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ABSTRACT

The field of high-frequency circuit design is receiving significant industrial at-
tention due to variety of radio frequency and microwave applications. This
work proposes the low power, low phase noise and low phase error quadrature
voltage controlled oscillator (LP? — QVCO) for wireless receiver applications.
An enhanced investigation and design of the low power, low phase noise and
low phase error quadrature voltage controlled oscillator (LP? — QVCO) is
carried out in comparison to conventional LC — QVCO. The design, imple-
mentation and characterization of the complementary LP* - QVCO is carried
out with the integration of 40 { source damping resistor (Ry,,), tail biasing
resistor (Rigy) and multifinger gate width configuration of the pM QS varac-
tors and 50 £ impedance of common drain output buffers. The LP* — QVCO
implementation is carried out using 0.18 pm, 6 metal, 1 poly, 1.8 V and 0.13
(e, 8 metal, 1 poly, 1.2 V deep sub-micron CMOS and RF CMOS process
technologies. The three different designs with the center frequencies of 2.8
GHz, 3.1 GHz and 3.8 GHz are implemented using 0.18 pm CMOS and RF
CMOS process technology. The remaining four designs with the center fre-
quencies of 4.35 GHz and 5 GHz are implemented using 0.13 ym RF CMOS
process technologies. The LP® — QVCO design exhibit the measured phase
noise of -110.13 dBc/Hz and -108.54 dBc/Hz at the offset frequency of 1 MHz,
with multifinger gate width configuration of pMQOS varactor (3.125 pm x 64

= 200 pm) and (8 pm x 25 = 200 um), respectively. The phase noise im-



viii

provement of 1.63 dB is achieved in LP? — QVCO design implemented with
(3.125 pm x 64 = 200 pum) multifinger gate width configuration of pMOS
varactor in comparison to (8 pm x 25 = 200 um). The measured center fre-
quency of the LP® — QVCO is 4.35 GHz with the frequency tuning range of
4.21 GHz to 4.44 GHz. Both LP? — QVCO core power dissipation is 3.36
mW from 1.2 V dc power supply. The measured phase error is less than 0.2°.
The calculated figure of merit (FOM) is -177.6 dBe/Hz. The symmetrical
spiral inductor is also used with patterned ground shield (PGS). The quality
(@) factor of inductor is 18.6 and is implemented using 0.13 pm RF CMOS

process technology.



ABSTRAK

Bidang rekabentuk litar frekuensi-tinggi kini mendapat perhatian industri
disebabkan kepelbagaian kegunaan frekuensi radio dan gelombang mikro. Kerja
ini mencadangkan pengayun kuadratur terkawal voltan berkuasa rendah, bis-
ing fasa yang rendah and ralat fasa yang rendah (LP® — QVCO) untuk
keguanan penerima tanpa wayar. Suatu peningkatan dan rekabentuk pen-
gayun terkawal voltan (LP? — QVCO) berkuasa rendah, bising fasa yang
rendah, ralat fasa yang rendah telah dilaksanakan berbanding kepada LC —
@V (O yang konvensional. Rekabentuk, pelaksanaan dan pencirian memper-
lengkapkan LP? — QVCO telah dilaksanakan dengan penyepaduan bersama
pelemah perintang sumber (Rgn,) 40 £, perintang pincang ekor (Req,), kon-
figurasi varaktor pM QS lebar pintu pelbagai jari dan suatu penimbal keluaran
parit sepunya berimpedans 50 §). Perlaksanaan LP® — QVCO menggunakan
teknologi pemprosesan kedalaman sub-mikron CMOS dan RF CMOS, 0.18
pm, 6 logam, 1 poly, 1.8 V dan 0.13 pm, 8 logam, 1 poly, 1.2 V. Tiga re-
abentuk berbeza menghasilkan frekuensi tengah 2.8 GHz, 3.1 Gllz dan 3.8
GHz telah dilaksana menggunakan teknologi pemproscsan CMOS 0.18 pym.
Selanjutnya empat rekabentuk berfrekuensi tengah 4.35 GHz dan 5 GHz telah
dilaksana menggunakan tecknologi peraprosesan RF CMOS 0.13 pm. Re-
abentuk LP? — QVCO menunjukkan bising fasa -110.05 dBc/Hz dan -108.54
dBc¢/Hz pada frekuensi ofset 1 MHz, masing-masing dengan konfugurasi varak-

tor pMOS pelbagai lebar pintu (3.125 pm x 64 = 200 pm) dan (8 pm x 25 =



200 pn). Penambaikan bising fasa 1.63 dB telah dicapai oleh LP® — QVCO
vang laksanakan dengan konfugurasi varaktor pMOS lebar pintu (3.125 pm X
64 = 200 ym) dibandingkan kepada (8 gm x 25 = 200 gm). Frequensi te-ngah
LP3 — QVCO yang ukur adalah 4.35 GHz dengan julat talaan frekuensi 4.21
GHz ke 4.44 GHz. Lesapan kuasa teras kedua-dua rekabentuk LP? — QVCO
adalah 3.45 mW daripada pembekal kuasa 1.2 V. Ralat fasa yang diukur
adalah kurang daripada 0.2°. Rajah merit (FOM) yang dikira ialah 177.6
dBc/Hz. Gegelong induktor yang simmetri telah digunakan bersama “pat-
terned ground shield” (PGS). Faktor kualiti (@) induktor ialah 18.6 dan

dilaksana menggunakan pemprosessan teknologi RF CMOS 0.13 pum.
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CHAPTER 1

BACKGROUND

1.1 Introduction

In recent years, there has been a strong growth in the modern wireless data and
volce communication standards in numerous frequency bands. Modern transceivers
for the wireless communication consist of many building blocks, such as low-noise
amplifiers (LN As), mixers, frequency synthesizers {FS), filters and amplifiers |1].
With the advancement of radio frequency (RF') technology and requirement for more
integration, new RF wireless architectures arc needed. There is a tremendous demand
of mobile communication and wireless communication systems in today’s modern life.
This has placed certain limitations and requirements on the communication channel
bandwidths and spacing. The modern wireless communication systems rely strongly
on frequency conversion and switching of one frequency band to other frequency
bands (1], [2].

Frequency synthesizer is one of the most critical components in the wireless
transceiver. It greatly affects the overall performance of the wireless transceiver
system {3]. Frequency synthesizers are commonly used as a local oscillator (LO)
in the wircless transceivers for {requency translation and channel selection. The key
idea is to downconvert the RF' signal to the baseband signal and it is also known
ag direct conversion or zero-IF receiver. To avoid the loss of information, the down
conversion must provide quadrature outputs for the frequency and phase modulated
signals. Therefore, frequency synthesizer requires the accurate quadrature signal gen-
eration from local oscillator (LO) [1]. RF transceivers require quadrature signal and
quadrature voltage controlled oscillator (@QV CO) provides the best solution for the

generation of the quadrature signal [4].



1.1 Introduction 2

The silicon technology has become popular after more than thirty years of de-
velopment, [1]. A new gencration of wireless transceivers are being integrated into
CMOS technology. This includes the digital and mixed analog-digital baseband
circuits, which influence the choice of radio transceiver architectures. The CMOS
technology calls the climination of discrete components in the favor of high level on-
chip integration [5]. In general, there are various technologies available for the radio
frequency integrated circuits {REIC's) implementation. The important technologics
include Si-bipolar, SiGe HBT's, BiCMQOS, CMOS and GaAs. There is a strong
market pressure towards low price, compact size, lightweight and high performance
in highly integrated consumer RFICs. SiGe BiCMOS is also one of the promis-
ing and competitive technologies for system-on-chip (SOC) designs. It combines
the transistor performances competitive to other technologies with the advantages
of process maturity and high integration lcvel of Si technology. The reason is ex-
cellent RF performance of bipolar npn transistors combined with low power logic of
CMOS, which enables the fabrication of highly integrated transceivers. The bipolar
and GaAs devices exhibit a relatively high unity gain cut-off frequency, an impor-
tant characteristics for high speed applications. Noise is one of the major advantages
of SiGe over CMOS technology for RF applications. The 1/f noise due to car-
rier trapping at interface states thermal noise due to gate and channel resistance are
higher in CMOS than SiGe. To reduce the noise very large CMOS devices and
large operating currents are often required [6].

However, recent development and scaling of deep sub-micron CMOS technologies
have made it more attractive to implement single chip solution for various building
blocks of transceiver and complete wircless transceivers. The strong potential for
low cost and fully integration { e.g., high packaging density for digital circuits at
the latest CMOS technology node) for CMOS relative to BiCMOS make it the
preferred technology for the consumer applications. Advancement in CAOS process
technology has reduced the minimum channel length of MOS device with high fr (in
the order of 100 GHz) of the transistor [7] [8]. There is a strong motivation to carry
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out research in the area of CMOS implementations. Therefore, the prime technology
for the RF building blocks is CMOS due to its low cost, low voltage, low power
and low substrate loss. The CMOS scaling is helpful for digital circuits and analog
circuits are faced by the constantly diminishing power supply voltage. However, to
solve this problem analog circuits should be designed in special analog processes as
compared to digital processes |9]. The scaling down of the CMOS technology has to
increase the operation frequency (fr) and reduce the chip area with a tradeoff in the
reduction of power supply voltage [10], [11], [12].

The advancement in the technologies have led the wireless system integration in
compact integrated circuits (/Cs). The increasing demand for the portable commu-
nication equipment has driven the research in the transceivers at low cost and low
power dissipation. There is a great interest of integrating complete transceiver in a
single-chip solution [12], [13]. The various examples are compact size cell phones,
radio frequency identification (RF1D) systems, personal data assistants (PDAs) for
clinical applications and various scnsors [14], [15]. Therefore, the deep knowledge
of the oscillators is necessary to improve the performance of wireless communication
system. The traditional approach of integrating different chips and their intercon-
nections is by using multi-chip module (M CM), flip-chip solution or packaging tech-
nologies. However, it results in the increased cost, power dissipation and larger chip
area [1], [16], [17].

The oscillators are the major bottleneck for the system-on-chip (SOC) realization
of the wireless transceivers. The oscillator plays an important role in the perfor-
mance of wireless transceivers. Voltage controlled oscillator (VCO) spectral purity
performance can limit the RF transceiver’s performance. This is due to poor quality
of on-chip passive components in silicon integrated circuit technologies, such as low
quality factor (@) of the on-chip inductors and poor linearity of on-chip varactors.
High quality passive devices are required for the design of high performance LOs,
voltage controlled oscillators (VCOs) and quadrature voltage controlled oscillators

QVCOs. There are various requirements for the oscillators to be used in communi-
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cation system, such as wide tuning range, low phase noise, low power digsipation, low
phase error, frequency sensitivity, gain variation and low cost [12], [18], [19], [20].

All above mentioned facts consideration motivates to design single fully integrated
chip solution of analog integrated circuits such as QVCO. The QVCO can work in
digital circuits as well as analog circuits by using low cost complementary metal-oxide
semiconductor (CMOS) technologies.

This work focuses the design, analysis and implementation of various @QVCOs. An
innovative design approach has been adopted to improve the performance parameters
of the QVC'0Os. The major performance parameters involve low phase noise, low
power dissipation and low phase error of the QVCO circuits, have been improved.
This results in the formation of LP? — QVCO structure.

The CMOS technology is chosen due to its low cost. The integration of LP® —
@V CO on single chip in silicon technologies results in saving the multi-chip solution
of passive components. However, the fully integrated circuits result in the increased
power consumption. On the other hand, the design of time variant circuits such as
VCO and VO is one of the challenging task with the fulfillment of modern wireless

communication requirements [12].
1.2 Objectives

¢ In this work, the design, analysis and implementation of the @QVCOs are pre-
sented. The several questions are investigated such as major problems for the
on-chip QVCOs and the key role of QVCO in modern communication sys-
tem [1]. The phase noise, phase error, frequency sensitivity, gain and power
consumption are the factors that influence the performance parameters of the
QVCOs [21], [22], [23]. “How is it possible to design low phase noise, low power
and low phase error @V CO circuits?” Fully differential V CO is the main vehicle
moving towards the design of the LP® — QVCO. The design oriented technique

is proposed for improving the performance parameters of the QVCO.
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o The comparison of L. P2 —QV CO designs with the integration of multifinger gate
width configuration of the pMOS varactor, damping resistor and tail biasing

resistor are also presented.

» The design, simulations and implementation are carried out for the LP? —
QVCO architecture. The LP?—QVCO design implementations are carried out
using 0.13 pm and 0.18 pgm deep sub-micron RF CMOS process technologies.

e The comparison results of LP? — QVCO with state of the art work are also
presented in this thesis. The fabricated LP? — QV CO prototypes are measured

to prove the concept and improvement in the results are discussed.
1.3 Research Scope

This thesis includes the design evolution, optimization and comparison of the

LP3? - QVCO topology for the wircless applications.

e This design includes the fully differential LC-tank cross-coupled VCO and lead-
ing towards the implementation of the LP® — QVCO topology. The LP? —
QVCO is integrated with the tail biasing resistor (Ri.q) in the order of 100 €,
source damping resistor (FRgmp) of 40 {2 and multifinger gate width configuration
of the pMOS varactor. The Ry resistor is used in comparison to active de-
vice based current mirror biasing circuit in LP? — QVCO. The current mirrors
up-convert the 1/f noise of the active device and degrading the phase noise

performance of the circuit.

e The LP?® — QVCO designs are fabricated with multifinger gate width config-
uration of pMOS varactors (3.125 pm x 64 = 200 pm) and (8§ ym x 25 =
200 pm), respectively. The mcasured phase noise improvement of 1.63 dB at
the offset frequency of 1 M Hz is achieved while using with 3.125 pm x 64 =
200 pm gate width configuration of the pMOS varactors of proposed design in
comparison to 8 um x 25 = 200 pm gate width configuration of the pMOS
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varactors of the conventional QVCO topology. Both LP? — QVCO designs are
implemented using 0.13 pm deep sub-micron RF CMOS process technology.

¢ The phase error of the LP* — QVCO is optimized and effect of scaling ratio of
(.31 between the coupling transistor and switching transistor to the phase error
variations are investigated through simulation and implementation verification.
The different scaling ratio (K) is implemented in LP* — QVCO designs and
phase crror is measured. The implemented LP® — QVCO topology also results

in the phasc error of less than 0.2°.

o The LP® — QVCOs are designed in 0.13 pgm and 0.18 pm deep sub-micron
CMQOS and RF CMOS process technologies, respectively. A comparison study
concluded in describing the difference of using current mirrors based active de-
vice, tail biasing resistors, pn-junction varactors, pMOS based varactors, cir-
cular spiral inductors and symmetrical spiral inductors. The highest FOM
achieved in LP? — QVCO is -187.1 dBc¢/Hz and -177 dBc/Hz while using 0.13
pm and 0.18 pm process technologies, respectively. The highest measured phase
noise of LP® —QVCO is -118.2 dBe/Hz and -115.1 dBc/Hz at 1 MHz offset fre-
quency, while using 0.13 gm and 0.18 pm process technologies, respectively. The
measured LP? —QVCO tuning range of 310 MHz is achieved with pn-varactors
using 0.18 pm process technology and 230 MHz is achieved with pMOS varac-

tors using 0.13 pm process technology, respectively.
1.4 Thesis Organization

This thesis explains the design, analysis and implementation of an innovative
QVCO design architecture. The QVCO is one of the important CMOS radio fre-
quency integrated circuit (RFIC) building blocks of RF transceiver architecture.
The proposed QVCO is designed for the wireless receiver applications.

Chapter 2 gives an introduction of the modern wireless communication system,

importance of oscillators and quadrature VCOs. It also includes the brief intro-
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duction of the modern RF communication system, super heterodyne, homodyne re-
ceivers and frequency synthesizers. The basic LC-tank CMOS oscillator types and
CMOS — VCO topologies are also explained. The phase noise theories include lin-
ear time invariant system (LT7) and linear time variant system (LTV), are also
explained. The CMOS QVCO performance parameters of various state of the art
oscillators are also summarized in this chapter.

In chapter 3, the LP® — QVCO design is described, starting from VCO and
LP? — V(O design and moving towards the LP® — QV(CO design. The innovative
design techniques are adopted in the LP® — QVCO designs. The on-chip spiral
inductor m-model parameters, ()-factor and inductance variations are also described.
The patterned ground shield PGS is used with the spiral inductors. The pn-junction
and pMOS varactors are the main types used in LP? — QVCO designs. The varactor
capacitance variation with dec control voltage is also presented. Common drain buffers
with bias circuits are used in the LP? — QV CO circuits. Next, seven LP? — QVCO
designs with their component parameters are discussed. Finally, the LP? — QVCO
design flow is presented.

Chapter 4 describes the implementation and physical realization of the LP?® —
@V CO architecture. The physical realization of the LP? —QV COs include the layout
design. Next, implementation of LP® — QVCO is described briefly. This also includes
the pin configuration of the LP?* — QVCO chips. The measurement test setup of the
LP? — QVCO prototypes is also discussed. The measurement test setups include
the phase noise, transient analysis, RF output frequency spectrum and dec analysis
of the LP? — QVCO designs. The fabricated LP? — QV CO prototype micrographs
and their dimensions are also included in this chapter.

Chapter 5 explains the simulation and measurement results of the LP* — QVCO
architectures. The simulation results of source damping resistor variation with phase
noise are also presented. The simulation results of pMOS varactor, coupling factor
(K) and phase error are also described. The LP? — QVCO simulation and mea-

surement results include the phase noise, frequency spectrum, transient analysis and
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phase error plots. The results are also compared to state of the art research work.
In chapter 6, conclusion and future work recommendations are presented.
Appendix A describes the patterned ground shield design and inductor design
parameters used in ASITIC.
Appendix B describes the layout structurc of pMOS varactors with multifinger
gate width configurations.
Appendix C describes the brief summary of the LP? — QVCO performance pa-
rameter results. The phase noise and output frequency spectrum of the measured

LP? — QVCO designs are also shown.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter explains the importance of oscillators in the modern RF commu-
nication system. The super heterodyne receiver and homodyne receivers are briefly
discussed which show the importance of the LO and quadrature VCO in the RF
communication system. The basic types of the oscillators with discussion of VCOs
and QV CO architecture are presented. The performance parameters of the oscillators
such as tuning sensitivity, gain, phase noise and power dissipation are also explained
briefly. The linear time variant (LT'V) and linear time invariant (L7'I) phase noise
models are also described. The relevant state of the art oscillators performance pa-

rameters are also summarized in the last section.
2.2 Modern RF Communication System

The growth in radio frequency communication systems has led the communication
system to new destination. This has helped to achieve high speed, high data transfer
rate, compact size, low power consumption and cheap price of various electronic
applications. With the advancement of electronic technology the RF and digital
circuits can be implemented in a single-chip solution. The RF integrated circuits
are available in many consumer electronics such as cellular phones, global positioning
system (GPS) receivers, wireless transceivers, PDAs, computers and pagers. The
RFIC has reduced the implementation cost hence, realizing both analog and digital
circuit blocks on the same chip. Next section describes the brief introduction of RF

transceiver block diagram, homodyne and heterodyne receivers [2], [24], [25].
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2.2.1 RF Transceivers

‘The general analog RF" system architecture is shown in Fig. 2.1. RF system archi-
tecture consists of transmitter and receiver circuits. The transmitter block diagram
is shown in Fig. 2.1 (a}, which consists of voice circuit, modulator, power amplifier
(PA) and antenna. The analog signal generated by the microphone is modulated by
a carrier frequency signal. The resulted output signal is amplified and used to drive
the antenna. The other side of RE system is based on receiver as shown in Fig. 2.1
(b). The receiver consists of antenna, low noise amplifier (LN A), downconverter,
demodulator, audio amplifier and speaker. The signal is received by antenna and am-
plified by the LN A. After LN A the RF signal is fed to the mixer where intermediate
frequency (IF) is used to downconvert the signal. The I F signal is generated by LO.
The LO is tuned at ccrtain frequency and desired frequency channel is selected by
the frequency synthesizer. However, before sending the signal to the speaker demod-
ulation is carried out by demodulator. The demodulated signal is amplified by the
power amplifier and finally required signal is sent to the input of the speaker.

The block diagram of heterodyne' receiver is shown in the Fig. 2.2 (a). In a
simplified heterodyne receiver the image reject filter (IRF') is used before mixer and
channel select filter is also used after mixer block. Image reject filter is used to improve
the signal-to-noise ratio (SN R) and rejects the image frequency of the signal. The
channel sclect filter is used to select the frequency coming from the mixer block [1].

The block diagram of homodyne® receiver is shown in the Fig. 2.2 (b). In ho-
modyne receivers, the LO frequency is same as the input carrier frequency. The key
idea is to downconvert the EF' signal to the baseband signal and hence, it is also
known as direct conversion or zcro-IF receiver. To avoid the loss of information
the downconversion must provide quadrature outputs for the frequency and phase

modulated signals. As it is zero-IF receiver, so the image problem is solved as it is

"Heterodyne is derived from the Latin roots hetero (different) and dyne (to mix).
?Homodyne is derived from the Latin roots homo (same) and dyne (to mix).
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Figure 2.1 Block diagram of analog RF system (a) transmitter, (b} receiver

faced in heterodyne receivers. Hence, the image filter is not required in homodyne
receivers. The channel select filter is also replaced by the low pass filter (LPF') and
this structure requires the accurate quadrature LO. The LO signal is generated by
frequency synthesizer (F'S) circuit. The inphase (I} and gquadrature () signals are
used for the multiplication of RF signals in the mixer block.

The transceiver performance ig based on various factors, such as the distance
between transmitter and rceeiver, the noise of LN A, oscillator phase ncise, mixer
noise figure, power consumpfion of the blocks and type of modulation. The well
matched and precisely designed RF circuits such as LO, LN A, PA, mixer and filters

can enhance the performance of whole transceiver significantly [1], [25], [26].
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Figure 2.2 Block diagram of {(a) heterodyne, (b) homodyne receivers
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2.3 Frequency Synthesizer Architecture

Local oscillator is one of the important and critical part of the receiver architec-
ture. LO generates a certain frequency and its frequency is divided depending on the
architecture requirements. The divided frequency is used in mixer and other func-
tional blocks. There are various types of frequency synthesizer architectures widely
uscd to control the frequency, such as integer-N synthesizer [27], fractional-N syn-
thesizer [28], [29], and dual-loop frequency synthesizer [30].

One of the proposed frequency synthesizer architecture for multi-band orthogonal
frequency division multiplexing (M B — OFDM) for ultra-wideband (UWB) system
is shown in Fig. 2.3 [31]. The architecture consists of two frequency dividers and three
single-sideband mixers to generate the 3432 MHz, 3960 MHz and 4488 MHz frequen-
cies. The basis of the frequency planing is as the following; each center frequency is
generated by using a single-sideband (S5 8) beat product of the oscillator frequency
with another frequency derived from the oscillator. The other frequency is obtained
by using a combination of frequency dividers and single-sideband (S5 B) mixers.

For example, the center frequency of 4488 MHz is obtained by mixing the output
of the VCO at 4224 MHz with 264 MHz (4224 MHz/16). To obtain a frequency
of 3432 MHz, a 4224 MHz signal is mixed with 792 MHz. The 792 MHz signal is
obtained by mixing 528 MHz (= 4224 MHz/8) with 264 MHz. By mixing 264 MHz
signal with 4224 MHz, a 4488 MHz can be achieved [31].

2.4 CMOS Oscillator Basics and Main Types

Oscillator generates a time varying output when dc voltage is applied. The circuit
should have sclf-sustaining mechanism which adds its own noise to grow and ulti-
mately it becomes a periodic signal. A negative feedback system may oscillate or we

can say oscillator is a badly designed feedback amplifier. Consider a simple feedback
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Figure 2.3 Example of MB-OFDM frequency synthesizer.

system shown in Fig. 2.4. The overall transfer function is given by Eq. (2.1).

Vout _ H(S)
v, &) =12 H(s)

(2.1)

The oscillation may occur if the amplifier experiences enough phase shift at high
frequencies w, at which overall feedback becomes positive. At w,, H(jw,) = -1, the
closed loop gain reaches to infinity at w,. At this condition circuit amplifies its own
noise components at w, indefinitely. However, we can conclude that circuit may
oscillate if |H(jw,)| = 1 and /H(jw,) = 180°. This is also known as “Barkhausen
criteria”. In the practical consideration, the loop gain is normally chosen at least twice
or three times the required value because of temperature and process variations [32].

Oscillators are widely used in different wireless applications. There are two main
types of oscillators, one is ring oscillator and other is resonant oscillators. The ring
oscillator and relaxation oscillator are major types of waveform 3oscilla,t0rs. Low
power, small dic arca and wide frequency tuning range are major advantages of the
ring oscillator. On the other hand, when frequency increases the! jitter and phase
noise performance is degraded in ring oscillators. The relaxation oscillators have
poor phase noise performance. In resonant oscillators, the crystal oscillators and LC-

tank oscillators are widely used. In RF' circuits, LC-tank or negative resistance and
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Figure 2.4 Feedback oscillatory system.

colpitts oscillator are mostly used. LC-tank oscillators exhibit outstanding phase
noise performance. The LC-tank oscillator consists of inductor, varactor (variable
capacitor) and active devices. However, the inductors and capacitors or varactors

cover large area of the chip [32], [33], [34].
2.4.1 Spiral Inductor

The inductor is a major part of LC-tank circuits for the oscillators. The high
quality factor (@) of fully integrated inductor is one of the key challenges in the
RFIC design. In RFIC design, significant research has been carried out to design
the on-chip inductors. Therefore, ) factor of the inductor is challenging parameter
in the RFIC design and influences the performance of the transceivers. Fully in-
tegrated on-chip inductor results in smaller size of transceivers. The values of fully
integrated inductors vary from 0.5 to 10 nH with the variation of qilality factor and
frequency range [12]. The @ factor of the inductor directly influences the phase noise
performance of the oscillator. There are different types of the inductors used in to-
day’s oscillator architecture. In state of the art work, the monolithic inductors [35],
active inductors based on the active device, [36] and micro-clectro-mechanical system
(M EMS) inductors [37} arc used commonly.

The spiral inductor consists of self inductance and mutual inductance. The total

inductance of the coil Ly, is expressed by Eq. (2.2),
Lgot = Lsng + M+ - M__ (22)

where Ly is the self inductance of all conductors segments, M is the mutual induc-
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tance due to positive coupling between conductors and M_ is the mutual inductance
due to negative coupling between conductors.

The mutual inductance is usually formed by the magnetic coupling between con-
ductors. The mutual inductance value can be negative or positive depending on the
opposite (out-of-phase) or same (in-phase) currents in the two conductors. It also
depends on the distance between the two conductors. The mutual inductance is in-
creased by increasing the number of the turns and dc resistance is decreased. Hence,

the () is increased. and can be expressed by Eq. (2.3).

energy stored

=92 23
© ﬂenergy lost per cycle (2:3)
The energy stored by a inductor can be expressed by Eq. (2.4),
2
By =22 (2.4)

where ¢, is the current flowing through the inductor. The inductor loss can be
modeled as a series resistor Ry, and @y of inductor is given by Eq. (2.5) and Eq.

(2.6),

peak magnetic energy stored

Q=2r (2.5)

energy lost per cycle

9
Q=27 _
(RLé!;M )

where the |iz| is the peak current flowing through inductor, T is the period of the

(2.6)

cycle and w is the operating frequency. Finally, the value of the @ is given by Eq.
(2.7).

== (2.7)

Skin effect is also one of the problem which results in the non-uniform current

density at high frequencies. In this, the electromagnetic field and current in the
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conductor decay rapidly and flows at the surface of the conductor. The eddy current
effects should also be included in the value of R;, which is expressed as in Eq. (2.8),
!

fr. = w.0.8{1 — e td) (2.8)

where o is the conductivity of the conductor and é is the skin depth which is given

in Eq. (2.9),

1

wopf
where p is the relative permeability of the free space, is equal to 4 7x 1077 H/m. While

J=

(2.9)

considering the conductor loss, the parasitic capacitance Cf, C\y, Cy and resistance
values H,; should be also be taken into account. The Cp can be expressed by Eq.

(2.10),

Cp = naw?. =2 (2.10)

tﬂﬂ:m

where n is the number of the turns, w is metal width, £,, is the permittivity of
the oxide layer between the two conductors, t,,, is the thickness of the oxide layers
between the two conductors.

The C,; can be expressed by Eq. (2.11),

1 £
Coz — = 1= 2.11
TR (2.11)

where #,, is the thickness of the oxide layer between inductor and substrate. The R,;

and C; can be expressed by Eq. (2.12) and Eq. (2.13) respectively,

2

= 2.12
Rm w.l.Gsub ( )
Cy = w""‘zcs“b (2.13)

where (3, is the conductance per unit area, while Cy; is the substrate capacitance

per unit area [18].
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Figure 2.5 m-equivalent inductor model.

The most important parameter of the inductor design is quality factor (), the
self resonance frequency and the size which depends on the layout and the process
technology. The on-chip inductor size is in pm and usually covers the larger area
on the chip [18]. The inductor equivalent circuit m-model is shown in Fig. 2.5. The
inductor m-model can be extracted from y-parameters. The L, describes the series
inductance value and R, describes the series resistance value, C, models the capac-
itance between turns as well as the capacitance between underpass which connects
the inner port of the inductor. R;, K, C; and 5 are the shield parasitics resistance
and capacitance [35].

The on-chip inductors can be designed by Eq. {2.14),

2d
I = ﬂ—zi—”gf—l- [ln (% +egp 4+ 04,02)] (2.14)

where p is the permeability of the free space, p is the ratio of the (doy—din )/ (dow+din),
d;n 18 the inner diameter of the inductor, d,,, is the outer diameter, d,,, is the average
diameter of the inductor equal to (dowt + din)/2, €1, Co,¢3 and ¢y are model-fitting
parameters depending on the geometrical layout [18].

Today, many tools are available for the design of the inductors such as “Analysis
and Simulation of Spiral Inductors and Transformers” (ASITIC) [35], EM mod-
ulator, [38] “FastHenry” and “Momentum” (from ADS) [39]. These tools are very
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helpful in the inductor design. All mentioned tools use process technology files in
the design of the inductor. The process technology files are based on the various
algorithms and paramcters. This gives performance parameters such as @, substrate
capacitance and resistance values. The eddy current loss is the major problem faced
with the inductors. Eddy current results in the loss of electromagnetic energy and

low @ values [40].
2.4.2 Varactors

Varactor is onc of the important component of LC-tank. Variable capacitor (var-
actor) is used to tune the oscillator frequency. The de tune voltage of varactor is
varied and frequency sweep is achieved. The @ factor of the capacitor is also one of
the important factor in oscillator performance. The energy stored in the capacitor is
given by Eq. (2.15),

E,=—= (2.15)

where v, is the voltage across capacitor and C' is the capacitance value. The quality

factor of a capacitor is given by Eq. (2.16),

o peak electric energy stored

“- etiegy lost per cycle (2.16)
L)
(2.17)
)
Jie 2
Qe = wCRC (2.19)

where v, is peak voltage across capacitor and i, is the peak current passing through

the capacitor [18].
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Figure 2.6 pn-junction diode varactor structure.

The pn-junctions and MOS varactors are two major types of varactors. Since,
it is difficult to vary the monolithic inductors, so LC-tank capacitance is varied to
tune the oscillator frequency. The reverse-biased pn-junction can serve as a varactor
shown in Fig. 2.6.

The parasitic capacitance of the inductor and the transistors imit the tuning range
because they cannot be varied with de control voltage. The pn-junctions exhibits
limited tuning range as capacitance varics slowly under reverse biasing and sharply
under forward biasing condition. The other approach is pMOS varactors as shown in
Fig. 2.7 (a}. The drain, source and bulk are connected together. Depending on the
gate to source voltage Vs there could be different regions of operation. If Vg, < V4,
which corresponds the strong inversion mode operation of the pMOS varactor. In
this mode, the channel congists of inversion layer and depletion region as shown
in Fig. 2.7 (b). When V,, is more positive and control voltage is negative then it
corresponds to the accumulation mode, as shown in Fig. 2.7 (c). In this mode, the
channel is populated by the majority of bulk charge carriers. In accumulation mode,

the capacitance is given as Cpy = (%)WL = Chaz [12], 123], [41].
2.5 LC Oscillator

LC oscillator consists of passive resonant circuits as shown in Fig. 2.8 (a). The

inductor (L;) and capacitor (Ci) resonate at frequency wpes = 1/v/L;C;. The
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Figure 2.7 (a) MOS varactor structure, (b) MOS varactor in the depletion
mode, {c) MOS varactor in the accumulation mode.

impedance of the inductor at this frequency is jwpes Ly and capacitor 1/(jw.C1),
are equal and opposite and thus resulting in infinite impedance and circuit may have
inﬁnite quality factor (€)). The inductors and capacitors actually suffer from resistive
components. The series resistance of the metal wire used in inductor is shown in
Fig. 2.8 (b). The @ factor of inductor is Lyw/R;. The equivalent impedance is given
by Eq. (2.20),

Rs + L]_S
Ze = 2.20
q(S) 14+ L10182 + R,gO]_S ( )
and the magnitude is given by Eq. (2.21).
R2 L2 2
| Zeg(s = jw)|* = 2 1 S (2.21)

(1~ LiCw?)? + R2CEuw?

This shows that the impedance does not go to infinity and the circuit has some
dependency on R,;. The series combination of the inductor is shown in the Fig. 2.8
(b) can be changed to parallel combination as shown in Fig. 2.8 (¢). Fig. 2.8 (d)
indicates the series combination of the inductor and series resistance and it can be

changed to parallel combination which is shown in Fig. 2.8 (e). The L, represents the
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Figure 2.8 (a) Ideal (b) realistic LC-tanks (c) parallel and (d) series and
(e) parallcl conversion.
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parallel equivalent tank inductance and R;” represents the parallel equivalent tank

resistance. For the two impedances to be equal:

Lis+R, = Rff’;s (2.22)
Let’s consider only stecady state response and substitute s = jw in Eq. (2.22).
(LiRp + LyR)jw + ReLy — L1 Lw* = RypLyjw (2.23)
The relationship holds for all values of w,
LRy + L,R, = RrL, (2.24)
RyRy — LiLyw® =0 (2.25)
The value of Rt can be achieved as by Eq. (2.26).
L, =L, (1 + L?Eg) (2.26)

The Liw/Rs = @, value is greater than 3 for monotonic inductors. Hence, L, =~ L,

2, .2
Ry ~ LI};’ (2.27)
~ (R, (2.28)

i.c. the parallel combination of the LC-tank reduces to a resistor, i.e. 1 =1/ m.
The phase difference between voltage and current drops to zero and magnitude of
the tank versus frequency is shown in the Fig. 2.9. The behavior is inductive for
w < wy and capacitive w > wy. The phase of the impedance is pos_itivc for w < wy

and negative for w > wy [12], {18], [42].

3R;D is a. common abbreviation found in literature. However, Ry is also used instead, where T'

stands for “Fank”.
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Figure 2.9 (a) Magnitude and (b) phase of the impedance of a LC-tank vs
frequency.

2.5.1 Cross-Coupled Oscillators

The cross-coupled oscillator is shown in Fig. 2.10. It consists of two LC-tanks and
cross-coupled active devices. The M) and M, should be identical and symmetrical.
To find the input impedance R;,, of the cross-coupled pair, consider the Fig. 2.11 (a),
in which small signal equivalent model of the transistor is shown. The small-signal
equivalent model of the nA OS5 cross-coupled pair is also shown in Flg 2.11 (b), where

Vin, 1s the input voltage and Iy, is the input current.

Vin = Ve — V) (2.29)

Iin = gmlvcc = gm?% (230)

The R;, can be calculated as Vi, /I,

T o g

o (gmi + gmz) __2

Ryy=——F"">"=— (2.31)
Ii Gm

The differential output voltages V, and V, are 180° out of phase. The gain and

phase of the of the cross-coupled oscillator are shown in Fig. 2.12. The two transistors
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Figure 2.10 Cross-coupled oscillator.
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Figure 2.11 (a) MOS and (b) cross-coupled MOS equivalent model.
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Figure 2.12 Magnitude and phase of the cross-coupled oscillator.

share the tail current equally. The circuit oscillates if g1 Brgma Hr > 1 where g,,,1 and
gm2 are the transconductance of the transistors and Ry is the parallel tank resistance.
The noise component at resonance frequency is continuously amplified by the active
devices. The drain currents of M, and My of the circuit varies according to the
instantancous values of V; - V. The oscillation amplitude grows until the loop gain
drops at the peaks, if the g1 287 is sufficiently large and difference between V; - V),
reaches a level that steers the entire tail current to one transistor, thus turning the
other off. So, steady state currents Ip; and Ips vary between zero and maximum
current value [1], [12], [20].

There can be three possible situations by closely observing the closed-loop poles

in the s-plane .

o If g,,Rr < 1 poles are located in left half s-plane, which shows oscillation will

die.

o If g, Ry > 1 poles are located in right half s-plane, which shows oscillation

amplitude will grow.

o If g, Ry = 1 poles are located on jw axis, which shows that oscillation in steady
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Figure 2.13 (a) Colpitts oscillator with input signal and (b) equivalent
circuit, model.

state and will be maintained [43].
2.5.2 Colpitts Oscillators

A colpitts oscillator consists of a single transistor and LC' device. The capaci-
tors and inductors determine the oscillation frequency of the circuit. The colpitts
oscillator and it’s equivalent circuit mode! is shown in Fig. 2.13 (a) and Fig. 2.13 (b),
respectively. The current through the parallel combination of L, and Ry is Vo /(Lys)
+ Vi / Ry and current through € is cqual t0 Iin — Vou/ (Lip8) — Vous/ R which results
in the expression given by Eq. (2.32).

[ (232
The current through Cs is (Vou + V1 )Chas and the sum of the currents at output node
results in Eq. (2.33).

Vc-mt . RTLPS(gm + OZ'S) (2 33)
I, '

RTclchpS3 + (Cl + CQ)Lp32 + (gmLp + RT(CI + Cg))s + gm R
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In Eq. (2.33), if C; = 0 the above equation reduces to {Lps | Ry). The oscillator
oscillates if the closed loop transfer function goes to infinity at an imaginary value of

38, 8g = jwg and both of real and imaginary parts drops to zero at this frequency.

— RTClc'szw% =+ gmLp -+ RT(Ol -+ CQ) wg =20 (234)

— (Cl - Cz)prR + ngT =0 (235)

Eq. (2.34), the g,,L, < Ry(Cy + Cy) and results in the following expression given in
Eq. (2.36).

1
Wl = —————— + gmRr (2.36)
L ( C1C2 )
P\ C14+Ca
From Eq. (2.35) the expression can be written as in Eq. (2.37),
(C1 + Co)?
iy = ——— 2.37
9mBr CE (2.37)

where g,,, Rr is the voltage gain from the source of the M) to the output if (g, = 0).

This shows the minimum required gain to start the oscillation [12].

ngT 2 4 (238)

However, in previous calculations capacitance C,, is neglected which appears in parallel
with inductor. In Fq. (2.36), the capacitance C, is included, the expression becomes

Eq. (2.39),

(2.39)

where C,, is included in parallel with series combination of the €y and C, [12].
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Figure 2.14 (a) Decaying impulse response of a tank, (b) addition of nega-
tive resistance to cancel in Ry and (c) use of active circuit to provide negative
resistance.

2.5.3 Negative (—G,,) Oscillators

The LC oscillator consists of inductor, varactors (variable capacitors) and active
device. Let’s consider the LC-tank circuit as shown in Fig. 2.14 (a). When cnergy
is injected in the circuit, the LC-tank tends to oscillate. The tank does not oscil-
late indefinitely because some of the stored energy is dissipated in RT in every cycle.
It results in decaying impulse response of the tank. The tank loiss introduced by
the inductors and capacitors are lumped into parallel resistor Rp éwith the equiva-

lent inductance L,, and capacitance Cp,. The LC resonator and ifs équivalent circuit
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with parasitic resistance is shown in Fig. 2.14 (b). In Fig. 2.14 (c), to compensate
tank energy the active device generates an impedance egual to —Ryp. Therefore,
Rril(—Rr) = oo and such topology is known as onc-port oscillator. At resomance,
the oscillation frequency is given as wre, = 1/ LC. The negative transconductance
(—Gm) VCO consists of LC-tank and one or two blocks of cross-coupled MOS' tran-
sistors. The gate of one transistor is connected to the drain of the other and vice
versa. The conductance observed from the draing of the two cross-coupled transistor
block is negative and its value is —Gp, = —gm/2 (that is the reason these circuits
are called —,, oscillators). There is direct dependence between the biasing of these
transistors and the value of the negative resistance of the energy restorer in these os-
cillators. The nMOS only cross-coupled oscillator transistors connected to the tank
by its drains. They arc biased by a resistor connected between the MO8 source and
ground or between tank or Vi,, as shown previously in Fig. 2.10. The drawback of
this topology is the direct dependence of circuit properties with the voltage source
fluctuations and technology parameter variations (e.g. V,, voltage modifies the bias
current). The non-constant value of the bias current can lead to an increment in the
phase noise. The general definition of the MOSFET small-signal transconductance
is given by Eq. (2.40),

dip %14
G — aUGS - J”*nco:n (f) (VGS - V;h.) (240)

where u, is the effective electron mobilify in the channel and C,, is the oxide capaci-
tance. The appropriate transconductance value depends on the LC-tank components
and on the resistive parasitic components from the cross-coupled active devices. If
the gain is too low the oscillation will not be sustained and if its value is too high

there will be more parasitic and higher current consumption [12], [32], [44].
2.6 CMOS VCO Topologies

There are numcrous CMOS VCO topologies which are available in today’s com-

munication systems. The single switch VCO (85 — VCO) and double switch (DS —
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Figure 2.15 A circuit of VCO (a) SS - VCO, (b) DS - VCO.

VCO) are most commonly used in RFIC transceiver architectures. Both uses neg-
ative resistance concept to cancel the losses in resonator. The transistor dimensions
are set to achieve the required value of the negative resistance. The inductor @ fac-
tor also influences the performance of the VC'O. High ¢} value of the inductors and
enough transconductance of the active device leads to the higher amplitude of the
VCO output swing. There are different biasing techniques used in VCOs such as tail
biasing, capacitive coupling and top biasing of the VCO circuit. By adding tail bias-
ing i.e. current source effects the phase noise and oscillation amplitude of the VCO.
The 1/f noise of the current mirror or current source is added in the VC'O circuit
and leads to the degradation in the phase noise of the VCO. Different techniques
are used to reduce the 1/f noise by adding inductor degeneration or filters circuits.
The basic 55 — VCO consists of two nAM OS5 cross-coupled transistors connected to
the tank by its drains. The biasing is carried out by using a curreﬂt source between
MOS source and ground terminals (or between tank and V), as shown in Fig. 2.15

(a). The drawback of this topology is the direct dependence of the properties of the
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circuit with the voltage source’s fluctuations and technology parameter variations.
The non-constant value of the bias current can lead in poor phase noise. However, on
the other hand DS —V (O uses two blocks of cross-coupled pair transistor pM .S and
nMOS and an MOS current source as shown in Fig. 2.15 (b). Cross-coupled oscil-
lators have been preferred over other topologies due to their case of implementation,
relaxed start-up condition and differential operation.

The noise generated by the active devices of the complementary cross-coupled
oscillator is maximum when the oscillator’s phase is sensitive to perturbations. In
this topology, the noise generated by both pMOS and nMOS transistors add to the
overall active noise of the oscillator. The complementary cross-coupled (DS —VCO)
oscillator shows a better phase noise performance when compared to SS — VCO for
the same supply voltage and the bias current.

The complementary cross coupled oscillator presents a larger maximum output
swing than SS—VCO only cross-coupled oscillators. In complementary cross coupled
oscillator, the additional pMOS device enhances the overall phase noise performance.
However, the major disadvantage of the S — VCO is that pMOS device exhibits
larger parasitic capacitances such as gate-to-source capacitance Cg, and gate-to-drain
capacitance Cyy usually five times more than the nMOS device. However, the overall

1/ f noise is not degraded as in §S — VCO structure [12], [45], [46].
2.7 Quadrature Voltage Controlled Oscillator

The coupling is an exfernal injection of the signal and results in the change or
perturbation of the oscillation. Let’s consider the VCO with nMOS coupling M
and M, in Fig. 2.16 (a), and small-signal model in Fig. 2.16 (b). The Vi, is injected
at the gate of M,; and M, respectively. The output signal is injected into the LC-
tank. If the frequency of Vj, is same as the oscillation frequency of the oscillator,
the coupling will shift only the phase of V,,. Therefore, the sum of Ipy + Ipss
and Ipe + Ipss are changed by Vi., where Ip, represents the drain current of the

coupling transistor and Ip, is the drain current of the switching transistor. Hence,
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Figure 2.16 (a) Signal injection in oscillator {b) small-signal model.

the same property is adopted in quadrature V{O. This kind of coupling is called as
unilateral coupling, as coupling from Vj, to V,,: is greater than that of V,,; to Vi,.
The Gy, in a simple model represents the transconductance of the differential pair
and Zp shows the total tank impedance and — R is negative resistance provided by the
cross coupled pair. The —R exactly cancels the loss in Zp and ratio of the Tp./Ipss
or Ipw/Ipss are the coupling ratio. The two identical oscillators are coupled with
parallel coupling transistors and operate with 90° phase difference. The quadrature
voltage controlled oscillator provides quadrature output with the phase difference of
90° is shown in the Fig. 2.17 (a). The QVCO consists of two fully differential LC-
tank coupled VCQOs. The QVCOs are coupled in many ways, the most common
method is using nMOS transistors which forces the outputs of differential VCO to
oscillate with phase difference of 90°. The small-signal equivalent model of QVCO is
shown in the oscillator Fig. 2.17 (b). The parallcl combination of the —R and Zr is
—RZp{(Zy — R), the value of V, and V; are computed as given by Eq. {2.41) and in
Eq. (2.42), respectively.
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Figure 2.17 (a) Two oscillator coupled together (b) small-signal model of
coupled oscillators.
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_ GmeVi(—RZ7)

V 241
2 Zr— R (241)
Gmcvrl(_RZT)
V| = ———nt 2.42
1 7R (2.42)
Dividing ¥q. (2.41) by Eq. (2.42) and considering Vi, V3 # 0.
Gmcl V?Lz - Gch‘/Qz =0 (243)

The Eq. (2.43) results in two following cases:

o If Grea = G, then Vi = V5 which means that both oscillators operate with

a phase difference of zero or 180°. It is called as in-phase coupling.

o If Gt = —Gpep then V2 + V2 = 0 and thus Vi = £ jVs, this means that the

phase difference is & 90°. This kind of case is called as anti-phase coupling,.

The proper sizing ratio of coupling transistor to switching transistor results in better
phase noise results and less phase error. The width ratio of coupling transistor W, to

switching transistor W, is called as coupling factor (K} given in Eq. (2.44) [12], [47].

K=

S|=

(2.44)

There is one drawback associated with the coupling transconductance on the
QVCO oscillation frequency. The dircet coupling of the transconductances attached
to the LC-tank circuit can cause the center frequency deviation from its actual fre-

quency by the factor Af. The frequency shift can be calculated by Eq. (2.45),

Gme
4

where (. is the coupling transistor transconductance [48]. The asymmetrical fre-

Af ==+ (2.45)

quency characteristic of LC-tank influences the frequency shift and results in the

frequency change. The frequency change is added in actual oscillation frequency {49].
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The frequency shift depends on the series loss of the individual LC-tank components.
When inductor exhibits greater series loss (lower Q) than capacitor (varactor), the
positive frequency shift occurs and when capacitor loss dominates, the negative shift
occurs, respectively [50]. The actual frequency of the QVCO can be calculated as by
Eq. (2.46) [48],

f:?SC = fﬂSC _I_ Af (2'46)

where f . is the oscillation frequency of the QVCO and is expressed by Eq. (2.47).
, 1 G,

= + - 2.47

The different types of QVCO architectures are available in the state of the art
work. A quadrature colpitts VCO with a series-injection scheme for quadrature signal
generation is also used low phase noise and better quadrature accuracy [51]. The
LC series injection parallel coupled (STPC) QVCO topology is also adopted with
the integration of open drain buffers. The use of open drain buffers results in the
increased power consumption {52]. The low phase noise and low phase error QVCO
is also reported with the improvement of 6.3 dBc/Hz 53]. The 1.8 GHz LC QVCO
describes the improvement of phase noise and achieves quadrature accuracy [48].
The QVCO is also designed with self-calibration technique. This uses a low speed
amplitude error detector instead of a conventional high speed phase error detector.

This compensates for phase noise and phase errors of LC' QVCO [54].
2.8 Opscillator Performance Parameters

Oscillator performance depends on various parameters. Some of the important
parameters such as phase noise issues and figure of merit will be discussed in the

following section.
2.8.1 Phase Noise

The phasge noise in the oscillator has great importance because poor phase noise

can lead to the degradation in the performance of the whole transceiver. Oscillator
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consists of active and passive devices. Noise sources can be divided into two groups,
namely device noisc and interference. All devices exhibits some noise such as thermal
noise, flicker noise and shot noise which lies in the category of device noise. Therefore,
the substrate noise in the later group. Phase noise is the random variation of the
frequency signal from its actual position or from its ideal position. The phase noise
in actual oscillator cannot be removed totally and there is no phase noise in an ideal
oscillator. The output spectrum of the ideal oscillator and actual oscillator is shown
in the Fig. 2.18 (a) and (b) respectively [22], [55].

In RF' circuits, the phase noise means that the output signal contains the energy
components at other frequencies rather than from its carrier signal frequency. In
actual oscillator the spectrum exhibits some skirts around the carrier signal while
ideal oscillator’s spectrum exhibits impulse shape. To express the phase noise we
consider the unit bandwidth at an offset frequency of Aw with respect to w, or we
can say that ratio of power at particular offset frequency (Aw) from the carrier to
the power at center frequency. The phase noise unit is “dBc/Hz”. The phase noise

can be cxpressed by Eq. (2.48),

L{Aw) = 101og (P 1r:(o + A”))

P,

where P, is the carrier power and w, represents the carrier frequency. The above

(2.48)

expression shows that phase noise can be improved significantly as P, is increased [56].
2.8.2 Leeson’s Equation

D. B. Lesson [57] summarized the phase noise characteristics for oscillators. The
phase perturbation at the oscillator input due to noise variation results in the fre-
quency shift at the output. However, the single side band (SS5B) noise exhibits the
slope of 1/f* which is 30 dB/decade at the offset frequencies below the flicker noise
1/f? (20 dB/decade). The third part is 1/f noise which is called as thermal noisc

or noise floor at high offset frequencies. The asymptotic phase noise versus offset
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Figure 2.18 Frequency Spcctrlim of an {a) ideal oscillator, (b) practical
oscillator.

frequency of the oscillator is given in Fig. 2.19. The Leeson’s equation is given by

Eq. (2.49),

U o) = 10005 | (22 Y TR (14 L] L (Bl g

where L{f., K.co) represents the phase noise in dBc/Hz, f, is oscillation frequency
(Hz), f, is the offset frequency from the carrier in Hz. The F is a noise figure of the
transistor amplifier, k is boltzman’s constant in J/K, T' is temperature in Kelvin, P,
shows the RI' carrier output power in Watts, f. is the flicker power corner in Hz,
Kyeo 18 VCO gain in Hz/V and V,, is the total amplitude of all low frequency noise
sources [57]. _

The Eq. (2.49) shows that phase noise decreases as the squarc of the ratio of the
sideband frequency f,, to oscillator carrier frequency f.. It is also proportional to
the (FkT/2), which is the phase noise and half of the thermal noise appears at the
input of the amplifier stage of oscillator. The dominant phase noise factor is P,Q?
and it should be large as possible to achieve better phase noise in 1/f%. The P,Q?
is the almost totally dominated by the tuning varactor, which is the only practical
choice for the fast voltage controlled tuning over the required frequency range. The

analysis of the passive devices is the key factor for the successful VCO design. The



2.8 Oscillator Performance Parameters 39

L/f3 (-30 dBc/dec)™

(-20 dBc/dec)

Phase noise (dBc/Hz)

:ifé\foise Fioor

Offset Frequency (Hz)

Figure 2.19 Oscillator SSB phase noise as a function of bascband frequency.

major drawback of the Leeson’s equation is unspecified noise factor of proportionality
F which depends on the oscillator topology.

There are many modifications carried out in Lecson’s equation to express the
phase noige analysis. However, the Abidi (58| has provided the unspecified noise
factor of the Leeson’s equation and the oscillator topology is also specified. Despite
these analysis, the Leeson’s equation do not give the accurate phase noise analysis.
The Leeson’s equation cannot make quantitative predictions about the phase noise,
which shows that at least some of the assumption used in derivation is invalid or does
not give the accurate picture.

However, there are many different techniques used to reduce the phase noise of
oscillators, such as filtering technique to remove the high frequency noise [59]. The
Lesson's equation is also modified and unspecified noise factor is expressed [58]. The
influences of amplitude modulation to phase modulation due to varactors [60], modu-
lation influences of tail capacitance [61] biasing circuit phase noise contribution such

as tail biasing resistors [62] are also reported. The multifinger gate structure of the
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MOS varactors is also implemented to reduce the 1/f noise contribution [63]. The
source degeneration resistor is also implemented to reduce 1/f noise contribution in

the oscillator circuits [64].
2.8.3 Linear Time Varient (LTV) System

The linear time-variant (L7V) phase noise model gives deep quantitative de-
sign but limited in their quantitative predictive power. Thercfore, the LTV systems
cannot perform frequency translation. The most importance of the LTV is the in-
troduction of impulse sensitivity function (ISF). [SF quantitatively explains the
effects of cyclostationary noise sources in oscillator .

To show the failure of time-invariance system and to explain the time-variance
system in oscillators, let’s examine an ideal noiseless LC-tank, in which impulse of
current influences the system waveform. Consider an ideal LC-tank in Fig. 2.20,
which is oscillating with some constant amplitude. Now, some energy is injected into
the system and it tends to iterate between LC-tank and sinusoidal wave is observed,
shown in Fig. 2.20. The dotted lines represent the presence of noise. The changes in
the waveform is observed with the injection of §(t—7) at different 7 timings. It causes
the displacement in the charge AQ) across capacitor. The amplitude increases by the
amount of AV = %Q. There are two cases, in first case, when impulse is injected
at the peak of the oscillation the displacement of AV is observed but no change in
the zero crossing of the waveform. Therefore, there is no impact in change of the
phase. In second case, when impulse is injected near zero crossing of the wave, the
significant change in the phase occurs while amplitude remains same. The impulsive
input produces a step change in the phase, the impulse response can be written by
Eq. (2.50),

ho(t —7) = Mu(t —7) (2.50)

chx,z

where u(t) is a unit step function. The I' is known as ISF and it is dimensionless, fre-
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Figure 2.20 Impulse response of L.C-tank.

quency and amplitude-independent function are periodic in 27, ¢mae is the maximum
charge around capacitor. The ISF has its maximum value near the zero crossings of
the oscillation and zero value at maxima of the oscillation waveform.
After finding the value of ISF, we may compute the excess phase induced by the
current ¢(7) and is given by Eq. (2.51).
#(6) = [ holt,)iCr)ar = LY Pwar)i(r)dr (2.51)

Gmaz 7 —o0

As ISF is a periodic in nature then we can expand it by using fourier series which
is given by Eq. (2.52),
T(weT) = o + Y CncOs(nwoT + B,) (2.52)
n=1
where ¢, is real and 8, is the phase noise of n** order harmonic of ISF and ¢, is dc

coefficient of the ISF. Consider a noise current i(t), which is given by Eq. (2.53),

i(t) = I, cos [(muO + Aw)t] (2.53)

where Aw < nw,. By substituting Eq. (2.52) and Eq. (2.53) into Eq. (2.50) we will
get the expression for ¢(t) as given by Eq. (2.54).
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1

t 00
#(t) = . [ (Co + > en cos(nwo'r)) I, cos(nw, + Aw)rdr (2.54)
max ¥ — 00 n=1

The general solution of Eq. (2.54) is given below by Eq. (2.55).

Incn sin(Awt)
~ wt) 2.
(1) ~ 2z (2.55)
For n = 0, the ¢{t) can be expressed by Eq. (2.56).
Lc. sin{ Awt)
B(t) A e (2.56)

q}"nﬂ$Aw
In Fig. 2.21, the results from Eq. (2.55) and Eq. (2.56) are summarized. This

shows that the components of noise near integer multiples of carrier frequency which
causes two equal sidebands at + Aw. Noise near dc gets upconverted, weighted by
coefficient and 1/f device noise becomes 1/f? noise near the oscillation frequency.
The noise near the carrier is given by ¢; and white noise near higher integer multiples
of the carrier undergoes down conversion, changing to 1/f2 region. By considering
the fact, that injected noise result in two equal sidebands w, + Aw with the sideband
reference around the carrier frequency signal. The noise power relative to carrier can

be calculated by Eq. (2.57),

Lcw \”
Pino{Aw) = 10log (m) (2.57)

where I,, is the amplitude of the noise component and it should be converted to root
mean square (rms) value. It is clear that by minimizing the various coefficients ¢,
will minimize the ISF. Hence, the phase noise will be minimized. To underscofe
this point quantitatively, we may use Parseval’s theorem and can he expressed by Eq.

(2.58),

2= [ |l (z)Pdz = 202, (2.58)
n=1 wJo
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Figure 2.21 Conversion of noise source to phase fluctuations and phase
noise side bands.

where [Z__ is the rms value of the ISF. The phase noise in the 1/f? region can

expressed by Eq. (2.59).

i3 12 '
a7l rms ) (2.59)

In Eq. (2.59), if all terms are fixed then phase noise can be improved by reducing

I'2 .. The 1/f? region phase noise can be expressed by Eq. (2.60).

i2 9
—2. 0
L(Aw) = 101og (sqzﬂf Awgfzg) (2.60)

mMar

Similarly, the 1/f2 corner in phase noise spectrum can be given by Eq. (2.61),
Y

¢ e\’
Wyypa = Wiy a2 ~uhyf C_l

™ms

(2.61)

where ¢, is de value of I5F and ¢; 1s the rms valuc of ISE. The ISF is a function

of waveform, and under the control of the designer, normally by the adjustment
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of rise and fall of wave i.e. by symmetrical waveform signal. These results are not
anticipated by LT[ approaches, and one of the deep insights by LTV model {19], [65].
The LTV model helps to describe most accurate phase noise for the oscillators. The
LTV phase noise model is the most accurate model used for the prediction of phase

noise in oscillator circuits. We can deduce following points from this model:

1. The ISF coeflicients (c,) should be minimized to achieve the low phase noise.

The ¢, is important factor which results in up-conversion of 1/f noise.

2. The symmetry in the output waveform signal of oscillator can lead to minimiza-

tion of phase noise.

3. The noise near integer multiples of the carrier frequency is up and down con-

verted into close in phase noise.

4. The oscillation amplitude should be maximized to achieve better phase noisc

results. The quality factor of the LC-tank should be maximized.
2.8.4 Figure of Merit (FOM)

The figure of merit (FOM) is one of the key factors which is most widely used to
exainine the performance of the oscillator. The phase noise, power dissipation, offset
frequency and carrier frequency are used in the formulation. The designers use this
formulation to compare their oscillator performance with the state of the art work.
Low phase noise at higher frequencies is one of the key challenges which is observed

with FOM. The FOM can be given by Eq. (2.62),

o Piss
FOM = L(Aw) + 20 log (i) _ 10log ( lniW)’ (2.62)

where Py, is the dc power dissipated in the oscillator and L{Aw) is the phase noise

65], [66]. The Eq. (2.62) is used throughout in this thesis to calculate FOM.



2.8 Oscillator Performance Parameters 45

2.8.5 Frequency Tuning Range

The output frequency of the oscillator is Vafied by varying the dc tune voltage,
it is known as voltage controlled oscillator (VCQ). The required tuning range is
dictated by the variation of the VCO center frequency with process and temperature.
The oscillation frequency of the VCO can be varied by the process variation and
temperature. The suflicient tuning range is required to guarantee that VCO output
frequency can be driven to the required value. The standard VLST process includes
pn-junction capacitance of the reverse biased diode and MOS varactor. The @ factor
of the varactor is also one of the important factors which influences the tuning range
of the oscillator. The A OS varactors exhibit the better @) factor. The LC oscillators
exhibit 10 % to 12 % limited frequency tuning range [12]. It is widely used in many
applications which require the tunable frequency output. An ideal VCO exhibits the
linear relation between control voltage and its output frequency signal. The VCO is
the variation of the phase and frequency as the result of the noise on the control line.

‘The noise is proportional to the {K,.,) and is given by Eq. (2.63),

Woyt = Wo + chommat (263)

where w, shows the intercept corresponding with V= 0 and K, is the gain of the
circuit. To minimize the effect of the noise in Vg, the VCO gain must be minimized.
The we — wy is the tuning range of the VCO and is shown in Fig. 2.22. The variable
voltage ranges from V| to V, and the tuning range must span from wq to w. Thus,.

K., must satisfy the following requirement given by Eq. (2.64) [12].

Wo —
K >
VoG = %_I/l

A significant research has been carried out to increase the tuning range of the

oscillators. The wideband/dualband CMOS VCO is presented with the wide tuning

(2.64)

range. The tuning range is 98 % in two independent frequency bands with accurate

quadrature signals outputs [67]. An inversion mode band switching varactors are
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Figure 2.22 VCO sensitivity

used to achieve 29.12 % wide tuning range in the design of 5.9 GHz CMOS VCO
design [68]. A frequency range of 600 MHz to 3.3 GHz is achieved in monolithic
CMOS PLL based VCO [69]. Another work, presents the 3 to 5 GHz UWB CMOS
VC'O. The active inductors are used instead of passive inductors [70]. In state of the
art works, such as Yoshihara [71] is using variable inductor to achieve the frequency
tuning range of 2.13 GHz to 3.28 GHz in VCO design [71]. A frequency tuning
range of 4.12 GHz to 4.89 GHz is achieved in oscillator [72]. Another work, reports
the frequency tuning range of QVCO is 4.13 GHz to 4.89 GHz [73]. The 10 %
frequency tuning range is achieved in LP — SIPC QVCO. The LP - SIPC QVCO
is implemented with pM QS varactors [52].

2.9 State of the Art Oscillators

This section explains the different state of the art oscillator's work. There are
wide range of wireless communication systems which are integrated in CMOS pro-
cess technologies and are getting more industrial attention. There are large number of
radio frequencies integrated circuit articles and publications focusing on CMOS oscil-
lators at various frequency ranges. Some of the published books also cover completely
and partially design and integration of CMOS oscillators (1], [12}, [20], [32], [45]. In
summary of the different oscillators, VC'Os and quadrature oscillator circuit architec-

tures with their performance parameters are available. The performance parameters
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include frequency tuning sensitivity, gain, supply voltage, power consumption, phase
noise characteristics, output power, frequency spectrum and phase errors. However,
the designs are also fully integrated in system-on-chip (SOC) while different state
of the art works are integrating passive device such as inductors and varactors to
off-chips. The multi-chip module and other techniques are used for their circuit im-
plementation [16], [17]. Spiral inductors are most commonly used for the on-chip
oscillator design. The inductor guality factor enhancement and reducing substrate
losses of the on-chip designs are also carried out in state of the art work. The design
of varactors with wide tuning sensitivity are also discussed in recent research work.
There are various types of varactors used in LC-tanks. The MOS varactors and pn-
junction varactors arc most common in LC-tank based oscillator designs. However,
the on-chip solution is the best choice and in literature CMOS VCOs are focusing
at fully integrated oscillators [12] [45], [74].

It is very difficult to compare oscillator characteristics because of different op-
crating frequencies, frequency tuning range, varactors, inductors, circuit topologies,
buffer designs and process technologies.

The guadrature VCOs and VCOs in 0.18 pm and 0.13 pum CMOS process tech-
nologies which arc operating from 2.8 GHz to 5.5 GHz frequencies are best candidates
chosen for the comparison of results. In 0.18 pm CMOS process technology, there
are six metal layers and one polysilicon. There are eight metal layers and 1 polysil-
icon in 0.13 pm CMOS process technology. The various state of the art oscillators
performance parameters are summarized in Table 2.1. The comparison includes the
oscillator topologies, process technology, power dissipation, operating frequencies,

tuning sensitivity or range, oscillator type, phase noise and figure of merit {FOM).
2.10 Summary

In this chapter, a brief introduction of modern wireless system is described. The
homodyne and heterodyne receivers with the importance of oscillators and quadrature

VCOs are summarized. Local oscillators are used with M B —OF DM frequency syn-
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Table 2.1 State of the art oscillators performance parameters sumimary.

Ref Osc Technology Power Frequency Tuning Range Phase Noise FOM
No  Type (pm) (mW) (GHz) (GHz) {dBc/Hz) (dBc/Hz)
[4] VCO 0.18 18.54 2.22 2.2.2.22 -103.5 @ 100KHz -
[21] QVCO 0.18 12 4.5 1 ~123 @ 1MHz -
[52] QVCO 0.18 11 3.4 10 % -114.3 @ 1IMHz -
[63] VCO 0.13 7.5 5.2 5.17-5.34 -97 @ 100KHz -182.6
(75 VGO 0.35 16 2.9 -142 @ 3MHz ~-189
[76] VCO 0.18 10.8 5.16 4.16-5.53 -123.1 @ 1MHz -187
[77 VCO 0.18 3 5.0 4.61-5 -120.9 -189.6
[78] QVCO 0.13 . - 20 % 122 @ 1MHz .
[79] QVCO 0.13 50 2.5 2.41-2.64 139 @ 1MHz -190
[80] QVCO 0.13 4.8 45 - _112 @ 1MHz -181
81 QVCO 0.18 10.8 5.2 4.9-5.5 -117 @ 600KHz -185
[82] QVCO 0.18 21.6 5.6 0.33 -113 @ 1MHz -174.6
[83) QVCO 0.13 9 3.9 . -117 @ 1MHz -180
[84] VCO 0.25 12.3 5 4.82-6.28 -119 @ 1MHz -
[85] QVCO 0.18 4.32 3.1 - -102 @ 1MHz -166
185] QVCO 0.13 9.6 10 - -95 @ 1MHz -163
[86] QVCO 0.18 10 2.55 2.34-2.55 -120 @ 1MHz -175.5
[87] QVCO 0.18 13.5 3 - -116 @ 1MHz -177
[38] QVCO 0.18 10.8 24 2.27-2.65 -105 @ 100KHz -
[89] VCO 0.18 12.6 4.8 - ~120 @ 1MHz -182.5
[90] QVCO 0.18 7.9 2.45 -115 @ 1MHz -178
[91] QVCO 0.18 5.4 11 - -120 @ 1MHz 173
[92] QVCO 0.18 12.24 6 - -106 @ 1MHz .173
(93] QVCO 0.18 9.7 5.25 - -107 @ 1MIz 177




2.10 Summary 49

thesizer to generate the various frequencies. The oscillator main types are described
which are the potential candidate for the RFIC designs. The LC-tank based os-
cillators and quadrature VCOs are described. The main components of oscillator
such as spiral inductor with equivalent 7-model, quality @ factor and varactors are
described. The main types of varactor are pn-junction varactors and pM(OS varac-
tors. The performance parameters of varactors are also presented. Next, introduction
of LC oscillators such as colpitts oscillator and -G, oscillators arc presented. The
oscillator basic design is moving towards VCO and QVCO designs. The oscillator
performance parameters such as phase noise, figure of merit and frequency sensitivity
are briefly discussed. The brief overview of Leeson’s phase noise model based on LT1
system, is presented. The LTV phase noise model for different VCO topologies is
also explained. The phase noise formulation is also described for DS — VC'Os. The
various state of art VCOs and QVCOs performance parameters are also summa-
rized in this chapter. The design of VCOs and QVCOs are chosen according to the

frequency range, phase noise, tuning sensitivity and CMOS process technologies.
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LP3-QVCO DESIGN

3.1 Introduction

In the previous chapters, a brief overview of RF communication system, frequency
synthesizer architecture and introduction of the different types of oscillator are de-
scribed. The basic concepts and performance parameters of oscillators are also pre-
sented. In this chapter, the oscillator design methodology with innovative techniques
is presented. The oscillator design is leading by LP® — QVCO architecture design.
The design flow of the LP?*—QV CO is also prescnted. The spiral inductor designs are
also presented. The different innovative techniques are used to enhance the quality
factor of inductor. Next, integrated capacitors and varactors are described, briefly.
The characteristics of pMOS varactors are also described. Finally, the designs of
_LP3 — QVCO with common drain buffers are explained. The desigh parameters of

important components are also summarized in this chapter.
3.2 Voltage Controlled Oscillator Design

Voltage controlled oscillator (VCO) consists of cross-coupled active device pair
and LC-tank. The cross-coupled pair compensate the tank energy loss for the suc-
cessful oscillation. The design constraints are imposed on power dissipation, tank
amplitude, frequency range, startup condition and spiral inductors.

The first factor requirement is, the maximum power constraint is imposed as
maximum bias current I,,,,. The bias current is drawn from the dc power supply

voltage source as given by Eq. (3.1).

Ibias < Im.am (31)

The next requirement is, the tank amplitude should be as large as possible from the
50



3.2 Voltage Controlled Oscillator Design 51

minimum tank voltage (Viauk min). The tank voltage, (Viunk) can be expressed by Eq.
(32)

Ibz’as

Gtank,max

where giank,me. s the maximum tank transconductance of active device. The gignt, max
is the worst case situation. The output voltage must be lower than the certain sat-
uration voltage, so that VCO should operate in current limited! region instead of
voltage limited? region. The lower (better) phase noise can be achieved with large
output voltage swing {42].

The third requirement is, the tuning range of the oscillator. It should be wide
as possible and cover certain minimum and maximum percentage of center frequency
(w). The lower frequency limit is given by Eq. (3.3).

LiankCrankmin < oﬂl (3.3)

TRET

The expression for the upper frequency limit is given by Eq. (3.4).

1
Ltcmk Ctank,mam < 2 (34)

min

For the startup condition of oscillation, the gaetive > & Gtank mez- The minimum value
of the i = 3. The startup condition with a small-signal loop gain of at least cn

can be expressed by Eq. (3.5) [42],

Gactive 2 Qppin Jtank,mex (3 5)

For DS — VCO design, the transconductance of cross-coupled transistors is sum of
the nMOS and pMOS transconductances, is given by guctive = (Gmn + Grmp) /2. Also,
the gmn = Gmp- The g, can be calculated by Eq. (3.6),

Omn = J 214 Co (Fj‘;) Ip (3'6)

Tn current limited region, the tank amplitude grows linearly with the bias current according to

Viank = Biank-Toias until the VOO enters the voltage limited region.
?In voltage limited region, the tank amplitude will not grow further and the voltage limit of the

voltage limited region is specified by the value of supply voltage.
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where C,, is the oxide capacitance equal to 9.47 fF/um?, u, is the electron mobility
for nMOS transistor, u, value for nMOS is 390.3 cm?/vs and pMOS is 105 em? /vs
in 0.18 pm CMOS process technology. The drain current [p is 1 mA. The (W/L)
represents the transistor width and length ratio in pm. The (W/L), for nMOS
in VCO design is (70/0.18) and (W/L), for pMOS is (200/0.18). The calculated
transconductance for ¢, = gmp is 16 mS by using Eq. (3.6).

The oscillation frequency can be calculated from a well known expression given
by Eq. (3.7),

i
fosc = m (37)

where foee 18 the oscillator center frequency and LC' are the inductance and capaci-

tance of the LC-tank [1].
3.2.1 Oscillator Design Techniques

A fully differential signal VCO (DS —VCO) topology is chosen instead of nA{OS-
only VCO. The DS — VCO consists of pMOS pair on the top of a nMOS cross-
coupled oscillator. The fully differential oscillator topology is shown in Fig. 3.1. The
LC-tank counsists of spiral inductor (L) and variable capacitor (Cyq,). The variable
capacitors are also called as varactors. The Vj,n. represents the de tune (control)
voltage of varactor. The variable capacitance is achieved with the variation of dec
tune voltage and the frequency sweep is achieved at the output of VCO. There

are various advantages and disadvantages of a DS — VO structure as compared to

nMOS-only VCO structure.

The output amplitude of the DS — VCO is twice than the nMOS-only VCO
structure. Let’s consider the left side M, is turned on while right M, transistor is
off. The left side M, turns off while the right side M,,; turns on eventually. The
left side M2 carrics the whole bias current while right M, transistor is off. The
current flows from Vyy through M,e, LC-tank and then from right M, transistor.

However, the addition of pAMOS cross-coupled pair increases the noise contribution
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Figure 3.1 Fully differential VCO topology.

as compared to nMOS only oscillator (SS — VCO). Thus, the peak differential
output voltage swing is twice than nMOS-only VCO structure. The DS — VCO
appears to achieve better phase noise at a given power dissipation. A larger output
voltage swing is achieved in DS — VCO which improves the signal-to-noise ratio
(SNR) [42]. A higher output voltage swing is achieved in the oscillator with the
center-tapped inductor (CT'1). Therefore, the tank circuit modification is required
by adding capacitive dividers in the fecdback path [1].

The complementary DS —V C'O exhibits higher transconductance than SS—-VCO.
The DS —VCO exhibits the negative resistance — (ﬁ—i—ﬁ;) , where g, and g, are
the transconductances of the nAM (S and pMOS transistors, respectively. However,
on the other hand the transconductance of the nMOS-only VCO is —2/gm,, with
the same bias current. Hence, it is possible to compensate the losses with the lower
bias current as comparced to the nMOS-only VCO structure. The additional -gm,

provided by pMOS cross-coupled pair can cancel higher valucs of equivalent parallel

resistance in LC-tanks [56].
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By proper adjusting the (W/L) of the pMOS and nMOS cross-coupled pair, the
transconductances of nMOS (M ~ M,3) and pMOS (M ~ M) should be same
(Gmn = Gmp) as possible to get the symmetrical oscillation output swing. The better
risc and fall time symmetry reduces the up-conversion of transistor 1/A f2 noise. The
DS — VCO structure obtains the smaller 1/A f? noise corner in the phase noise.

The tail bias current source is one of the main noise sources in VCO. The flicker
noise of current source is up-converted to LC-tank and degrades the phase noise of the
oscillator. The flicker noise contribution from nMOS (M, ~ M,2) and pMOS (M,
~ M) cross-coupled pair is small due to the switching operation of the circuit [94].
The tail biasing active devices of the VCO core structure are replaced by the tail
biasing resistor Ry.u. The 1/ f noise occurrence from the active device is removed and
results in the improved spectral purity. The phase noise is related to the Leeson’s
equation expressed by Eq. (2.49). The modified form of this equation can be expressed

by Eq. (3.8),

ATR[ w, 1°

where V is the rms voltage across LC-tanks, Aw is the frequency displacement from
the fundamental frequency and @ is the quality factor of the LC-tank circuit. The
F' is referred to the oscillator noise factor and can be expressed by Eq. (3.9),

JE:(l rYIb'iasR

Fe1
Tt

+ K?’ngbia,sR (39)

where I; and K, are constants, v is the transistor noise factor, R is the resonator
equivalent resistance and g4 refers to the current source transistor conductance.

From Eq. (3.8), the phase noise is proportional to the reciprocal of the biasing
current square.

L{w) ot (Ifiee) ™ (3.10)

As the bias current increases in mA range, it results in the improved phase noise
of the circuit. The tradeoff exists between the power consumption and phase noise.

Current source can increase the overall phase noise performance of the circuit. In the
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case of nMOS based current mirror, a high current gain is usually chosen to lower the
overall power consumption. The Eq. (3.9) demands the device with lower gy, results
in low oscillator noise factor. However, the 1/f noise of the tail transistor remains
unfiltered at the source node. Hence, to avoid the noise contribution from the active
device, a resistor is used in the VCO bias circuit [62].

The multifinger gate structure of the pMOS based varactor is used to reduce the
1/ f noise. Multi-finger gate structure reduces the input gate resistance. Multi-finger
gate structure shows better performance in terms of RF power and noise. By reducing
the gate width and increasing the finger number in the design of gate configuration, it
can enhance the CMOS device RF power and noise performance. The improvement
in RF power and phase noise is due to the reduction of gate resistance. However, this
approach is not straight forward, as the substrate parasitic effects will be introduced
duc to lossy silicon {S7) substrates. The total width of the varactors remain same
and it should result in similar flicker noise. Therefore, due to parasitics the flicker
noise is changed, the higher resistance means higher flicker noise. The device with
smaller width per finger results in reducing the flicker noise due to lower parasitic
capacitance. The flicker noise can be expressed by Eq. (3.11).

i2c2
~~ _fe
L(Aw) =~ 101og [qz 8(Aw)2]

max

(3.11)

Where zfc is the flicker noise power spectral density, Gmqs is the offset frequency and ¢,
is the average value of impulse sensitivity function. The gate layout structures of the
pMOS varactors are split in different structures. This includes the different parasitic
resistance and low resistance means low noise {63].

The source damping resistor Ry, is used in the DS — VO structure. The
source damping resistor is used to suppress the 1/f noise in the oscillator. The 40
damping resistor provides better phase noise as compared to the other resistor values
in simulation. In C'MOS oscillators, since the low frequency 1/ f noise is up-converted
to the oscillation frequency. The phase noise performance below several MHz offset

frequency is dominated by the 1/ f noise of MOS8 transistors. In MOS transistor, the
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output noise current increase is proportional to the square of the transconductance.
Large signal swing of the oscillator leads to larger variations in transistors. However,
the large signal swing may generate excess 1/ f output noise current during oscillation.
The degeneration resistor can remove the excess 1/f output noise current [64].

The drawbacks of the DS — VO are due to the increase of parasitic capacitance.
The cross-coupled pMOS transistor pair exhibits more parasitics as compared %o
nMOS cross-coupled device pairs. Thus, by increasing the parasitic capacitances the
tuning range of the VCO is lowered. However, proper selection of pMOS device
parameters help to achieve the appropriate results.

The LP? -V CO with source damping resistor, tail biasing resistor and multifinger
gate width structure of the varactor is shown in the Fig. 3.2. The M, and M, arc the
pMOS cross-coupled transistor pair, the M,; and M., arec the nMOS cross-coupled
transistor pair. Both nM QS and pMOS cross coupled pairs provide enough negative
resistance to sustain and maintain the oscillation of the output. The C,,, is pMOS
based active device varactor. The pM OS varactor can also be replaced by pn-junction
diode. The Rymp is the source damping resistor of 40 2. The Vi, represents the dc
tunc (control) voltage of VCO's varactor. The output frequency is varied with .the
change of the de tune voltage. The Ry is used for the LP? — VCO biasing. The
optimum value of the tail biasing resistor is selected according to the requirements of

the LP? — VCO design [93].
3.2.2 Inductor Design

The symmetrical spiral inductors are designed using “Analysis and Simulation
of Spiral Inductors and Transformers” (ASITIC) for ICs [35]. The device is a
symmetrical inductor as can be observed in Ry, Rs, ¢} and ;. The inductor is
designed with top-metal layer (metal 6) with inner-turn of metal 5 using 0.18 pum
CMOS process technology. The top metal thickness is in the order of 2.3 ym. The
inductor is designed using single metal layer without metal stacking technique. The

metal stacking technique is widely used in standard digital process in which ultra-
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Figure 3.3 The s-paramecter analysis using Cadence to verify the pi-model
in 0.18 pm.

thick metal layer is not available. The inductor model is also verified using 1-port
analysis. The s-parameters analysis are carried out to verify the inductance value.
The effective L is at 1.24 nH at 4.224 GHz and quality factor is 6.1. The quality
factor (Q) and inductance variation against frequency is plotted in Fig. 3.3 [95].

The s-parameters analysis of symmetrical spiral inductor in 0.13 pm CMOS pro-
cess technology are also shown in Fig. 3.4. The simulated quality factor of the inductor
is in the order of 18. This inductor is designed using top metal layer Ultra Thick Metal
layer (UT M) and metal top (Met —Top). The summary of the simulation results and
inductor m-models for 0.18 pm and 0.13 pm CMOS process technologies are shown
in Table 3.1. This table includes the process technology, series inductance (L;), series
resistance (R,), parasitic capacitances, parasitic resistances, inductor ) factors and
self resonance frequencics of extracted spiral inductors.

The on-chip @-factor can be enhanced by using following possible methods. For
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Figure 3.4 The s-parameter analysis using Cadence to verify the mi-model
of 0.13 pum CMOS symmetrical spiral inductor.

Table 3.1 m-model of spiral inductors extracted from ASTTIC.

Tech(um) L.(nH) R,{Q) Bi(Q) Ci{fF) () CfF) Qu Qu for(GHZ)

0.i8 1.26 2.96 451 30 453 78 777 7.81 9.30 15.9
0.13 1.19 1.21 747.2 32.6 770.1 32.3 186 18.6 21.1 26.3
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the multiple winding inductors, the clectromagnetic loss is more at the center of the
spiral inductor. To avoid the electromagnetic loss, the innermost windings of inductor
should be removed. For higher inductance value, the multiple inner windings are used.
However, it results in loss, which can be reduced by optimum width of the inductor.

The on-chip spiral inductor performance is improved by using patterned ground
shield (PG S) under the inductor. The PGS is used to minimize the effects of electric
and magnetic coupling to the lossy substrate. The PGS can reduce the magnetic
image current loss. It blocks the electromagnetic energy coupling to the substrate and
reduces the eddy currents in the shield [96]. A patterned ground shield with inductor
is shown in the Fig. 3.5. A PGS will allow the shield currents to flow perpendicular to
conductive paths of spiral inductor. The PGS prevents the majority of eddy currents
flow parallel to the inductor. The patterned ground shield consists of polysilicon and
metal 1. The polysilicon slots are perpendicular to the current within the inductor.
The degradation of the quality factor {@Q) of the inductor can be compensated by
using PGS. The separation between PGS and top metal layers are chosen carefully
to enhance the performance of inductor. The metal 1 is used in the cross form over
the poly strips to provide the ground connection.

Appendix A describes the patterned ground shield design implemented in LP3? —
QVCO design no. 1 to 3. The inductor design parameters used in LP? — QVCO
design no. 4 to 7 ASITIC are also summarized in this chapter.

3.2.3 Integrated Capacitors

Capacitors are widely used in /C design processes. The metal-insulator-metal
(MIM) plate capacitors and polysilicon-based capacitors are mainly used. The MIM
capacitors are used commonly instead of polysilicon-based capacitors due to their
high ) factor and better performance. The MIM capacitor provides high ¢ and
low paragitic bottom plate capacitance. In this work, MIM decoupling capacitors
are used in the fabricated chips between power and ground pins. The decoupling

capacitors are used to avoid the voltage fluctuations. It also requires at least one
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Figure 3.5 Symmetrical spiral inductor layout with PGS.
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additional mask. A high @ metal finger capacitor can also be built by combing
metal fingers deeply. As technology scales down and more number of metal layers
are added to the metallization stack, its density tends to improve. However, there
is no further masking required for the metal {inger capacitors. Therefore, it is also
becoming a popular candidate in IC designs [97]. MIM capacitors are used in 0.18
pm LP?—QVCO and metal-metal finger capacitors are used in 0.13 um LP*—QVCO

designs respectively.
3.2.4 Varactor Design

Varactors are one of the important building blocks of the LC-tank. There are
different types of varactors used in the oscillator design. In this section, pn-varactors
and pMOS varactors are described briefly.

The reverse biased pn-junction varactors are commonly used in CMOS process
technology. pn-junction varactors are composed of p+, n— diffusions and N or P
wells. The pr-junction varactors provide the limited tuning range. In 0.18 gm process
technology, the pn-junction varactors are used in LP? — QVCO designs. The dc tune
voltage is varied from 0 V to 1.8 V and frequency tuning range of oscillator is achieved.
Both P+ and N-well taps arc connected using metal 5. Top metal connection is
recommended to minimize the interconnect losses.

The depletion mode pMOS varactors are used in 0.13 gm CMOS process tech-
nology. The drain, source and bulk (D = § = B) are combined together and de tune
voltage is applied at the gate of the transistor. The pMOS varactors are simulated
using “Cadence” tools [98]. The accumulation, depletion and inversion modes are
clearly shown in Fig. 3.6. The capacitance is changed from smaller to larger value.
The variation of pM QS transistor capacitance is plotted against dc tune voltage.
The simulation result is carried out in “Cadence Specter RF” [98]. The required

capacitance is expressed by E.q. (3.12),

Cy = Cop x W.L.f (3.12)
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Figure 3.6 Tuning characteristics of pMOS varactor.

where (), is the oxidation capacitance, W and I are the width and length of the

active device, and nf stands for the number of fingers.

3.2.5 Output Buffer Design

Buffers are necessary for V'O measurements to drive the instrumentation with
50 € load. Buffers should not load the oscillator excessively. In this work, on-chip
nMOS common drain (source follower) buffers are used. The common drain buffers
are shown in the Fig. 3.7. In Fig. 3.7 (a), the biasing resistor is used to bias the buffer
circuit. In Fig. 3.7 (b), two inductors are used. The 15.8 nH L; and L, are used at

the buffer’s gate and drain to avoid unwanted noise flow from the power supply. The
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Figure 3.7 {a) Common drain buffer with biasing resistor and (b) with
inductor.

nMOS device parameters are chosen to get output impedance of 50 §2. The output
impedance of common-drain is 1/g,,. The input capacitance of the common drain
buffer is low and its bandwidth is high. The buffer operates at 1.2 V and 1.8 V for
0.13 pm and 0.18 pm CMOS technologies, respectively. The bias voltage is controlled
through bond pads. At the output of the oscillator, a dc blocking capacitor is used.
As the oscillator de output level varies with the power supply, the buffer is AC coupled
to the oscillator output through 25 pF fingered metal 6 capacitor. In 0.18 pm CMOS
process technology, the MM capacitor exhibits small backplate parasitics. Common
drain buffer is added at each output of oscillator circuit and terminated with 50 €
resistor. The current consumption of each buffer in 0.18 um process is 2.4 mA from
1.8 V supply. The current consumption of buffer used in 0.13 pm process is 1.2 mA
from 1.2 V supply. The common drain buffer parameters are summarized in Table 3.2.
The nMOS transistor width is 100 pm used in 0.13 pm and 0.18 pm CMOS process
technologies. Tail biasing resistors arc also used in two LP? — QVCO designs. The
implementation is carried out using 0.18 pm CMOS process technology. The current
mirrors are also used in rest of the LP? — QVCO designs and fabrication is carried

out using 0.18 pm and 0.13 pm RF CMOS process technologies. The current mirrors
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Table 3.2 Common-drain buffer parameters.

Process (pm) Width (pm) Bias Voltage (V)

0.18 100 18

0.13 100 1.2
Vi To buffer 1 To buffer 2
T A A

Figure 3.8 Common drain buffer bias circuit.

circuit is shown in Fig. 3.8 and transistor parameters are summarized in Table 3.3. A
7.9 K2 biasing resistor ( Ryiqs) is used in current mirror design. The nM QS transistors
My, My and Mj are also used in current mirror circuit. The drain-gate voltage of
the M, is zero, therefore channel does not exist at the drain and transistor operates
in the saturated region when threshold voltage is positive. M is also called as diode
connected. Let’s consider Ms also operates in the active region and both transistors
have infinite output resistance. The drain current, of the M, is controlled by the Viggo,
which is equal to the Vggr [33]. The drain currents of the M, and M3 are same and
provided to the respective buffers of the QVCO.

The transistors width paramcters are also summarized in Table 3.3.
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Table 3.3 Buffer bias circuit parameters.

Device Parameter Valucs

Ryins 7.9 K§2
My 7.5 pm
M, 75 pm
M, 75 pm

3.3 LP3-QVCO Design

The LP? — QVCO is designed using innovative techniques. First, DS — VCO
topology is the best choice for the integrated low phase noise VCOs. Second, a tail
biasing resistor is used for LP® — QVCO biasing. The Ry, is used instead of active
device based current mirrors. Third, source damping resistors are used to achieve low
1/ f noise. Next, the pMOS varactors and pn-junction varactors are used in different
designs of LP? — QVCO. The common drain buffers are used at each output of
LP? — QV (O circuit.

Two fully differential LC-tank LP® — VCOs are parallel coupled to form LP? —
QVCO architecture. The coupling factor of the transistor is carefully chosen which
is 0.31 to achievable. The LP? — QVCO core is shown in Fig. 3.9. The nMOS
M1 ~ My and My, ~ M, transistors constitute the cross-coupled pairs. The cross-
coupled pairs generate the negative resistance to cancel the LC-tank loss. The Cyg,
represents the varactor capacitance. The Vi, represents the varactor de tune voltage.
The Viyne is varied from 0 V to 1.8 V for LP® — QVCO designs using 0.18 um process
technology. Similarly, the Viune is varied from 0 V to 1.2 V for the LP? — QVCO
designs using 0.13 pm process technology. The L represents the spiral inductor. The
V4 represents the de power supply voltage. The nMOS (M. ~ M,,) are coupling
transistors. The Rgnp shows the damping resistor. The LP? — QVCO is biased

with Ry resistor. The unwanted 1/f noise contribution of active device is removed.
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Figure 3.9 LP*-QVCO with nMOS coupling.

The A, B, C and D represent the I+, I—, Q+ and — signals of LP® — QVCO.

The operation of the @V CO can be explained as a linear feedback loop shown in
Fig. 3.10 (a). The large signal transconductance of nMOS (M,,; ~ M) and pMOS
(Mpy ~ M,4) cross-coupled pairs can be written as —G,, . The nMOS My ~ My
are the coupling transistors and transconductance is —G, which forces two LC-tank
VCOs to oscillate in quadrature. Fig. 3.10 (a) can be simplified as shown in Fig. 3.10
(b). The negative resistance cancels the LC-tank loss (i.e. neglecting Rr®). Now,
congider the LC-tank oscillates at desired frequency and generates the voltage 7+
and this voltage is transferred into point 4 through the transconductance of coupling
transistor. The current enters into the tank 4 must be 90° out of phase with the
voltage ()J— across the tank. Thus, [+ and ¢— are in quadrature. This process

continues around the loop*. The signal moves from I+ to Q—, @— to I—, I— to Q@+

3R is the parallel equivalent resistance, representing the losses from the passive components in

EC-tank circuit, discussed in Chapter 2.
4The total phase shift around the loop should be 360° and the gain is designed to be greater than



3.3 LP3-QVCO Design

68

(b)

Figure 3.10 LP3-QVCO block diagram (a) with differential LC-tank VCO,
-G, cireuit and coupling transistors (b) simplified block diagram and assum-
ing Rygni compensated by -Gy, np.
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and Q)+ to I+. Hence, each output signal exhibits the phase difference of 90°. At I+,
I—, @+ and Q— outputs, 360° or 0°, 270°, 90°, and 180° are obtained, respectively
[99]. The LP? — QVCO circuit with common drain buffer is shown in Fig. 3.11.
The de blocking capacitor (Cge_tieer) 18 used at the output of the LP*—QVCO. The
LP3 — QVCO core output is applied at the gate of buffer. Finally, the output signal
is achieved at the respective bond pad. The output common drain buffer exhibits the
impedance of 50 §2. The Iy;,s represents the buffer bias. The buffer biasing is carried
out by using R, and active device based current mirrors.

The tail biasing reststor, source damping reststors and multifinger gate structure
of the MOS transistors are used together in the proposed LP? —QVCO architecture.
The p-channel MOSFET device exhibits low 1/f noise as compared to n-channel
device. The source damping resistors are used to reduce 1/f noise in the oscilla-
tor. However, oscillator exhibits the large output signal which results in the large
transconductance {g,,) variations. Therefore, it may generate the excess 1/f noise
current at the output. The excess 1/f noise results in the degradation of oscillator’s
phase noise. However, the proper selection of damping resistor results in a minimum
phase noise of an oscillator {4]. The other technique includes the multifinger gate
structure of MOS8 devices. The optimum value of source degeneration resistor results
in the reduction of input gate resistance, leads in the improvement of RF' power and
better 1/f phase noise performance [63]. The multifinger gate structure configura-
tion of pMOS device is also used to achieve better phase noise performance. In third
method, a tail biasing resistor is adopted instead of current mirrors [62].

These technigues are combined together in VCO circuit which exhibits 16 dB
better phase noise results as compared to conventional VCO [95]. Therefore, the
same method is applied for the proposed LP3? — QVCO circuit to achieve low power,
low phase noise and low phase error.

In the following sections, seven LP3 —QV CO designs are described and discussed.

The LP? — QVCO implementation is carried out using 0.18 pm and 0.13 pm CMOS

1, hence meeting the “Barkhausen criteria” for the oscillation.
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and RF C'MOS process technologies, respectively.

3.3.1 LP*-QVCO Design No. 1

In this section, a 2.8 GHZ LP? —QVCO design topology is discussed. The LP3 —
QVCO design no. 1 is shown in Fig. 3.12. Two LP? VCOs arc parallel coupled
by pMOS (Mg ~ M.y) transistors to form a quadrature VCO. The cross-coupled
pairs consists of (M,1 ~ M,4) and (Mp ~ Mp,) transistors. The equivalent circuit
LC-tank loss is compensated by cross-coupled pairs. LC-tank consists of circular
spiral inductors and pn-junction varactors to achieve the required frequency. The two
circular spiral inductors with PGS are configured in parallel to achieve the inductance
of 1.13 nH. The pn-junction based varactors are used in this design.

LP? —QVCO is designed using 40 £ source damping resistor (Rgy,,), multifinger
gate structure of MOS device and 130 2 tail biasing resistor (Ryy). The LP® —
QVCO biasing transistors are replaced by tail resistor. These methods lead to the
low power dissipation and 1/f noise improvement in LP? — QVCO. The common
drain output buffers are used at each output of LP? — QVCO. The transconductance
of common drain buffer is 20 mS. The dc blocking metal insulated metal (MIM)
capacitors are used at each output of LP® — QVCO core. The buffers are biased
when dc bias voltage (V;) is applied at the respective bond pads. The biasing voltage
of 1.8 V is applied to achieve the cutput impedance of 50 £2. The tail biasing resistors
are used instead of current mirrors. The LP? — QVCO design is carried out by using

0.18 pm, 1 poly and 6 metal RF CMOS process technology [100].
3.3.2 LP3-QVCO Design No. 2

Two fully differential LC-tank LP3—V COs arc parallel coupled by nM OS (Mg ~
M_.) transistors to form LP? —QVCO. The quadrature output signals are generated
by coupling LP? — VCOs. The LP® — QVCO design no. 2 is shown in Fig. 3.13.

The circular spiral inductors with patterned ground shield are used in LC-tank of
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Figure 3.12 Schematic of LP3-QVCO design no. 1 with output buffers.
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LP3—QVCO. Two inductors are configured in parallel to achieve 1.13 nH inductance
value. The patterned ground shield (PGS) is used under the inductors to improve
by @ factor. The on-chip common drain buffer is used at each output of LP* —
QVCO with transconductance of 20 mS. The biasing resistors {Ryq) are used for
the buffer’s biasing between source and ground terminal of buffer transistor. The
inductive degeneration technique is used to avoid power supply noise with common
drain buffer. A 15.8 nH inductor (Ls) is used at the drain of the buffer transistor.
The Lo blocks the noise signal from power supply. The buffer is biased with 1.8 V
dc voltage. The 15.8 nH inductor (L) is used between Viq, and buffer gate. The
32 pF dc blocking MIM capacitor (Cyeiock) is used to avoid the dc signal flow
from the output of the oscillator. The 20 pF MTM capacitors (Cyeqp) are used at
each side of LP? — QVCO. The Cyep are used between power supply and ground
terminals to avoid power supply variations. The 40 2 source degeneration damping
resistor (Rymp), 70 (1 tail biasing resistor (Ryuy) and multifinger gate structure of
MOS device are used in this design. The LC-tank consists of pn-junction varactors
and circular spiral inductors. The LP% — QVCO is designed using 0.18 um, 1 poly
and 6 metal CMOS process technology [101].

3.3.3 LP?*-QO Design No. 3

LP? quadrature oscillator {QO) is also designed using the same technique as
mentioned in LP? — QVCO design no. 2. The LP® quadrature oscillator (QO)
is shown in Fig. 3.14. The only difference between LP® — QO design and design
no. 2 is the absence of varactor circuit. In this design, the inductors and parasitic
capacitances result in the oscillation of circuit. The rest of the schematic is same
as compared to design no. 2. In this design, the frequency tuning range can not be
achieved as there is no variable capacitor. The quadrature oscillator operates at fixed
frequency of 3.8 GHz with quadrature outputs. The Ry, Riu and multifinger gate
structure of MOS devices arc integrated in the LP? — QO. The MIM decoupling

capacitors arc also used at the output of LP® — QO. The quadrature oscillator is
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Figure 3.13 Schematic of LP*-QVCO design no. 2 with output buffers.
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designed using 0.18 pm, 1 poly and 6 metal CMOS process technology.
3.3.4 LP3*-QVCO Design No. 4-5

This section, presents the LC-tank based LP? — QVCO design no. 4 and 5. The
LP? — QVCO designs use the combination of source damping resistor, tail biasing
resistor and multifinger gate structure of MOS device. The LP? — QVCO design is
shown in Fig. 3.15. Two fully differential LC-tank LP?® — V(COs are parallel coupled
by pMOS {My ~ M) transistors to form LP? — QVCO. The coupling factor of
0.31° is chosen to achieve better phase accuracy. The LP? — QV C'O design no. 4 and
5 consist of My ~ Mpy and M, ~ My cross-coupled pairs. A symmetrical spiral
inductor is designed and extracted in ASITIC with the quality factor of 18.6. The
polysilicon patterned ground shield (PGS) is used to enhance the quality factor of
the inductor. LP? — QVCO uses the combination of 40 © source damping resistor,
multifinger gate structure of pMOS based varactors and 102 2 tail biasing resistor.
The two designs are fabricated with different gate finger width configurations of the
pMOS varactors. A 4.3 GHz LP? — QVCO design no. 4 uses (3.125 pm x 64 = 200
pm) and LP? —QVCO design no. 5 uses (8 um x 25 = 200 um), respectively. Where
3.125 pm is the width per finger, 64 pm and 25 pm are the total number of fingers.
The total gate width of pAMOS varactor is 200 pm. Both designs use common drain
buffers (source-follower) circuit at each output. The buffer parameters are designed
to achieve 50 Q output impedance. A 10 pF dc blocking capacitor (Cy. pock) is used
at cach output of the LP? — QVCO. The decoupling capacitor (Clcap) of 20 pF
is also used between Vyz and ground terminals at each side of LP? — QVCO. The
LP? — QVCO design no. 4 and 5 implementation is carried out using 0.13 pm, 1
poly and 8 metal RF CMOS process technology.

®The coupling factor vs phase error variation plot is shown in Chapter 5.
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3.3.5 LP3QVCO Design No. 6 - 7

Two complementary LP? — VCOs arc parallel coupled by pMOS (My ~ M)
transistors to generate quadrature output signals. The tail biasing MOS8 current
mirror is replaced with tail biasing resistor, multifinger gate structure of MOS device
and source damping resistor are the techniques used to achieve low phase noise in
the LP? — QVCO designs. The pMOS varactors are used in both design. Both
LP? — QVCOs are designed with different gate finger width configurations of the
pMOS varactors to show phase noise improvement. The LP? — QVCO design no. 6
uses (3.125 pm x 64 = 200 pm) while LP? — QVCO design no. 7 uses (8 pm x 25
= 200 pm) gate finger width configuration of pMO.S varactor, respectively. Where
3.125 pm is the gate width of each finger, 64 and 25 are the total number of gate
fingers. Both LP? — QVCO designs use the 1.12 nH spiral inductor. The spiral
inductor is extracted using ASITIC. The dc blocking capacitor (Cy._piock) of 1 pF
is used at cach output of LP® — QVCO to block dc signal. The 20 pF decoupling
capacitor {Cyep) is also used between Vyy and ground metal wires at each side of the
LP3 — QVCO. The active device based current mirrors are used to bias the buffers.
The current mirrors are shown previously in Fig. 3.8. A common drain buffers are
also used in both designs, shown previously in Fig. 3.7 (a). The buffer is biased when
1.2 V dc voltage is applied at respective bond pad (V;). The LP?® — QVCO design
no. 6 and 7 are similar to the LP® — QVCO design no. 5 and 6 shown in Fig. 3.15
cxcept (Cyepioek) capacitance values. The proposed LP? — QVCO is designed using
0.13 pm, 1 poly and 8 metal RF CMOS process technology [102].

3.3.6 LP3-QVCO Component Parameters

The parameters of above mentioned LP? — QVCO designs (design no. 1 - 7) arc
summarized in Table 3.4. The nMOS and pMOS switching transistor’s width and
length ratios are represented by (W,/L), and (W,/L),, respectively. The (W,/W,)

represents the width ratio of the coupling transistor to switching transistor, respec-
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Table 3.4 QVCO design parameters summary.

Desgign  Process (pm) L (nH) Var dimensions (We/Lyn (We/L), W./W,

1 0.18 1.13 pn-var (0.5 pF) 444 1111 0.32
2 0.18 1.13 pn-var (0.63 pF) 388 1111 0.28
3 0.18 1.13 - 388 1111 0.28
4 0.13 1.12 3.125 x 64 = 200 pym 384 1538 0.31
5 0.13 1.12 8 »x 25 = 200 pm 384 1538 0.31
6 0.13 1.12 3.125 x 64 = 200 pm 384 1538 0.25
7 0.13 1.12 8 x 25 = 200 pm 384 1538 0.25

tively. Three LP?® — QVCO architectures (design no. 1 to 3) are designed by using
0.18 ym CMOS and RE CMOS process technology. The coupling factor of 0.32
and 0.28 are chosen for the design no. 1, design no. 2 and design no. 3, respectively.
The design no. 4 to 7 LP? — QVCO architectures are designed by using 0.13 ym RF
CMOS process technology. A pMOS based varactors with multifinger gate width
configuration are used in design no. 4 to 7. The coupling factor of 0.31 is used in
design no. 4 and 5, respectively. This table also includes the inductance, varactor
values and process technology. The design no. 4 to 7 use 1.12 nH symmetrical spiral

inductors. Both inductors use P(§ to avoid eddy current losses.
3.4 LP?>-QVCO Design Flow

The LP? —QV O architecture design flow is shown in Fig. 3.16. First, the design
of D& -V 'O with source damping resistors, tail biaging resistors and multifinger gate
width configuration of the pAOS based varactors are implemented [95]. The design
and optimization of power consumption, phase noise and phase error are carried out
for LP? — VCO architectures. The LP® — VO is redesigned, if required results are
not achieved. Next, two VC'Os are parallel coupled by nMOS or pMOS transistors
to form LP®—QV CO architecture. The LP?—QVCO architectures are designed with
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the integration of above mentioned techniques. The phase noise, power consumption
and tuning range optimizations are also carried out for LP? — QVCO architectures.
Finally, LP® — QV CO integration is carried out with 50 {2 ocutput buffers.

The implementation strategy is also explained in Chapter 4. Based on the con-
clusion and optimization, LP? — QVCO architectures are implemented with common
drain buffers. The LC-tank design includes the integration of spiral inductors with
PGS, The circular spiral inductors and symmetrical spiral inductors are used in
the designs of LP® — QVCO. The pn-junction varactors and pAOS varactors are
implemented in different LP? — QVCO designs.

3.5 Summary

In this chapter, the innovative techniques are integrated in DS — VCO design.
The DS — V(O design is leading towards the design of the LFP? — VO architecture.
The LP? — VCO architecture is used in the design of LP® — QV Q. Different
LP? — QVCO designs are presented in this chapter. The innovative oscillator design
techniques are also summarized in this chapter. Source damping resistor, tail biasing
resistor, multifinger gate structure of the MOS varactor and fully differential VCO
structure are adopted in the design of LP? — VO architecture. Next, spiral inductor
designs are presented in 0.18 pum and 0.13 pm CMOS process technologies. The s-
parameters analysis are also carried out to verify the inductor w-model. The inductor
m-model is extracted from ASITIC. The patterned ground shield (PGS) is used
under the inductor to reduce the eddy currents. The integrated capacitors such
as MIM and finger capacitors are also described, briefly. Next, different types of
varactor designs are also discussed. This includes the pn-junction varactors and
pMOS based varactors. The simulation results show the pA O S varactor capacitance
behavior with the variation of the dc tune voltage. Common drain buffer with 50
impcdance matching is also presented. Next, seven LP? — QVCO designs with the
integration of buffer eircuits and parameter values are discussed. The LP? — QVCO

design performance parameters are also summarized. Finally, the LP3 — QVCO



CHAPTER 4

LP3-QVCO IMPLEMENTATION

4.1 Introduction

The oscillator designs are fabricated on a wafer and testing is carried out in the
laboratory. The laboratory equipment varies from small multimeters to signal source
analyzer (SSA) or spectrum analyzer (SA). The testing of device is carried out in dif-
ferent ways, as mentioned in state of the art work [103], [104], [105], [106]. One method
is on-wafer probing while other method involves the printed circuit board (PCB) for-
mation and testing. In this work, the device under test {DUT) is done by on-wafer
probing to avoid the packaging of the chips. However, on wafer testing method in-
troduces challenges due to low substrate resistivity and low conductive metallization
which cncountered with low cost process. This requires a large pad size in the adap-
tion of cascade ground-signal-ground (GSG) and ground-signal-ground-signal-ground
{GSGSG) microprobe electrode probing provides significant rise in the pad substrate
capacitance with a tradeofl of lower d¢ contact resistance. The (GSGSG) bond pad
configuration is also implemented with LP? — QVCO designs. The bond pads are
used to measure the outputs, and to provide necessary dc voltage signals [105]. A
testing and requircments of system-on-chip (SOC) has also been proposed [106]. The
measurement test setup for LP? — QVCO designs is also described. The physical
realization of the LP?® — QVCO designs are also presented. LP? — QVCO layouts

and fabricated chips are also discussed with their pin configurations.
4.2 Implementation and Layout

After designing the circuits at transistor level, the next step is to prepare the

designs for implementation. The symmetrical layout design of the LP? — QVCO

83
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circuits is necessary for the achievement of better output performance results. In
this scction, seven layout designs of the proposed LP? — QVCO are presented. The
layouts are designed in “Virtuouse layout editor” using “Cadence” [98]. The layout

verifications are carried out by “Caliber” (Mentor Graphics) tools [107].
4.2.1 Layout of Design No. 1

The LP? — QVCO layout design no. 1 is shown in Fig. 4.1. It includes the
LC-tank circuit and a cross-coupled transistor pairs. The inductors are configured in
parallel combination to achieve the required inductance value. The 3D “Electrom-
Magnetic” (FM) [38] simulations are required to be carried out to ensure the de-@
of the inductors. The parallel combination of the inductors occupy larger area of
the chip, and ) performance is also influenced by the parallel combination of the
inductors. The circular spiral inductors are used with PGS to avoid the eddy currents.
The pn-junction diode based varactors are also clearly indicated in the layout. The
MIM decoupling capacitors are also shown in the Fig. 4.1. The power supply is
decoupled with the utilization of M IM decoupling capacitors between positive power
supply and ground terminals. The common drain buffers are also implemented at
each output of the LP? — QVCO circuit. The ground-signal-ground-signal-ground
(GSGSG) bond pad configuration is implemented in the layout designs. The bond
pads clearly indicate the signal names. Metal 1, metal 2 and metal 3 are used in the
layout design no. 1. The higher metals are not used for components conncctions.
In this design, the active devices are covered by double guard rings to increase the
substrate isolation. The LP® — QV CO layout is designed by utilizing 0.18 ym, 1 poly
and 6 metal RF CMOS process technology.

4.2,2 Layout of Design No. 2 and 3

The LP? — QVCO layout design no. 2 and 3 are described in this section. The
layout designs of LP? — QVCO and LP? — QO are shown in Fig. 4.2 and Fig. 4.3,



4.2 Implementation and Layout B5

MIM
Capacitors

Active

e el
SR
B

AR

Spiral
Inductor
with PGS

T
g D R

7

devices

1

ﬁ
RN 4
S -
, pn

.

DRI, T
=
3
8
—
5
>

T

Figure 4.1 Layout of design no. 1



4.2 Implementation and Layout 86

MIM
Cuapacitors

PGS
Spiral
Inductor

pn-
varactors .

E o 8 0 Active
4 devices

oy R,

o N
: S

anerbtaarraenrhentrer

il
WYy =l Our 1

Figure 4.2 Layout of design no. 2



4.2 Implementation and Layout 87

VIR P PPREET

MIM
Capacitors

Spiral
Inductor

Figure 4.3 Layout of design no. 3



4.2 Implementation and Layout 88

respectively. The major portion of the layout is occupied by the circular spiral in-
ductors. The LC-tanks of both layouts compromise four circular spiral inductors
with patterned ground shields (PGS). MIM decoupling capacitors are used between
power supply and ground wires at cach side of the layout to avoid the power sup-
ply variations. The pn-junction varactors are also used in LC-tanks of both layout
designs. MIM capacitors arc also used at each LP® — QVCO output and buffer to
block the de signal. Common drain buffer configuration is shown in Fig. 3.7 (b). The
total eight 15.8 nH inductors are utilized in both layout designs. The four common
drain buffers contain the eight spiral inductors. Fig. 4.3 shows the layout design of
the LP? — QO circuit. It occupies the same area as in the layout design no. 2 shown
in Fig. 4.2, The transistors, M IM capacitors and resistors arc surrounded by double
guard rings in both layout designs. The double guard rings are used with n-type tied
to dc power supply Vi and connecting p-type to ground terminals to provide the
substrate isolation [108]. The ground-signal-ground-signal-ground (GSGSG) bond
pad configuration is used in both layout designs. The dummy (D) bond pads are also
implemented in both layout designs. The layout implementations of both circuits are

carried out using 0.18 pm, 1 poly and 6 metal CMOS process technology.
4.2.3 Layout of Design No. 4 and 5

In Fig. 4.4 and Fig. 4.5, the symmetrical layouts are designed for the LP*—QVCO
circuits. The center tapped symmetrical spiral inductor with PGS is implemented in
both LP? — QV CO layout designs, shown in Fig. 3.5. The “ultra-thick metal” UTM
is used in most of the layout component connections. The sheet resistance of (UT M)
is 5.2 Q. The “metal-top” {M — Top) with sheet resistance of 22 Q is also used
in both layout designs for component interconnections. The pMOS varactors with
different finger width configurations are implemented in both designs. The strip and
square shaped layouts of pMOS varactors are implemented in LP? — QVCO design
no. 4 and 5, respectively. The physical realization of the pM (S varactors used in

LP?® — QVCO design no. 4 and 5 are shown in Appendix B. The multifingers gate
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width configuration of design no. 4 and 5 result in different layout shapes. The dc
power supply Vgq is decoupled by using finger capacitors (FM — 6). The decoupling
capacitors are implemented at positive power supply and ground terminals. The de
blocking capacitors (FM — 6) are also used at the core output of LP®* —QVCO. The
common drain buffer configuration is shown in Fig. 3.7 (a). The buffer bias voltage is
applied at V3 bond pad. The tuning voltage is applied at V; bond pad. The ground-
signal-ground-signal-ground (GSGSG) bond pad configuration is used in the layout
design. The layout implementations of both circuits are carried out using 0.13 pm, 1

poly and 8 metal RF CMOS process technology.
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4.2.4 Layout of Design No. 6 and 7

The layout design no. 6 and 7 are shown in Fig. 4.6 and Fig. 4.7, respectively.
The center tapped symmetrical spiral inductor with PGS is used in these layouts.
The inductors are placed in the center of the chip as compared to the design no. 3
and 6. The multifingers gate width configuration of pMOS varactors are used in
both designs. The physical realization of the pA QS varactors used in LP? — QVCO
design no. 6 and 7 are also shown in Appendix B. The fingers capacitors (F'M — 6)
are also implemented at positive power supply voltage Vi and ground terminals, at
each side of the circuit. The GSGSG bond pads configuration are also shown in both
layout designs. The ground bond pads are distributed around the chip to reduce the
effect of inductive down bond [56]. The common drain buffers are also implemented
at each output of the LP? — QV (O design. The common drain buffer is shown in the
Fig. 3.7 {(a), previously. The ground-signal-ground-signal-ground GSGSG bond pad
configuration is also implemented in both LP® — QVCO layouts. The buffer bias,
positive de power supply and dc tuning voltages are applied at the respective bond
pads. The layout of both circuits are designed by using 0.13 pgm, 1 poly and 8 metal
RF CMQOS process technology.

4.3 LP?-QVCO Chip Pin Configurations

Fig. 4.8 shows the chip pin configurations of LP3 — QVCO designs. Fig. 4.8 (a)
shows the pin configurations of LP? —QVCO design no. 1, 4, 5, 6 and 7, respectively.
There are 20 I/0O pin connections of LP® — QVCO design no. 1, 4, 5, 6 and 7. The
pins configuration of LP? — QVCO design no. 2 and 3 are shown in the Fig. 4.8 (b).
Total 32 I'/O pins are used in the implementation of LP? — QVCO design no. 2 and
3. However, the pin signals arc different for LP® —QVCO designs. The configuration
of each die pin is summarized in Table 4.1. This table describes the ground, positive
dc power supply, buffer biasing voltage, dc tuning voltage of varactor, dummy and

output pins of LP? — QVCO designs. The Vy pin indicates the positive voltage
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Figure 4.8 LP? — QVCO chips configuration for (a) 20 pins and (b) 32
pins.
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Table 4.1 LP3-QVCO chips pin configurations.

Design
No.

Ground

Pins

Vie  Buffer Bias

Pins Pins

Vi

Pins

DPummy

Pins

Qutputs

Ping

1

1,3,5,6 8
10, 11, 13, 15
16, 18, 20
1,3, 5, 6,8,
10, 12, 14, 16,
17,19, 21, 22,
24, 26, 28, 30,
32
1,3,5,6,8,
10, 12, 14, 18,
17, 19, 21, 22,
24, 26, 28, 30,
32
1, 5, 6, 10,
11, 15, 16, 20
1,3,5,6,8,
10, 11, 15,16
18, 20

19 17

23,31 7,913,156

23, 31

7,9, 13, 15

19 9,17

14 2,4

7

25, 29

7

12

9

11, 27

11,27

3, 8,13, 18

13

2,4,12, 14

2,4, 18, 20

2, 4, 18, 20

2,4,12, 14

7,9,17,19

supply. The V; pin indicates the de tune voltage. The de tune voltage is varied and
LP? — QVCO is set at different output frequencies. The {D) pin is a dummy or it
has no-connection with circuit. The Out 1, Out 2, Out & and Out 4 indicate the
LP? - QVCO buffer outputs. The buffer bias V, pin indicates the buffer biaging
voltage. The buffer bias voltages are 1.2 V and 1.8 V for the LP? — QVCO designs

implemented using (.13 pm and 0.18 pm process technologies, respectively.
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4.4 LP*-QVCO Measurement Test Setup

The LP? — QVCO designs are measured on wafer probing method. The micro-
probe station {(model 9000), parameter analyzer (PA), digital oscilloscope, spectrum
analyzer (SA), bias tee and signal source analyzers {SSA) are used to measure the
LP3 — QVCO {fabricated prototypes. Next, a brief overview of above mentioned

equipment is given.

e A precision semiconductor parameter analyzer (PA) (Agilent 4156C) [39] is
used to provide the de sweep analysis, currents and power consumption of the

designs.

e Probe station is used to measure the LP® — QVCO on-wafer designs. The
ground-signal-ground-signal-ground (GSGSG) configuration is used for the wafer
probing.

e Spectrum analyzer (Agilent E 4440A) [39] is used to measure the output fre-
quency spectrum and output RE power of LP3 — QVCO designs.

o Signal source analyzer (SSA) (Agilent E 5052A) [39] is used to measure the
phase noise of the LP® — QVCO. Averaging (200 times) is also selected to

achicve optimum value of phase noise.

e Tektronix digital phosphor oscilloscope (TDS 3012B) is used to measure the
quadrature outputs, phase difference and transient sweep of the oscillator. Two

LP? — QVCO outputs are connected simultaneously to the oscilloscope.

e The bias tee is used to provide the LP? —QVCO output connection to spectrum

analyzer, signal source analyzer and digital oscilloscope.

Each time two LP?—QV CO outputs are measured using bias tee with termination
resistance of 50 2. The LP? — QVCO measurement test setups for phase noise, RF

output power, frequency spectrum and transient analysis are shown in Fig. 4.9. Phase
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Figure 4.9 (a) LP3-QVCO measurement test setup for phase noise (b) LP3-
QVCO measurement test sctup for RF output power and frequency spectrum
and (c) LP3*-QVCO transient signal measurement setup.
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noise measurement setup is shown in Fig. 4.9 (a). This setup contains the device under
test (DUT'), paramcter analyzer, bias tee and signal source analyzer. Signal source
analyzer (SSA) is used to measure the phase noise of LP? — QVCO. The output
frequency spectrum and RF power level measurement test setup is shown in Fig. 4.9
(b). The spectrum analyzer is used for the measurement of frequency spectrum
and output power signal level. The transient analysis and quadrature phase error
measurement test setup is shown in Fig. 4.9 (c). The digital oscilloscope is used to

measure the transient analysis and phase accuracy of the quadrature outputs.
4.5 LP3-QVCO Fabricated Chips

The LP3? — QVCO designs are fabricated using 0.18 ym and 0.13 pm standard
CMOS and RF CMOS process technologies.  This section, describes the seven
fabricated LP? — QVCO die designs. On-chip common drain buffers are also imple-
mented at each output of the LP® — QVCO designs. Three LP® — QVCO designs
(design no. 1, 2 and 3) are implemented using 0.18 pm process technology while
remaining designs are fabricated using 0.13 pm process technology. The magnified

micrographs of the fabricated dies are captured by microprobe station camera.
4.5.1 LP*QVCO Fabrication Using 0.18 um Process

" The fabricated LP® — QVCO design no. 1 die micrograph is shown in Fig. 4.10.
LP? — QVCO dic contains the pn-junction varactors and inductors. Two parallel
circular spiral inductors are used to get the required inductance value. The PGS
utilization is clearly shown. The MIM decoupling capacitors and pn-junction based
varactors arc also clearly indicated. The active devices arc also encircled. Design no.
1 occupies an area of 3.3 mm?. The LP? — QVCO design no. 1 implementation is
carried out using 0.18 pm, 6 metal and 1 poly RF CMOS process technology.

The fabricated LP? — QVCO design no. 2 die micrograph is shown in Fig. 4.11.

This design is fabricated with on-chip common drain buffers. The bufter configuration
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Figure 4.10 Design no. 1. A 2.8 GHz LP3-QVCO magnified micrograph.

contains inductors to avoid unwanted noise signal flow from dc power supply. The
MIM capacitors, active device area, pn-junction varactors and spiral inductor with
PGS are clearly indicated in Fig. 4.11.

Design no. 3 die magnified micrograph is shown in Fig. 4.12. In this design, the
varactors are not used and LP? — QO operates at the center frequency of 3.8 GHz.
Design no. 2 and 3 consume the same chip area of 5.5 mm?. Design no. 2 and 3
implementations are carried out using 0.18 pm, 6 metal and 1 poly standard CMOS

process technology.
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Figure 4.13 Design no. 4. A 4.35 GHz LP?-QVCO magnified micrograph.
4.5.2 LP*-QVCO Fabrication Using 0.13 ym Process

The fabricated LP? — QVCO design no. 4 die micrograph is shown in Fig. 4.13.
The symmetrical spiral inductor with PGS is implemented in this design. The pMOS
based varactors are used to achieve variable capacitance value. This design operates at
the center frequency of 4.35 GHz. Fig. 4.13 also shows the finger capacitors (F'M —6).
This pMOS varactor uses smaller finger gate width (3.125 ym) configuration.

The micrograph of design no. 5 is shown in Fig. 4.14. The center frequencies
of design no. 4 and 5 are same. The pMOS varactor uses 8 pum finger gate width
configuration. The pMOS varactor is square shaped. Design no. 4 and 5 occupy the
die area of 2.2 mm?.

Design no. 6 die micrograph is shown in Fig. 4.15. This LP?® — QVCO design

operates at the center frequency of 5.1 GHz. The symmetrical spiral inductors are
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Figure 4.14 Design no. 5. A 4.35 GHz LP3-QVCO magnified micrograph.
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Figure 4.15 Design no. 6. A 5 GHz LP*-QVCO micrograph.
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Table 4.2 Dimensions of fabricated LP*-QVCO chips.

Design no. Process (pm) Dimensions (mm?)

1 0.18 21 x15=33
2,3 0.18 25 x22=55
4,5 0.13 1.7 x 13 =22
6,7 0.13 1.1 x 0.87 = 0.95

integrated in the center of die as compared to design no. 4 and 5. Both designs use
different finger gate width configuration of pM QS varactors. Design no. 7 micrograph
is shown in Fig. 4.16. The operating frequencies of design no. 6 and 7 are same. The
design no. 6 and 7 occupy the die area of 0.95 mm?. The LP? — QVCO design no.
4 to 7 are implemented using 0.13 pm RF CMOS process technology with 8 metal
and 1 poly.

All fabricated LP? — QVCO chip dimensions are summarized in Table 4.2. This
table includes the design numbeors, process technologics and dimensions of the fabri-
cated LP® — QVCO chips. The smallest LP? — QVCO design no. 6 and 7 occupy an
area of 0.95 mm?. The difference between design no. 2 and 3 is of varactor circuit.

Design no. 4 and 5 also occupy the same chip dimensions.
4.6 Summary

This chapter describes the implementation of seven LP® — QVCO designs. The
physical realization for LP? — QV CO designs are also described with bond pad con-
figurations. The LP® — QVCO chip pin configurations, implementation and mea-
surement test setups are described. The measurement setups for phasce noise, power
dissipation, output frequency spectrum, transient analysis and phase error are alsc
presented. The measurement equipment includes probe station, spectrum analyzer,

signal source analyzer, digital oscilloscope and parameter analyzer. The fabricated
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LP? — QVCO die micrographs with their dimensions arc also summarized in this

chapter.



CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents the simulation and measured results for LP® — QVCO de-
signs. The simulation is carricd out by using “Cadence-Spectre RE” “Analog Design
Environment” tools. The designs are measured in laboratory with the measurement
sctup discussed in the chapter no. 4. This chapter also includes the measured data
plots of the LP? — QVCO designs. In this chapter, LP® — QVCO design no. 4
measurement and simulation results are shown and discussed in detail. The rest of
LP? — QVCO results are discussed in Appendix C. The implemented LP® — QVCO

designs are also compared to existing state of the art work in QVCOs.
5.2 LP%QVCO Simulation and Measurement Results

This section describes the simulation and measurement results for LP? — QVCO
designs. The LP? — QVCO designs are implemented with on-chip common drain
buffers using 0.18 pum and 0.13 pm standard CMOS and RF CMOS process tech-
nologies. The results are measured at the /0 bond pads. The inductors occupy the
major arca of the chips. The pn-junction and pMOS varactors are also implemented
in the LP? — QVCO designs.

The source damping resistance is varied and optimum value is selected. The
phase noise and Rgp, resistor simulation results are plotted. The 40 0 Rgp,, shows
better phase noise as compared to other values shown in Fig. 5.1. The quadrature
phase error accuracy plot is shown in Fig. 5.2. The simulated phase error is plotted
against coupling factor. The optimum value of K is selected and implemented in the

LP? — QVCO design no. 4.

109
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The dec analysis, transient analysis and phase noise analysis are carried out for
LP? - QVCO designs. The transient analysis for LP? — QVCO design no. 4 is
shown in Fig. 5.3. The transient analysis contains four outputs ({4, I—) and (@Q+,
@Q—) signals. Fach output waveform exhibits the phase difference of 90° to other
waveform. The maximum output voltage V,,_, signal is 495 mV. The transient signals
arc obtained at cach output of LP3 — QVCO buffer. The time period (T) of each
sine wave is 208.3 ps. The operating frequency (#) can be calculated by F = % The
calculated frequency is 4.8 GHz for this design.

The simulation results for LP® — QVCO designs are summarized in Table 5.1.
This table describes the center frequencies, phase noise, and power dissipation for
LP? — QVCO designs. The phase noise is measured at the offset frequency of 1
MHz. In Table 5.1, the simulation results for design no. 1 to 3 are the post layout
simulation results which are implemented using 0.18 ym RF CMOS and CMOS

process technology respectively. For the design no. 4 to 7, the results are based on
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Figure 5.3 Transicnt analysis of simulated LP3-QVCO design.

schematic simulations, implemented using 0.13 pum Rf CMOS process technology.
The LP? — QVCO design no. 4 measurement results are presented in this section.
The remaining LP?* — QV QO measurement results are shown in appendix C.

The dc bias current of the chip is measured by semiconductor parameter analyzer.
The 1.2 V de voltage is applied at Vi bond pad. The buffer bias voltage of 1.2 V is
also applied at the respective bond pads. The total power dissipation for fabricated
chip is 10.4 mW. The dec tuning voltage of 0 V to 1.2 V is applied at the respective
bond pad and output frequency variation is recorded.

Each output of LP?® — QV O exhibits the phase shift of 90°, The phase error
is measured using digital oscilloscope and is shown in Fig. 5.4. The phase error is

calculated by using Eq. (5.1),

Phase Error = 360° x f, x A (5.1)

where f, is the operating frequency of the oscillator and A is the phase shift between
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Table 5.1 LP*-QVCO simulation results summary.

Design  Technology Center Frequency  Phase Noise @  Core Power

No {pm) © fo (GHz) 1 MHz (dBc/Hz) (mW)
1 0.18 3.83 -115.9 6.9
2 0.18 3.84 -115.2 9.2
3 0.18 4.4 -113.6 5.2
4 0.13 4.81 -111.6 2.88
it 0.13 4.81 -110.9 2.88
6 0.13 5.15 -109.3 2.86
7 0.13 2.15 -108.9 2.86

the two corresponding waves. The measured phase crror is less than 0.2°.

The output frequency spectrum and RF' output power are measured by spectrum
analyzer and are shown in the Fig. 5.5, The LP? — QVCO exhibits the output
frequency of 4.229 GHz at dc tune voltage of 0 V. The LP? — QVCO also exhibits
output RF' power of -15.8 dBm.

The simulated and measured phase noise plots for LP3 — QVCO arc shown in
Fig. 5.6. The phase noise plots for conventional simulated QVCO, simulated, mea-
sured LP3? —QVCO design no. 4 and measured LP? — QVCO design no. 5 are shown
clearly in Fig. 5.6. The 3.125 pm finger gate width configuration of pMOS varactor,
40 2 source damping resistor and tail biasing resistor of 100 © are implemented in
design no. 4. A pMOS varactor with 8 pum finger gate width configuration, 40 €
source damping resistor and tail biasing resistor of 100 {2 are implemented in design
no. 5. The conventional QVCO contains pMOS varactor with 8 pm gate width
configuration and active device based current mirrors. The source damping resistors
are removed in conventional QVCO. The conventional QVCQO and LP? — QVCO
design no. 4 and 5 dissipate same amount of power.

The phase noise exhibits the slope of 1/f% (30 dB/decade), 1/f* (20 dB/decade)

and 1/f. The averaging is carried out to get the optimized phase noise results from
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signal source analyzer. Both simulated and measured chips show the significant phase
noise improvement at the offset frequencies of 100 KHz, 1 MHz and 3 MHz. The
conventional QVCO exhibits the phase noise of -75 dBc/Hz, -104.1 dB¢/Hz and -
115.1 dBc/Hz at 100 KHz, 1 MHz and 3 MHz offset frequencies, respectively. Next,
the measured phase noise for LP? — QVCO design no. 5 is presented. The measured
LP3 — QVCO design no. 5 exhibits the phase noise of -72.2 dBc/Hz, -108.5 dBc¢/Hz
and -117.2 dBc/Hz at 100 KHz, 1 MHz and 3 MHz offset frequencies, respectively.
The simulated and measured phase noise plots for LP® — QVCO design no. 4 are
also shown in Fig. 5.6. The simulated phase noise for LP? — QVCO design no. 4
is -85.5 dBc/Hz, -112.9 dBc¢/Hz and -124.5 dBc/Hz at 100 KHz, 1 MHz and 3 MHz
offset frequencies, respectively, The measured phase noise for LP? — QVCO design
no. 4 is -77 dBe/Hz, -110.5 dB¢/Hz and -118.0 dBc/Hz at the offset frequencies
of 100 KHz, 1 MHz and 3 MHz, respectively. Both LP? — QVCO design no. 4
and 5 are similar except gate finger configuration of pM (S varactors. The above
discussed phase noise results arc summarized in Table 5.2. The measured phase
noise for LP? — QVCO design no. 4 shows the improvement of 4.5 dB, 1.63 dB
and 0.8 dB at the offset frequencies of 100 KHz, 1 MHz and 3 MHz, respectively
when compared to the measured LP? — QVCO design no. 5. The measured phase
noise for LP? — QVCO design no. 4 shows the improvement of 2 dB, 6.03 dB and
2.9 dB at the offset frequencies of 100 KHz, 1 MHz and 3 MHz, respectively when
compared to the simulated conventional QV (O design. The simulated phase noise
for LP3 — QV CO design no. 4 shows the improvement of 10.5 dB, 8.8 dB and 9.4 dB
at the offset frequencies of 100 KHz, 1 MHz and 3 MHz, respectively when compared
to the simulated conventional QVCO design.

The LP? — QVCO design no. 4 RF output power and tuning sensitivity plot is
shown in Fig. 5.7. The frequency tuning range is achieved from 4.21 GHz to 4.44
(GHz with the variation of varactor dc tune voltage of 0 V to 1.2 V. The RF output
power variation is also shown in Fig. 5.7. The 4.35 GHz center frequency is achieved

at 0.6 V dc voltage. The REF output power signal is in the order of -15.8 dBm.
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Figure 5.6 Mecasured phase noise of LP*-QVCO chip.

Table 5.2 LP3-QVCO and conventional QVCO phase noise.

Design Phase Noise (dBc/Hz)

No @ 100 KH= @ 1 MHz ©@ 3 MHz
Simulated Conventional QVCO -75 -104.1 -115.1
Measured LP?-QVCO design na. 5 -72.5 -108.5 -117.2
Simulated LP3-QVCO design no. 4 -85.5 -112.9 -124.5

Measured LP3-QVCO design no. 4 =77 -116.13 -118
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The measurement results for LP? — QV(Os are summarized in Table 5.3. This
table describes the implemented LP? — QV CO designs, process technology, frequency
scnsitivity, RF output power and measured phase noise at offset frequencies of 100
KHz, 1 MHz and 3 MHz, respectively. The frequency sensitivity is calculated with
respect to center frequencies. The design no. 2 achieves highest frequency tuning
range of 9.03 % implemented using 0.18 um CMOS process technology. The varactor
dc tuning range is 0 V to 1.8 V. The limited frequency tuning range is achieved for
the implemented LP® — QVCO using 0.13 pm process technology. The maximum
frequency tuning range is 6.86 %. The varactor dc tuning range is 0 V to 1.2 V. The
FOM is also compared to frequency tuning sensitivity as shown in Fig. 5.8. This
shows the FOM LP?* — QVCO design no. 1 to 7 excluding design no. 3'. The
LP? — QVCO design no. 6 exhibits the highest calculated FOM of -187 dBc/Hz
at 1 MHz offset frequency. The frequency sensitivity for the design no. 6 is 6.9
%. The lowest FFOM of -165 dBc/Hz is achieved in design no. 1. The maximum
frequency sensitivity for design no. 2 is 9.01 % and FOM is -177.5 dBc/Hz at the
offset, frequency of 1 MHz.

5.3 LP3-QVCO Results Discussion

In this section, the simulation and measured results for LP?® — QVCO are dis-
cussed. The LP? — QV CO simulation and measured results show some discrepancics
in the results. However, these differences can be possibly due to following reasons.

The design no. 1, 2 and 3 contain the circular spiral inductors in the LC-tanks.
The two inductors are configured in parallel combination to achieve the 1.13 nH
inductance value. In the layout designs, the higher metals are not used for the in-
terconncction of components. Metal 1 to metal 3 are used at the output terminals
which result in the incrcased parasitic capacitances. The pn-junction varactors are

used without guard rings. The guard rings help to prevent the variation of the capac-

1The design no. 3 operates at fixed frequency, the frequency tuning range cannot be achieved as

discussed in Chapter 3.



5.3 LP*-QVCO Results Discussion 119
Table 5.3 LP?*-QVCO measurement results.
Design  Process Frequency  RF Qutput Phase Noise (dBe/Hz)

No (pm)  Sensitivity Power (dBm) @ 100 KHz @ 1 MHz @ 3 MHz
i 0.18 7.51 % -26.69 -72.71 -104.62 -115.62
2 0.18 9.03 % -28.65 -70.35 -114.91 -119.71
3 0.18 - -18.89 -68.5 -115.09 -127.8
4 0.13 5.28 % -16.1 -78.3 -110.13 -116.87
5 0.13 4.82 % -17.36 -78.3 -108.54 -117.25
6 0.13 6.86 % -16.75 -69.41 -118.24 -130.21
7 0.13 6.07 % -17.72 -68.7 -107.62 -122.3
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Figure 5.8 Measured FOM against frequency tuning range.
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itance valuc [108]. The total capacitance for design no. 2 is 2.2 pF. The capacitance

at cach output for LP? — QV CO node can be calculated by Eq. (5.2),

Ctota.l = Cde'uices + Cmductor + Cbu ffer + Cpa’msit’ics (52)

where Cenices 18 the parasitic capacitance of each transistor in cross-coupled pair,
Cinductor 18 the parasitic capacitance of the inductor model, Cpyjfer is the input buffer
capacitance and Cpgrasitics Tepresents any additional layout parasitics [109].

The Cygucior 18 464 fF as four inductors are used in LC-tank of QVCO. The
Chujer is approximately 100 fF. The other layout parasitic capacitances are 100 fF.
The rest of capacitance belongs to the device. The oscillation frequency of 3.1 GHz
is achieved with the capacitance of 2.2 pF. The design no. 3 operates at the center
frequency of 3.8 GHz. The 630 fF varactor capacitor is removed in design no. 3.
In design no. 1, the layout design is carried out with metal 1, 2 and 3. The use of
lower metals result in the increase of parasitic capacitance value. Hence, the circuit
operates at 2.8 GHz.

The dummy resistor layout structure configuration is to be used to avoid the
resistance variation. The layout for LP? — QVCO circuit should be as symmetrical
as possible, and care must be taken while designing the layout. All of these factors will
influence the performance of the LP? —QV CO circuits. Hence, the desired oscillation
frequency is not achieved as in post layout simulation results. The layout design for
LP3 — QVCO should be symmetrical, second center tapped inductor (CTT) should
be used to avoid the inductance variation. The mutual inductance effects should be
taken into consideration.

The schematic simulation results for design no. 4 to 7 are also summarized in Ta-
ble 5.1. The center tapped inductor (CTT) {symmetrical spiral inductor) is extracted
using ASITIC. Second, the layout design for each component is drawn symmetri-
cally. The layout design for transistors are carefully designed with proper guard rings.

The fabricated design no. 4 and 5 operate at the center frequency of 4.35 GHz. The
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parasitic capacitances influence the oscillation frequency. The output frequency for
design no. 6 and 7 is same when compared to the simulation results for LP*—QV CO.
The pMOS varactors are used in the design no. 4 to 7. The layout of LP? — QVCO
design no. 6 and 7 is different from design no. 4 and 5. In design no. 6 and 7,
the symmetrical spiral inductors with PGS are used in the middle of the layouts.
The simulated and measured results show symmetry in the operating frequency for

LP? — QV (O design no. 6 and 7.
5.4 LP3-QVCO Results Comparison

Fig. 5.9 shows the measured phase noise at 1 MHz offset frequency and power
dissipation for LP?* — QVCO designs compared to state of the art work. The low
power and low phase noise arc achieved in LZP? — QVCO design no. 6. The low phase
error LP? — QVCO design no. 4 is compared to the state of the art work {48}, [51],
[53], [54], [86], [88], [103], [110] and [111].

The phase error comparison to the operating frequency of the QVCO is shown
in Fig. 5.10. The low phase error is achieved by [53] and [88] and the operating
frequency is in the order of 2.4 GHz. In this work, the LP? — QVCO design no. 4
exhibits the quadrature phase error of 0.2° with center frequency of 4.35 GHz. The
center frequency is high as compared to [53] and [88]. The LP* — QVCO results are
compared to state of the art @V CO works and are summarized in Table 5.4. The
center frequencies (f,), core power dissipation, phase noise and calculated figure of
merit (FOM) are compared to state of the art @V COs. The low power dissipation,
comparable phase noise and FOM arc achieved in design no. 1 to design no. 7. The
LP? — QVCO design no. 2 and 3 exhibit the measured phase noise of -114.9 dBc/Hz
and -115.1 dBc/Hz at the offset frequency of 1 MHz, respectively. The calculated
FOM for LP® — QVCO design no. 2 and 3 are -177.5 dBc/Hz and -179.5 dBe/Hz,
respectively. The LP? — QVCO design no. 4 and 5 exhibit the measured phase noise
of -110.13 dBc/Hz and -108.5 dBc/Hz at the offset frequency of 1 MHz, respectively.
The calculated F'OM for LP? — QVCO design no. 4 and 5 is -177.6 dBc/Hz and
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Figure 5.10 LP?-QVCO phase error comparison to state of the art work.

-175.7 dBe/Hz, respectively. The LP3 — QVCO design no. 6 exhibits the highest
calculated F'OM of -187.0 dBe/Hz and phase noise of -118.1 dBc/Hz at the offset
frequency of 1 MHz.

The measurement results for design no. 1 to design no. 7 are shown in appendix
C. The phase noise results and RF output frequency spectrum for design no. 1 to
design no. 7 are shown. The appendix C also contains the transient analysis and

frequency tuning range of LP? — QVCO designs.
5.5 Summary

This chapter describes the simulation and measurement results for seven LP3 —
QVCQOs designed in this thesis work. The results include measured phase noise,
frequency spectrum, RF output power, transient analysis, de current and frequency

sensitivity. The phasc noise for LP* — QVCO désign no. 4 is compared to design
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Table 5.4 LP*-QVCO measurement results comparison to state of the ar

work.
Ref Technology Frequency Core Power  Phase Noise @ FOM
No (pem) Jo (GHz) {(mW) 1 MHz (dBc/Hz) (dBe/Hz)
[72] 0.18 4.12~.4.89 8.6 -115.06 -180.5
[73] 0.18 1.73~2.94 15 -112 -169.6
(73] 0.18 4.13~4.89 15 -101 -163.0
[33] 0.13 3.9 9 -117 -180
[89] 0.18 48 126 -120 -182.5
[90] 0.18 2.45 7.2 -115 -178
[112] 0.18 4.8 14.4 ~127.5 @ 3MHz -180.2
[113] 0.18 4.2 6 -116.3 -181
[114] 0.18 15 3.96 -115 -182.2
[115] 0.13 5.5 5.98 117 -184.6
[116] 0.25 0.25 5 -124 -184.6
Design 1 0.18 2.81 6.9 -104.6 -165.3
Design 2 0.18 3.15 5.2 -114.9 -177.5
Design 3 0.18 3.8 5.2 -115.1 -179.5
Design 4 0.13 4.35 3.36 -110.13 -177.6
Design 5 0.13 4.35 3.36 -108.5 -175.7
Design 6 0.13 5.1 3.42 -118.1 -187.0
Design 7 0.13 5.1 3.42 -107.6 -176.4
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no. 5 and conventional QVCQ. The LP3 - QVCO designs are implemented using
0.18 pm and 0.13 pm, CMOS and RF CMOS process technologies, respectively.
The measured phase noise for LP? — QVCO design no. 4 shows an improvement of
4.8 dB, 1.63 dB and 0.8 dB at the offset frequencies of 100 KHz, 1 MHz and 3 MHz,
respectively when compared to measured LP? — QVCO design no. 5. The measured
phase error is less than 0.2°. In the results discussion, the possible justification of
the results is also explained. The LP? — QVCO FOM is also compared to the
frequency sensitivity. The LP? — QVCO results are also compared to the state of
the art quadrature voltage controlled oscillators. The lowest phase error achieved
for LP? — QVCO design no. 4 is also compared to the state of the art QVCOs.
The LP? — QVCO design no. 6 exhibits the highest measured phase noise of -118.1
dBc/Hz and FOM of -187 at the offset frequency of 1 MHz.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Introduction

The quadrature oscillator circuit plays an important role in the performance of
the RF radio transceivers. The quadrature signal accuracy, low phase noise and low
power are key performance factors for the design of QVCO circuits. In this thesis
work, the design evolution and optimizations for L.P® — QVCOs are presented. This
chapter summarizes the design and outcome of LP? — QVCO designs for the wireless

applications.
6.2 Conclusion

In this work, the low power, low phase noise and low phase error LP? — QVCO
designs are described. The LP* —QVCO designs are implemented for wireless appli-
cations. The proposed LP? — QV CO implementation is carried out using 0.13 gm,
RF CMOS with 8 metal and 1 poly layer. The remaining implementations are car-
ried out using 0.18 um standard CMOS and RF CMOS process technology with 6
metal and 1 poly layer. The LP? — QVCO provides the low cost and fully integrated
single chip solution.

Different @V CO design structures are studied and parallel coupled fully differen-
tial LP?® — V('Os are suitable candidate for the LP? — QV C'O architectures in this
work. The coupling transistors also play an important role in the accuracy of the
phase error as well as phase noise of the circuit. The proper coupling transistor ratio
is chosen which provides better compromise between quadrature accuracy and phase
noise. The resonator @ factor and oscillator output amplitude also inflnence the per-

formance of the LP® — QVCO. The symmetrical layout design for LP? — QVCO is

126
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another challenge in circuit implementation. The proper design approach has becn
adopted and suggested in this work.

The LP? — QV Qs are designed with tail biasing resistor { By, ) instead of active
device based current biasing circuitry. The source damping resistor (Ryump) is also
used to achieve low 1/ f noise. The multifinger gate structure of the MOS device and
pMOS varactors are used in this design.

The LP? — QVCO design no. 4 uses the (Ryump) resistor of 40 , (Rau) of 102 Q2
and multifinger gate width configuration of 3.125 ym x 64 = 200 ym. This LP? —
QV CO exhibits the measured phase noise of -110.13 dBc/Hz at the offset frequency
of 1 MHz. The calculated figure of merit is -177.6 dBc/Hz. The measured phase error
is less than (.2°. The core power dissipation for LP? — QVCO design is 3.36 mW
from 1.2 V dc power supply. The pMOS varactors and symmetrical spiral inductors
are used in LC-tanks of LP® — QVCO. The LP? — QVCO exhibits the measured
frequency tuning range of 4.21 GHz to 4.44 GHz (230 MHz) with the variation of 0 V
to 1.2 V de control voltage of varactors. The 1.12 nH symmetrical spiral inductor with
PGS is used with the quality factor of 18.6. The center frequency for LP? — QVCO
is 4.35 GHz with maximum supply voltage of 1.2 V. The LP? — QVCO design no. 6
exhibits the measured phase noise of -118.1 dBe/Hz at the offset frequency of 1 MHz
and calculated FFOM is -187.1 dBc/Hz.

The remaining LP%—QVCO designs (1, 2, 3, 5, 6 and 7) are also implemented and
measured. The LP? — QVCO design no. 4, 5, 6 and 7 are implemented using pMOS
varactors and symmetrical spiral inductors. The LP? — QVCO design no. 4, 5, 6 and
7 arc implemented using 0.13 pm RE CMOS process technology. The pn-junction
varactors are also used in LP® — QVCO design no. 1, 2 and 3. LP? — QVCO design
no. 1, 2 and 3 contain the circular spiral inductors and implementations are carried
out using 0.18 ym CMOS and RF CMOS process technology. The LP? — QVCOs
are designed, implemented and measured. A significant improvement in the phase
noisc and phase errors have been reported. The proper care must be taken into

consideration while designing the symmetrical layout for LP? — QVCO structures.
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The parasitics of the layout design have proven to optimum phase accuracy and better

phase noise.
6.3 Future Work

The most interesting and important thing is to complete the Ph.D studies. The
research is the endless ocean one can never ever completely gain all knowledge in the
research. There are many areas which still need attention and further research. There
arc many rescarch arcas in the field of RFIC design. |

There are many building blocks of RF' wireless transceivers such as LN A, mixer,
PLL, frequency dividers and power amplifiers. An enhanced investigations are re-
quired to achieve better performance parameters and improved architectures for these
building blocks. In todays communication system, oscillators are one of the key build-
ing blocks in realizing a single-chip radio. Advanced RF CMOS technology has been
implemented to solve various problems related to the conductive substrate and op-
eration speed of active devices. The inhercnt 1/f noise is still a bottleneck to the
design of integrated low phase noise oscillators. Fully integrated VCOs and QVCOs
arc onc of the major bottleneck in RFIC design wircless transceivers. The CMOS
processes are attractive due to the highest integration level achievement and cost
effective solution.

The wide tuning range, low phase noise achievement and low phase error are key
parameters which influence the overall performance of wireless transceiver system.
However, unfortunately still we have to compromise at optimum phase noise and
wide tuning range of the cireuit. The inductor and varactors are also one of the
major blocks in the VCO and QVCO design. The @ factor of the on-chip inductor
is limited and influences the performance of the oscillator system. The center tapped
inductors (CTI) arc potential candidates for fully intcgrated on-chip VCOs and
QVCOs. There are various types of the varactors such as pn-junction diodes and
MOS varactors. This also motivates that the research should be carried out in the

area of the passive devices. RF — MEMS may also provide better solution for the
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existing on-chip passive components. The oscillator phase noise is also limited due to
power supply reduction as technology scales down in CMOS process. The parasitic
capacitance are also increased due to technology scales down. The frequency tuning
range of VCO and QVCO is limited due to the limitations of dc power supply.
Therefore, the only way to get better phase noise results is to achieve better ¢ factor
of the device. The process variations in temperature and power supply should also be
considered for the fabrication of the circuits. In oscillator circuits, the use of MEMS
resonator structure, achievement of wide frequency tuning range and high @ factor

of resonator circuit are the areas for future exploration.
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Appendix A

Inductor Design

This chapter describes the physical realization of patterned ground shield (PGS) and
the spiral inductor design parameters.

The patterned ground shield (PGS) is designed using 0.18 pm CMOS process
technology. The polysilicon width is 2 pm. The metal 1 strips are used to provide
ground. The PGS is shown in Fig. A.l.

ASITIC is used to design symmetrical spiral inductor. The symmetrical spiral
inductor is designed for LP? — QVCO designs. The implementation is carried out
using 0.13 um RF C'MOS process technology. The inductor design parameters are
summarized in Table A.1. The inductor output results are discussed in Chapter 3,

previously.
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Figure A.1 Patterned ground shield used in LP3-QVCO design no. 1, 2

and 3
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Table A.1 Symmetrical spiral inductor design parameters using ASITIC.

Parameter Names Inductor Parameter Valucs
SYMSQ Name L1

Length (LEN) 160

Width (W) 8

Spacing (8) 2

Inner Length (ILEN) 17

Number of turns (N) 2

Origin of spiral center (XOR) 100

Origin of spiral center (YOR) 100

Metal Layer UTM (Met 8)




Appendix B

Physical Realization of pMOS Varactor

This chapter contains the physical realization of pM (S varactors. The pMOS var-
actors are used in LP? — QVCO design no. 4 to 7 and implementation is carried out
using 0.13 pm RF CMOS process technology. The multifinger gate width structure
of a pMOS varactors are used in LP® — QVCO designs. The pMOS varactors with
multifinger gate width configuration are shown in Fig. B.1 and Fig. B.2. The pMOS
varactors with multifinger gate width configuration used in LP? — QVCO design no.
6 and 7 arc shown in Fig. B.3 and Fig. B.4, respectively.

Fig. B.1 and Fig. B.3 show the (3.125 pm x 64 = 200 pm) multifinger gate
width configuration of pAMOS varactor used LP?® — QVCO design no. 4 and 6,
respectively. Fig. B.2 and Fig. B.4 show the (8 pm x 25 = 200 pm) multifinger gate
width configuration of pMOS varactor used in LP? — QVCO design no. 5 and 7,

respectively.
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Appendix C

LP3-QVCO Measurement Results

The measured results for LP® — QVCO designs are shown in this chapter. The
frequency spectrumn, phase noise, frequency sensitivity and transient analysis of LP®—
QVCO design no. 1 to design no. 7 arc presented. The phase noise results for
LP? - QVCO designs are measured at the offset frequencies of 100 KHz, 1 MHz and
3 MHz from the carrier signal. The frequency spectrum also shows the output RF

power for LP? — QVCO designs.
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Figure C.8 (a) Output frequency spectrum and (b) phase noise of the
measured LP3-QVCO design no. 5
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Figure C.9 (a) Frequency sensitivity and (b) transient analysis of measured
LP3-QVCO design no. 5
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Figure C.10 (a) Output frequency spectrum and (b) phase noise of the
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Figure C.11 (a) Frequency sensitivity and (b) transient analysis of mea-
sured LP3-QVCO design no. 6
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