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Preface

This is a book for engineers concerned with jitter: the effects of noise visible
in the time domain. The material presented will be helpful for work at both
the system level and the circuit level:

e At the system level, the challenge is to describe, specify, and measure
time domain uncertainty and when necessary, relate jitter to phase noise
specifications in the frequency domain.

e At the circuit level, the challenge is to design low noise circuitry within
power, area, and process constraints so that ultimate performance meets
system level requirements.

Throughout the book concepts are presented in the context of an en-
gineering application requiring low jitter performance: the voltage controlled
oscillator (VCO) used in a phase-locked loop (PLL). Techniques are presented
for circuit-level design of low jitter delay elements for use in ring oscillators, as
well as relating the circuit-level characteristics to system-level performance.
Although the emphasis is on time-domain (jitter) measures of oscillator per-
formance, a simple method of translating performance to frequency domain
(phase noise) measures is presented as well.

Structure of this Book

This book is divided into nine chapters. The diagram on the following page
shows the relationship between material in each chapter as well as placement
in the system-level vs. circuit-level design hierarchy. Wherever possible, ex-
perimental verification is presented in the same chapter as the corresponding
theoretical development, rather than being isolated in a separate chapter.
Chapter 1 begins as a bridge between the system and circuit levels, de-
scribing a range of applications for which jitter is a concern and beginning
the exploration of the ring oscillator on the circuit level. Somewhat more em-
phasis is placed on clock recovery in serial data communication, the main



VI

application for which this work was originally done. Chapter 1 also provides
a brief overview of the different types of VCOs that are used in clock recovery
PLLs, and establishes the need for an intuitive methodology to guide design
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for low-jitter ring VCOs.

CIRCUIT LEVEL

Chapter 2 provides a classification of existing ring oscillator delay stage
circuits according to signal type, output, and method of tuning. This classi-
fication scheme is organized from the circuit designer’s perspective, covering
most existing ring oscillator architectures and laying the foundation at the
circuit level for the system level analysis techniques that will be developed to
guide the designer in choosing among the options and tradeoffs in the ring
oscillator VCO design process.
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Chapter 3 introduces fundamental concepts for understanding phase,
phase noise, and jitter, as well as their effect on the PLL. A review of fun-
damental PLL and phase noise concepts shows how VCO jitter is shaped by
PLL loop dynamics to determine system-level jitter. After a brief introduc-
tion to jitter measurement techniques, several different system-level jitter and
phase noise measures are specified which will be related by a mathematical
framework to be described in Chapter 5.

Chapter 4 reviews the basic system-level concepts of random signals and
noise used in the development of the mathematical framework of Chapter 5.
It is meant as a review for the reader who has studied random signals or as
an introduction for the circuit designer new to the area.

Chapter 5 covers the mathematical development of a technique for relat-
ing different jitter and phase noise measures introduced in Chapter 5. A key
insight in this chapter is the definition of figures-of-merit, N; (frequency do-
main) and K (time domain), to describe jitter of the open-loop VCO. Knowl-
edge of either N7 or KC, together with the PLL loop dynamics, gives complete
information on the system-level closed-loop jitter performance as measured
in either the time or frequency domain. The technique is verified experimen-
tally through measurements made on several existing PLLs and VCOs in both
closed loop and open loop conditions.

The material in Chapter 6 begins building a “bridge” in the methodology
necessary for circuit-level design to meet a required system-level specification.
It is seen that the time domain figure-of-merit Xis independent of both the
ring frequency and number of stages, and thus can provide an intuitive link
between circuit-level and system-level performance. This leads to a simple,
general design methodology which flows naturally from the time-frequency
domain relationships described in Chapter 5. Experimental results are pre-
sented verifying the concepts underlying the methodology.

Chapter 7 is concerned with circuit-level design of delay stages to realize
a low-jitter ring VCO function. The jitter figure of merit I, developed in
Chapters 5 and 6, is applied to characterize jitter in delay stages designed
in both CMOS and bipolar technologies. Explicit numerical relationships are
developed relating noise sources to resulting jitter. Simulated and experimen-
tal results from several rings of different lengths demonstrate the applicability
of this approach. Comparing the expressions for [Cin rings with results from
other types of VCOs illuminates the relative merits of ring oscillators in terms
of jitter performance.

Chapter 8 completes the “bridge” back to the system level from the circuit
level, providing a summary of the entire methodology for the designer whose
interest is circuit level design of a low jitter ring oscillator. Starting with
desired jitter performance at the system level, expressed in either the time or
frequency domain, the procedure gives explicit constraints on values of circuit
elements.

As examples of the procedure in Chapter 8, the design of low jitter ring
VCOs for both CMOS and bipolar PLLs is described in Chapter 9. Design
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techniques for overcoming some of the inherent limitations of the ring archi-
tecture are discussed. Measured test results, incorporating the techniques of
Chapter 7 are presented showing good agreement to the design methodology’s
numerical predictions.
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Introduction to oscillator jitter

This chapter begins exploration of jitter with system-level issues. Section 1.1
describes a range of applications for which jitter is a concern. Somewhat more
emphasis is placed on clock recovery in serial data communication, the main
application for which this work was originally done. Section 1.2 also provides
a brief overview of the different types of VCOs that are used in clock recovery
PLLs, and establishes the need for an intuitive methodology to guide design
for low-jitter ring VCOs. Section 1.3 summarizes the motivations and goals
for the remainder of the book.

1.1 Applications

1.1.1 Clock recovery in serial data transmission

One application that uses a VCO and PLL to develop a low jitter clock is the
clock and data recovery (CDR) function, which is necessary in a wide variety of
serial data applications such as FibreChannel and SONET [1-5]. A conceptual
example of serial data transmission over a fiber optic link is shown in Figure
1.1. To reduce interconnection hardware, only the data is transmitted over a
single fiber. At the receiving end of the link, a clock recovery circuit generates
the bit clock RCLK from the serial data stream V;,,. The clock recovery circuit
also samples V;,, to retime the serial data with respect to the recovered clock.

In this application, the design tools presented in this book are relevant to
determining how well we can perform the clock recovery function. The timing
diagram in Figure 1.1 shows the ideal case when clock recovery is performed
perfectly: There is no phase error in the recovered clock, and RCLK samples
Vin at the exact center of the bit period. This gives the minimum bit error
rate (BER). Any deviation of RCLK from the ideal will increase BER .

In reality, there will be both static (“phase offset”) and dynamic (“phase
jitter” or simply “jitter”) phase errors in the recovered clock, which will de-
grade performance and increase the BER. Reducing the bit error rate is a
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2 1 Introduction to oscillator jitter

major motivation for reducing jitter in the recovered clock. This book will
address techniques for describing and reducing dynamic phase errors; static
phase errors are not considered.

Increased BER is not the only negative effect of jitter in serial data com-
munication . In a system architecture including repeaters, where the recovered
clock is also used as the reference for the transmit clock for a subsequent data
link, clock jitter can increase at each stage of clock recovery. An increase in
jitter reduces the number of links that can be cascaded before jitter becomes
unacceptably large [6].

Note that in evaluating the BER performance of a data link, the end user
must be concerned with many other possible influences on BER besides the
jitter in the CDR block. Among other factors that can degrade system BER
are power loss and dispersion in the optical fiber, inadequate optical power
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Fig. 1.1. Typical fiber optic serial data transmission system.



1.1 Applications 3

input at the transmit end, and noisy optical-to-electronic conversion at the
receive end.

To assess the contribution of the clock recovery block to BER, the CDR
function can be tested independently of the link, as shown in Figure 1.2. The
input is an ideal data waveform; the recovered clock is then compared to the
transmit clock in the time domain. Figure 1.3 is a typical measured waveform
showing jitter in the threshold crossing of the recovered clock waveform. If
there were no jitter, the phase difference between the clocks would be constant
(due only to static phase and propagation delay differences). In the presence
of jitter, there is a distribution of phase differences, approximated by the
historgram shown in Figure 1.3. The standard deviation of this distribution
0, is the end user’s measure for characterizing the jitter performance of the
clock recovery block in the time domain [7].

DIRECT CONNECTION:
BYPASS FIBER LINK, CLOCK
INTERFACE ELECTRONICS RECOVERY

Vin

TRANSMIT END RECEIVE END

Fig. 1.2. Independent test of BER due to clock recovery function..

1.1.2 Methods of clock and data recovery

At moderate data rates, data can be recovered by oversampling the received
signal to identify transitions in the data waveform [8]. At higher frequencies,
however, techniques operating at or near the data rate are necessary. One
method of recovering the bit clock is to apply the nonlinearly processed data
waveform to a resonant circuit such as a surface acoustic wave (SAW) filter
[9,10]. Nonlinear processing is required since a non-return-to-zero (NRZ) data
waveform has a spectral null at the bit frequency [11]. The disadvantage of
this approach is that SAW filters are incompatible with low cost IC fabrication
technologies.

An alternative approach for generating the recovered clock is to use a
phase-locked loop (PLL) [12-15]. This has the advantage of being integrable,
and thus relatively inexpensive. This book will address techniques that can be
applied to design for low jitter performance when a PLL is used for the clock
recovery function. In Chapter 3, the example of the CDR system is examined
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in more detail to show how performance is influenced by both circuit-level
considerations such as jitter in the VCO as well as system-level considerations

1 Introduction to oscillator jitter
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Fig. 1.3. Jitter on recovered clock waveform.

such as PLL loop bandwidth.

1.1.3 Other applications

Although the concepts in this book will be developed in the context of serial
data transmission, there are several other applications requiring low jitter

performance from PLLs:
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Digital clock synthesis

Digital processors are capable of operating at clock rates of several GHz,
but distributing such a high speed clock throughout a system is impractical if
not impossible. One approach to solving this problem is to distribute a lower
frequency clock, and multiply this clock to the higher frequency with an on-
chip PLL [16-20]. Low jitter is necessary since any increase in jitter reduces
timing margin for digital circuitry and signals that rely on the clock.

Serialize-Deserialize (SERDES)

To reduce the physical size of digital communication paths, a wide digital
bus can be serialized to transmit data at higher speed [2]. At the receive end,
data is recovered and demultiplexed to parallel form. Integrating SERDES so-
lutions on chip allows substantial reduction in package pin count as well as in
backplane interconnect. System issues are much the same as in the fiber optic
transmission system; however, in the case of SERDES the physical channel
is usually all electrical. Similar BER issues arise due to nonidealities in the
physical transmission medium, for example, attenuation and dispersion in a
backplane signal transmission path. Low jitter performance is necessary to
ensure adequate BER for the SERDES function.

Frequency Synthesis

PLLs are widely used for frequency synthesis in RF communication sys-
tems. One example is shown in Figure 1.4, in which a PLL is used to gen-
erate local oscillator (LO) waveforms in signal modulation and demodula-
tion [21,22]. In this case, system performance is described in the frequency
domain, relative to specifications such as adjacent channel interference and
spurious power output. Figure 1.5 shows a typical measurement of an os-
cillator power spectrum. For an ideal waveform, the spectrum would be an
impulse at a single frequency. The frequency domain manifestation of jitter
is phase noise: the “skirts” of excess noise power at frequencies close to the
ideal impulse.

Oversampling ADC' clock synthesis

A PLL can be used to generate the high-speed clock required for delta-
sigma A/D and D/A conversion in digital audio applications. Low jitter is
necessary since phase noise on the clock can be aliased into the audio band to
produce audible, objectionable artifacts in the reconstructed analog waveform
[23,24].

1.1.4 Summary

Many applications require low jitter PLL performance, characterized by time
domain or frequency domain measures. The work in this book grew out of the
need to develop tools for low jitter PLL design, while always being able to
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Fig. 1.5. Typical measurement of oscillator power spectrum.

relate circuit-level design decision to the end user’s requirement for system-
level jitter performance.
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1.2 Types of VCOs

This section briefly describes different types of VCOs that are used in clock
recovery and other PLLs. They will be discussed in more detail in Chapters
2,6, and 7.

1.2.1 LC resonant

Figure 1.6 shows a conceptual LC resonant oscillator . The oscillation fre-
quency is determined primarily by the resonance of an LC network (or equiv-
alent, for example, a quartz crystal). Active circuitry stabilizes the oscillation
amplitude and provides energy to balance losses in the L and C elements.
Tuning is achieved by varying an element value, usually capacitance with a
votlage controlled capacitance such as a varactor [25, 26]

Fig. 1.6. Conceptual LC resonant oscillator.

VCOs based on a resonant circuit (such as an LC tank or quartz crystal)
are known to have excellent jitter performance [27-30]. Analysis of noise in
resonant-based VCOs is well developed in the literature [31-34], and design
techniques for realizing low jitter performance are relatively well understood.

Use of an off-chip tank or crystal defeats the purpose of integrating the PLL
function, so discussion in this section will be limited to integrable techniques.
In the 100MHz to 1GHz frequency range, inductor values typically require an
impractically large amount of die are to be integrated economically. Integrated
inductors are practical in at frequencies in the GHz frequency range and above
[35]. Typical Q values are of order 10 due to resistive and substrate losses. Even
though higher frequencies will in general require lower inducatance values,
die area may still be significant depending on metal options available in the
process.

It will be seen in Chapter 7 that, for a given power dissipation, LC oscilla-
tors are inherently capable of better jitter performance than ring oscillators.
For this reason, in the most demanding applications, the designer’s options are
limited to LC oscillators. However, for applications with moderate jitter re-
quirements or in which die area is at a premium, avoiding integrated inductors
and their associated die area consumption may be a reasonable option.
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1.2.2 Multivibrator

Figure 1.7 shows a conceptual multivibrator oscillator, also sometimes alterna-
tively known as a relaxation oscillator. In this example, active circuitry moni-
tors the capacitor voltage and switches a reference current Ipppr to charge and
discharge the capacitor voltage between reference voltages £Vizgpr. The oscil-
lation frequency is determined primarily by Vrepr, Irpr, and the capacitor
value. Tuning is achieved by varying one of these values, usually the current

“IRpp
—
Ipgr
C VRer

Fig. 1.7. Conceptual multivibrator oscillator.

A multivibrator oscillator VCO can be fully integrable. Much work on
multivibrator VCOs has concentrated on their potential for excellent linear-
ity [36-40], which is an important requirement when the PLL is being used
for measurement or to demodulate a PM or FM signal. However, linearity is
not as critical a requirement in clock recovery. Fully integrated clock recovery
PLLs have been described using multivibrator VCOs [13,41-44]. The jitter
performance of multivibrators is known to be worse than harmonic oscillators.
The literature contains some analysis of jitter in multivibrators [45-47], and
some design techniques for improving jitter are available [48-51]. Neverthe-
less, there is a need for improvement of jitter beyond the best achieved by
relaxation VCOs

1.2.3 Ring oscillator

For the ring oscillator, shown in conceptual form in Figure 1.8, the oscillation
frequency is determined by the propagation delay tpp of each stage in the ring.
Controlling the stage delay tpp provides control of the oscillator frequency.

Voltage controlled ring oscillators have been widely employed as an al-
ternative to the multivibrator for fully integrated, lower jitter clock recovery
PLLs [12,20,52-60] and in other applications as well [3]. Like the multivi-
brator, a ring oscillator is fully integrable. In addition, empirical results show
promise of excellent jitter performance [58].

Several analyses of jitter in ring oscillators have been published in the
literature [61-64]. The purpose of this book is to explore the issues associated
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Fig. 1.8. Conceptual ring oscillator.

with low jitter design in greater detail, primarily from a time domain point of
view, so that designers may realize a deeper understanding of the fundamental
circuit-level mechanisms underlying jitter, and how to design to meet a given
system-level jitter requirement.

1.3 Motivation and goals of this book

There are many applications for low jitter, PLL-based clock recovery. Fully
integrated PLLs have a substantial cost and size advantage over PLLs requir-
ing off-chip resonant elements. Ring oscillators offer the possibility of reduced
die area relative to integrated inductor approaches in moderate jitter applica-
tions. The need is for an intuitive design methodology to predict and design
for jitter in ring oscillators. Thus the primary goals of this book are:

Develop design tools for ring VCO jitter

This book will focus on techniques for designing ring oscillators to achieve a
desired (low) jitter. In particular, this book will address design questions such
as:

e How is jitter affected by the number of delay stages in the ring? That is,
at a given frequency, which is better for low jitter: many fast delay stages,
or fewer slow delay stages?

e Within the delay stage itself, what affects jitter? That is, how should
circuit parameters (such as bias currents, resistor values, etc.) be chosen
to achieve a given desired jitter?

e What are the fundamental limits on jitter that can be achieved? That is,
is there any simple relationship between jitter and system-level consider-
ations such as power dissipation or die area?

To ease design, the tools should also allow the designer flexibility to work
in either the time or frequency domain, whichever gives the most insight; while
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relating the effect of design decisions to the domain in which system perfor-
mance is specified. For example, in the clock and data recovery application
although o, is defined in the time domain, insight for guiding some design
decisions (e.g., effects of the loop filter and aliasing of noise sources [50, 65])
is more apparent in the frequency domain.

Simulation of PLL jitter

Once we have a tentative design, it is desirable to have a simulation tool to
verify the design before going to the expense of fabricating silicon. Although
we have modeled the PLL as a linear system, the VCO itself is a nonlinear
circuit. One approach to jitter simulation uses transient analysis with explicit
noise sources [66], which is simpler to perform for the open loop VCO. Other
loop components may be nonlinear as well, for example, the “bang-bang”
phase detection used in some clock and data recovery applications [67-69].
Additionally, some RF simulators are specifically designed to simulate phase
noise or jitter performance of oscillators [70-72]. In each case, it is beneficial
if the designer is able to relate performance measures from the time and
frequency domains.

Technique for relating time/frequency, open/closed loop jitter
measures

A technique for relating performance measures between the time and fre-
quency domains enables simplified design and simulation of a low jitter VCO.
The difficulty is that design and simulation are easiest on the stand-alone,
open loop VCO - where nonstationary noise precludes the use of transform
tools to move between the time and frequency domains. The ultimate concern
is the jitter of the closed loop PLL system. With this time/frequency tech-
nique the designer can work in whatever domain is easiest while still being
able to accurately predict performance when measured by the end user.

Other benefits

Although the techniques in this book are developed for PLL ring VCO design,
they are applicable to any oscillator with a 1/f? phase noise power spectrum.
This will be demonstrated in Chapter 7 where the time/frequency technique
of Chapter 5 is applied to a harmonic oscillator spectrum and gives the same
result as previous analyses in the literature.

This work also can be used to simplify evaluation of actual devices. For ex-
ample, in a self-test mode, it is possible to open the PLL loop, set the VCO to
a fixed frequency, and measure the stand alone, open loop VCO performance.
From this measurement we can predict what the closed loop performance
should be if limited only by the VCO jitter. Then we can compare this pre-
diction with actual measurements to determine if other components (such as
the phase detector or loop filter) are degrading the closed loop performance.



1.4 Chapter summary 11

1.4 Chapter summary

This chapter has reviewed applications requiring a low jitter oscillator func-
tion. Performance may be specified in the time domain as jitter, or in the
frequency domain as phase noise. A review of different types of oscillators
shows that ring oscillators are of interest in many of these applications. The
goal of this book is an intuitive methodology for ring oscillator design. The
next step, in Chapter 2, is a survey of various techniques at the circuit level
for realizing the ring VCO function. Moving up to the system level, a review of
PLL system concepts and random process fundamentals is presented in Chap-
ters 3 and 4. A simple technique for relating time/frequency, open/closed loop
jitter measurements is developed in Chapter 5, as well as a discussion of in-
strumentation options for measuring jitter and phase noise performance. In
Chapters 6-7, the time/frequency technique is used to develop design tools
for ring VCOs at various levels of detail, resulting in a general methodology
presented in Chapter 8. Example designs in both CMOS and bipolar processes
are presented in Chapter 9. The applications of these principles to simulation
is implicit in the results presented in Chapters 7-8, as well as in Appendix 7B.
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Classification of ring oscillators

In this chapter we consider a classification of ring oscillators for the purpose
of evaluating different oscillators in the literature, and guiding designers in
choosing an architecture that will meet the needs of a particular system for
both functionality and jitter performance.

In this approach, oscillators are characterized by

Type of signal in the ring
Method of tuning
Format of signal(s) at output of the ring

In each case, examples will be used to illustrate the various classifications.
Qualitative observations will also be made regarding the advantages and dis-
advantages of each approach with regard to performance aspects such as jitter,
immunity to power supply noise, tuning range, etc. Quantitative analysis will
be covered in detail in Chapter 7.

Note that this system is not intended to be exhaustive or exclusive. It is
not exhaustive in the sense that not all ring oscillators can be classified by this
system; however, the majority of work in the literature can be covered by this
scheme. It is not intended to be exclusive in that other schemes for organizing
types of oscillators may be useful; however, the authors believe this scheme is
useful for illustrating in a straightforward way the differences between design
approaches .

2.1 Type of signal in the ring

The first aspect of classification is by the type of signal in the ring delay stage.
We identify three general types:

e Single-ended
o True differential
e Pseudo differential



