be changed by adjusting the V,,;, which implies that the C,;. of
the nAMOS varactors changes from C,,,, to C,,;, when the operation mode is changed
from accumulation to weak inversion by adjusting the V., from negative to positive
values. Also, two separate control voltages V; and V- instead of a single V,,,, are used
for the two pairs of nAMOS varactor so that fine tuning of f is possible [13]. Moreover,
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different sizes are used for the two pairs of nAMOS varactor so that different frequency
tuning range can be obtained from each pair of varactor. However, at the time this circuit
was designed and simulated, the model of nAMOS varactor was not available. Therefore,
although pIMOS varactor has different properties from nAMOS varactor, it was used for
the simulation since its structure is identical to a regular pMOSFET, whose model is
already available. Also, as previously discussed in Section 2.1.4, the nAMOS varactor is
built by replacing the p* implantations with n* implantations in the source and drain of a
regular pMOSFET, which implies that the structure of the nAMOS varactor is very similar
to the pIMOS varactor. More importantly, as compared in Section 2.1.5, the pIMOS
varactor has smaller Q¢ i, than nAMOS varactor. Therefore, if the Q¢ of the pIMOS
varactor is not high enough and has significant effect on the Q,; of this design but the VCO
is still able to oscillate, then this VCO will also oscillate providing that the size of the
nAMOS varactors implemented is same as that of the pIMOS varactors used in the

simulation, which is what have been done when the layout of this VCO was drawn.

L1 M3, M4
Mé6
M5
Powelr Poweir
su su
t‘il&ll)'sy ﬁlR’,[l)‘Sy
nAMOS3,
nAMOSI1, nAMOS4
nAMOS?2 |y -t —
M1, M2 [ . ' M7
Figure 5.2 Layout of the complementary cross-coupled differential LC
VCO shown in Figure 5.1.
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Figure 5.3 Modified two-port lumped physical model for quasi-
symmetrical spiral inductor.
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Figure 5.4 Simulated and measured Q; and inductance of the 1.5 turns
quasi-symmetrical octagonal planar spiral inductor.

The design of this VCO followed the analysis, discussion and equations presented
in Chapter 3, particularly Section 3.3.2 for the CMOS topology. The circuit was simulated

in Spectre and implemented using the devices summarized in Table 5.2.

78



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

Table 5.1 Summary of the equivalent circuit model parameter values of the 1.5 turns
quasi-symmetrical octagonal planar spiral inductor.

Ly Ry ¢ Crs | Croxt | CLox2 | Risubt | Risub2 | CLsubt | CrL sub2
(nH) (Q) (aF) (fF) (fF) (Q) (Q) (fF) (fF)

1.239 | 3.1648 | 580 118 104 311 222 54.3 98.5

Table 5.2 Summary of the devices used in the complementary cross-coupled

differential LC VCO.
Active Device - nMOSFET
Name Number of fingers W (um) L, (um)
M1, M2 4 20 0.18
M5, M6 5 50 0.18
M7 48 480 2
Active Device —- pMOSFET
Name Number of fingers W, (um) L, (um)
M3, M4 8 40 0.18
Passive Device — Capacitor
Name Number of fingers W, (um) Lg (um)
R . 1
s ao
Passive Device — Inductor
Name Type Inductance (nH) Series Resistance Area (p,mz)
L1 Spiral Inductor 1.239 3.1648 91325

5.1.2 Experimental Results

The implemented VCO was measured using wafer probing with Agilent E4440A
26.5 GHz spectrum analyzer and Agilent 4156C semiconductor parameter anaiyzer. The
VBiasTand V; of the Bias-Ts and V, of M7 were biased at 1.8 V,0 V and 0.6 V, respectively,
for all measurements. Two different values of V;, 1.8 V and 1.5 V, were used. For each

V44, three different biasing conditions of V_,,; were measured:
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1. V=0V and V; was swept from 0 V to 1.8 V with a step size of 0.2 V.
2. V=0V and Vi, was swept from 0 V to 1.8 V with a step size of 0.2 V.
3. V¢ =V, and was swept from 0 V to 1.8 V with a step size of 0.2 V.

The simulated and measured f; for V,; = 1.8 V is shown in Figure 5.5. However,
since the pIMOS varactor has different properties from the nAMOS varactor, different
ranges of V,,; were used for the pIMOS and nAMOS varactors in order to see the full fre-
quency tuning range. The values of V,,,, used for the simulation and the measurement were
0.5Vt023VandOVtol.8V,respectively. It should be noted that 1.8 V should be the
maximum voltage that can be applied to V,,; in practice since 0.18 um CMOS technology
is for V;, = 1.8 V applications [8]. Also, for simplicity, only the results for V-, = V-, are

shown in Figure 5.5.
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V. (V)

ctrl
Figure 5.5 Simulated and measured fj for Vo = Ve, with V= 1.8 V.

It can be seen from Figure 5.5 that when the V,,,, increases, the f; for the simulated
and measured results are decreasing and increasing, respectively. Therefore, on the first
glance, there is no valuable comparisons or conclusions that can be made from this plot.

However, this is not correct. The f,,;, provides very important information because it oc-
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curs when the Cy,,;., of the varactors reaches C,,,,, which is approximately equals C,, for
both pIMOS and nAMOS varactors as discussed in Section 2.1.2.2. Also, since C,, is pro-
portional to the size of the device and the size of the implemented nAMOS varactors is
same as the size of the pIMOS varactors used in the simulation, then the C,, should be the
same for both pIMOS and nAMOS varactors. Consequently, the simulated f,,,;, should be
same as the one obtained from measurement. However, it can be observed from Figure 5.5
that the simulated and measured f,,,;, are 5.95 GHz and 4.94 GHz, respectively, which cor-
responds to a relatively large difference of 1.01 GHz, or equivalently, a difference of ap-
proximately 0.26 pF in the C,; since the inductance is almost the same at 4.94 GHz and 5.95
GHz, which can be observed from Figure 5.4. This difference can be caused by the inac-
curacy of the transistors’ model used in the simulation. Another possible cause is the non-
deliberate channel length fluctuation of the MOSFETs (M1, M2, M3 and M4) and nAMOS
varactors (nAMOS1, nAMOS2, nAMOS3 and nAMOS4), whose Cy; and C,,,, respective-
ly, are directly related to their channel lengths [15], [17], and thus, affects the C,; and con-
sequently the f,,;,- Although this is a good example of small unintentional changes in the
channel length due to fabrication process variations can lead to a large circuit performance
deviation, it is not easy to use this design to analyze how the channel length fluctuation af-
fects the performance characteristics of LC oscillator. This is because the properties of the
pIMOS and the nAMOS varactors are different, and thus, the simulated and measured cir-
cuit performance are different not only with respect to the values but also the tendency and
the rate of changes of the values as can be seen in Figure 5.5. As a result, only the meas-
urement results of this design will be presented in the rest of this section and they will not
be used for the analysis of the channel length fluctuation effects on the circuit performance
of LC oscillator. Also, a second LC oscillator was thereby designed using only devices that
have proper model for simulation so that the channel length fluctuation effects on the circuit
performance of LC oscillator can be examined. The circuit design and results for the sec-

ond oscillator will be presented in Section 5.2.

Figures 5.6 and 5.7 show the f;, for all three different biasing conditions of V,,,; with

V.4 biased at 1.8 V and 1.5 V, respectively. It can be seen from Figures 5.6 and 5.7 that at

81



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

aVy;of 1.8 Vand 1.5V, thef,,;, and f,,,, are 4.94 GHz and 6.14 GHz, and 4.94 GHz and
6.28 GHz, respectively, which corresponds to a frequency tuning range of 21.7% and
23.9%, respectively. It is worth noticing that, from Figure 5.4, the L, and Q,, which is ap-
proximately same as Q,, are approximately constant between 4.94 GHz and 6.28 GHz.

Therefore, the increases of f when V,,,; increases is due to the decreases of Cy.

00 04 08 12 16 20
V. (V)

Figure 5.6 f for three different biasing conditions of V,, with V;; = 1.8 V.

Two advantages of employing two pairs of varactor instead of one pair and each
with its individual V,,, can also be observed from Figures 5.6 and 5.7. The first advantage
is two pairs of varactor has a larger tunable C_,,, and thus, frequency tuning range than if
only one pair is used. This can be seen if V-; (or V-,) is swept from 0 V to 1.8 V with V-,
(or V¢p) = 0V, which is equivalent to having Vi, (or V) acts as a capacitor with fixed
capacitance. Under this condition, the frequency tuning range is approximately half of the
actual frequency tuning range, which can be observed from Figures 5.6 and 5.7. The sec-
ond advantage is fine tuning of f; is possible. This can be only achieved if each pair of var-
actor has its own V_,,;, which is what has been implemented in this design. For example,
assuming a voltage supply that can only be adjusted with a step size of 0.2 V is used and it

can be seen from Figure 5.6 that a f; of 5.6 GHz is not obtainable. However, by increasing
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Ve, (or V) instead of keeping it at 0 V and sweeping V- (or V), this would be same as
shifting the curve of V; =0 V (or the curve of Vi, =0 V) upwards, and thus, a f of 5.6
GHz can be obtained.
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Figure 5.7 f, for three different biasing conditions of V,, with V;;,=1.5 V.

The current consumption for all three different biasing conditions of V,,,; with V4,
biased at 1.8 V and 1.5 V are shown in Figures 5.8 and 5.9, respectively. It can be seen
from Figures 5.8 and 5.9 that this design consumes less than 1 mA of current for both V,,
of 1.8 Vand 1.5 V, which corresponds to a P, of less than 1.8 mW and 1.5 mW, respec-
tively. Also, the current, and thus, the P, is found to be approximately constant since it
only varies 0.51% and 1.89% when V,;,is 1.8 V and 1.5 V, respectively. In fact, the current,
and thus, the P, is expected to be approximately constant since a bias current transistor
M7 is used to control the 1,4, in this design. Also, a relatively large L,, 2 um, was used for
M7 to minimize the channel-length modulation effect on this MOSFET although a smaller
L, could be used to obtain the same Ip;,, as long as the aspect ratio of this MOSFET is kept,

which further enhances the stability of the current consumption, and thus, the P,
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Figure 5.8 Current consumption for three different biasing conditions of
Vctrl with Vdd =18V.
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Figure 5.9 Current consumption for three different biasing conditions of
Vc".l with Vdd =15V.
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Figures 5.10 and 5.11 show the P, for all three different biasing conditions of V,,,,
with V, biased at 1.8 V and 1.5 V, respectively. It can be observed from Figures 5.10 and
5.11 that the P, increases with V,,,;, which is expected. Recall from Equation (3.9), which

is repeated here for convenience:

L k
Vose = Zudpias = oLy Quly;ys = ’EI;thIb,'as’ (5.1)
‘

that the V.., and thus, the P,,,, of LC oscillators is determined by the L, Oy, 1,5 and Cy.
As previously discussed, the Ly, O and I;,, are approximately constant for the whole fre-
quency range and the increases of f; when V,,,, increases is due to the decreases of Cy.
Therefore, from Equation (5.1), it can be predicted that when V,,,, increase, the C;, would

decrease which causes the V., and thus, the P, increase.

-10-
-11-

-12

Output Power (dBm)
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Vctrl (V)

Figure 5.10 P,,, for three different biasing conditions of V ,, with V;; =
1.8 V.

85



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

115
£

m -12-
T
o -13-
c;) .
o -14-
-.5 E
Q -15-
[iry

S ]
O .6

00 04 08 12 16 20
Vctrl (V)

Figure 5.11 P,,, for three different biasing conditions of V,; with V , =
1.5V.

The phase noise performance for V,; of 1.8 V and 1.5 V are very similar to each
other with V ;= 1.5 V having a better performance in general. Therefore, only the results
for V4, = 1.5 V are shown below for discussion. It should be noted that all the L{Aw} val-
ues reported below are the ratio of the noise power in a 1 Hz bandwidth at an offset frequen-
cy to the carrier power. The L{Aw} for Vi =0V at 600 kHz, 1 MHz and 3 MHz offset
frequencies is shown in Figure 5.12. It can be seen from this figure that the L{Aw} is almost
the same when V; increases from 0 V to 0.2 V, then increases when V¢, increases from
0.2 V to 0.4 V and decreases thereafter, which is expected. Recall that L{A®} is inversely
proportional to P,,,. Therefore, if P, increases or decreases, L{Aw} should be decreased
or increased correspondingly. As a result, by comparing the curve of V-, =0 V in Figure
5.11 to Figure 5.12, L{A®w} decreases or increases when P, increases or decreases. The
same relationship can also be observed between the curves of Vo =0 Vand V) = Vs in

Figure 5.11, and Figures 5.13 and 5.14 for V; =0 V and V5; = V-, respectively.
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Figure 5.12 Phase noise performance for V-, =0V at 600 kHz, 1 MHz and
3 MHz offset frequencies with V;; =15 V.
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Figure 5.13 Phase noise performance for V; =0V at 600 kHz, 1 MHz and
3 MHz offset frequencies with V;; =15 V.
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Figure 5.14 Phase noise performance for V; = V-, at 600 kHz, 1 MHz

and 3 MHz offset frequencies with V;; = 1.5 V.

The frequency spectrum for Vo =0V and Ve =1.6 Vat V= 1.5 Vis shown in
Figure 5.15. From this figure, it can be observed that the output power is -13.3 dBm at a f;,
of 5.506 GHz. Figure 5.16 shows the phase noise performance for the spectrum of Figure
5.15. The phase noise at 600 kHz, 1 MHz and 3 MHz offset frequencies were measured to
be -116.6 dBc/Hz, -121.2 dBc/Hz and -127.8 dBc/Hz, respectively.

Table 5.3 compares the results of this design using the information from the fre-
quency spectrum shown in Figure 5.15 with several previously reported oscillators imple-
mented in CMOS technology using the FoM in Equation (3.16), which is repeated here for

convenience:

0} P
FoM = ZOlog(A—:D—L{Aw} - 101og(l—;Lv"v) -20logQ,, . (5.2)

The values listed in Table 5.3 are collected from the references directly without any modi-

fication. The VCO discussed here is able to achieve a FoM of 176.4 dB, which is higher
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compared to the other oscillators. This is achieved mainly by lowering the power consump-

tion considerably, while still maintaining acceptable performance.
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Figure 5.15 Spectrum for V¢o; =0 Vand Vo, = 1.6 V with Vi = 1.5V,
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Figure 5.16 Phase noise performance for the spectrum of Figure 5.15.
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Table 5.3 FoM for various CMOS oscillators.

CMOS L{Aw P FoM
Reference Technology (um) (Gfl?lz) (dIic/H}z) (mcvocl) Que (dB)
This Work 0.18 5.506 | -121.2 @ I MHz 1.31 8.3 176.4
[75] 2002 0.25 5.1 -132 @ 3 MHz 7.25 6 172.4
[97] 2003 0.18 1.82 -125 @ 1 MHz 6.54 5 168.1
[98] 2004 0.18 3.8 -115 @ 1 MHz 7.2 4.2 165.6
[99] 2004 0.18 10.02 -102 @ 1 MHz 37 5.5 161.5

5.2 NMOSFET CROSS-COUPLED DIFFERENTIAL LC
OSCILLATOR

5.2.1 Circuit Design

Figures 5.17 and 5.18 show the schematic diagram and the layout of the second
cross-coupled differential LC oscillator designed for this research, respectively. This os-
cillator utilizes the nMOS topology with a pMOSFET MS as the bias current transistor to
control 1. The outputs are buffered using source followers (nMOSFETs M3 and M4) for

measurement purposes.

The inductors L1 and L2 used in the LC tank are 2.5 turns rectangular planar spiral
inductor implemented with only the top metal layer. It can be observed from Figure 5.18
that they are quasi-symmetrical spiral inductors. Therefore, the modified two-port lumped
physical model shown in Figure 5.3 was used for the circuit simulation. Figure 5.19 shows
the simulated and measured Q, and inductance of the 2.5 turns quasi-symmetrical rectan-
gular planar spiral inductor based on the model shown in Figure 5.3. The details of how to
extract the measured Q; and inductance can be found in [52]. The values of the equivalent
circuit model parameters used in the simulation is summarized in Table 5.4. It can be ob-
served from Figure 5.19 that this 2.5 turns quasi-symmetrical rectangular planar spiral in-

ductor has a Qy ,,,, of 5.7 at 2.3 GHz with a corresponding inductance of 3.85 nH.
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Figure 5.17 Schematic diagram of the nMOSFET cross-coupled
differential LC oscillator with a pMOSFET as the bias current
transistor.
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Figure 5.18 Layout of the nMOSFET cross-coupled differential LC
oscillator shown in Figure 5.17.
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Figure 5.19 Simulated and measured Q; and inductance of the 2.5 turns
quasi-symmetrical rectangular planar spiral inductor.

Table 5.4 Summary of the equivalent circuit model parameter values for the 2.5
turns quasi-symmetrical rectangular planar spiral inductor.

Ly Ry Crs | Croxt | CrLox2 | Resubt | Risubz | Crsubt | Crsub2
(nH) (Q) (fF) (fF) (fF) (Q) (L) (fF) (fF)
3.036 3.073 5.76 218.1 211 303 265 79.65 62.85

All capacitors used in this design are MIM capacitors, which implies that tuning of
Jo 1s not possible for this circuit. In addition, as previously discussed in Section 2.2, the
Q¢ min of MIM capacitors is usually larger than 150 at 2 GHz [51], which is much larger
than the Qy ,,,, of the spiral inductors used in this design. Therefore, the O, of this design
1s limited by the Q; of the spiral inductors. The resistors R1 and R2 are implemented with
n-well diffusion in the p-substrate, which are used to provide a DC bias to the gate of the

source followers.

The design of this oscillator followed the analysis, discussion and equations pre-

sented in Chapter 3, particularly Section 3.3.1 for nMOS topology. The circuit was simu-
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lated in Spectre and implemented using the devices summarized in Table 5.5. In fact, this
circuit is almost same as the LC oscillator that was designed by Sasan Naseh, another grad-
uate student in our group, which was used to investigate the effects of hot-carrier stress on
the performance of the LC tank CMOS oscillators [100]. The only difference is this design
does not have the additional capacitors and resistors between the hot nodes of the oscillator
(V,+ and V,-) and the gate of M1 and M2, which are used to provide hot-carrier stress on
M1 and M2 [100]. Therefore, this design has already demonstrated that it worked properly
[100]. As a result, to simplify the analysis of this research, the effects of channel length
fluctuation on the performance of the LC oscillator will be based on only the simulation
results. Consequently, the circuit was simulated without the buffers since they are only for
measurement purposes, and thus, the devices summarized in Table 5.5 only includes those

that are for the LC oscillator.

Table 5.5 Summary of the devices used in the nMOSFET cross-coupled differential

LC oscillator.
Active Device - nMOSFET
Name Number of fingers Wg {(um) Lg (um)
M1, M2 10 100 0.3
Active Device - pMOSFET
Name Number of fingers Wg (um) Lg (um)
M5 20 200 1
Passive Device — Capacitor
Name Type Capacitance (pF) Area (um?)
Cl,C2 MIM Capacitor 5.985 6790
Passive Device — Inductor
Name Type Inductance (nH) | Series Resistance | Area (um?)
L1, 12 Spiral Inductor 3.036 3.073 153000
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5.2.2 Simulation Results

The channel length of M| and M, were set equal to each other as the circuit is a sym-
metrical differential circuit with the assumption of both M| and M, were being placed very
close to each other so that they have the same amount of channel length fluctuations [101].
With 0.3 um as the reference channel length at the circuit design and simulation stages, four
other values — 0.25 um, 0.28 um, 0.32 um and 0.35 um — were used as possible fabricated

channel lengths.

The circuit was simulated with V,;y=1.8 V, V,5=0.5 Vand Vg =0 V. Figure 5.20
shows the current consumption of this oscillator for the reference channel length and its
variation with different channel lengths. The simulated results, for the reference channel
length, show that the current consumption is 3.599 mA, which corresponds to a P,,, of
6.479 mW. Also, the current and power consumptions are found to be approximately con-
stant since they only vary in the order of uA and uW for all values of tested channel lengths.
This is expected since a bias current transistor M5 was used to control the 1,;,, and a rela-
tively large Ly, 1 um, was used for this bias current transistor to minimize the channel-
length modulation effect, which further enhances the stability of the current and power con-

sumptions.

From Chapter 3, the f; of this oscillator can be estimated by:

1

= ) (5.3)
21:A/le(c1 +Cyg +4Cpyy)

fo

However, because of the parasitic drain-body capacitance C,, of M1 and M2 will be uti-
lized in this design, which will be discussed later. Also, the parasitic drain-body capaci-
tance of M1 C,, is same as the parasitic drain-body capacitance of M2 C,, since M1 and
M2 have the same size and this is a symmetrical differential circuit. Therefore, a more pre-

cise expression of Equation (5.3) is [101]
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Figure 5.20 Variation of current consumption due to channel length
fluctuations.

1
27, JL (Cy + Cpyy +4C 1 + Cgyy) '

fo (5.4)

The f; of this oscillator is about 1.12 GHz with the reference channel length and its
variation with different channel lengths is shown in Figure 5.21. It can be observed from
this figure that the maximum variation of f; is 2.45 kHz with less than 20% of variation in
channel length. Also, from Figure 5.19, the L, and Q;, which is approximately same as
O, are approximately constant within this amount of f;, variation at 1.12 GHz. Moreover,
the capacitance of the MIM capacitors are fixed. Therefore, the variation of the f; is due to
the variation of the C,; of M1 and M2 since C, is the only Cppiric affected by the channel
length among C,

&5
{15], [17]. It should be noted that since Ly; = 3.036 nH and C; = 5.985 pF in this design,

C,q and Cy, when M1 and M2 are operating in the saturation region

which corresponds to a fp of 1.18 GHz, the sum of C;, 4Cpq; and Cyp; must be equal 0.67
pF so that the f; is 1.12 GHz instead of 1.18 GHz.
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Figure 5.21 Variation of f; due to channel length fluctuations with
compensation achieved by applying appropriate Vg to the MOSFETs.

Frequency Variation (kHz)

From Figure 5.21, it can also be seen that the f; decreases with an increase of chan-
nel length while the current does not change. This is expected and can be predicted from a

modification of Equation (5.4):

1 1 1
Af, = ( - ) (5.5)
2”«/le A/Ct+cgsl,fab «/Ct+cgsl,design
where
L
C =C ( eff.Jab | (5.6)
gsl, fab gsl,design Leff,design

C,=CHa4Ceq1+Cap s Cys fap and Log 1), are the Cyy and effective channel length after fab-
rication, respectively, and Cggy jesion a0 Logr gesign are the Cyg; and effective channel length
at the design and simulation stages, respectively. When L,g,, is larger than Ly jegi0n:
from Equation (5.6), the first term inside the bracket of Equation (5.5) is smaller than the

second term which makes Afy become negative, i.e. frequency decreases. Moreover, it can

96



M. A. Sc. Thesis - W.L. Ngan McMaster - Electrical and Computer Engineering

be observed from Figure 5.21 that the magnitude of f;, variation is nearly the same when the
channel length is increased or decreased by the same amount. These variations of f; due to
channel length fluctuations, fortunately, can be compensated by applying appropriate bias
voltage to the body of the nMOSFETSs Vp, which changes C,;,, while the changes of current
consumption is negligible since it only varies in the order of 10 pA. For instance, when
channel length is increased from 0.3 um to 0.32 um, the decreases of the f; can be compen-
sated by applying -0.1 V to Vp, which decreases C, and thus increases the f;, and this is
shown in Figure 5.21. Different values of Vg used to compensate the f; for each value of

channel length are also shown in Figure 5.21.

Equation (5.5), in fact, contains other important information for designers in addi-
tion to predicting the variation of f; due to channel length fluctuations. To illustrate this,
assume there are two LC oscillators utilizing the topology shown in Figure 5.17, and the
L,; and Q,, are constant within the amount of f; variation due to channel length fluctuations
for both oscillators such that the variation of the fj is due to the variation of the C,¢;. Con-
sequently, the amount of f;, variation only depends on C;and Cyg;. Also, assume Cyg; gosien
= 0.1 pF for both oscillators, and C, =4 pF and 1 pF for the first and the second oscillators,
respectively, such that the first oscillator has a lower f; than the second one. Figure 5.22
illustrates the variation of f;; due to channel length fluctuations for these two oscillators. It
can be clearly seen from this figure that the second oscillator, which has C, = 1 pF and high-
er f, has a larger amount of f; variation than the first one when the channel length is in-
creased or decreased by the same amount. This phenomenon is reasonable because
decreasing C, to increase fy would make C,y; dominate the terms inside the bracket of
Equation (5.5), and thus, the f;; is more sensitive to the channel length fluctuations. There-
fore, to minimize the sensitivity of f; to channel length fluctuations, it is recommended that
the Cy,; should be made as small as possible compared to C,. Also, if oscillators with high

Jo 1s desired, it is better to achieve the high f; by decreasing L,; instead of C,.

The P,,, of this oscillator to a 50 L load is 1.79 dBm for the reference channel
length and its variation with different channel lengths is shown in Figure 5.23. From this
figure, it can be observed that the maximum variation of P,,, is 0.08 dBm with less than
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20% of variation in the channel length. Also, it can be seen from the same figure that the
P,,, decreases with an increase of channel length while the current does not change. This

is expected and can be predicted from a modification of Equation (5.1):

—
]

o

1
—

20 10 0 10 20
Channel Length (%)

Figure 5.22 Illustration of the variation of f, due to channel length
fluctuations. The oscillator with smaller C;, and thus, higher f is more
sensitive to channel length fluctuations.

Frequency Variation (%)

1 1
AVpoe = JLiQul,, ( - ) : (5.7)
“ JC, + Cgsl,fab A/Ct + Cgs 1, design

When L,g,, is larger than Lyg 4., from Equation (5.6), the first term inside the bracket
of Equation (5.7) is smaller than the second term which makes AV, become negative, i.e.
V,sc and thus P, decreases. It should be noted that this modification of Equation (5.1) is
valid because, as previously discussed, the Ly, QO and I, are approximately constant
within the range of f, variation. Also, the decreases of f; when channel length increases is

due to the increases of Cy.

It can also be observed from Figure 5.23 that when the channel length is increased

or decreased by the same amount, the magnitude of P,,, variation is approximately the
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same. To compensate for these variations of P,,, due to channel length fluctuations, the
same bias voltages that are applied to Vg to compensate for the variations of f; of each chan-
nel length are used. This is because the main purpose of an oscillator is to generate a signal
at a specified frequency. Therefore, an oscillator is not useful if it cannot produce the re-
quested frequency accurately even it has a very large P,,,. It can be seen from Figure 5.23
that when the channel length is larger than the reference channel length, applying a reverse
body bias to the nMOSFETS not only compensates the drop in P,,,,, but also provide a gain.
However, when the channel length is smaller than the reference channel length, having the
body of the nMOSFETS forward biased makes the P,,, smaller than the reference channel

length with V=0 V.

’é‘2‘1' V,=-03V
M 2.0 —w—V,=0V x
2 =01V
a-j 1.9 )
3 1.8] I
o : l
5 1.7 '
%1.6-: | V,=01V
O  {vloav
1.5+-2

0.24 0.26 0.28 0.30 0.32 0.34 0.36
Channel Length (um)

Figure 5.23 Variation of P,,, due to channel length fluctuations. The
effects of applying different Vg to the MOSFETs are also shown.

Similar to the f;;, Equation (5.7) holds other important information for designers de-
spite predicting the variation of P, due to channel length fluctuations. To illustrate this,
in addition to the assumptions stated before for the analysis of the sensitivity of f; to chan-
nel length fluctuations, it is also assumed that the I,;,, is constant within the amount of f;

variation due to channel length fluctuations for both oscillators such that the variation of
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the Py, is due to the variation of the C,,. Therefore, the amount of P,,, variation only
depends on C, and C,;, which is the same condition for the analysis of the sensitivity of fy
to channel length fluctuations. Consequently, the second oscillator, which has C, = 1 pF
and higher f;, has a larger amount of P,,, variation than the first one when the channel
length is increased or decreased by the same amount. This is because increasing f; by de-
creasing the C; would make Cy; dominate the terms inside the bracket of Equation (5.7),
and thus, the P, is more sensitive to the channel length fluctuations. Therefore, to mini-
mize the sensitivity of P, to channel length fluctuations, it is recommended to reduce the
ratio of the Cg; to the C; as much as possible. Also, if oscillators with high f; is required,
it is better to obtain the high f by decreasing L,; instead of C,. However, from Equation
(5.1), decreasing L; would decrease P,,,,, which is not desirable. Therefore, to compensate
for the losses in P, due to the decreases of Ly, either the I}, should be increased or the
O, should be enhanced. However, increasing the Ij,;,; would increase the P_,,, which is
not desirable. As for enhancing the Qy, it would not adversely affect any performance
characteristics of oscillators. As a result, to achieve high f; without degrading the P, and
at the same time minimizing the sensitivity of P,,, to channel length fluctuations, it is rec-

ommended to decrease the Ly, enhance the Oy, and reduce the ratio of the Cy to the C,.

The variation of L{ A®} with different channel lengths was initially predicted by us-

ing Equation (3.15), which is repeated here for convenience:

0\ 2
Vo2 '

oscC

L{Aw} = (5.8)

In this expression, Qy, and thus, R, is approximately constant within the range of f, vari-
ation as previously discussed. Also, k and T are the Boltzmann’s constant and temperature
in degrees Kelvin, respectively, which are constant. Moreover, Ogis the oscillation star-
tup safety factor, which is fixed after the sizes of the M1 and M2 are decided. Furthermore,
A is the offset frequency at which the L{Aw} is characterized, which is not related to the

channel length of the M1 and M2. Therefore, only V. and f;, and thus, wy are affected by
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channel length fluctuations. Consequently, it should be possible to estimate the variation
of L{Aw} due to channel length fluctuations by performing the algebraical derivation sim-
ilar to those that were done for f; and V.. However, such algebraical derivation, which

yields:

2

AL{Aw} = 2kTR, (1 + O“f)(A_wL—,kl—Q,kaias) , (5.9
shows that the channel length fluctuations do not affect the L{Aw}. This result is not cor-
rect because Equation (5.8) is essentially equivalent to the Leeson’s model, i.e. the upcon-
version of 1/f device noise into low offset frequency phase noise is not considered [73].
Also, the channel length of MOSFET affects the low frequency 1/f current noise of the device with
a 1/(channel length)? relationship [102], which will therefore affect the low offset frequency phase
noise [74], [75]. Therefore, the variation of L{A®} with different channel lengths was found
out by simulation. Unfortunately, simulation result does not show a significant dependence of
low offset frequency phase noise on channel length while it should be. This discrepancy is be-

lieved to be caused by the inaccuracy of the phase noise simulation.

The accuracy of the phase noise simulation was tested by changing the 1/fnoise pa-
rameter kfin the MOSFET model to simulate the L{Aw} of this circuit, which should have
significant effects on the low offset frequency phase noise. For example, a phase noise sim-
ulation was performed for this circuit using the reference channel length and the original
values of kf for both the nMOSFET (4.0x10™> ) and pMOSFET (6.1x10™2%), then the
phase noise simulation was performed again with the kf of pMOSFET changed from
6.1 xlO_28 to 6.l><10—20. However, the simulation results show that the L{A®} are -65.610
dBc/Hz and -65.609 dBc/Hz for these two cases, respectively, at an offset frequency of 1
kHz. It can be clearly seen that the simulation results for the L{Am} at a low offset frequen-
cy of 1 kHz did not show significant changes even though the kf of pMOSFET has been
changed several orders of magnitude with respect to its original value. More testing on the
accuracy of the phase noise simulation have been performed. The detail and the results of

these testing can be found in Appendix B. However, all the simulation results show that
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the there was no significant dependence of L{Aw} on the values of kf. Therefore, it can be
concluded that the phase noise simulation is inaccurate for low offset frequency phase noise.
Consequently, solutions for the inaccuracy of the phase noise simulation must be sorted in

the future.

102



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

Chapter 6

Conclusions and Future Work

During the course of this work, much has been learnt about circuit design for RFICs.
The experience gained by going through the whole design cycle was invaluable. Leamning
and understanding new simulation tools, and device and circuit theory were challenging
and exciting; design, simulation, optimization and layout of a circuit were time consuming
and interesting; measurement of a fabricated design was distressing but satisfying the de-

signs worked properly.

Having this research work focused on the mismatch effects of MOSFETs on RFICs
made it become more amazing. This is because identical devices should be obtained by
simply “click and copy” during the layout of the design. However, in reality, matching is
not that simple due to unavoidable fabrication process variation, which can cause a large

deviation of the circuit performance.
6.1 CONCLUSIONS

In this thesis, the effects of channel length fluctuation on the performance of RF os-
cillators were investigated. Two fully integrated, cross-coupled, differential LC oscillators
were designed in TSMC triple-well 0.18 pm standard CMOS technology [8] and used as
the test circuits. Although the first VCO could not be used for the analysis of channel
length fluctuation effects due to different types of varactor were used in the simulation and
fabrication, the difference between the simulated and measured f,,,;,,, which was 1.01 GHz,
providing a good example that the fabrication process variation could lead to a large circuit
performance deviation. Nevertheless, this VCO was found to have the following charac-

teristics.
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A frequency tuning range of 21.7% and 23.9% when it was measured ata V; of 1.8 V
and 1.5 V, respectively. This relatively large frequency tuning range was achieved by
using two pairs of nAMOS varactor instead of one pair.

A current consumption of less than 1 mA for both V,;, of 1.8 V and 1.5 V, which corre-

sponds to a P, of less than 1.8 mW and 1.5 mW, respectively.

The current and power consumptions were approximately constant for both V; of 1.8
V and 1.5 V since a bias current transistor was used to control the I,,;,,. Also, a rela-
tively large L, was used for this bias current transistor to minimize the channel-length
modulation effect, which further enhances the stability of the current and power con-
sumptions. ‘
AP,,of-13.3dBmand a P, of 1.31 mW with a f; of 5.506 GHz when it was meas-
ured with Vo;=0Vand Vi, =1.6 Vat V= 1.5V, which corresponds to a L{Aw} of
-121.2 dBc/Hz at 1 MHz offset frequency.

A FoM of 176.4 dB, which is higher compared to other oscillators listed in Table 5.3.
This higher FoM is achieved mainly by lowering the P, considerably, while still able

to maintain acceptable level of performance.

The second oscillator was designed using only devices that have proper model for

simulation. The simulated results were used to analyze the effects of channel length fluc-

tuation on the performance of RF oscillators. It was found that:

The current consumption was 3.599 mA for the reference channel length when simu-

lated at V;; = 1.8 V, which corresponds to a P, of 6.479 mW. Also, the current and

power consumptions were found to be approximately constant for all values of tested
channel lengths, which was expected since a bias current transistor was used to control
the I;;,; and a relatively large L, was used for this bias current transistor to minimize
the channel-length modulation effect, which further enhances the stability of the cur-

rent and power consumptions.
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» The f; was 1.12 GHz with the reference channel length and it decreases with an

increase of channel length while the current does not change. The maximum variation

of fp was 2.45 kHz with less than 20% of variation in the channel length. A formula
was derived to explain and predict the variation of f; due to channel length fluctua-

tions.

o The variation of f due to channel length fluctuations is more significant in oscillators
with higher f;. To minimize the sensitivity of f; to channel length fluctuations, it is
recommended to reduce the ratio of the C,, to the C,. Also, if oscillators with high f;

is desired, it is better to achieve the high f; by decreasing L; instead of C,.

e The use of body bias on the MOSFETSs was proposed as a means to compensate for the
changes in the frequency performance characteristics due to the channel length fluctu-
ations.

o The P,, to a 50 Q load was 1.79 dBm for the reference channel length and its maxi-

mum variation was 0.08 dBm with less than 20% variation in the channel length.
Also, it decreases with an increase of channel length while the current does not

change. The variation of P,,, due to channel length fluctuations was explained and
predicted by a derived new formula.

o The variation of P, due to channel length fluctuations is more significant in oscilla-
tors with higher f;. To achieve high f; without degrading the P, and at the same time
minimizing the sensitivity of P,,, to channel length fluctuations, it is recommended to

decrease the Ly, enhance the Oy, and reduce the ratio of the C,; to the C;.
» The low offset frequency phase noise was expected to be affected by the channel
length fluctuations. This is because the channel length of MOSFET affects the low

frequency 1/f current noise of the device with a 1/(channel length)3 relationship [102],
which will therefore affect the low offset frequency phase noise [74], [75]. However,

simulation result did not show a significant dependence of the low offset frequency
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phase noise on channel length. This discrepancy is believed to be caused by the inac-

curacy of the phase noise simulation.

6.2 FUTURE WORK

There are two main future works for this research. The most obvious one is to find
out the causes and the solutions for the inaccuracy of the phase noise simulation at low off-
set frequencies. This is not only important for the analysis of the variation of L{Aw} due

to channel length fluctuations but also the regular design of oscillators.

The second main future work is to obtain an accurate model for the nAMOS varac-
tor so that simulation of the first VCO can be performed with the proper device model, and
thus, comparison between the simulated and measured results is possible. Consequently,
the effects of channel length fluctuation on the performance of LC oscillators can be ana-
lyzed using the first VCO designed for this research. Also, having the model of nAMOS

varactor available will allow the use of nAMOS varactor in future designs easier.

Another possible future work is to improve the accuracy of the nMOSFET model,
especially when deep n-well is used to isolate the p-well from the p-substrate so that differ-
ent potentials can be applied to the body of different nMOSFETSs on the same chip. The
accuracy of the nMOSFET model with the application of deep n-well is suspected because
there are design rules for the layout of the deep n-well regarding only the minimum dimen-
sions but not the maximum [8]. Also, there is no options on the simulation software, which
allow designers to specify the dimensions of the deep n-well that are going to be used in
their designs. However, the capacitance and current for the pn junctions between the p-well
and deep n-well, and p-substrate and deep n-well are directly related to the size of the deep

n-well used, and thus, will affect the characteristics of nMOSFETsSs.

The deviation of performance characteristics for LC oscillators due to channel
length fluctuations has been investigated in this research. However, the effects of channel
length fluctuation on the performance of other differential RFICs such as mixers and LNAs
are still have not been examined. Therefore, more research can be conducted for other dif-
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ferential RFICs. Also, the deviation of performance characteristics caused by other process
variations such as uneven oxide thicknesses and inconsistent doping concentration will be

also valuable.
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Appendix A

Series-Parallel Transformations for RC

and RL Networks

For a resistance-capacitance (RC) network connected in series, as shown in Figure

A.1(a), the impedance Z ; is

Z. =R, ——L_,
Cs G5 wC,
the admittance Y ; is
" 2 ]
. joC (wC,)°R joC
Yc, = Rl ljoC, = TT Cs = - C’sz :
Cs HOCRe s 14 (0CRc,) 1+(w0CR )

and the quality factor Q¢ is

1
QC’S B (DCsRC,s'
RC,s : |
C =— R
C, = 4
o— o—
(a) (b)

Figure A.1 RC network connected in (a) series and (b) parallel.
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For a RC network connected in parallel, as shown in Figure A.1(b), the impedance

ZC,p is
1 R R joC, R
Zep = Replliem = Tt = Sl LSl (A4)
ID%p JOCRep  1+(0CRc,)" 1+(wC,R: )

the admittance Y, is
Y. = -1 ijeC (A.5)
C - .

P R¢, P

and the quality factor O, is

Qc, = OC,R¢ . (A.6)

Now, assume the values of R¢, and C, are known and the equivalent RC network
connected in series is used. The equivalent series resistance R¢,; ., can be found by equat-

ing Re(Z¢ ) = Re(ZC,p) and solving for R¢  as follows:

Rc 1
RC, 5, eq = P 3 = Rc’p(' —'—"2 (A7)
1+(wC,Rc ,) 1+0c,

and the equivalent series capacitance C;,, can be found by equating

Im(Z¢ ) = Im(ZC,p) and solving for C; as follows:

2 2 2
1 __ wCPRC,p - C - 1+(wCLRC,}Q =C [I_-F_Q_C_BJ (A.8)
(Dcs,eq l1+(wC R )2 el w’C R’ P Q2
pCp pCp Cp

Similarly, if the values of R ; and C; are known and the equivalent RC network connected
in parallel is used, the equivalent parallel resistance R¢, ., and capacitance C, ., can be
found by equating Re( YC,p) = Re(Y( ;) and Im( Yep) = Im(Y ;) and solving for R¢,

and C,, respectively, as follows:
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2 2
1 (wCs) R 1+(wCR¢ ) ,
R = s ,52 = Rc,p,eq = ; .57 RC,s(1+QC,s) (A.9)
Cpeq 1 +(wCsRC,s) ((DCS) RC,s
oC C Q2
wCP,eq = - 2 = Cp,eq = > > = Cs( C'; . (A.10)
1 +(wCRc ;) 1+ (oCR () 1+Q0¢

The same method can be applied to a resistance-inductance (RL) network connect-
ed in series or parallel to find its equivalent parallel or series resistance and inductance, re-
spectively. For a RL network connected in series, as shown in Figure A.2(a), the

impedance Z; ;, the admittance Y; ; and the quality factor Q; ; are

Z, = Ry +joL,, ‘ (A.11)
L8Ry joL, Ry +joL, Ri’s+(ooLs)2 Ri’s+ (wL,)’
and
0, = 2L (A.13)
bs RL,s, .
respectively.
RL,s S|
L 3 L, % R,,
s
o— o—
(@) (b)

Figure A.2 RL network connected in (a) series and (b) parallel.
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For a RL network connected in parallel, as shown in Figure A.2(b), the impedance

Z; p the admittance Y} , and the quality factor Oy , are

. 2 . 2
Z =R llioL. = ]mLpRL,p _ (mLp) RL’p ](.l)LpRL’p Al
Lp = RLplJO% = g oL = 22 2t 2 > (AlY)
Lp P RL’p+(u)Lp) RL’p+((uLp)
1 J
Y, = —-—-—"— (A.15)
P RL’p u)Lp
and
R
— L’E
QL’p - (l)L ’ (A'16)
p
respectively.

Therefore, to find the equivalent series resistance R ;.. and inductance L;,,,
equate Re(Z; ;) = Re(ZL,p) and Im(Z, ;) = Im(ZL,p) and solve for R; ¢ and L, re-

spectively, as follows:

2
oL )R R
RL1 s’ eq = (2 p) L’P2 = L,p 2 = RLip(—lz—- (A.l’])
RL,p+ ((an) 1 +(RL,p/a)Lp) 1+0Q;
2 2 2 2
oL R R, /0L
WL 4= 2_LL—£_§ = Ly = np £ 2 = LP(LL’PZ_ - (A18)
R, , +((oLp) 1+ (RL’p/(oLP) 1+0Q;

Similarly, to find the equivalent parallel resistance R , ., and inductance L, .,, equate
Re(YL’p) = Re(Y, ;) and Im(Y, p) = Im(Y, ;) and solve for R; , and L, respectively,

as follows:

1+(0L/R, )
/R, ,

1 _ RLs

2
R = — =R, (1+Q; ;) (A.19)
Lpeqs Ry ;+(0L))
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| oL, L+ (wL/R, )" _, 1+0;,
P, eq - 2

= — = L = 3 > ] . (A20)
0) LS/RL,S Qr
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Appendix B

Testing on Accuracy of Phase Noise
Simulation

The details, procedures and results of testing the accuracy of phase noise simulation

are reported at below.

1. An LC oscillator was simulated in the schematic level and its schematic diagram is

shown in Figure B.1.

Vad

Figure B.1 Schematic diagram of the LC oscillator simulated for testing
the accuracy of phase noise simulation.

2. The values used in the oscillator are listed at below:

e L =3.036 nH. This is actually a symbol of the modified two-port lumped physical
model for quasi-symmetrical spiral inductor shown in Figure 5.3. The equivalent

circuit model parameter values listed in Table 5.4 were used.
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» C=5.985 pF and its Quality type was set to ideal.
* MS5 is a pMOSFET with Multiplier = 20, Width = 10.0 um and Length = 1.000 pm

Ml and M2 are nMOSFETs with Multiplier = 10, Width = 10 um and Length =

W*1 um where W was set to 0.3 on the Analog Environment, which makes Length

=0.3 um
. Vdd =18V
* V,5=500mV

e Vb_pmos=18V
o Vb nmos=0V

3. Figures B.2 to B.10 show the settings that were used for the phase noise simulation, in-
cluding the Analog Environment, dc analysis, tran analysis (i.e. transient analysis), pss
analysis (i.e. periodic steady state analysis), pnoise analysis (i.e. periodic noise analy-

sis), and their corresponding options.

_-Kfﬁ-n'ﬁamA—lal'éﬁ mfffd]ifbeslgll Environment (1 Y ik i

» Results in : -uw P l’l/.

Figure B.2 Setting of Analog Environment.

114



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

115



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

reuit f

e

" Translent br}fi ons
bk

o

Figure B.6 Setting of options for tran analysis (a) top half and (b) bottom half.
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ing Analyses — Affirma Analog ¢ ircuit [
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(@
Figure B.8 Setting of options for pss analysis (a) top half and (b) bottom half.
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a Analog Circuit [

Figure B.9 Setting of pnoise analysis.
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. isW wrbe

ANNOTATION PARAMETERS

Figure B.10 Setting of opti‘ons for pnoise analysis.

4. The procedure of changing the 1/f noise parameter kf in the MOSFET model are as fol-

low:

a. The files icfspectre.init and mm018.scs were copied from the original directory to a

new directory.

b. The values of kf in the mmO018.scs file in the new directory were changed and the

file was saved after all the changes were made.

c. On the Analog Environment, the Model Library File (opened by choosing Setup ->

Model Libraries...) was set to the icfspectre.init file in the new directory.

5. To look at the effects of the device low frequency noise on the oscillator phase noise,
the value of kf in the MOSFET model was changed. Three cases were simulated for

comparison and these three cases are listed in Table B.1.
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Table B.1 Three cases used for testing the accuracy of phase noise simulation.

nMOSFET kf pMOSFET kf
Case Original 4.0x1072 6.1x10° 2
Case 1 4.0x107% 6.1x107°
Case 2 4.0x10°% 6.1x102°

* All cases were simulated using the simulation values and settings showed from

Points 2 and 3 presented before.

» For Case Original, the simulation was carried out without changing the values of kf

for neither nMOSFET nor pMOSFET.

* For Case 1, the procedure in Point 4 was used to change the values of kf for only all

the 1.8 VnMOSFETs, i.e. 12 bins in total, and pMOSFETs were not changed. The
values of kf were changed from 4.0x107% to0 4.0x107%°,

» For Case 2, the procedure in Point 4 was used to change the values of kf for only all

the 1.8 V pMOSFETs, i.e. 12 bins in total, and nMOSFETs were not changed. The
values of kf were changed from 6.1x107% t0 6.1x107°

6. Three Frequency Sweep Range — 10 Hz to 100 kHz, 100 kHz to 5 MHz and 10 Hz to
10 MHz - of pnoise analysis were simulated for each case and several phase noise val-
ues at different offset frequencies were recorded and listed in Tables B.2, B.3 and B .4,

respectively.

It can be clearly seen from Tables B.2, B.3 and B.4 that regardless of which Fre-
quency Sweep Range was used, the phase noise simulation result does not show significant
changes for all three cases at the same offset frequency although the values of kf for nMOS-
FET and pMOSFET have been changed several orders of magnitude in Case 1 and Case 2

with respect to Case Original, which should have significant effects on the low offset fre-
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quency phase noise of oscillator. Therefore, it can be concluded that the phase noise sim-

ulation does not accurately take the 1/f noise component.

Table B.2 Phase noise simulation results for offset frequency of 10 Hz to 100 kHz.

Phase Noise (dBc/Hz)
Offset Frequency Case Original Casel Case 2
10 Hz -3.834 -3.831 -3.830
100 Hz -36.041 -36.038 -36.037
1 kHz -65.610 -65.609 -65.609
10 kHz -88.352 -88.352 -88.352
100 kHz -108.591 -108.592 -108.592

Table B.3 Phase noise simulation results for offset frequency of 100 kHz to 5 MHz.

Phase Noise (dBc/Hz)
Offset Frequency Case Original Case 1 Case 2
100 kHz -108.591 -108.592 -108.592
600 kHz -124.129 -124.129 -124.129
1 MHz -128.606 -128.606 -128.606
3 MHz -138.102 -138.102 -138.102
5 MHz -142.573 -142.573 -142.573
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Table B.4 Phase noise simulation results for offset frequency of 10 Hz to 100 MHz.

Phase Noise (dBc/Hz)

Offset Frequency Case Original Case 1 Case 2
10 Hz -3.834 -3.831 -3.831
100 Hz -36.041 -36.038 -36.038
1 kHz -65.610 -65.609 -65.609
10 kHz -88.352 -88.352 -88.352
100 kHz -108.591 -108.592 -108.592
600 kHz -124.129 -124.129 -124.129
1 MHz -128.606 -128.606 -128.606
3 MHz -138.102 -138.102 -138.102
5 MHz -142.570 -142.570 -142.570
10 MHz -148.562 -148.563 -148.563

123



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

References

[1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

[9]

(10]

Pieter Burggraaf, "IC device and packaging technology trends" [online],
Scottsdale, AZ: Integrated Circuit Engineering, 1998, [cited Oct. 3, 2004],
available from World Wide Web: <http://smithsonianchips.si.edu/ice/cd/
STATUS98/SEC04.PDF>.

European Semiconductor Industry Association, Japan Electronics and Information
Technology Industries Association, Korea Semiconductor Industry Association,
Taiwan Semiconductor Industry Association, and Semiconductor Industry
Association, "International technology roadmap for semiconductors 2003
edition," International technology roadmap for semiconductors [online], 2003
edition [cited Oct. 3, 2004], available from World Wide Web: <http://
public.itrs.net/Files/2003ITRS/Home2003.htm>. ~

Maxim, "Tracking Advances in VCO Technology” [online], Sunnyvale, CA:
Maxim Integrated Products, Inc., Oct. 2002 [cited Oct. 3, 2004], available from
World Wide Web: <http://www.maxim-ic.com/appnotes.cfm/appnote_number/
1768>.

Radio-Electronics.Com, "Edwin Howard Armstrong" [online], Staines, England:
Adrio Communications Ltd [cited Oct. 3, 2004], available from World Wide Web:
<http://www.radio-electronics.com/info/radio_history/gtnames/armstrong.php>.

Behzad Razavi, RF Microelectronics, Upper Saddle River, N.J.: Prentice-Hall,
1998.

Trond Ytterdal, Yuhua Cheng, and Tor Fjeldly, Device Modeling for Analog and
RF CMOS Circuit Design, Etobicoke, Ontario: John Wiley and Sons Canada,
2003.

H.P. Tuinhout, "Impact of parametric mismatch and fluctuations on performance
and yield of deep-submicron CMOS technologies," in Proc. 32th European Solid-
State Device Research Conf. (ESSDERC 2002), Firenze, Italy, Sep. 24-26, 2002,
pp. 95-101.

"TSMC 0.18um Mixed Signal/RF 1P6M Salicide 1.8V/3.3V Design Rule, T-018-
MM-DR-001" TSMC, July 2001.

John Rogers, and Calvin Plett, Radio Frequency Integrated Circuit Design,
Boston: Artech House, 2003, pp. 95-140.

Ben G. Streetman, Solid State Electronic Devices, 3rd ed., Englewood Cliffs, N.J.:
Prentice-Hall, 1990, pp. 173-176, 207-208.

124



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

(1]

(12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

F. Svelto, S. Manzini, and R. Castello, "A three terminal varactor for RF IC's in
standard CMOS technology," IEEE Trans. Electron Devices, vol. 47, no. 4, Apr.
2000, pp. 893-895.

I. Gutierrez, J. Garcia, N. Sainz, J.R. Sendra, J. de No, and A. Hemandez, "PN
junction integrated varactors for RF applications at different standard
frequencies," in 2003 4th IEEE Topical Meeting on Silicon Monolithic Integrated
Circuits in RF Syst.. Digest of Papers, 2003. Grainau, Germany, Apr. 9-11, 2003,
pp- 118-121.

N.H.W. Fong, J.-O. Plouchart, N. Zamdmer, Duixian Liu, L.E. Wagner, C. Plett,
and N.G. Tarr, "Design of wide-band CMOS VCO for multiband wireless LAN
applications," IEEE J. Solid-State Circuits, vol. 38, no. 8, Aug. 2003, pp. 1333-
1342.

E. Pedersen, RF CMOS Varactors for Wireless Applications, Ph.D. thesis, RISC
Group, Denmark, Institute of Electronic Systems, Aalborg University, Niels
Jernes Vej, Aalborg, Feb. 2001.

Yannis Tsividis, Operation and Modeling of the MOS Transistor, 2nd ed.,
Toronto: McGraw-Hill, 1999, pp. 1-33, 451-458.

Lawrence H. Van Vlack, Elements of Materials Science and Engineering, 6th ed.,
Don Mills, Ontario: Addison-Wesley, 1990, pp. 7.

Richard C. Jaeger, Microelectronic Circuit Design, New York: McGraw-Hill,
1997, pp. 29-31, 47-61, 146-148.

S.M. Sze, Physics of Semiconductor Devices, 2nd ed., New York: John Wiley &
Sons, 1981.

R. Castello, P. Erratico, S. Manzini, and F. Sveito, "A +30% tuning range varactor
compatible with future scaled technologies,"” in Symp. VLSI Circuits. Digest of
Technical Papers, 1998. June 11-13, 1998, pp. 34-35.

P. Andreani, and S. Mattisson, "A 1.8-GHz CMOS VCO tuned by an
accumulation-mode MOS varactor," in Proc. IEEE Int. Symp. Circuits and Syst.
(ISCAS 2000), vol. 1, Geneva, Switzerland, May 28-31, 2000, pp. 315-318.

P. Andreani, and S. Mattisson, "A 2.4-GHz CMOS monolithic VCO based on an
MOS varactor," in Proc. IEEE Int. Symp. Circuits and Syst. ISCAS 1999), vol. 2,
Orlando, Florida, USA, May 30-June 2, 1999, pp. 557-560.

P. Andreani, "A comparison between two 1.8 GHz CMOS VCOs tuned by
different varactors,” in Proc. 22nd European Solid-State Circuits Conf. (ESSCIRC
1998), Hague, Netherlands, Sep. 22-24, 1998, pp. 380-383.

F. Svelto, P. Erratico, S. Manzini, and R. Castello, "A metal-oxide-semiconductor
varactor," IEEE Electron Device Lett., vol. 20, no. 4, Apr. 1999, pp. 164-166.

125



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

(34]

[35]

[36]

T. Soorapanth, C.P. Yue, D.K. Shaeffer, T.I. Lee, and S.S. Wong, "Analysis and
optimization of accumulation-mode varactor for RF ICs," in Symp. VLSI Circuits.
Digest of Technical Papers, 1998. June 11-13, 1998, pp. 32-33.

K. Stadius, R. Kaunisto, and V. Porra, "Monolithic tunable capacitors for RF
applications," in Proc. IEEE Int. Symp. Circuits and Syst. (ISCAS 2001), vol. 1,
Sydney, Australia, May 6-9, 2001, pp. 488-491.

"TSMC 0.35um Mixed Signal Polycide 3.3V/5V Design Rule, T-035-MM-DR-
001" TSMC, July 1999.

H. Ainspan, and J.-O. Plouchart, "A comparison of MOS varactors in fully-
integrated CMOS LC VCO'’s at 5 GHz and 7 GHz," in Proc. 26th European Solid-
State Circuits Conf. (ESSCIRC 2000), Stockholm, Sweden, Sep. 19-21, 2000, pp.
448-451.

Seong-Sik Song, and Hyungcheol Shin, "A new RF model for the accumulation-
mode MOS varactor," IEEE MTT-S Int. Microwave Symp. Digest, vol. 2, June 8-
13, 2003, pp. 1023-1026.

J. Maget, R. Kraus, and M. Tiebout, "A physical model of a CMOS varactor with
high capacitance tuning range and its application to simulate a voltage controlled
oscillator,”" 2001 Int. Semiconductor Device Research Symp., pp. 609-612.

J. Victory, C.C. McAndrew, and K. Gullapalli, "A time-dependent, surface
potential based compact model for MOS capacitors," IEEE Electron Device Lett.,
vol. 22, no. 5, May 2001, pp. 245-247.

WM.Y. Wong, Ping Shing Hui, Zhiheng Chen, Keqiang Shen, J. Lau, P.C.H.
Chan, and Ping-Keung Ko, "A wide tuning range gated varactor," IEEE J. Solid-
State Circuits, vol. 35, no. 5, May 2000, pp. 773-779.

S.C. Rustagi, and C.C.C. Leung, "Accumulation mode MOS varactor SPICE
model for RFIC applications," Electron. Lett., vol. 36, no. 20, Oct. 2000, pp.
1735-1736.

N. Fong, G. Tarr, N. Zamdmer, J.-O. Plouchart, and C. Plett, "Accumulation MOS
varactors for 4 to 40 GHz VCOs in SOI CMOS," in Proc. 28th 2002 IEEE In:.
SOI Conf. (SOI 2002), Williamsburg, Virginia, Oct. 7-10, 2002, pp. 158-160.

Seong-Sik Song, and Hyungcheol Shin, "An RF model of the accumulation-mode
MOS varactor valid in both accumulation and depletion regions," IEEE Trans.
Electron Devices, vol. 50, no. 9, Sept. 2003, pp. 1997-1999.

C.Y. Su, L.P. Chen, S.J. Chang, B.M. Tseng, D.C. Lin, and H.Y. Lee, "BSIM3v3-
based varactor model," Electron. Lett., vol. 37, no. 8, April 12, 2001, pp. 525-527.

A.-S. Porret, T. Melly, and C.C. Enz, "Design of high-Q varactors for low-power
wireless applications using a standard CMOS process," in Proc. of the 1999 IEEE

126



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[37]

(38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

(46]

(47]

(48]

Custom Integrated Circuits Conf. (CICC 1999), San Diego, California, USA, May
16-19, 1999, pp. 641-644.

A.-S. Porret, T. Melly, C.C. Enz, and E.A. Vittoz, "Design of high-Q varactors for
low-power wireless applications using a standard CMOS process," IEEE J. Solid-
State Circuits, vol. 35, no. 3, Mar. 2000, pp. 337-345.

B. Senapati, K. Ehwald, W. Winkler, and F. Furnhammer, "High performance
MOS varactor SPICE model," Electron. Lett., vol. 38, no. 23, Nov. 7, 2002, pp.
1416-1417.

J. Maget, M. Tiebout, and R. Kraus, "Influence of novel MOS varactors on the
performance of a fully integrated UMTS VCO in standard 0.25-um CMOS
technology," IEEE J. Solid-State Circuits, vol. 37, no. 7, July 2002, pp. 953-958.

J. Maget, M. Tiebout, and R. Kraus, "Influence of the MOS varactor gate doping
on the performance of a 2.7GHz - 4GHz LC-VCO in standard digital 0.12um
CMOS technology," in Proc. 28th European Solid-State Circuits Conf. (ESSCIRC
2002), Firenze, Italy, Sep. 24-26, 2002, pp. 491-494.

K. Molnar, G. Rappitsch, Z. Huszka, and E. Seebacher, "MOS varactor modeling
with a subcircuit utilizing the BSIM3v3 model," IEEE Trans. Electron Devices,
vol. 49, no. 7, July 2002, pp. 1206-1211.

P. Andreani, and S. Mattisson, "On the use of MOS varactors in RF VCOs," IEEE
J. Solid-State Circuits, vol. 35, no. 6, June 2000, pp. 905-910.

S.C. Kelly, J.A. Power, and M. O'Neill, "Optimisation of integrated RF varactors
on a 0.35um BiCMOS technology,” in Proc. 2003 Int. Conf. Microelectronic Test
Structures (ICMTS 2003), Monterey, California, Mar. 17-20, 2003, pp. 113-117.

E. Pedersen, "Performance evaluation of CMOS varactors for wireless RF
applications," in IEEE Proc. 17th NORCHIP Conf., Oslo, Norway, Nov. 8-9,
1999, pp. 73-78.

David A. Johns, and Ken Martin, Analog Integrated Circuit Design, New York:
John Wiley & Sons, 1997, pp. 3-15.

Kanaan Kano, Semiconductor Devices, Upper Saddle River, N.J.: Prentice-Hall,
1998, pp. 196-202.

Gerold W. Neudeck, The PN Junction Diode, vol. 2 of Modular Series on Solid
State Devices, ed. Gerold W. Neudeck and Robert F. Pierret, Reading, Mass:
Addison-Wesley, 1983.

X. Jin, J-J. Ou, C.H. Chen, W. Liu, M.J. Deen, PR. Gray, and C. Hu, "An
effective gate resistance model for CMOS RF and noise modeling," Int. Electron
Devices Meeting Technical Digest (IEDM 1998), San Francisco, California, Dec.
6-9, 1998, pp. 961-964.

127



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[49]

[50]

(51}

[52]

(53]

[54]

[55]

(56]

[57]

[58]

[59]

[60]

Industry Canada, "Canadian Table of Frequency Allocations” [online], Ottawa,
Ontario: Telecommunications Policy Branch, 2004 [cited Sep. 20, 2004],
available from World Wide Web: <http://strategis.ic.gc.ca/epic/internet/insmt-
gst.nsf/vwapj/canadiantable-e.pdf/$FILE/canadiantable-e.pdf>.

Bluetooth, "Specificatoin of the Bluetooth System - Covered Core Package
version: 1.2" [online], Bluetooth SIG, Inc., Nov. 2003 [cited Sep. 20, 2004],
available from World Wide Web: <https://www.bluetooth.org/spec/>.

"TSMC 0.18um Mixed Signal 1P6M Salicide 1.8V/3.3V RF Spice Models, T-
018-MM-SP-001" TSMC, Mar. 2002.

Zhenwen Wang, Modeling of Passive Microwave Circuit Elements, Master Thesis,
Dept. of Electrical and Computer Engineering, McMaster University, Hamilton,
Ont., Sep. 2002.

C. Patrick Yue, On-Chip Spiral Inductors for Silicon-Based Radio-Frequency
Integrated Circuits, Ph.D. dissertation, Dept. of Electrical Engineering, Stanford
University, Stanford, CA, July 1998.

J. Craninckx, and M. Steyaert, "A 1.8-GHz low-phase-noise spiral-LC CMOS
VCO," in Symp. VLSI Circuits. Digest of Technical Papers, 1996. June 13-15,
1996, pp. 30-31.

K. Murata, T. Hosaka, and Y. Sugimoto, "Effect of a ground shield of a silicon on-
chip spiral inductor," in 2000 Asia-Pacific Microwave Conf., Dec. 3-6, 2000, pp.
177-180.

L.F. Tiemeijer, D. Leenaerts, N. Pavlovic, and R.J. Havens, "Record Q spiral
inductors in standard CMOS," in 200! Int. Electron Devices Meeting. IEDM
Technical Digest, 2001. Dec. 2-5, 2001, pp. 40.7.1-40.7.3.

A.H. Mostafa, and M.N. El-Gamal, "A 12.5 GHz back-gate tuned CMOS voltage
controlled oscillator,” in Proc. 7th IEEE Int. Conf. Electron., Circuits Syst.
(ICECS 2000), vol. 1, Beirut, Lebanon, Dec. 17-20, 2000, pp. 243-247.

A H. Mostafa, M.N. El-Gamal, and R.A. Rafla, "A Sub-1-V 4-GHz CMOS VCO
and a 12.5-GHz oscillator for low-voltage and high-frequency applications,” IEEE
Trans. Circuits and Syst. 1I: Analog and Digital Signal Processing, vol. 48, no.
10, Oct. 2001, pp. 919-926.

D. Ham, and A. Hajimiri, "Concepts and methods in optimization of integrated
LC VCOs," IEEE J. Solid-State Circuits, vol. 36, no. 6, June 2001, pp. 896-909.

S.-F. Chu, K.W. Chew, W.B. Loh, YM. Wang, B.G. Onn, Y. Ju, J. Zhang, and K.
Shao. "High quality factor silicon-integrated spiral inductors achieved by using
thick top metal with different passivation schemes,” in 2001 Int. Svmp. VLSI
Technology, Syst., and Applications (VLSI-TSA 2001). Proceedings of Technical
Papers, 2001. Hsinchu, Taiwan, Apr. 18-20, 2001, pp. 154-157.

128



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

(61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

J.-H. Chang, Y.-S. Youn, H.-K. Yu, and C.-K. Kim, "Effects of dummy patterns
and substrate on spiral inductors for sub-micron RF ICs," in 2002 IEEE Radio
Frequency Integrated Circuits Symp. (RFIC 2002), Seattle, Washington, June 2-4,
2002, pp. 419-422.

A. Hajimiri, and T.H. Lee, "Design issues in CMOS differential LC oscillators,"
IEEE J. Solid-State Circuits, vol. 34, no. 5, May 1999, pp. 717-724.

Bosco Leung, VLSI for Wireless Communication, Upper Saddle River, N.J.:
Prentice-Hall, 2002, pp. 285-309.

Charles L. Phillips, and Royce D. Harbor, Feedback Control Systems, 4th ed.,
Upper Saddle River, N.J.: Prentice-Hall, 1999, pp. 22-31.

Behzad Razavi, Design of Analog CMOS Integrated Circuits, New York:
McGraw-Hill, 2001, pp. 246-247, 482-530.

Ali Hajimiri and Thomas H. Lee, The Design of Low Noise Oscillators, Boston:
Kluwer Academic Publishers, 1999. ‘

J. Craninckx, and M.S.J. Steyaert, "A 1.8-GHz CMOS low-phase-noise voltage-
controlled oscillator with prescaler," IEEE J. Solid-State Circuits, vol. 30, no. 12,
Dec. 1995, pp. 1474-1482.

F. Svelto, and R. Castello, "A bond-wire inductor-MOS varactor VCO tunable
from 1.8 to 2.4 GHz," IEEE Trans. Microwave Theory and Techniques, vol. 50,
no. 1, Jan. 2002, pp. 403-407.

T.-Y. Lin, Y.-Z. Juang, H.-Y. Wang, and C.-E Chia, "A low power 2.2-2.6GHz
CMOS VCO with a symmetrical spiral inductor,” in Proc. IEEE Int. Symp.
Circuits and Syst. (ISCAS 2003), vol. 1, Bangkok, Thailand, May 25-28, 2003,
pp. 641-644.

S.-M. Yim, and K.O. Kenneth, "Demonstration of a switched resonator concept in
a dual-band monolithic CMOS LC-tuned VCO," in Proc. of the 2001 IEEE
Custom Integrated Circuits Conf. (CICC 2001), San Diego, California, USA, May
6-9, 2001, pp. 205-208.

Maxim, "Understand Wireless Data Sheet Specifications - Part 1" [online},
Sunnyvale, CA: Maxim Integrated Products, Inc., May 2003 [cited Sep. 23,
2004], available from World Wide web: <http://www.maxim-ic.com/
appnotes.cfm/appnote_number/2041>.

D.B. Leeson, "A simple model of feedback oscillator noise spectrum,” Proc.
IEEE, vol. 54, Feb. 1966, pp. 329-330.

A. Hajimiri, T.H. Lee, "A general theory of phase noise in electrical oscillators,"
IEEE J. Solid-State Circuits, vol. 33, no. 2, Feb. 1998, pp. 179-194.

129



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

(82]

[83]

[84]

B. De Muer, M. Borremans, M. Steyaert, and G. Li Puma, "A 2-GHz low-phase-
noise integrated LC-VCO set with flicker-noise upconversion minimization,"
IEEFE J. Solid-State Circuits, vol. 35, no. 7, July 2000, pp. 1034-1038.

S. Levantino, C. Samori, A. Bonfanti, S.L..J. Gierkink, A.L. Lacaita, and V.
Boccuzzi, "Frequency dependence on bias current in 5 GHz CMOS VCOs: impact
on tuning range and flicker noise upconversion," IEEE J. Solid-State Circuits, vol.
37, no. 8, Aug. 2002, pp. 1003-1011.

J. Craninckx, M. Steyaert, and H. Miyakawa, "A fully integrated spiral-LC
CMOS VCO set with prescaler for GSM and DCS-1800 systems," in Proc. IEEE
1997 Custom Integrated Circuits Conf. (CICC 1997), Santa Clara, USA, May 5-8,
1997, pp. 403-406.

J. Craninckx, and M. Steyaert, "Low-noise voltage-controlled oscillators using
enhanced LC-tanks," IEEE Trans. Circuits and Syst. II: Analog and Digital Signal
Processing, vol. 42, no. 12, Dec. 1995, pp. 794-804.

A. Zanchi, C. Samori, S. Levantino, and A.L. Lacaita, "A 2-V 2.5-GHz-104-dBc/
Hz at 100 kHz fully integrated VCO with wide-band low-noise automatic
amplitude control loop," IEEE J. Solid-State Circuits, vol. 36, no. 4, Apr. 2001,
pp. 611-619.

F. Svelto, S. Deantoni, and R. Castello, "A 1 mA, -120.5 dBc/Hz at 600 kHz from
1.9 GHz fully tuneable LC CMOS VCO," in Proc. IEEE 2000 Custom Integrated
Circuits Conf. (CICC 2000), Orlando, Florida, USA, May 21-24, 2000, pp. 577-
580.

K.O. Kenneth, N. Park, and D.-J. Yang, "l/f noise of NMOS and PMOS
transistors and their implications to design of voltage controlled oscillators,” in
2002 IEEE Radio Frequency Integrated Circuits Symp. (RFIC 2002), Seattle,
Washington, June 2-4, 2002, pp. 59-62.

J. Bhattachaijee, D. Mukheijee, E. Gebara, S. Nuttinck, and J. Laskar, "A 5.8 GHz
fully integrated low power low phase noise CMOS LC VCO for WLAN
applications,” in 2002 IEEE Radio Frequency Integrated Circuits Symp. (RFIC
2002), Seattle, Washington, June 2-4, 2002, pp. 475-478.

"TSMC 0.18um Logic 1P6M Salicide 1.8V/3.3V Spice Models, T-018-LO-SP-
001" TSMC, June 2002.

K.R. Lakshmikumar, R.A. Hadaway, and M.A. Copeland, "Characterisation and
modeling of mismatch in MOS transistors for precision analog design," IEEE J.
Solid-State Circuits, vol. 21, no. 6, Dec. 1986, pp. 1057-1066.

M. Peigrom, M. Vertregt, and H. Tuinhout, "Matching of MOS transistors,"
Philips Research Laboratories, Eindhoven, The Netherlands, Report No. WAY-42,
Feb. 2000.

130



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[85]

[86]

[87]

[88]

(89]

[90]

[91]

(92]

(93]

[94]

[95]

[96]

J.A. Croon, M. Rosmeulen, S. Decoutere, W. Sansen, and H.E. Maes, "A simple
characterization method for MOS transistor matching in deep submicron
technologies," in Proc. 2001 Int. Conf. Microelectronic Test Structures ICMTS
2001), Kobe, Japan, Mar. 19-22, 2001, pp. 213-218.

T.B. Tarim, and M. Ismail, "Application of a statistical design methodology to low
voltage analog MOS integrated circuits," in Proc. IEEE Int. Symp. Circuits and
Syst. (ISCAS 2000), vol. 4, Geneva, Switzerland, May 28-31, 2000, pp. 117-120.

M.J.M. Pelgrom, H.P. Tuinhout, H.P., and M. Vertregt, "Transistor matching in
analog CMOS applications,” Int. Electron Devices Meeting Technical Digest
(IEDM 1998), San Francisco, California, Dec. 6-9, 1998, pp. 915-918.

Delores M. Etter, Introduction to MATLAB for Engineers and Scientists, Upper
Saddle River, N.J.: Prentice-Hall, 1996, pp. 62-65.

J.-B. Shyu, G.C. Temes, and K. Yao, "Random errors in MOS capacitors,"” IEEE J.
Solid-State Circuits, vol. 17, no. 6, Dec. 1982, pp. 1070-1076.

Q. Zhang, 1.J. Liou, J. McMacken, J. Thomson, and P. Layman, "Modeling of
mismatch effect in submicron MOSFETs based on BSIM3 model and parametric
tests," IEEE Electron Device Letters, vol. 22, no. 3, Mar. 2001, pp. 133-135.

Q. Zhang, J.J. Liou, J.R. McMacken, J. Thomson, and P. Layman, "SPICE
modeling and quick estimation of MOSFET mismatch based on BSIM3 model
and parametric tests," IEEE J. Solid-State Circuits, vol. 36, no. 10, Oct. 2001, pp.
1592-1595.

Chee Lin Yum, Statistical Evaluation of Layout Techniques and Device Sizes for
Characterizing the Matching Behavior of n- and p-channel Differential Pairs,
Master Thesis, Dept. of Electrical Engineering, University of New Hampshire,
Durham, NH, May 1999.

J'T. Wallmark, "A statistical model for determining the minimum size in
integrated circuits," IEEE Trans. Electron Devices, vol. 26, Feb. 1979, pp. 135-
142.

M.JM. Pelgrom, L. Aad, C.J. Duinmaijer, and A.P.G. Welbers, "Matching
properties of MOS transistors," IEEE J. Solid-State Circuits, vol. 24, no. 5, Oct.
1989, pp. 1433-1440.

H.P. Tuinhout, A.H. Montree, J. Schmitz, and P.A. Stolk, "Effects of gate
depletion and boron penetration on matching of deep submicron CMOS
transistors,” Int. Electron Devices Meeting Technical Digest (IEDM 1997),
Washington DC, USA, Dec. 7-10, 1997, pp. 631-634.

R. Thewes, C. Linnenbank, U. Kollmer, S. Burges, U. Schaper, R. Brederlow, and
W. Weber, "Mismatch of MOSFET small signal parameters under analog
operation,” IEEE Electron Device Lett., vol. 21, no. 12, Dec. 2000, pp. 552-553.

131



M. A. Sc. Thesis - W. L. Ngan McMaster - Electrical and Computer Engineering

[97]

[98]

[99]

[100]

[101]

[102]

R. Murji, and M.J. Deen, "A 1.8-V monolithic CMOS nested-loop frequency
synthesizer for GSM receivers at 1.8 GHz," in 2003 IEEE Radio Frequency
Integrated Circuits Symp. (RFIC 2003), Philadelphia, PA, June 8-10, 2003, pp.
291-294.

M.J. Deen, R. Murji, A. Fakhr, N. Jafferali, and W.L. Ngan, "Low power CMOS
integrated circuits for radio frequency applications," IEE Proc. — Circuits, Devices
& Syst., accepted, Sep. 2004.

R. Murji, and M.J. Deen, "A low-power, 10 GHz back-gated tuned voltage
controlled oscillator with automatic amplitude and temperature compensation,” in
Proc. IEEE Int. Symp. Circuits and Syst. (ISCAS 2004), vol. 4, Vancouver, BC,
Canada, May 23-26, 2004, pp. 421-424.

S. Naseh, M.J. Deen, and O. Marinov, "Effects of hot-carrier stress on the
performance of the LC-tank CMOS oscillators," IEEE Trans. Electron Devices,
vol. 50, no. 5, May 2003, pp. 1334-1339.

M.J. Deen, S. Naseh, W.L. Ngan, and N. Jafferali, “Low power RFICs for
receiver applications - design and performance issues,” in Proc. IEEE Conf. on
Electron Devices and Solid-State Circuits, Hong Kong, China, Dec. 16-18, 2003,
pp. 215-220.

M. Marin, M.J. Deen, M. de Murcia, P. Llinares, and J.C. Vildeuil, "Effects of
body biasing on the low frequency noise of MOSFETs from a 130 nm CMOS
technology," IEE Proc. — Circuits, Devices & Syst., vol. 151, no. 2, Apr. 2004, pp.
95-101.

132





