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ABSTRACT

The competitive market of wireless communication devices demands low power
and low cost RF solutions. A quadrature local oscillator (LO) is an essential building
block for most transceivers. As the CMOS technology scales deeper into the nanometer
regime, design of a low-power low-voltage quadrature LO still poses a challenge for RF
designers.

This dissertation investigates a new quadrature LO topology featuring a
transformer-based voltage controlled oscillator (VCO) stacked with a divide-by-two for
low-power low-voltage wireless applications. The transformer-based VCO core adopts the
Armstrong VCO configuration to mitigate the small voltage headroom and the noise
coupling. The LO operating conditions, including the start-up condition, the oscillation
frequency, the voltage swing and the current consumption are derived based upon a
linearized small-signal model. Both linear time-invariant (LTI) and linear time-variant
(LTV) models are utilized to analyze the phase noise of the proposed LO. The results
indicate that the quality factor of the primary coil and the mutual inductance between the
primary and the secondary coils play an important role in the trade-off between power and

noise. The guidelines for determining the parameters of a transformer are developed.

The proposed LO was fabricated in 65 nm CMOS technology and its die size is
about 0.28 mm’. The measurement results show that the LO can work at 1 V supply
voltage, and its operation is robust to process and temperature variations. In high linearity
mode, the LO consumes about 2.6 mW of power typically, and the measured phase noise
is -140.3 dBc/Hz at 10 MHz offset frequency. The LO frequency is tunable from 1.35
GHz to 1.75 GHz through a combination of a varactor and an 8-bit switched capacitor
bank. The proposed LO compares favorably to the existing reported LOs in terms of the
figure of merit (FoM). More importantly, high start-up gain, low power consumption and



low voltage operation are achieved simultaneously in the proposed topology. However, it

also leads to higher design complexity.

The contributions of this work can be summarized as 1) proposal of a new
quadrature LO topology that is suitable for low-power low-voltage wireless applications,
2) an in-depth circuit analysis as well as design method development, 3) implementation
of a fully integrated LO in 65 nm CMOS technology for GPS applications, 4)
demonstration of high performance for the design through measurement results. The
possible future improvements include the transformer optimization and the method of

circuit analysis.
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Chapter 1. Introduction

Chapter 1 Introduction

After a brief introduction of wireless technology and transceiver architectures, this
chapter states the motivation of the proposed research. The research focuses on the
design, analysis and implementation of a low-power low-voltage quadrature signal
generator for wireless applications, which stacks a transformer-based VCO and a divide-
by-two. Then, it describes the research goals and challenges followed by the technical

contributions of the dissertation.

1.1. Motivation

Wireless technology has evolved rapidly over the past decades. It has affect
dramatically the lifestyle of people throughout the world. There are numerous wireless
applications and services available nowadays, such as cellular/mobile service, wireless
local area network (WLAN), Global Positioning System (GPS), satellite television, and
so forth. Various wireless standards have been established globally that specify details
and constrains for wireless systems such as the operating frequency, modulation type,
multiple access techniques, timing, sensitivity and output power level.

Advanced Mobile Phone System (AMPS) is the earliest cellular technology that
used Frequency Division Multiple Access (FDMA) and analog frequency modulation
(FM). In the 1990s, Global System for Mobile Communications (GSM) and IS-95 Code
Division Multiple Access (CDMA) are introduced and considered as second generation
(2G) cellular technologies. GSM uses Time Division Multiple Access (TDMA) and is
widely deployed in Europe and Asia, while CDMA is more dominant in the United
States. To implement both voice and data services, a few standards have been developed,
such as General Packet Radio Services (GPRS), Enhanced Data rates for GSM Evolution
(EDGE) and IS-95B, which are considered as second and a half generation (2.5G). The
destinies of the evolution of GSM and IS-95 to third generation (3G) technology are
Universal Mobile Telecommunication Systems (UMTS)/Wideband CDMA (WCDMA)
and CDMA2000, respectively [1-1]. As the demand for multimedia service grows
tremendously, the migration to fourth generation(4G) standards (a data rate of up to 100
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Mbps for high mobility and up to 1 Gbps for low mobility [1-2]) is well undergoing.
Worldwide Interoperability for Microwave Access (WiMAX) and Long Term Evolution
(LTE) are the two 4G technologies commercially deployed. Along with the well-
established cellular standards, numerous complementary technologies have also evolved,
such as Bluetooth, WLAN/Wi-Fi (IEEE 802.11), Radio Frequency Identification (RFID)
and Near-Field Communication (NFC).

GPS is a satellite navigation system that is operated and controlled by the U. S.
Department of Defense (DoD). It was originally invented for military use in the 1970s,
and has been freely accessible to civilian users worldwide since 1993. The satellites
transmit the signals at two frequencies, 1575.42 MHz (L1) and 1227.60 MHz (L2). A
CDMA spread-spectrum technique is used in the satellite network. Besides the United
States GPS, there are some other satellite navigation systems, such as Russian
GLONASS, European Galileo, and China’s Beidou (Compass).

As the competition in the market of the wireless communication devices becomes
more intense, there is a growing demand to provide the products with increasingly higher
performance, lower power and lower cost. A fully integrated transceiver using low-cost
complementary metal oxide semiconductor (CMOS) technology is the appropriate choice
for the demand. A considerable research effort has been made to develop CMOS wireless
single chip transceivers [1-3]-[1-8].

Superheterodyne, Zero-IF (or Homodyne) and Low-IF have historically been the
most commonly used receiver architectures. Due to its superior sensitivity and selectivity,
Superheterodyne has been the architecture of choice for decades. However, it requires
high-frequency high-performance filters that are difficult to integrate. Alternatively,
Zero-IF and Low-IF receivers are gaining more and more popularity for its ease of
integration and low cost.

Fig. 1-1 shows a general zero-IF receiver. An RF signal is directly converted
down to the baseband. A low-pass filter is then employed to suppress the nearby
interferers and select the desired channel. To separate the two sidebands, the zero-IF
receiver incorporates quadrature mixing. Despite its apparent simplicity, the zero IF
receiver is susceptible to DC offset, I/Q mismatch, even-order distortion and flicker noise

[1-9].
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BPF

LPF |- »
COSm,t
>
sinw,t
LPF |- >

Fig. 1-1 A general Zero-IF receiver

In a low-IF receiver, an RF signal is converted down to a low intermediate
frequency (IF), typically a few MHz. The image rejection is accomplished through on-
chip quadrature mixing. Since the dc component can be removed by bandpass filters, the
DC offset, the LO leakage and the flicker noise are much less serious. One of the
drawbacks of the low-IF receiver is the limited image rejection due to the on-chip

matching. An example of a low-IF receiver is illustrated in Fig. 1-2 [1-10].

RF to IF: 2.4GHz to 2MHz
% cosm,t

BPF 3
% sinw,t

Fig. 1-2 An example of a Low-IF receiver architecture

DC offset
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In both zero-IF and low-IF topologies, an RF local oscillator (LO) that can
generate precise quadrature signals is an essential building block. Generally, the LO is
one of the power hungry blocks in a transceiver, as it needs to provide low phase noise
and minimum [/Q imbalance required for many RF systems. The thriving market of
portable wireless devices demands low power and low cost. However, as the CMOS
technology scales deeper into the nanometer regime, design of a low-power low-voltage

quadrature LO becomes more and more challenging.

1.2. Research Goal and Challenges

The goals of this dissertation research are to explore a new circuit topology to
generate quadrature signals for low-power and low-voltage wireless applications, to have

an in-depth analysis on the circuit operation principle and the noise mechanism, to
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understand all the design tradeoffs and give the insightful guidelines, and to demonstrate
the design feasibility with measurement results of a test chip.

Inspired by the current re-use technique, we propose a transformer-based VCO
stacked with a divide-by-two for low power quadrature LO generation [1-11], [1-12]. The
challenges encountered during the research include:

o Low voltage operation is one of the design constraints, which makes it
difficult to come up with a suitable circuit topology that stacks the divide-by-
two on top of the VCO.

o Since the VCO and the divider are closely coupled to each other, the impact of
the divider to the VCO operation condition, such as voltage swing, current
consumption and phase noise should be considered when analyzing VCO
performance.

o The proposed VCO utilizes a multiple-port transformer. As compared to the
conventional VCOs based on an LC (inductor and capacitor) tank, the
proposed one is much more complicated in design optimization, transformer
modeling as well as simulation convergence.

The solutions for overcoming the above challenges are essentially the technical
contributions of the proposed dissertation research and are described in this dissertation.
An Armstrong transformer-based configuration is adopted in the proposed LO
architecture, which enables low-voltage operation of the VCO. The impact of the divide-
by-two on the signal swing, current consumption and phase noise of the VCO are
analyzed mathematically with some approximate models. The design guidelines on the
transformer parameter selection and layout optimization are provided in details. Also, a
physical lumped model is generated based on the S-parameter model of the transformer
over a wide frequency range, which can be used readily in the simulation with good

accuracy.
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1.3. Dissertation Organization

This dissertation presents design, analysis and implementation of a low-power
low-voltage quadrature LO generator through stacking a transformer-based VCO and a
divide-by-two. The organization of the dissertation is as follows.

Chapter 2 describes the general oscillator theory and the definition of key design
parameters. A number of conventional oscillator topologies, including crystal, ring,
Armstrong, Colpitts and Hartley oscillators, are covered. A varactor-based voltage-
controlled oscillator and an injection-locked oscillator are also presented. Then three
quadrature LO generation schemes, a single VCO followed by a divide-by-two,
quadrature VCO and combination of a single VCO and a polyphase filter, are reviewed
and compared. The limitations of the existing LOs in the literature are summarized.

Chapter 3 presents the proposed quadrature LO in details. It explains how the
low-voltage operation is achieved by using a transformer-based Armstrong VCO in the
proposed topology. The VCO start-up condition, the oscillation frequency and the VCO
amplitude are derived based upon a linearized small-signal model. Both a linear time-
invariant (LTT) and a linear time-variant (LTV) frequency-domain approaches are utilized
to analyze the phase noise performance. The theoretical analysis indicates that the mutual
inductance and the quality factor of the primary coil play an important role in the trade-
off between power and noise. The guidelines on how to determine the transformer
parameters and layout configurations are provided.

To validate the proposed LO topology, we designed and fabricated the circuit in
65 nm CMOS technology for GPS receiver. Chapter 4 reviews the design specifications
first. Then the circuit implementations of various sub-blocks of the LO are described and
some simulation results are provided. The measurement shows that the LO operates
robustly under 1 V supply voltage, covers a frequency range roughly from 1.35 GHz to
1.75 GHz. In high linearity mode, the LO typically consumes about 2.6 mW of power,
and the measured phase noise is -140.3 dBc/Hz at 10 MHz offset frequency.

Finally, Chapter 5 draws conclusions of the proposed research. Future work is
suggested based on the problems encountered and research findings throughout the

course of the research.
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Chapter 2 Background

This chapter provides background for the proposed research and it starts with the
general oscillation theory, modeling approaches and definition of key design parameters.
Then, it describes various conventional oscillator topologies, along with detailed circuit
analysis and design methodologies. A quadrature signal generator can be viewed as a
multi-phase oscillator. The approaches to generate quadrature I/Q signals are reviewed.
Advantages and limitations of the different architectures in terms of area, complexity,
power and noise are discussed. Finally, existing low-power techniques adopted for VCOs

and quadrature LOs are discussed, and challenges for low-power design are summarized.

2.1. General Oscillation Theory

An oscillator is a circuit that can continuously produce a periodic output signal
without any input signal. Such a circuit or system has to meet certain criteria to sustain
steady oscillation. Generally, the start-up condition and the oscillation frequency of an

oscillator can be determined by examining the conditions in which the criteria are met.

There are two different ways to view an oscillator: a two-port model based on
positive feedback and a one-port model based on negative resistance [2-1]. Even though
the two approaches are fundamentally equivalent to each other, it is more convenient to
use one model over the other for a specific oscillator. For instance, it is more convenient to
analyze the ring oscillator using the positive feedback model. Alternatively, the negative
resistance approach is commonly adopted to model resonator-based oscillators such as an

LC oscillator.

2.1.1. Feedback Model of an Oscillator

An oscillator can be modeled mathematically as a linear positive feedback system,
as shown in Fig. 2-1, where A(s) represents the loop gain. Then the overall transfer

function from the input X(s) to the output Y(s) is

Y(s) _ A(s)
X(s)  1-A®s) (2-1)
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From the control theory, the circuit is unstable if it has poles in the right half of
the S-plane, and it is marginally stable if the poles are located on the imaginary axis. The
unstable system produces an expanding transient waveform when subject to an initial
excitation. Any noise in the circuit and/or coupled from the power supply or the substrate
can provide such an excitation that initiates the oscillation build-up. As the signal
becomes large, the nonlinearity in the circuit limits the growth of the signal. The well-
known Barkhausen’s criteria state that the circuit will sustain the steady-state oscillation
only at frequencies for which:

1) The magnitude of the loop gain, |A(s)|, must be equal to unity;

2) The total phase shift around the loop, £A(s), must be equal to zero or integer

multiple of 2.

+
X(s) = A(S) -~ Y(s)

Fig. 2-1 Feedback model of an oscillator

It should be emphasized that Barkhausen’s criteria are necessary but not sufficient
conditions for oscillation [2-2]. For example, a 6-stage single-ended ring oscillator will
latch up even if the total phase shift around the loop is 2w, and the loop gain is sufficient.
However, it is usually convenient to use Barkhausen’s criteria to find the oscillation

conditions provided that the oscillation does exist.

2.1.2. Negative-Resistance Model of an Oscillator

The one-port model based on negative-resistance is shown in Fig. 2-2. The
oscillator is viewed as two one-port networks connected in parallel. One is a lossy
resonator, the other one is an active circuit. The resonator can be modeled as a parallel
combination of an inductor L, a capacitor C and a resistor R,. The role of the active
circuit is to replenish the energy dissipated in the resonator by providing an equivalent
negative resistance of R,. As a result, the steady-state oscillation is sustained. The

negative-resistance model has been widely used in the design of LC oscillators.
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Active Circuit Resonator

R, R, c% L

Fig. 2-2 Negative-resistance model of an oscillator

2.2. Key Oscillator Design Parameters

2.2.1. Phase Noise

An 1ideal oscillator produces a sinusoidal time-domain waveform of a constant
amplitude and a constant frequency, which translates into a single tone in frequency
domain. However, in reality both the amplitude and the frequency of the oscillator are
inevitably disturbed by the internal and or the external noise sources. The perturbation in
the amplitude is negligible for most cases. Contrarily, the random deviation of the
frequency is of great concern for practical RF transceivers. The spectrum of an ideal
oscillator and that of a real one are shown in Fig. 2-3, respectively. With the existence of

the phase noise, the spectrum exhibits the noise “skirt” around the carrier signal.

-V

f, f fo
Ideal Real

Fig. 2-3 Spectrums of ideal and real oscillators

Phase noise L{f,/}, as shown in Fig. 2-4, is defined as the noise spectral power in a
1 Hz bandwidth at a certain offset frequency f,, from the carrier relative to the power of
the fundamental signal, typically expressed in unit of dBc/Hz [2-1]. The spectral impurity
of the oscillator has various negative impact in RF communication systems. For a
receiver, poor phase noise can result in “reciprocal mixing”. It may also raise the noise

floor of the receiver, and degrade the noise figure. For a transmitter, poor phase noise can
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cause the noise being transmitted with the wanted signal, which may lead to interference

with other frequency bands and degrade signal-to-noise ratio (SNR).

4 Power

>
Offset frequency

Fig. 2-4 Illustration of phase noise definition

2.2.2. Characteristics of Frequency Tuning

A local oscillator (LO) used in RF systems generally needs to support a certain
frequency tuning range. The tuning sensitivity, also called the gain of the oscillator,
measures the amount of change in the oscillation frequency that results from the change of
control voltage or current. Intuitively, the wider the frequency tuning range, the higher the
tuning sensitivity. However, a high sensitivity is very undesirable as it makes the
frequency tuning circuit sensitive to the noise and hence degrades the phase noise. This
issue is typically addressed by dividing the tuning range into multiple discrete frequency
bands with sufficient overlap between adjacent bands. Then a wide enough tuning range

and a low tuning sensitivity can be achieved simultaneously.

2.2.3. Q of the Oscillator

Q or quality factor of the oscillator is defined as the ratio of the energy stored to

the energy dissipated per cycle, which can be written as

Energy Stored

Q=2m = 2nf,

Energy Dissipated per cycle

Energy Stored

(2-2)

Power Loss
A resonator usually has a bandpass characteristics. The Q can also be defined as the

resonant frequency divided by the 3dB bandwidth. The Q of a simple RLC resonator is
_ R _
Q=7 =Ryl (2-3)

where R, is a parallel equivalent resistor, representing the loss of the resonator.
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The active devices for practical oscillators also add to the resonator loss, which
lowers the quality factor, particularly when the signal swing is large that pushes the
devices into the triode region. The term “loaded Q™ refers to this scenario to differentiate it

from the inherent Q of the resonator.

2.3. Conventional Oscillator Topologies

Many different types of oscillators have been developed over the past few decades.
Depending on the output waveform, they can be grouped into two categories: harmonic
oscillators and relaxation oscillators [2-3]. The oscillators that generate sinusoidal or
nearly so waveforms with a definite frequency are classified as harmonic oscillators, and
the ones that produce non-sinusoidal outputs are termed as relaxation oscillators. A few
common oscillator topologies are reviewed in the following, which are crystal oscillator,
ring oscillator, Armstrong oscillator, Hartley oscillator, Colpitts oscillator and cross-

coupled LC oscillator.

2.3.1. Crystal Oscillator

Crystal oscillators are widely used as the stable clock sources for frequency
synthesizers in communication systems. A quartz crystal oscillator relies on the piezo-
electric effect to work, which is known as the linear electromechanical interaction
between the electrical and the mechanical states in the crystal [2-4]. It behaves like a very
high Q resonator when placed into an electronic circuit. An equivalent model of the
crystal oscillator is shown in Fig. 2-5, where R, L and C represent the characteristics of
the crystal itself, and C, is the capacitance between the electrodes. There are two possible
resonance modes. One is a series resonance from L and C, which results in a very low
impedance at the resonant frequency. The other one is a parallel resonance from L, C and
C,, which has a very high impedance at the resonant frequency. Normally the difference
between the two resonant frequencies is quite small, as C, is much larger than C. Since
the oscillation frequency of the crystal oscillator drifts over temperature, a temperature
compensated crystal oscillator (TCXO) is normally used as a very high precision

frequency source.

10
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-— O

+ -—
Fig. 2-5 Equivalent circuit of a quartz crystal oscillator

2.3.2. Ring Oscillator

A ring oscillator is composed of a number of delay stages. It is one type of the
relaxation oscillators. According to Barkhausen’s criteria, a single-ended inverter based
ring oscillator should have at least three delay stages as the phase shift per stage is less
than 180° Fig. 2-6 shows a block diagram of a typical three-stage single-ended ring

oscillator.

x1 X2 x3

Fig. 2-6 Block diagram of a three-stage single-ended ring oscillator

If an even number of delay stages are connected in a ring, then the circuit will latch
up due to the positive feedback near zero frequency. Therefore, a single-ended ring
oscillator must have an “odd” number of stages to avoid latch-up. However, a differential
ring oscillator can utilize an even number of stages by simply configuring one stage as an
non-inverting stage. A block diagram of a typical four-stage differential ring oscillator is

illustrated in Fig. 2-7.

11
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i [ ~~— 2 [ ~~—

y1 _____,———” y2 ”__,.——"

Fig. 2-7 Block diagram of a four-stage differential ring oscillator

It is assumed that each delay stage has a transfer function of
A
Tdelay_stage =T 5 (2-4)

1+——
@3dB
where A4 is the small-signal DC gain, and wsgp is the -3dB bandwidth. Then the loop gain

of a three-stage oscillator is equal to
A3
Tgain_3stage = - s \3
<1+‘D3dB)

(2-5)

From Barkhausen’s criteria, the oscillator oscillates at the frequency of V3wsqp provided

A > 2. Similarly, the loop gain of a four-stage oscillator can be written as
A4—
Tgain_4stage = T \2
<1+“’3dB)

(2-6)

When A > /2, the oscillator oscillates at the frequency of wsgg. However, if the
common-mode level of the differential signals is either too high or too low, the circuit
can still latch up. A start-up circuit (for example, two weak inverters) is thereby
necessary.

The delay cell is typically implemented as a differential amplifier with either
resistive load or diode connected PMOS load. The frequency tuning can be achieved by
varying the bias current of the cell. Depending on the circuit topology, the transfer
function of the delay cell could be different from (2-4). For example, the delay cell
presented in [2-5] consists of a cross-coupled latch, which results in a pole on the right
half plane. Therefore, the ring oscillator can oscillate even with only two stages, which is

shown in Fig. 2-8.

12
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Two complex-conjugate poles:

Oscillation condition:

ImpTo —1>0

Fig. 2-8 A two-stage ring oscillator design example

The oscillator becomes nonlinear when operating in the large-signal regime. The
steady-state oscillation frequency is governed by the number of the stages N and the

delay per stage 7y as

1
fosc =

2NTq4 (2-7)
which is different from what is predicted from a small-signal model. The waveforms at
the internal nodes of a four-stage differential ring oscillator is demonstrated in Fig. 2-9.
Apparently, the ring oscillator with even number of delay stages can provide quadrature

signals.

RN
: S\
s

- S A

Fig. 2-9 Waveforms at the nodes of the four-stage differential ring oscillator

The phase noise and jitter performance of ring oscillators have been analyzed
mathematically in [2-6]-[2-8]. For the same power consumption, the ring oscillator is
much noisier but also more compact than its LC oscillator counterpart. The strategies for

a low noise ring oscillator design are summarized as follows [2-6]-[2-8]:

13
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e Use as high a supply voltage as possible;

e Burn as much current as the budge allows;

e Use low threshold device;

e Choose the longest practical channel;

e Use cross-coupled loads for a fast rail-to-rail switching;
e Get rid of NMOS bias current source.

By injecting a clean reference clock into a ring oscillator periodically, the low-
frequency phase noise of the oscillator can be improved significantly [2-9]. However, it is
challenging to apply this technique in a fractional-N frequency synthesizer.

2.3.3. Armstrong Oscillator

The Armstrong oscillator [2-10] utilizes two inductors connected at the gate and
the drain of an NMOS device, which is shown in Fig. 2-10. The oscillation is sustained
by the magnetic coupling between the two inductors. The capacitor C can be resonated
with either the gate inductor L, (which is the case shown here) or the drain inductor L, to

form the main tank.

Ld

vd
Vo

Ty

Fig. 2-10 A conventional single-ended Armstrong oscillator

The circuit analysis of the Armstrong oscillator is omitted here as it is provided in
details in Chapter 3. The start-up condition of the oscillator in Fig 2.10 can be derived as
ImwQM > 1 (2-8)
where Q represents the quality factor of the resonator, and M is the mutual inductance

between L,and L,. The oscillation frequency is approximately equal to

14
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1
fo = 2m [LyC

(2-9)

2.3.4. Colpitts Oscillator

A Colpitts oscillator incorporates one inductor and two capacitors. The feedback
signal is taken from a capacitor divider. The common-drain configuration is illustrated in
Fig. 2-11, where the LC tank is resonated at the gate of the NMOS device, and the

feedback signal is applied to the source.

a ¢, 0
| - L
I I T

Fig. 2-11 A conventional single-ended Colpitts oscillator and its small-signal model

From the small-signal model shown in the same figure, we can obtain the

following equations:

i+ gm (Vo= V) = Vs sGy (2-10)
i =V, V) sCy 2-11)
Then the impedance seen by the inductor can be calculated as:

Yo _ 1 1 _9m -
2=y T e T v (2-12)

Clearly, there is a negative resistance of -g,,/w?C,C, in series with the capacitors. The
circuit will oscillate when the negative resistance is greater than R, which models the

loss of the tank. So the start-up condition of the Colpitts oscillator in Fig. 2-11 is

gm@
5 (CtCy) >1 (2-13)

where Q is the quality factor of the resonator. From (2-12), the oscillation frequency is
determined by the inductance and the equivalent capacitance of C; and C: in series,

which is approximately equal to

15
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1

fo=—F——= (2-14)
om Lci1+cgz

The required g,, is minimum when C; = C,, which yields

Im > Gal (2-15)

The single-ended Colpitts oscillator can be extended to the differential topology
for better common-mode rejection. It has been widely used in RF systems due to the
superior phase noise performance. However, it suffers from a poor start-up gain and also
the capacitive divider limits the tuning range. Some gn,-boosting techniques have been

published to overcome the disadvantages [2-11], [2-12].
2.3.5. Hartley Oscillator

A Hartley oscillator is essentially equivalent to the Colpitts oscillator in terms of
the circuit topology. The only difference is the roles of L and C are exchanged. Fig. 2-12
shows a conventional single-ended Hartley oscillator, which employs one capacitor and
two inductors. The feedback signal is taken from an inductor divider. However, it is not
easy to bias the NMOS device as the inductors provide both ac and dc paths. The two

inductors L; and L, are generally coupled with each other, though it is not necessary.

Fig. 2-12 A conventional single-ended Hartley oscillator

Again the oscillation conditions can be analyzed based on the small-signal model
in Fig. 2-12. From Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL),
we can write down the following equations:

V,—Vi=1i,-sLy +i,-sM (2-16)

16
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Ve=1i, SL, + iy -sM (2-17)
b=l +gm Vo —V) (2-18)
where M is the mutual inductance between L; and L,. Then the impedance seen by the

capacitor C and the parallel resistor R, can be derived as

Z =2 s(Ly+ Ly + 2M) = gr?(Ly + M)(Ly + M) (2-19)

1

Thus, there is a negative resistance of —g,w?(L; + M)(L, + M) in series with the
inductors. The oscillation is sustained when the tank loss is completely compensated by
this negative resistance. The start-up conditions of the Hartley oscillation shown in Fig.

2-12 becomes

ImQw(L1+M)(Ly+M)
Ly+L,+2M

>1 (2-20)

And the oscillation frequency is approximately equal to
1

fo = o fGrizvame (2-21)
The required g,, is minimum when L; + M = L, + M, which yields
Im > Gar (2-22)

where L is the total equivalent inductance, equal to the sum of L,, L, and 2M.
Similar to the Colpitts oscillator, the Hartley oscillator exhibits excellent phase
noise performance, but poor start-up gain. This type of oscillator is actually rarely used as

compared to other LC oscillators.
2.3.6. Cross-Coupled LC Oscillator

A cross-coupled LC oscillator is the most popular one as it is easy to start up and
also has good phase noise performance. A conventional differential NMOS cross-coupled
LC oscillator is shown in Fig. 2-13. The NMOS cross-coupled pair provides negative

resistance to the LC resonator to compensate the loss.

17
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-2/Qm

L

Fig. 2-13 A conventional differential CMOS cross-coupled LC oscillator and its small-signal model

It is rather straightforward to analyze the oscillation conditions using the one-port
negative-resistance model. As shown in Fig. 2-13, the cross-coupled pair acts as a

differential negative resistance of —2/g,, to the tank. So the start-up condition is

1

Im > Gt (2-23)
And the oscillation frequency is approximately equal to

1
fo = iz (-24)

Comparing (2-23) with (2-15) and (2-22), we can see that the minimum required
gn for the Colpitts and the Hartley oscillators are four times larger than that for the
NMOS-only cross-coupled oscillator. This clearly demonstrates an important advantage

of the cross-coupled oscillator over the other types of the oscillators.

2.4. Voltage-Controlled Oscillator (VCO)

A voltage-controlled oscillator (VCO) refers to an oscillator whose output
frequency is varied in response to an input voltage. Varactor that has variable capacitance
depending on the voltage is widely used as a tuning element in many LC VCOs. For
CMOS technologies, on-chip varacators are typically implemented as reverse-biased
diode varactors or MOS varactors in either depletion-inversion regime or accumulation-
depletion regime [2-13], [2-14]. MOS varactors gain more popularity over the diode ones
for wider tuning range and lower parasitic resistance especially when more advanced

technology is adopted.

18
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A cross-section view of an inversion-mode MOS (I-MOS) varactor is shown in
Fig. 2-14. The operation is similar to a standard PMOS transistor with the drain and the
source being tied up. When | V| >> |V, an inversion channel of mobile holes is formed
under the gate oxide, and the transistor operates in the inversion region. The MOS
capacitance is equal to the gate oxide capacitance C,. As |Vl decreases below the
threshold voltage, a depletion layer made of ionized donor atoms is created at the gate
oxide surface, which can be viewed as a variable depletion capacitor Cg, connected to

C,» 1n series. Consequently, the total MOS capacitance decreases to CorCyep/(CoxtCep).

—e G

e S

Vdd

! p—

n - well

p substrate

Fig. 2-14 A cross-section of an inversion-mode varactor

Alternatively, an accumulation-mode MOS (A-MOS) varactor exhibits superior
performance as compared to the diode varactor and the I-MOS varactor [2-14]. A cross-
section view of a typical A-MOS varactor is shown in Fig. 2-15. The structure is similar
to a standard NMOS transistor except that it is fabricated in an n-well instead of a p
substrate. When | V| >> |V, the electrons provided by the n" region are accumulated at
the gate oxide interface and form an accumulation layer. The total MOS capacitance is
simply determined by the gate oxide capacitance C,.. As |V, decreases, the surface is
less accumulated and eventually undergoes depletion. As a result, the total MOS

capacitance reduces from Coy to CoxCep/(CoxtCoep).

[ ]
(7]

n - well

p substrate

Fig. 2-15 A cross-section of an accumulation-mode varactor
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The frequency tuning sensitivity of an LC VCO with a MOS varactor is directly

dependent on the C-V characteristics of the varactor as

1

o) = e (2-25)
dfo(V dCyar(V
Kycoly=y,,,, = L2 = —2m2f,, 1 Far) (2-26)

av V=Vtune av V=Vtune
where f,, 1s the oscillation frequency when V = V., and C,,, is the capacitance of the
varactor. Typically, K., varies a lot over the tuning voltage due to a highly non-linear C-

V curve of the varactor.

2.5. Injection-Locked Oscillator (ILO)

When a harmonic LC oscillator is disturbed by an injected signal at a frequency
close to its free-running frequency, injection locking or injection pulling can occur
depending on the strength of the injected signal [2-15], [2-16]. This phenomena is
intentionally utilized in an injection-locked oscillator (ILO).

Fig. 2-16 shows a conceptual injection-locked oscillator, which includes an RLC
resonant tank, an ideal inverting stage and a common-source amplifier. Ignoring
parasitics, the self-resonant frequency @, of the tank is equal to 1/v/LC. When the
oscillator is oscillating at @,, the total phase shift around the loop is 360° and V, and 7,
are in phase all the time. Suppose an external current /;,; at a frequency of @, is injected
to the tank. Then the net current /7 flowing into the tank is no longer in phase with V.
Under certain conditions, the oscillator is locked to the frequency of @, The vector
diagram drawn in the same figure illustrates the phase and the magnitude relationships
among /,, 1;,; and I, where @1is the phase difference between /;,; and I, and ¢ is the phase

difference between I and /,,.
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\A A&

AAA

Fig. 2-16 Conceptual view of an injection-locked oscillator

In the steady state, since ¥V, and /, are always in phase, the tank must introduce -¢
to validate the condition. The amplitude and the phase of the tank impedance over the

frequency are plotted in Fig. 2-17.

|Z(jo)| R

A £ Z(jw)

— )
%\ 9

Fig. 2-17 Magnitude and phase of the tank impedance over the frequency

The following conditions are satisfied simultaneously in the steady state:

_ Iinj'Sine )
e T —— (2-27)
2Q
tang =~ w_o (wo - (‘)inj) (2-28)
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where Q is the quality factor of the tank. Two possible solutions, & and /806, exist for
the same ¢ [;,; and ;. However, it was proved that only one solution with the higher

amplitude of /7 is stable [2-17]. Therefore, &reaches the maximum at

Omax = arcsinlil—:j (2-29)
and

Omax = 90" + Prax (2-30)
The locking range of the ILO is

Locking Rang = 2|w, — wi;| = @o__ Tj (2-31)

20 [(0)2-(1im?
From (2-31), both the O and the injection strength affect the locking range of the ILO. A

small O and large injection current are desirable for a wide locking range.

2.6. Quadrature LO Signal Generators

A quadrature LO signal generator is an important building block for many RF
transceivers. With In-phase (I) and Quadrature (Q) signals, the local oscillator can drive a
mixer to select higher or lower sidebands or extract the information on either side of the
spectrum. Design of a low-noise, low-power, and compact LO that can generate
quadrature signals at several GHz, using aggressively scaled down CMOS technology, is
still a challenge to RF designers.

Many different quadrature LO topologies have been explored over the years, such
as a single VCO followed by a divide-by-two, two coupled VCOs under injection
locking, or so-called quadrature VCO (QVCO), a singe VCO combined with a poly-
phase filter and an even-stage ring oscillator. Since an LC oscillator tends to be the best
choice for high performance oscillators, the LC oscillator is assumed in the following

unless stated otherwise.
2.6.1. Single VCO followed by a divide-by-two

The most popular scheme to generate quadrature signals is use of a VCO running
at twice the LO frequency followed by a divide-by-two [2-18]-[2-20]. The block diagram
of a differential VCO driving a latch-based divider for quadrature generation is shown in

Fig. 2-18. The two VCO output signals, V.., and Vicom, are 180° out of phase. One latch
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toggles on a rising edge of V.., the other on a rising edge of V,..m, or a falling edge of

Vieop- If Vieop and Vicom have 50% duty cycle, 1,(1,,) and O,(Qy) are 90° out of phase.

Ip Qp
Vvcop D Q D Q
f\J ~ Latch Im ~ Latch Qm
Vveom D Q D Q
CK__CK CK__CK
I |

Fig. 2-18 A block diagram of a differential VCO driving a latch-based divider

The divider can be implemented in numerous ways. It is crucial to select an
appropriate topology to meet specific design objectives. The current mode logic (CML)
divider is the most widely used topology due to its high operation frequency and wide
input frequency range. The CMOS logic based topologies, such as sense amplifier-based
or true single-phase clock (TSPC) flip-flops [2-21], are suitable for medium frequency
and low power applications. Miller divider [2-22] and injection-locked divider [2-23] are

good candidates for very high frequency applications, which are shown in Fig. 2-19.

m o
Viop »—/HI—0 Viom Viop »—/HZ—¢ Viom
Sy N B N
F

CLK 4'

b) Injection-locked Divider

L

(a) Miller Divider

Fig. 2-19 Miller divider and injection-locked divider
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The advantage of a “VCO followed by a divide-by-two” approach is small die
area due to the small size of passive components necessary for the VCO running at twice
the LO frequency. However, the primary concern is large power consumption, especially
when the divider operates at a very high frequency. In addition, a non-50% duty cycle of

the input signal causes I and Q phase imbalance.
2.6.2. Quadrature VCO (QVCO)

A quadrature LC oscillator was first proposed by Rofougaran et al. in 1996, in [2-
24]. Since then many researchers have followed to seek better understandings or
improved designs [2-17], [2-25]-[2-30]. A conventional QVCO is shown in Fig. 2-20. It
includes two identical LC oscillators, which are injection-locked to each other at a
common frequency. The relative size of the coupling transistors determines the injection

strength, which is normally large.
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Fig. 2-20 A conventional quadrature LC VCO

The operation conditions of the QVCO can be analyzed based on a linearized
model, which is shown in Fig. 2-21. It is assumed that the two cores match perfectly, and
the transconductance of the coupling transistor G,, is real, or equivalently, the differential

injection current is in phase with the differential voltage applied to the gate.
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Fig. 2-21 Linearized model of a QVCO

In the steady state, the two LC tanks oscillate at the same frequency. At the output
nodes, we can write the following KCL equations:
Losc + Iinjel® = Ipel® (2-32)
Lpsc€?® — Ipj = I7e/(@*6) (2-33)
= Ini(14+e729) =0
Since the injection current is non-zero, then the solutions are
6 = +90° (2-34)
which means the two oscillators produce quadrature outputs. However, there exist two
modes, corresponding to two different oscillation frequencies, w; and @,. Both of them
are stable solutions. Vpp(Vou) could be either 90° lead or lag to Vip(Viy). The vector
diagram and the tank impedance are illustrated in Fig. 2-22. Bimodal oscillation is an
unwanted behavior, as the frequency ambiguity may lead to very poor phase noise, and
the phase ambiguity can cause the output of the following complex mixers unpredictable.
In practical implementation, the tank impedance around the self-resonant frequency is
asymmetry, or |Z(jw;)| #|Z(j )|, the higher frequency mode is normally sustained due to
a higher amplitude [2-17]. Nevertheless, there is still possibility that bimodal oscillation
could happen due to the variations of process, temperature and device mismatch. A few

design or calibration approaches were explored to address this problem in [2-29], [2-30].
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Fig. 2-22 Vector diagram and tank impedance of a QVCO

Mismatch between the two oscillators causes the //Q imbalance. To minimize the
phase error arising from mismatch, it is desirable to lower the Q of the tank and
strengthen the injection current. However, those measures increase the phase noise.
Introducing an approximate 90° phase shift in the coupling path can desensitize the output
phase to mismatch and lower the phase noise [2-17].

The advantages of using a QVCO to generate quadrature signals are relatively low
power consumption and high output swing. But two LC cores occupy large die area, the
circuit potentially suffers from bimodal oscillation, and the design of O and coupling
factor involves tradeoff between phase noise and phase error.

2.6.3. Single VCO with a poly-phase filter

A simple technique to generate quadrature signals is use of an RC-CR network as
shown in Fig. 2-13. It consists of a low-pass filter and a high-pass filter. The two outputs
have 90° phase difference at all the frequencies, but the same amplitude at only one
frequency of 1/(2zRC). Thus it is only suitable for narrow band application. Moreover, it

is very susceptible to process and temperature variations.
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Fig. 2-23 an RC-CR network

Alternatively, a series of asymmetric polyphase filters (PPFs) developed by
Gingell [2-31] are commonly used for generation of quadrature signals. Fig. 2-24 shows
two different circuit implementations of the PPF. It can be seen that the PPF can be
viewed as an n-stage RC network. Each stage consists of four identical resistors and four
identical capacitors. Although the difference between Type-I and Type-II PPFs is only

the input configuration, it has significant impact on the performance [2-32].

Ry R R, Ry Rz Rn

Vinp M 0AAs M V|°p Vinp MN- MWv S AA V|op
[ [ C, c, [ c,
Ry Rz Ry Ry R, R,
AAA AA AMA~—s. v AAA AAA AMA-— Y
A\AA4 \AAJ \AAL Qop \AAJ \AAa \AAS Qop
Cy C, Cn Cy C, C,
R R, Rn Ry R; Ry
vinm ‘v‘v‘v ‘v‘v‘v ‘v‘v‘v hd Vlom Vinm : "‘v‘v ‘v‘v‘f ‘v‘v‘v hd Vlom
Cy C, C, C4 C, Cn
Ry R; R, R, Ry Ry
AAA Py AAA AAA, v AAA. AAA AAA V
\AAL A\AAL \AAd Qom AL A\AAL \A A QOm
\_i:l‘ {_i:l2 cI |" Llcf {_i:l2 cI |"
I I I I
(a) Type-1 PPF (b) Type-ll PPF

Fig. 2-24 Two types of circuit implementation of PPFs

For Type-I PPFs, the phase difference between / and Q outputs is equal to 90° at
all frequencies, regardless of the R and C values and the load impedance. The amplitude
balance is achieved only at each RC pole. Increase of the network stages broadens the
effective bandwidth. For Type-II PPFs, I and Q outputs have the same amplitude at all
frequencies, but the phase difference is 90° only at each RC pole. Similarly, the

bandwidth can be extended by increasing the number of RC-CR network stages.
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The advantage of using passive PPFs to generate quadrature signals is simple
design, as only resistors and capacitors are used. However, in practical implementations,
it has several disadvantages that limit its wide applications:

e Signal Loss. Theoretically, each stage of the passive PPF has 3 dB
insertion loss. The parasitic capacitors and resistors make the signal loss
even worse. Thus, a buffer or amplifier is usually needed to compensate
the signal attenuation. Those buffers can consume large power for high-
order PPFs .

e Component Variation. The values of the on-chip passive components
have large process and temperature variations. Therefore, the bandwidth of
the PPF needs to be sufficiently wide, so that the band of interest can be
covered under all the conditions. Consequently, a high-order PPF is
normally required.

e Layout Dependency. A good matching between I and Q channels requires
large layouts of resistors and the capacitors, which inevitably increases the
die area.

To mitigate some of the issues mentioned above, active polyphase filters were
proposed in [2-33], [2-34]. The passive resistors are replaced with the transconductance
stages. The advantages of the active PPFs compared to the passive ones include the
possibility of filter calibrations, tuning and signal amplification [2-34]. However, they are
obtained at the expense of increased circuit complexity, power consumption and phase

noise.

2.7. Low-Power VCOs and Quadrature LOs

Various low power techniques developed for existing VCOs and quadrature LOs
can be classified basically into two categories: low voltage operation and bias current
reuse [2-35]-[2-43]. The power consumption of a circuit is the current multiplied by the
supply voltage. Therefore, if a circuit can operate at lower supply voltage with the same
current (low voltage operation), or if it can use less current with the same supply (bias

current reuse), the power consumption can be reduced.
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2.7.1. Low Voltage Operation

Low supply voltage imposes several challenges for VCO designs [2-44]. First, the
maximum VCO voltage swing is limited by the supply voltage. The reduced supply for
conventional VCOs operating in the voltage limited region leads to a smaller VCO swing,
which degrades the phase noise performance according to Leeson’s equation [2-45].
Second, the reduced supply limits the voltage headroom so that the tail current source is
usually removed. The bias current and the start-up gain for a self-biased circuit, such as a
CMOS cross-coupled VCO, are susceptible to process and temperature variations. A few

techniques were proposed to overcome the shortcoming.

a) Inductive Feedback (Transformer Feedback)

Kwok and Luong demonstrated that a transformer feedback (TF) VCO can operate
at a supply below the threshold voltage in [2-35]. As shown in Fig. 2-25, the primary and
secondary coils of the transformer are connected to the drain and the source terminals of
transistor, respectively. The drain voltage could be higher than the supply voltage with
use of the drain inductor, and the source voltage could be lower than the ground level
with the source inductor. It is an interesting design, but it lacks insightful analysis and
explicit design guidelines in [2-35].

To gain a better understanding on how the circuit works, we can analyze it using
its half-circuit shown in Fig. 2-25. The primary coil L, resonates with C to form the main
tank. The drain current i;, or the current flowing into the secondary coil L, is
approximately equal to Vs/R4 as the currents in L; and C cancel each other. The
magnitude of the current flowing into the primary coil i,, is about O, times larger than
that of i, where O, represents the quality factor of the primary coil. Since Q, is typically
high, [i,|>>|iy|. Then the source voltage, -V, can be derived as:

—Vs=is (SLs+Rs) +ip-sM = iy, - sM (2-35)
where M is the mutual inductance between L, and L;. And the drain voltage, -V, is:

—Ve =1, SLg +ig-sM = i,-sLgy (2-36)
(2-35) and (2-36) indicate that the drain and the source voltages are in phase. Therefore,
the VCO swing can be enhanced effectively. The oscillation frequency is mainly

determined by the primary inductance and the capacitance as:
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: (2-37)
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Fig. 2-25 A transformer-feedback VCO for ultra-low-voltage operation [2-35]

A CMOS version of transformer feedback VCO was presented in [2-36]. With a

three-coil transformer, the maximum VCO swing is extended beyond the supply limit.

b) Capacitive Feedback

Wang proposed capacitive feedback (CF) technique to improve the signal swing
[2-37]. Hsieh and Lu demonstrated that the VCO can operate at a reduce supply voltage
by utilizing capacitive feedback as shown in Fig. 2-26 [2-38]. Their circuit is similar to
the one in Fig. 2-25, except that the positive feedback is realized through capacitive

coupling instead of magnetic coupling.

VerrL ¢

Fig. 2-26 A capacitive-feedback VVCO for ultra-low-voltage operation [2-38]
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With the inductors L; and L,, and the feedback loop formed by C; and C, the
drain voltage can swing above the supply voltage and the source voltage can swing below
the ground potential. As a result, the VCO amplitude is enhanced. However, selection of
C; and C; involves a tradeoff between the frequency tuning range and the power

consumption.

¢) Forward Body Bias (FBB)

The threshold voltage of a MOS transistor is a function of the bulk voltage. This
is called body effect that can be quantified by the following equation [2-46]:
Ve =Vio + Y28z — Ves — /26;) (2-38)

where Vy is the threshold voltage when the bulk-to-source voltage Vs is zero, ¢r and ¥

are physical parameters. Thus, the effective threshold voltage can be reduced by applying
a forward bias voltage to the body. With the FBB technique, the VCO can operate at a
supply voltage as low as 0.4 V in [2-38].

d) Gate Bias

A conventional cross-coupled CMOS VCO requires (VggptVysm) of the supply
voltage for proper bias. Deng et al. reported that the CMOS VCO can operate at a supply
voltage of 0.5 V by employing ac-coupled differential pairs [2-39]. Fig. 2-27 shows the
schematic of an ac-coupled differential pair with an independent gate bias. The
drawbacks of the gate bias are signal attenuation due to the capacitive divider, and extra
noise contribution from the resistors. As a matter of fact, the drain voltages for the circuit

in [2-39] should be well defined to ensure that all the transistors are in saturation region.

- =
o N

Vbias

L

Fig. 2-27 An ac-coupled differential pair with independent gate bias
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2.7.2. Current Reuse

A straightforward way of sharing bias current among multiple blocks is stacking
them up under the same supply. It is essentially equivalent to lower the supply voltage of
each individual block. So all the design challenges for low-voltage operation remain.
Furthermore, the VCO phase noise may be degraded due to the weak isolation and/or the
loading effect. A few different circuit topologies based on the current reuse technique
have been published in [2-40]-[2-43].

a) Stacking VCO and Divide-by-two

Park and Cho proposed to stack a divide-by-two on top of a CMOS LC VCO as
shown in Fig 2-28 [2-40]. The cross-coupled PMOSs are shared by the VCO and the
divider, which reduces the number of the transistors. However, there are still four
transistors stacked up, it requires a minimum supply voltage of 1.8 V for robust operation

and good phase noise performance.
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Fig. 2-28 Proposed VCO and divide-by-two in [2-40]

Another current reusing VCO and divide-by-two topology was proposed in [2-41]
and shown in Fig. 2-29. An NMOS-only LC VCO is stacked on the top of a divide-by-
two. The VCO differential output voltages are applied to the divider through ac-coupling
capacitors. A big capacitor Cyc is added between the VCO and the divider to provide

solid ac ground. Similarly, the circuit needs a 1.8 V supply to operate.
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Fig. 2-29 Proposed VCO and divide-by-two in [2-41]

Leung and Luong successfully lowered the supply to 1 V by utilizing a
transformer-feedback VCO in a common-drain configuration in [2-42]. The schematic of
the circuit is shown in Fig. 2-30. Two additional negative gm cells are utilized to boost
the quality factors of the primary and the secondary tanks. The switched capacitor bank is
connected at the secondary coil, and the varactors are at the primary coil. However, the
operation principle of the circuit is not well analyzed in the paper. Though the drain
voltage can swing below the ground level, the effective supply voltage is actually reduced
as the drain and the source voltages are in phase, which is different from the transformer-
based VCO in [2-35]. The small signal analysis provided in the paper is based on the
assumption that the self-resonant frequency of the secondary tank is much higher than
that of the primary tank, which may not be valid in real implementation, as the switched
capacitor bank is normally large than the varactors. For a comparative study to be

presented in Section 3.2.1, we have derived the start-up gain of their circuit as:

Im®Q,M (1 - Lﬂ) >1 (2-39)
D
where g, is the transconductance of the NMOS transistor, O, the quality factor of the

primary coil, L, the primary inductance and M the mutual inductance.

33



Chapter 2. Background
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Fig. 2-30 Proposed VCO and divide-by-two in [2-42]

b) Stacking LNA, Mixer and LO

Cheng et al. proposed a low-power GPS receiver by merging the LNA, the
quadrature mixer and the quadrature LO in a single current-reuse stacked topology as
shown in Fig. 2-31 [2-43]. A gate-modulated NMOS-only quadrature VCO is utilized for
low voltage operation. The overall power consumption of the receiver is very low.
However, the receiver noise figure and the linearity can be hardly optimized due to the
fact that the LNA, the mixer and the QVCO have to use the same amount of the bias

current.

Fig. 2-31 Double-balance quadrature LNA, mixer and VCO in [2-43]
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2.7.3. Limitations of existing designs

The supply voltage across the chip is normally unified, and its minimum value is
set by all the blocks, not just the VCO. Therefore, even though the VCO can operate at
lower supply voltage, the power for the VCO alone cannot be reduced. Hence, it is more
feasible to achieve low power with a current reuse technique. However, the existing
published works have some limitations. First, the minimum supply voltage is too high
when stacking many transistors in one branch [2-40], [2-41]. A transformer-feedback
VCO stacked with a divide-by-two can operate at low supply voltage. But the circuit
requires two additional cross-coupled pairs and current sources to boost the start-up gain,
which increases the circuit complexity and power consumption [2-42]. More importantly,
the detailed analysis on the circuit, the optimization strategy and the systematic design

methodology are missing.
2.7.4. Proposed Research

We propose to explore a new quadrature LO generation circuit suitable for low-
power and low-voltage wireless applications, and have an in-depth understanding on the
circuit behavior in this research. The proposed LO stacks a transformer-based VCO and a
divide-by-two [2-47], which can achieve high VCO start-up gain, low voltage operation
and low power consumption simultaneously. The Armstrong VCO configuration adopted
in the design mitigates the small voltage headroom and the noise coupling encountered in
the current reused topology. Also, the operation conditions and the phase noise of the LO
are analyzed comprehensively based upon some approximate models. The details will be

covered in the following chapter.

2.8. Summary

In this chapter, background on the oscillators which are relevant to the proposed
research is provided. Two classical models to analyze an oscillator are described: one is a
two-port model based on positive feedback, and the other one a one-port model based on
negative resistance. Key oscillator design parameters include phase noise, tuning range

and quality factor.
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A few conventional oscillator topologies are described. Each one has its own pros
and cons. In general, crystal oscillators are used as reference clock sources in frequency
synthesizers for high frequency-stability. Ring oscillators are very compact, but rarely
used in high-performance synthesizers due to the poor phase noise and the high power
consumption. Traditional Amstrong, Colpitts and Hartley oscillators are not very popular
these days, but proven useful for some applications. Cross-coupled LC voltage-controlled
oscillators are the most widely used ones owing to the low phase noise, the wide tuning
range, and the good start-up behavior. Injection-locked oscillators have been employed for

frequency division, or multi-phase generation such as quadrature VCO.

There are basically three schemes to generate quadrature signals. The most
common approach is use of a VCO running at twice the LO frequency followed by a
divide-by-two stage. It requires relatively small die area due to the small size of passive
components. However, it usually consumes large power for a high frequency. Another
approach is use of two identical VCOs running at the LO frequency coupled to each other
with the 90° phase shift. It dissipates relatively small power, but two LC cores occupy
large die area, and bimodal oscillation could happen if not handled properly. The third
approach is combination of a single phase VCO and a polyphase filter. A high-order RC
filter is usually required to generate accurate quadrature signals. However, this also leads
to a large die area. Also, a voltage limiter is often placed at the output to minimize the
amplitude mismatch, but it increases the power consumption and contributes the phase

noise due to the AM-to-PM conversion.

The existing low power techniques utilized in the VCOs and the quadrature LOs
can be categorized into two groups: low-voltage operation and current reuse. The
advantages as well as the limitations of the previous works have been identified and
summarized. This research work aims to improve the existing low-power LO designs by

investigating a new circuit topology and providing a systematic design methodology.
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Chapter 3 Analysis and Design of a Low-Power Low-
Voltage Quadrature LO

Since a quadrature LO generation circuit is usually a highly power hungry block
in a transceiver, it is crucial to design a power-efficient LO for a given supply voltage,
which scales down in deep sub-micron technology. A new quadrature LO topology of
stacking a transformer-based VCO and a divide-by-two is thereby investigated for the
dissertation research. Both analytical and measurement results show the effectiveness of
the proposed configuration in low-power wireless applications.

This chapter begins with a brief review of a conventional LO, which is used to
explain the proposed scheme and its analysis. The proposed LO adopts the Armstrong
transformer-based VCO configuration in stead of an LC tank. The magnetically cross-
coupled differential pair for loss compensation takes only small voltage headroom. The
main resonant tank is placed between the gates of the differential pair, while the divide-
by-two is driven by the drain current. Hence, the divide-by-two is isolated from the
resonator to minimize the noise coupling between the divider and the VCO core. The
start-up condition, the oscillation frequency and the VCO amplitude of the proposed LO
are analyzed using a linearized small-signal model. In order to understand the noise
mechanism and to quantify the noise, both a linear time-invariant (LTI) model and a
linear time-variant (LTV) model are used to estimate the VCO phase noise contributions
of the resonant tank, the VCO differential pair, and the divide-by-two. The results show
that a high quality factor of the primary inductor is always preferable, and the mutual
inductance between the primary and the secondary coils plays an important role in the
design tradeoffs among start-up gain, power and noise. The mathematical equations are
derived and verified with the simulations. Finally, the guidelines on the transformer
parametric and layout designs are discussed.

The proposed LO was designed and fabricated in TSMC CMOS 65 nm
technology for GPS receiver. The specifications, the circuit implementations and the

measurement results will be provided in details in the following chapter.
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3.1. Description of the Proposed LO and Its Operation

A conventional quadrature LO architecture is illustrated in Fig. 3-1. A CMOS LC-
tank VCO oscillates at twice the LO frequency, and the differential VCO signals are then
fed to the following divide-by-two. The current mode logic (CML) based divide-by-two
is shown in the figure, which is generally preferable for high-frequency and low-noise
applications. The divide-by-two has two latches, each one consisting of two sense
devices, one cross-coupled pair for regeneration, and two pull-up resistors. When one
latch senses the current state, the other one stores the previous state. The power
consumption of the divide-by-two with quadrature differential outputs depends on the
operating frequency, the output load condition, and the phase noise requirement. In some

circumstances, a divide-by-two consumes more power than the VCO.

N A ] :

Vvcom

Vvcop

'— Vvcop Vvcom —'

Fig. 3-1 A conventional LO architecture

It can be observed that the currents flowing in both the VCO and the divide-by-
two have the same fundamental frequency, which is the VCO oscillation frequency. This
prominent feature makes it possible that the VCO current directly drives the downstream
divide-by-two, if their bias currents are chosen the same. One possible LO topology
based on the above scheme is illustrated in Fig. 3-2. The PMOS pair of the VCO and the
NMOS input pair of the divider are removed in the stacked LO topology. As the VCO
current drives the latches of the divide-by-two directly, the overall power consumption

can be reduced by this current reuse technique.
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However, there are two primary design concerns for the candidate LO topology.
First, there is a potential noise coupling from the divider to the VCO. The divider is
directly seen by the resonant tank of the VCO, which may degrade the quality factor of
the tank, and thus the phase noise performance. Second. there is a possible headroom
issue due to stacking a larger number of devices. The required supply voltage is (2Vy, +
2Vasar + IR) to bias the LO shown in Fig. 3-2, where Vi, is the overdrive voltage of the
transistor. Since the VCO is vulnerable to the supply noise, it is often necessary to add an
on-chip regulator to improve supply isolation. The on-chip regulator pushes the internal

operating voltage even lower than the external power supply.
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Fig. 3-2 Candidate LO topology stacking an LC VCO and a CML divide-by-two

The magnetic coupling (rather than the direct feedback) as demonstrated in
Armstrong oscillator offers an effective solution to the above two problems [3-1]. Fig. 3-
3 shows the proposed LO circuit based on the magnetic coupling. The transformer-based
VCO has two identical transformers, one is formed by L,; and L,;, and the other by L,,
and L. The magnetic coupling between the primary and the secondary coils provides a
negative equivalent resistance to the resonant tank, and thus sustains the oscillation. The
resonant tank is connected between the gates of the VCO differential pair, including two
primary coils (L,; and L,,) and the capacitor. The two secondary coils (Ly; and L) pass

the current of the VCO to the divide-by-two. It can be seen that the divider does not load
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the resonant tank directly, it would have little impact on the Q of the resonant tank. The
required supply voltage for the propose LO is reduced to (Vy + 2Vau + IR). The
inductively cross-coupled VCO differential pair operates at a very low voltage and needs
only one V. It converts the VCO voltage signals to the current signals that drive the
divide-by-two. The bias current reuse technique reduces the power consumption of the
LO. In addition to the power efficiency, the proposed LO has lower supply sensitivity
compared to the conventional self-biased CMOS VCO, since the resonant tank is located
at the gates of the differential pair that is biased at a supply insensitive voltage.
1
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Fig. 3-3 Proposed LO topology stacking a transformer-based VCO and a CML divide-by-two

3.2. Detailed Circuit Analysis Based Upon a Linearized Small-Signal
Model

Analysis of the proposed LO is rather complicated than the conventional one, as
the VCO utilizes the magnetic coupling feedback to sustain the oscillation and it is
stacked with the divider-by-two. In order to justify the idea and to guide the design, we
need to have a solid understanding of the operation conditions of the proposed LO.

The proposed differential LO can be analyzed using its half circuit and a small-
signal model shown in Fig. 3-4 and Fig. 3-5, respectively. The parameters in the figures

are defined as follows.
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L, (Ly
Rlp (Ris)
M

ip (is)

Zload

gm (Ras)
Coa (Cap)

Vi(V)
Zi

Ziank
Zis

: the primary (secondary) inductance,

: the series equivalent resistance of L, (L),

: the mutual inductance between the primary and the secondary
coils,

: the total capacitance at the resonator including the capacitance of
the switchable capacitor bank, the capacitance of the varactor, and
the gate-to-source parasitic capacitance of the transistor, (In the
half circuit, the equivalent single-ended capacitance is 2C.)

: the current flowing into L, (Ly),

: the load impedance seen from the secondary coil to the divide-by-
two,

: the transconductance (output resistance) of the NMOS transistor,

: the gate-to-drain (drain-to-bulk) parasitic capacitance of the
NMOS transistor,

: the gate (drain) voltage of the NMOS transistor,

: the impedance seen by the capacitor 2C,

: the impedance of the resonant tank, and

: the impedance seen from the drain to the secondary coil.

Fig. 3-4 Half circuit of the proposed LO
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Fig. 3-5 Linearized small-signal model of the proposed LO

3.2.1. Start-up Condition

From the equivalent circuit shown in Fig. 3-5, we can obtain the following

equations based on Kirchhoff’s voltage law and current law:

Vi=1ip-SLy,+ i, Ry +is-sM (3-1)
VZ = _is ' SLS — is ' RIS - ip -SM — is ' Zload (3-2)
. V.

s ==Vi"(—gm) + R_;s + Vo sCqp —(Vy —V2) sCya (3-3)

The impedance seen by 2C can be derived as the following:

_ (Ripstp)(1+8/,)-CM"/,

" 1—sM-(gm—ngd)+B/A “lp
2
7 =V Ruptsiy)(14B/,)-CM7/, (3-4)
meog, 1—sM-(gm—ngd)+B/A
_ 1
S(ng+cdb)+1/Rds

B = sLs + Ris + Zjpaa

where A4 stands for the parallel impedance of Ry, Cys and Cgp, and B stands for the series
impedance of Ry, Cj; and Zj,.q. Typically, |4A| >> I and |4| is much larger than |B|, or
|B/A| <<I. Then, (3-4) can be simplified as

Rip+sly
Zip ~ 20 (3-5)
Im
The impedance of the resonant tank can be expressed as:
Rip+sL Rip+sly
Zeank = Zinll 1 = PP = 3-6
tank inl| /a)ZC 1+5(2CRp—gmM)+s22CLy  1-w22CLy+s(2CRip—gmM) (3-6)
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The real part of Z,, is

Rip—w?LygmM

R.(Z = 3-7
e(Ztan) (1-w?2¢Ly)* +(2CR1p—gmM)® 3-7)
And the imaginary part of Z, is
Ly,—w?2CL%—-2CR?, —gmMR;
I (Zeani) = = e g (3-8)

(1—wZZCLp)2+(ZCRlp—gmM)2
The proposed LO is guaranteed to oscillate when the real part of Z,,x becomes negative.
So the start-up condition is
Ry — w?L,gmM <0
= gmwQpM > 1 (3-9)
where O, represents the quality factor of the primary coil, which is approximately equal
to wL,/Ry. (3-9) indicates that the transformer should maximize the product of M and Q,
to boost the VCO start-up gain.

For comparative study, let’s examine the start-up condition for a conventional
VCO. A CMOS cross-coupled VCO usually has larger effective transconductance due to
the extra PMOS pair than a NMOS-only VCO for the same bias current and hence larger
start-up gain. From a linearized small-signal model of the conventional CMOS VCO
shown in Fig. 3-6, we can derive the start-up condition similarly as

(gmn‘l'gmp) 1 1

2 Rina  ®LQind

= (gmn +gmp)wLQind
2

> 1 (3-10)

t e %
N | |
Vvcop | | Vvcom | |
C
| _> Vvcop Vvcom
v ~En/2 ‘ AA
:|><]: Rind
MV
47 ~(8mptLmp)/2

Fig. 3-6 Linearized small-signal model of the conventional CMOS VCO
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Thus, if M is chosen similar to L for the proposed VCO, then its start-up gain becomes
comparable to the conventional CMOS cross-coupled VCO with the same oscillation
frequency and the quality factor. Looking back at (2-39), which is the start-up condition
of the LO presented in [2-42], we can see that the proposed LO has a higher start-up gain
than that LO.

3.2.2. Oscillation Frequency

The oscillation occurs at the frequency, where the real and the imaginary parts of
Zunk become zero and infinite, respectively. So the oscillation frequency can be calculated
as
Ry — w5L,gmM =0
(1 - w?2CL,)” + (2CRy, — guM)* = 0
1 /
= w, = (3-11)
° V2L,C
The frequency is simply determined by the primary inductor and the capacitors in the

resonant tank.
3.2.3. Voltage Swing and Current Consumption

To gain more insight into the circuit, we ignore Ry, Cgy and Cg, which is
generally a valid approximation. Also, O, is normally larger than 10, so that V; ~ i,sL,.
Then the induced voltage on the primary inductor due to the magnetic coupling can be
written as:
is*SM =~ Vigm*sM = i), - SLygy - SM = —i,w*L,M gy, (3-12)
The mutual inductance acts as a negative resistance of a)szMgm to the primary coil,
which cancels out the loss in the tank and thus sustains the oscillation. If the negative
resistance is larger than R;,, the VCO is guaranteed to start oscillating.

Looking at the secondary coil, we can write the induced voltage due to the

magnetic coupling as:

, v _ig/g _ . wM?Q
iy sM = TlsM ==CmsM = P/ (3-13)

Skp Skp p

e mutual inductance acts as a positive resistance of @ o the secondary coil.
The mutual induct t posit t f wM’Q,/L, to th dary coil

This equivalent resistance can be re-written as:
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wM?Q
= 20QpkpLs (3-14)

where k,, represents the coupling coefficient between the primary and the secondary
coils. For the half circuit, L, represents only half of the total primary inductance, so there
is a factor of 2 in (3-14). For a reasonable design, k,; > 0.5, O,> 10, so that the following
conditions hold true, a)oMzQp/Lp >> @,Ls and wMzQp/Lp >> Ry. Therefore the
impedance looking from the drain into the secondary coil is
Zs = sLg + Rig + Zjgaq + ©M?Qy /Ly = Zigaa + WM?Qp /Ly, (3-15)
In the steady-state, the VCO differential voltage signals generated by the resonant
tank are converted to the differential current signals by the differential pair. When the
VCO voltage signals are small, as the gate voltage of the differential pair increases, the
drain current rises as well. This operation region is called current-limited region. When
the gate voltage reaches a certain level, the current is clipped at its peak value determined
by the supply and the impedance from the drain to the supply. This clipped region is
called supply-limited region [3-3]. It is generally efficient to design the proposed LO in
the supply-limited region for good signal swings. Fig. 3-7 illustrates steady-state time-
domain waveforms of V; and i; in the supply-limited region, and Fig. 3-8 shows i-V;
characteristics in the current-limited and the supply-limited operation regions. V; is a
nearly-sinusoidal voltage with a repetition frequency of f, determined by the resonant
tank. The current i; has a waveform close to a square wave, which is composed of the
fundamental and the odd harmonic frequency terms. The current flowing into the
secondary coil is coupled to the resonator through the mutual inductance. The higher-
order harmonics are filtered out by the resonator. The fundamental flows through the

primary coil to determine the VCO differential voltage swing.
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Fig. 3-7 Steady-state time-domain waveforms of V; and i

Vdd
| Zload | +a)0M2QP /LP

Is

Vg,
W

» V,

Fig. 3-8 is-V; characteristics in current-limited and supply-limited operation regions

When the LO reaches the steady-state in oscillation, the magnetic coupling
between the primary and the secondary coils completely compensates the tank loss to
hold the following condition:

Ly Ry +1g-sM =0 (3-16)
where 7, and [, are the amplitudes of the fundamental spectrums of i, and i,, respectively.
Then the differential voltage across the resonant tank is expressed as:

Vwco =1, " 25L, = I - 20,MQ, (3-17)
Equation (3-17) indicates that the larger the mutual inductance and the quality factor of
the primary coil are, the smaller the current consumption is for the same VCO swing. For
comparison, the differential voltage across the tank of a conventional NMOS VCO can be
written as Vyco = IR, = Iy @,LQ [3-9]. If M is larger than L/2 for the proposed LO, then

its current consumption is lower than the conventional VCO followed by a divide-by-two

46



Chapter 3. Analysis and Design of a Low-Power Low-Voltage Quadrature LO

for the same oscillation frequency and the quality factor. Thus, the proposed LO is more
power efficient with a large M especially when the power consumption of the divide-by-
two is high possibly due to a stringent far-offset phase noise requirement.

For the sake of simplicity, we assume that the current waveform flowing through
the secondary coil is an ideal square wave toggling between 0 and I, in the supply-
limited region. The amplitude of the fundamental spectrum of the current is

_4lpk _ 2 Vad
Is=25 =% 2oM7Q, (3-18)
|Z10adl+ /L

p

Then, the VCO differential amplitude becomes
4 Vad 2Vad /woLpr
= — < -
VVCO T |Zload|/woMQp+M/Lp - m [Z10qal (3 19)

(3-18) and (3-19) demonstrate the interaction between the VCO and the divider. A

smaller load impedance looking into the divider results in a larger VCO amplitude, but at
the cost of larger current consumption. It is always favorable to maximize Q,, as it leads
to a higher VCO swing with no power penalty. As the mutual inductance M increases, the
drain current reduces, and so does the divider output swing. Therefore, the mutual
inductance should not be too large. The relationship between the mutual inductance M
and the VCO amplitude Vyco from (3-19) is shown in Fig. 3-9, and the largest VCO

swing is achieved for

— — |Zload|
M = My, =L, /m (3-20)
v W, |2L,9,
e 2 | Zload ’

: > M
Mopt

Fig. 3-9 Mutual inductance versus VCO differential amplitude in the supply-limited region
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3.3. VCO Phase Noise Estimation

The noise mechanism of electrical oscillators has been investigated over many
years. Leeson’s equation [3-2] is one of the pioneer works to provide insights on the
oscillator design. Based on a linear time-invariant (LTI) model, Craninckx and Steyaert
derived a general formula of the phase noise of an LC tuned oscillator in [3-5], which is
essentially similar to Leeson’s heuristic equation. However, the accuracy of the LTI based
method is limited because it ignores the nonlinearity and the time variation presented in
real oscillators. In fact, frequency translation or modulation resulting from the nonlinearity
can occur. Therefore, the approaches that can appropriately capture the time-varying and
large-signal nature of the devices have gained more and more popularity, which include an
impulse sensitivity function (ISF) based approach proposed by Hajimiri and Lee in [3-3],
[3-4], a perturbation projection vector (PPV) based analysis published in [3-6]-[3-8] and a
phasor-based method presented in [3-9]-[3-12].

Noise of an oscillator can be viewed as a perturbation superimposed on the
fundamental oscillation signal. The perturbation is usually much smaller in amplitude
than the steady-state carrier tone. Thus, despite the nonlinearity nature of the oscillator
system, the noise-to-phase transfer function can be approximately treated as linear [3-13].
The phase response of an oscillator to the noise current impulse is time dependent. For
instance, if the impulse is injected when the voltage reaches its peak value, the amplitude
is perturbed immediately, but the timing of the zero crossing does not change, and there is
no phase shift. On the other hand, if the impulse happens at the zero crossing, then it
causes the maximum phase shift, but minimum amplitude perturbation. So the phase
response to the noise is time variant regardless of how small the injected noise current is.
Therefore, it is reasonable to analyze the phase noise based on a linear time-variant
(LTV) model.

Hajimiri and Lee have developed a general model to quantitatively predict the
phase noise of different types of oscillators [3-4]. They introduced a so-called impulse
sensitivity function to measure the phase sensitivity to a current perturbation injected at a
particular time. The ISF is generally determined through extensive simulations. The

model further assumes that the noise in the oscillator is cyclostationary and can be treated
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as the product of a stationary white noise source and a periodic function. The model is
applicable to any type of oscillators, such as LC oscillators and ring-based ones. It is
widely accepted for its accurate prediction at least for cases where the injected noise is
stationary. However, it is more like a simulation-aided approach.

The works presented in [3-6]-[3-8] involve extensive mathematical treatments,
and are considered to be the most accurate, rigorous and generic treatment of noises in
oscillators, and hence is favorable for simulation tools, like Agilent’s GoldenGate.
However, it does not provide useful insights and intuitions to designers for improving
their circuit.

The phasor-based approach proposed in [3-9]-[3-12] treats the phase noise
generation mechanism in the frequency domain. It offers an alternative perspective and
provides more important insights from the designer’s point of view, although it is
practical only for quasi-sinusoidal LC oscillators. The basic assumptions for this
approach are similar to those of the ISF based approach. It is assumed that there exists a
large-signal steady-state solution in the oscillator that is disturbed by the small-signal
noise sources. All the noise sources are considered stationary or cyclostationary with
respect to the oscillation frequency. As a matter of fact, the phasor-based and ISF based
approaches are essentially equivalent. One should expect the two approaches yield the
same results, which was verified in [3-11].

Both the LTI and the LTV models are utilized to analyze the phase noise
performance of the proposed LO in the following sections. Through the analysis, we can
gain better understanding on the noise mechanism for the proposed LO, which allows us
to optimize the circuit performance. We also compare the strengths and weaknesses of the

two approaches through the analysis of the proposed LO.

3.3.1. An LTI Model based Phase Noise Analysis

An LTI model of the proposed LO with all noise sources is shown in Fig. 3-10,
where v,; and v, represent the noise generated by R, and Ry, respectively, i,; the noise
by the VCO differential pair and i,, the noise by the divider Zj,,s. It is built from the

small-signal half-circuit model shown in Fig. 3-5 with only the noise sources added.
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Please note that the parasitic capacitances associated with the differential pair are ignored

for sake of simplicity.

Vl -Gm

2C =

In1

Fig. 3-10 An LTI Model of the proposed LO with all the noise sources

a) Noise contribution of v,;

The noise transfer function from the noise source v,; to V; can be calculated as:

Vy = =V352C - (Ryy + SLp) + Vigm - SM + vy

2
2 = VLzl - 1 -
= T"'Rlp (s) = vz, (1+S(2CRlp—Mgm)+522CLp> (3-21)
The inverse of the noise transfer function is defined as:
Hg,,(s) = ——— =1+ 5(2CRy, — Mgy) + s22CL, (3-22)
Tl,Rlp

At the frequency close to oscillation frequency, @ = Ao + ®,,
dHn,Rlp
dw

Han(ﬂU)::HnmpUab)*'Aw'

W=w,

= —Aw - 20,2CL, = 22> (3-23)

o

Then the noise power at the VCO output can be written as:
2
W (Aw) = 4kT (2R ;) - (222) (3-24)

where £ is Boltzmann constant, 7" the temperature and Aw the offset frequency from w,.
The noise can be decomposed equally into an amplitude-modulation (AM) component

and a phase-modulation (PM) component. The AM component is removed by the
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amplitude limiting mechanism of the oscillator. Thus the phase noise, defined as the noise

power to the carrier signal power ratio, can be calculated as

_ VEo(bw)/2 2 wo\?
L(Aw) = T2 T e kTR, (E) (3-25)

As O, increases, Rj, decreases and Vyco increases. Therefore, to reduce the noise
contribution of the resonant tank, we should maximize Q,. Also, if M is chosen to be
Mo, Vyco can be maximized. Therefore, in order to reduce the noise contribution of the
resonant tank, we should maximize O, and use a mutual inductance close to M,,, when

designing a transformer.

b)  Noise contribution of iy,
The noise transfer function from the noise source i,,; to ¥; can be calculated as:
. vy
Vy = —Vis2C - (Ryp + 5Lp) + sM - (Vigyn + Iy +22)
ds

. 1%
Vo = =(Ris + Zioaa + 5L5) - (Vogm + i1 + 32) + Vas2C - sM

2
. V2 sM
= T, () = 52 ~ ( ) (3-26)
Im i2, 1+s(2CRp—Mgm)+s22CLy
The inverse of the noise transfer function is defined as:
. 1 1 2CRip—Mg s2CL
Hng (s) = =—+ L =+ £ (3-27)
gm Togm  SM M M

At the frequency close to oscillation frequency,

) ) dHp g,
Hn,gm(]w) = Hn,gm(]wo) + Aw - —-

do  ly=w,

.2CLy  Aw 1

=Aw - 2j— —w—o-ijoM (3-28)
Then the noise power at the VCO output can be written as:

2M\2  2kTyweM 0)\?
Vio(bw) = KT 29m)7 (500) =02 (32) (3-29)

where y represents the noise coefficient of an NMOS transistor [3-10]. Then the phase

noise due to the differential pair can be expressed as:

_ VE,(8w)/2 _ 2kTw,My (wo)?
L(dw) = V‘}CO/2 T VZcoQ (Aw) (3-30)
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Substituting (3-17) and (3-18) into (3-30), the phase noise L(4®) can be rewritten as a

function of M. And it is minimum when

_ [Z10aal _ Mopt ~ _
M =Ly [oato00- = =2~ 0.58Mop (3-31)

Equation (3-31) requires the mutual inductance M to be smaller than M,,, to minimize the

noise contribution of the VCO differential pair.

¢) Noise contribution of v,
The noise transfer function from the noise source v,» to V; can be calculated as:
Vi =—V;-52C - (Ryy + sLy) + M - (22 + Vigyn)
ds

V
Vo = =(Ris + Zioaa + SLs) (3= + Vigm ) + V152C - M + vy

2 - Vrf'l
= Thr,(s) = w2
n

2

1
= (1+52CR1 +522CLp)(Zl 4+Rgs+Ryg+sLs) (3-32)
oa S S
L M ImRds—s%2CM

The inverse of the noise transfer function is defined as:

HTL,RlS(S) = T =
n,Kis

(1+52CRip+522CLp)(Zioad+Rds+Ris+SLs)
- sM

— GmRas — s?2CM (3-33)
At the frequency close to oscillation frequency,

Hn!R ls

Hn,Rls(jw) = Hn,Rls(jwo) +Aw - do

W=w,

. 4CLpRgs

M .
~ ; + gm(Zload + Ry +](‘)0Ls) + Aw ] (3'34)

Comparing to the equation (3-23), we can see that
|Hy, iy G0)| > [Hp ey, G| (3-35)
Therefore, the noise contribution of v, is negligible.

d) Noise contribution of iy,

Similarly, the inverse of the noise transfer function from noise source i,; to V; is

|Hn, 21000 G@)| » |Hn g,,, Go0)| (3-36)
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So the noise contribution of i,, can also be ignored. Intuitively, since the divide-by-two
does not load the resonant tank directly for the proposed LO, the noise contribution of the
divider to the VCO is insignificant as compared to those of the resonator and the VCO
differential pair.

The VCO phase noise considering all the noise sources can be written as:

(2 2kTwoMy\  (wo)? _
L(Aw) = (VVZCO KTRy, + 5722 ) (&) (3-37)

(3-37) indicates that to minimize the VCO phase noise, one should generally maximize

the Q of the primary inductor, increase the VCO swing and reduce the mutual inductance.
3.3.2. An LTV Model based Phase Noise Analysis

Among the different LTV methodologies, a phasor-based approach is adopted to
analyze the proposed LO with an emphasis on the thermally induced noise, as it relies
more on the circuit analysis and physical noise mechanism.

A noise spectrum of an oscillator can be approximately represented by a large
number of sinusoidals whose frequencies are distributed over the range of interest and
whose phase is random. Consider a pair of sidebands at a particular offset frequency of
omaround a large carrier as shown in Fig. 3-11. If the sum of the sidebands is orthogonal
to the carrier, then the phase modulation (PM) occurs. Alternatively, if the sum is co-
linear at all times with the carrier, the amplitude modulation (AM) results. A single-side
band (SSB) noise around the carrier can always be decomposed into equal PM and AM

sidebands, which is shown in Fig. 3-12.

j(wo+wm)t
A eja)ot ané
c
Al N a,, ellec-omt
AM
|a}n| |a$n| i
c
(OO'O)m 0)0 0)0+0)m . T t * _ t
anej(a)o ®m) -a, ej(a)o ®m)
PM

Fig. 3-11 Amplitude modulation (AM) and phase modulation (PM) sidebands
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A ejmot 0.5anej(mo+mm)t
c

Acejmot AM 0.5an*ej(ﬁ)o-mm)t

'Y - Ac ejo)ot +

a, ej(mo+com)t
0.5anej(°’°+‘”m)t 0.5an*ej(°’°'°’m)t

PM
Fig. 3-12 A single sideband decomposed into AM and PM sidebands

In the phasor-based approach, it is assumed that there is a steady-state solution to
the circuit that consists of a fundamental tone and a series of sideband noise tones with
unknown coefficients. The coefficients can be determined using circuit equations in

steady state. Once the coefficients are known, the phase noise can be calculated easily.

a) Noise contribution of the resonant tank

As shown in Fig. 3-13, the resonant tank can be modeled as a capacitor in parallel

with a lossy inductor and a voltage source representing the induced voltage Viuq(?).

2L, 2R, Vo Vi)

Vveop i } Vvcom

+ Vyco(t) -

Fig. 3-13 A lossy resonant tank model
It is assume that in the steady state the differential voltage across the resonant
tank is:
Vico(®) = Vycoe?@ot + (ae/®+t — a*e/@-t) + (be/ @+t + b e/ @-1) (3-38)
where a and b are the unknown coefficients of PM and AM sidebands, located at o = w,
+ Ao, . = @, - Aw, and Aw is the offset frequency. Note that a* (b*) denotes the
complex conjugate of a (b). The differential pair of the VCO converts the VCO output

voltage to the drain current, which induces a voltage on the primary coil through the

magnetic coupling. It has been proved in [3-9] that the input PM carrier-to-sidebands
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ratio is preserved at the output of a memory-less narrow-band nonlinear circuit, and the

output does not contain AM. So the induced voltage for the resonant tank can be written

as
Vina(®) = Vina [€’ — a*elo-t)] (3-39)
At w,:
— Vind 1 _ VinaQp )
Weo = 2Rip+jwo2lptl/jy, ¢ J@oC T (3-40)
At oy
j 1/ja) C
a+b= (a—+vn) , = (3-41)
Qp 2Rppt+jw42Lp+ /ja)+C

where v, is the noise voltage of Rj, that models the loss of the resonant tank. In this
analysis, a single component of the noise voltage located at . is assumed.

At o

—a 4+ b =—a'L Jjwoc
Qp 2Rip+jw-2Lp+1/jy, o
j Yiw_c
>—-a+b=—-a=— (3-42)

1
Qp 2Rip—jw-2Lp="/y ¢

Subtracting (3-42) from (3-41)

20 = (e 40) oo H e e (3-43)
Qp (2Rip+jw42Lp)jw4C+1 Qp (2Rip—jw-_2Lp)jw_C-1
With some approximation,

= Yo -
a=v, (3-44)

Then the phase noise due to the resonator loss is

2
L(Aw) = T‘J/z 7 kTR, (32) (3-45)

Note that (3-45) is the same as (3-25). Since no frequency translation occurs and the
noise of the resistor is white noise, it is expected that the two different approaches would

yield the same results.

b)  Noise contribution of the VCO differential pair

55



Chapter 3. Analysis and Design of a Low-Power Low-Voltage Quadrature LO

In the steady state, the VCO differential pair can operate in all possible regions
(cutoff, saturation and triode regions). We consider the noise contribution only in the
saturation region. For simplicity, the time-varying transconductance of the differential
pair is modeled as a series of pulses with a pulse width equal to the duration # in the
saturation region and an interval of //2f, as shown in Fig. 3-14 (a). The spectrum of the
transconductance is approximated as a series of pulses at DC and even harmonics of the

oscillation frequency with constant amplitude up to //¢,, as shown in Fig. 3-14 (b).

Omit
A tw
4> <7
Gm
-t
“af,
time-domain
(@
Om
p f
DC 2f, 1ty
frequency-domain
(b)

Fig. 3-14 Approximate time-domain and frequency-domain waveforms of the transconductance of
the differential pair

We assume that the tranconductance of the VCO differential pair in the saturation
region is constant, as shown in Fig. 3-15, where V,, is the gate voltage change during ¢,.

Then the constant transconductance G,, can be estimated as

G _dis_Ip_k_ Ipk _ 2Ipk 3.46
mTav, T Ve tw(Vyeo/2)we |V (3-46)
1 w wVvco/2)wo vcoWolw

From Fig. 3-14 (a), the DC value of the transconductance is obtained as:

tw
Impc = Gm% (3-47)
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Assume: V, = Vco sin(@,t)
V. dy V, V,
—t=—1 ="Cg.cos(at) =—~"0,
> V1 tw dt =0 2 2

Fig. 3-15 Constant Gm in the saturation region

Then all the frequency domain impulses have an amplitude of g, pc. Since the noise
current of the differential pair is a multiplication of the noise voltage at the gate and the
transconductance, convolution of the white thermal noise of the transistor and the
frequency domain impulses of the transconductance produces the noise current spectrum,
which is shown in Fig. 3-16. The noise current can be calculated as the sum of the square
of the frequency domain envelope times the thermal noise voltage:

.o 2 2 4KTy o 1/tW Ipk
lsn = Ungm,DCNpulseNdev = H "Im,pc 'E 2 =16kTy —— (3-48)

nVyco

where N, 15 the number of the pulses, Ny, the number of the devices and y the channel
noise coefficient of an NMOS transistor. The noise current is seen by the resonant tank
through the magnetic coupling. The induced noise voltage is

Vnn = 2ign? - (0oM)? (3-49)
Referring to (3-44) and (3-45), we can calculate the phase noise contributed by the

differential pair as

_ 4Vman (@0 )% _ BKTYIpk (wM)?
L(Aw) - Vl}CO (4A(u) - "V!;CO (Aw) (3_50)
Substituting (3-17) and (3-18) into (3-50) results in

_ 2KTywoM (o)
L(w) = 205 (Aw) (3-51)

Again, (3-51) is the same as (3-30). So we would expect that the optimum mutual
inductance for the minimum phase noise contribution of the differential pair is about
0.58M,,;. 1t is interesting that the time-variant model gives the same result as the time-
invariant model. As a matter of fact, the assumptions made in the time-variant model

make this happen.
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Gm s Vn
| 4KkT/Gp,
9m,nCc N ®
» f
DC 2f, 1/t DC
N pulses

Fig. 3-16 Calculation of the noise current of the differential pair
¢)  Noise contribution of the divider

The divider noise is mostly coupled to the resonant tank when the differential pair
of the VCO is in the deep triode region. Switching of the differential pair translates the
noise of the divider into the sidebands around the carrier through mixing process, which
results in the phase noise of the VCO, as shown in Fig. 3-17. Specifically, the noise
around DC is mixed up into the AM sidebands around the carrier, and hence has no
impact. Instead the noise at all the even harmonics can be translated into the PM

sidebands around the fundamental tone.

Lgiv,n i

S,
% }:wmvé. v-lv'lv:“
-~ -

> t

1, >
A

1/f,

Fig. 3-17 The divider noise current mixed with a square wave

Assume that the noise current source caused by the divider around the second

harmonic is iz, »Sin(2 w,+Am)t, then the noise current after mixing with a square-wave is
) . . 2( . 1 .
Isn = lgivn SIN(2w, + Aw)t - - (sm wot + 7 sin 3w,t + )

= ldl% [cos(wo +Aw)t + %cos(a)o — Aw)t + ]
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= ld‘%{% [cos(w, + Aw)t + cos(w, — Aw)t] + § [cos(w, + Aw)t — cos(w, —

Aw)t] + -} (3-52)
where cos(w,+Aw)t+cos(w,-Aw)t are the PM sidebands, modulating the phase of the
signal tone sinw,t, and cos(w,+Aw)t-cos(m,-Aw)t are the AM sidebands, modulating the

amplitude of the signal tone. The total noise current power is a sum of the noise current

power at all the even harmonics. Then the phase noise contributed by the divider is

o = (1) () 78 s 55

4 Vvco 2Aw - Rgiv \Vvco 2Aw

where R, 1s an equivalent resistance of the divider seen by the secondary coils, and 4 is
a noise factor of the divider. Generally, a smaller mutual inductance is more favorable to
reduce the phase noise contributed by the divider.

The total phase noise is the sum of individual noises given in (3-45), (3-50) and

(3-53), and is as follows.

Aw) = (2KTRip 8KTYIpkwiM?  kTAwEM?\ [wo)2 4
Law) = (=7 V2 4Ry Vico) \Aw (3-54)
vco Tyco divVvco w

Comparing (3-37) and (3-54), we can see that the noise due to the divide-by-two
cannot be captured properly in the LTI model. However, both of the two approaches
point out that the transformer of the proposed LO should have a high quality factor Q,
and a relatively low mutual inductance M to lower the total phase noise. Therefore, the
LTI based approach has limited power in predicting the phase noise even though it does
provide some important design insights.

In the above analysis, we ignore the flicker noise, which generally dominates the
close-in phase noise of the VCO. The mechanisms of the flicker noise up-conversion
include the frequency modulation of the harmonic content of the current flowing into the
differential pair [3-10] and the AM-to-FM conversion through the varactor and the
junction capacitors associated with the transistors[3-12].

Now, let’s revisit (3-1), the induced voltage i;jowM produces the current
circulating in the resonant tank. It is assumed that the current i, is close to a square wave,
so rich in harmonics. For simplicity, we ignore all the high-order harmonics and only
consider the harmonic contents at f, and 3f,. The gate voltage V;(2) to the induced voltage

Vina(t) gain can be calculated as
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Vina(t) f=f - $+SLP+RP - SZCRp = T (3'55)
Vi (t) 1/s2C 1 1
— = = == 3-56
Vina(t) f=3f, $+5Lp+Rp 1_9+j3/Qp 8 ( )
Then the gate voltage at the differential pair can be written as:
2 2 1.
Vi(t) = - [,xwMQycos(wt) + o [,k3wM s sin(3wt) (3-57)

We can see that even though the harmonic voltage is much smaller than the fundamental
tone, the two voltages are not in-phase but in quadrature. As a result, the zero crossings of
the fundamental tone are shifted due to the harmonics, as shown in Fig. 3-18. If the
harmonic level is modulated by the noise, it will cause frequency modulation (FM) that is

one of the flicker induced phase noise sources.

Fundamental Tone

\

/'

3" Harmonic Tone

Fig. 3-18 Calculation of the noise current of the differential pair

This frequency modulation behavior due to the harmonics can be modeled as an
equivalent capacitor added in parallel to the resonant tank. The capacitance value is a
function of the harmonic level normalized to the fundamental.

Nonlinearity of the varactor C-V characteristics is another source of the flicker
induced phase noise. The effective capacitance in the resonant tank is expressed as: Coy =
C, — 0.5C,, where C, is the timing average total capacitance and C> the second order
Fourier coefficient of the nonlinear varactor [3-12]. The effective capacitance depends on
the bias voltage of the varactor as well as the VCO amplitude, and hence any perturbation
on the VCO amplitude due to the noise can cause the fluctuation on C. and on the
oscillation frequency. This process is so-called AM-to-PM conversion. Therefore, a linear
tuning curve is highly desirable for minimizing the low-frequency flicker noise converted

to the in-band phase noise.
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For the conventional NMOS-only VCO, the varactor has one side connected to

the power supply. In the presence of the varactor nonlinearity, the low frequency

fluctuation on the supply line can modulate the effective capacitance, and hence degrades

the phase noise. However, for the proposed transformer-based VCO, the varactor is

biased at a voltage normally generated from a bandgap reference. Therefore, it is more

immune to the supply noise.

3.4. Transformer Design Guidelines

Design of a transformer is not trivial as there are many parameters involved. But

most of the strategies that have been used for on-chip inductor optimization can also be

applied to the transformer. Here are a few guidelines for the transformer design based on

the equations derived in the previous section:

1.

Primary inductance. It is mainly determined by the oscillation frequency
and the tuning range. In general, it should be maximized for low-power
applications [3-14].

Quality factor of the primary inductor. It should be maximized for a high
start-up gain, low power consumption, and low phase noise.

Secondary inductance. It is determined by the target mutual inductance.
Quality factor of the secondary inductor. It does not matter unless
extremely low. As a rule of thumb, the series equivalent resistance of the
secondary coil should be smaller than Z;,,,/10 for not affecting the voltage
headroom.

Mutual inductance. It depends on the design objective. If low power (noise)
is the primary objective, a relatively high (low) mutual inductance is
desirable.

Magnetic coupling between the primary and the secondary coils. It is
determined by the target mutual inductance.

Magnetic coupling between two secondary coils. It usually does not affect
the performance and could be either positive or negative depending on the

layout.
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8. Capacitive coupling between the primary and the secondary coils. It
impairs the isolation between the VCO and the divider, and causes the
noise coupled to the resonant tank. Thus, it should be minimized.

9. Layout symmetry. A center tap is required to deliver the bias voltage to
the resonant tank. A perfectly symmetric layout around the center-tap line
is important for a differential VCO.

In order to verify the validity of the equations, we have performed parametric
simulations to check the impact of M on the start-up time, the LO current consumption,
the VCO swing, and the LO phase noise. The start-up time is defined as the time for the
VCO to reach from zero to 90 percent of the full swing, as shown in Fig. 3-19.

' Tstart-up '

Fig. 3-19 Definition of the start-up time

The simulation results are given in Fig. 3-20 through Fig. 3-23. Fig. 3-20 shows
that a larger mutual inductance results in a shorter start-up time, which matches with the

prediction in (3-9).
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Start-up Time vs. M/Mopt
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Fig. 3-20 Start-up time versus M/Mgp

Fig. 3-21 confirms (3-17), which predicts that a larger mutual inductance leads to
a lower current. (14) gives the fundamental spectrum of the current, which matches

reasonably well with the average current.

LO Current Consumption vs. M/Mopt
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Fig. 3-21 LO current versus M/Mgp

Fig. 3-22 indicates that the VCO swing is maximum at M/M,, = 1, as
predicted in (3-19) and (3-20). The discrepancy between the simulation and the
analytical results becomes larger for larger M/M,,,, as the parasitics ignored in the

analysis become more significant.
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VCO Single-ended Pk-to-Pk Swing vs. M/Mopt
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Fig. 3-22 VCO swing versus M/Mgp

Fig. 3-23 shows the LO phase noise with respect to M/M,,,;.. According to (3-
54), the first term is minimum at M/M,, = 1, and the second term is minimum at
M/M,,; = 0.58. The resonant tank and the differential pair are the dominant noise
contributors for small M in the particular design, and hence the minimum phase noise
is achieved for M/M,, in between 0.58 and 1. Fig. 3-23 shows the value is about
0.75.

LO Phase Noise vs. M/Mopt
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Fig. 3-23 LO phase noise versus M/Mgp

There are two possible transformer configurations suitable for the proposed LO
as shown in Fig. 3-24. Configuration I has two identical single-ended transformers placed
side-by-side. The two primary coils are connected in series at the center. Since the

magnetic fields generated by the primary coils try to cancel each other, a certain distance
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between two cores is required to minimize the effect. Configuration II is a single-core
structure having one differential primary coil coupled with two secondary coils closely.
Each configuration has its advantages and disadvantages. Configuration I leads to a
simpler layout than Configuration II, but a larger area due to use of two cores. The layout
for Configuration II could be complicated, if a large number of turns is needed for higher
mutual inductance. However, it is compact. More importantly, it can achieve higher O for

the primary coil owing to enhanced magnetic coupling.

Configuration I: Dual-Core

<

Configuration II: Single-Core

Fig. 3-24 Possible transformer configurations
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3.5.  Summary

In this chapter, a low-power low-voltage quadrature signal generation circuit of
stacking a transformer-based VCO and a CML divide-by-two is presented. The operation
theories of the proposed LO are analyzed comprehensively based on a linearized small-
signal model. Both the LTI and the LTV models are exploited to quantify the VCO phase
noise. The validity of theoretical analysis is then verified through the simulations. The
mathematical equations offer important insights for design optimization of the proposed
LO. The mutual inductance between the primary and the secondary coils of the
transformer turns out to be one of the key parameters. In general, the higher the mutual
inductance, the lower the power, but also the worse the phase noise performance. The
quality factor of the primary inductance should always be maximized. Beyond the low-
power feature, the proposed LO also has inherently lower power supply sensitivity
compared to the conventional LO. Finally, the design guidelines and layout choices of the

transformer are summarized.
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Chapter 4 Circuit Implementation and Measurement
Results

The quadrature LO proposed in Chapter 3 was designed and fabricated in TSMC
CMOS 65 nm technology for a global positioning system (GPS) receiver. As one of the
key building blocks in the frequency synthesizer, the quadrature LO drives the mixers as
well as the prescaler on the feedback path of the synthesizer. All the practical aspects
have been considered in the LO design.

This chapter reviews the design specifications and describes the topology
selections and the circuit implementations of the proposed VCO transformer, the
switchable capacitor bank, the frequency-drift temperature compensation, the peak
detector, the voltage regulator and the LO buffers in great details. Then various
measurements results, including the LO phase noise and its variations over supply,
process and temperature, the frequency tuning range, the reference spur are provided with
some explanations. Finally, the performance of the proposed LO is compared against the

recently published LOs using the well-known FoM and FoM7y [4-1].

4.1. Design Specifications

The proposed low-power quadrature LO generation circuitry is intended to be
used in a GPS receiver that operates concurrently with the cellular transceivers due to the
mandatory support of E911 (Enhanced 911) service in wireless handsets [4-2]. To
maximize the power efficiency, the GPS receiver operates either in a high-linearity mode
or in a low-linearity mode depending on the detected transmitting power level. Therefore,
the LO also needs to be designed to support both operation modes. In the high linearity
mode, the phase noise requirement of the LO is very stringent due to the strong jammer,
while the power consumption should be minimized in the low linearity mode. Table 4-1

summarizes the design specifications of the quadrature LO.
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Table 4-1 Quadrature LO Design Specifications

Parameter Specification

(from 1 KHz to 10 MHz)

Technology TSMC CMOS 65 nm

Power Supply External: 1.2 V; Internal: 1V (at voltage regulator output)
Frequency Tuning Range 1567 MHz — 1590 MHz

LO Phases Q leads I by 90 degree

Integrated Phase Noise <23 dBe

LO Phase Noise @ 96 MHz

< -137 dBc/Hz (Low Linearity Mode)
< -154 dBc/Hz (High Linearity Mode)

RSB

<-23 dBc

Power Consumption

As low as possible for low linearity mode

4.2. Quadrature LO Design Implementation

Fig. 4-1 shows a classical type II fractional-N frequency synthesizer consisting of

a phase frequency detector (PFD), a charge pump (CP), a low pass filter, a pulse-swallow

prescaler, an N counter, a delta-sigma modulator, and a quadrature generation circuit

proposed in Chapter 3. The LO buffer drives the mixers as well as the prescaler on the

feedback of the synthesizer. The complete quadrature LO generation circuit includes a

transformer-based VCO stacked with a divide-by-two, a switchable capacitor bank, a

frequency-drift temperature compensation circuit, a peak detector for adaptive gain

control, a voltage regulator, and LO buffers.

Quadrature LO Gen

VCO REG

XO——>1 prp & cp

—

Loop Filter

2 >

A

N Divider j¢—] Prescaler

—» Mixer

Fig. 4-1 Block diagram of a fractional-N frequency synthesizer
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4.2.1. Transformed-Based VCO

The primary design objective of the LO is to reduce the power consumption. The
stringent far-offset phase noise specification generally requires large current of the
divide-by-two and the following buffers for the conventional LO. The proposed LO is
thus very suitable for the target application.

To justify the topology selection, both the conventional LO in Fig. 3-1 and the
proposed one in Fig. 3-3 have been designed for the target specifications. A performance

comparison based on the schematic-level simulations is shown Table 4-2.

Table 4-2 LO Performance Comparison (Proposed vs. Conventional)

Parameter ‘ Proposed LO Conventional LO

L,:1.3nH

0,:13.5 .
Transformer/Inductor L, 3.5nH L:2.6 nH

Q: 15

05

M: 1.5nH
LO frequency 1.7 GHz 1.7 GHz
Supply Voltage 1V 1V
Current Consumption (VCO + Divider) 1.8 mA 25 mA
igef)’hase Noise @ 96 MHz offset Frequency (worst _154.2 dBe/Hz _154.4 dBc/Hz
LO Single-ended Peak-to-peak Swing 1V IRY%
VCO Start-up Time 2.5 ns 3.5ns

It can be noticed that the two designs have very similar performance in terms of
the operation frequency, the far-offset phase noise, the LO output swing. However, the
current consumption of the proposed LO is about 30% lower than that of the conventional
LO. Also it has shorter start-up time, or equivalently, larger start-up gain.

The quadrature LO needs to support two operation modes: high linearity (low
noise) and low linearity (low power), in one design. The different criteria lead to the
different design optimizations and tradeoffs. For low power consumption, a larger mutual
inductance M, a larger load impedance Z,,,; of the divide-by-two, a smaller g,, of the
VCO differential pair and smaller LO buffers are generally preferable. However, the
design choices go in completely opposite direction for low noise. Therefore, the resistive
load of the divider, the gate bias of the differential pair, and the LO buffers are all made

programmable to accommodate the different scenarios.
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As the primary design objective is to lower the power consumption, and the phase
noise is of secondary concern, a relatively high mutual inductance with a dual-core
configuration is chosen for the transformer-based VCO. Several different transformer
structures for a dual-core configuration were designed and compared using PeakView
tool from Lorentz Solution. The transformer layouts and their electromagnetic (EM)

performances are summarized in Table 4-3.

Table 4-3 Transformer Layout and EM Performance Comparison

INTERLEAVED STACKED TAPPED
Layout
Ly (NH) 0.98 1.28 1.16
Qp 15.5 12.4 15.9
Ls(nH) 3.94 5.93 4.06
Qs 5.66 2.27 8.57
k 0.78 0.92 0.55

It can be observed that among the three transformer structures, the stacked one
has the highest coupling factor & but lowest O, the tapped one has the highest O, but the
lowest £, the interleaved structure has the best overall performance and thus is selected in
the LO design.

The magnetic coupling between the two transformers’ coils are negative for the
dual-core configuration, so the magnetic field becomes weaker as the two cores are
getting closer to each other. Another study for transformers in dual-core configuration
was conducted to evaluate the isolation. The results are shown in Fig. 4-2, where £k, ki,
and k), represent the coupling factors between the two primary coils, the two secondary
coils, the primary and the secondary coils in different transformers, respectively. It can be
seen that in order to keep all the coupling factors less than 0.01, the center-to-center

distance between the two transformer cores should be larger than 300 um.
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Coupling Factor K vs. Distance
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Fig. 4-2 Coupling factors versus center-to-center distance

The final layout of the dual-core transformer is shown in Fig. 4-3. Each
transformer core is implemented with a 2-turn primary coil and a 4-turn secondary coil in
an interleaved structure. The primary coil uses thick M5 layer with a metal width of 12
um, and the secondary coil uses AP layer with a metal width of 3 um. The overall area is
540 um x 260 um = 0.14 mmz, and the center-to-center distance is 330 um.

A 3 G primary
: secondary

260 um

540 um

Fig. 4-3 Dual-core transformer layout

The transformer is simulated using Ansoft’s 3-D finite element solver HFSS. The
key parameters are plotted in Fig. 4-4. At the frequency of around 3.2 GHz, the

differential primary inductance (or, the total equivalent inductance of the two primary
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coils in series) is 2.6 nH and O, is 13.5. The single-ended secondary inductance is 5.2 nH

and Q; is 4.5. The coupling factor between the primary and the secondary coils is 0.76

and the mutual inductance 1s 1.98 nH.
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Fig. 4-4 Key parameters of the transformer

A physical-based lumped-model is also generated for simulation purpose. The

model includes the self and the mutual inductances, the terminal-to-substrate parasitic
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capacitance, the terminal-to-terminal parasitic capacitance, the winding-to-winding
parasitic capacitance, the winding and the substrate losses due to the ohmic, skin and

proximity effects.
4.2.2. Switchable Capacitor Bank

In order to guarantee the frequency coverage over various conditions as well as
keep K., relatively small for low frequency tuning sensitivity, a combination of varactors
and an 8-bit weighted capacitor array with a switch for each capacitor bank [4-2] are used
to resonate with the inductor. The oscillation frequency is coarsely tuned using the
weighted capacitor array, and then finely tuned by the varactors. A schematic of the 8-bit
switchable capacitor array and the varactors are illustrated in Fig. 4-5. When CT<i> is 0,
the switch is turned on and the NMOS transistor behaves as a resistor. The two associated
capacitors on the bank are connected to the LC tank through the NMOS. When CT<i> is
1, the switch is turned off to open the path. The tradeoff is the on-resistance of the switch
should be very low for not degrading the Q of the capacitor bank. On the other hand, the
parasitic capacitance of the NMOS switch should be small enough for not affecting the

tuning range.

CT<0>

v

<3

cT<1> % —o< 1
T A T

CT<6> >0—¢+—0K
3
CT<7> >O—-—o<

\AA N

AA

\AA N

AA

) 2l |
Al 1N

Fig. 4-5 Schematic of the switchable capacitor bank and the varactors
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The coarse tuning capacitor bank needs to be calibrated each time before enabling
the synthesizer analog loop. The calibration procedure based on a binary search algorism
is described as follows:

1. Set the control voltage of the VCO to be a fixed voltage, usually half of the

supply, by a voltage generator;

Then, starting from the most significant bit of the coarse tuning code,

2. Set the bit to be one;

3. Estimate the VCO frequency f. using an on-chip RF digital counter;

4. Make a decision

e Stop here, if foir = frargers

e Set the bit to be 0, if foy > fiurge, and then repeat step 2,3 and 4 for the
less significant bit;

e Set the bit to be 1, if foy < firger, and then repeat step 2,3 and 4 for the
less significant bit;

5. Go back to step 2 unless it is the least significant bit (LSB).

The resolution and the accuracy of the digital counter causes the error in the VCO
frequency during the coarse tuning process. The accuracy can be improved by increasing
the calibration time, which is not an issue for GPS applications.

An ideal frequency tuning characteristic is shown in Fig. 4-6. The control voltage
variation AV, can be roughly estimated as the frequency offset Af,., divided by Kico.
The frequency offset can be introduced by the discrete coarse-tuning frequency step, the
bank selection error, and the frequency drift over temperature. A large AV, can possibly
cause the synthesizer loop unlock. To minimize Af,y.; due to the discrete coarse-tuning
frequency step, it is important to determine the LSB capacitance to the varactor
capacitance ratio carefully for the sufficient frequency overlap between two adjacent
coarse tuning curves. A frequency-drift temperature compensation circuit is normally

required to reduce the frequency variation over temperature.
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n: number of bits

Control Voltage (V)
Fig. 4-6 An ideal frequency tuning curve with multiple banks
4.2.3. Frequency-drift Temperature Compensation

The VCO frequency drift over temperature poses a potential problem to a GPS
system where the synthesizer must remain in lock over entire temperature range and can
not be re-locked. One possible remedy is to enlarge the varactor to accommodate the
frequency drift range, however, it increases the tuning sensitivity and hence the phase
noise coupled through the control voltage. Therefore, it is indispensable to compensate
the temperature variation without increasing K,,.

The VCO oscillation frequency is mainly determined by the inductance and the
effective capacitance in the resonant tank. The temperature dependence of an inductor is
normally negligible. Contrarily, the effective capacitance is sensitive to the temperature,
such as the reverse-biased junction capacitors of the transistors [4-3]. Although several
different temperature compensation circuits have been reported in [4-3]-[4-5], the basic
idea is the same: use of a temperature dependent voltage to bias the varactors.

The block diagram of the temperature compensation circuit implemented in this
design is shown in Fig. 4-7. A temperature dependent voltage V} is generated by
multiplying a PTAT (proportional to absolute temperature) bias current /,,,, and a resistor
R1. Since the larger the voltage temperature coefficient 7., the smaller the extra varactor
needed. A simple common-source amplifier is thus added to amplify 7. To minimize the

process variation of Vi, a diode-connected NMOS transistor is used as the load of the
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amplifier. Also, an RC filter with a pole at a frequency below 1 kHz is employed to

reduce the noise contribution of the bias generation circuit.

Vctrl

* |: M2
Iptat /\';\2/\, Viemp

Fig. 4-7 Block diagram of a frequency-drift temperature compensation circuit

4.2.4. Adaptive Amplitude Control (AAC) with Peak Detector

Due to large process and temperature variations, it is difficult to optimize the
design over all the conditions. For instance, a large bias current or a high supply voltage
is usually necessary to ensure a robust start-up of the VCO and meet the phase noise
specification under slow process and hot temperature conditions. Consequently, the
power may not be optimal at typical and fast process corners. It is thereby desirable to
implement a tracking loop to control the operation conditions intelligently. A few
adaptive-amplitude control (AAC) techniques for the VCOs have been presented in [4-6]-
[4-8]. By utilizing the AAC, the start-up, the power and the phase noise of the VCO can
be kept at a more or less optimal level over all the conditions. However, the stability, the
area and power overhead, and the extra noise contributions from the AAC circuit are the
things that need to be considered.

The block diagram of an adaptive amplitude control circuit implemented in this
design is shown in Fig. 4-8. The VCO output amplitude is sensed by a peak detector (PD)
and then fed into a comparator. If the amplitude is higher than the reference voltage V..,
then the PD output signal pd_out becomes high; otherwise, the pd_out goes low. Vs can
be programmed by a control signal V.., Rsel. A digital finite state machine (FSM) records
the pd_out and generates the control signals Rsel to the VCO regulator.
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Fig. 4-8 Block diagram of a frequency-drift temperature compensation circuit

The calibration procedure is as follows:

1. Enable the VCO and the PD, set Rse/<3:0> = {default code};
Set Vier Rsel<3:0> = {code 1};

Record the PD output as pd_outl;

Set Vier Rsel<3:0> = {code 2};

Record the PD output as pd_out2;

Set Rsel<3:0> = {specific code based on pd oul and pd ou2};
Disable the PD;

S A T o O

The PD is enabled only during the calibration mode. Since this is an open-loop
control, there is no instability concern. Also, there is no extra power and noise
contribution from the AAC circuit.

The schematic of the peak detector and the reference voltage generator is shown
in Fig. 4-9, where V;,, and V;,, are the differential VCO output signals. The PD works as
a full-wave rectifier. The two differential signals charge the capacitor C/ alternatively,
with each one for half of the VCO clock cycle. The charging action continues until the

“peak” value is reached at the capacitor, which is

2
Vac = . Vveo (4-1)
where Vyco represents the VCO differential amplitude. As shown in Fig. 4-9, a replica

bias scheme is used for the reference voltage generator. So the DC voltages of V,.rand V,

can track well over process and temperature.
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Fig. 4-9 Schematic of the peak detector and the reference voltage generator

4.2.5. Voltage Regulator

An on-chip regulator with high power supply rejection ratio (PSRR) is critical to

achieve a low-noise VCO. The main challenge of the regulator design is to maintain a

low supply sensitivity over a wide bandwidth while keeping the dropout voltage low and

the loop stable. The dropout voltage refers to the difference between the external supply

and the internal supply generated by the regulator. The advantage of a low dropout

voltage is higher efficiency. A conventional PMOS-based low dropout (LDO) regulator

with RC compensation is shown in Fig. 4-10.

Vref

s
s
3

Fout

I | Vout v

Cload

T
s L
:

Fig. 4-10 Conventional LDO with RC compensation
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In this topology, a PMOS transistor M1 is used as an output stage. Its gate voltage
should follow the supply perturbation to produce a constant output voltage V,,. An
operational transconductance amplifier (OTA) allowing the direct feedthrough of the
supply ripple to the output is thus desirable for a high PSRR. Assume that 4; and p; are
the DC gain and the dominant pole of the OTA, 4, and p, are the DC gain and the
dominant pole of the output common-source amplifier, 4,4, is the resistive divider ratio
from V,,, to Vaa, equal to 7o/ (vas + 7ouw). Generally, p; is made much smaller than p, with

a miller C or RC compensation. Then V,,, can be approximately written as:

VadAvaa/(1+5/p2) (4-2)

V =
OUL ™ 144, 4,/[(1+5/p1)(1+5/D2)]

Therefore, the PSRR of the conventional LDO is:

Ayaa/A14; DC
Avdd(l"‘%)
def Vout pl ~ UGF
PSRR & ot A14z (4-3)
Vaa Avdd at UGF
Avdd
1+s/p, > bz

where UGF represents the unit gain frequency at which the PSRR is small. For a stable
loop, UFG should be between p; and p,. Since the loop normally has two closely spaced
poles, a compensation is required to stabilize it. The LDO in Fig. 4-10 uses a Miller RC
compensation. However, the stability is achieved at the cost of a lower open-loop gain.
Several different compensation techniques have been presented in [4-9]-[4-11]. A replica

biased regulator topology proposed in [4-9] is shown below.

replica
loop |

Fig. 4-11 Replica compensated regulator [4-9]

79



Chapter 4. Circuit Implementation and Measurement Results

The key idea is by introducing a secondary replica feedback loop, the effective
pole of the OTA is pushed out far from the pole of the output stage, so the main loop can
be stabilized without narrowing the open-loop bandwidth. In other words, the high-
frequency PSRR is improved. Assume that (7-k)A4; is the DC gain of the OTA in the main
loop, kA; is the DC gain of the OTA in the replica loop, p; is the dominant pole of the
OTA, 4>, p> and 4,44, are the DC gain, the dominant pole and the divider ratio of the main
output stage, respectively, A2, p22 and 4,442, are the DC gain, the dominant pole and the
divider ratio of the replica output stage, respectively. Note that A, = 42, and Ay4s = Ayaaz if
the replica load matches the main load perfectly, also p2» >> p; as the capacitor attached

to the replica load is much smaller. The PSRR can be derived from the following

equations:
Vour A=RMV ik _
| 1+s/p, — Tbp
M =V (4_4)
1+s/p, out
VaaAgartViph,, v
1+s/p,, rep

Then V,,; can be written as:

VddAdd

_ 1+s/p2
Vout - (1-k)A1A, ] kA14; (4'5)
"(1+s/p1)(A+s/p2)  (1+s/p1)(1+s/p22)

Therefore, the PSRR can be expressed as:

Avaa/ A4y DC
Apaa(1+->)
_ P1 ~
PSRR = § a,4,(1+1c) P1(p) ~ UGF (4-6)
_Avdd > UGF
1+5/p2

The replica biased regulator has the same DC gain but a higher unit gain
frequency as compared to the conventional LDO. So the PSRR is improved for high
frequencies. In this topology, a relatively large loading capacitor is normally required to
form a low dominant pole (p,) at the output stage. However, it is limited by the die area.
Also, the performance highly depends on the matching between the main load and the
replica load.

The conventional LDO does not use a standard NMOS transistor as the output

stage because of the high dropout voltage. The availability of the native device in this
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design makes the conventional LDO with an NMOS output stage a viable topology. The

schematic is shown in Fig. 4-12 4-12.

Vref

% lds

lout

|_|
%l_'g T Vout '
_l T’Jl_ I__| Cloadé_
-

I

Fig. 4-12 Native-NMOS LDO regulator

The loop stability can be maintained easily as the output impedance of the output
stage is low, so that its dominant pole is far away from the pole of the OTA. The output
stage is a source follower, and hence it is important to keep the gate voltage of the NMOS
transistor clean. A folded-cascode OTA that does not allow the direct feedthrough from
the supply to the OTA output is thereby desirable. Assume that 4; and p; are the DC gain
and the dominant pole of the OTA, 4 is the product of the transconductance of the native
NMOS and the equivalent resistance (74 // 7104q) at the output node (Note that it is NOT
the gain of the source follower, and 4, >>1), p, is the dominant pole of the output stage,
which is equal to (1+4,)/[Cioaa’(ras // ¥ioaa)], usually much larger than p;, A4,4; is the
resistive divider ratio from V,, to Vg, equal to ro/(ras + row). Then V,, can be

approximately written as:

Vad4vdd

— (1+A42)(1+s/p2)
Vout - \ Aq 2 AZZ (4-7)

"(1+s/p1) (1+A2)(1+s/p2)

Therefore, the PSRR of the NMOS LDO is:
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(Apaa/A14, DC
Apga(1+=>)
) —SPL p ~UGF
ef t o 142
PSRRE 4 ™ | Ao at UGF (4-8)

Az
Avdd

1+s/p, > Pz

Apparently the NMOS LDO has higher PSRR at the high frequencies as
compared to its PMOS counterpart. All of the three different regulators have been
designed with the same loading condition and the power budget. A performance

comparison based on the simulation results is shown in Table 4-4.

Table 4-4 Regulator performance comparison

PSRR (dB) Noise (dB) PM | Ciona

Topology ©
10k | 100k | 1.6M | 3.2M | 19.2M | 100M | 1k | 10k | 100k

(PF)

PMOS LDO -63 | -43 -19 -13 0.3 -4.4 | -144 | -151 | -153 | 69 | 20

NMOS LDO | -78 | -60 -36 -31 -21 -28 | -144 | -151 | -151 | 71 | 20
Replica PMOS | -64 | -53 -33 -29 -13 -14 | -135|-145 | -151 | 59 | 20

It can be seen that the NMOS LDO has the best overall performance among the
three, in terms of the PSRR, the noise and the loop stability (or phase margin). Therefore,

it is chosen for this design.
4.2.6. LO Buffers

Due to the large LO signal swing required by the following passive mixers, an
amplification stage or LO buffer is necessary for this design. An ac-coupled self-biased
CMOS buffer in Fig. 4-13 is commonly used for its simplicity and ease of design.
However, the small-signal gain of the buffer is very sensitive to process, temperature and
supply (PVT) variations, especially at low supply voltage. To ensure sufficient gain even
in the worst condition (low temperature and slow process), a g,-tuned bias scheme is
designed for the ac-coupled LO buffer, where the NMOS transistor and the PMOS
transistor are biased at different levels. The schematic of the LO buffer with the bias

generation circuit is shown in Fig. 4-14.
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4|

VWAL Vout

Fig. 4-13 An ac-coupled self-biased CMOS buffer
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Fig. 4-14 An ac-coupled CMOS buffer with g,,-tuned bias

Assume that there is no channel length modulation effect, /; is generated from the
bandgap reference voltage divided by a resistor, and /I, from the bandgap reference
voltage divided by a tuned resistor, then the transconductances of the PMOS and the
NMOS transistors can be written as:
2LRgmp =1, and 2LiRGmy = I, (4-9)
Since the variation of R is compensated by /;, g, and g,, are constant at all the
conditions. Following the ac-coupled g,-tuned buffer, a simple CMOS inverter is used as

a 2" stage buffer to further improve the driving capability.
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4.2.7. A Complete Schematic of the LO Generation Circuitry

; I 0

Iy

Vetrl
R

AN

J_ W
I R1

Fig. 4-15 A complete schematic of the LO generation circuitry
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4.3. Simulation Results

The LO generator was laid out and fabricated in CMOS 65 nm technology.
Extensive post layout simulations were performed to check the circuit performance under
various conditions. A few important simulation results, which cannot be measured

directly, are shown below.

a) VCO, divider and LO output signal amplitudes

The top waveform in Fig. 4-16 is the output of the divide-by-two, the middle one
is the output of the LO buffer, and the VCO output signal is shown at the bottom.

1
9
&
8.7
et
5
4
3
10

75

< 5
=
.25

0

1.0

75

< &
=
25,

0

6.0 6.5 7.0 7.5 8.0
8.082ns b0 L1mV time (ns)

Fig. 4-16 Transient waveforms of VCO, divide-by-two and LO output signals
b)  Supply sensitivity

Fig. 4-17 shows the PSRR of the regulator. The curve in red is the PSRR when
the output voltage of the regulator is equal to 1.16 V, or the dropout voltage is 40 mV
(Vaa = 1.2 V). The curve in green is the PSRR for the output voltage equal to 1 V. The
simulation results demonstrate that the regulator can provide decent PSRR over wide
frequency range as long as the dropout voltage is kept larger than 200 mV. Fig. 4-18
illustrates the supply sensitivity of the LO frequency, K44, over process variations. In the
simulation, the output voltage of the regulator is about 1 V. The result shows that K, is

less than 1 MHz/V if the supply voltage is larger than 1.15 V.
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Fig. 4-18 Simulated LO supply sensitivity Kyqq
c¢) Tand Q Mismatch

The relationship between the residual sideband (RSB) and I/Q mismatch can be

described as follows:

1+A%2-2Acos8
RSB (dBc) = 10l0gyp oo (4-10)

where A4 is the voltage ratio between I and Q amplitudes and & is the phase deviation
from quadrature between I and Q. The higher the absolute value of RSB, the better the I
and Q matching. Monte Carlo simulations with 100 runs were performed to check I and
Q phase mismatch, amplitude mismatch and RSB in low linearity mode. The results are
shown in Fig. 4-19, Fig. 4-20 and Fig. 4-21, respectively. Fig. 4-19 shows that the worst

phase mismatch can be more than 5 degree, which translates into an RSB of -27 dBc even
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without any amplitude mismatch. Therefore, the phase mismatch is a dominant factor to

determine the RSB.

Phase Mismatch
98
96
4
S
Al 1 M
oo
L) 4
2y . W 2 2.1
8 3
LLAM TR LS LT
2 90 o )
LA Bl ' 3 R
';:: 88 4 9 L 4
) 4 )| 4 <
86
841—1<rl\Oml.DmNmwﬁﬁ‘l\OM‘DU\NLﬂOOH#I\OMLDO\NLﬂOOHQ‘I\O
Fq|-¢Fq\—cNNNmmquwqmmmwwor\r\r\r\mwmmmmg
#of run
Fig. 4-19 I and Q phase mismatch in low linearity mode
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Fig. 4-20 I and Q amplitude mismatch in low linearity mode
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Fig. 4-21 RSB in low linearity mode

4.4, Measurement Results

The entire GPS receiver including the LO generation circuitry was fabricated in

TSMC 65 nm CMOS technology. The chip microphotograph is shown in Fig. 4-22.

Fig. 4-22 Chip microphotograph of the LO generation circuitry

Fig. 4-23 shows the measured LO spectrum when the frequency synthesizer is in
lock. The measured LO frequency is 1588.74 MHz. The reference spurious level is about
-77.4 dBc.

88



Chapter 4. Circuit Implementation and Measurement Results
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Fig. 4-23 Measured the LO spectrum

Fig. 4-24 demonstrates the VCO coarse tuning calibration and the synthesizer
close-loop settling behavior. It can be observed that during the calibration the frequency

jumps up an down, and eventually settles to the closest bank.

Fig. 4-24 Measured the LO frequency during the calibration and normal operation

Fig. 4-25 illustrates the measured single side-band (SSB) integrated phase noise
(IPN) of the synthesizer, which is about -29 dBc. It meets the design specification (-23
dBc) with plenty of margin. The loop bandwidth of the synthesizer is about 45 KHz.
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Fig. 4-25 Measured the single side-band integrated phase noise (IPN)

The transformer-based VCO stacked with the divide-by-two operates at an
internal supply voltage of 1 V, and consumes 2.6 mW in high linearity mode, and about 2
mW in low linearity mode. The power consumption of the LO can be reduced further by

lowering the supply, but the phase noise performance becomes worse as shown in Fig. 4-
26.

LO Phase Noise vs. Supply Voltage
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Fig. 4-26 Measured LO phase noise versus the supply voltage in high linearity mode

In high linearity mode, the measured LO phase noise at the carrier frequency of
around 1.6 GHz is shown in Fig. 4-27. The phase noise is -140.4 dBc/Hz at 10 MHz
offset frequency and -151.5 dBc/Hz at 35 MHz offset frequency.
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Fig. 4-27 Measured LO phase noise in high linearity mode

In low linearity mode, the measured LO phase noise is shown in Fig. 4-28. The
phase noise is -138 dBc/Hz at 10 MHz offset frequency and -145 dBc/Hz at 40 MHz

offset frequency.

Fig. 4-28 Measured LO phase noise in low linearity mode

To verify the robustness of the proposed LO, the chips were tested under various
conditions. The measured LO phase noise over the process (SS: slow process, TT: typical
process and FF: fast process) corners and the temperature (LT: low temperature, RT:
room temperature and HT: high temperature) variations is shown in Fig. 4-29. The worst

performance happens at the corner of slow process and high temperature. Even at this
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corner, we observed that the VCO could start up vigorously at the lowest possible voltage

(= 0.82 V) of the on-chip regulator.

LO Phase Noise Variation
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Fig. 4-29 Measured LO phase noise over the process and temperature variation

The measured LO frequency tuning range is roughly from 1.35 GHz to 1.75 GHz
or about 26 percent as illustrated in Fig. 4-30. To ensure a sufficient overlap, the tuning
curve is intentionally designed as being non-monotonic. The discrete coarse tuning
characteristic and the LO gain K, are shown in Fig. 4-31 and Fig. 4-32, respectively.
From the lowest coarse tuning capacitor bank to the highest capacitor bank, Kj, varies
from 30 MHz/V to 90 MHz/V roughly. K}, is about 60 MHz/V at the LO frequency of 1.6
GHz.

LO Tuning Range @ vtune = 0.55V
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Fig. 4-30 Measured L O frequency tuning range
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Fig. 4-32 Measured LO Gain K,
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The performance of the temperature compensation circuitry is shown in Fig. 4-33.
When the temperature varies from -30 °C to 110 °C, the LO frequency drifts more than 10
MHz without the temperature compensation (TC). After the TC circuit is enabled, the LO

frequency drift reduces to less than 2 MHz for the same temperature range.

LO Frequency Temperature Variation
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Fig. 4-33 Measured L O frequency drift w/ and w/o temperature compensation

Table 4-5 shows the variation of the control voltage applied to the varactors with
and without the TC. The voltage variation is as high as 252 mV without the TC. It is
reduced to 28 mV with the TC.

Table 4-5 Control voltage variation w/ and w/o temperature compensation

Process TT SS FF
Vetrl No TC TC (01) No TC TC (01) No TC TC (01)
110 0.515 0.493 0.527 0.519 0.568 0.558
-30 0.29 0.493 0.275 0.51 0.421 0.586
AV -0.225 0 -0.252 -0.009 -0.147 0.028
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4.5,

Performance Comparison

Table 4-6 compares the performance of the proposed quadrature LO against the

existing recent LOs. The figure of merit (FoM) in the table is defined as

wo\2 1
FoM = 10log [(E) - (Aw)_P]

(4-10)
where L(Aw) is the phase noise at Aw, and P the power consumption in mW. The
modified FoM (FoM7) [4-12] is included to take the tuning range into consideration and

given below.

_ Wo TuningRange(%) 2 1
FOMT o 10l0g [(A(u 10 ) L(A(u)-P]

(4-11)
Although a fair comparison is difficult due to different technologies, operating
conditions, and design objectives, the proposed LO achieves the lowest power

consumption and the highest FoMr among the recently reported quadrature LOs.

Table 4-6 LO performance comparison

Ref Tech. Vb Power LO Freq g::eé Phase Noise FoM FoM+
et cmMos) | v) | (mw) (GHz) (%34 (dBc/Hz) @) | (@@B)
[4-13] 0.18 um 1.8 4.32 1.58 6 -121.5 @ 1 MHz 179 175
[4-14] 0.18 um 1 5.17 2.18 23 -140.5 @ 20 MHz* 180 187
[4-15] 0.18 um 1.8 3.06 1.57 13.7 -120 @ 1 MHz 180 182
[4-16] 65 nm 0.65 8.71 5.49 28.6 -113.3 @ 1 MHz 179 188
i 65 nm 1 2.6 1.6 26 1403 @ 10MHz | 180 | 189
work

* phase noise at a carrier frequency of 4.36 GHz (2f10)

4.6. Summary

In this chapter, a quadrature LO generation circuit design based on the proposed
topology in Chapter 3 is described in details. A simulation test bench has been created to
justify the design choice. As compared with the conventional LO that has a CMOS VCO
followed by a divide-by-two, the transformer-based VCO combined with a divide-by-two
in one branch achieves higher start-up gain and less power consumption for a similar

oscillation frequency and far-offset phase noise performance. A dual-core transformer in
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an interleaved structure is adopted for low power. All critical parameters of the
transformer are extracted in a wide frequency range to increase the simulation accuracy.
The bias voltage of the VCO differential pair and the resistive load of the divider are made
programmable to optimize for the two different operation modes: low linearity (low
power) and high linearity (low noise). An 8-bit switchable coarse tuning capacitor array in
parallel with the varactors is utilized to cover the required tuning range with a low gain, or
low sensitivity. Additional varactor pair biased at a temperature dependent voltage is
employed to compensate the LO frequency drift over temperature. An native NMOS based
LDO shows better PSRR at high frequencies than the conventional PMOS based LDO,
and thus used to provide a clean supply to the LO. The regulator output voltage level is set
during the calibration based on the VCO amplitude detected by a peak detector. The LO
buffer amplifies the divider output signals and provides almost rail-to-rail LO signals to

the passive mixers.

The entire GPS receiver including an LNA, a mixer, a frequency synthesizer, an
LO and baseband filters is fabricated in TSMC 65 nm CMOS technology. The measured
LO signal spectrum shows that the reference spurious tone is about 77.4 dB lower than the
main tone. The synthesizer SSB IPN is -29 dBc. The LO phase noise is -140.3 dBc/Hz at
10 MHz offset frequency in high linearity mode, and is about 2 dB worse in low linearity
mode. The typical power consumptions of the VCO stacked with the divider are 2.6 mW
and 2 mW, in the high linearity and the low linearity modes, respectively. The LO
frequency is tunable from 1.35 GHz up to 1.75 GHz. With the temperature compensation,
the LO frequency drift is less than 2 MHz as the temperature varies from -30 °C to 110 °C.
The proposed LO compares favorably to the recently reported LOs.
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Chapter 5 Conclusions and Future Works

5.1. Conclusions

In this dissertation, a transformer-based VCO stacked with a divide-by-two for
quadrature signal generation is proposed. The LO was designed and implemented in 65
nm CMOS technology. The measurement results demonstrate that the proposed LO is
suitable for low-power low-voltage wireless applications. Achievements and
contributions of the dissertation research are as follows.

A new quadrature LO topology. A VCO stacked with a divide-by-two to share
the bias current is proposed for low power LO generation, which adopts the Armstrong
transformer-based VCO configuration for low-voltage operation. The differential pair is
cross-coupled through the mutual inductance between the primary and the secondary
coils, and hence it can operate at very low voltage. The resonant tank is connected
between the gates of the differential pair, and the CML divide-by-two is driven by the
drain current. Thus, a good isolation between the resonator and the divider is maintained,
which minimizes the noise coupling.

An in-depth circuit analysis. Based upon a linearized small-signal model, the
important circuit parameters, such as the VCO start-up gain, the oscillation frequency, the
voltage swing and the current consumption of the proposed LO are derived quantitatively.
The design tradeoffs can be understood clearly through the analysis. To estimate the
phase noise performance, both the LTI and the LTV models are used to calculate the
noise contributions of the resonant tank, the VCO differential pair and the divide-by-two.
The mathematical equations are validated by the simulations. The results indicate that the
quality factor of the primary coil and the mutual inductance between the primary and the
secondary coils are two critical parameters. It is always desirable to have a high Q, but
determination of the mutual inductance involves tradeoffs among the start-up gain, the
signal swing, the current consumption and the phase noise.

Transformer design guidelines. A guideline on how to determine the parameters
of a transformer is provided. The parameters include the primary and the secondary

inductances, the mutual inductance, the quality factors, and the parasitic capacitance.
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There are two possible layout configurations: dual cores and single differential core. The
two options are compared in terms of the area, the complexity, and the quality factor of
the primary coil.

Implementation of a complete LO. The proposed quadrature LO is designed for a
GPS receiver. The primary goal is to lower the power consumption. Thus, a dual-core
transformer structure is selected. To facilitate the simulation convergence, a broad-band
lumped model of the transformer is generated from a s-parameter file. An 8-bit
switchable capacitor bank in parallel with the varactors is utilized to cover the required
tuning range with a low K,.,. Extra varactors biased at a temperature dependent voltage
are added to compensate the frequency drift over temperature. A native NMOS based
LDO provides good isolation from a noisy supply over a wide bandwidth. During the
initial calibration, a peak detector is enabled to control the supply voltage. Also, a two-
stage LO buffer is inserted to ensure the following stages get sufficient LO signal swings.

Demonstration of a working test chip with good measurement results. The test
chip including a full receiver chain and an LO was fabricated in TSMC 65 nm CMOS
technology and is fully functional. The LO operates robustly over process and temperature
variations at an internal supply voltage of 1 V. The measured LO phase noise is -140.3
dBc/Hz at 10 MHz offset frequency for high linearity mode, and the typical power
consumption is 2.6 mW. The tuning range of the LO is about 26 percent, roughly from
1.35 GHz to 1.75 GHz. The temperature compensation circuit helps reducing the control
voltage variation from 252 mV to less than 30 mV. Also, when the synthesizer is in lock,
the measured reference spurious tone at the LO output is about -77.4 dB with respect to

the signal tone, and the integrated phase noise of the synthesizer is -29 dBc.

5.2. Future Works

The proposed LO generation circuit indeed achieves low power consumption and
is able to operate at a low voltage. However, there are still some interesting works that

are worth further exploration.
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Chapter 5. Conclusions and Future Works

5.2.1. Optimizing the transformer design

Optimization of the transformer design is important for the proposed LO. As
described in section 3.4, there are two possible transformer layout structures: one
configuration is based on dual cores, which was implemented in the test chip, the other
one is based on a single core. It is relatively easy to increase the secondary inductance for
the dual-core structure. However, the required secondary inductance is lower for the
single-core configuration, due to the fact that it is coupled to the whole primary coil, not
half of it as is in the dual-core case. The single-core configuration also leads to a higher
quality factor of the primary coil with a compact layout. Therefore, it could be a better
choice for the proposed LO. Another LO using a single-core transformer was designed in
TSMC 65 nm CMOS technology and taped out recently. The simulation shows that the
LO consumes slightly higher current but achieves lower phase noise performance.
Further research is necessary to compare the two transformer configurations and offer

improved guidelines to optimize the design.
5.2.2. Improving the circuit analysis method

The linearized small-signal model yields good results for start-up analysis. When
the LO enters large-signal operation mode, the circuit behavior is governed by the
nonlinearity of the devices. In Chapter 3, the large-signal analysis is based on the
assumption that the LO is in the voltage-limited region, and the current produced by the
differential pair toggles between the peak value and 0 with a square-wave shape. Also, in
the phase noise analysis, the noise contribution from the divider is calculated based on the
assumption that the VCO differential pair works as ideal switches. However, those
simplified assumptions incur a disagreement between the analytical results and the
simulations ones. Moreover, as the mutual inductance increases, some parasitics of the
differential pair cannot be ignored any longer, which makes the nonlinearity even worse.
Therefore, it is necessary to further improve the methods for analyzing the proposed LO

to gain more accurate prediction.
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