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Abstract

Tunable LC-oscillators, have been extensively used in RF communication systems. It can
be used as a local oscillator for a mixer, or for generation of signals with frequencies in
multiples of reference signals. Conventional tunable LC-oscillators are either voltage-
controlled oscillators (VCOs) or digitally-controlled oscillators (DCOs). VCOs are tuned
by changing the capacitance of a varactor in an LC-tank. DCOs are digitally tuned by
switching on/off capacitors in an LC-tank.

In this dissertation we introduce a novel idea of frequency of oscillation as a function
of charge. This new category of LC-oscillators is termed as charge-controlled oscillators.
A charge-controlled oscillator consists of a Gaussian surface around the inductor of the
LC-tank. The charge held inside this Gaussian surface remains conserved (or constant),
which decides the frequency of oscillation. The charge remains constant unless it is dis-
turbed by some external source or it has a path to leak. Four different configurations of
charge-controlled oscillators are explored in this thesis. The designs were implemented in
a 0.13 um CMOS process. Two such charge-controlled oscillators were fabricated and the
figure-of-merits of the fabricated charge-controlled oscillators are 179 dB and 163.4 dB,
oscillating at 3.5 GHz and 3 GHz respectively.

In this thesis we also introduce frequency synthesizers built around a charge-controlled
oscillators. The use of charge-controlled oscillators removes the need of an explicit loop-
filter. The desired loop-filter transfer function can be designed into the charge-pump and

charge-controlled oscillator. The analysis of such frequency synthesizers with examples



is also discussed. Further, an all-digital phase locked loop (ADPLL) based on a charge-
controlled oscillator is also demonstrated. ADPLLs designed with charge-controlled oscil-
lators are significantly simpler than the conventional ADPLLs.

Quadrature charge-controlled oscillators have also been described. Conventionally
quadrature outputs were generated by coupling two identical VCOs. We show here that
conventional way of generating quadrature phase fails in case of charge-controlled oscilla-
tors. The quadrature phases can be generated by using a single LC-tank with distributed

inductance and capacitance in a charge-controlled oscillator.



Table of Contents

List of Figures
List of Tables

Chapter 1 Introduction

Page

vii

xi

1.1 Electronic oscillators . . . . . . . . .. .. . L
1.1.1  Ringoscillator . . . . ... ... ... ... ... ... .. ...,
1.1.2 LC-oscillator . . . . . .. .. .. ... ..
1.1.3 Colpitts oscillator . . . . . . . . .. ... L
1.1.4 Differential LC-oscillators . . . . . . . ... ... ... ... ...
1.2 Tunable LC-oscillators . . . . . . . . . .. ... .. .. ... .. ...
1.2.1 Voltage-controlled oscillators . . . . . ... .. ... ... ....
1.2.2 Mathematical model foraVCO . . . . ... .. ... ... ....
1.2.3  Digitally-controlled oscillatoror DCO . . . . . . .. ... ... ..

1.3 Phase-locked loop or frequency synthesizers . . . . . . ... ... ... ..



1.3.1 Charge pump based type-IIPLL . . . . ... ... ... ...... 12

1.3.1.1  Dynamics of a charge pump PLL . . . . . ... ... .. 14
1.4 Thesis organization . . . . . . . . . . . . .. e 14
Chapter 2 Charge-Controlled Oscillators 17
2.1 Introduction . . . . . . . . . ... 17
2.2 Basicprinciple . . . . . ... 18
2.3 Configuration I - QCO developed from a cross-coupled LC oscillator . . . . 19
2.3.1 Operation of ConfigurationI . . . . . . ... ... .. ... .... 21
24 Frequencycontrol . . . . . . . ... 22
2.4.1 \Variants of configurationl . . . .. ... ... ... ... ... .. 24
2.4.2 Performance summary . . . . . . . . ... ... 27
2.5 Designconsiderations . . . . . . ... ..o 29
2.5.1 Characterization of inductor . . . . . . . ... ... ... ..... 29
2.5.2  Characterization of a 2-terminal MOS capacitor . . . . . . . . . .. 31
2.5.3 Negative-resistance . . . . . . . . . . . oo e 32

2.6 Configuration IT - QCO developed from an LC oscillator with cross-coupled

2.7

INVEITETS .« . v v v vt e e e e e e e e e e e e e e e e e 33
2.6.1 Operation of ConfigurationII . . . . .. ... ... ... .... 33
2.6.2 Variants of configurationIT . . . . . . . ... ... ... ...... 34
2.6.3 Performance summary . . . . .. ... ... ... 37
Analysisof aQCO . . . . . . ... 39

11



2.8

2.9

Mathematical model forQCO . . . . . ... ... . ... ... ......

Conclusion . . . . . . . . e e e,

Chapter 3 3-terminal MOS capacitors based QCOs

3.1

3.2

33

34

3.5

3.6

3.7

3.8

Introduction . . . . . . .. L
Literature survey on 3-terminal MOS capacitor . . . . . . ... ... ...
QCOs based on parametric amplifiers . . . . .. .. ... ... ......
Configuration IIT - QCO with gate charge movement or forward parametric

amplifier . . . .. ..
3.4.1 Operation of Configuration III . . . . . . ... ... ... ... ..
3.4.2 Variants of configuration IIT . . . . . ... ... ... .......
3.4.3 Performance summary . . . . . . . . . .. ...
Configuration IV - QCO with channel charge movement or reverse para-

metric amplifier . . . . . ... L L
3.5.1 Operation of ConfigurationIV . . . . . ... ... ... ......
3.5.2 Variants of configurationIV . . . ... .. ... 000,
3.5.3 Performance summary . . . . . . ... .. .. ... ...
A brief comparison of all proposed QCOs . . . . . . ... ... ... ...
Design considerations . . . . . . .. ..o
Implementation . . . . . . . ... ...
3.8.1 Effect of negative-resistance (or 1/g,,) variation . . . . ... ...

3.8.2 Effect of supply-voltage variation . . . .. ... .. ... .....

111



3.8.3 Effect of temperature variation . . . . . . .. ... ... ... ... 73

3.9 Fabrication and measurementresults . . . . . . .. ... ... 75
3.10 Conclusion . . . . . . L 82
Chapter 4 Frequency Synthesizer 83
4.1 Introduction . . . . . . . . ... 83

42 Basicprinciple . . . . . ... e 84
43 QCO-PLLdynamics . . . . . . .. ... ... 86
4.4 Phase frequency detector . . . . . . . .. ... 88
45 Chargepump . . . . . . . oo e 91
4.6 Charge-controlled oscillator or QCO and divide-by-32 . . . . .. ... .. 91
4.7  Synthesizer built around channel charge movement based QCO . . . . . . . 93
4.8 Possible design strategies . . . . . . .. ...l 97
4.9 Fabrication and measurementresults . . . . . . . . ... ... ... 99
4.9.1 Challenges faced during measurements . . . . . ... .. .. ... 101

410 Conclusion . . . . . . ... e 102
Chapter 5 Quadrature QCO 103
5.1 Introduction . . . . . . ... 103
5.2 Motivation . . . ... e e e 104

5.3 Quadrature QCO developed from quadrature

LC-oscillators . . . . . . . . 107

v



5.4 Conclusion . . . . . . . .. 111

Chapter 6 Conclusions and Future Scope 113
6.1 Charge controlled oscillators . . . . . . . ... .. ... ... ....... 113
6.2 3-terminal MOS capacitors based QCOs . . . . . . ... ... .. ... .. 115
6.3 Frequencysynthesis . . . . . . . . . .. .. ... 116
6.4 Quadrature QCOs . . . . . . . . . . e 117
6.5 An all digital frequency synthesizer— Future Scope . . . . . ... ... .. 118
6.6 Futurescope . . . . . . . . ... e 121
Bibliography 123



List of Figures

1.1

1.2

1.3

1.4

L.5

1.6

1.7

1.8

1.9

2.1

22

2.3

24

2.5

Transceiver block diagram . . . . . .. ... ... ... .......... 2
Ring oscillator implementation . . . . . . .. ... ... ... ... ... 3
An LC-tank with and without resistive losses . . . . . . . ... ... ... 4
Colpitts oscillator topology . . . . . . . . . . ... .o 6
Different fully-differential LC-oscillators. . . . . . . ... ... ... ... 8
Digitally-controlled oscillator . . . . . . . ... ... .. ... ... .... 11
Block diagram of charge pump based PLL. . . . . . . ... ... ... .. 13
Model of charge pump based PLL.. . . . . . . ... ... ... ....... 13
Thesis organization . . . . . . . . . . . . .. ... 16
Gaussian surface around the super-node . . . . . ... ... ... ..... 18
Development of a QCO from a standard cross-coupled LC oscillator. . . . . 20
Frequencycontrol . . . . . . . . . . ... 23
Simulated phase noise plot for various QCOs based on standard LC oscillator 28

Inductor characterization . . . . . . . . . . . . ... ..o 30

Vil



2.6 (a) Simulated capacitance variation with voltage for a 2-terminal nMOS
capacitor. (b) Simulated resistance of the tank and the cross-coupled nMOS
based LC oscillator; the tank losses are getting compensated at 3.5 GHz . .

2.7 Development of a QCO from an LC oscillator with cross-coupled inverters.

2.8 Simulated phase noise plot for cross-coupled inverter based QCOs . . . . .

29 AgenericQCO . . . . . .

2.10 Equivalent circuit and Cl,,, variation with charge . . . . . ... ... ...

2.11 Capacitance and frequency variation with charge when fixed capacitance is

varied . . .. L L

3.1 QCO with non-linear variable capacitors used for DC blocking. . . . . . . .
3.2 QCO based on gate charge movement . . . . . .. ... ... .......
3.3 Gate charge movement in FPA based QCO . . . . . . ... ... ... ...
3.4 Simulation based phase noise plot for gate charge movement based QCOs .
3.5 QCO based on channel charge movement . . . . . .. ... ........
3.6 Simulated phase noise plot for channel charge movement based QCOs . . .
3.7 Model for a long-channel MOS device . . . . . ... ... ... ......

3.8 Simulated capacitance variation with voltage for complementary MOS de-

3.9 Schematic for effect of negative resistance variation . . . . . . .. ... ..

3.10 Effect of negative-resistance (or 1/g,,) variation . . . . . . .. ... .. ..

3.11 Effect of supply-voltage variation . . . . . .. ... ... ... ......

viil



3.12

3.13

3.14

3.15

3.16

3.17

3.18

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

Effect of temperature variation . . . . . . .. .. ...
Schematic of the fabricated QCOs . . . . . . . . ... .. ... ......
Buffers at the output of oscillator todrive 50 . . . . . .. ... .. ...
Chip micrographof QCOs . . . . . . . . ... ...
Measurement setup for QCOs . . . . . . .. ... ... ..
Images of measurement setup forQCOs . . . . . . .. ... .. ... ...

Measured response of QCOs . . . . . . . .. ... oo

Block diagrams of integer-N synthesizer built using the VCO and QCO
Model of an integer-N synthesizer built using the QCO. . . . . . . ... ..
Block diagram of a standard phase frequency detector . . . . . . . .. ...
Simulated response of a standard phase frequency detector . . . . . . . ..
A self bias current mirror configuration functioning as charge pump

Circuit diagram of the channel charge movement based QCO . . . . . . ..
Simulated response of divide-by-32 circuit. . . . . . . ... ... ... ..
Circuit diagram of the frequency synthesizer built around QCO. . . . . . .
Effect of temperature variation . . . . . . .. ... ...
simulated effect of supply voltage variation . . . . .. ... ... .....
Plot of simulated control voltage for different reference frequency . . . . .
Chip micrograph of the synthesizers. . . . . . . . ... ... ... .....
Measurement setup used for characterizing the fabricated synthesizers.

Modified board with external ESD protectionchip . . . . . . ... ... ..

iX

&5

86

89

89

90

92

92

94

96

96

97

99

. 100



4.15 Measured oscillator response . . . . . . ... 101

5.4 Quadrature LC oscillator basedon QCO . . . . . ... ... ... ..... 109

6.1 Block diagram of an all-digital phase-locked loop (ADPLL) built around a
QCO. T; and T5, are tristate buffers. All blocks in this circuit, except for
the QCO, can be designed with components from a standard cell library. . 120
6.2 Simulated transient response of an ADPLL designed around a QCO based
on the one described in section 3.5. The control voltage is obtained by
averaging UP—DN, obtained at the output of the PFD. The strength (m) of

the tri-state buffersis 3. . . . . . . . . . ... 120



List of Tables

2.1

22

2.3

24

2.5

3.1

3.2

33

34

3.5

3.6

3.7

3.8

Variants of configuration I (Simulations) . . . . . ... ... ... ..... 25
Simulation based comparison of variants of configuration-I . . . . . . . .. 27
Variants of configuration Il (Simulation) . . . . . . ... ... ... .... 36
Simulation based comparison of variants of configuration-Il . . . . . . .. 38
Mathematical models of tunable LC oscillators . . . . . . ... ... ... 45
Variants of configuration III (Simulations) . . . . . .. ... ... ..... 55
Simulation based comparison of variants of configuration-III . . . . . . .. 56
Variants of configuration IV (Simulations) . . . . . . ... ... ... ... 62
Simulation based comparison of variants of configuration-IV . . . . . . .. 63
Comparison of various Oscillators (simulations) . . . . .. ... ... ... 66
Simulation based effect of negative-resistance variation in reverse-parametric

amplifier based QCO . . . . . . . . .. . 69
Effect of supply voltage variation in reverse parametric amplifier based QCO 72

Effect of temperature variation in reverse parametric amplifier based QCO . 74

X1



3.9 Measured performance of reverse parametric amplifier based QCO with

negative resistance variation . . . . . . .. .. ... Lo 80
3.10 Measured performance of forward parametric amplifier based QCO . . . . 80
3.11 Comparison of the fabricated QCOs with other oscillators . . . . . . . .. 81
4.1 Design equations for synthesizers . . . . .. ... ... ... .. ..... 88

4.2 Simulated effect of temperature variation in a QCO based frequency syn-
thesizer . . . . . . . L 95
4.3 Simulated effect of supply voltage variation in a QCO based frequency
synthesizer . . . . . . . . . .. e 96
4.4 Simulated effect of different reference frequency in a QCO based frequency

synthesizer . . . . . . ... 97

6.1 Dynamical parameters extracted from simulations of ADPLLs, for differ-

ent buffer strengths. . . . . . .. ... o 120

Xii



	2009EEZ8530_Roohie_Kaushik_Phd_Thesis.pdf

