Understanding Jitter and Phase Noise

A Circuits and Systems Perspective

Gain an intuitive understanding of jitter and phase noise with this authoritative guide.
Leading researchers provide expert insights on a wide range of topics, from general
theory and the effects of jitter on circuits and systems, to key statistical properties and
numerical techniques. Using the tools provided in this book, you will learn how and
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additional examples and exercises onling, this is a one-stop guide for graduate students
and practicing engineers interested in improving the performance of modern electronic
circuits and systems.
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As we continue to push operating speeds in electronic systems, timing jitter has emerged
as an increasingly important showstopper across a wide range of applications. Con-
sequently, pushing the envelope requires a thorough understanding of jitter from its
mathematical description, to its manifestation in circuits and its impact on systems. This
book delivers the most comprehensive treatment of this subject to date and provides
valuable content to jitter-plagued engineers at all levels of experience.

Boris Murmann, Sanford University

All components generate noise. They give rise to thermal and 1/f noise. All amplifiers
and filters have Signal-to-Noise ratio as one of their most important specifications. In
oscillators however, noise gives rise to jitter and phase noise. This is why this book is
so important. It provides unique insight in the origins and the analysis of these spec-
ifications. Many applications are highlighted in the field of data converters, wireless
and wireline systems, and a number of digital applications. Examples are the jitter in
a CMOS inverter, in a LC oscillator, in a ring oscillator, etc. As a result this book
is a necessity for all designers who have to know about noise and its performance
limitations.

Willy Sansen, KU Leuven

Phase noise is the primary source of performance deterioration in all wireless/wireline
communication systems — and yet, dedicated books have been conspicuously absent
to date. We are therefore very fortunate that two real experts — Dr. Da Dalt and Pro-
fessor Sheikholeslami — have finally decided to fill this gap, presenting us with what
will become standard reading for anyone desirous to understand the peculiar and often
elusive nature of phase noise.

Professor Pietro Andreani, Lund University

The rigorous mathematical description of jitter, its link to phase noise as well as its
practical impact on different classes of circuits (e.g. digital, wireline, wireless, data con-
verters) are all known as difficult and sometimes obscure topics even for experienced
designers. This is the only book that | know which covers all of these subjects, provid-
ing at the same time both the intuitive understanding, the Matlab codes are particularly
useful from this standpoint, and the appropriate mathematical rigour. The authors, that
are two leading experts in the field, have also done a significant effort also in discussing
the key findings available in both classical and more recent open literature, not just
presenting their own work. | highly recommend this book.

Carlo Samori, Politecnico di Milano

This excellent reference provides a wealth of material to satisfy both engineers new to
clocking and seasoned veterans that are experts in jitter and phase noise. The authors
address all the important aspects of these critical topics and provide great insights for
readers.

Samuel M Palermo, Texas A& M University
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Preface

This book provides a rigorous yet intuitive explanation of jitter and phase noise as they
appear in electrical circuits and systems. The book is intended for graduate students and
practicing engineers who wish to deepen their understanding of jitter and phase noise,
and their properties, and wish to learn methods of simulating, monitoring, and miti-
gating jitter. It assumes basic knowledge of probability, random variables, and random
processes, as taught typically at the third- or fourth-year undergraduate level, or at the
graduate level, in electrical and computer engineering.

The book is organized as follows: Chapter 1 provides a qualitative overview of the
book and its contents. Chapter 2 covers the basics of jitter, including formal definitions
of various types of jitter and the key statistical concepts, starting from jitter mean and
the standard deviation up to random and deterministic jitter. Phase noise will be first
introduced in Chapter 3, and its relation to jitter and to the voltage spectrum of the clock
signal will be extensively investigated. In particular, how to derive from phase noise the
values of the several jitter types introduced previously will be explained. Chapter 4 is
dedicated to the effects of jitter and phase noise in basic circuits and in basic building
blocks such as oscillators, frequency dividers, and multipliers. Chapters 5 to 8 discuss
the effects of jitter and phase noise in various circuit applications. Chapter 5 is dedi-
cated to the effects of jitter on digital circuits, Chapter 6 to data converters, Chapter 7
to wireline, and Chapter 8 to wireless systems. More advanced topics on jitter are cov-
ered in Chapter 9, followed by numerical methods for jitter in Chapter 10. This chapter
also explains how to generate jitter and phase noise, with various characteristics, for
simulation purposes. The corresponding Matlab code for producing jitter is included in
Appendix B.

As mentioned earlier, this book assumes the reader has a basic knowledge of random
variables and random processes. However, to refresh the reader’s memory of the defini-
tions of some key terms, Appendix A simply lists these key terms along with their basic
definitions.

Guidance for the Reader

The book does not require the reader to adhere strictly to the order in which the chapters
appear, nor to read all of them. Its structure and the content of each chapter allow differ-
ent paths to be followed, depending on the particular interests or learning objective of
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the reader. The graph below summarizes the possible paths, with the solid boxes indi-
cating strongly recommended chapters and the dashed boxes the suggested additional
readings.

While Chapters 1 and 2 form the fundamentals, and thus should be read before
any other chapter, the remaining chapters are relatively independent from each other.
Chapter 3 introduces the concept of phase noise and its relation to jitter. Even though
this chapter constitutes, together with Chapter 8, a required path to the reader active in
the wireless field, its contents are relevant to a number of other application fields, among
them wireline and jitter testing. For this reason the authors suggest it should be included
independently of the particular focus. Chapter 4 is an important reading for analog IC
designers, while Chapter 5 addresses specifically the needs of custom digital designers.
The latter chapter does not require knowledge of phase noise; thus Chapter 3 could be
omitted. Both Chapters 4 and 5 can be skipped by readers interested exclusively in the
system or mathematical aspects of jitter and phase noise. Chapters 6 and 7 can be read
directly after the first three chapters by readers interested in data converters or wireline
communication systems respectively. For the reader whose interest lies in the mathe-
matical treatment of jitter and phase noise, the first three chapters plus Chapter 9 will
provide a complete path. Finally, Chapter 10 and Appendix B are suggested reading for
students or engineers who want to analyze the effect of jitter and phase noise on systems
of any nature by means of transient simulation. The book uses a number of terms from
probability and random processes. For ease of reference, we have included these key
terms and their brief definitions in Appendix A.
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1.1

Introduction to Jitter

Imagine a lunar eclipse is to occur later tonight at around 1:57 am when you are fast
asleep. You decide to set your camera to capture the event, but being uncertain of the
actual time, you would set the camera to start a few minutes before the nominal time
and run it for a few minutes after 1:57 am. In this process, you have included a margin
around the nominal time so as to minimize the risk of not capturing the event on your
camera.

Imagine you have an important meeting at 8:00 am sharp, but you are uncertain about
your watch being a bit too fast or too slow. Determined not to be late, you decide to
arrive by 7:55 am according to your watch, just in case your watch is a bit slow. This is
indeed a practical way to deal with uncertainty in time.

Imagine you have a ticket for the bullet train in Tokyo that leaves the train station at
1:12 pm sharp. You are at the station and on the right platform, and you take the train that
leaves the station at 1:12 pm sharp. But a few minutes later, you notice that your watch
is two minutes fast compared to the time being displayed on the train, and you realize
that you are on the 1:10 pm train and you are moving towards a different destination.

Missing an event, being late or early, and getting on the wrong train are all con-
sequences of timing uncertainties in our daily lives. In digital circuits, we deal with
very similar situations when we try to time events by a clock that has its own timing
uncertainty, called jitter, and in doing so we may miss an event, such as not captur-
ing critical data, or cause bit errors, e.g., capturing the wrong data. Our goal, however,
is to prevent such errors from occurring, or to minimize their probabilities. We do
this first by carefully studying the nature of these uncertainties and modeling their
characteristics.

This chapter provides a few concrete examples from electronic circuits and systems
where timing uncertainties have a profound impact on the accuracy of their operation.
Our goal here is to qualitatively introduce the concept of jitter and intuitively explain
how it should be characterized and dealt with. A formal definition of jitter, its types, and
its full characterization will be presented in Chapter 2.

What Is Clock Jitter?

This section provides an intuitive explanation of two fundamental jitter concepts: period
jitter and absolute jitter.
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Period Jitter

Most microprocessors (wP) and digital signal processing (DSP) units work with clock
signals to time the execution of instructions. A basic instruction such as a shift by one bit
may take a single clock cycle, whereas addition and subtraction instructions may take
three to four clock cycles, and more complex instructions, such as multiplication, may
take tens of clock cycles to complete. In all these cases, the underlying assumption is
that the clock is accurate; that is, the clock cycles are all identical in duration. In reality,
however, the cycles of a clock are only identical with a finite (not infinite) accuracy.
This is because the clock signals are generated using physical devices that inevitably
have some uncertainty or randomness associated with them. For example, a clock may
be generated by three identical CMOS inverters in a loop, as shown in Figure 1.1. If
we assume tpq is the propagation delay of each inverter in response to a transition at
the input, then it takes 3tpq for a state “0” at node vout to transition to state “1” and
another 3tpq to transition back to “0”. In total, it takes 6tyq for the clock to complete one
cycle, and therefore we can write Thom = 6tpg Where Tpom represents a nominal clock
cycle. However, strictly speaking, tyq is not constant, but rather a random variable that
results in a different propagation delay every time the inverter is used. This randomness
is inherent in any physical device that deals with the motion of electrons at temperatures
above zero degrees Kelvin.

If we accept that tpy is a random variable, then the clock period, which is the sum
of six random variables, is also a random variable that deviates from its nominal (or
expected) value. The good news is that these random variables may have tight distri-
butions and, as such, may not adversely affect the circuit operations, especially at low
clock frequencies where the period is much larger than the deviations. However, as we
increase the clock frequency, the same absolute deviation in period may compromise
circuit operation.

A typical clock frequency of 4GHz, for example, corresponds to a nominal period
of 250ps, but this period may have a normal (Gaussian) distribution with a standard

Figure 1.1 A simple ring oscillator and its voltage waveforms.
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1.1 What Is Clock Jitter? 3

deviation of o = 1ps. This implies that a clock cycle is close to 250ps but may deviate
from this value with a probability that is a decreasing function of the deviation magni-
tude. For example, as we will see in Chapter 9 (Table 9.1), the probability of the period
being smaller than 243ps is about 10~12. What does this mean for designs using this
clock? A straightforward answer is that we must ensure that any task that is supposed
to complete in one clock cycle must do so assuming the worst-case clock cycle, that is,
243ps (not the nominal 250ps). This will ensure that, with a high probability (1—10-12),
all the tasks are completed within one clock cycle even when one clock cycle is 7ps
shorter than the nominal cycle. If we were to reduce the probability of failure (i.e., the
probability of failing to meet the timing), we could simply design for a 242ps mini-
mum cycle time while working with a nominal cycle time of 250ps. This reduces the
probability of failure to 6.22 x 10~16, which corresponds to one error in every 4.6 days
(assuming 4GHz operation).

The concept we just described, i.e., the deviation of a clock cycle from its nomi-
nal value, is referred to as clock period jitter, or period jitter for short. A concept
closely related to period jitter is N-period jitter, which is the deviation of a time interval
consisting of N consecutive periods of the clock from the time interval of N nominal
periods. We will formally define period jitter, N-period jitter, and other types of jitter
for a clock signal in Chapter 2. Let us now provide an intuitive explanation for absolute
jitter.

Absolute Jitter

Period jitter is only one method to characterize the timing uncertainties in a clock signal.
This method is particularly useful in digital circuits where we are concerned with the
time period we need to complete a task. In other applications, such as in clock and
data recovery, where the clock edge is used to sample (capture) data, we are concerned
with the instants of time, not with time durations! This is because sampling occurs at
an instant of time, not over a period of time. In this case, it is the absolute time of the
clock edge (at which sampling occurs) that matters, not the interval between the edges
(i.e., the clock period). In these applications, it is important for the clock’s edges to be
precise; i.e., for them not to deviate from their ideal locations by certain amount. Let us
elaborate on this further.

In an ideal clock, if we assume the first rising edge occurs at time t = 0, then the
subsequent rising edges will occur at exactly t = kT, where k is a positive integer and
T is the period of the ideal clock. In a non-ideal clock, the rising edges, tx, will deviate
from their ideal values kKT. We refer to this deviation as the clock’s absolute jitter, with
the word absolute signifying the deviation in instants of time as opposed to deviations
in intervals of time, as in period jitter.

The reader notes that absolute jitter and period jitter are closely connected concepts.
Indeed, we will see in Chapter 2 how we can obtain one from the other.

Figure 1.2 shows an example of a jittery clock signal (CK) along with an ideal clock
signal (CKjgeal)- The absolute jitter can be abstracted from the clock signal and shown
separately as a function of time. From this example, absolute jitter appears to be a


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.002
https://www.cambridge.org/core

Introduction to Jitter

Figure 1.2 Ideal clock versus jittery clock waveforms.

discrete-time random signal. We will see later in Chapter 2 that, similar to any random
signal, absolute jitter has a well-defined spectrum and, as such, may contain a continuous
range of frequency components.

Intentional Jitter

Jitter is not always an unwanted property of a clock signal. In some applications, such as
in spread-spectrum clocking, we intentionally add carefully controlled jitter to a clean
clock so as to shape its power spectral density.

It is well known that a clean clock, by virtue of being a periodic signal, has energy
peaks at its fundamental frequency and its second- and higher-order harmonics. At clock
frequencies in excess of 100MHz, some of the harmonics may have a wavelength that
is of the same order of magnitude as the length of the wire carrying the clock signal
between chips on the same board or between boards. If left unattenuated, the signal
energy of these harmonics may radiate and cause electromagnetic interference (EMI)
with neighboring electronic components (mostly the components on the same PCB).
For this reason, it is desirable to limit the amount of radiation a clock signal can pro-
duce. This radiation level is directly related to the peaks in the clock signal power
spectrum.

Spread-Spectrum Clocking is a technique that spreads the peak energy over a larger
frequency band, thereby reducing the peak values and their associated EMI. This is
accomplished by adding a controlled amount of jitter to the clock. The jitter profile
is typically in the form of a frequency offset that goes up and down linearly with time.
Figure 1.3 shows an example of a frequency offset which increases linearly over a certain
period of time (kT) and then decreases over the same period (KT). This increase in clock
frequency (assuming Af « fp) is equivalent to a decrease in the period by a factor of
2Af /fp.
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Figure 1.3 Frequency offset (fog) as a function of time.

Another example of using intentional jitter is in characterizing clock and data recov-
ery circuits for their robustness to jitter. In this application, we intentionally add jitter to
the incoming data and observe the system’s robustness (in terms of its bit error rate) as
a function of jitter frequency. We discuss this example in further detail in Chapter 7.

What Is Data Jitter?

Consider a D flip-flop with data input D, clock input CK, and output Q, where D is cap-
tured and transferred to Q at the rising edge of the clock. As a result, Q is synchronized
with the clock, and therefore the clock jitter directly affects the timing of the data at the
output. In clock and data recovery applications, it is common to refer to the duration of
one data bit as a unit interval or Ul. An ideal clock results in a data stream that has a
fixed Ul, where each Ul is exactly equal to the clock period. We refer to this data stream
as ideal or clean (i.e., the data without jitter). A non-ideal clock results in a jittery data
stream where each Ul is slightly different from the nominal Ul. This situation is shown
in Figure 1.4, where jittery data is compared against an ideal data stream. Note that,
due to the random nature of the data sequence, data transitions do not occur at every Ul
edge. As such, jitter is not observable from data when there is no transition. However, by
overlaying several Uls of data on top of each other, in what is known as an eye diagram,
we can observe the overall characteristics of data jitter.

Eye Diagram

In clock and data recovery applications, the clock samples a jittery data waveform at
instants that are one clock period (T) apart. These instants usually correspond to the
rising edges of a clean clock, i.e., a clock with little or no jitter. Since the act of sam-
pling repeats itself every T, we are interested in seeing how the data waveform looks
if we chop it into segments of length T and overlay all the segments on top of each
other. The resulting composite waveform, which resembles an eye, is known as an eye
diagram.

Figure 1.5 shows the process by which we generate an eye diagram. This is essentially
the data waveform as a function of time modulo 1T. The eye diagram clearly shows the
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Figure 1.4 Input data is retimed with a jittery clock.

Figure 1.5 (a) A sketch of a voltage waveform as a function of time, (b) an eye diagram with eight
traces, (c) an eye diagram with 500 traces, (d) an eye diagram showing two eyes (corresponding
to two periods).

time instants at which the data “0” and “1” are farthest apart. This is the instant at which
the eye height (also known as vertical eye opening) is at a maximum, and this is the
instant at which we strive to sample the data by the rising edge of the clock.

The eye diagram also reveals how jitter can accumulate over time so as to close the
eye in the horizontal direction (see Figure 1.6). Accordingly, the horizontal eye opening
is an indication of the timing margin left for error-free operation.

When the noise, interference, attenuation, and jitter are excessive in a design, the eye
may be completely closed: there is then no instant at which the data “1” and “0” can be
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Figure 1.6 (a) A sketch of a voltage waveform as a function of time, (b) an eye diagram centered
around the zero crossings (eight traces), (c) the same eye diagram using 500 traces.

consistently distinguished. These situations require equalization and jitter cleaning so as
to open an otherwise closed eye for data detection.

Random Versus Deterministic Jitter

Jitter, in general, refers to any timing deviations from an ideal clock. These deviations
may be random or deterministic depending on the underlying sources producing them.
We have already provided several examples where random jitter is produced. Let us
now consider an example that produces deterministic jitter. Consider a binary random
sequence (produced using an ideal clock) that travels the length of a wire on a PCB.
The wire acts as a low-pass filter and, as such, slows the data transitions, creating jitter.
The jitter produced in this way is considered deterministic because one can predict the
exact jitter if an accurate model of the wire is available. Note that this is in contrast with
the random jitter produced by random movement of electrons, as we cannot predict the
electron movement.

An easy way to characterize jitter is to look at its histogram or its probability den-
sity function (PDF). As shown in Figure 1.7, deterministic jitter is bounded (having a
histogram with limited range) whereas random jitter is unbounded (having a Gaussian-
like PDF). In most cases, several jitter sources are at work at the same time, producing
composite jitter that includes both deterministic and random jitter. We will discuss this
in depth in Chapters 2 and 7 and describe ways to decompose jitter into its components.
Independent of the type of jitter, however, one can always characterize jitter, which is
a discrete-time sequence, by its peak-to-peak or its root mean square (RMS) values.
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Figure 1.7 Eye diagrams and their corresponding jitter histograms (a) eye diagram with
deterministic jitter only, (b) corresponding jitter histogram, (c) eye diagram with random jitter
only, (d) corresponding jitter histogram.

Jitter in Measuring Time

We often measure time by observing the completion of a physical phenomenon or
event. For example, in an hourglass (also known as a sandglass), shown in Figure 1.8,
the event is the falling of sand from the top to the bottom compartment. The com-
pletion of this event marks one unit of time, which may be from a few minutes to
a few hours depending on the hourglass design. Note that an hourglass has limited
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Figure 1.8 An hourglass behaves similarly to a current source charging a capacitor.

accuracy and limited resolution. The accuracy relates to the variation in time measure-
ment as we repeat the same experiment. Depending on the size distribution of the grains
of sand and their random arrangement, we will actually experience a slightly differ-
ent time interval every time we use the hourglass. This variation (or uncertainty) is
considered the jitter in the hourglass. The resolution relates to the minimum time inter-
val (seconds or fractions of a second, for example) that could be measured using the
hourglass.

If we replace the grains of sand with electrons and the glass with a capacitor, then
we have an electronic version of an hourglass that can measure time with much better
accuracy and far better resolution. Figure 1.8 shows an ideal current source charging a
capacitor. The event in this case is defined as the time it takes for the capacitor to charge
from OV (corresponding to an empty capacitor) to a threshold voltage, V1 (Vpbp/2,
for example). If the current source is ideal, having an amplitude of lg, this event takes
CV71h/lo to complete. Accordingly, this advanced hourglass has several knobs to turn in
order to adjust its resolution. For example, one could reduce the capacitance, increase
the current, or lower the threshold voltage of the comparator. The accuracy, however is
limited by the current noise that is inherent in the methods by which we implement a
current source.

A very simple current source may be implemented using a PMOS transistor with
its gate connected to ground, as shown in Figure 1.9. This current source differs from
an ideal current source in two ways: first, the current it produces is not constant; it
becomes smaller as the capacitor is charged from 0 to Vry; and second, the current
includes noise such as thermal noise due to the random movements of electrons. The
voltage dependency of the current slows down the process of charging the capacitor as
there is simply less current. This deviation in time, however, can easily be absorbed
by calibrating the time unit. The current noise, on the other hand, will result in different
measurements of time as we repeat the experiment. To see this, let us model our practical
current source as a constant current source in parallel with a noise current source, as
shown in Figure 1.9. The current is now the sum of the nominal current, lg, and the
noise current. The additional noise current will cause the voltage across the capacitor to
deviate from its ideal waveform, which is simply a ramp, and to arrive faster or slower at
V1H. This time deviation is a random process, which we call jitter, and is directly related
to the characteristics of the noise current (itself a random process).
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Figure 1.9 A simple PMOS current source charging a capacitor.

Jitter in a Ring Oscillator

The circuits we use to generate clock signals are called oscillators. One common type
of oscillator, called a ring oscillator, consists of three inverters in a closed loop (a ring),
as shown in Figure 1.1. We analyze this ring oscillator to explain intuitively how jitter is
generated. A more rigorous treatment of this topic will be presented later in Chapter 4,
once we mathematically define jitter and its characteristics.

As mentioned earlier in this chapter, the ring oscillator of Figure 1.1 produces oscilla-
tions (in voltage) with an expected period of 6tpg, where tpq is the expected value of the
propagation delay through each of the three stages. Let us now explore the properties of
the delay of a CMOS inverter.

Jitter in Delay of a CMOS Inverter

When the input of an inverter rises from 0 to VDD, its output falls from VDD to 0. The
high-to-low delay of an inverter (denoted by tpn) is defined as the time elapsed between
the input (at 50% of its swing) and the output (at 50% of its swing). The low-to-high
delay of an inverter (denoted by ty) is defined similarly, as shown in Figure 1.10. If
we assume the input transitions from low to high and high to low occur instantaneously,
then tpn and toin simply correspond to the time it takes for the output to reach 50% of
its full swing. With this simplifying assumption, during the low-to-high transition of
the output, only the PMOS transistor is ON, while during the high-to-low transition
of the output, only the NMOS transistor is ON. Accordingly, we have two equiva-
lent circuits to calculate tpn and tyn, as shown in Figure 1.11. In both circuits, two
current sources charge or discharge the load capacitor. Of the two current sources in
parallel, one is assumed to be deterministic and controlled by the gate voltage. The
other source provides a random current corresponding to the thermal movement of
electrons.

The deterministic parts of tpn and tpi, are simply C .Vt /lg. We refer to these as the
base delays of the inverter. The remaining parts are two random variables which are also
functions of time. We refer to these as the excess delays, or jitter, of the inverter. Jitter
is random for the following reasons: if we measure two identical inverters at the same
time, they exhibit different noise currents and hence result in different measurements
of the delays. They are also time-dependent because if we attempt to measure tpy (for


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.002
https://www.cambridge.org/core

1.4 Jitter in a Ring Oscillator 11

Figure 1.10 (a) A CMOS inverter, (b) propagation delays for non-ideal input, (c) propagation
delays for ideal input.

Figure 1.11 (a) A CMOS inverter, (b) the inverter model for high input, (c) the inverter model for
low input.

example) of the same inverter, but at two different times, we end up with two different
numbers, again due to the noise current changing with time. For these reasons, we say
jitter is a random process.

To summarize, we have intuitively explained that the delay of a CMOS inverter has
two components: the base delay and the excess delay, or jitter. The base delay is a
deterministic number whereas the jitter is a random process (i.e., a time-dependent ran-
dom variable). Accordingly, we can build a simple model of an inverter, as shown in
Figure 1.12, where the input and the output are simply the time delays of the input and
output signals with respect to a reference. Note that although we arrived at this model
assuming an ideal (jitter-less) input, this model is still valid if the input has its own jitter.
Since we are only concerned with jitter (i.e., the random part of any delay), we simply
assume that both the input and the output of this model are random processes, where the
output random process is the sum of the input random process and the random process
created by the noise current inside the inverter. If we consider the input to the inverter
to be an ideal clock, then the corresponding input to this model will simply be zero. We
will use this simple model in the next section to better understand the jitter produced in
a ring oscillator.
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Figure 1.12 A simple model of an inverter.

Figure 1.13 A simple model of a ring oscillator.

Modeling Jitter of the Ring Oscillator

Figure 1.13 shows a model to predict the absolute jitter of a three-stage ring oscillator.
In this model, Xj[n] represents the total excess delay introduced by inverter i in the n-th
cycle, where n is the discrete time index. Note that this is the sum of the high-to-low and
low-to-high excess delays of inverter i. The output (absolute) jitter is also described by
a random process identified as Y[n]. Let us now explore some characteristics of Y[n].

Given the model in Figure 1.13, one can clearly see that Y[n] is the sum of the excess
delays in each of the three inverters, plus the excess delay that was accumulated over all
the past cycles. In other words, we can write: Y[n] = Y[n — 1]+ X1[n] 4+ X2[n] + X3[n].
If we further assume all Xj[k]s are identical (Xj[k] = X for all i and k) and uncorrelated
with each other, then Y[n] would be a random walk process, which keeps a running
sum of successive trials of a discrete-time random variable (X). It is well known [1] that
the variance of a random walk process increases linearly with the number of trials, n.
Similarly, the absolute jitter variance of a ring oscillator output grows linearly with the
number of cycles, unless controlled by other means such as a phase-locked loop.

We can resort to the same model (Figure 1.13) to gain insight into the period jitter
produced by the ring oscillator. Since period jitter is essentially the excess delay pro-
duced in a single cycle, it would be equal to the sum of the three excess delays only, that
is X1[n] + X2[n] + X3[n]; it does not account for the excess delays of previous cycles.
As a result, the period jitter will have a finite variance, independent of the number of
cycles.

Jitter in Electronic Systems

The timing uncertainty that manifests itself in charging a capacitor or in the delay of
an inverter extends to all electronic systems, including digital circuits and systems,
data converters, wireline, and wireless applications. However, the consequences or the
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Figure 1.14 Block diagram of a wireline transceiver.

adverse effects of timing uncertainty are different among these applications. In digital
systems, we are mostly concerned with completing an operation (e.g., multiplication)
within a certain number of clock periods. In the presence of timing uncertainty, the time
to completion will become uncertain. In a digital-to-analog converter, as we will see
in Chapter 6, the timing uncertainty in the clock will result in voltage uncertainty at
the analog output, compromising the accuracy of the analog voltage. We highlight the
wireline application in this section to provide insight on how timing uncertainty can
propagate through various blocks in a system and influence its performance.

A wireline link, as shown in Figure 1.14, consists of a transmitter, a channel, and a
receiver. The transmitter, in its simplest form, sends digital “1” and “0” data on the rising
edge of the transmit clock (CKtx) to the channel. Since the transmit clock contains jitter,
even when it is produced by a phase-locked loop, it will transfer this jitter to data edges.
This is the first place in the link where the clock jitter is transferred directly to the data.
Let us now follow the data through the channel and the receiver to see how this jitter is
influenced by the channel and shaped by the receiver.

The channel is known to have a low-pass filter characteristic, caused mainly by the
capacitive nature of the interconnect and the dielectric loss of the board. Equivalently, we
can say that the channel has memory, i.e., the pulse corresponding to the previous bit (in
a non-return-to-zero signaling) does not vanish immediately as we send the current bit,
but partially interferes with the current and future bits. This interference, known as the
inter-symbol interference (1SI), adds to the current bit level, and, as such, moves its zero
crossings, creating jitter. This jitter is deterministic because it can be fully determined if
the input data pattern and the channel response are both known. This is the second place
in the link where jitter has been added to the data.

An equalizer (EQ) at the front end of the receiver is usually capable of reducing,
or, in an ideal case, eliminating the deterministic jitter of the received data. However,
the equalized data will still contain some random and some deterministic jitter. This
equalized data is then fed to the Clock and Data Recovery (CDR) unit.

CDR is a simple feedback loop that controls the frequency and phase of an internal
clock so as to minimize the phase error between the internal clock and the input data,
producing the recovered clock. However, in this process, the recovered clock will inherit
some of the input data jitter. In addition, other blocks in this control loop (such as a dig-
ital block that determines the phase difference between the input data and the recovered
clock) will contribute additional jitter to the recovered clock.
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The reader will appreciate that the jitter present in the recovered clock is influenced
by the data jitter and by all the building blocks within the CDR. An immediate question
that comes to mind is whether the recovered clock will have jitter characteristics similar
to those of the data. Another question is whether the timing uncertainty in the recovered
clock is reduced or increased compared to that of the data. To answer these questions,
we need to characterize and quantify jitter. We will do this in Chapter 2.
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Basics of Jitter

In the industry as well as in academia, the concept of jitter is sometimes treated using
approximations, leading to misunderstandings and possibly to systems which are not
optimally designed with respect to jitter performance. This chapter lays the foundation
for a thorough and clear understanding of jitter in practice.

The chapter starts by providing four fundamental definitions of jitter: absolute jitter,
relative jitter, period jitter and N-period jitter. It proceeds with an overview of other
jitter definitions commonly found in literature. It will be shown that these additional
definitions can be expressed in terms of the four fundamental jitter definitions.

A large part of the chapter handles the important topic of jitter statistics and the
estimation of key parameters such as root mean square (RMS) and peak or peak-peak
values. This will lead to the classification of jitter based on its distribution, and eventu-
ally to the introduction and explanation of the concepts of deterministic jitter, random
jitter and total jitter.

General Jitter Terminology and Definitions

A variety of terms are commonly used to express the concept of jitter, and several dif-
ferent definitions can be found in the open literature, mostly dependent on the particular
background of the author or on the specific application considered. A short and incom-
plete list of these terms includes period jitter, cycle jitter, cycle-to-cycle jitter, N-period
jitter, accumulated jitter, adjacent jitter and long-term jitter. It is not uncommon to find
the same term used with different meanings by different authors, leading to possible
misunderstandings and confusion.

In this chapter jitter will be defined according to the way it can be measured, at least in
principle. This will not result in jitter definitions that are different from the ones already
found in the literature; rather, it will put the existing definitions in a clear and solid
framework. These operative definitions of jitter turn out to be very intuitive, simple and
of high practical value. Since the definition is connected to a measurement process, it is
easier to relate it to a specific application. And, conversely, given a specific application,
this approach makes it is easier to find the relevant jitter definition.

Generally speaking, jitter is the deviation of the time instant at which a given event
occurs, relative to a reference time frame, which can be chosen arbitrarily. In the context
of this book, the event we consider is the edge of a clock signal, or, more specifically,
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the time when a signal crosses a given threshold. The choice of the reference time frame
can essentially be made in two ways: either the edges of the clock under investigation
are compared to the edges of another clock, or they can be compared to some previous
edges of the same clock (self-referenced). The first approach leads to the definition of
absolute and relative jitter, while the second leads to the definition of period jitter. These
three definitions of jitter, plus a fourth one, N-period jitter, which is an extension of
the concept of period jitter, constitute the main topic of the next sections. We believe
that most of the jitter aspects in modern electronic systems can be covered and properly
described using only these definitions.

To set the stage for the next sections, let us introduce a generic clock signal v(t) which
will be used to clarify some initial concepts:

v(t) = A(t) sin(wot + ¢(t)). 2.1)

If we consider the quantity A(t) as constant (independent of time t) and ¢(t) identical to
zero, this signal is a perfect sinusoid with period T = 27 /wp. The signal crosses zero
with positive slope at equidistant times kT, with k any integer. We can consider this to be
an ideal clock, in the sense that its zero crossings define a very accurate, noise-free time
frame. Needless to say, this kind of signal does not exist in nature. In real applications,
both A(t) and ¢(t) are nonzero and depend on time, thus changing the characteristics of
the signal.

The quantity A(t) affects primarily the amplitude of the signal and is the origin of
amplitude modulation, either intentionally, as in the case of AM data transmission, or
unintentionally, in which case it is generally called amplitude noise or amplitude distor-
tion. It is important to notice that, as long as A(t) is not zero, the zero crossing of the
signal are not perturbed and still occur at kT, so that this signal can still be used as ideal
clock. As this condition is met for all practical clock signals, we will consider A(t) to be
constant, unless otherwise noted.

By contrast, the quantity ¢(t) added to the ideal phase wgt in the argument of the sinu-
soid shifts the position of the zero crossings to deviate from the ideal instants KT, causing
the phenomenon of jitter. The quantity ¢ is given different names in the literature: excess
phase, phase deviation, phase noise or phase jitter. In order to avoid confusion, we will
refer to it by the name excess phase. Note that the terms phase noise and phase jitter in
particular might give rise to serious misunderstandings, as they are also used to describe
different concepts (as will become clear in the next chapters), so they should be used
with caution.

The signal shown in Equation 2.1 is just one particular case, in which the basic wave-
form is a sinusoid, but this is not the only possibility. Assume a generic waveform x(wot)
periodic in t with period T = 27 /wg and with only one positive zero crossing per period.
Such a waveform can be used to describe a generic clock signal as:

v(t) = A)X(wot + ¢(t)) (2.2)

where the considerations above about A(t) and ¢(t) can be exactly replicated.
In most of the practical applications in this book, the basic shape of the clock signal is
rectangular. Although it is not common to talk about “phase” for a periodic rectangular
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signal, this concept can profitably be used if we think of the rectangular clock as the
result of passing the signal 2.1 through a zero crossing comparator, with output A if the
input is positive, —A if negative and 0 if zero. This operation can be described with the
help of the sgn function, so that the rectangular clock can be expressed as:

v(t) = A sgn[sin(wot + ¢(1))]. (2.3)

With this in mind, all considerations about phase and excess phase for a sinusoidal signal
can be transported to a rectangular signal.

Absolute Jitter

Assume the clock under investigation has a nominal period T. This means that the edges
are affected by jitter, and each period of the clock is different, but the mean period is
equal to T. One can think of comparing the position of each edge of the clock under
investigation with the edges of another clock (called the ideal clock in the following)
not affected by jitter and having exactly the same period T. The absolute jitter is defined
as a discrete time random sequence a, where the k-th element, denoted as ay, is the time
displacement of the k-th rising edge tx of the real clock with respect to the corresponding
edge of the ideal clock. This concept is explained in Figure 2.1.

Since the ideal clock is not jittery, its edges are spaced exactly by T. If the time axis
is chosen properly, the edges of the ideal clock occur at time KT, so that the definition
of absolute jitter can be given as:

a =t — kT. (2.4)

Since both the clock under investigation and the ideal clock have the same period, it
is always possible to choose the position of the ideal clock so that the mean value of
the absolute jitter is zero. If for any reason the position of the ideal clock is such that
the average value of the absolute jitter calculated with Equation 2.4 is equal to a certain
offset value tos # 0, the absolute jitter can be redefined as:

a =ty — kT — tos. (2.5)

In the rest of the book, we will assume, unless otherwise stated, that the time axis is
chosen so that tos = 0.

Figure 2.1 Illustration of the definition of absolute jitter.
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The name “absolute” is chosen because the edges are compared to the edges of an
ideal clock, which defines the time scale in an absolute manner, independent of any
particular implementation or further reference. The ideal clock defines the absolute time
scale to which the clock under investigation is compared.

Relative Jitter

In the previous section, the edges of the clock are compared to the edges of an ideal
clock. However, one can think of comparing the edges of the clock under investiga-
tion (ckl) to the edges of another real, non-ideal clock (ck2), having the same average
period T. This leads to the definition of relative jitter as a discrete-time random pro-
cess r, where the element ry is the time displacement of the k-th rising edge tﬁ"l of the
clock under investigation with respect to the corresponding edge tﬁ"z of the reference
clock (see Figure 2.2):

r =tk — 152, (2.6)
It can easily be seen that the relative jitter can be expressed in terms of the absolute jit-

ter of each of the two clocks considered. Indeed, adding and subtracting kT in the second
term of Equation 2.6 and recalling Equation 2.4, the relative jitter can be rewritten as:

re = akt — ak?, (2.7)

As in the case of absolute jitter, this definition assumes that the average value of the
relative jitter is zero. If there is a fixed time offset between the edges of the two clocks,
this offset must be subtracted, as is done for the absolute jitter in Equation 2.5.

K1

Period Jitter

The two jitter definitions above are based on comparing the edges of the clock under
investigation to the edges of another clock. Alternatively, one can think of comparing

Figure 2.2 Illustration of the definition of relative jitter.
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Figure 2.3 Illustration of the definition of period jitter. Each period of the clock is compared to the
nominal period (gray clock signals).

the position of one edge of the clock with respect to the position of the previous edge
of the same clock. Operatively, this corresponds to feeding the clock to an oscilloscope,
triggering on one edge of the clock and looking at how much the following edge moves
around its average position.

This procedure leads to the definition of period jitter as a discrete time random
process p, where the element py is the variation around its nominal value of the
position of one clock edge with respect to the previous edge. It is clear that this is
equivalent to considering the variation of the actual clock period with respect to the
nominal period. Figure 2.3 illustrates the concept. Each period of the clock is com-
pared to the nominal period (gray clock signals). Any deviation contributes to period
jitter.

The k-th sample of the period jitter will be indicated as px and can be mathematically
defined as:

Pki=(kt1—t) —T=Txk—-T (2.8)

where ty and ty41 are the time instants of two consecutive rising edges of the clock, T is
the nominal clock period, and Ty is the actual clock period (see Figure 2.3).

By adding and subtracting (k + 1)T to the right hand side of Equation 2.8, the period
jitter can be expressed in terms of absolute jitter as:

Pk = a1 — . (2.9)

In many cases it is of interest to know the variation of one edge relative not to the edge
immediately preceding it, but to the N-th previous one. Consider for instance an ideal
(delay-free and noiseless) digital frequency divider by N. The flip-flops in the divider
are triggered by the rising edges of the incoming clock. Since the divider is noiseless
and introduces no delay, the edges of one period of the output clock are perfectly aligned
with the edges of the input clock spaced N periods apart. Therefore the period jitter of
the output clock is equal to the relative variation of two input clock edges spaced N
periods apart. This leads to the definition of N-period jitter, which is the subject of the
next section.
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N-Period Jitter

As mentioned in the previous section, it is possible to compare the position of one edge
of the clock relative to the position of an arbitrary previous edge of the same clock.
Operatively, this corresponds to connecting the clock to an oscilloscope, triggering on
one edge of the clock and looking at how much the following edges move around their
average position. This procedure leads to the definition of N-period jitter as the discrete
time random process, denoted by p(N), where the element px(N) is the variation around
the nominal value of the position of one clock edge with respect to the N-th previous
edge.

This concept is illustrated in Figure 2.4 for N = 5, where a clock with nominal period
T is shown affected by jitter. The k-th sample of the N-period jitter px(N) can then be
expressed as the deviation of the time difference between the k-th and the k+ N-th edges
from the nominal value NT:

Pk(N) := (ttn — t) — NT. (2.10)

Considering that tx .y — tx is equal to the duration of the first N periods of the clock,
the expression for the N-period jitter can also be written as:

i=k

i=k+N-1
pk(N) = ( > Ta) —NT (2.12)

where Tj is used to indicate the i-th period of the clock.
By adding and subtracting (k + N)T to the right side of Equation 2.10, the N-period
jitter can be expressed in terms of absolute jitter as:

Pr(N) = aen — . (212)

Following from the definition above, it is clear that the value of N-period jitter for
N = 1 corresponds to the period jitter defined in the previous section.

Figure 2.4 Illustration of the definition of N-period jitter.
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An important and easily derived relation exists between N-period jitter and period
jitter. Equation 2.11 can indeed be written as:

i=k+N—1 i=k+N—1

PN)= > (Ti-T)= Y pi (2.13)
i=k i=k

so that, recalling 2.8, the N-period jitter turns out to be equal to the sum of the period

jitter over N consecutive periods. In the literature, the N-period jitter is also called accu-

mulated jitter, since it originates from the accumulation of the jitter over consecutive

periods. In this book, the term N-period jitter is preferred, but the two identify the same

concept.

Before we proceed, one comment on notation: in a general context, the term N-period
jitter refers to jitter over multiple periods, and N does not represent any particular num-
ber. When addressing a more specific case, though, N can be replaced by the actual
number of periods being considered, or by the name of a variable or any other mathe-
matical symbol representing it. One can thus speak of 5-period jitter, m-period jitter, or
(k + 1)-period jitter, with m and k representing integer numbers.

Other Jitter Definitions

In addition to the jitter definitions given in the previous sections, the technical literature
often presents the reader with others. Some of them, like the Time Error (TE) or the
Time Interval Error (TIE), are well known, standardized, and used extensively in specific
applications. Others are used in papers, technical reports, application notes, and don’t
always share the same meaning.

This section will give a brief overview of the most popular among those additional
jitter definitions. This list is by no means exhaustive or complete.

TimeError (TE) and Time Interval Error (TIE)

In 1996 the Telecommunication Standardization Sector of the International Telecom-
munication Union (ITU-T), the agency of the United Nations which regulates the
interoperability of geographical communication networks worldwide, released the
Recommendation G.810 [2]. This Recommendation standardizes definitions and termi-
nology for telecommunication networks, among them the Time Error (TE) and the Time
Interval Error (TIE).

Given a generic clock signal of the form reported in Equation 2.2, the Recommenda-
tion defines a time function T (t) := ¢(t)/ (27 fo), where ¢(t) := 27 fot + @(t) is the total
phase of the clock signal under investigation and ¢(t) is the excess phase. Similarly it
defines a reference time function Ty (t) := oref /(27tTp) as the total phase of a reference
clock signal divided by its radian frequency. Typically, an ideal clock with no excess
phase (no jitter) is taken as reference signal, so that Ty (t) = t.

After giving those definitions, the Recommendation defines the Time Error (TE) at
time t as:

TE(t) := T(t) — Trer (0). (2.14)
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Based on the relations above and on the jitter definitions given in the previous sections,
it is easy to show (this is left as an exercise for the reader) that the Time Error at a time t
corresponding to the k-th edge of the clock under investigation is nothing other than the
absolute jitter at k:

TE(t) = a. (2.15)

The Recommendation finally introduces the Time Interval Error (TIE) as a measure
of the accuracy in determining the duration of a time interval T when using the clock
under investigation, as opposed to using the reference clock. It is defined as:

TIE(G ) ;= [T+ 1) = T@)] — [Tret (t + ) — Tret (V)] (2.16)

From here it can be shown that TIE(t, 7) = TE(t + t) — TE(t). Assuming that the times
t and t 4+ = correspond to the k-th and k + N-th edges of the clock, respectively, using
Equation 2.15 the Time Interval Error can be written as:

TIE(t, 7) = an — a = pr(N). (2.17)

It is thus revealed that the TIE over a time interval ¢ is nothing other than the N-period
jitter, with N equal to the number of clock periods contained in z.

A quantity connected to the TE and widely adopted by both the ITU-T and ANSI
standardization bodies is the Maximum Time Interval Error, MTIE [3], defined as the
maximum peak-to-peak value of TE(t) over a given interval :

MTIE(7) := tfmgtxﬂ TE(t1) — tftrPfl?H TE(t1). (2.18)

The MTIE indicates the maximum error in the measure of any time interval in the time
range from t to t + ¢ when using the clock under test. Following from the discussion
above, the MTIE(z) is simply equal to the peak-to-peak absolute jitter of the clock under
test over the interval [t,t + <].

Note that the name of Maximum Time Interval Error might be deceiving. Indeed
MTIE¢(z) is not necessarily identical to the maximum TIE over the time period from t
to 7, as can be understood from the example in Figure 2.5.

Figure 25 Example of TE versus time, an illustration of TIE and MTIE concepts.
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Cycle-to-Cycle Jitter

The cycle-to-cycle period jitter, mostly known simply as cycle-to-cycle jitter, is defined
in the JEDEC standard JESD65B [4] as the “variation in cycle time of a signal between
adjacent cycles, over a random sample of adjacent cycle pair.” It is construed as the
difference between two consecutive clock periods and it indicates how much one period
of the clock differs from the previous one. If we denote with Ty the k-th period of the
clock, the cycle-to-cycle jitter ccy is:

CCx = Tk+1 — Tk (2.19)
and can be easily expressed in terms of the period jitter as:

CCk = Pk+1 — Pk (2.20)

or in terms of absolute jitter as:
CCk = 42 — 28+1 + & (2.21)

This jitter definition is mainly used to characterize the stability of spread spectrum
clocks (SSC). To understand why this is a convenient approach, consider a triangularly
modulated SSC where the profile of frequency versus time is a ramp. The excess phase,
and thus the absolute jitter, is the integral of the frequency and follows a quadratic pro-
file t2. Since the period jitter is the first-order difference of the absolute jitter over time,
it is also a function of time and changes as t. The cycle-to-cycle jitter, on the other hand,
is the first-order difference of the period jitter over time and thus is ideally constant over
one full ramp. This property makes the concept of cycle-to-cycle jitter more useful in
the investigation of short-term jitter effects on SSC than either the period or the absolute
jitter.

Note that, even though the term cycle-to-cycle jitter has been defined in standards,
some authors have used it with a different meaning. For instance, before the release of
the JEDEC JESDG65B standard, the authors in [5] and [6] used this term to refer to the
period jitter. It is worth mentioning that, in some contexts, the term adjacent period jitter
is used instead of cycle-to-cycle jitter.

Long-Term Jitter

Although the term long-term jitter is widely used, it is not officially defined by any stan-
dardization body. Nevertheless, almost all sources agree and refer to it as the value of the
N-period jitter for large values of N. The observation at the base of this definition is that
for many practical clock generation circuits, like PLLs, the N-period jitter increases for
small N, but then stabilizes around a value which is, in first approximation, independent
of N. The reason for this will be explained in Section 3.2.2.

How large N should be to consider it “long term” depends both on the application and
the clock generation unit. For instance, for a free-running oscillator, the N-period jitter
increases indefinitely with N, so it doesn’t make sense to speak of long-term jitter, since
there is no asymptotic value for it. In PLLs the value of N for which the N-period jitter
stops increasing depends on the PLL bandwidth (see Section 3.2.2). For a video system,
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where the line clock is synchronized at the beginning of one screen line, a large value of
N might be of the order of the number of pixels in one line.

Short-Term Jitter

As with long-term jitter, the term short-term jitter has also not been standardized,;
however, unlike long-term jitter, different sources use it to mean different things. For
instance, [7] refers to it as the cycle-to-cycle jitter, while [8] uses it as a synonym for
period jitter. The reader is advised to take (and use) this term with caution and to make
sure its exact meaning is clear before proceeding further.

Phase-Jitter or Integrated Jitter

The terms phase-jitter and integrated jitter have also not been standardized, but there
seems to be a general consensus on their meanings. As in any other random process, the
absolute jitter process can be decomposed into its frequency components and displayed
in the frequency domain using its power spectral density as a function of frequency.
The phase-jitter or integrated jitter is basically the RMS value of the absolute jitter,
calculated considering only those frequency components of the power spectral density
which fall within a given frequency interval. To investigate this definition further we
need to introduce the concept of phase noise. This will be done in Section 3.1.5. It will
then be clear that the terms “phase” in phase-jitter and “integrate” in integrated jitter
come from the fact that this jitter is computed by integrating the phase noise over the
desired frequency range.

Adjacent Period Jitter
This term is neither standard nor widespread. It is mostly used to indicate the cycle-to-
cycle jitter (see, e.g., [9]).

Cycle Jitter
This term is sometimes used to indicate the jitter in one period or cycle of the clock (see,
e.g., [10]). It is therefore equivalent to the period jitter.

Aperture Jitter

Aperture jitter is a term used specifically in the context of analog-to-digital conversion.
In a sample and hold system, the time needed to disconnect the sampling capacitor from
the input buffer by opening a switch is called the aperture time. This time is normally
quite short, but not zero, and its effect can be modeled by introducing a small equiva-
lent delay in the sampling instant of the analog waveform. The noise generated by the
circuitry driving the switch introduces an uncertainty in the aperture time, which can
be mapped to a variation in the small equivalent delay. This variation is what is called
aperture jitter [11], [12]. Even though this type of jitter does not affect a clock or a
data stream directly, its effect is equivalent to a jitter on the sampling clock of the data
conversion system, which will be discussed in more depth in Chapter 6.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.003
https://www.cambridge.org/core

2.1.6

2.2

2.2 Statistics on Jitter 25

Table 2.1 Summary of fundamental jitter definitions.

Jitter Symbol Definition vs. Edges’ Timing

Absolute ay deviation of the clock edge tx — kT
position from the ideal one

Relative M difference of the t — B
corresponding edge positions
of two clocks (A and B)

Period Pk deviation of the clock period tpr —t—T
from its nominal value

N-period pk(N) deviation of the duration of tkeN — tk — NT
N consecutive periods from
its nominal value

Cycle-to-cycle CCx difference between two tkp2 — 21 +
consecutive clock periods

Table 2.2 Summary of fundamental jitter relationships.

Jitter vs. Absolute Jitter vs. Period Jitter
a - N/A

rk af —aP N/A

Pk +1 — & -

pk(N) AN — B YN
CCk B+2 — 2841 + & Pk+1 — Pk

Summary of Jitter Definitions and Their Relationships

Tables 2.1 and 2.2 summarize the fundamental jitter definitions and their relations to
absolute and period jitter.

Statistics on Jitter

In the previous sections, we defined different types of jitter. Independent of their specific
definitions, all types are discrete time random processes. Absolute jitter, period jitter,
and relative jitter are all functions of the time index k, the ordinal number indicating
the clock edge which the jitter refers to. As such, each particular realization of a generic
jitter process (that will be indicated with jx) can be represented on a graph with the index
k as the horizontal axis and the value of j as the vertical axis, as shown in Figure 2.6.1

1 Note that in this section the generic notation jk is used instead of ay or py or any of the other specific types
of jitter, since the concepts explained in the following apply to all of them.
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Figure 2.6 Two different realizations of the same jitter process.

The issue with this kind of representation is that the particular sequence jy, as, for
instance, shown in Figure 2.6 with circles, is just one of the possible realizations of the
jitter process. Measured at another time, the same clock will display a jitter sequence
different from the first one, as shown in Figure 2.6 with squares.

It is therefore of fundamental importance to condense the information of the jitter
process jk into the smallest number of derived quantities which can capture all relevant
information for any possible realization of the process jk, and be profitably used in
system engineering.

One way to achieve this goal is to represent the sequence jx by means of its spectrum,
obtained via a Fourier transformation of its autocorrelation function, similar to what is
done for deterministic signals.

The other way is to consider the distribution of the amplitudes of jx on the y-axis by
means of either a histogram, or, more accurately, the probability density function (PDF)
and derive statistical data from it.

It must be noted that neither of these two approaches can fully replace the other. The
spectral approach gives information on how the sequence jx evolves over time, but is
not able to capture very rare events accurately. For instance, a strong tone in the spec-
trum reveals the presence of a sinusoidal component in the sequence ji, but a value
of jx very far from the average and happening very infrequently (an outlier) will have
almost no influence on the resulting spectrum and thus cannot be detected based on it.
The statistical approach, on the other hand, while being capable of capturing outliers, is
independent of the specific order of j over the index k, and thus cannot be used for infer-
ring any behavior of the jitter process over time. As an example, Figure 2.7 shows two
different sequences j leading to the same histogram (a uniform distribution between a
and b), but having a completely different time behavior, and, therefore, different spec-
tra.2 It is clear that a particular system can react very differently, depending on whether
the first or the second sequence is applied to it.

Both the frequency domain and the statistical approach therefore contain specific
information. Different applications may benefit from one or the other, but only the
combination of both gives a full picture of the jitter process.

This section will focus on the statistical approach while Chapter 3 will deal with the
frequency domain approach.

2 The reader should think of these sequences as deterministic signals for now. A more accurate definition of
the spectrum of random signals is given in Appendix A.
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Figure 2.7 Two different jitter process having both a uniform distribution between a and b, but
different time behaviors.

Figure 2.8 Generic jitter histogram.

Histograms and Probability Density Functions

The generic jitter process j is defined only for integer values of the index k, but the jitter
amplitude — that is, the numerical value of the random variable jx for a given k — can in
principle assume any real value.

A common way to graphically represent the distribution of the amplitude of a random
variable is a histogram. The jitter process jk is measured and a number n of jitter samples
are stored, corresponding to n different values of the index k. A histogram is then built
by dividing the x-axis, representing the jitter amplitude, into a number of intervals of
equal extension (“bins™) and assigning to each bin a number equal to the number of
jitter samples falling into that specific interval (the occurrence). Finally, the histogram
is typically plotted as a bar chart, with the amplitude on the x-axis, and the occurrence
in each bin on the y-axis. Figure 2.8 shows the histogram of a jitter process where ten
thousand jitter samples were taken and binned into intervals of 1ps.

The histogram reveals a number of interesting properties of the jitter process under
investigation. As an example, from the histogram in Figure 2.8 it can be clearly seen
that the jitter amplitude is neither Gaussian nor symmetrical around its mean value — it
shows two bumps where jitter amplitude seems to be more frequent — and, finally, there
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are a few jitter events which fall on the left side far away from the main distribution,
hinting at some rare event corrupting the quality of the clock.

Although the histogram is a very well known and widespread graphical tool, it is, for
many reasons, more convenient to represent the distribution of jitter amplitude (or any
other random variable) by using a probability density function (PDF). For a continuous
random variable x the PDF is a real function of the possible values assumed by x, sat-
isfying the condition that the probability of x assuming values in any interval [a, b] is
equal to the integral of the PDF from a to b:

b
Pla<x<b]= / fx(c)dc (2.22)

where P [U] indicates the probability of event U, and fy(.) is the PDF of the random
variable x. From this basic condition, it follows that the PDF is always positive or zero
and its integral from —oo to +-o0 is equal to one.

At this point an important observation on a fundamental difference between a his-
togram and the PDF must be considered. A histogram is derived from the data of one
particular realization of a random process, measured over time. For each instant of
time only one value of the process is recorded, and the statistics are built by record-
ing many samples of the same process realization over a given time span. A PDF, on
the other hand, is the description of the distribution of the values assumed by random
processes at one particular time instant. A PDF is equivalent to generating many par-
allel realizations of the same jitter process and considering the jitter value at some
specific moment in time (a possibility that is, however, normally not given in practice).
In other words, the PDF is a property of one point in time over all possible realiza-
tions, while the histogram is a property of one single realization over all instants of
time. The usual assumption is that the two descriptions are equivalent; that is, that
temporal averages over one realization give the same result as averages over the ensem-
ble of realizations. This assumption, although reasonable, is not always true. Processes
for which this assumption holds are called ergodic and are a subset of stationary pro-
cesses [1] (see also A.2.11 for a short review of ergodicity). Fortunately, in most of
the processes where jitter is involved, the ergodicity is given, so that we can use his-
tograms to infer statistical properties of the process in one specific point in time. In
the following discussion, we will assume that the processes we are dealing with are
ergodic.

Once the histogram of a random process is available, it is easy to derive the
corresponding PDF.

Assume the amplitude histogram (hj) of a jitter process jk is built on m bins of
extension At, centered around the values tj, with i = 1...m. Then, the value h;(t;)
of the histogram for the i-th bin is the number of jitter samples falling in the interval
[ti — At/2,ti + At/2]. From the way the histogram is built, the sum of all h; (t;) is equal
to the total number of jitter samples n:

> hi(t) =n. (2.23)
i=1
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Figure 2.9 Generic jitter probability density function.

If we define a function fj(t;) as the histogram scaled by the factor 1/(nAt):

h; (t)
fi(t) = —— 2.24
i) = (2.24)
by virtue of Equation 2.23 the following result can be obtained:
m
> o fit)At=1. (2.25)

i=1
The left-hand side of this equation can be interpreted as the discrete version of the inte-
gral of the function fj(t) over the whole t-axis. Therefore the integral of the function
defined in Equation 2.24 sums to 1. It is left to the reader to prove that the integral of
fi(t) between any two values a and b is equal to the number of jitter samples falling
between a and b divided by the total number of samples, and thus equals the probability
P[a < jk < b]. The function f;(t) defined as in Equation 2.24 is thus the PDF of the
jitter process jk. Figure 2.9 shows the PDF of the jitter amplitude corresponding to the
histogram in Figure 2.8. As can be seen, moving from histogram to PDF implies only a
scaling of the y-axis, but no change in shape. Note also that, since the extension of the
PDF on the x-axis is normally in the range of picoseconds (10~12), the value of the PDF
of the y-axis is in the range of 10712,

In practice, jitter in circuits can be caused by many different mechanisms and the
PDF can assume different shapes. Figure 2.10 illustrates some sample realizations of
the most typical jitter processes found in electronics and their PDFs: Gaussian, uni-
form, sinusoidal and Dirac. It can be seen how each process shows a typical signature
in the PDF. In general the opposite is not true, since a PDF shape can, in princi-
ple, be generated by sequences with very different time domain behaviors. However,
in many practical cases, the shape of the PDF can give a very good hint about the
underlying time domain sequence, if ergodicity is given. It must be noted that the
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Figure 2,10 Probability density functions for typical jitter distributions.

Dirac distribution is rarely found in practical cases, but it is a very useful abstrac-
tion for cases in which the jitter is concentrated around two or more discrete values.
The Dirac distribution with only two discrete values, also called Dual Dirac, plays
an important role in jitter decomposition, as will be seen in more detail in the next
sections.

For completeness, the expressions of these most common PDFs are reported here. For
a Gaussian jitter with RMS value o and average value u the PDF is given by:

1 —(t— M)2>
fit) = ex . 2.26
0= ——en (= (2.26
For a uniform jitter between two values A and B, the PDF is simply given by:
fi(t) = ! (2.27)
T B-A '

for A <t < B, and zero otherwise. For a sinusoidal jitter with peak amplitude A and
average value u the PDF is:

1

V1= ((t—p)/A)?

fi(t) = i (2.28)
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for u—A <t < u+Aand zero otherwise. Finally, for a Dirac jitter, assuming m discrete
values tj, withi = 1...m, the PDF can be written as:

m
fit)=> Ast—t) (2.29)
i=1
where Y Aj = 1 to ensure that the integral of the PDF sums to 1.

Each of the mechanisms generating jitter according to the PDFs described above
rarely occurs in isolation. In nature, multiple mechanism are at work simultaneously,
so that the PDF of the resulting jitter can assume more complicated shapes, as shown as
an example in Figure 2.9. Section 2.2.7 will explain how different PDFs combine into
one single resulting PDF.

Although the shape of the PDF already provides a great deal of information about
the jitter process, it is very useful to extract some basic statistical parameters from it.
In industrial contexts, the most commonly used parameters for describing jitter are: the
mean, the median, the variance and its square root, the standard deviation (also called
RMS, root mean square), the peak and the peak-peak. The next sections will go into the
details of each of them.

Jitter Mean

In many cases jitter is defined such that its mean is equal to zero. As an example, the
period jitter as defined in Equation 2.8 is intrinsically a zero mean process. In such
cases a honzero mean value would imply that the nominal period T has been calculated
incorrectly. Absolute jitter is also another example where, if correctly extracted, the
mean value is intrinsically zero. However, there are cases where the mean might be
nonzero. One such case is the relative jitter as defined in Equation 2.6. If the two clocks
have a static timing skew between them, the average of the jitter is equal to the timing
skew.

When needed, the mean 1 of a generic jitter process jk can be estimated based on n
samples by the so called sample mean:

1 n
i = = E i 2.
Hj nk:le (2.30)

where the hat symbol indicates that this is an estimation.

Jitter Median

Similar to the mean, another measure of the central tendency of the jitter distribution is
the median. The median is defined as that particular value j such that 50% of the jitter
samples are smaller and 50% are larger than j, or, equivalently, a particular jitter sample
falls with 50% probability above j (and obviously also with 50% probability below it):

Pk <jl =P[x>jl=0.5. (2.31)
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If the jitter PDF is symmetric, then the mean and median coincide, but in many cases the
PDF is skewed (e.g., there is a longer tail on one side than on the other) and the mean
and median are not the same.

Although the mean is the most commonly used measure of central tendency, there are
applications where the jitter median plays an important role. One notable example is in
CDRs (or PLLs) with binary phase detectors. In these systems the loop locks around
the median value of the relative jitter between data (or reference clock) and feedback
clock, not around its mean value. If the relative jitter distribution is very asymmetric,
the difference in locking point can be significant and close the eye more than would be
expected if the mean were considered.

Jitter Standard Deviation and Variance

One of the most widespread statistical parameters for characterizing jitter is the root
mean square (RMS) value. In statistics, the RMS is known as standard deviation, indi-
cated as o, and is the square root of the variance o2. In this book we use the terms RMS
and standard deviation as synonyms.

The standard deviation is the main parameter for the characterization of Gaussian
distributions, but it can be computed for any kind of distribution. It is a measure of how
wide the jitter spreads around its average value, and plays an important role in the design
of many electronic systems.

The usual way of estimating the RMS value is first to estimate the variance of the
jitter and then extract its square root. The variance of a generic jitter process jx can be
estimated based on n samples by the so-called sample variance:

. 1 &,
6f = =7 > (k=) (232)
n-1 —

where pj is the mean of the process jk and the hat symbol indicates again that this is an
estimated value (see, e.g., [13]).

Jitter Peak and Peak-Peak

Many applications are affected by the extreme values that jitter can assume rather than
by the RMS value of jitter. For example, the error-free operation of a synchronous digital
circuit is guaranteed if the minimum duration of the clock period is still large enough
for the combinatorial logic to produce its output sufficiently in advance of the next clock
edge. In this case, the quantity that has to be characterized is the minimum duration of
the period, or, in other terms, the maximum value for the period jitter (Chapter 5 will
deal with this application case in detail).

In these cases, we speak of peak and peak-peak as a measure of the maximum and
maximum minus minimum values that jitter can assume. It should be noted that these
measures are mostly meaningless if they are not accompanied by additional information
about how they were performed. To understand this, imagine the very common case of
a jitter process with a Gaussian distribution. 1f 100 samples are measured, a histogram
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with a given extension is obtained. Due to the unboundedness of the Gaussian distri-
bution, though, it is very likely that if one thousand samples of the same process are
measured, the resulting histogram range, and therefore the peak or peak-peak values,
will be larger than in the case using a smaller sample size. The peak and peak-peak jitter
therefore must be defined more precisely.

The underlying concern when looking for the peak or peak-peak values is to deter-
mine the worst-case scenario, the worst jitter value that can be expected. Since circuits
are affected by thermal noise and thermal noise is Gaussian, the peak jitter should always
be infinite from a purely mathematical point of view. Of course, no system would work
if this were true, so there must be a way out of this dilemma. One approach is to ask the
following question: once a number for the peak value is given, what is the probability
that some jitter samples will be larger that this number? Or, alternatively, how can we
find a number such that the probability that jitter samples exceed this number is lower
than a predefined bound?

There are two ways of answering this question. The first, and probably the most
common, does not make any assumptions about the jitter distribution, while the second
leverages the knowledge of the distribution shape.

The first way is to define peak pj and peak-peak ppj jitter by taking n jitter samples
jk, k= 1...nand finding the maximum and minimum values among the samples:

A= max() — (2.33)
P = — mkin(jk) (2.34)
ppj = ml?x(jk) - mkin(jk) (2.35)

where pj is the jitter mean, as defined in Equation 2.30. Note that, for the peak values,
since some distribution might be asymmetric around the mean value, it is necessary to
distinguish between peak positive (o T), the range of the jitter on the right-hand side of
the mean, and peak negative (o), the range of the jitter on the left-hand side of the
mean. Figure 2.11, illustrates these definitions with an example histogram.

It will be shown in Section 9.2.3 how the probability of finding jitter samples outside
the peak bounds defined in this way is essentially inversely proportional to the sample
size. For some applications, very small probabilities (of the order of 10~12 or lower)

Figure 2.11 Definition of peak positive jitter pj+, peak negative jitter pj’ and peak-peak jitter pp;.
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are specified, requesting the collection and processing of a prohibitively large amount
of data. Another issue connected with this procedure of finding the peak values is that
statistics based on finding the maximum (or minimum) values from a population are the
least robust. It can be understood that a single outlier in the set of measurements jx — due
to, e.g., a single measurement error or a glitch — can corrupt the whole result. Therefore,
the data set must be perfectly clean and free from erroneous outliers, before applying
the above-mentioned method.

For these reasons, a second, more robust approach is needed, which leverages prior
knowledge of the jitter distribution. Assuming that we have reason to believe that the jit-
ter distribution is Gaussian, or very close to Gaussian, there is a well-defined probability
of finding a jitter sample deviating from the mean more than Q times the RMS value oj.
The reader is referred to Section 9.2 for details about how to compute this probability.
Since the RMS value can be estimated by Equation 2.32, the peak (in this case, peak
positive and peak negative are the same) and peak-peak values can be defined as:

0 =Q-0j (2.36)
PP} = 20Q - 0j. (2.37)

Using these definitions, the probability of finding jitter samples outside the peak or peak-
peak ranges are P(Q) and 2P(Q) respectively, with P(Q) defined in Equation 9.14 and
tabulated in Table 9.1 Note that these definitions allow us to find the peak values for very
low probabilities without the need to process huge amounts of data, and a few outliers
have a small impact on the estimation of the RMS, even for moderate sample sizes.

But what if the jitter distribution is non-Gaussian, as often happens in real applica-
tions? In this case, the estimated RMS cannot be correctly used to compute the marginal
probability of jitter outside given bounds. To illustrate this concept, Figure 2.12 shows
on the left-hand side the PDF of a real jitter distribution (solid line). The estimated RMS
using Formula 2.32 is 2.204ps and the dashed line shows a Gaussian distribution with
exactly this RMS value. With reference to these two curves, the right-hand side plots the

Figure 2.12 Example of non-Gaussian jitter distribution (left) and its corresponding probability
curve (right).
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probability of finding a jitter sample larger than x (the x-axis) for the real case (solid line)
and for the Gaussian approximation(dashed line). It is evident that predictions based on
the Gaussian approximation would be wrong.

For these reasons, a different methodology has been developed to extract meaningful
statistical values from distributions which are not Gaussian. This methodology requires
knowledge about deterministic jitter, which will be the topic of the next sections.

Taxonomy of Jitter Based on PDF

The methodology developed to cope with non-Gaussian jitter distributions is built on
the idea that the jitter on a clock, or data, in a complex system is the combined result
of multiple different mechanisms, each of which contributes one component of the
resulting jitter. For instance, as will be seen in Section 1.5, the jitter on data at the
receiver front of a wireline system end is the combination of the jitter produced by
the transmit PLL, plus the jitter introduced by the thermal noise of the off-chip driver,
plus the distortion of the edges due to the band limitation of the channel itself, among
others.

One erroneous bias is assuming that jitter is basically random only. This is not true;
jitter can manifest itself in a random as well as in a deterministic fashion. In analogy
to the more familiar case of amplitude modulated signals, deterministic jitter can be
thought of as the “horizontal” equivalent of distortion or cross-talk effects on the “verti-
cal” axis of an analog signal, while random jitter can be thought of as the equivalent of
the classical Gaussian amplitude noise.

More specifically, each jitter component encountered in real applications can be clas-
sified in one of two categories, based on the shape of its histogram or PDF: Deterministic
Jitter (DJ) and Random Jitter (RJ). Note that this classification can be applied to any
type of jitter as presented in the previous sections (period jitter, N-period jitter, absolute
jitter, ...).

Random Jitter (RJ)

The RJ includes all jitter components whose PDFs are unbounded, meaning that their
range grows indefinitely the more jitter samples are considered. In electronic systems,
RJ is produced by the electronic noise of the devices (thermal, flicker, and shot), and
manifests itself as a jitter with a Gaussian distribution.

It must be noted that the term RJ is generally used not only to describe the unbounded
nature of jitter, but also as a numerical value indicating the amplitude of the random jitter
component itself. There is no unified convention so far, though, so different standards
use the term RJ differently. For instance, in Serial-ATA, the RJ identifies the RMS value
multiplied by a factor which depends on the specified bit error rate (BER), e.g., for
a BER = 10712, the factor is 14, as will be explained in the next sections. The PCle
standard, on the other hand, uses RJ to indicate the RMS of the Gaussian distribution,
without multiplying it by the factor depending on the BER. In this book, we will stick
with the first convention, as it seems to be the most widely used. As an example, for a
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clock affected by Gaussian jitter with RMS 1ps, one can say that the clock has a random
jitter component and its RJ is equal to 14ps, if a probability of error of 10~12 is targeted.

Deterministic Jitter (DJ)

The DJ category includes all jitter components whose PDF is bounded. The most com-
mon causes of DJ are modulation of the clock due to supply noise, cross-talk from
other signals or channels, duty cycle distortion, channel bandwidth limitation, and
the like. Depending on the originating mechanism, the DJ can be divided in several
subcategories, the most important being:

e data-dependent jitter (DDJ): specific to jitter on serial digital data, it includes jitter
effects which are correlated with the transmitted data.

e duty-cycle-distortion jitter (DCD): jitter due to asymmetries in the duty cycle when
both rising and falling edges of the clock are used in the application.

e bounded-uncorrelated jitter (BUJ): jitter specifically in serial digital data, which is
bounded but bears no correlation with the transmitted data. It may be due to, e.g.,
crosstalk from adjacent channels and can be subdivided in periodic jitter (PJ) and
non-periodic jitter.

e sinusoidal jitter (SJ): jitter with a sinusoidal profile, usually used to test jitter tolerance
in high-speed interfaces.

Additionally, in the case of serial data transmission, jitter can also be divided into Cor-
related and Uncorrelated, depending on its relation to the transmitted data. There is no
standardized naming of those subcategories, and different authors often use different
terms to refer to the same concept. However the basic distinction to keep in mind is
between RJ, which is unbounded and mostly Gaussian distributed, and DJ, which is
bounded, with distributions of different shapes. Figure 2.13 illustrates this taxonomic
scheme. For an exhaustive list of the sub-categories see, e.g., [14].

It must be noted that the term DJ is generally used not only to describe the bounded
nature of jitter, but also as a numerical value indicating the peak-peak value of the jitter
component itself. As an example, for a clock affected by sinusoidally modulated jitter
with an amplitude of 1ps, the clock has a deterministic jitter component with a DJ equal
to 2ps.

Figure 2.13 Taxonomy of jitter terminology and their relationships.
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Combination of Jitter Components

The topic to investigate next is how the different jitter components combine to generate
the resulting jitter. As an example, take the wireline system described in Figure 1.14.
The data transitions at the input of the TX driver are already affected by jitter, mainly
produced by the PLL. The jitter introduced by the thermal noise in the driver shifts the
edges of the output data in a manner that is largely independent from how much jitter
is already present on them. In other words, the displacement of the data edges produced
by the noise of the driver is added to the displacement already present on the data at the
input. Generalizing this concept, it can be said that, in most cases, the resulting jitter jy
can be expressed as the sum of the several jitter components j1, ..., jnk:

Jk=l1k+i2k+... +ink (2.38)

It must be noted that the assumption that the amount of jitter introduced by each mech-
anism is independent from the jitter due to other mechanisms is not always true, and,
in some cases, the jitter already present on the clock does influence the amount of jit-
ter that another specific noise mechanism adds to the clock. However, in most cases,
Equation 2.38 holds.

Assuming that the jitter components are independent, a basic result of probability
theory states that the PDF of the resulting jitter, fj(t), is the convolution of the PDF of
the single components:

i (t) = fi2(t) * fia(®) * ... % fin(t). (2.39)

It is very instructive to take a look at how the convolution process changes the shape
of the resulting jitter PDF in some exemplary cases. Figure 2.14 shows the result of the
convolution of a Gaussian distribution (RMS = 0.2) with DJs having a dual Dirac, a
sinusoidal, a uniform, and finally a triangular distribution, from top to bottom, respec-
tively. The original DJ distributions are shown with a dashed line, while the resulting
distributions are shown with a solid line. Note that the range of the bounded distribu-
tions is from —1 to +1 for all of them, meaning that their peak-peak value is 2. Note also
that for the sake of graphical clarity, the distributions have been normalized vertically to
a maximum value of one.

It is evident how the convolution process smooths out the hard borders of the DJ
distributions. It can be seen that the positions of the peaks, if there are any, or of the
maximum levels reached by the resulting distribution do not coincide with the positions
of the extremes of DJ; they are instead moved inwards. The only exception is when the
DJ is an ideal dual Dirac distribution. This shift inwards is more pronounced the more
tapered the DJ is. It is therefore not easy to determine the amplitude of the DJ by visual
inspection of the resulting PDF, as is evident in the case of the triangular DJ.

The Central Limit Theorem of probability states that the sum of multiple indepen-
dent random variables tends to resemble a Gaussian distribution. Thus, when multiple
DJ components are present, the resulting DJ will have a shape that is very close to
a Gaussian curve, with the only difference being that its tails will be bounded. Since
the convolution of two Gaussian distributions is still a Gaussian distribution, in this
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Figure 2.14 The solid lines are the PDF of the sum of Gaussian jitter (RMS=0.2) and DJ
components (DJ=2) with different distributions, shown dashed (from top to bottom: dual Dirac,
sinusoidal, uniform, and triangular). The distributions have been normalized vertically to a
maximum value of one for graphical clarity.

particular case the distribution of the sum of RJ and DJ will have a shape very close to
a Gaussian curve, and determining the DJ by visual inspection is simply not possible.

From Equations 2.38 and 2.39, it can be understood that when multiple uncorrelated
RJ or DJ components are present, the total RJ has a variance which is the sum of the
variances of the single RJ components:

Ototal = 03 + 03 + - + 0 (2.40)
while the total DJ is the linear sum of the single DJ components:
DJiotal = DJj1 + DJj2 + - - - + DJjn. (2.41)

The first equation above can also be derived from the fact that the sum of two uncor-
related Gaussian random variables is still Gaussian, with a variance given by the sum
of the variances. The second comes from the known property of the convolution of two
functions with bounded ranges: the range of the result is the sum of the ranges of the
convolved functions. In short, RJ adds quadratically while DJ adds linearly.

Since single RJ components in a system are the result of multiple thermal noise pro-
cesses which are by nature uncorrelated to each other, Equation 2.40 gives a very good
estimation of the total RJ.

For DJ, though, this assumption is not always true. To clarify this point, consider a
clock signal going through two cascaded buffering stages connected to two different
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noisy supplies. Assume now that the noise on each supply is sinusoidal with a given
frequency (the same for the two supplies), but with 90 degrees phase shift between the
two. In this case when the noise on the first buffer stage is at its maximum, the noise
on the second one is zero. It is clear that the DJ at the output of the buffer chain is less
than the arithmetic sum of the DJ produced by each of the supplies on the two buffering
stages separately. In general, if DJ components show a strong correlation the total DJ
can not be computed using Equation 2.39, and its range is less than, or, at most, equal
to the sum of the ranges of its single components. Therefore Equation 2.41 is an upper
bound to the total DJ, and can be taken as a worst case scenario when designing the
system. In some cases, though, simply summing linearly the DJ could lead to a very
pessimistic estimation and to an overly conservative designed system. In such cases, a
more in-depth analysis of the sources of DJ and their correlations must be done.

Jitter Decomposition

With the insight gained in the previous sections, we now go back to the original question
of how to derive meaningful statistical parameters from a jitter PDF which is not Gaus-
sian. Jitter decomposition is a methodology developed to tackle this problem. The basic
idea is to separate (decompose) the original jitter PDF into its RJ and DJ components
and derive the jitter statistics based on these two values.

There are several methods developed for this purpose. The two most popular among
them are the so-called independent-o technique and the tail fitting.

The independent-o technique relies on measurement in the frequency domain, specif-
ically on the phase noise of the clock under investigation, to extract the RMS value of
the RJ component, as will be seen in Chapter 3. With this information available, the DJ
is extracted either by deconvolution or by trying to fit the tails of the original distribution
with a Gaussian curve having an RMS value equal to the RJ and variable mean values.

The second technique, tail fitting, is far more popular. Since the jitter PDF is the result
of a convolution of a bounded DJ with a Gaussian RJ, it can be expected that the tails
of the jitter PDF are still very close to a Gaussian shape, especially for offsets very far
from the bounds of the DJ distribution. It therefore makes sense to try to fit the left and
right tails of the jitter distribution with Gaussian curves parametrized in terms of mean
1, RMS value o and amplitude A. The amplitude parameter A is a factor multiplying
the standard Gaussian PDF and is needed since the left- and right-fitted Gaussian curves
account only for a fraction of the whole PDF and thus have an area smaller than one.
The tail fitting is an attempt to find the best A, o and p fitting the left and right tails of
the original jitter distribution.

In a simplified approach, the amplitude A is assumed constant and equal to one.
Although easier from an algorithmic perspective, it tends to underestimate the DJ com-
ponent and overestimate the RJ one, as will be shown in the next section. Thus the
predictions on the probability of error using this approach are not very accurate.

A more advanced approach considers also the amplitude A as a optimization parame-
ter. The result is six parameters: A, o, and w| for the left tail and Ag, or, and ug for
the right tail. Figure 2.15 shows the result of the tail fitting applied to the distribution of
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Figure 2.15 Non-Gaussian jitter distribution with Gaussian tail fitting (left) and corresponding
probability curves (right). Left hand side: the original jitter PDF (solid line) and the two fitted
Gaussian curves (dashed lines). Right hand side: probability of finding a jitter sample larger or
smaller than a given value x, based on the real jitter PDF (markers) and based on the fitted
Gaussians (lines).

Figure 2.12. It can be seen that tail fitting provides a very good description of the tail
behavior in terms of probability. Note also how this approach focuses only on the behav-
ior of the extremes of the jitter distribution, and does not attempt to describe accurately
the central part, which is normally DJ-dominated. For most applications, this fact does
not represent a real limitation, since the critical part of the jitter PDF lies in the tails.

While the parameters A and o can be different for the left and for the right tails,
o1 and og should typically converge to the same numerical value for a real electronic
system.

Note how the tail fitting approach applies a Dual-Dirac model to the PDF under inves-
tigation, since it essentially approximates the original PDF with the convolution of a
Gaussian jitter with a Dual-Dirac jitter, where the two Dirac impulses are centered at w.
and wr and have amplitudes A and Ag.

Total Jitter and Probability of Error

Based on the parameters derived from the tail fitting procedure, the values of peak left,
peak right and peak-peak can be defined for any jitter distribution as:

P~ = —Q o (2.42)
pt =ur+Q or (2.43)
pp = R — pL + Q(or + o) (2.44)

where Q is a factor that determines the probability of finding a jitter sample outside of
the so-defined extremes. Note that, since the fitted Gaussians are weighted by the scale
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factors A_ and Ag, the probability of finding jitter higher than o, lower than p—, or
outside pp are:

Plik> "] =Ar-P@Q) (2.45)
Plik <p ] =AL-P@Q) (2.46)
P [jx outside pp] = (Ar + AL) - P(Q) (2.47)

where P(Q) is the expression reported in Equation 9.14 and tabulated in Table 9.1.

In Equation 2.44 the quantity ur — pr accounts for the effect of the DJ components
on the jitter distribution and is often referred to as Dual-Dirac DJ and indicated with
DJss or DJyqg:

DJss := UR — ML (2.48)

while Q(or + o) takes into account the random jitter component and is indicated as
usual by RJ. Note that the value of RJ depends on the chosen Q factor, thus on the
chosen level of probability of jitter exceeding the peak bounds. In the context of jitter
decomposition, the peak-peak value pp is often referred to as Total Jitter and indicated
with TJ. From Equation 2.44 the relationship between TJ, DJ, and RJ can be written as:

TJ = DJss + RI(Q) (2.49)

where we emphasize that RJ is a function of the factor Q.

It is important to underline that a value of TJ without the specification of the probabil-
ity level assumed, or of the Q-factor used, is meaningless. The specification of TJ must
always be accompanied by the probability value for which that TJ has been calculated.

EXAMPLE 1 Inthe case shown in Figure 2.15, the DJss is equal to 1.9ps — (—3.4ps) =
5.3ps. The RJ part, taking factor Q = 7, is equal to 7-(1+1)ps = 14ps. The peak positive
pT =194 7 = 8.9ps and the peak negative p~ = —3.4 — 7 = —10.4ps. The corre-
sponding TJ is thus 19.3ps and is associated to a probability of (0.19+0.45)-1.28-10~12
= 0.82-10~12 of finding a jitter sample outside the peaks. Note that if Q = 3, then RJ
= 6ps, pt=4.9ps, p~ = —6.4ps and TJ = 11.3ps, which is much lower than the previ-
ous value, but, in this case, the probability associated with this numbers would be only
0.86-1073.

The reader may ask why the concept of dual Dirac DJ (DJss) must be introduced in
addition to the “regular” DJ. The fact is that these two quantities rarely coincide. The
DJss is an abstraction whose purpose is to model correctly the TJ. It is derived purely
mathematically from the tail-fitting algorithm as the distance between the center of the
two fitted Gaussian curves, and does not represent a real jitter component present in the
system. As shown in Figure 2.14, due to the convolution process of RJ with DJ, the roll-
off points of the resulting jitter are moved inwards with respect to the DJ peak values.
As a result, the available algorithms commonly used to extract the DJ tend to move
the centers of the Gaussian curves fitting the tails inwards, underestimating the DJ. In
this sense, the algorithms optimizing also the amplitude A are much more accurate than
those assuming A = 1, but still tend to underestimate the DJ component. Therefore
DJss is always less than or equal to DJ, and equality is reached mostly only when the
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real DJ jitter component is a perfect Dual Dirac. Using DJ instead of DJss in Formula
2.49 yields an incorrect TJ value for the desired probability level.

A final note on the tail-fitting approach is in order. Although the concept is straight-
forward, its practical implementation faces severe challenges. The main difficulty lies in
the fact that the tail region of the PDF to be fitted must be far out enough so as not to be
significantly perturbed by DJ components, which could cause erroneous estimations of
the RJ parameters. These extreme parts of the histogram tails are also the parts with the
lowest number of hits. Variability on the tails due to the limited number of hits, as well
as outliers due to perturbed measurements, create very difficult conditions for a reliable
and robust fit. Several algorithms have been developed in the last decade to enhance
the accuracy and reliability of tail fitting and their detailed descriptions go beyond the
scope of the book. Section 10.4 briefly outlines the basic method used in the most popu-
lar approaches, involving the concept of Q-scale and normalized Q-scale. The interested
reader is invited to see [15-23] for further information.
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3.11

Jitter and Phase Noise

This chapter recalls the definitions and the insights introduced in Chapter 2 and elabo-
rates on them in mathematical terms. It gives the reader a more complete understanding
of the subject from a mathematical point of view, and provide tools and techniques to
analyze quantitatively jitter issues in real systems. The mathematical foundations are
reviewed in Appendix A.

In the main part of the chapter, the relation between phase noise and jitter is treated in
depth. Examples of phase noise profiles are taken from those most common in practice,
and their corresponding jitter is derived. The effect of spectral spurious tone on jitter is
also considered and analyzed.

Basic Relationship Between Jitter and Excess Phase

In the following sections, the jitter concepts presented in the previous chapter will be
related to the excess phase. Unless otherwise noted, we will assume a clock signal as
described by Equation 2.2, and we refer the reader to Section 2.1 for a more generic
discussion of the concept of an ideal clock and excess phase.

Excess Phase and Absolute Jitter in the Time Domain

The theory of phase noise is based on the assumption that the excess phase due to noise
in electronic systems is a continuous-time process. This assumption is very well justified
in practice. Indeed, even though the ultimate sources of noise — the charge carriers in the
devices — are intrinsically quantized, noise events normally involve such a large number
of particles and occur at such a high frequency that, for all practical purposes, even on a
very small time scale, their effects can be considered continuous.

Jitter, on the other hand, can be defined and measured only when a clock transition
is occurring, so it is intrinsically a discrete-time process. In this section we clarify the
dependencies of the two processes.

If we assume a generic clock, represented by x(wot) periodic in To = 27 /wg, where
the term wot is the total phase of the signal, the time instants of the clock transitions can
be defined as the time when the signal crosses a given constant threshold value with,
e.g., positive slope. By properly choosing the origin of the time axis, the k-th clock
transition occurs when the total phase is equal to 2srk. In the ideal, noiseless case, these
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Figure 3.1 Excess phase versus time. At the bottom, an ideal clock signal and a jittered one are
illustrated. The corresponding total phases are shown in the graph at the top. The voltage signals
toggle as the total phase crosses multiples of .

instants are such that wot = 27k, so that t = kTy. In presence of noise the total phase
of the signal can be modeled as wot + ¢(t), where ¢(t) is the excess phase. Under these
conditions, the real clock transitions will occur at the instants tx such that:

wotk + ¢(tk) = 27k (3.1)

as shown in Figure 3.1. Since the absolute jitter ay is defined as ty — kTp (see Equation
2.4), dividing both sides of the equation by wg and rearranging the terms, ax can be
expressed as:
()
o
The value of ¢(tx) can be calculated by expanding the function ¢(t) in Taylor’s series
around kTg. Replacing the distance tx — kTg by ax, we obtain:

2
¢(t) = ¢(kTo) + ak¢(KTo) + %@(kTo) +-- (3.3)

ag = (3-2)

Assuming that the terms of order two or above are negligible compared to the first-
order term, and combining the last two equations, the absolute jitter can be expressed as:

__—¢(KTo)
wo + ¢(KTo)’
Finally, if the excess phase is sufficiently well behaved, meaning that its change rate is

much smaller than the change rate of the unperturbed phase (¢(kTg) <« wp), the absolute
jitter can be expressed as:

(3.4)

o = —906T0)
@0

(3.5)
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From the expression above, the absolute jitter is the discrete-time random pro-
cess obtained by sampling the continuous-time excess phase random process ¢(t) at
equidistant instants Ty and scaling it by the radian frequency wp.

Excess Phase and Absolute Jitter in the Frequency Domain

The previous section addressed the relationship between absolute jitter and excess phase
in the time domain. In this section we will look at the same topic but from a frequency
domain perspective.

An important concept in the analysis of random processes in the frequency domain
is the Power Spectral Density (PSD). Here we will summarize the main concept of the
PSD. A thorough discussion of the PSD can be found in many textbooks (see, e.g., [1])
and a very brief summary is presented in Appendix A.

The PSD is, for random processes, what the spectrum is for deterministic signals. It
tells us how the power of the random process is distributed over the frequency axis.
A flat PSD means that all frequency components are equally present in the process.
This is the case for the thermal noise produced by a resistor, for instance, which turns
out to be flat up to very high frequencies. If a process has a flat PSD it is also called
white, since all frequencies (colors) are contributing equally to the total process. Pass-
ing a white noise through a low-pass filter, e.g., by connecting a capacitor in parallel
to the resistor, dampens the high frequency components of the noise. In this case, the
PSD turns out to be still flat below the bandwidth of the filter, and rolls off at higher
frequencies. By integrating the PSD between two frequencies, we obtain the amount
of power contributed to the process by those frequencies. Integrating the PSD over the
whole frequency axis gives the total power of the process, which is equal to its vari-
ance. From a mathematical standpoint, the PSD is obtained as the Fourier transform of
the autocorrelation of the process; it is an even function of frequency and can assume
only positive real values. As an example, a flat PSD implies that the autocorrelation
is a Dirac function, meaning that the samples of the process are completely uncorre-
lated, no matter how close in time they are. In what follows we will apply the concept
of PSD to find a relation between absolute jitter and excess phase in the frequency
domain.

As explained in Section 3.1.1, the jitter is a sampled and scaled version of the excess
phase. From the basic theory of random processes, it follows that the autocorrelation of
jitter R, is obtained by sampling the autocorrelation of the excess phase R:
Ry (KTo)

3
and, finally, the PSD of the jitter can be obtained by folding and scaling the PSD of the
excess phase:

Ra(kTo) = (3.6)

+00
Sa(f) = iz > S,(f +nfo) (3.7)

0 n=—c0

and is defined in the frequency range —fo/2 < f < +fp/2 (see Figure 3.2).
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Figure 3.2 Relationship between PSD of the excess phase and PSD of jitter.

Note that if S, (f) is zero outside the interval [—fo/2, +fo/2], there is no superposition
of the replicas. This is often the case in many applications, where the power of the
excess phase due to thermal or flicker noise decreases with increasing frequencies, due
to intrinsic low-pass or integration effects. In such cases the residual power at frequency
higher than fp/2 can be neglected. For these cases, Equation 3.7 simplifies to:

—fo +fo

Se(f)
sty =1 w2 2 =t=7% 28
a(f) 5 (3.8)

0 otherwise

so that the PSD of jitter is identical to the PSD of the excess phase, apart from a scaling
factor.

On the other hand, if excess phase at frequencies larger than fo/2 is present, it will
manifest itself as jitter at a frequency between 0 and fp /2. This phenomenon is equivalent
to the aliasing of analog signals in a sampling process in which the Nyquist criterion is
not satisfied. In the case of jitter, this makes physical sense, since noise components
separated in frequency by multiples of fo cannot be distinguished when observing the
signal at time multiples of Tg = 1/fy. Figure 3.3 illustrates this concept with an example.
It can be seen, that, since jitter can be measured only at the clock rising edges, the
noise component at 5fy/8 has exactly the same effect on the signal as a component at
3fp/8. Looking at Figure 3.3, it might appear that the two noise components superimpose
linearly, so that the total noise power at 3fy/8 should be four times higher that the noise
of a single component, assuming both have the same power. However, we are dealing
here with random noise processes, so that the position of the second component on the
time axis is randomly distributed with respect to the position of the first. On average,
therefore, the jitter PSD at frequency 3fy/8 is just the sum of the two noise powers,
as correctly described by the folding function. The proof is left as an exercise for the
reader.

Voltage to Excess Phase Transformations: Random Noise

In the previous section, it was shown that the PSD of the jitter can be derived from
the PSD of the excess phase. The excess phase, however, is not an easily measurable
quantity like a voltage or a current. The question then is how to obtain the PSD of the
excess phase from measurements of the clock signal, which is normally a voltage signal.
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Figure 3.3 Excess phase aliasing. The clock signal is shown as a rectangular signal, and two
excess phase sinusoidal components at frequencies 5fg /8 (dashed) and 3fy /8 (solid) are shown
superimposed.

Let us represent the voltage signal as a sinusoid having a nominal radian frequency
wo = 2nfy = 27 /To:

v(t) = A(t) sin(wot + ¢(1)). (3.9)

We are only interested in the excess phase, therefore we will assume that the amplitude
A(t) is constant.
This signal can be also written as:

v(t) = A[sin(wot) cos ¢(t) + cos(wot) sin p(t)] (3.10)
and, under the assumption that ¢(t) <« 1 (also called narrow angle assumption), as:
v(t) = Asin(wot) + Ag(t) cos(wot). (3.11)

The phase modulated sinusoid has been decomposed into the sum of an undisturbed
carrier plus additive noise modulated by a quadrature carrier, so that the additive noise
is at its maximum where the carrier is near zero. It is left as an exercise for the reader to
prove that the time deviation from the nominal crossing point is consistent with Equation
3.5.

Based on this approximation, the autocorrelation of the voltage signal v(t) can be
calculated as:

2

A
Ry(t, 7) = 7{cos(wot) — 02wt + wot) + [cOS(2wpt + woT)
+ cos(wo)] Ry (1)} (3.12)
Ry(t, ) is periodic in t with a period of 7 /wq (cyclostationary process) and its average
value over one period is:

_ o 7 /wo AZ
Ry(r) = —/ Ry(t, r)dt = > cos(wot) [1 + Re(7)]. (3.13)
7 Jo
Applying a Fourier transformation, the two-sided PSD can be calculated as:

2
Sv(f) = % [8(f — fo) -+ 8(f +fo) + Su(f — fo) + Se(f + fo)] (3.14)
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Figure 3.4 Relation between voltage spectrum and PSD of excess phase.

thus the one-sided PSD, defined for f > 0, is:
A2

S,(f) = > [8(f —fo) + Sy (f — fo)] (3.15)
as shown in Figure 3.4.1 This equation reveals that, due to the modulation process
described by Equation 3.9, the baseband spectrum of the excess phase at a given fre-
quency f is up-converted to the frequency fop + f and appears then as sideband around
the oscillation frequency fp. By reversing these equations and denoting now with f the
frequency offset from the carrier, the two-sided PSD of the excess phase can be derived
(for f = 0) from the one-sided or two-sided voltage PSD as:

Sv(fo + ) _ Si(fo + )
A2/4  A2)2
In other words, the PSD of the excess phase at a given frequency f can be obtained as
the power of the voltage signal within 1Hz band at an offset f from the carrier divided

by the power of the carrier itself.

The considerations above assume a pure sinusoidal signal. In practical applications,
however, the clock signal is not a pure sinusoid and its spectrum contains harmonics at
multiple frequencies of the fundamental one. If we assume a generic periodic signal x(t),
choose the time origin so that x(0) = 0, and, for the sake of simplicity, assume that the
signal is odd-symmetrical about the origin (meaning x(—t) = —x(t)), it can be expanded
in Fourier series as:

Su(f) = (3.16)

+00
X(t) = Y cnsin(neot). (3.17)
n=1
If the signal is affected by absolute jitter ax changing the instants of the zero crossings
but not the shape of the signal itself, the term t in the expression above can be replaced
by t — a(t) (note that the minus sign is introduced for consistency with the definitions of
absolute jitter and excess phase):

+00
X(t — a(t)) = Y _ cnsin (Nwot — Nwpa(t)) . (3.18)

n=1

1 For definitions of one-sided and two-sided PSD, refer to Section A.2.8.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.004
https://www.cambridge.org/core

3.1.4

3.1 Basic Relationship Between Jitter and Excess Phase 49

Figure 3.5 Rigid shift of the harmonic components of a period signal affected by jitter j.

The auxiliary continuous time function a(t) is introduced as an extension of the concept
of absolute jitter in the continuous time domain, and is equal to ax at the zero crossings.
This function has no real physical meaning, but is helpful in deriving the considerations
in the present section.

It can be recognized that —nwoa(t) is the excess phase ¢, affecting the n-th harmonic.
Since —wpa(t) is the excess phase affecting the fundamental frequency, indicated by ¢
in the case of the pure sinusoid above, it follows that:

¢n =Ny (3.19)

the excess phase of the n-th harmonic is n times larger than the excess phase of the
fundamental.

This can be understood intuitively considering that the excess phase is a measure of
jitter relative to the period of the signal. Since the jitter affects the zero crossing point
but not the shape of the signal, the waveform is rigidly shifted on the time axis, so that
all frequency components are shifted by the same amount regardless of their periods
(see Figure 3.5). The amount of shift affecting a frequency component with a period n
times smaller must therefore lead to an excess phase n times larger.

For the PSD, this means:

Sgn(f) = n?S,(f). (3.20)

This expression shows that the PSD of the excess phase around the n-th harmonic in
n? times larger than the one around the fundamental. Following the same approach as in
the case of a pure sinusoid, S, (f) can be derived from measurements as the power in a
1Hz bandwidth at an offset f from the n-th harmonic divided by the energy of the n-th
harmonic. However, this result has to be further divided by n? to obtain Sy(f). Figure 3.6
shows graphically the relationship between the PSD of the excess phase and the voltage
spectrum of a non-sinusoidal periodic signal.

Voltage to Excess Phase Transformations: Modulation

In the previous section, the excess phase ¢(t) has been considered to be a random process
having a given PSD S, (f). It is also important to consider cases when the excess phase
is a deterministic periodic signal, since such situations are often encountered in practice,
for instance in a clock distribution network with periodic disturbance on the supply, or in
aPLL, due to the periodic nature of the phase comparison and VCO voltage adjustments.
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Figure 3.6 Relationship between PSD of excess phase and spectrum of signal with harmonics.

Let us assume then that the excess phase is a sinusoidal signal with a frequency wm <«
wp and amplitude @, ¢(t) = ®n, sin(wmt). The voltage signal in Equation 3.9 is then:

v(t) = Asin[wot + Oy Sin(wmt)] (3.21)

where the amplitude A(t) is again assumed to be time-independent. For a small angle
modulation &, « 1, this can be expanded in series by use of Bessel functions of the
first kind J;, as:

V(t) = Ado(Pm) sin(wot) + Ad1(Pm) [sin(wot + wmt) — sin(wot — wmt)]
+ Ado(Pn) [sin(wot + 2wmt) — sin(wot — 2wmt)] + - - - (3.22)

It can be seen that the modulation of the excess phase at frequency wr, translates into
discrete tones at offset multiples of wy, around the carrier wg. The level of the side-
band tones with respect to the carrier can be calculated easily. Using the small angle
assumption, the first three Bessel functions can be approximated by Jo(®m) =~ 1,
Ji(®m) ~ ®p/2 and Jp(Pm) ~ @Z/8. For small dp, the tones at frequencies 2w
or higher are much weaker than those at wy and can normally be ignored. Applying
these expressions to Equation 3.22, the difference in power level between the first tone
and the carrier is called Spurious to Carrier Ratio (SCR) and typically expressed in dBc
(dB from carrier):

® 2
SCRggc = 101log <Tm> dB. (3.23)

Conversely, from spectrum measurements, the excess phase modulation amplitude can
be derived from the SCRyg. as:

Dy = 2 - 10(5CRd8e/20), (3.24)

Figure 3.7 summarizes the voltage to excess phase transformations for the case of ran-
dom noise (Equation 3.16) as well as for a deterministic modulation (Equations 3.23
and 3.24).

EXAMPLE 2 Itis useful to get a sense of the order of magnitude of the SCR typically
found in modern clock generation circuits and the corresponding excess modulation
amplitude. An SCR of —60dB represents an excellent value, normally obtainable only
with ad hoc techniques, aimed at reducing the deterministic periodical disturbances.
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Figure 3.7 Overview of voltage to excess phase transformations.

Using the equation above, it can be seen that this value corresponds to an excess phase
modulation of ®,, = 2mrad. Every 6dB added to the SCR multiplies the modulation
amplitude by two.

Definition of Phase Noise

Although the concept of phase noise is broadly used, its definition was subject to dis-
cussion in recent years. In this book, phase noise will be indicated with the symbol L,
in accordance with the common usage in the literature. Given a voltage periodic signal
with frequency fo, power P, one-sided voltage PSD S, and affected by random excess
phase modulation ¢, the phase noise is traditionally defined as the ratio of the power
of the signal in 1Hz bandwidth at offset f from the carrier, divided by the power of the
carrier:
Sy(fo -+ f) in 1Hz bandwidth
5 .
Note that L£(f) is defined over positive frequencies only (f > 0). In 1999 the IEEE
released the Standard 1139, revised in 2008 [24], in which the phase noise is defined as
the two-sided PSD S, or half of the one-sided PSD S|, of the excess phase ¢:
/
L(f) :=S,(f) = S“’T(f). (3.26)
This standard seems not to have been widely adopted by industry or academia, but we
report it for completeness. It was proven in Section 3.1.3 that, using the narrow angle

L(f) =

(3.25)
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assumption, the two definitions above are equivalent (see Equation 3.16). If the narrow
angle condition is not satisfied, however, the two definitions differ. Following Section
3.1.3, the phase noise of a signal can also be derived from the voltage spectrum of the
n-th harmonic as:

1 S (nfo + f) in 1Hz bandwidth

£ = n2  power of the n-th harmonic (3:27)

Note that in this section we referred to one-sided and two-sided PSD, and we avoided
the use of the terms single sideband and double sideband. The use of these terms is often
a source of misunderstanding, so they should be treated with caution. A discussion of
the different engineering definitions of PSD and their usage in this book is reported in
Appendix A.2.8.

Also note that in this section, as well as in the following ones, the symbol f denotes
the frequency offset from the carrier, and not the absolute frequency. In general, the
argument of the phase noise £(-) represents always the frequency offset from the carrier,
independent of the symbols used for it. Some authors use the symbol f,, for it, but for
simplicity we keep f, unless there is risk of misunderstanding.

From Phase Noise to Jitter

The following sections will illustrate how to compute absolute, period and N-period
jitter starting from the phase noise profile.

Absolute Jitter

Using the Wiener—Khinchin theorem (see Section A.2.7) it is possible to easily derive
the variance of the absolute jitter via integration of the corresponding PSD:

+fo/2
of = / Sa(f) df. (3.28)

—fo/2
It has been shown in Section 3.1.2 that Sa(f) is a scaled and folded version of the PSD
Se(f), so that the area of S; from —fo/2 to +fg/2 is equal to the area of Sy(f) over
the frequency range from —oo to +o0, scaled by 1/a)(2). Since, using the narrow angle
assumption, S, (f) is equal to the phase noise £(f), the RMS absolute jitter can then be
calculated as:

2 +00

oa= . [— L(f) df (3.29)

a)o 0
where the integral is carried out only over positive frequencies and multiplied by two,
considering that phase noise is normally symmetrical about the zero frequency. It must
be remembered that, in the expression above, and in all expressions that follow, the
numerical value of the phase noise in the integral must be expressed in linear units, not
in logarithmic ones (£[linear] = 10(£1dBc/Hz1/10y


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.004
https://www.cambridge.org/core

3.2 From Phase Noise to Jitter 53

Figure 3.8 \oltage spectrum of a noisy periodic signal with multiple harmonics (top) and
corresponding phase noise plot (bottom). The upper noise sideband of the carrier superimposes
with the lower sideband of the second harmonic.

There are two inherent problems with the expression above, both related to the inte-
gration limits. The first one concerns the integration towards +oo. As shown in Section
3.1.3, the phase noise is calculated as the ratio of sideband noise power over carrier
power. In most of the practical cases, the signal under investigation is not a perfect sinu-
soid, so the spectrum presents multiple harmonics. The upper noise sideband of the first
harmonic at fo will then overlap with the lower noise sideband of the second harmonic
at 2fp, as illustrated in Figure 3.8.

The degree of superposition depends on the shape of the signal, but we can expect
that, starting from frequencies above 1.5fy, the noise of the second harmonic will start
to dominate over the noise of the first. We have shown in Figure 3.6 that the phase noise
around the various waveform harmonics is the scaled replica of the phase noise around
the fundamental, and that each of these replicas alone account for the total jitter. For this
reason, to compute the jitter correctly we can focus solely on the phase noise around
one of these harmonic and thus limit the upper integral of Equation 3.29 to an offset of
about fp/2 from the carrier fy.

The second concern is related to the lower integration limit equal to zero. All physi-
cally implementable oscillators and signal sources show a 1/f2 or even 1/f3 behavior of
the phase noise versus frequency f for offsets very close to the carrier (see Figure 3.8).
It is well known from elementary analysis that the integrals of such functions down to
zero diverge to infinity. This result is indeed in accordance with physics: if the oscilla-
tor output is observed for an infinite time, the absolute jitter will increase indefinitely.
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Fortunately, observation time is limited in practical situations and, additionally, almost
all electronic systems of practical use are insensitive to jitter fluctuations at very low
frequencies, so that at least two approaches can be used to overcome this issue.

In the first approach, a minimum frequency fyin can be defined based on the analysis
of how jitter affects the electronic system under investigation or the maximum observa-
tion time. It is probably the most common way of solving the problem, although not the
most correct one. In this case Equation 3.29 can be written as:

2 /2
0a = —2/ L(f) df. (3.30)
@y

fmin
The alternative, and more exact, way is to analyze how jitter at different frequen-
cies affects the performance of the system. This can be expressed in terms of a jitter
transfer function Hgys(f) in the frequency domain, which weights the jitter components
according to their impact. The RMS value of the absolute jitter can then be calculated
by integrating the phase noise filtered by this transfer function:

2 fo/2 9
ca= |5 [ L) [Hys()? df. (3.31)

Typically Hsys(f) shows a high-pass-like behavior, so that the integral in the expres-
sion above will not diverge for integration down to zero. Figure 3.9 illustrates this
concept in the case of a phase noise profile growing as 1/f2 for low frequencies and
Hsys(f) having a first-order high-pass characteristic. In this case, the filtered phase noise
exhibits a flat profile for low frequencies, and can be integrated without problems down
to very low frequency offsets. An example of the application of this method will be
given in Section 7.2.3.

We will now apply the previous expressions to four of the most common phase noise
profiles: flat, 1/f2, PLL-like, and 1/f3.

Flat Phase Noise Profile
In this section, the RMS absolute jitter corresponding to a flat phase noise is derived
(see Figure 3.10). Assuming:

£ = { 0  otherwise (332)

Figure 3.9 Filtering of the phase noise before integration to obtain the RMS absolute jitter.
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Figure 3.10 Flat phase noise profile.

and substituting this expression into Equation 3.29, the absolute jitter can be found
using:

1
Og = w—O\/ 2£0 fmax . (333)

If the white phase noise band extends to fmax = fo/2, then, due to the repetition of the
spectrum in the frequency domain, the PSD of the jitter random process j is flat for
—oo < f < 4o00. In such a case, a very simple expression for the ratio of the RMS
absolute jitter to the clock period is found:

oa  /Lofo
A _ . 3.34
To 2 ( )

EXAMPLE 3 For fo = 1GHz and £o=10"13 (corresponding to a value in dB of
—130dBc/Hz), the RMS absolute jitter is equal to 0.16% of the clock period, namely
1.6 ps.

1/f2 Phase Noise Profile
Neglecting the presence of flicker noise and of the flat region for very high frequen-
cies, to a first approximation the phase noise profile of a free-running oscillator can
be described as a constant 20dB/dec frequency roll-off (see [25], [26]), as shown in
Figure 3.11:
L2
L(f) ==L, (3.35)
f2

As explained before, this profile cannot be integrated down to zero, so that Equation

3.30 must be used, yielding the absolute jitter normalized to the period:

oa L1f2 ( 1 1 )
Oa _ s 3.36
To \/ 2722\ fmin fmax ( )

where the upper integration limit in Equation 3.30 has been replaced by fpnax for more
flexibility. Note that fmn is related to the observation time, as stated above. The longer
we observe the device under test, the smaller fnin must be. Note that the final value
mainly depends on fuin, if fmax is at least 10 times larger than fmip.
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Figure 3.11 Simplified phase noise profile of a free-running oscillator.

Figure 3.12 Simplified phase noise profile of a PLL.

Simplified PLL Phase Noise Profile

To a first approximation, the phase noise profile of a PLL can be described as a flat
region at level Lo at low frequencies and a 20dB/dec roll-off for frequencies above the
loop bandwidth f3gg, as shown in Figure 3.12:

1+ (f /fags)?

In PLL design, the flat Lo region up to f3gg is called in-band phase noise and is mainly
due to noise on the reference clock, in circuits in the forward path before the loop-filter,
and in the feedback path. The 1/f2 part is a combination of all possible noise sources of
the PLL, including loop filter and VCO. Typically, however, a high-performance PLL is
designed so that the phase noise in this region is limited by the VCO noise.

The expression above can be easily integrated over the whole frequency range. Apply-
ing Equation 3.29 and remembering that /' 1/(1 + a?)da = arctan(a), the RMS value
relative to the clock period can be written as:

Oa [ Lo f3a8
_— =, — 3.38
To 4 ( )

which is a fairly simple expression to remember. The same result can be obtained by
remembering that the area below a profile like the one shown in Figure 3.12 can be
calculated by multiplying Lo by fsgsm/2, where f3ggr/2 is the so-called equivalent
noise bandwidth. It is left as an exercise for the reader to prove this equivalence.

£(f) (3.37)
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EXAMPLE 4 In paper [27], the authors present a high-performance digital PLL with
programmable bandwidth. The phase noise profile is measured at an output frequency
of 3.61GHz for three different bandwidth values: 300kHz, 1IMHz and 2MHz. The in-
band phase noise for the three cases is —100dBc/Hz, —102dBc/Hz and —104dBc/Hz
respectively. The phase noise of this design is particularly smooth and doesn’t show
significant peaking, so that it is easy to calculate the corresponding absolute jitter with
great accuracy by applying Equation 3.38. The result is 428fs, 621fs, and 697fs for the
three cases, respectively: very close to the published numbers (440fs, 660fs, and 680fs
respectively).

EXAMPLES5 Paper [28] presents a 3GHz digital PLL with bandwidth of 1.8MHz and
an in-band phase noise of —102.5dBc/Hz. In this case, though, the phase noise profile is
not completely flat, showing a peaking of about 3dB around 1.2MHz frequency offset.
By applying Expression 3.38 with £o = —102.5, the RMS absolute jitter turns out to
be 0.95ps. If Lo = —99.5 is used instead, the result is 1.34ps. One might think that by
numerically integrating the exact phase noise profile, the result should be between these
two numbers. In reality, and maybe a bit surprisingly, the result is 0.86ps. The reason for
this difference is that the out of band phase noise for this PLL is dominated not by the
VCO, but by other blocks. The noise produced by those blocks is filtered by a low pass
transfer function of second order due to the particular design of the loop filter, so that the
out of band phase noise profile decreases with —40dB/dec, instead of the —20dB/dec
assumed in deriving Equation 3.38.

It is instructive to investigate which parts of the phase noise profile shown in Figure
3.12 contribute the most to the resulting absolute jitter. To do so, the absolute jitter
is calculated by integrating the phase noise from 0 to a moving upper limit fyax. The

result is:
Ua(fmax) Lofads fmax
= arctan{ — ). 3.39
To \/ 27‘[2 fgdB ( )

Except for a constant multiplicative factor, the behavior of this function is described by
the function:

3 arctan (m—ax> (3.40)
T f3ds
Figure 3.13 shows a plot of this function versus log(fmax/fags). It is interesting to note
that the maximum slope is reached around the bandwidth of the PLL fsyg. Therefore,
when looking at the phase noise profile on a logarithmic frequency axis, most of the
absolute jitter is coming from frequencies around the PLL bandwidth. From Figure 3.13
it can be seen that 60% of the absolute jitter comes from frequencies between one tenth
and two times the PLL bandwidth. This point deserves to be highlighted further. Phase
noise profiles are usually plotted on logarithmic frequency scales, so quick glances at
them can be deceiving. One would naturally think that frequency intervals of similar
“visual” length on the x-axis would yield the same amount of jitter, and that all parts
of the in-band phase noise spectrum are equally important. But this ignores the nature
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Figure 3.13 Normalized absolute jitter for a simplified PLL phase noise profile, as function of the
upper integration limit fmax normalized to the PLL bandwidth f34g.

of logarithmic scales: a frequency interval of a given visual length around a certain
frequency f is actually ten times larger that an interval of the same visual length around
a frequency a decade further left on the x-axis, f /10. Therefore each logarithmic unit to
the right contributes ten times more jitter than the one before it.2 As a consequence, most
of the effort in PLL design to reduce absolute jitter should be devoted to controlling the
phase noise around the PLL bandwidth. Any noise contributors around this area, as well
as any peaking in the phase noise profile, are particularly harmful.

1/f3 Phase Noise Profile
Here we derive the absolute jitter corresponding to a 1/f2 characteristic of the phase
noise. This phase noise profile is typical for the low frequency behavior of a free-running
oscillator with internal flicker noise sources. Assuming
3

L(f) = % (3.41)
and integrating this function down to zero would lead to non-convergence of the result,
consistent with the physical reality, in which flicker noise processes have infinite vari-
ance. However, in practical applications, the process is observed only for a limited
amount of time, and we can define a lower bound frequency fin for the integration
of the process. Substituting Expression 3.41 into Equation 3.29 and limiting the integral
from fiin to fmax We obtain for the ratio of the RMS absolute jitter to the clock period:

o |Lff (1 1 2
To 42 \ 2 f2, ) '

2 The same is of course true for classic noise; looking at noise on a logarithmic scale is misleading. To fully
appreciate its frequency distribution, noise must be viewed on a linear scale.
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It is interesting to note that if fmax iS even only one decade higher than fnin, the second
term in the round parentheses contributes only 1%. So, in many practical applications,
it makes sense to neglect the limit for higher frequencies and obtain a simplified

expression:
J Lafd
Ja L (3.43)

N-Period and Period Jitter

In several practical applications, the N-period jitter determines the performance of the
system under consideration. We have already seen that the N-period jitter on the clock
at the input of a frequency divider determines the period jitter at its output, and thus, for
instance, the maximum achievable speed of a digital synchronous system working on
that clock. This topic will be addressed further in Chapter 5. Another example is found
in line synchronization in video applications. In filling up the pixels of a display, the
video clock is synchronized to a master clock only at the beginning of each line. The
last pixel of each line is thus affected by N-period jitter with N equal to the number of
pixels in a line.

Due to its importance, this section is dedicated to deriving the relation between phase
noise and N-period jitter.

Recalling its definition as given in Equation 2.1, N-period jitter is a discrete time
random process, whose value px(N) is equal to axn — a.

The variance of the N-period jitter can be expressed in the following way:

opny = El(akn — aK)*] = Ra(0) — 2Ra(N) + Ra(0) = 2[Ra(0) — Ra(N)].  (3.44)
Using Equation 3.6 we obtain, as reported in [25]:

hn) = w%[Rw(O) — Ry (NTo)]. (3.45)

From this formula is clear that the RMS N-period jitter is completely determined by
the autocorrelation function of the excess phase ¢(t).

In many practical cases, the value of the excess phase bears less and less relation
to its previous values the further back in time these values lie. In other words, the
excess phase process has asymptotically no memory; it is asymptotically uncorrelated.
In mathematical terms this means that limn_ 0 R,(NTo) = 0, so that:

2 2
; 2 _ 4 _ <. — 9,2
NETOO OpIN) = a)g R,(0) w(z) Area[L(f)] = 203. (3.46)

Note that this is the long-term jitter as defined in Section 2.1.5, so that o}t = +/(2)0a.
This result can be derived more directly by using Equation 2.9 and expressing the N-
period jitter as the difference of two absolute jitter values N periods apart. If the excess
phase is asymptotically uncorrelated, so are the two absolute jitter values on the right-
hand side. Therefore, the variance of their difference for very large N is equal to the sum
of their variances, leading to the result in Equation 3.46.
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The RMS period jitter corresponds to the N-period jitter for N = 1 and can be
expressed as:

op = w% [R,(0) — Ry (To)]- (3.47)

To express the N-period jitter as a function of the phase noise £ we use Equation 3.26
and the fact that the autocorrelation is the inverse Fourier transform of the PSD. Starting
from Equation 3.45 it is easy to show that:

2 2 [T j2rfNTo

Op(N) = — / Sp(f)(1 — ¢ ) df. (3.48)
0 —00

Since the excess phase PSD is an even function of the frequency offset, we can fur-

ther simplify the expression. As the integration interval is symmetrical around zero,

we can remove the odd term in the complex exponential el27™To — cos(27fNTo) +

jsin(27fNTo). Replacing S, (f) with £(f), finally the result is:
4 +o00
Ny = — f L(F)[1 — cos(27 N /fo)] df
wy JO
g8 [T
=— / L(f) sin?(fN /fo) df . (3.49)
a)o 0

For the cases where the integral is diverging, the integration interval can be limited
from foin to fo/2, as explained in Equation 3.2.1. Note, however, that since sin?(f) goes
as f2 for small f, the integration down to frequency zero of phase noise profiles of type
1/f % with o < 2 does not lead to diverging results. For these cases it is not necessary
to limit the integral to fmin.

In the following sections this expression will be applied to the most common phase
noise profiles.

Flat Phase Noise Profile
In this section we derive the RMS N-period and period jitter corresponding to a flat
phase noise, as described by Equation 3.32 and repeated here for convenience:

Lo if0<f <fhax

E(f)z{ 0  otherwise (3.50)

Substituting this expression into Equation 3.49, the following expression for the N-
period jitter can be found:

max — —  ~5_~1 6 |

= — 3.51
7p(N) a)(z) 2N /g ( )

If the white noise band extends to fnax = fo/2, we can express the ratio of the RMS
N-period jitter to the clock period as:

Tp(N) _ 2Lofo

3.52
To 2 ( )
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The RMS value of the N-period jitter is independent of N, and is equal to the RMS
period jitter and the RMS long-term jitter. This should not be surprising because the flat
spectrum of the phase noise corresponds to an absolute jitter with an auto-correlation
function that is a delta function. As a result, all sub-sampled sequences of the original
absolute jitter sequence will be uncorrelated and, since they are stationary, will have
the same statistical properties. Note also that the N-period jitter is +/2 larger than the
absolute jitter.

EXAMPLE 6 For fg = 1GHz and £o = —130dBc/Hz, the RMS N-period jitter is
independent of N and equal to 2.25ps.

1/f2 Phase Noise Profile

In this section, the N-period jitter corresponding to a 1/f2 characteristic of the phase

PSD is derived. This corresponds to the phase noise of a free-running oscillator with

internal white noise sources. Assuming

Elff
f2

as shown in Figure 3.11 and substituting the expression of the phase noise into Equation

3.49, the N-period jitter is:

L(f) = (3.53)

8L1f2 [ sin?(fN /o) 2L1F2N 19 sin?(v)
2 1 1
= df = dv. 3.54
Op(N) 2 /0 f2 f3 /0 vz (3.54)
This integral can be calculated per parts, and, using the definite integral f0+°° 5"1,(") dv =
/2, we find finally the following expressions for the N-period and period jitter:
L1f2
o) =\ 5+ N (355)
0
L1f2
op = % (3.56)
0

It can be seen that, for a 1/f2 phase noise, the RMS N-period jitter increases indefi-
nitely with the square root of the number of cycles N, and the long-term jitter is infinite.
An experimental proof of Equation 3.56 has been provided in [29]. Note also that, as
stated above, even though the phase noise has infinite power at low frequencies, the
computation of the N-period jitter leads to a finite result even if the integration is carried
out down to zero frequency offset.

EXAMPLE 7 For an oscillator running at fo=1GHz, having a 1/f? spectrum with
—130dBc/Hz at 1MHz from the carrier, the RMS period jitter is equal to 10fs.

Simplified PLL Phase Noise Profile
We now reconsider a phase noise profile approximating a PLL spectrum such as the one
shown in Figure 3.12 and expressed in Equation 3.37, repeated here for convenience:

Lo

O = T

(3.57)
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Figure 3.14 N-period jitter profile for a simplified PLL spectrum.

By taking the inverse Fourier transform:
Ry(t) = Lomfaus g—27faaslT] (3.58)

From here, and using Equation 3.45 the following expression can be derived for the
N-period jitter:

Lo fad
Op(N) = \/TfZB (1 — e~2mfaaeN/fo), (3.59)
0

The shape of US(N) versus N presents two asymptotes, one for low values of N and
one for large values of N, as illustrated in Figure 3.14 in a log-log scale. Note that, in
this graph, N essentially represents time.

For large N values, the N-period jitter is independent for N and equal to:

. Lo fads
lim = = . 3.60
Wim_op) = o / 22 (3.60)

For small values of N, a simple expression can be found considering that in real
PLLs the bandwidth must be smaller — usually at least 10 times smaller — than the
input reference frequency. Therefore, also in case of low feedback divider ratios, we can
assume fagg to be much smaller than the output frequency fo. Starting from Equation
3.59 and using the approximation e * = 1 — x for small x, the N-period jitter can be
written as:

Lo f32dB
3
fs

Op(N) = N (3.61)
showing that the RMS N-period jitter initially grows with the square root of the number
of cycles N. It can be also seen that this expression is identical to Equation 3.55 obtained
in the case of a pure 1/f2 phase noise profile.

This result indicates that the noise on the edges produced by the locked VCO is equal
to that of a free-running VCO until the PLL feedback kicks in and takes control. At
this point, the jitter is limited by the loop with an RMS value of oy;. In the absence of
feedback, opny would grow indefinitely according to the initial slope.
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By setting N = 1 in Equation 3.61, the period jitter is obtained as:

Lof2
op = /f—éde. (3.62)

While the long-term jitter depends on the carrier frequency fo and on the total area
of the phase noise, the period jitter depends on the carrier frequency and on the posi-
tion of the 1/f2 slope in the PSD, which, in PLLs, is determined mainly by the noise
performance of the VCO.

It is interesting to investigate the relation between period and long term jitter. Taking
Equations 3.60 and 3.62, the ratio between the RMS values of long term and period

jitter is:
ot fo Tloop
= — = 3.63
op V 2nfags ¥V To ( )

where tj0p, defined as 1/(2rf3gg), is the time constant of the PLL loop. It can be seen
that the difference between long-term and period jitter grows larger the more slowly the
PLL loop reacts to changes in the excess phase at its input. Since the period jitter is
mainly determined by the noise performance of the VCO, Equation 3.63 says that, for a
given VCO, the long-term jitter increases with the square root of the loop time constant.
Reducing the loop time constant by two, meaning doubling the PLL bandwidth, reduces
the long-term jitter by a factor of /2. Note that this is valid only if the VCO is the main
contributor to the output noise of the PLL. If this is not the case, increasing the PLL
bandwidth might even degrade the long term jitter, by allowing more noise from the
other blocks to reach the output.

Another interesting expression of the long-term jitter can be obtained starting from

Equation 3.60:
Lof2
ol = —3d82 (3.64)
27‘[f3dBfo

where it becomes clear that, in a first approximation, for a given VCO (fixed Eof32dB),
the RMS long-term jitter improves with the square root of the bandwidth of the PLL.

EXAMPLE 8 ForaPLL with output frequency fo = 200MHz, an in-band phase noise
of —120dBc/Hz and 1MHz bandwidth, we have an RMS period jitter of 350fs and an
RMS long-term jitter of 2ps. If the bandwidth is reduced to 100kHz, keeping the same
VCO, the in-band noise level increases to —100dBc/Hz, in this case the RMS period
jitter is 353fs (almost no change) and the RMS long-term jitter increase to 6.3ps (+/10
increase).

1/f3 Phase Noise Profile

In this section the N-period jitter corresponding to a 1/f3 characteristic of the phase
noise is derived. This phase noise profile is typical of the low frequency behavior of a
free-running oscillator with internal flicker noise sources. Assuming
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L1f3

L) =11 (3.65)
f3
and substituting the expression into Equation 3.49:
8L1f3 [0 sin?(w N /fo)
2 1

= df. 3.66
Ip(N) 2 /o i3 (3.66)

For small values of f, the integrand varies as 1/f, which would lead to a non-converging
integral. Therefore we assume that the flicker noise extends towards low frequencies
only down to a positive frequency fmin. For f < fmin the phase noise PSD is assumed to
be zero. The integral in Equation 3.66 can be expressed as:

/+°° sin?(7rfN /o) o — (N /f0)? |:sin2(fminnN /o)
f

E 2 | (mintN/R0)?

min

in(2fmint N /f
SiN@nin7N/f0) 5ot N o) (3.67)
fmmT[N/fO
where the function Ci is the cosine integral defined as:
0 cos(t X cos(t) — 1
Ci(x) := _f Coi() dt = y + In(X) +/ % dt (3.68)
X 0

where In is the natural logarithm and y ~ 0.5772 is the Euler—Mascheroni constant (see
[30])3. Substituting these expressions in Equation 3.66 and assuming fmin7N/fo < 1,
the following expression for the N-period jitter can be found:

L1f3N2 )
ofy =~ [8 = 2Ci(2AminN/f0)] (3.69)
0

For x tending to zero, the function Ci(x) can be approximated by In(x) + y, therefore,
for values of N « fo /(27 fnin):

L1f3N2
oy = i [3 = 27 = 2In(2xfrinN/To)] (3.70)
0

Since In(x) is a very weak function of x, the expression above predicts that the RMS
N-period jitter increases almost linearly with the number of cycles N. The same expres-
sion has also been derived in [31] with a different approach, and a very similar one can
be found in [32], albeit with different notation.

It is important to note that, in practice, the assumption N « fo/(27fmin) holds very
well, so that it does not limit the validity of the formulas derived here. Indeed, to mea-
sure the N-period jitter and have significant statistics on it, it is necessary in practice to
observe the clock for a time much longer than N periods. It can be argued that the lowest
frequency component detectable in this experiment, the fin in the expressions above, is
the reciprocal of the observation time. Combining these two considerations, it follows
that 1/fmin > N/fo, which is identical to the assumption before, apart from an irrelevant
factor 2.

3 The function Ci is named “cosint” in Matlab.
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Figure 3.15 1/f3 phase noise profile and corresponding N-period jitter. The circles are values
derived from simulation, the dashed line is the RMS N-period jitter obtained using Equation
3.67, the solid line is the simplified Expression 3.70, and the dash-dotted line represents a linear
dependency.

The formulas derived in this section have been verified with numerical simulation.
Using the methods that will be described in Chapter 10, one million clock cycles of a
10MHz clock have been numerically generated, with a phase noise of —120dBc/Hz at
1kHz and pure 1/f3 profile (see Figure 3.15, top). The corresponding N-period jitter
has been computed based on the time domain samples of the jitter and compared to the
analytical expressions found above, where fnin has been chosen as the reciprocal of the
total observation time (in this particular case fynin = 10e6/1e6 =10Hz). As can be seen
in Figure 3.15, the agreement between the simulation and the analytical expression is
very good up to a lag of about one tenth of the total number of cycles. The dash-dotted
line represents a pure linear relationship between RMS jitter and number of cycles N
and shows that the increase of the RMS value is slower than linear, due to the effect of
the logarithm in Equation 3.70.

Spectral Spurious Tones and Jitter

Recalling Section 3.1.4, the presence of symmetrical tones at frequency fy, from the
carrier fy in the voltage spectrum of a clock signal indicates a deterministic modulation
of the excess phase of the form:

o(t) = O SinQrfnt + ¢o) (3.71)
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where @, = 2 - 10(5CR/20) with SCR the difference between tones and carrier levels in
dB (see Section 3.1.4), and ¢g a random initial phase. From here it is quite straightfor-
ward to compute the jitter associated with discrete tones in the spectrum. From Equation
3.5 the absolute jitter is:

Dy . (2nfpk
g = —=m sm( Tm +¢0) . (3.72)
wo fo
The peak values of the absolute jitter are:
P
= p7 = max|ax| = — 3.73
Pa Pa " la]| . ( )
O
poa = 2—2. (3.74)
o)

The RMS value of the absolute jitter is equal to the amplitude of the sinusoid divided by

V2. The result is:

03 = \/E o0
With an expression for the absolute jitter, the N-period jitter can be easily computed

using Equation 2.12. After some algebra, the result can be expressed as:

(3.75)

P 2 fmk fmN fmN
pk(N) = —2-™ cos (2™ 4 g+ T ) sin (202 ) (3.76)
wo fo fo fo
The peak values are:
D faN
+ — N — _ m . m
Pp(N)y = PpNy = mlf\x Ip(N)| = 260_0 sin ( o >‘ (3.77)
Oy | . [ 7wfN
PPp(N) =4w—? S'“( frg )’ 3.78)
and the RMS value:
d fmN
opN) = v2— [sin <7T il )‘ . (3.79)
wo fo

Note how the RMS and peak N-period jitter have a periodical behavior in N, with
period equal to fo/fi.

Superposition of Different Spectral Components

In this section it will be demonstrated that, in the case of a phase noise PSD made up
of different components, the total RMS N-period jitter is the square root of the sum of
the squared RMS N-period jitter of each component. In other words, the RMS N-period
jitter adds quadratically.

Assume the phase noise profile £ can be expressed as the sum of k different
components £1(f), ..., Lk(f), then:

k
L(f) =" Li(f). (3.80)

i=1
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Table 3.1 General relationships between variance of jitter and phase noise.

Jitter Symbol As a Function of L(f)
2 [t
Absolute o2 = L(f) df
wq JO
. 5 8 +00 5
Period oh — L(f)sin“(rf /fg) df
wy JO
8 +o00
N-period o2 — L(f) sin? (N /fo) df
p(N) g Jo
N 2 \? [to° 4
Allan Deviation ag — — / L(f)sin™ (7N /fp) df
Y\ fo b\ 0

Table 3.2 Variance of jitter for specific phase noise profiles. The variance of the period jitter ag can be
obtained from 2, with N = 1.

p(N)
2 2
L(f) %a p(N)
L L
Flat Lo 0 0
47‘[2f0 27‘[2f0
L4f2 L2 L2
1/f2 =+ P N
£4f3 L1f3 L£1£3N2
1/3 =1 L L [3=2y — 2In@rfminN/f
/ 3 @rtofmm)? i [ 4 (27 fminN/fo)]
L Lof Lof
SimplePLL  — 0 ~0is 03B (1 — exp(—27f3asN /fo))
1+ (f /fagg) 4rfé 27fZ

Table 3.3 Relationship between jitter and SCR.

Jitter Symbol As a Function of SCR
RMS Absolute oa V2 1 (SCRagc/20)
RMS Period op ;Uc?a| sin(z fm /fo)|
RMS N-Period Op(N) 203] sin(zfmN /fo)|
peak Absolute Pa V203

peak Period Pp V2o

peak N-Period Pp(N) V20 pP(N)
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Due to the linearity of the Fourier transform:

k
Ry(t) = Y " Ryi(r), (3.81)
i=1
therefore we can write:
k
Ry(0) = Ry(1) = Y [Ryi(0) — Ryi(T)], (3.82)
i=1
and, finally, using Equation 3.45:
k
TN = D T (3.:83)
i=1

Summary of Mathematical Relationships Between Jitter and Phase Noise

In this section, the most important formulas that relate jitter to phase noise or Spurious
to Carrier Ratio (SCR) (see Section 3.1.4) are summarized in tabular form. Table 3.1
reports the general formulas used to calculate the variance of absolute, period and N-
period jitter, as well as the Allan Deviation (see Section 9.3.4), starting from the phase
noise L(f). Table 3.2 shows the results for the special cases of phase noise having a
flat, a 1/f2, a 1/f3 and a low-pass profile. Finally Table 3.3 lists the formulas used to
calculate RMS and peak values of absolute, period and N-period jitter in the case of
discrete tones in the spectrum, starting from the SCR.
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Jitter and Phase Noise in Circuits

This chapter will offer an introduction to how jitter and phase noise are generated in
the most common oscillator topologies. Starting with the treatment of basic circuits like
a current charging a capacitor, or an inverter, we will continue by analyzing jitter and
phase noise generation in ring, relaxation, and LC oscillators. Both linear time invariant
and linear time variant approaches will be illustrated.

The chapter will finish with an overview of how jitter is “transformed” by two of the
most common frequency processing circuits: a digital frequency divider and an ideal
frequency multiplier.

Jitter in Basic Circuits

The next sections provide an explanation, both qualitative and quantitative, of how jitter
manifests itself in basic oscillator circuits.

Noisy Current Charging a Capacitor

As mentioned already in Section 1.3, in integrated circuit design a central element is
a current loading a capacitor. Digital gates, clock buffers, delay elements of relaxation
and ring oscillators are just few examples of where this element can be found. Due to its
ubiquity and importance, it is worth analyzing in some detail from the standpoint of jitter
generation. In the following we will revisit the example provided in Section 1.3, and
treat it with a complete mathematical analysis. The case of a PMOS transistor charging
a capacitor is shown in Figure 4.1. The case of an NMOS discharging the capacitor is
identical.

The goal of this analysis is to derive an expression for the variation of the time instant
at which the charging voltage crosses a given threshold Vo (see Figure 4.1). The first
step is to recognize that the resulting time deviation is due to two different components.
The first is the effect of the noise current i, injected into the capacitor by the PMOS
during the charging transient. The second is due to the fact that, even if the capacitor
is considered discharged at time zero, there is voltage noise present on it due to the
circuitry which is used to keep it discharged. This noise can be considered as a random
initial vertical offset which will affect the threshold crossing time.
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Figure 4.1 PMOS current source charging a capacitor.

Starting with the first component, the voltage noise due to the noisy current is
given by:

t
Vi (t) = é/o in(t)dz. (4.2)

It is well known from the theory of stochastic processes (see [1]) that the integral over
time of stationary white noise is the so-called Wiener process, which belongs to the cat-
egory of random walks and is not stationary. Indeed the distance traveled by the voltage
vn1(t) from the starting point is zero on average, but its variance increases linearly with
time t. For t going to infinity, the voltage vn1(t) will show an infinite variance. Fortu-
nately, in the case under discussion here, the process of integration of the noisy current
is limited to a finite observation time, which is the time ty taken by the voltage ramp to
reach the threshold Vo. What happens after this time is not of interest. By considering
the integration only over a finite observation time [0, ty], the result is again a stationary
process and the classic theory of stationary processes in linear systems can be used.

To derive an expression for the variance of vy1(t) at time tg, it can be observed that
the integral in Equation 4.1 can be written as a convolution (see [33]):

400
nlte) = = / in(0)W(ta — T)de 4.2)

—0o0
where w(-) is a window function, assuming value 1 in the interval [0, ty] and zero outside,
and vy indicates the voltage noise at the end of the observation time [0, tq]. This is the
integral form of a linear filter with impulse response w(t) applied to the noisy current.
Therefore the relation between the PSD of the current noise and of the voltage noise is:

Si (F) Siy (f) sin? (rr fty)
o C2  (nf)?
where W(f) is the Fourier transform of w(t). From the PSD, the variance can be com-

puted by integration over the whole frequency axis. Assuming that the current iy, is a
white noise with S;, (f) = S;, independent of f, the variance of the noise voltage is:*

Sy (f) = IW(f)? = (4.3)

’ +00 Si
Ovy = / Sy (F)df = C_; ty. (4.4)
—00

1 Note that in [33] the result has a 2 at the denominator. The reason is that here the PSD is considered
two-sided, while [33] considers it one-sided.
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Starting from this expression, if the PMOS is in saturation, the PSD of the current noise
is Si, = 2kTygm and the variance of the noise voltage is:

OV = C2 (45)

To a first approximation, the timing error (jitter) is obtained by dividing the amplitude
error by the slope of the signal. In this case, the slope is I /C so that the variance of the
jitter can be written as:

2 2KTyOmtq
Iof -

i1 = 12 (4-6)

Note how the variance of jitter grows linearly with the observation time, for a given
current |.
Since Vo = Itg/C, the jitter at the instant ty can be finally expressed as:

4KT yt3
VoC(Ves — Vin)

where for gm the expression 21/(Vgs — Vin) has been used assuming the PMOS is in
saturation, with Vg and Vi, the gate-source and threshold voltage respectively. Note that
if the device is in weak-inversion g, = 1/(nkT/q) (n is the subthreshold slope factor,
typically between 1 and 2) which is higher than in saturation, for the same current I.

The second jitter component is due to the initial voltage noise present on the capacitor.
It is well known that, independent of the output impedance of the circuit used to keep
the capacitor in a discharged state, the voltage noise has a variance given by:

2 _ KT

O'Vnz = C .
This initial voltage noise represents an amplitude offset which is carried unchanged
along the whole charging transient. To get to the corresponding jitter, it must be divided

by the by the slope of the signal, so that:

off = (4.7)

J

(4.8)

, kTt
vZC

(4.9)

Since the mechanisms generating the two jitter contributions are uncorrelated, the
variance of the total jitter is the sum of the variances of the two components. This leads
to the following final expression for the RMS of the jitter relative to the delay tq:

2
Oj kT ( 4y 1 )
) =—(—F— 4+ ). 4.10
(td ) VoC \Ves —Vin = Vo (4.10)
EXAMPLE9 Consider the case of an inverter in 1V CMOS technology charging a 10fF
capacitor. If we set Vg at half supply (0.5V), consider a moderate overdrive Vgs — Vih =
200mV, and take for y the common value of 2/3, at 300 degree Kelvin, the relative jitter
is 0j/tg = 0.11% of the delay. If t4=100ps, the RMS value of the jitter introduced by this

inverter is about 0.11ps. Note also that the contribution due to the initial noise voltage
level is much smaller than the contribution of the device.
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It is worth summarizing the assumptions that have been made to get to this simple
expression. First, the charging current has been considered to be constant over the whole
time (not generally true due to the finite output resistance of the PMOS). Second, the
noise of the circuit driving the gate of the PMOS and the flicker noise of the PMOS itself
have been neglected. Third, the formulas for the gn, and the noise current are based on a
first-order MOS model in saturation and strong inversion.

Despite all these assumptions, Equation 4.10 can be used for a first-order assess-
ment, suggesting a few ways to improve jitter performance of this kind of current
driving stages for a given delay tq. First, the overdrive voltage of the current source
Vgs — Vin should be maximized. Second, the threshold Vo should be as large as
possible, which, for a given delay, requires increasing the nominal current. Third,
the load capacitor C should be made as big as possible, which again leads to an
increase in the charging current. Apart from the last technique, the first two are con-
strained by the technology used. The overdrive and the threshold can not be made
larger than the supply of the circuit (Vpp), so that the following lower bound on
achievable relative jitter can be found (4y has been approximated with the num-
ber 3):

A, 2 5 (4.11)

Jitter of a CMOS Inverter

A very fundamental element in modern integrated systems is the CMOS inverter, shown
in Figure 4.2. This element is used not only in the context of digital processing, but
also as part of clock distribution trees in digital systems or as a delay element in a
delay line or ring oscillator. It is thus of great relevance to derive an expression for
the jitter introduced by it. A qualitative introduction was given in Section 1.4. Here we
will analyze it from a more quantitative perspective. Assuming that the inverter input
voltage has infinite slope, each charge or discharge of the load capacitor is essentially
performed by the either PMOS or NMOS device only, respectively. The other device
is instantaneously turned off and does not contribute any current. Therefore, the simple
model derived in the previous section can be applied as a first approximation. By using
Equation 4.10 with Vgs = Vpp and assuming that the switching threshold is at half

Figure 4.2 CMOS inverter and input—output waveforms in the approximation leading to
Equation 4.12.
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supply, Vo = Vpp/2, the variance of the jitter relative to the inverter delay can be
written as (see also [33]):

2
Oj 4kT < 2VVDD )
=) = — 1+ ———). 4.12
(td ) CV3p Vbp — Vi (4.12)

It can be seen that, for a given supply and a given capacitive load, the RMS value of the
jitter is proportional to the inverter delay. The stronger the inverter, the smaller the jitter.
Note that Equation 4.12 does not take into account the effect of the finite input slope,
which might further degrade the jitter. It also assumes that the MOS device is in satura-
tion at least till the switching threshold is reached. This assumption is a simplification
of the real behavior, where the MOS device, depending on technology and supply volt-
age values, might enter the linear region and charge or discharge the output load with a
non-constant current.

EXAMPLE 10 Consider the case of a CMOS inverter in 1V technology driving a 10fF
load. If we take y = 2/3 and a MOS threshold voltage of 0.4V, at 300 degrees Kelvin
the relative jitter is oj/tg = 0.23% of the delay. If the inverter is dimensioned to give a
tg=100ps, the RMS value of the jitter introduced is about 0.23ps.

In addition to the thermal noise of the MOS devices, supply noise is also a major
cause of jitter in a CMOS inverter, since this single-ended structure has a very low
power supply rejection. In the context of a complex chip with a lot of switching activity
on the supplies, this source of noise can be dominant and the corresponding jitter be
much larger than the thermal one.

Considering the expression for the delay ty = VoC/I, the effect of a varying supply
is twofold. First, the inverter threshold voltage Vo changes, since it is normally propor-
tional to the supply. Second, the change in supply also causes a change in the charging
current I. A simple first-order expression for the jitter due to supply noise can be easily
derived. Assuming that Vg is proportional to Vpp, the change in the delay, Atg, can be
decomposed in the contribution of the change of Vg and of | in the following way:

Aty AV Al AVpp Al
9w Vo | Vpp I’
Noting that Vpp is the gate-source voltage of the MOS device charging (or discharg-
ing) the load capacitor, the change in current due to the change in Vpp is given by the
transconductance gy, of the MOS device, Al = gnAVpp. To obtain a simple expression,
we will assume that the device is in saturation at least till the output voltage reaches the
switching threshold, an assumption which might not always hold. Using Equation 4.13

with Vgs = Vpp and gn = 21/(Vpp — Vi) then, the delay variation can be written as:

Atg (VDD +Vth) AVpp
ty Vop — Vi

(4.13)

(4.14)

Vop

EXAMPLE 11 Consider the case of the previous example, a change of 1% in supply
voltage results in a change of (1 + 0.4)/(1 — 0.4) - 1% = 2.3% of the delay, which is
much larger than the RMS jitter induced by the self-generated thermal noise.
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Two observations can be made about the factor relating the relative change in Vpp to
the relative change of the delay in Equation 4.14. First, this factor is negative, meaning
that, in case of a positive AVpp, the increased delay due to an increase in the threshold
level is more than compensated for by the increase in charging current. Secondly, the
absolute value of the factor approaches 1 only for Vpp > V. For Vpp approaching
Vin the factor increases asymptotically, indicating a severe degeneration of the jitter
performance of the inverter. In this case, however, the MOS devices enter weak inversion
and another transistor model should be used (see, e.g., [34]).

In modern technologies, very short channel length devices enter velocity saturation
for large overdrive voltage Vs — Vin, as in the case of a minimum length inverter with
fast switching signal at its input. The dependence of the drain current on the overdrive
voltage tends to be more linear, rather than quadratic, so that g, can be expressed as
al/(Ves — Vin), with 1 < o < 2. Using this expression, Equation 4.14 is modified as
follows:

Atg [(06 — 1)Vop + Vth] AVpp
tg Vop — Vin Vop
For « = 2 (quadratic dependence of drain current on overdrive voltage) this equation
reduces to Equation 4.14. If Vpp is affected by deterministic noise, such as modulation,
IR drop, or switching noise, the resulting jitter is DJ and its peak value pj is related to
the peak value pyy, of Vpp by:

ﬂ _ |:(O{ - 1)VDD +V'[hi| . PVpp

(4.15)

. 4.16
tg Vbp — Vin Vbp (4.16)

If Vpp is affected by random thermal noise with PSD Sy, (f), the jitter is RJ with
PSD:

5i(f) = [(Ol —1)Vop + Vth:|2 (t_d

Vob — Vi Vbp
and an equation similar to Equation 4.16 will relate the RMS values of the Vpp noise
and of the jitter:

2
) Svoo () (4.17)

o _ [(a —1)Vop +Vth] ~ OVpp (4.18)

tq Vop — Vin Vop

It must be understood that the previous equations are first-order approximations and
are subject to the same assumptions as those made in Section 4.1.1 to compute the
charging of the capacitor. Additionally, Equation 4.13 and all those derived from it are
obtained by linearization around the nominal value, and therefore are valid only if the
relative change of Vpp and current | are small. Finally, the effect of the finite output
resistance and of the parasitic capacitances of the MOS devices are neglected. For a
deeper discussion, see specific papers such as, e.g., [35] and [36].

Jitter of a CMOS Differential Stage

Another basic building block is the CMOS differential stage with resistive load shown
in Figure 4.3. Since this block is also widely used in differential clock distribution
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Figure 4.3 Resistive loaded differential pair and input—output waveforms in the approximation
leading to expression 4.19. Vjq(t) and Vyq(t) are the input and output differential voltages.

networks, ring oscillators or delay lines, it is of relevance to compute an expression
of the jitter due to the thermal noise of the devices. In practical implementations, the
load resistor R is often implemented using a combination of MOS devices biased in
the linear region, but this is not essential for jitter analysis. A thorough analysis of the
variation of the delay of this stage due to thermal noise has been carried out in [37]
and [33]. The time delay ty is in this case defined as the time difference between the
zero crossing points of the differential input and output voltages. The general approach
is the same as for the single-ended CMOS inverter. The differential amplitude noise at
the zero crossing point is computed first, and then divided by the slope of the output
signal to derive the timing error. The three sources of noise are the load resistors, the
devices of the differential pair and the tail device. The thermal noise of the resistors
and of the differential pair devices of the left and right half circuits are uncorrelated,
therefore clearly contributing to the noise on the differential output. The tail current
noise is injected into a common mode node and it could be erroneously argued that
its contribution to the noise at the differential output must be zero. In reality its con-
tribution is not zero. Indeed, with reference to Figure 4.4, assuming the tail current to
be initially completely switched to the left branch (Phase 1), the left output node is
pulled down and its noise voltage is the contribution of the noise from the load resis-
tor and from the tail current. Assuming, for simplicity, an instantaneous switching of
the current into the right branch (Phase 2), the left output starts moving up, carrying
the memory of the tail current noise previously accumulated. The right branch starts
to be pulled down by the tail current, and the noise of the tail is integrated into the
load capacitor. Therefore the noise on the left and the noise on the right branches
at the time they cross is due to the contribution of the tail noise current over two
distinct time intervals, and therefore are not correlated, yielding a net nonzero noise
voltage.

Omitting the math, it can be shown (for the details refer to [33]) that the time delay is
given by ty = RC In 2 and the variance of the jitter of the delay is given by:

2
oj\2 2T 1 1 3/4
(G) = n27cvg [l Vo ((ves ~Vak  (Vos — Vg )} (4.19)
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Figure 4.4 Schematic representation of the conversion of noise from the tail current source into
jitter. In the bottom picture, the gray dashed line shows the ideal noiseless behavior, while the
black solid shows the real noisy behavior.

where | is the tail current, Vqp is the peak-peak single ended output swing (Vop = IR),
Vi denotes the threshold voltage, and (Vgs — Vin)t and (Vs — Vin)g are the effective
voltages of the tail and differential pair devices in balanced conditions.

It is interesting to note the similarities between Equations 4.19 and 4.12. For a given
delay, both are inversely proportional to the loading capacitor and to the square of the
single ended output swing (Vpp in the case of the CMOS inverter), and proportional to
the ratio of the output swing to the effective voltage of a MOS device. Since the output
swing of the differential pair is smaller than Vpp and Vgs < Vpp, it is easy to prove
(left as an exercise for the reader) that for the same delay and the same load a CMOS
inverter has superior jitter performance than the differential stage.

The advantage of the use of a differential stage lies in its high differential mode power
supply rejection. If Vpp is modulated, both single-ended outputs move up or down by
the same amount, in a first approximation, cancelling the effect of the supply noise on
the zero crossing time of the differential output. The cost for this is a higher power
consumption at lower frequencies (apart from the higher thermal noise jitter), since, in
a differential stage, the tail current is always flowing, while in a CMOS inverter, current
is drained only during the switching phase.
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Jitter in Oscillators

Ring Oscillators

The delay stages discussed in the previous sections can be used in an inverting ring con-
figuration to obtain a ring oscillator. Ring oscillators are very common building blocks,
widely used as voltage controlled oscillators in phase-locked loops. A qualitative expla-
nation of the mechanism of jitter accumulation in ring oscillators was given in Section
1.4. This section provides the reader with a more quantitative analysis, following the
approach in [37] and [33].

Starting from the jitter produced by each delay stage, it is easy to derive an expression
for the output N-period jitter of a ring oscillator. The first observation is that, in a ring
composed of M delay stages, each with delay tq, a clock edge needs to go twice through
the whole ring in order to come back to the same location with the same direction (rising
or falling) it had at the beginning. Therefore, the nominal period of oscillation is given
by the sum of 2M consecutive delays t4(1),t4(2), . .., t4(2M):

M
To= ) ta(k) = 2Mtg. (4.20)
k=1
The variation of the period around its nominal value is given by the contribution of the
variations (jitter) of the 2M consecutive delays. The variations in each delay stage are
uncorrelated with each other so that the variance of the sum is given by the sum of the
variances. As a result, the variance of Ty, that is, the variance of the period jitter, ag is
given by:
op = 2Mo} (4.21)
where sz is the variance of the propagation delay of each stage. Using Equations 4.12

and 4.19 it is now possible to obtain an expression for the period jitter of the ring
oscillator. For an inverter-based ring oscillator, the result is:

2KT 2yVop )
2
og=——[1+ —7 (4.22)
P folttVop ( Vop — Vi
while for a differential stage-based ring oscillator it is:
2 M 1 3/4
2
62 = —KkT—— |14V ( + )] 4.23
P In2" foliotVop [ P\ (Ves — Vi)t (Vas — Vi) (4.23)

where fo = 1/Tg is the nominal oscillation frequency, and Iy is the total current con-
sumption of the complete ring oscillator. Note that for a CMOS inverter-based ring
oscillator, li is equal to the current of the single stage I, since only one inverter is
switching at a time. For a differential stage ring oscillator, though, each delay stage
draws a constant current | independent whether it is switching or not, so that lio; = MI.
Equation 4.22 is in agreement with the expression found in [38], a paper analyzing
the minimum achievable phase noise in oscillators. From Equations 4.22 and 4.23 it is
evident that the inverter-based ring has superior jitter performance compared with the
differential-based ring, as long as only the thermal noise contribution is considered. A
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more detailed comparison is presented in Section 4.5. As mentioned before, though, the
inverter-based ring has a very high sensitivity to noise on the supply and, in most cases,
requires the use of a low noise voltage regulator. It can be also seen how the period
jitter of the inverter-based ring is independent of the number of stages M, for a given
frequency fp and total power consumption liot, While that of a differential stage ring
increases with M. Therefore, a simple guideline to minimize jitter in an inverter-based
ring is to increase Vpp as much as possible and draw as much current as the budget
allows. The number of stages determines the oscillation frequency. To lower jitter in a
differential stage ring oscillator, the output swing and the current consumption should
be maximized, and the minimum possible number of stages M should be used.

As already shown in Equation 2.13, the N-period jitter is the sum of the jitter over
N consecutive periods. If we assume that the dominant noise sources in ring oscillators
are white, the jitter values over any of the N periods are uncorrelated and identically
distributed, so that the variances add up to give the variance of the N-period jitter. As a
result, the RMS value grows with the square root of the number of periods N:

op) = vNop. (4.24)

When flicker noise is present, however, the slope of jitter versus N changes. Flicker
noise is highly correlated and most of its energy is at low frequencies. For this reason,
the assumption that the jitter in consecutive periods is uncorrelated does not hold. If a
delay stage has a significant flicker noise component, a part of the variation in its delay
during one period of oscillation — the one due to flicker noise — is likely to be very
similar to the variation in the previous one. For this case, the accumulation of jitter in
consecutive periods is approximately a simple linear process, so that the RMS values,
rather than the variances, add together. The result is that the RMS value of the N-period
jitter grows linearly with N:

Therefore, the typical plot of op(n) versus N for an oscillator (see Figure 4.5) shows
an initial increase with /N, which turns into a slope of N as soon as the observation
interval, and, therefore N, is large enough for the flicker noise energy to be dominant
with respect to the white thermal noise. This topic is discussed also in Section 3.2.2 in
the context of phase noise.

Relaxation Oscillators

For low-frequency, low-power clock generation applications, a relaxation oscillator is
often the preferred choice. Although the particular topology of the circuit might change
from implementation to implementation, all relaxation oscillators are based on the same
principle. With reference to Figure 4.6, in the relaxation phase, a capacitor, which can be
floating or grounded, is charged by a constant current. The capacitor voltage is contin-
uously sensed by a comparator. Once the voltage hits a reference voltage (Vy in Figure
4.6), the comparator triggers a regenerative circuit, normally a simple set-reset flip-flop,
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Figure 45 Plot of N-period jitter versus N for a free-running oscillator affected by white and
flicker noise.

Figure 4.6 Principle block diagram of a relaxation oscillator and relevant waveforms (dashed:
ideal; solid: noisy).

which inverts the sign of the charging current (the regenerative phase). The capaci-
tor is then discharged linearly until the voltage hits a lower reference voltage (V). At
this point, the regenerative circuit is triggered again and reverses the current direction,
starting the cycle from the beginning. Figure 4.6 shows a principle block diagram of a
relaxation oscillator together with the relevant waveforms. In this simplified model, the
period jitter can be computed as follows. The uncertainty over the period is given by the
sum of the uncertainties over the duration of the rising and falling ramps. Each of these
is, in turn, given by two components. The first one is due to the noise on the charging
current, as already explained in Section 4.1.1, and the second is the noise present on the
reference voltages. The contribution by the noisy current is equal to the amplitude noise
on the ramp at time ty divided by the slope of the ramp itself | /C. Using Equation 4.4,
therefore, the jitter contribution due to the ramp noise is:

Si 1\> S
sz,ramp = C_Iztd/ (6) = |_2Itd (4.26)

where S; is the PSD of the current source, assumed to be white. This contribution has
to be counted twice, since there are two ramps and we are assuming that the noise is
uncorrelated. The contribution due to noise on the references can be calculated similarly,
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as reference noise divided by the slope. Assuming that the capacitances connected to the
high and low references are Cy and C respectively, the jitter is given by:

kT 1\?

ot = E/ (E) (4.27)
KT 1\?

oL = C_L/ (E) : (4.28)

The variance of the period jitter is given by the sum of the variances so calculated, with
the ramp variance counted twice. After some manipulation, finally the variance of the
period jitter can be written as:

1 1 1 S

2 i
% = 2hAVY [ (cH + CL) + fOCZ} (429)
with AV as the difference between the two thresholds (the peak-peak value of the ramp)
and fo = 1/(2CAV) as the oscillation frequency. If the charging current is generated

with MQOS current mirrors in saturation, then Sj = 2kTygm = 4kTy1/(Vgs — Vi) and
Equation 4.29 can be rewritten as:

2
op KT 1 1 8y AV
=) ==t =+ = 4.30
<T0> (2AV)? <CH * CL T Vas — Vin (4.30)
where the variance has been normalized to the oscillation period To = 1/fo.

and

EXAMPLE 12 Consider the case of a L00MHz relaxation oscillator with a ramp swing
of 0.5V, 100fF capacitance C, a current mirror with Vgs — Vi, = 0.3V and where the two
thresholds of the comparator are blocked with 50fF each. Applying Equation 4.30, the
RMS value of the period jitter equals 7.3ps.

The derivation above did not consider the contributions to the period jitter coming
from the comparators and from the set-reset flip-flop. While they certainly introduce
some additional jitter, the regenerative phase, with fast switching and steep edges, is
extremely short compared to the ramp time. For this reason its contribution to the total
period jitter should be negligible. For more detailed analyses, which consider particular
circuit topologies and also other noise sources, see [39], [40], [41], and [42].

Regarding the N-period jitter in relaxation oscillators, the same considerations as for
the ring oscillators hold true and can be repeated.

Phase Noise in Oscillators

Leeson’s Model

One of the first publications addressing the modeling of phase noise in oscillators
appeared in 1966 [43]. The model proposed is generally known as Leeson’s model,
after the author, and, despite its limitations, it is still a reference for all recent works on
phase noise modeling.
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Figure 4.7 Simplified linear system with resonant feedback network g(w) (left) and
corresponding phase response (right).

Leeson’s paper considers a linear feedback system as shown in Figure 4.7, where an
ideal gain block A is closed in feedback through a resonant network B(w). The condition
for self-sustained oscillation is given by the Barkhausen criterion, stating that the open
loop transfer function AB(w) must be equal to 1. Since A is assumed to be real, the open
loop phase ¢(w) = ZAB(w) is determined solely by 8, and the system oscillates at the
frequency wq for which ¢(wg) = 0.

Figure 4.7 shows the typical phase plot of the resonant network B(w). The quality
factor Q of an oscillator is usually defined as the ratio of the energy stored in the reactive
elements to the energy loss per oscillation cycle, multiplied by 2. In terms of the open
loop phase ¢ this definition is equivalent to:

9 (4.31)

dw|’

wo
Q= 2

Following Leeson’s approach, noise generated by passive (resistors) or active circuit
elements (transistors) disturbs the loop by introducing an additional phase shift 6(t). Let
us assume that 6(t) is a sinusoidal perturbation at frequency wg + wm. For small wp,
that is, for perturbation frequencies close to resonance, the loop can sustain oscillation
only if the instantaneous frequency of oscillation changes by an amount Aw so that the
condition ¢(wo + Aw) = O is still satisfied. Figure 4.7 shows that the required change in
oscillation frequency Aw is inversely proportional to the slope of the phase curve, thus,
recalling Equation 4.31, inversely proportional to the quality factor:

Ao(t) = ;‘)—ée(t). (4.32)

The phase change ¢(t) at the output of the oscillator is the integral of the frequency
change Aw, so that 6(t) contributes to the output phase multiplied by the factor
wo/(2Qwm), and the PSD of ¢(t) can be written as:

2
Sy(@m) = So (@) <2Q2>m) . (4.33)

The larger the quality factor and the offset frequency wp, the smaller the change in the
output phase of the oscillator due to internal noise sources.
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If the frequency wpy, is large enough so that wg + wn, is outside the resonant region,
the value of the feedback branch g is essentially zero and the output phase change ¢ is
equal to @ itself. Combining this observation with Equation 4.33, a suitable expression
for the total PSD is:

2
S, (wm) = So(eom) [1 ; (Zgj)m) } . (4.34)

In his paper, Leeson further assumes that the spectrum of the phase perturbation 6 (t) is
composed of a white noise floor and a 1/f profile at low offset frequencies according to:

2kTF 1)
Sy(wm) = St (1 + —f) (4.35)
P wWm
where P is the power consumption of the oscillator, ws is the frequency below which the
flicker noise component becomes dominant, and F is a noise factor grouping all noise
contributors in the loop. Note that if the major part of the power is dissipated in the tank,
P can be written as:
V2

p = —fak 4.36
R (4.36)

where Viank is the tank oscillation amplitude and R is the parallel resistance modeling
all tank losses.

Since S, (wm) is the output phase noise of the oscillator £(wm), combining Equations
4.34 and 4.35, the final model for the phase noise is:

2
L(wom) = Zkg <1 + Z—L) [1 + < Zg(‘j)m> } (4.37)

as can be seen in Figure 4.8. It is worth pointing out that the Q factor in Leeson’s model
is the “effective” quality factor of the complete oscillator, not of the tank only. Indeed
the Q of a resonator tank disconnected form any other circuitry, also called the unloaded
Q, is degraded by the losses and parasitic capacitances of the circuitry needed to start
and sustain the oscillation. The resulting Q, also called the loaded Q, can be much lower
than the unloaded one.

EXAMPLE 13 Consider the case of a 1GHz oscillator with loaded Q = 5, consuming
1mW in the tank, at room temperature. Assuming realistically F = 2, Leeson’s model

Figure 4.8 Phase noise profile of an oscillator according to Leeson’s model.
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predicts a phase noise of about —128dBc/Hz at a frequency offset of 1IMHz from the
carrier, and a floor of —168dBc/Hz starting at about 100MHz offset from the carrier

In the derivation of this model, [43] assumes that the resulting excess phase mod-
ulation ¢ is much smaller than 1 (small angle modulation) and that the amplitude
perturbations due to noise components are negligible in comparison to the phase pertur-
bations. Aside from these assumptions, there are two issues connected to this approach.
The first is that it does not explain the up-conversion of low-frequency noise or the
down-conversion of high-frequency noise to frequencies around wg. Indeed, Equation
4.35 contains the offset frequency wm and not w, thus postulating that the flicker noise
component is present at frequencies around wg, which is generally not true if w, is above
some tens of MHz. The second is that F and ws are essentially empirical parameters,
which have to be fitted to the measured phase noise profile. It also gives no indication of
how to compute them based on actual circuit topology. Despite these limitations, Lee-
son’s model correctly points out the two fundamental parameters influencing the phase
noise of any oscillator the most, namely, the power consumption and the tank quality
factor.

Oscillator Figure of Merit

It has become of widespread usage in the literature to compare different oscillators by
summarizing their performance in one single number: the figure of merit (FOM). The
most common and widely used FOM normalizes the phase noise number to the power
consumption, the oscillation frequency, and, of course, the offset frequency at which the
phase noise is measured. It is defined as:

2
FOM = £(wm) (Z—Z) (ﬁ) (4.38)

where L is the phase noise expressed in linear scale, P is the power of the oscillator in
W, and wp, is an offset frequency from the carrier within the 1/f2 phase noise region.?
Note that the FOM is usually expressed in dB, in which case it can be written as:

wm P
FOM =L 201 — 101 — 4.39
(om) + 20109 (1) + 1010g (1 ) (439
with £ expressed in dBc/Hz.
EXAMPLE 14 In the GSM cellular standard, the receiver specifications require a
local oscillator having a phase noise better than —138dBc/Hz at 3MHz offset from
a 900MHz carrier. Using the formula above, the FOM of this oscillator is equal to
—138 + 2010g(3/900) + 10log(P/1mW) = —188 + 10log(P/1mW). Best in class
LC-VCOs consume a few milliwatts of power. If, for instance 4mW are consumed, then
FOM = —182dBc/Hz.

2 some authors define the same FOM to be the inverse of the expression reported here, but we will stick to
the most widespread usage.
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It is interesting to understand what is the real meaning of the FOM if we assume that
the oscillator follows Leeson’s model. By replacing Equation 4.37 limited to the 1/f2
region (that is removing the floor and the flicker components) in 4.38 it is straightforward
to see that the FOM becomes:3

FOM = —— . (4.40)

Thus the FOM is basically a combined measure of the quality factor of the loaded tank
and of the noise factor of the active devices. State of the art integrated LC oscillators
for wireless applications display a FOM between —180dBc/Hz and —190dBc/Hz, while
ring oscillators are definitely inferior in this respect, with typical FOMs ranging from
—150dBc/Hz to —160dBc/Hz for well-designed VCOs. Applying Equation 4.40 to these
numbers and realistically assuming F = 2, it turns out that the effective quality factor
of state of the art LC-VCOs (in terms of Leeson’s model Q) is in the range of 2 to 6, a
significant degradation from the quality factor of a pure LC tank, which might well be
in the range of 10 to 15. Even though the concept of tank quality factor does not apply
to a ring oscillator, since there is usually no inductor or tank as such, by applying the
same procedure the value of an “equivalent” effective quality factor for a ring oscillator
is of the order of 0.05 to 0.2.

It has to be observed that this FOM does not consider many other aspects of an oscil-
lator’s performance as for instance tuning range, supply rejection, area, susceptibility to
cross talk and others. As an example, a ring oscillator VCO can easily cover a tuning
range of several octaves, while the tuning range of an integrated LC oscillator is typically
limited to +/— 20% of the center frequency. In choosing the right kind of oscillator and
the right topology for a given application, the phase noise is just one of the many factors
to consider, and sometimes is not even the most important, so the indication given by
the FOM has to be taken with a grain of salt.

LC Oscillators

Following Leeson’s approach it is relatively easy to compute an expression for the phase
noise of a generic LC oscillator as shown in Figure 4.9. The noise sources are the parallel
resistor R and the active transconductor G. Both of them inject a noise current into the
LC tank, and, since the two are uncorrelated, the two-sided PSD of the noise current is
equal to:
2kT

Si, = = + Sig (4.41)
where S, is the PSD of the noise current of the transconductor. It is customary to
combine the two components in one single term and to write:

2kTF
Sin = - (4.42)
where F > 1 is a noise factor considering the increase in current noise due to active
elements in the loop, relative to the resistor noise alone.

3 Since the power in the FOM is normalized to 1mW, a factor 103 needs to be introduced in the numerator.
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Figure 4.9 Generic LC oscillator (left) and equivalent circuit for noise calculation (right).

The PSD of the voltage noise on the tank can be calculated as Sy, (w) = |Z(a))|28in,
where Z(w) is the impedance seen by the noise current source. At this point, it is impor-
tant to note that, in steady state oscillation, the tank losses R are exactly compensated
for by the transconductor G, so that the impedance seen by the noise current is that of
the pure LC tank (see Figure 4.9, right):

_JoL
Z() = {

— . 4.43
— w?LC ( )

Considering o = wp + wm, Where wg = 1/+/LC is the oscillation frequency and wp, is
a small frequency offset (wm < wp), the impedance can be approximated as:

—J

z = 4.44
(0 +om) = 5 (4.44)
and the PSD of the output voltage noise close to the carrier can be written as:
KTF /1 \?
S = — : 4.45
wlon-+om) = 200 (5 ) (4.45)
Introducing the Q factor of the tank Q = woRC, the voltage noise becomes:
2
o
Sv,(wo + wm) = 2KTFR <2wmQ> . (4.46)

From thermodynamic considerations, the noise power is equally split into amplitude and
phase of the oscillation, so that the PSD effectively contributing to phase noise is half of
the previous expression. The phase noise can then finally be computed by dividing one
half of the two-sided S,, by the two-sided power of the carrier Vémk /4, with Vignk the
oscillation amplitude. The result is:

2kKTFR [/ wp \?
Llom) = . 4.47
(om) V2 <2wmQ> (4.47)

This result is Leeson’s formula (see Equation 4.37) derived in the previous section.

Note how this approach, based on a linear time-invariant model, works as long as
the only relevant noise sources are white, and fails to capture the up-conversion of low-
frequency current noise or the down-conversion of high-frequency current noise into the
sidebands of oscillation.
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Figure 4.10 Generic LC oscillator with individual reactive element losses (left) and equivalent
circuit where the losses have been lumped in one single parallel resistor (right).

The authors of [44] extended the previous approach to account for the individual
losses of the reactive elements in the tank (see Figure 4.10). The current noise produced
by each resistor, multiplied by its transfer function to the output voltage, are added
together in an uncorrelated fashion to give the total output noise. The same result can be
obtained in a much easier way by replacing each branch of a reactive element in series
with a resistor by the parallel combination of the same reactive element and a proper
conductance.

It can be shown that the series of a capacitor C and a resistor R¢ is to a first approx-
imation equivalent to the parallel arrangement of the capacitor C and a conductance
Gec = (wC)?Rc. In a similar way, the series of an inductor L and a resistor R_ is
to a first approximation equivalent to the parallel arrangement of L and a conduc-
tance G. = R_/(wL)?. Therefore, the tank in Figure 4.10 is equivalent to the tank
in Figure 4.9, provided that the parallel resistor R is replaced by an effective parallel
resistor Re:

1 C

— =G + Gc = —(RL + Rg). (4.48)

Re L
All considerations and formulas derived previously can be repeated, with R replaced
by Re. It is interesting to note how, according to this expression, to minimize the phase
noise due to losses of the reactive elements of the tank for a given oscillation frequency
and given R¢ and Ry, the inductance has to be maximized and the capacitance mini-
mized. Of course the values of Rc and R depend on C and L, too; for instance, a larger
inductance needs more windings and thus produces a larger R, so that the trade-off is
not so straightforward. Additionally, a large L might push the oscillator into the voltage-
limited region of operation already at relatively low value of current [45] [46], resulting
in a degradation of phase noise. This might lead to a design which is for sure very low
power, but which might not be able to meet the target phase noise specifications.

Crystal and Other Oscillators

Crystal oscillators are circuits that exploit the piezoelectric properties of crystal quartz
to generate very precise and stable clock references. The generic block diagram of a
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Figure 4.11 Generic crystal oscillator with crystal tank (left) and equivalent RLC circuit for the
tank at parallel resonance.

crystal oscillator is shown on the left in Figure 4.11. A transconductor G pumps current
into the equivalent circuit of the crystal and the voltage generated by the impedance of
the tank is fed back to the input of the transconductor, closing the loop. The quartz is
essentially a mechanical element, but its operation in the context of electrical oscillators
can be modeled by a lumped equivalent circuit featuring a capacitor Cop in parallel to
a branch made of an inductor Ly a capacitor C; and resistor Ry in series. These ele-
ments are called the motional inductance, capacitance, and resistance, and model the
mechanical behavior of the crystal in equivalent electrical terms. It is important to note
that these elements, as well as the currents and voltages of the intermediate nodes, are
nowhere to be found in the quartz; they just serve the goal of providing an equivalent
electrical model. The parallel capacitor Cg, to the contrary, is a real capacitor, summing
up the capacitances due to the quartz packaging and those placed on the board or on the
integrated circuit to allow oscillation.

The tank shown in Figure 4.11 (left) has two resonant modes. In series resonance,
the motional inductor L; resonates with the motional capacitance C; providing a low
impedance path in the series branch and a phase shift from —m /2 to 4+ /2. In paral-
lel resonance, L resonates with the series of Cy and Cy, providing a high impedance
load to the transconductor and a phase shift back from + /2 to —x /2. Since the phase
crosses the zero twice, in both series and parallel resonance, considering the Barkhausen
criterion, the circuit could oscillate at both frequencies. In the simplified configuration
shown in Figure 4.11, the series resonant mode is not stable, since, from the point of
view of the phase shift, it has positive feedback to the transconductor input. The parallel
resonance is stable, though, and the crystal will oscillate in this mode at a frequency
given by:

1
/LCo1

where Cg1 = CoC1/(Cp + C1) is the equivalent series capacitance of Cg and C1. How-
ever, in practical implementations like the very widespread Pierce configuration, the
crystal is connected between the gate and the drain of an active element and usually
additional load capacitors are inserted between each of the two crystal terminals and

wy = (4.49)
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Figure 4.12 Magnitude and phase plot of the impedance of a crystal tank (solid) and
approximation (dashed) at parallel resonance.

ground. Also, efforts are made to reduce any capacitance in parallel to the crystal, which
would make the oscillation condition harder. In this configuration, the crystal oscillates
at a frequency between the series and the parallel resonant frequencies, where its behav-
ior is inductive. The larger the values of the load capacitors, the closer the oscillation
frequency will be to the series resonance. For an overview of the physical properties
of quartz crystals and a complete analysis of oscillator circuits the reader is referred to
[47], [48], and [34].

It is instructive to get a feeling for the values of the electrical components involved in
a fundamental tone crystal. Typically, Cg is in the range of few pF. Cy, to the contrary, is
very small, in the range of some fF, about one thousandth of Cy. The motional inductor
L, is huge, in the range of few mH (though this is only a model; there is no such inductor
in the quartz), and the motional resistance R1, modeling the losses in the tank, is a few
Ohms. Figure 4.12 shows the magnitude and phase plots of the impedance seen by
the transconductor for typical values of Cp = 10pF, C; = 10fF, Ly = 10mH, and
R; = 100hm. The two resonant frequencies are clearly visible and are quite close to
each other (due to the fact that C; is very small compared to Co).

In order to understand the phase noise of a crystal oscillator and reuse the results
derived before in the case of the LC tank, we seek to approximate the behavior of the
impedance at resonance with a parallel RLC network. The admittance of the crystal tank
is given by:

S[Co + C1 + SCoC1(R1 + sL1)]
1+sCy(Ry +sL1)

Y(s) = (4.50)
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For frequencies around resonance, the denominator can be approximated as:

C1
Co+Cs
Replacing this expression in Equation 4.50 and after some easy algebra, the tank
admittance can be written as:

1+ sCy1(Ry +5L1) ~ s°CyL. (4.51)

Co+Ci\?°( 1 RiCn
Y(s) = — sC 4.52
©) < C1 ><5|-1+ L1 st (4.52)
which turns out to be the parallel of an equivalent inductor L, capacitor Ce, and resistor
Re according to:
C1 \?
Le=L 4.53
~u(ge) (453)
Co+C1)\?
cezcm( ot 1) (4.54)
Ci \?
Re = R1Q? 4.55
=R () (4.55)

with Q = 1/(R1woCo1) the quality factor of the tank. The equivalent circuit is shown
on the right in Figure 4.11 and the corresponding Bode diagram is shown in Figure 4.12
with dashed line. At this point, it is straightforward to derive an expression for the phase
noise of the oscillator, following the very same steps as in Section 4.3.3. The result
is exactly equal to Equation 4.47, where Vi is the oscillation amplitude across the
equivalent resistor Re.

The difference between a crystal oscillator and an integrated LC oscillator, from the
phase noise point of view, is exclusively in the value of the quality factor Q. While
integrated LC tanks have quality factors typically ranging from 5 to 20, mainly limited
by the losses in the substrate and series resistance of the windings, a crystal has a Q in
the range of thousands to a few millions. A typical value of Q = 10° leads to the plot in
Figure 4.12. Another advantage of the crystal is that, due to the extremely low losses, it is
very suitable for ultra-low power clock generation. On the other hand, due to fabrication
and robustness issues, the sizes of the quartz crystal cannot be made too small; thus, the
devices are bulky, cannot be integrated on silicon, and have frequency ranges limited to
about 50MHz. Overtone crystals can work at frequencies above 100MHz but they are
quite delicate and costly, so that they are not used in typical high-volume commercial
applications.

The framework outlined in this section can be used to investigate not only the phase
noise of crystal oscillators, but also of all those oscillators which can be modeled by a
lumped electrical network as shown in Figure 4.11 (left), such as, for instance, MEMS,
SAW, and BAW oscillators.

Note that in all high-Q oscillators, the phase noise performance is typically limited
by the noise produced by the sustaining circuitry, rather than by the intrinsic losses of
the tank. In this sense the factor F in Equation 4.47 plays a very fundamental role and
can be quite large, depending on the specific circuit implementation.
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Figure 413 Simplified waveforms showing how noise injected in the same node at different times,
for instance in a CMOS inverter-based ring oscillator, have different effects on the output jitter.

Linear Time-Variant Analysis

The analysis of jitter and phase noise carried out in the previous sections treats the
circuits under investigation as linear time-invariant systems, ignoring the fact that every
oscillator is actually a periodic time-variant system.

Indeed, noise injected into a given node of the oscillator at different times might
affect the output jitter to different degrees. For example, take a simple CMOS inverter-
based ring oscillator: the noise current injected by a MOS device when the respective
output node is saturated to ground, or Vpp, will be “absorbed” by the power and ground
supplies and will not significantly change the following shape of the voltage waveform.
Therefore its effect on the output jitter will be minimal. On the other hand, the same
amount of noise injected in the same node during a charging or discharging phase will
definitely impact the voltage waveform, and will produce jitter at the output (see Figure
4.13).

Based on this observation, Hajimiri and Lee developed a theory of noise in oscillators,
which takes into consideration the time-varying nature of the response of the circuit to
noise injected into its nodes [49], [50], [51], [52]. They introduced the concept of the
impulse sensitivity function (ISF), a periodic function which describes the relationship
between an impulse of noise current injected at a given time on a given node, and the
jitter at the output of the oscillator. By elaborating further on this concept, they set a
framework for the time variant analysis of any kind of oscillator, which led to numerous
valuable insights into the conversion of amplitude noise into jitter.

The Impulse Sensitivity Function

Although a detailed analysis of ISF theory is not the focus here, it is instructive to
understand the mechanism behind it. A small packet of charge injected into a specific


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.005
https://www.cambridge.org/core

4.4 Linear Time-Variant Analysis 9N

node of the circuit at time t is assumed to affect the output absolute jitter a(t) over time
t in a proportional way. The proportionality is given by a function hj(t, r) defined as:
—I'(x)
@WoUmax
where wq is the oscillation frequency, gmax is the peak amount of charge due to the
oscillation on the capacitance of the node, u(t) is the unity step function and I'(z) is the
ISF. In terms of excess phase, the defining equation of the ISF is obtained by using the
relation in Equation 3.5, and assumes the better known form:

hy(t, 7) = g )

hj(t,7) =

u(t — 7) (4.56)

u(t — 7). (4.57)

max

The ISF depends, of course, on the circuit topology, but investigations show that it has
a strong correlation with the shape of the oscillation waveform itself. The total output
jitter due to a current noise iy(t), injected into the specific node, is given by the sum
of the small noise charge packets injected at each time instant ¢, multiplied by hj(t, 7).
Expressing this as an integral:

at) = /_:o hj(t, 7)in(r)dr = CUO:]rtax f_too ['(7)in(r)dr (4.58)
or, in terms of excess phase:
+0o0 1 t
o(t) = / hy(t, D)in(r)dr = q— ['(1)in(r)dr. (4.59)

The first key observation is that, due to the periodic nature of the oscillation, the same
amount of charge injected into the same node at two time instants one or more oscillation
periods apart must have the same effect on the output jitter. Therefore, the ISF function
is periodic in wg and can thus be expressed in a Fourier series as:

+00
r(r) = 2 4+ > " cncos(newot + bn). (4.60)
2
n=1

The second key observation is that we are interested in behavior of a(t) (or of ¢(t))
versus time t at frequencies much lower than the oscillation period. Higher frequency
components are not significant here since they are averaged out over a number of periods
of the oscillation. Due to the integrals in Equations 4.58 and 4.59, which are in effect a
mixing product, and considering Equation 4.60, only those noise frequency components
which are close to zero or to multiples of wg will have a significant contribution to the
jitter or excess phase at frequencies close to zero. The others are averaged out by the
integral.

To clarify this point, we follow the approach in [49]. Considering only the n-th
harmonic component of the ISF function c, cos(hwgt + 6,) and assuming the noise
current to be located at an offset frequency wm from nwg, expressed as in(r) =
in cos((nwo + wm)1), the integral 4.59 can be written as:

Chi t
o(t) = nn / (cos(2Nwot + wmT + 6n) + COS(wmT — 6n))dz (4.61)
20max J—oo
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where the trigonometric formula for the multiplication of two cosines has been used.
The first term in the integral results in an excess phase component at double the oscilla-
tion frequency and can be dropped, since we are interested in excess phase variations at
frequencies much lower than the carrier. The second term, on the contrary, is at low fre-
quency and is relevant for the computation of the phase noise. Working out the integral,
the result is:

o) = —"_ sin(wmt — ). (4.62)

20max®m

From this expression, it can be understood that the excess phase PSD at frequency wp, is
proportional to the superposition of the noise current PSD at frequencies nwg + wn, for
each n, multiplied by the corresponding squared Fourier coefficient of the ISF function
cﬁ. Note also that another effect of the integral in Equation 4.59 is that of generating a
factor wy,, the offset of the noise component from the nearest multiple of the oscillation
frequency, in the denominator of the result. For this reason, a white (flat) current noise
PSD is converted into a 1/f2 PSD at low frequencies and flicker noise PSD is converted
into a 1/f2 PSD This mechanism is depicted in Figure 4.14.

One notable result of this analysis is that low-frequency noise, in particular flicker
noise, is converted into jitter by the multiplication of its PSD with the coefficient cg.
Since ¢y is the DC (average) value of the ISF, according to this theory, the conversion
of flicker noise into jitter can be greatly reduced or even eliminated by making the
oscillation more symmetric, such that the DC value of the ISF is zero.* From Figure
4.14 it can also be noted that, if cg is small enough, the 1/f2 corner of the jitter PSD can
be significantly lower than the 1/f corner of the device noise.

Figure 4.14 Conversion of current noise into low-frequency jitter according to the ISF theory. In
the bottom plot, the thin lines are the individual contributions, while the thick line is the resulting
total.

4 Note that, strictly speaking, the 1/f noise waveform, assumed to be cyclostationary, must be symmetrical
too with respect to the ISF.
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If the current noise source is white and stationary, then the resulting PSD is propor-
tional to the sum of all Fourier coefficients squared. By virtue of Parseval’s theorem,
that value is also equal to the square of the RMS value of the ISF. A detailed analysis
shows that under this conditions the phase noise can be expressed as [49], [50]:

l—‘?mssi
(wm0max)?

where S; is the two-sided PSD of the current noise sources (assumed to be white), and
2. is the RMS value of the ISF:

2 1, 1(ch
2. ::T_o/o r(r)dr:E ?+ch (4.64)
n=1

with Tg = 27 /wp the period of the oscillation. Thus, in order to minimize jitter or excess
phase due to white noise sources, the RMS value of the ISF should also be minimized.
Note that in the original paper [50], the equation corresponding to Equation 4.63 has an
additional factor 2 in the denominator, since there the one-sided current noise PSD S;
was considered instead of the two-sided.®

In many practical cases the current noise sources are not stationary, though. The noise
produced by active devices depends on the biasing point of the device itself, which, in
an oscillator, is typically not constant; rather, it is periodic with the same period as the
oscillation. The noise sources are thus essentially cyclostationary in nature. Equation
4.63 can be extended to the case of a cyclostationary PSD Sj(z) by observing that the
cyclostationary noise source can be modeled as a stationary noise source multiplied
by a periodic modulation function. The effective ISF is then the product of the orig-
inal ISF and the modulating function itself [49]. With easy mathematical derivation,
replacing the ISF in Equation 4.63 with the effective ISF, the phase noise in presence of
cyclostationary noise sources can be written as:

L(wm) = (4.63)

I2(7)Si(x)

L(wm) =
(om) (@m0max)?

(4.65)

where:

I2(7)Si(z) ;= 1 / K I'?(7)Si(z) d. (4.66)
To Jo

Application to Ring Oscillators

In [51] this theory is applied to the case of inverter-based and differential stage ring
oscillators. The result for the phase noise of an inverter based ring is:

8 KT yVpp f¢

£ = 3 P AV {2

(4.67)

5 For a detailed discussion on one-sided versus two-sided PSD, refer to Appendix A.2.8.
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where P is the total power consumption and » is a “form” factor, typically close to 1,
which depends on the shape of the oscillation waveforms. The parameter AV is a charac-
teristic overdrive voltage, defined as AV = Vpp/2 — Vy, if the transistor is in quadratic
current operation region (long channel devices), and as AV = EcL for transistors in
velocity saturation (a possible condition for short channel devices), with E. the critical
electric field. For a differential stage ring, the work in [51] neglects the noise coming
from the tail current and obtains the result:

8, M yVop ] fg
L(f) = —KkT 1+ = 4.68
® 3n ltotVop |: (AV)q f2 ( )

where in this case AV is equal to Vgs — Vi for quadratic current operation region, and
to E¢L for velocity saturation. By using Equation 3.56 the period jitter can be calculated
to be:

2 8 KT yVpp
0, —_— —_——
P 3pfoP AV

(4.69)

for the inverter-based ring, and:

8 M Vo i|
2 p
of = —kT 1+ 4.70
P 3n fO'totVop |: (AV)q ( )

for the differential ring. These expressions may be compared to Equations 4.22 and
4.23 obtained with a more classical analysis. The main differences among these equa-
tions, apart from the presence of the factor », is to be found in the expression for
the inverter-based ring for quadratic current regime. While the classical analysis leads
to a variance inversely proportional to Vpp — Vi, in the time variant one the vari-
ance is inversely proportional to Vpp/2 — V. The reason for this discrepancy is that
[51] considers a finite transition time of the input slope, thus identifying the over-
drive voltage of the inverter as Vpp/2 — Vi, while [37] and [33] assume an infinite
input slope, leading to an overdrive voltage of Vpp — Vi,. For advanced CMOS tech-
nologies, where the ratio of supply voltage to threshold voltage is lower, and not
minimum length devices, the two expressions might lead to significantly different
results.

The ISF of an LC Tank

To apply the linear time-variant analysis to LC oscillators, it is necessary first to derive
the expression for the ISF of an LC tank. With reference to Figure 4.15, let’s assume
that a lossless LC tank is sustaining an oscillation at amplitude Viank and frequency wq
asin:

Vo(t) = Viank Sin(wot). (4.71)

To derive the ISF, we inject a small packet of charge Aq at time t into the tank, and
find out what is the resultant change in the timing of the rising edge of the oscillation.
Since the LC is a linear system, its total response is the sum of the existing oscillation
(Equation 4.71) and the oscillation that would be generated by the charge injection at
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Figure 4.15 Injection of a charge packet into an ideal LC tank.

zero initial conditions. At zero initial conditions, injecting a charge Aq in the tank results
in voltage step on the capacitor equal to Aq/C, which triggers an oscillation Av(t) at
frequency wo with maximum voltage at time t. From these considerations, the total
response of the LC tank can be written as:

A
Va(t) = Viank sin(wot) + ?q cos(wot — wor). 4.72)

The rising edges of the unperturbed oscillation occur at time t; such that sin(wpt;) = 0
and cos(wpt1) = 1. By replacing these conditions in 4.72, where the cosine term has
been expanded by using the usual trigonometric formulas for the sum and difference of
angles, the amplitude of the perturbed oscillation at t; is found to be:

vi(ty) = % cos(wo7t). (4.73)

Assuming a small perturbation (Aq/C <« Viank), the change in the rising edge timing
can be derived by dividing the amplitude value at t; by the slope of the signal at t;:

s (w /22

and finally, converting time difference into phase difference using Equation 3.5, the
change in the phase of the signal is:

A
=29 Cos(wor) (4.74)
t=ty CViankwo

Ag cos(wgt) (4.75)

Ag = —At-wp =
Omax
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where gmax = CViank is the maximum charge in the LC tank. By comparing this expres-
sion to the defining equation of the ISF, Equation 4.57, which assumes a current impulse
of amplitude 1 and thus Aq = 1, the ISF for an LC tank assumes the very simple form:

I'(r) = cos(wp). (4.76)

The ISF is in quadrature with the oscillation waveform: noise injected when the signal
has its maximum amplitude has no impact on the excess phase, while noise injected
around the zero amplitude has a maximum effect. Note also that the ISF is simply the
time derivative of the original oscillation. This is not a mere coincidence, since it has
been proven that the ISF is strictly linked to the derivative of the oscillation voltage for
a wide class of oscillating systems [49].

A General Result on Leeson’s Noise Factor F for LC Oscillators

The analysis of LC oscillators in Sections 4.3.3 and following was carried out assum-
ing a linear time-invariant system, but the result in Equation 4.76 proves that the noise
injected in an LC tank has a time-dependent effect on the excess phase of the system,
therefore a time-variant approach is needed. The application of the ISF theory to LC-
based oscillator leads, under very general assumptions, to the surprising and remarkable
result that the noise factor F is largely independent of the specific nature and operation
conditions of the active device, independent of the shape of the current, and depends
mainly on the tank losses and the topology of the oscillator. In this section we follow the
approach used by [53], leveraging the ISF theory. The same result, although with differ-
ent notations, is obtained also by [54], with a more general approach using descriptive
functions, and by [55], extending the phasor-based analysis pioneered by [56].
Equating the general Equation 4.65 for phase noise obtained by using the ISF
approach to Leeson’s descriptive formula in Equation 4.37, limited to the 1/f2 portion:

r2()Sit)  2KTF ( wo )2
(@mOmax)? P 2Qwm
where gmax = CViank, Viank IS the voltage across the tank, P = Vtzank/(ZR), Q = woCR,

and R is the total loss in parallel to the tank, the following expression for the noise factor
F as a function of the ISF can be found:

4.77)

F= % - T2(1)Si(b). (4.78)
In the following, we will apply Equation 4.78 to calculate the factor F for the gen-
eral LC oscillator shown in Figure 4.16, considering noise generated by the tank losses
and by the transconductor active devices. Note that in this generic topology, it is not
assumed that the voltage across the tank is equal to the voltage either at the input of the
transconductor or at its output. It has indeed been amply well shown in the literature that
in the most efficient high-purity LC oscillators, these quantities are generally different.
For instance, the current generated by the transconductor can be injected into only part
of the tank, and the tank voltage can in general be transformed by means of a lossless
network before being fed back to the transconductor.
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Figure 416 Generic LC harmonic oscillator.

The corresponding two-sided PSD of the current noise is given by:

Si’R = ? (479)
and applying Equation 4.66 it can be easily shown that:
——— 1 [To 2KT kT
I2(t)Sig = o /0 cos(a)ot)z? dt = = (4.80)

Note that this expression, combined with Equation 4.78, returns F = 1, which is exactly
the result obtained in the time-invariant approach when the noise of the transconductor
is neglected. With this approach, though, there is no need to invoke thermodynamics
and the equal splitting of the power in amplitude noise and phase noise. The factor 1/2
descends naturally from the form of the ISF. An intellectually very pleasing result.

In evaluating the effect of the noise of the transconductor, it will be assumed that the
oscillation waveform is sinusoidal, that the noise of the transconductor is proportional
to the transconductance of the active devices, and that the transconductor devices oper-
ate as transistors. The first assumption generally holds if the oscillator is operated in
the current limited regime [45], and the second and third are true if the active devices
are operated in saturation. Both of these assumptions are very reasonable, since they
both lead to a maximally efficient LC design in terms of better phase noise and lower
power. With reference to Figure 4.16, the PSD of the current noise generated by the
transconductor is:

Si6(t) = 2kTygm(t) (4.81)

where the transconductance gm(t) can be expressed as function of the input voltage Vin()
and output current iyt as:

diout _ diout / 9Vin

t) = = —. 4.82
Im(t) Vin ot ot (4.82)

The input voltage is assumed to be sinusoidal:
Vin(t) = Vin sin(wot) (4.83)

while the output current, periodic in Tg, is expressed without loss of generality as Fourier
series:
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out(t) = i In sin(Nwot + ¢n) (4.84)
n=0

so that Equation 4.82 becomes:

Y o4 Nl cos(Nwot + én)
Vin cos(wot)

gm() = (4.85)

As can be seen, the transconductance is periodic in Tp and the noise generated is
cyclostationary. Applying Equation 4.66 we obtain:

—————  2kTy <= [nl, [To
r2t)Sict) = —— —/ t t dt:| . 4.86
5= |5 ostontcosoont + o) (486)

The integral above is nonzero only for n = 1, and considering that ¢; = 0 since at
resonance the fundamental harmonic of the current is in phase with the voltage, the
expression can be simplified to:

r2M)Sigt) = —= ) 4.87
OSc0="""5="7 v (4.87)

where |4 is the fundamental harmonic of the current and:
Vout = Rl1 (4-88)

is the amplitude of the voltage at the output of the transconductor, considering that all
other harmonics are eliminated by the LC selective filtering.

Combining Equations 4.78, 4.79, and 4.87, finally the following surprisingly simple
expression can be obtained for the noise factor F:

F=1+ym. (4.89)
Vin

As stated before, this remarkable result shows that the noise factor only depends on the
ratio of output voltage to input voltage of the transconductor and does not depend on any
specific property of the transconductor itself, except for y. Note that the application of
the time-invariant approach to the noise of the transconductor would have led to a noise
factor F erroneously dependent on gp. It has to be understood that the ratio Voui/Vin
is greatly determined by the topology of the oscillator, and has little or no dependency
on other parameters like, e.g., the nature of the transconductance element or the shape
of the current. Referring to Leeson’s formula, Equation 4.37, it can be understood that
the biggest lever to obtain lower phase noise at lower power is in the right choice of
the oscillator topology, aside from the obvious criteria of reducing the tank losses and
increasing the oscillation amplitude as much as possible. This aspect will be illustrated
in the next section.

Application to Some Common LC Oscillator Topologies

In this section we will apply the general result obtained in Section 4.4.4 to some of the
most common LC oscillator topologies, namely the single-switch (SS) cross coupled,
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Figure 4.17 Common Single-Switch (left) and Double-Switch (right) LC oscillator topologies.

the double-switch (DS) cross coupled and the Colpitts. Additionally we will apply it
also to the Class-C LC oscillator, a topology which has been shown able to achieve
excellent phase noise performance at low power (see [53]).

Figure 4.17 shows the topologies for the classical SS and the DS LC oscillators. From
an inspection of the figure it is immediate to understand that the voltage at the output of
the transconductance element is equal to the voltage at its input and is equal also to the
voltage across the tank. The fact that one topology has only one cross-coupled pair and
the other has two does not change the fact that Vi, = Vot for both of them. Therefore,
the noise factor for these topologies is the same and equal to:

Fss =Fps =1+ y. (4.90)

This result tells us that the four transistors in the DS topology produce the same effec-
tive noise as the two transistors in the SS topology. The reason for that is that in the
DS topology the switching of the cross-coupled pair is faster than in the SS, therefore
the fraction of time when the devices produce effective noise is less in the DS then in
the SS [57]. It has to be noted, though, that this does not mean that the two topologies
have the same phase noise. Indeed the amplitude of oscillation Viank is different in the
two cases. In the SS, the tail bias current flows into only half of the tank, due to the
supply tap in the middle of the inductor, while in the DS, because of the complemen-
tary PMOS switches at the top, it flows into the whole tank. The oscillation amplitude
is therefore double in the DS than it is in the SS topology. A precise analysis shows
that:

2
Vtank,SS = ;'bR (4-91)
and
4
Vtank,DS = ;le- (4-92)
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Figure 4.18 Colpitts (left) and Class-C (right) LC oscillator topologies.

Since the tank voltage is double in the DS compared with the SS, the DS topology shows
6dB better phase noise than the SS, when the oscillators are operated in the current-
limited region. This result has been proven experimentally in [57]. Note, however, that
the supply voltage of the SS switch can in general be half of that of the DS, so the
efficiency of the two oscillators in term of phase noise over power is the same. A more
detailed analysis, which is beyond the scope of this book, shows that the parasitic caps
to ground in the two branches of the oscillator tilt the scale again in favor of the SS
topology. The interested reader is referred to [57] and [55] for more details.

Figure 4.18 shows on the left the classical topology of a Colpitts oscillator. Consider-
ing that for this topology Vi, is the gate-source voltage of the transistor, and Vg is the
drain-source voltage, an elementary analysis of the capacitive divider C; and C, leads
to the result that Vout/Vin = C2/Cy, so that:

C,
I:Colpit'(s =1+ VC_- (4.93)
1
A thorough analysis shows that the voltage across the tank is given by:
C,
V itts ~ 2IpR 4.94
tank,Colpitts b Cl T C2 ( )

so that the resulting phase noise depends on the ratio of the capacitors C; and C;: a
large C, improves the output voltage, but it increases the noise factor, while a small C;
is good for the noise factor, but is bad for the oscillation amplitude. It can be shown that
for values of y ~ 2/3 the ratio C,/C; giving the lowest phase noise is very close to
2. However, also with this optimum setting, it turns out that the phase noise of a Col-
pitts oscillator is slightly worse than that of a cross-coupled LC oscillator. A complete
analysis of this oscillator can be found in [58].

Figure 4.18 shows on the right a differential Class-C oscillator [53]. This topology
can be thought of as being derived from a differential Colpitts oscillator by reducing the
capacitor C; to zero and inserting a feedback network from the output to the input of the
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transconductor. The characteristics of this topology are the capacitance in parallel to the
tail current source, the fact that the active devices are biased to be always in saturation,
and that the output voltage is fed back to the input of the transconductors by means of a
lossless passive network with gain k. This network can be a simple capacitive coupling,
in which case k ~ 1 or a transformer-based feedback, in which case k can also be larger
than one. Note that in this last case the biasing of the devices can be provided using the
center tap of the secondary circuit of the transformer. By inspection of the topology it is

immediate to see that:
14

Fclassc =1+ Y (4.95)
therefore, by making k > 1, we can obtain an advantage in term of noise factor with
respect to the traditional SS and DS cross coupled topologies. Besides that, the key
aspect of this topology is the high efficiency in converting bias current into oscillation
amplitude. The combination of the large tail capacitance® and of the devices in saturation
for all the period of the oscillation, leads to a class-C operation, with narrow and large

pulses of current injected into the tank. The resulting tank voltage is:

Viank,classc = bR (4.96)

which is higher than that of the SS cross-coupled, even if both feature an inductor with
center tap connected to the supply. The combination of these factors makes in principle
the Class-C differential oscillator a very efficient topology in terms of phase noise over
power consumption. However note that in Class-C, the active transistor must be kept in
saturation. This may eat up a non-negligible fraction of the supply, therefore reducing
the oscillation amplitude and thus the advantages compared to other topologies. Other
CMOS oscillators that show very high efficiency can be found in [59], [60], [61], [62],
and [63].

Comparison of Best Achievable FOM

In this section we will compare the FOM for the oscillator topologies previously
described in this chapter. The intent is to investigate the best FOM theoretically achiev-
able for ring, relaxation, and LC oscillators, assuming realistic conditions for the
technology and design parameters. The result will give the reader useful insight into
the performance of each topology, and a metric to evaluate the quality of any particular
design.

As a starting point we derive an equation relating the period jitter to the FOM, assum-
ing that the oscillator is dominated by white thermal noise and thus has a 1/f2 phase
noise profile. Combining Equations 3.56 and 4.38, it is easy to find that the FOM can be
expressed as a function of the RMS period jitter oy, oscillation frequency fo and power
consumption P as:

FOM = 10%fyPo;] (4.97)

6 The reader should be warned though that there is an upper limit to the size of this capacitor, to avoid the
instability phenomenon known as squegging [53].
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where the factor 10° is due to the fact that the power P in the FOM is expressed in
milliwatts, while in the formula above it is considered expressed in watts.

For the case of a inverter-based ring oscillator, using Equation 4.22 obtained in the
Linear Time-Invariant analysis, the best FOM achievable at room temperature (T =
300K) is:

FOM = 10% - 2kT - (1 + 4y) = —165dB (4.98)

where it has been assumed that Vpp — Vi = Vpp/2. The factor y is set equal to its
classical value 2/3 in this whole section. This result agrees with that published in [38]. It
is interesting to note that, if the Linear Time-Variant analysis result of Equation 4.69 is
used, realistically assuming n = 1 and AV = Vpp /4, we obtain FOM = 10%.2kT -5.3y,
yielding the same numerical result of —165dB.
For the case of a differential stage based ring oscillator, using Equation 4.23, the FOM
is:
FOM = 10% - 2kT - (1 + 3.5y) - 1.9M = —160dB (4.99)

with the assumptions that the overdrive Vgs — Vin = Vpp/4, the number of stages is the
minimum for a differential structure M = 2, and the voltage swing is Vop = 3Vpp/4,
already an extreme value for a differential stage which could be obtained with nonlinear
loads. Comparing the two previous equations, it is evident how the differential stage ring
oscillator is intrinsically inferior to the inverter-based one, and the difference in FOM is
directly related to the number of stages M.

For the relaxation oscillator topology analyzed in Figure 4.6, the RMS period jitter is
given by Equation 4.30. The best achievable noise performance can be derived by mak-
ing the reference voltage capacitors C, and Cy very large, so that the noise contribution
for the reference voltage is negligible compared to the noise coming from the current
source. The minimum power consumption P = CAVfyVpp is given by the amount of
charge needed to charge the capacitor C between the two threshold levels V| and Vg,
given by CAV, divided by the oscillator period 1/fy to obtain the average current, and
finally multiplied by the supply voltage Vpp. With this information, combining Equa-
tions 4.30 and 4.97, and again assuming Vs — Vin = Vbp/4, the best achievable FOM
results in:

FOM = 10% . 2kT - 4y = —166dB. (4.100)

Interestingly, this number is essentially the same as the one obtained for inverter based
ring oscillators. Indeed the two oscillators share the same basic principle, which is a
MOS device charging a capacitor with a constant current. The authors in [38] analyze
a relaxation oscillator topology where the charging and discharging of the capacitor is
obtained via a resistor alternatively connected to supply and to ground, and arrive at
a FOM which is about 3dB better than this one. However, note that both analyses do
not consider other important noise sources, like the bias circuits needed to generate the
currents and the noise of comparators and latches. In practice, relaxation oscillators are
normally used as auxiliary clock sources. As such they have to be cheap, both in terms


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.005
https://www.cambridge.org/core

4.6

4.6 A Note on Flicker Noise 103

of area and in terms of power, so that often their FOM is much worse than the limit
reported here.

For LC oscillators we will use Equation 4.40, which expresses the FOM as a function
of the noise factor F and of the quality factor Q. The analysis of Section 4.4.4 states
that under reasonable assumptions the noise factor is largely dominated by the circuit
topology, and is in expressed by Equation 4.89. Using the widespread Single-Switch or
Double-Switch topologies as a reference, where the quality factor F = 1 + y, the FOM
can be expressed as:

—175dB ifQ =1
—189dB ifQ =5

FOM = 103 - 2kT - (1 + y) - @07 = ~195dB  ifQ = 10 (4.101)
~198dB ifQ = 15

—201dB if Q = 20.

From this expression it is evident how the advantage of an LC oscillator with respect to
a ring or relaxation oscillator is given by the quality factor of the tank. The difference
in FOM, depending on the specific value of Q, can easily reach 30dB. At a very high
level, this should not be surprising. In a ring or relaxation oscillator, the current used
to charge the capacitors of the oscillating nodes is directly taken from the supply, and
subsequently dumped to ground during the discharge phase. So essentially the current is
used only once per oscillation period. In a LC with reasonably high Q, the current is
constantly exchanged between the inductor and the capacitor, and only a small part
is lost in thermal dissipation and needs to be replaced by the supply. The current is
thus reused over multiple oscillation periods, hence the dramatic difference in energy
efficiency for the same noise performance.

Figure 4.19 offers an overview of the FOM achieved by oscillators published in the
last two decades in main international journals and conferences. It shows that the limits
calculated above, shown as dashed lines, hold true. In particular, notice how the FOM of
relaxation oscillators is still very far from the theoretical limit, and how the performance
of ring oscillators is hard limited around —160dB. Also it is evident that LC oscillators
outperform any other category. The best in class oscillators, with respect to FOM, are
indicated in black, and refer to the publications [53], [64], [65], [66], [67], [68], [69],
and [70].

A Note on Flicker Noise

The reader has probably noticed that in the previous sections we were deriving for-
mulas for jitter or phase noise in the presence of white noise sources in the circuit
and we did not consider flicker noise components. While the mechanisms that convert
low-frequency 1/f noise into 1/f3 phase noise around the carrier are well understood
and agreed upon, the derivation of explicit formulas for the computation of phase
noise affected by flicker noise is still controversial. Different authors provide differ-
ent expressions, and also different recipes for how to reduce its effects. The interested
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Figure 4.19 State of the art oscillator FOM vs. frequency: relaxation (crosses), differential pair
based ring (circles), inverter-based ring (diamonds) and LC (squares). The best-in-class
oscillators are indicated in black (see text for the references). The dashed lines are the theoretical
FOM limits.

reader is referred to the papers cited in this chapter to have an overview of the differ-
ent approaches to treat flicker noise conversion. We believe that the current status is
not yet sufficiently consolidated to be inserted in this book at this time. On the other
hand, in Section 9.4 we give a broad overview on the topic of 1/f noise in general,
and some of the mathematical and conceptual difficulties connected to it. Flicker noise
still remains to date an intriguing phenomenon, challenging the very mathematical tools
on which our knowledge as engineers is built. The lack of a unified set of formulas to
compute the effect flicker noise on oscillator phase noise might be, at least partly, due
to it.

Ideal Frequency Divider

In this section we analyze how jitter of the output clock of an ideal frequency divider by
N relates to the jitter of the input clock. In doing it, we will assume that the divider does
not introduce jitter by itself, and that there is no delay between input and output clocks.
The analysis of jitter and phase noise in differential CML-type frequency dividers has
been thoroughly carried out in [71] and largely follows the same steps outlined to com-
pute the jitter of a differential stage ring oscillator presented before. We will omit this
analysis here and refer the reader to the original publication. Under the above-stated
assumptions, the position of each output edge is perfectly aligned with that of the input
edge which caused that specific transition in the output clock (see Figure 4.20, where
N = 4 has been chosen). Since an output edge occurs every N input edges, the k-th
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Figure 4.20 ldeal divider (N = 4).

output edge position t is aligned to the kN-th input edge: t) = tli(N, where the indexes
“i” and “0” denote input and output clocks respectively.

Following on from this simple observation, the position of the k-th output edge rela-
tive to the edge of an arbitrary reference clock, whether ideal or non-ideal, is identical to
the position of the kN-th input edge relative to the same reference edge. This leads to the
conclusion that the absolute (relative) jitter of the output clock is equal to the absolute
(relative) jitter of the input clock, downsampled by the factor N:

al 1= aly (4.102)
My = M- (4.103)

Since the absolute jitter is not affected by the divider but the clock period is multiplied
by N, the output excess phase is equal to the input excess phase divided by N (refer to
Equation 3.5). In terms of PSD, this leads to the conclusion that the output phase noise
is N2 times smaller than the input phase noise. Expressed in dB:

Lo(f) := £'(f) — 20 log(N). (4.104)

For instance, dividing by 2 lowers the phase noise profile by 6dB.

As far as the M-period jitter is concerned, following the same argument as above, the
jitter between two output edges spaced M periods apart is equal to the jitter between
the input edges which triggered them. The input edges, though, are spaced M times N
input periods apart, so that the relation between input and output M-period jitter can be
written as:

PR(M) = pjoy (NM). (4.105)
This relation can be also formally derived as follows:
PRM) =t — 1§ = thann — tow = Phou (NM). (4.106)

Therefore, as for absolute and relative jitter, the output N-period jitter is obtained by
downsampling the input N-period jitter by a factor equal to the divider factor.
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As a particular but very important case, the period jitter of the clock at the output of
a divider by N is equal to the N-period jitter of the clock at the divider input:

pp = P (N). (4.107)

As will be shown in the following chapters, in many typical applications, for instance
a clock coming from a free-running oscillator or from a PLL, the M-period jitter is an
increasing function of M. Combined with the equation above, this leads to the fact that
the output period jitter is typically larger than the input period jitter.

The fact that an ideal frequency divider by N actually downsamples the input jitter by
a factor of N has interesting consequences, analogous to those found in signal processing
when decimating a discrete time signal.

The most prominent effect is connected to the case of an input jitter sequence exhibit-
ing a repetitive, periodic behavior. This situation occurs often in practice, for instance,
when the circuit producing the clock is disturbed by a periodic noise source, e.g., a rip-
ple on the supply. In this case, the jitter will show the same periodicity as the periodic
noise source.

Let us assume that the input clock is affected by absolute jitter periodic in five clock
cycles, as shown in Figure 4.21 (top). If we divide this clock by 5, the output edges of
the divided clock will be affected by an absolute jitter which is equal to the input jitter
downsampled by a factor of 5. The bottom of Figure 4.21 shows the downsampling
process. It can be seen that, independent of when the divider starts, the output jitter
will be constant, and, thus, indistinguishable from a time offset. As a result the jitter is
completely eliminated from the output clock.

Figure 4.21 Jitter downsampling in an ideal frequency divider by N = 5.
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Generally speaking, if a clock with absolute jitter containing a component periodic
in P clock cycles is fed to a divider by kP, k being any integer, this jitter component is
perfectly removed from the output clock.

If the divider factor is not equal to the periodicity of the jitter, the result is not imme-
diate and is better analyzed in the frequency domain. If we denote the frequency of the
input clock as fp, and assume the jitter is sinusoidal with a periodicity of P clock cycles,
then the spectrum of the jitter sequence (obtained via DFT, [72]) is given by two Dirac
functions at +fo/P, plus their repetitions around all integer multiples of fp, and can be
expressed as nfg & fo/P, with n any integer. The spectrum of the jitter sequence down-
sampled by N is given by shifting the original spectrum by ifo/N, withi =0,1,...,N—1
and summing up all the shifted versions. Therefore the spectrum of the downsampled
jitter is composed of Dirac functions centered at:

fo . f .
nfo:i:EO—l—lNO,neZ, i=0,1,...,N—1. (4.108)
Depending on the values of N and P, the original tone at fo/P can alias into unwanted
and unexpected jitter components. Figure 4.22 illustrates this behavior with three cases.

Figure 4.22 Jitter sequences and corresponding spectra for ideal dividers. For each case, the top
graph shows the jitter sequence and the bottom graph the corresponding spectrum. The circles
(crosses) indicate the values for the input (output) clock. The divider factor is: (a) N = 2, (b)
N=3 (c)N=7.
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The clock frequency fp is 1GHz and the absolute jitter is a sinusoid with period
P = 5. The divider factor N is chosen to equal 2, 3, and 7, respectively. The figure
shows the original jitter sequence and the downsampled one together with the corre-
spondent spectra, obtained by applying a DFT to the jitter sequence. It can be seen that
while the tone of the undivided jitter sequence is atfo/P = 200MHz, the jitter of the
divided sequence can show components at other frequency, as a result of the aliasing.
For the first case (N = 2) the Nyquist criterion’ is satisfied, so that the divided clock
shows jitter at 200MHz. In the other two cases, Nyquist is not satisfied and tones are
created at lower frequencies. For N = 3 the tone is at —fo/P + fo/N =133.33MHz,
while for N = 7 the tone is at —fy + fo/P + 6fg/N = 57.149MHz.

Itis left as an exercise for the reader to prove that, depending on the value of the ratio
N /P, the frequency of the jitter component at the output of the divider is given as:

5 ifN <=1

P
fone = 1 —0 4+ [Nqfo if frac() € [0.5,1] (4.109)
—fo+ 0+ N—N1l ifN > 1 andfrac(}) € [0,0.5]

where [X] denotes the smallest integer greater or equal to x and frac(x) the fractional
part of x.

Ideal Frequency Multiplier

While frequency division (at least at not-too-high frequencies) can be implemented with
very simple circuits based on flip-flops, the same is not true for frequency multiplication.
There is no easy or simple way of performing this operation, and more complicated
circuits like PLLs or DLLs must be used, the descriptions of which are beyond the
intended scope of this section. Here we will assume the existence of a machine capable
of receiving a given jittered clock signal as input and providing at its output a clock
defined such that each N-th edge of the output clock coincides with one edge of the
input clock, and, between two such edges, N — 1 additional uniformly spaced edges
are placed. In other terms, the edges of the multiplied clock are a linear interpolation
of the edges of the input clock. The resulting clock output thus has a frequency which
is N times the input frequency (see Figure 4.23). Even though this is an abstraction,
it is essentially equivalent to the operation of a PLL, if bandwidth limitation issues,
influencing the speed at which the output clock adapts to the input clock, are neglected.

Let us now consider how period, absolute and M-period jitter are transformed by such
an ideal machine. Based on the mechanism described above, the relationship between
output and input clock edge positions can be readily expressed as:

o _
vt = b+ (e — 80 (4.110)

7 The Nyquist criterion states that a signal with limited bandwidth B can be sampled without loss of
information only if the sampling frequency is larger than 2B. In the context discussed in this section, a
clock affected by a jitter component periodic in P and then divided by N, the Nyquist criterion holds if
P > 2N.
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Figure 423 Time waveform for an ideal frequency multiplier by N = 4.

where t? and t,i( denote the k-th edges of the output and input clocks, respectively, and
I =0,...,N — 1isarunning index. Based on this, it is easy to derive the expressions
for jitter. The absolute jitter is indeed defined as:

T
AN = tengr — (KN + Ny (4.111)

where T is the nominal input clock period and therefore T/N is the nominal output
clock period. By using Equation 4.110, the output absolute jitter can be expressed as a
function of the absolute input jitter as:

Lo 0
A = (1= A+ e (4.112)

and the period jitter, obtained as the difference between two consecutive absolute jitter
samples, simply becomes:
i
PoNsl = Wk (4.113)
that is, the output period jitter is one N-th of that of the input.

In terms of phase noise, a similar argument as for the frequency divider applies, but
with the opposite result. Since the absolute jitter is not affected by the multiplier but the
clock period is divided by N, the output excess phase is equal to the input excess phase
multiplied by N (refer to Equation 3.5). The output phase noise is thus N2 times larger
than the input phase noise. Expressed in dB:

LO(f) := L'(f) + 20 log(N). (4.114)

For instance, an ideal multiplier by 2 increases the phase noise profile by 6dB.

As far as the M-period jitter is concerned, we can argue that the jitter over M con-
secutive periods can be decomposed into the sum of the jitter over the first N|M/N |
periods and the jitter over the remaining M — N|M/N | periods. The operator |-] indi-
cates the largest integer smaller than or equal to the operand. Since N| M /N | periods of
the output clock coincide with [M/N] periods of the input clock, the first contribution
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Figure 4.24 M-period jitter for an ideal frequency multiplier by N for the input (squares) and for
the output (circles) clock.

is equal to the |M/N |-period jitter of the input clock. By virtue of Equation 4.113, the
second contribution is equal to (M — N|M/N ) times the input period jitter divided by
N. Combining these two contributions, the equation for the output M-period jitter can
be written as (note that in the following formula the brackets in the first term on the
right-hand side are the argument of the N-period jitter; it is not a multiplication):

o0 = (| ])+ (% - | § ]) P (415)

Seen from a different perspective, every N-th output edge coincides with one input edge,
and therefore the kN-period jitter on the output clock is equal to the N-period jitter of
the input one, with k an integer between 1 and N — 1. Since the edges in between are
the result of a linear interpolation, the other samples of the output M-period jitter will
be the linear interpolation between two adjacent samples of that of the input (see Figure
4.24).
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5.1

Effects of Jitter in Synchronous
Digital Circuits

In this chapter we analyze the effect of jitter on synchronous digital systems. We will
first introduce the register (also known as flip-flop) as the central element of the design,
its associated timing requirements, and the standard configuration for edge-triggered
digital design. After analyzing the effect of jitter on the standard configuration, the
reader will be introduced to the case of divided clock systems, enabled systems and
multicycle systems. Finally, a section is dedicated to latch-based digital design and the
effect of jitter on it.

Edge-Triggered Synchronous Design

In modern integrated systems, the vast majority of the digital functions are implemented
in edge-triggered synchronous design. The central element of these systems is the regis-
ter, a circuit which transfers to its output the digital value of its input, on the occurrence
of the edge of a clock signal. Shown in Figure 5.1 is the symbol of a register and the
corresponding timing waveforms. In an ideal register, when the rising edge of the clock
signal CK occurs, the output Y assumes immediately the value of the input X at that
particular instant. In practice, a register behavior differs from the ideal in at least three
aspects. First, in order to be able to capture the input data correctly, the input data has to
be stable some time before the rising edge of CK. This time is called setup time and is
indicated by zg,. Second, the input data is not allowed to change its value for some time
after the rising edge of CK. This time is called the hold time and is indicated by po.
Third, even if setup and hold time constraints are satisfied, there is a propagation delay
from input to output, so that the new data appears at the output Y some time after the
rising edge of CK. This time is typically called the clock-to-Q, and is indicated by z¢q.

Figure 5.2 illustrates the typical configuration encountered in synchronous edge-
triggered designs. A first register, or bank of registers, samples the incoming data X1
with the clock CK and produces the output Y1. This output is processed by a combina-
torial logic network, and its result X2 is fed to the input of a second register, or bank of
registers. The second register samples the processed data X2 with the same clock CK,
and produces the output Y2.

Let us analyze this configuration from the point of view of the setup time constraint.
Once the data X1 is sampled on one edge of CK, the output Y1 changes after rcq.
The new Y1 data goes through the combinatorial logic and X2 changes after a time
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Figure 5.1 lllustration of basic register timing.

Figure 5.2 Timing diagram of clocking in a edge-triggered synchronous design.

which depends on the delay introduced by the combinatorial logic. To avoid errors in
the second register, X2 must be stable at least 75, before the next CK edge. The worst
case scenario occurs when the delay of the combinatorial logic is maximum, 7 max.
Collecting all terms, the condition on timing for proper operation of the system can be
written as:

T > 7cq + TLmax + Tsu (5.1)

imposing a bound on the minimum duration (maximum frequency) of the clock
period T.

Regarding the hold time constraint, the data at the input of the second register is not
allowed to change for at least zy, after the rising edge of CK. If we assume for now that
the rising edges on the first and second register are perfectly synchronous, the data X2
will change t¢q 4 Tmin after the CK edge, where for the worst case scenario we assumed
the minimum combinatorial delay 7 min. Translating this into equations, the condition
for the hold time to be satisfied is:

Teqg + TLmin > Tho- (5.2)
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Figure 5.3 Illustration of skew in synchronous design.

It can be seen that the hold time does not impose any constraints on the frequency of
the clock, only on the minimum delay of the combinatorial logic. This is because the
hold time refers to the same edge of CK, while the setup time involves two consecutive
edges of CK.

There are two main factors which affect the ideal scenario depicted above: clock
skew and clock jitter. Clock skew occurs when the clock distribution to the registers is
not perfectly balanced and the CK edge arrives at slightly different instants at different
registers. This phenomenon is typical in big digital cores, due to extremely large and
complex clock distribution networks, and is one of the most important performance
degradation factors. Figure 5.3 illustrates the issue in a simplified manner. The clock CK
is distributed to the registers using a clock tree made of buffers. Even though modern
tools try to balance the delay of CK from the common source to each single register,
there are always some residual delay differences. In the case in figure, if 741 does not
match gy, the two registers experience a clock skew. Indicating with g the skew delay
Td2 — Td1, it IS easy to prove that the timing constraints for setup and hold time translate
into:

T > 7cq + TLmax + Tsu — Tsk (5.3)
TLmin > Tho — Tcq + Tsk- (5.4)

In the following, we analyze the effects of jitter on the timing constraints of the system
shown in Figure 5.3. We assume that the clock distribution network does not introduce
any jitter in addition to the one on clock CK. Starting from the case of the setup time,
the relevant aspect is the position in time of the clock edge sampling the second register,
with respect to the previous clock edge sampling the first register. These two clock edges
are consecutive so that the relevant jitter is the period jitter. It can be understood that if
the period jitter is too high (in absolute value), the clock period might be much shorter
than expected, leading to a violation of the setup time constraint. In a more formal way,
we can replace the period T with the sum of the nominal period Tpom and the period
jitter p in Equation 5.3, so that the constraint on the period jitter becomes:

P > Teq + TLmax + Tsu — Tsk — Tnom. (5.5)

In a properly working design, the right-hand side of this equation is a negative number,
so that the equation above impose a minimum limit to the period jitter. Recalling the
definition of negative peak period jitter in Equation 2.34, the constraint on jitter can be
written as:


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.006
https://www.cambridge.org/core

114

5.2

Effects of Jitter in Synchronous Digital Circuits

,0,; < Thom + Tsk — (ch + TLmax + Tsu). (5.6)

For the hold time case, since the clock edge involved in the timing constraint is the
very same for the first and the second register, and we assumed that no additional jitter
is introduced by the clock distribution network, jitter on the clock will have no net effect
on the timing margin. In other words, the hold time does not impose any constraint on
the clock jitter.

When p has a random jitter component, its distribution is Gaussian and Equation 5.6
cannot be satisfied. If the random jitter RMS value is small compared to the nominal
timing margin, the probability of a setup time violation will be small, but can never
be zero and the register experiences what is called a metastable state. In this state,
the internal circuitry of the register does not have enough gain to sample correctly
the input data and to transfer it to the output in a predictable time. It could happen
that either the wrong data is produced at the output, or, even if the correct data is
sampled, the output reaches a usable voltage level only after a very long time, intro-
ducing errors in the following logic. The analysis of the effect of metastability on the
performance of digital systems involves statistical and probabilistic considerations and
ultimately leads to the concept of mean time between failures (MTBF). The MTBF
is an indication of how often errors in digital systems occur because of metastability
and, for a single register with asynchronous relation between data and clock, can be
expressed as:

MTBF = - (5.7)

In this equation, fp is the frequency of the input data, fck is the frequency of the clock,
Tw and gy are two parameters determined by the specific implementation of the register
(the first is the metastability window, the second is the inverse of the gain-bandwidth
product of the register), and finally t, is the time (called the resolution time) allowed by
the system to bring the output to a valid level.

The rate of tolerable violations in a specific system depends, among other factors, on
the number of registers, on the availability of recovery mechanisms, on how sensitive
each subsystem is to synchronization error. A discussion of the effects of metastability
on systems is beyond the scope of this book, and the interested reader can refer to [73],
[74], [75], and [76] for a deeper insight and further references.

Gated Clock, Divided Clock, Enabled Systems

In digital designs, not all registers are always clocked at the same frequency. Figure
5.4 illustrates in a simplified manner three of the most common cases. In one particu-
lar implementation, some parts of the design may be allowed to run at a lower speed,
with registers clocked by a divided version of the main clock, as shown in Figure 5.4 A.
In other implementations, data are clocked in a discontinuous and almost “on demand”
fashion, rather than in a continuous mode. In such cases, either the clock is gated, allow-
ing transitions to reach the register only when data need to be sampled, as shown in
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Figure 5.4 Timing diagram of clocking in a system with: (A) gated clock, (B) divided clock, and
(C) enable signal.

Figure 5.4 B, or a signal enables the registers only in specific moments (Figure 5.4 C).
Note that the cases A and B are to be considered mutually exclusive. They are depicted
in the same figure just for illustration purposes. It is important to note that, independent
of which scheme has been used, the result is that the registers are clocked every N cycles
of the input clock, rather than on consecutive edges.

Let’s now analyze the effects of jitter on clock CK on the timing constraints of the
system shown in Figure 5.4, assuming that the divider does not introduce additional
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skew.! This case is very similar to the previous one, with the only difference being
that the registers are clocked every N-th period of the input clock CK, instead of every
clock. Repeating the consideration of the previous case we can conclude that the hold
time closure does not set any constraints on the jitter of the divided or gated clocks
(CKD and CKG respectively), or on the clock CK. As far as the setup time is concerned,
from the previous section it follows that the constraint is on the peak period jitter of the
divided or gated clocks (for divided or gated clock systems), or on the displacement of
one edge of the clock CK with respect to the N-th previous edge (for enabled systems).
Translating these requirements in terms of jitter on the original clock CK, they all imply
a bound on the peak N-period jitter of the clock CK. Recalling Equation 5.6, we can
then write the following for the systems under investigation:

PpN) < NTnom + Tsk — (Tcq + TLmax + Tsu)- (5.8)

It is important to note that N-period jitter is typically larger than period jitter. As shown
in Section 3.2.2, in the case of a clock generated by a free-running oscillator or by a PLL
with sufficiently low bandwidth, the N-period jitter is about /N larger than the period
jitter, so that the equation above can be rewritten as:

o < NThom + Tsk — (ch + TLmax + Tsu)

p N .

If the digital system is designed to pack as much logic as possible between any two

registers, the timing margin at the numerator of this equation is of the same order as

the timing margin available between two registers clocked by the undivided clock. This

results in +/N more stringent conditions on the period jitter of the undivided clock,
compared to a system where no divided clock is used.

(5.9)

Multicycle Paths

In complex designs, some combinatorial logic may take longer than one clock period
to produce its result. If the function of the system can tolerate a delay of more than
one clock cycles on these paths, there is no need to change the architecture of the
design, and this path can be treated as a multicycle path. A multicycle path over N clock
cycles is a combinatorial path which is expected to produce its results between the next
(N — 1)-th and N-th edge of the clock. The diagram of Figure 5.5 illustrates an example
of multicycle path for N = 3. It is important to note that, unlike in divided or gated clock
systems, in multicycle paths the second register is always enabled and clocked at every
edge of the clock CK. We will see that this makes a difference in constraining for jitter.

We want now to analyze the effects of clock jitter on the timing constraints of the
system shown in Figure 5.5. Starting from the analysis of setup time, the data at the
output of the combinatorial logic must be stable at the input X2 of the second register

1 In practical cases the divider will introduce a static, deterministic skew between the divided and the
non-divided clocks. This skew has to be taken into account in the timing budget of the timing arcs
preceding and following those clocked by the divided clock.
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Figure 5.5 Timing diagram of clocking in a synchronous system with multicycle paths.

75y before the N-th edge of clock CK. From this point of view there is no difference
between this system and a divided or gated clock system, and Equation 5.8, constraining
the peak N-period jitter, applies.

An additional bound on jitter is in this case determined by the hold time requirements.
Indeed, the data at the output of the combinatorial logic must arrive at the input X2
after the (N — 1)-th edge of clock CK. If this is not guaranteed, the data might appear
at the output Y2 one clock cycle too early. Following the steps outlined in the previous
cases it is left as an easy exercise for the reader to prove that this condition impose a
bound on the maximum positive peak (N — 1)-period jitter:

P&N_l) < Tcg + TLmin — Tho — [(N — 1)Tnom + 7s] (5.10)

where t_min is the minimum propagation delay of the combinatorial logic.

Latch-Based Synchronous Design

A latch is a basic digital circuit often used in full custom digital systems instead of
a register. While a register samples the input data on the edge of the clock, a latch is
sensitive to the level of the clock. When the clock is high, the output is equal to the
input. If during the high clock phase the input changes, the output changes accordingly.
In this phase the latch is said to be transparent. When the clock goes low, the output data
retains the latest value assumed. In this phase, if the input changes, the output doesn’t,
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Figure 5.6 Illustration of basic latch timing.

and the latch acts as an isolation element between input and output. The use of latches
in a digital design can potentially give rise to dangerous race conditions, difficult to spot
in a complex system, and is therefore not recommended in an automated RTL digital
flow. Nevertheless, for full custom digital logic, the use of latches allows substantial
gain in terms of maximum speed at which the system can work, and is therefore used
for high-speed designs.

Figure 5.6 illustrates the symbol for a latch (note the difference between the symbols
of the register and of the latch in correspondence of the clock input), together with its
timing diagram. There are four main timing parameters associated with a latch. The
setup and hold times (zsy and ) are associated with the falling edge of the clock
CK, rather than with the rising edge, as was the case with a register. In analogy to the
register, the time it takes for the output to change when the latch goes into transparent
mode is called clock-to-Q, teq. When the latch is already in transparent mode and the
input changes, the output changes after a propagation delay called data-to-Q, qq.

In Figure 5.7 the basic structure of a latch-based synchronous logic is sketched. A
first latch, transparent on the high level of clock CK, is followed by a first combina-
torial logic block. This logic block is followed by a second latch which is clocked by
the inverted clock CK, symbolized by a circle on the clock input pin. Therefore this
latch is transparent during the low level of CK. A second combinatorial logic block
follows, and a third latch, transparent on the high level of the clock as the first one,
concludes the stage. Note how the use of latches in logic paths is nothing more than
inserting combinatorial logic between the master and the slave stages of a master—slave
register.

We will now analyze the effects of clock jitter on the timing constraints of the system
shown in Figure 5.7. Starting from the setup time, let us assume that the first latch has
no timing issues, so that data X1 is stable at least g, before the falling edge of CK. If
this condition is satisfied, the output Y1 changes tqq after X1. The first combinatorial
block processes this data and produces its result at the input X2 after the worst case
propagation delay 7 max1. In order to be properly latched by the second latch, the data
must be stable at X2 at least g, before the next rising edge of CK (remember that the
second latch has an inverted clock input). Collecting all this information and with the
help of Figure 5.7, the following equation can be written for the setup constraining of
the second latch:
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Figure 5.7 Timing diagram of clocking in a latch-based synchronous design.

0— 7oy + Tdq + TLmaxt < Tiow — Tsu (5-11)

where time zero has been chosen to correspond to the first falling edge of CK, and Tiow
indicates the duration of the low phase of CK. Note how in this case the setup time g,
appears on both sides of the equation with the same sign, and thus can be eliminated
from the timing budget. This is a significant difference with respect to edge-triggered
systems. A second important observation is that the timing is sensitive to the duration of
the low phase of clock CK and thus to the duty-cycle of the clock CK. Indicating with
3 the duty-cycle of CK, with Tpem the nominal period, and with p(1/2) the (1/2)-period
jitter, the duration of the low phase can be expresses as (1 — §)Thom + P(1/2). Replacing
this expression in the previous equation, the constraints on the jitter of one half-period
can be expressed as:

Pg(l/z) < (1= 8)Tnom — (qu + TLmax1)- (5.12)
The analysis of the path going from the second register to the third register is identical
to the one above, with the only difference being that in this case the CK is negated.

Therefore, instead of the low phase, the high phase of CK must appear in the equation,
which can be thus written as:

Pp(1/2) < 8Tnom — (Tdg + TLmax2)- (5.13)
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Depending on the sign of the duty-cycle distortion (§ — 0.5) and on difference between
the delays of the two combinatorial logic blocks, one of the two equations above is the
most stringent.

As for the hold time closure, the same arguments as for the edge-triggered logic hold.
The hold time on the second latch refers to how fast the data at its input changes after
the falling edge of the clock CK. The falling edge on the second latch is generated by the
same rising CK edge on the first latch, which releases the data to the second latch. Any
jitter present on the rising edge of CK thus cancels out from the timing budget, exactly
as for the case of edge-triggered logic, and Equation 5.4 holds.
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6.1.1

6.1.2

Effects of Jitter on Data Converters

By virtue of being clocked, all data converters are susceptible to clock jitter. This chapter
provides several case studies that include current DACs, Nyquist data converters, time-
interleaved ADCs, and oversampling data converters. In each case, we first provide a
brief background of the area to clearly define the problem we are trying to solve, then
demonstrate how the concepts and techniques introduced in previous chapters could be
used to analyze the effect of jitter and phase noise on circuit performance.

Effects of Jitter on Current DACs

Background

A binary current DAC (IDAC), as shown symbolically in Figure 6.1, takes a discrete-
time input signal x[k] and produces a continuous-time current signal y(t) as its output.
In addition to the input signal, the IDAC also receives a clock signal with frequency fs,
ideally with no jitter, and a reference current Ig. Accordingly, an ideal IDAC converts
binary data, —1 or +1, to a current pulse with T duration and —Ig or +Ir amplitude,
respectively. The relationship between the input and output of a binary IDAC can be
written as:

y(t) = 1r Y x[KI(u(t — KTs) — u(t — (k + 1)Ts)) (6.1)
k

where T represents the ideal clock period and u(t) represents the unit step function.
A simplified circuit diagram for a binary IDAC is shown in Figure 6.2. Since the D
input of the latch is assumed to be constant with sufficient margin beyond the setup
and hold times of the latch, the sampling process is not influenced by the clock jitter.
For this reason, the continuous-time input x(t) could be represented by the discrete-time
sequence X[K] € {—1,+1}. A +1 results in a positive current +Ig at the output (for the
duration of one clock cycle) and a —1 results in a negative current —Ig.

We now consider the relationship between the clock jitter and the noise it will add to
the output of the DAC.

Non-Return-to-Zero (NRZ) IDAC

Consider a non-ideal binary IDAC, as shown in Figure 6.2, with a jittery clock CK. We
are interested in deriving an expression for the noise power at the output of the IDAC
due to the clock jitter.
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Figure 6.1 Block diagram of an IDAC along with a sketch of its input and output signals.

Figure 6.2 A simplified circuit diagram of a unit element along with its input and output
waveforms.

As shown in Figure 6.3, the output yiq(t) of an ideal IDAC consists of a waveform
that is either +I1r or —Ig. Therefore, the output signal power is I,%. The output y(t) of a
non-ideal IDAC deviates from that of an ideal IDAC only at output transition times. If
we denote by ay the absolute jitter of the jittery clock, then the difference between the
two outputs, which we define as the error, can be written as:

e(t) = y(t) — Yia() = ) _ ex(t) (6.2)
k

where

X[k] — x[k — 1]
2

where sgn(-) represents the sign function, which produces —1, +1, or 0, depending on

whether its argument is negative, positive, or zero, respectively. If we further define

Ax = (X[K] — x[k — 1])/2, then Ak € {+1,—1,0} represents a positive transition, a

negative transition, or no transition in the input data sequence. We can then write;

ek(t) = —2Ir Ak sgn(ak) (u(t — kTs) — u(t — kTs — a)). (6.4)

ex(t) = —2Ig sgn(ax) (u(t — kTs) — u(t — kT — ak)) (6.3)
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Figure 6.3 (a) An IDAC with an ideal clock along with its output waveform, (b) an IDAC with
jittery clock along with its output waveform, (c) a model of a DAC with jittery clock.

To find the power of the error signal, aez, we first find the average power of ey(t) over
one period as a function of k and then find the expected value of this average power.

e2(t) =4 13A2(u(t — KTs) — u(t — kTs — a)) (6.5)
1
et =— | ei()dt=413A7 1ad (6.6)
Ts J1, Ts
E[lax]
o =E[f]l =418 ok ——. 6.7)
S

For a random binary sequence x[k] € {+1, -1}, ai = 0.5. Also, for a Gaussian
random jitter ax with a mean of zero and a standard deviation of o3, it can be shown

easily that E[|ax|] = \/goa. As a result, Equation 6.7, can be simplified to:

8 o
221 ) (68)

It is common to write the noise power in dBFS, which is defined as the noise power
in dB relative to the power of the full-scale signal (lez in this case). Therefore, we can

write:
o2 = 10log (,/E §> [dBFS]. (6.9)
m Ts

It may appear odd that the error variance at the output of the DAC is proportional to
the standard deviation of the jitter, and not to the variance of the jitter. The error variance
as shown in this equation represents the total noise power due to jitter including both
the in-band and the out-of-band noise. As we will see later in this section, the in-band
portion of this noise power is proportional to the jitter variance.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.007
https://www.cambridge.org/core

124

6.1.3

Effects of Jitter on Data Converters

Figure 6.4 (a) A DAC followed by a low-pass filter, (b) a sketch of an error waveform, and (c) the
error waveform approximated by delta functions.

NRZ IDAC Followed by a Linear Filter

Assume the DAC is followed by a linear filter as shown in Figure 6.4(a). We are inter-
ested in deriving an expression for the noise at the output of the linear filter due to clock
jitter.

If we denote by h(t) and s(t) respectively the impulse response and the step response
of the linear filter, we can write the following expression for the error at the output of
the linear filter, en(t):

en(t) = —2lr Y Ak sgn(ax) (s(t — kTs) — st — KTs — a)). (6.10)
k
If we assume |ax| << Ts, and note that h(t) = ds(t)/dt, we can use the Taylor
expansion of s(t) in the vicinity of t = kTs, and write:
en(t) = —2Ir Y _ Axakh(t — KTs)
k
= h(t) x —2Ir Y _ Aaxs(t — kTs). (6.11)
k

Note that this expression is valid only when the DAC is followed by a linear filter
whose impulse response h(t) is continuous at t = 0. If we now define &(t) as:

8(t) := —2Ir Y Axakd(t — KTs) (6.12)
k
then we can write:

en(t) = h(t) * (). (6.13)

This equation implies that, as far as en(t) is concerned, we can substitute e(t), as
shown in Figure 6.4(b), with &(t), as shown in Figure 6.4(c). This substitution, as we
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will see shortly, will simplify the derivation of the noise power at the output of the
filter. &(t) is a cyclostationary process since its statistical properties repeat every Ts. The
autocorrelation function of &(t) can be written as follows:

Re(ti,t2) = 413 > Y " EfajAjacAkls(ts — jTs)(t2 — KTs)
j k

=413 "Ra[nIRA[N] Y "8(t — (N +K)Ts)s(ta — kTs)  (6.14)
n k

where we have assumed that ax and Ay are independent, and defined n = j—k. Rewriting
this equation for t; =t + 7 and to = t, will result in:

Re(t+7,t) =413 > Ra[NRa[N] D 8(t+ 7 — (n+ K)Ts)s(t — KTs) (6.15)
n k

This equation clearly shows that the autocorrelation is a function of both t and z, as
is the case for any cyclostationary process. However, if we define (t) = é(t — ¢), where
¢ is a uniformly distributed random phase in (0, Ts), then it can be shown [1] that:

Re(7) = Tis /0 " Ret + 7.0t (6.16)

where autocorrelation is a function of = only. Using &(t) instead of é(t) to represent the
error is justified because the phase difference between the input and the clock is not
known at time zero. Substituting Equation 6.15 in Equation 6.16 results in:

413

Re(r) = T,

> Ra[nRa[n]s(r — nTs). (6.17)
n
Taking the Fourier transform of both sides, we now find the power spectral density
(PSD) of the error signal at the DAC output:

2
Se(f) = T (RalnIRa[e ™. (6.18)

If we further assume that ax and Ak are white, then their autocorrelation functions
will be zero except when n = 0. Therefore, we can write:

4
Ss(f) = —Ro202. (6.19)

Note that this equation approximates the spectral density of the error under the
assumption that ax <« Tg, where error pulses could be approximated by delta func-
tions. For a jitter that does not satisfy this condition, the above equation is only valid at
lower frequencies.

To find the total error power at the output of the filter, we must multiply this spectral
density by |H(jw)|2 and integrate over all frequencies. If we assume the linear filter is an
ideal low-pass filter with a flat frequency response for —fy < f < fg, and zero outside
its passband, we can write:

2
o 1
oa = 2foSe(f) = 41303 (T—:) 0% (6.20)
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where OSR is the oversampling ratio, and is defined as OSR = fs/2fy. This expression
provides the in-band noise power due to jitter and is indeed proportional to the jitter
variance.

NRZ IDAC Followed by an Integrating Capacitor

Assume the IDAC is followed by an integrating capacitor as shown in Figure 6.5. We are
interested in deriving an expression for the power of the current noise that is delivered
to the capacitor as result of DAC clock jitter.

The charge error provided to the capacitor in the k-th cycle can be written as:

Qe(KTs) = 2Ir Akax. (6.21)
Since this charge is delivered every Ts seconds, the average error current per cycle

can be written as:

8(KTs) = 2lrAx (%) . (6.22)

S

Again, assuming Ay and ak are uncorrelated, we can find the following for the error
power:

S

2
02 = 1302 (‘T’—a> . (6.23)

To express this power in dBFS, we will divide it by IF%. As before, we further assume
02 = 0.5. Therefore, we can write:

o 2
o2 =10log (2 (T—a> ) [dBFS]. (6.24)

S

This result is consistent with Equation 6.20 if OSR = 1.

Figure 6.5 (a) An IDAC followed by an integrating capacitor, (b) a sketch of an error waveform,
and (c) the per-cycle average error waveform.
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Return-to-Zero IDAC

A Return-to-Zero (RZ) binary IDAC, as shown in Figure 6.6, receives as its input a
binary sequence and produces as its output a CT current according to the following
equation:

y() =1k Y x[KI(u(t — kTs — —a) —ut— (k+)Ts — B —by))  (6.25)
k

where « and g (both less than Ts) represent the nominal edge locations of the DAC
pulse and ay and by represent two independent random processes corresponding to the
absolute jitter of the two edges. We are interested in finding the power of the error
produced by jitter.

As shown in Figure 6.6, an ideal output, yiq(t) corresponds to the case where ay =
by = 0. As a result, the error signal, defined as e(t) = y(t) — yid(t) = >, ex(t), where
ex(t) can be written as follows:

ex(t) = —Ir[(u(t — KTs — ) — u(t — kTs — o — &))
+ (u(t — KTs = B) — u(t = kTs — B — bx)). (6.26)

This error waveform is different from that of the NRZ DAC in two ways: first, there
are always two transitions per DAC cycle, irrespective of whether the input data has a
transition. This eliminates the need to include Ay as defined for the case of NRZ DAC.
Second, the magnitude of the error waveform is now Iy instead of 21r. The procedure to
find the power of error in case of RZ DAC is similar to the NRZ case and can be derived
easily by the reader. Here, we suffice to include the final results corresponding to each

Figure 6.6 (a) An RZ IDAC with an ideal clock along with its output waveform, (b) an RZ IDAC
with a jittery clock along with its output waveform, (c) a model of an RZ DAC with a jittery
clock.
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of the three cases we discussed earlier. In all three cases, we assume o = 0.25Ts and
B = 0.75Ts, corresponding to a DAC pulse that is half of the clock period.
Corresponding to Equation 6.9, the error power in dBFS at the output of an RZ DAC

is given by:
02 = 1010g (,/; @) [dBFS]. (6.27)
S

Corresponding to Equation 6.20, the total power of error (due to jitter) at the output
of an RZ IDAC is given by:

2 2
2 _ocoy_p2(%top) 1
Uéh = 2f059(f) = IR (—S) ﬁ (628)
And, corresponding to Equation 6.24, the error power of an RZ DAC followed by an
integrator and an ideal sampler can be written in dBFS as:

2
S

2 2
o2 = 10log (@) [dBFS]. (6.29)

Finally, for a fair comparison between the noise power of the RZ and the NRZ DACs,
we must take into account the size of their full-scale currents. While we have denoted
with I the full-scale current for both, the full-scale current of the RZ DAC should be
considered larger than that of the NRZ DAC so as to produce the same full-scale voltage
at the DAC output, assuming the same load capacitance. For the case of a RZ DAC with
a = 0.25Ts and B8 = 0.75Ts, the RZ full-scale current amplitude should be twice as
large as that of the NRZ DAC.

Effects of Jitter on Nyquist Data Converters

Background

An ADC samples a continuous-time analog signal, x(t), at constant time intervals, Ts,
to produce a corresponding discrete-time digital output signal, y[k]. Due to limited res-
olution of the ADC, we expect y[k] = x(kTs) + q[k] where g[k] is a discrete-time signal
that represents the quantization error signal, also known as the quantization noise, of the
ADC.

Quantization noise is generally assumed to be a discrete-time random sequence with
a white spectrum that goes from DC to f;/2, where f; = 1/Ts.

One way to characterize an ADC and its accuracy in converting an analog to a digital
signal is by measuring its output signal-to-quantization-noise ratio (SQNR), defined as:

signal power
SONR = 101l0g ( Signal pow ) — 20log <3> (6.30)
guantization noise power oyq

where oy and oq represent the standard deviations of the input signal and the quantization
noise, respectively. SQNR is directly related to the ADC resolution (N), which is the
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Figure 6.7 (a) ADC symbol, (b) a simple model of an ADC.

number of bits in the digital output of the ADC. Assuming a sinusoidal input, and a
uniformly distributed quantization noise, it can be shown that:

SQNR = 6.02N + 1.76 [dB]. (6.31)

This equation states that, given the same full-scale input, the higher the N, the lower the
quantization noise power and the higher the SQNR.

For example, a 10-bit ADC is expected to have an SQNR of around 62dB whereas
a 14-bit ADC is expected to have an SQNR of around 88dB. Also, note that every
additional bit of resolution adds 6dB to the SQNR.

ADC Timing Error

The finite resolution (N) of an ADC is only one contributor to its noise power at the out-
put. Another important contributor is the error caused by the jitter in the sampling clock
[77], referred to as the timing error. Figure 6.8 models the ADC as a sampler followed
by a quantizer. Even though in reality the functions of sampling and quantizing occur
within a single block, separating the two is helpful in distinguishing the two contributors
to the noise at the output. The sampler is expected to sample the input data at T inter-
vals, but due to jitter, the samples are taken at kTs + ax where ax represents the absolute
jitter in the clock edge. As a result, the analog sample s(k) that is fed to the quantizer
is different from the intended input sample x(kTs) by e[k]. The quantizer, in turn, adds
quantization error to s[k] to produce the digital output, y[K]. Since these two errors, e[k]
and q[k], in our model simply add to the output signal, there is no way to distinguish
between the two; they both appear as noise at the output and degrade the SNR (we use
SNR to refer to the ratio of signal to the total noise, including the quantization noise and
the jitter noise, that is the output noise due to clock jitter). For this reason, it is common
to define the effective number of bits (ENOB) of an ADC as follows:
SNR — 1.76
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Figure 6.8 ADC is modeled as a sampler followed by a quantizer.

Note that, in general, the noise power comes from thermal noise, jitter noise, non-
linearity, and quantization noise. If we ignore thermal noise, jitter noise, and the
nonlinearity, then SNR = SQNR, and the above equation simply produces ENOB = N,
that is, the nominal resolution of the ADC. On the other hand, in the presence of jit-
ter, thermal noise, and nonlinearity, the total noise will be higher than the quantization
noise, and therefore, SNR < SQNR, which results in an ENOB less than N. Clearly, a
higher jitter will increase the total noise and therefore reduces ENOB. We are interested
in quantifying the effect of jitter on ENOB. In particular, we are interested in knowing
the jitter level at which the jitter noise becomes equal to the quantization noise. Also,
we are interested in knowing what jitter levels will have no significant impact on ENOB.

Analysis: Based on the simplified model shown in Figure 6.8, the ADC output can be
written as:

yIk] = x(KTs) + e[k] 4 q[k] (6.33)

where e[k] and g[k] are the jitter noise and the quantization noise, respectively. In this
simplified model, we have assumed that the jitter noise and the quantization noise are
independent of each other, and simply add up at the output of the ADC. Accordingly,
the total noise power at the output of the ADC is equal to the sum of their powers.
Let us now derive an expression for the jitter noise power while assuming q[k] = 0
(i.e., assuming an infinite resolution for the quantizer). Referring to Figure 6.9, we can
approximate the output value at the k-th clock edge, y[K], based on the Taylor expansion
of the input signal, x(t), att = nTs:

dx
VK] = X(KTs +a) = x(KTe) + LZKTS ay (6.34)

where a, represents the absolute jitter sequence at the n-th clock edge, and the higher-
order terms in the Taylor expansion are assumed to be negligible compared to the first-
order term. Accordingly, the error in the output due to jitter can be written as:

dx

M=l

a. (6.35)
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Figure 6.9 Jitter in a sampling clock contributes to the output quantization noise.

Note that, in general, both x(t) and ax are random processes, and so are dx/dt and
e[k]. This equation simply states that the jitter is multiplied by the signal derivative to
contribute to the total noise. The higher the signal derivative, the greater the impact
of jitter on the total noise and the higher the deterioration of the SNR. For example,
jitter will have little or no impact if the input is a DC or low-frequency signal. But
the same jitter will have a strong impact on signals with higher frequencies. To show
this mathematically, let us first consider the case where the input is a sinusoid with
a full-scale amplitude A and a random uniformly distributed phase ¢. In other words,
X(t) = Asin(wot+¢). The assumption of random phase makes sense because we assume
no phase relationship between the input and the sampling clock. One can easily verify
that:

E[x(t)] = E[dx/dt] =0 (6.36)
o2 = E[x%(t)] = A?/2 (6.37)
g a = E[(dx/dt)?] = A%w} /2. (6.38)
Hence, we can write (if we assume dx/dt and ay are uncorrelated):
of = E[e’[K]] = @oﬁ (6.39)

where ag represents the jitter variance and an is the noise power due to jitter. It is
common to write the noise power in dBFS, which is defined as the noise power in dB
relative to the power of the full-scale signal (A2/2). Therefore, we can write:
A20262)2
2 0%
=10log(————
(78 g( A2/2

In contrast, the quantization noise power can be written in dBFS as follows:

) = 20log(27fy0a) [dBFS] (6.40)

o2 — Visp/12
97 Ta2

= —1.76 — 6.02N [dBFS] (6.41)
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Figure 6.10 Noise power due to jitter as a function of signal frequency.

where V| _sg represents the change in voltage that corresponds to the least-significant bit
(LSB), and the peak-to-peak amplitude of the signal, 2A, represents the ADC full-scale
input, i.e., 2A = 2NV gg.

Equations 6.40 and 6.41 show that, while the quantization noise power is not a func-
tion of the input frequency, the jitter noise power increases with frequency. This is
plotted in Figure 6.10 for an ADC with N = 12. The quantization noise in this case
is —74dBFS. The jitter noise, however, increases with both the RMS jitter and the input
signal frequency. For a fixed RMS jitter, such as o3 = 2ps, the jitter noise will increase
with frequency until it is equal to the quantization noise at wg = 100Mrad/s. If the signal
frequency increases beyond this value, then the output noise power will be dominated
by jitter, and not by the quantization noise. Similarly, for a fixed input frequency, such
as 1Grad/s, the jitter noise increases linearly with RMS jitter. At o3 = 0.2ps, the jitter
noise will be equal to the quantization noise. Any increase in the jitter RMS will make
the jitter noise dominant in this design.

Example: A 10-bit ADC is designed to work with a sampling clock with an RMS
jitter of 1ps. (a) Find the input frequency at which the quantization noise power equals
the jitter noise. (b) Calculate ENOB at this frequency. (c) Find the input frequency at
which the jitter noise power is 10% of the quantization noise power.

Solution: (a) For N = 10, using Equations 6.41 and 6.40, and equating qu and o2, we
will have —61.96 = 20 log(27fy x 10712). Hence fy = 127MHz. (b) At this frequency,
the total noise power will be twice the quantization noise power, i.e., 3dB higher than
—61.96 [dBFS], or —58.96 [dBFS]. Using Equation 6.32, we will have ENOB = 9.5.
(c) 10% is equivalent to 10dB. Therefore, the jitter noise will be —71.96[dBFS]. Using
Equation 6.40, we will have fg = 40.2MHz.

We now consider the general case where x(t) is a random process in Equation 6.34,
and derive an expression for the output noise power due to sampling clock jitter. Taking
the autocorrelation function of both sides of Equation 6.34 results in:

Ry(mTs) = Rx(MTs) 4 Re(mMTs). (6.42)
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It can also be shown [77] that:
Re(MTs) = —R, (MTs) Ra(MTs). (6.43)
Evaluating this equation at m = 0 results in:
Re(0) = =Ry (0) Ra(0). (6.44)
Recognizing that Re(0) = o2 and Ra(0) = o2, we can write:
02 = —R(0) 6. (6.45)

This equation states that the output noise power is the product of the jitter power
and a constant that depends only on the input signal autocorrelation around zero. This
constant, for the case of a sinusoidal input with a random phase, turns out to be Azw(z)/z,
as found in Equation 6.39. Also note that the jitter noise power is independent of the
shape of the jitter spectral density; instead, it is a function of the total jitter power a§
[77].

For further insight, let us take the Fourier transform of both sides of Equation 6.43.
We will have:

Se(f) = [(27f)?Sx(f)] * Sa(f) (6.46)

where x denotes convolution, and Se(f), Sx(f), and Sa(f) represent the power spectral
densities of the error signal due to jitter, the input signal, and the clock jitter, respectively.
This equation clearly shows that the higher frequencies contribute more to noise power
than the low frequencies due to the factor (27f)?2 in the equation.

Design Considerations

In designing ADCs, depending on the availability of a low-jitter clock (from a PLL, for
example), and the target resolution, it is easy to find out if the SNR is limited by the
quantization noise or by the jitter. Given Equations 6.40 and 6.41, it is easy to compare
the two noise powers. If the total SNR design is limited by the quantization noise — that
is, when the quantization noise is an order of magnitude larger than the jitter noise —
then reducing the clock jitter will not improve the SNR. If, on the other hand, the total
SNR is limited by the jitter noise — that is, when the jitter noise is comparable to or
higher than the quantization noise — an effort should be made to improve the clock jitter.
If the jitter noise is several orders of magnitude higher than the quantization noise and
cannot be improved, then perhaps the design could use a smaller resolution (N) without
sacrificing the overall SNR. This should reduce the ADC power consumption.

Effects of Timing Skew in Time-Interleaved ADCs
To accommodate sampling rates beyond what a typical ADC can handle, we can sam-

ple the input signal with N ADCs (also called sub-ADCs) by using N phases of the
clock in an architecture known as N-way time-interleaved (T/I) ADC. This architecture
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increases the sampling rate by a factor of N at the cost of increasing the area by N while
maintaining a good power efficiency. As an example, to build an ADC that could sample
the input at 10GS/s, [78] uses four time-interleaved flash ADCs where each ADC sam-
ples the input at 2.5GS/s. To accommodate 90GS/s with 8-bit resolution, [79] uses 64
T/1 SAR ADCs, each operating at 1.4GS/s. In this section, we study the effect of timing
skew on a general N-way T/1 ADCs, where N is typically less than 64.

Background

Figure 6.11 shows a block diagram of a four-way T/I ADC, which consists of four flash
ADCs, each clocked with one of four phases of the clock. Due to interleaving, each sub-
ADC samples the input at fs/4 for an aggregate sampling frequency of fs. Under ideal
conditions, i.e., where the four phases are exactly Ts = T /4 apart, it may not be possible
to distinguish between this ADC and an ADC that samples the input directly at fs, i.e.,
without interleaving. However, as we will see next, any skew among the clock phases
will introduce error to the output, degrading its SQONR.

Effects of Timing Skew

There are several non-idealities that can impact the performance of a T/l ADC. These
include sub-ADC offsets and gain errors, which may be different among the sub-ADCs,
and timing skew among the clock phases. We concentrate here only on the effects of
timing skew on performance degradation of the ADCs.

In an ideal N-way T/l ADC, the N phases of the clock are expected to be exactly Ts
apart in time. However, due to timing skew caused mainly by layout asymmetries, the
N phases usually deviate from their ideal times, say by o to tny—1. These deviations are
usually constant over time and hence they are referred to as skew, not jitter. Nevertheless,
their impact on the ADC output will appear as high-frequency jitter, as we will see next.

Figure 6.11 Block diagram of a 4-way time-interleaved ADC.
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Assume the input of the ADC is a stationary process denoted by x(t). Under ideal sam-
pling conditions, i.e., no skew, the output of the ADC can be represented as x(kTs + 7),
where 7 represents a fixed delay for all samples. Due to skew, however, the output of the
ADC will be of the form y[k] = x(kTs + t«) where t« = Tk mod Ny € {70, T2, ..., TN=1}.
As a result, the error due to skew can be written as:

e[k] = x(kTs + 7)) — X(KTs + 7). (6.47)

Note that e[k] is a cyclostationary process whose properties repeat every N cycles.
This makes intuitive sense because e[k] and e[k + N] correspond to the output of the
same ADC in the N-way T/I system, and hence have the same statistical properties. To
find the average power of e[K], we first find the average power of e[k] over N consecutive
cycles to create a new stationary process denoted by e2:

N—1 N-1

- 1 1
2 _ Z 2nd — Z A1\2
es = N e [k] = N (X(kTs =+ Tk) — X(kTs + T)) . (648)
k=0 k=0

We now determine the expected value of this stationary process as follows:

N-1
—2 l 2 2 A ol
E[e?] = N E E[Xx°(kTs + ) + x“(kTs + 7) — 2x(kTs + w)x(kTs + 7)].  (6.49)

k=0

The first two terms in this equation are equal to Ry(0) since x(t) is stationary, while
the last term is equal to 2Rx(zx — 7). Therefore, we can write:
o 5 N-1
E[e?] = 2R«(0) — = Y Ru(k — %). (6.50)
N =

This equation relates the power of error due to skew to the statistical properties of the
input signal x(t) and to the skew sequence ti. Since the input signal power is Ry(0), we
can write an expression for SNR due to skew alone as follows:
_ Rx(0)

- 1 xN—-1 Ny

2(Rx(0) — N Zk:o Rx(tk — 7))
The error power, as found in Equation 6.50, is a function of £. This power can be

minimized if we set its derivative with respect to 7 to zero. In other words, to minimize
E[e?], we must have:

(6.51)

R:

P N—-1
5% kZ Re(tk — 7) = 0. (6.52)
=0

To solve this equation for 7, we expand Ry(zx — T) using the first three terms in the
Taylor series:
Rx(0)
2

Using this equation and assuming R} (0) = 0 (we will return to this assumption later),
we can rewrite Equation 6.52 as follows:

Ru(tk — ) ~ Ry(0) + R} (0)(tk — ©) + (o — )2 (6.53)
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N—-1
> RO)m — ) =0 (6.54)
k=0
and hence:
1 N—-1
t=g5 20: Tk (6.55)

This equation simply states that the minimum error power occurs when the ideal
ADC delays the input signal by the average of all the skews prior to sampling them.
The resulting SNR; in this case is still obtained from Equation 6.51 with the value of 7
calculated from Equation 6.55.

To provide further insight into the expression for SNR;, let us substitute Ry(-) in Equa-
tion 6.51 with its Taylor expansion in Equation 6.53. After some manipulation, we can
write:

Rx(0) _ R«(0)

T RUOE YN (-2 —Ri(0)02

(6.56)

T

where arz represents the skew variance. This equation shows that the noise power due to
skew is given by —RQ(O)af, which is identical in form to the noise power due to jitter
as found in Equation 6.40 for Nyquist ADCs.

In deriving Equation 6.51, we assumed a scaling factor of unity for the output of the
an ideal ADC. It has been shown [80], however, that an optimal scaling factor, which
may be different than 1, due to gain mismatch for example, will result in the following
expression for SNR; :

B Rx(0) . Rx(0)
R(0) — § Z4oo Ru(m — £) Re(0) + f 2ok Rl — 2)
This expression reduces to the one in Equation 6.51 if we approximate
L SR Ru(w — ©) by Rx(0) in the second fraction in Equation 6.57. This approxi-
mation makes sense if Ry(z) is flat around 0; in other words, if R, (0) = 0. When this is
not true for Ry(z), we must resort to Equation 6.57 without any approximation.

T

(6.57)

Alternative Approach

When the input to the ADC is a sinusoid with a random phase, the expression for the
SNR; can be found more intuitively. Let us assume the input to the ADC is a sinusoid
with random phase, x(t) = Asin(wot + ¢). Then the error signal caused by skew can be
written as:

e[k] = dx/dt|kr, Tk = tkAwg COS(wokTs + ¢)) (6.58)

where e[k] is a product of two random processes: tx and cos(wokTs + ¢). Without a
loss of generality, we can assume E[z] = 0. If we also assume the two processes are
uncorrelated, we can write:

02 = A2w2E[12]E[cos?(wokTs + ¢)] = Awia?/2 (6.59)
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where af represents the variance of the timing skew among all the clock phases. If we
express this power relative to the power of the input signal, we will have:

02 =10log (

This equation is identical in form to Equations 6.60 and 6.40, implying that both clock
jitter and clock skew have similar impacts on noise power and in limiting the SNR. In
other words, a clock jitter and a clock skew with the same RMS will produce the same
noise level [80], [81], [82].

Alwio? /2

AZ—/2> = 20log (2 foor) [dBFS]. (6.60)

Design Considerations

Unlike clock jitter, clock skews are generally constant over time, and hence it is possible
to correct them or calibrate them. The effects of clock skew can be corrected by digital
signal processing following the sub-ADCs, as shown in Figure 6.12. In this scheme,
the clock skews are left uncorrected, but their effects are removed through adaptive
filters. The filters are often fractionally spaced so as to provide interpolation between
the sampled values in the digital domain. However, this approach can be power- and
area-hungry, as the filters often require several taps. For example, [83] uses a 33-tap FIR
filter for skew correction of a 12-way T/l SAR ADC, operating at 1.62GS/s.

In contrast to this approach, the effects of skew can be observed, for example at the
output of the sub-ADCs, in order to calibrate the skew by analog means. This approach,
as shown in Figure 6.13, attempts to minimize the clock skew (o) through a control
loop.

One example of this approach is shown in Figure 6.14 for a 10GS/s 4-way T/l ADC,
used in a 10Gb/s wireline receiver application. In this example, the input to the receiver
is a 10Gb/s random binary signal that is subjected to frequency-dependent attenuation
by the channel. The attenuated signal needs to be sampled, converted to digital, and
equalized to compensate for the channel attenuation. However, due to the speed limits of

Figure 6.12 Removing the effects of clock skew with adaptive filters.
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Figure 6.13 Block diagram implementation of a skew detection and correction technique.

Figure 6.14 Skew calibration using FFE outputs for a four-way time-interleaved ADC. © 2013
IEEE. Reprinted, with permission, from [78].

the process, the cascade of ADC and feed-forward equalizer (FFE) is time-interleaved
to work at 2.5GS/s. The time-interleaved FFEs are four replicas of the full-rate FFE,
except that they work on 1/4 of the full data rate. As such, the FFEs are expected to have
identical coefficients to those of a full-rate FFE. However, due to the skew in the four
phases of the clock, the four ADC outputs will contain errors, and this will force the
optimum coefficient values to be different among the four FFEs. For example, assume
that the first phase of the clock is slightly off from its ideal time while all other phases are
at their ideal times. In other words, assume 79 # 0, 11 = 72 = 73 = 0. To compensate
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for this error, the main tap of FFEO should be changed slightly while its remaining taps
should be at their original values since other ADCs have no errors. In FFE1, FFE2,
and FFE3, the second, third, and fourth taps should be changed, respectively, as they
correspond to the inputs from ADCO, while all their other taps should remain at their
original values. An adaptive engine in this design monitors the filter coefficients and
attempts to minimize their spread by adjusting the skew of the clock phases.

Effects of Jitter on Continuous-Time AY Modulators

Background

A Nyquist ADC samples its input at twice the input bandwidth so as to avoid aliasing.
In contrast, an oversampling ADC samples its input at a rate that is several times higher
than twice the bandwidth. If we assume the input bandwidth is fo and the sampling
frequency is fs, then we define the oversampling ratio (OSR) as follows:
fs
OSR = %y (6.61)

Accordingly, the Nyquist rate (i.e., fs = 2fp), corresponds to OSR = 1, whereas a
typical OSR in an oversampling ADC could be 8, 16, or higher. We will review the
basics of an oversampling continuous-time AX ADC here, and analyze its performance
degradation due to jitter. [84] provides a complete background review of this topic.

Figure 6.15 shows a block diagram of a first-order continuous-time AX modulator
(CT-DSM) along with its linear model. The modulator consists of a feedback loop
that includes a flash ADC, or simply a quantizer, and a DAC, both clocked at fs, and
a continuous-time integrating filter. As we mentioned in relation to Figure 6.8, the flash
ADC can be modeled as a summer that adds to the input both the quantization error, q[k],
and the error due to non-ideal timing such as jitter, eg[k]. As we saw in Section 6.1, the
DAC can also be modeled as a summer that adds to its input the static error es[k] due
to mismatch among its elements, and the dynamic errors due to timing ep[k]. Since the
effects of timing errors in the ADC and the DAC are captured by their respective error
sources, the switch in Figure 6.15(b) is assumed to operate at fs with no timing error.

The impulse response of the DAC in Figure 6.15(a) is represented by hp(t) in Figure
6.15(b). For an NRZ DAC, hp(t) = u(t) — u(t — Ts), and its corresponding Laplace
transform will be Hp(s) = (1 — e~%Ts)/s. Note that in the model of Figure 6.15(b),
there is only one signal source, which is x(t), while there are four sources of error: g[n],
er[n], es[n], and ep[n]. For a basic calculation of the output SQNR, let us first ignore
all the error sources except for the quantization noise of the ADC, g[n]. In this case, the
signal transfer function (STF) and the noise transfer function (NTF), can be expressed
as follows:

1—e5Ts osTs
S
NTF=1-z1=1—¢"5 (6.63)

STF = Hp(s)z ! = (6.62)
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Figure 6.15 (@) Block diagram of a continuous-time AX modulator, (b) linear model of the
modulator.

The power spectral density of the output, Sy(f), then can be written as:
Sy(f) = Sx(f) ISTF|? + Sq(f) INTF? (6.64)

where Sy(f) and Sy(f) represent the power spectral densities of the input and the quan-
tization error, respectively. In the signal band of interest (0 to fo), |[STF(jw)|? ~ 1 and
INTF(jw)|? ~ w?. Since the total quantization noise power is constant at VESB /12 (see
Equation 6.41), the frequency-dependent NTF allocates less of this power to the signal
band and more to the out-of-band frequencies, as depicted in Figure 6.16. As a result, the
input signal arrives at the output unaltered whereas the quantization noise arrives atten-
uated in the signal band. This is the major advantage of this modulator over the Nyquist
ADC as the loop shapes (filters) the quantization noise before contributing to the total
noise level at the output. It can be shown [84] that SQNR of a first-order modulator for
a sinusoidal input can be written as:

SONR 1o sy(f) ISTF | df

 [losy(f) INTFJ2df
— 6.02N + 1.76 — 5.17 + 30 log(OSR). (6.65)

This equation states that the SQNR of an oversampling ADC improves by 6dB for
every extra bit of resolution and 9dB for every doubling of OSR. In other words, every
doubling of OSR is equivalent to adding 1.5 bits of resolution to the ADC.

It can be shown [84] that for a second- and third-order DSM, the SQNR improves by
15dB (equivalent to 2.5 bits) and 21dB (equivalent to 3.5 bits), respectively, for every
doubling of OSR.
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Figure 6.16 Power spectral density of quantization noise at the output of a AX modulator.

Effects of Flash ADC Timing Error on SNR

Figure 6.15(b) models the timing error associated with the flash ADC as eg[k]. We are
interested in finding the degradation in SNR associated with this timing error. For this
purpose, we assume all other error sources, including the quantization error, is zero.

The power spectral density of the output can be written in terms of the power spectral
densities of the input and the flash ADC timing error as follows:

Sy(f) = Sx(f) ISTF|2 + Ser(f) INTF| (6.66)

where Segg(f) represents the PSD of the flash ADC’s timing error under open-loop con-
ditions. This PSD is filtered by the [INTF|?, similar to quantization noise, as in Equation
6.64. Accordingly, the total noise at the output of the modulator (due to timing error
only) will be:

fo
Output Noise Power = / Ser(f) INTF|?df (6.67)
0

In general, Sgr(f) takes the form of Equation 6.46. However, if we assume Sgr(f) to
be flat in the O to fs region, then the output noise power is suppressed by first limiting
the in-band noise to 1/0SR of the corresponding Nyquist ADC, and second, by shaping
the PSD of the in-band noise by |[NTF|2. The latter will render this noise insignificant
compared to the corresponding noise from the DAC timing error as we will see next.

Effects of DAC Timing Error on SNR

The DAC timing error is modeled as ep[Kk] in Figure 6.15(b). Following a similar proce-
dure to the previous section, we can write an expression for the power spectral density
of the output in terms of the power spectral densities of the input and the DAC timing
error:

Sy(f) = Sx(f) ISTF|? 4 Sep(f) |STF|2. (6.68)

This equation shows that the DAC timing error is shaped by |STF|2, which is expected
to be unity in the signal band. This is in contrast with the flash ADC timing error that is
heavily attenuated by the NTF in the signal band. It is for this reason that the SNR of a
AY modulator is often determined by the timing error of its DAC, not of its flash ADC.
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Finally, we expect the noise due to DAC timing error to have an average power as
derived in Equation 6.20. However, we note that in the case of AX modulators, the
DAC input is expected to have a higher transition density (o), and this will further
increase the noise due to DAC timing errors.


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.007
https://www.cambridge.org/core

71

Effects of Jitter in Wireline
Applications

A wireline communication system sends and receives data based on precise timing. Any
deviation from the ideal timing, i.e., jitter, has a direct impact on the bit error rate (BER)
at the receiver. Figure 7.1 shows a generic block diagram of a wireline transceiver that
consists of a transmitter, a channel, and a receiver. The role of the transmitter is to
serialize N binary sequences, generated by the core logic, into one binary sequence
Dtx, and send it reliably over the channel to the receiver. If we assume, for example,
that the core logic produces 16 data sequences (i.e., N = 16), each at 500Mb/s, then
the transmitter will produce a single binary sequence at 8Gb/s. The channel could be a
few meters of cable (e.g., between a computer and a peripheral), a few inches of PCB
trace (e.g., between a microprocessor and a memory module on the same board), or a
few millimeters of an interconnect in a multi-chip module. In all these cases, the channel
tends to attenuate the high-frequency components of the signal, and degrade the received
eye both in the voltage domain (vertical axis) and in the time domain (horizontal axis).
The received signal timing is further degraded due to the jitter in the transmitter clock
(CKrtx), which in turn may be caused by thermal noise in the clock generation circuit
or by power supply noise. In the presence of all these jitter components, the receiver
must be designed so as to recover the transmit bits reliably, e.g., at a BER better than
10712 or 10~15. In this chapter, we first review various sources of the jitter that limits
the BER, and then provide techniques for jitter characterization, jitter monitoring, and
jitter mitigation.

As mentioned in Chapter 1, jitter does not always work against performance; there
are cases where we can use jitter to improve system performance. We provide two such
examples later in this chapter.

Basic Concepts in Wireline Signaling

A wireline transmitter, in its simplest form, sends a non-return-to-zero (NRZ) binary
signal to the receiver. The wireline receiver first equalizes the received signal so as to
compensate for the channel loss (or equivalently to remove the channel ISI) and then
samples the equalized signal, using a recovered clock at the center of the data eye to
see whether the sampled value is above or below a threshold. If the sample is above the
threshold, the data bit is considered a 1, and if below the threshold, it is considered a 0.
Let us assume for simplicity that the equalized data at the receiver is ideal, i.e., it has no
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Figure 7.1 Block diagram of a wireline transceiver.

Figure 7.2 (a) Gaussian jitter in clock edge results in data decision error, (b) probability of error
as a function of Q.

jitter, but that the recovered clock has some jitter. We are interested in calculating the
probability of error in data decisions. In other words, we are interested in estimating the
BER of this system.

Figure 7.2(a) shows a sketch of the equalized data at the receiver, where a lone 1
appears among neighboring zeros. Clearly if we sample this data bit in the center of
the bit as shown, we will have no error. However, assume the clock edge sampling the
data contains Gaussian jitter as depicted in the figure. Since the jitter is Gaussian, it
is unbounded, and, therefore, there is a probability, however small, that the clock edge
may move by more than 0.5UI either to the right or to the left so as to miss sampling the
current bit. If either of the two events occurs, we will record a 0 instead of a 1, causing
an error.

The probability of error is equal to the shaded area under the tails of the Gaussian
curve. As we will see in Section 9.2, this probability will depend on Q, which is defined
as the ratio of 0.5Ul, in this case, to the jitter standard deviation, o. Accordingly, we can
write:

P [error] = erfc(%) (7.2)

%

where erfc(x) is the complementary error function, as defined in Equation 9.16.
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Figure 7.3 Block diagram of clock and data recovery (CDR).

A graph of the error probability versus Q is shown in Figure 7.2(b). The probability
of error decreases exponentially as Q is increased, corresponding either to a reduction
in the standard deviation of the jitter or to a reduction in the data rate. For example,
a transceiver at 2.5Gb/s may exhibit a BER of 10~12. If we increase the data rate to
5Gb/s (assuming all the components work at 5Gb/s, and assuming jitter remains constant
irrespective of the data rate), Q will decreases by a factor of 2 (because 1Ul is now half
as long) and this will increase the BER by several orders of magnitude to 10~4.

Jitter in Analog CDR

Figure 7.3 shows a block diagram of an analog clock and data recovery (CDR) unit that
consists of a phase detector (PD), a charge pump (CP), a loop filter (LF), and a voltage-
controlled oscillator (VCO), all in a single loop. This block diagram is equivalent of the
combined clock recovery and decision circuit blocks in Figure 7.1, with the decision cir-
cuit now embedded in the PD block. The PD has two inputs: the equalized data Dyy and
the recovered clock CKgec, and one output which represents the phase error between
the two input signals. The PD output is then integrated (via the CP and LF) and fed as
a control voltage to the VCO so as to influence its phase and frequency. When the CDR
reaches steady state, i.e., when the average PD output becomes zero, the VCO frequency
stays constant. The VCO output forms the recovered clock CKrec which can be used to
retime the equalized data, using a flip-flop, to produce the recovered data Drec.

The VCO in the CDR may be a ring or an LC oscillator, but in either case its output
contains random jitter. Therefore, when we sample and retime the equalized data, we are
retiming it with a jittery clock, although the jitter in this clock is shaped by the feedback
loop, as we see later in this section.

Let us now create an equivalent block diagram of the CDR with a focus on jitter.

Linear Model of the CDR

Figure 7.4 shows a linear model of the CDR in a frequency lock condition, that is, when
the recovered clock frequency is equal to the data rate (in a full-rate system), but it has
yet to achieve phase lock; that is, for the recovered clock phase to be driven towards
the input data phase. Under these conditions, the clock frequency (and hence the data
rate) is fixed, say, at fp, and, as such it does not appear explicitly in the model, instead,
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Figure 7.4 A linear model of a CDR takes data jitter as its input and provides the recovered clock
jitter as its output.

the model is only concerned with the excess phase of the input data, denoted by ¢in, the
phase of the VCO, denoted by ¢vco, and the phase of the recovered clock ggyt. Since
the frequency is fixed, these three phase variables, if expressed in terms of Ul, also
represent the jitter corresponding to the input data, the VCO, and the recovered clock,
respectively. For example, a recovered clock phase instance of 0.4 radians is equivalent
to a jitter instance of 0.4z /(27fg) = 0.2Ul. In other words, depending on whether we
express gyt in terms of radians or Ul, we can view it as either excess phase or jitter. For
simplicity, and as is common in wireline applications, we express all signals in terms of
Ul, and, as such, view ¢j, as the input data jitter, pyco as the VCO jitter, and ¢oyt as
the recovered clock jitter. Also, we assume gin and gyco are uncorrelated as they come
from independent sources.

Using this model, the power spectral density (PSD) of jitter in the recovered clock
Sout(f) is a linear combination of the PSDs of the input data jitter Si,(f) and the VCO
jitter Syco(f), shaped by two transfer functions. We can write:

Sout(f) = IHT(F)I*Sin(f) + IHa (F)I*Svco(f) (7.2)
where |Hr (f)|2, known as the jitter transfer function, can be written as:
KepKvcoHir(f) |2
Hr(f)? = ‘ 7.3
IFr (D) j2nt + KppKvcoHLF(f) (7:3)

and [Hg(f)|2, known as the jitter generation function, can be written as:
jorf 2
j2nf + KppKvcoHLr(f)

We will discuss these two functions and their significance in more detail in the following
sections.

. (7.4)

IHa(f)I> = ‘

Jitter Transfer

Equation 7.2 shows that the PSD of the recovered clock jitter is a linear combination
of the PSDs of the input jitter and the VVCO jitter. In the absence of VCO jitter, i.e.,
when the VCO circuit does not contribute any jitter to its own output, Syco = 0, and
hence the PSD of the recovered clock is the product of the PSD of the input jitter and
|Hr (f)|2. For convenience, we also refer to Hy(f), not squared, as the jitter transfer
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Figure 7.5 A linear model of a CDR with an RC loop filter.

function with the understanding that the ratio of the PSD of the output jitter to the PSD
of the input jitter is [Ht (f)|2. Note that Hy (f) would represent the signal transfer function
from the input to the output of CDR under the assumption that the input is a deterministic
signal. For a random input signal, such as jitter, we typically use |Ht(f)| when we deal
with the jitter amplitude and |Ht (f)|? when we deal with the PSD of jitter.

We can illustrate a typical Hy (f) by considering a CDR with a linear model, as shown
in Figure 7.5.

Here, we have assumed the output quantity produced by the combined PD and CP
(refer to Figure 7.3) is current and the loop filter is implemented using a series RC
circuit with H_g(s) = R + 1/(sC). We can easily verify that

S Kon K Rs + KppKvco
) = S| o TTOReOn e 7.5
@in(s) oveo=0 S+ KppKvcoRs + =252
If we define K = KppKyco/C and © = RC, we can write:
K(zs+1)
Hr(s) = ———. 7.6
) 2 + Krs+ K (7.6)
Alternatively, to write this equation in a canonical form, we define:
5 . KppKvco
“h =T
. KppKvcoR (-0
£ =
Wn

where wn and & are known as the natural frequency and the damping factor, respectively.
Using this notation, we can rewrite Equation 7.5 as follows:

28 wnS + a)%

Hr(S) = 5—%——.
™) 2 + 2Ewns + f

(7.8)
Replacing s with jo (= j27f), we can derive the jitter transfer function as a function
of jitter frequency:
4520202 + o
Hr ()2 = n n__. 7.9
| T( )l (0)% _ 602)2 +4$2a)%a)2 ( )

A Bode plot of [Ht(f)] is shown in Figure 7.6, corresponding to three different values
of £ € {0.5,1,2}. In all three cases, the jitter transfer represents a low-pass filter whose
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Figure 7.6 Jitter transfer function for three different values of &.

magnitude is around 1 (0 dB) for low jitter frequencies and drops at 20 dB/decade for
frequencies above wy,. In other words:

1 if f <<f,

2 _
Hr (0" = 452(ff_”)2 if f >> fo.

(7.10)

In simple terms, the first line of Equation 7.10 says the recovered clock tracks the low-
frequency jitter of the input data. In other words, if the data transitions move slowly
around their nominal locations, the CDR control loop would be able to track these move-
ments such that the error between the data and clock edges would be zero (on average).
This is, in fact, the characteristic of any control loop with at least one integration in
the loop. The second line of this equation shows that the jitter transfer magnitude is
less than unity, meaning that the recovered clock does not track the high-frequency data
jitter as well as it tracks low-frequency data jitter. At the limit, the jitter transfer from
input to the recovered clock is zero, and the recovered clock does not track the data jit-
ter at all. This means that the recovered clock does not suffer from high-frequency jitter
even though the input signal may contain high-frequency jitter. As we will discuss later,
this characteristic of the recovered clock will limit the CDR tolerance to high-frequency
jitter.

Jitter Peaking in Jitter Transfer Function

The jitter transfer function, as shown in Figure 7.7, has a peak that is slightly larger
than 1 (0dB). This peaking could be anywhere from 0.07dB to 0.4dB when we vary &
from 5 to 2. The peaking implies that jitter will be amplified at some frequencies in the
CDR, producing a jitter amplitude in the recovered clock, and thus also in the recovered
data, that is slightly larger than the jitter amplitude in the input data. This is certainly
undesirable, especially in applications such as repeaters where the recovered data from
one CDR may be launched onto a channel and subsequently become the input of another
CDR. In this case, the jitter will keep increasing following each repeater, contributing to
an increase in BER. For this reason, we wish to reduce, or possibly eliminate, the jitter
peaking. First, let us examine what causes this peaking and then how to reduce it.
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Figure 7.7 Jitter transfer function for three different values of &.

The jitter transfer function Hy (s), as shown in Equation 7.6 has one zero s; and two
poles, sp1 and sp, all on the left-half plane:

Sz = —1/7.'
—Kt Kt

1= (7)2 -K (7.11)
—Kt Kt

Sp2 5 ( 2 )

A sketch of this pole-zero location is shown in Figure 7.8 for different values of K. The
zero always lies on the negative real axis. The poles, also, lie on the left-half plane but
may or may not lie on the real axis, depending on whether K is above or below 4/72,
respectively. By design, we choose K so as to restrict the poles on the real axis, reducing
the jitter peaking. However, as depicted in Figure 7.8, even in this case, the zero lies
closer to the jw axis than either of the two poles. This zero will cause the magnitude of
the jitter transfer function to rise before it begins to fall, and this unavoidably creates
peaking. As we further increase K, Sp; gets closer to s;, effectively canceling s;, leaving
Hr(s) with only one pole, spz, which is much farther away from the jo axis. To see
this, we will derive approximate expressions for sp; and sp2 when K >> 4/72. Using
Equation 7.11, we can write:

B 1/2
1 = 5 +%<1_é)
—Kzt Kz 2
~of o5 1)
2 2 Ke? (7.12)
= _1/'[ =S;
sz ~ —Kr.

Due to the cancellation (or near cancellation) of the first pole by the zero, the second
pole, sp, defines the bandwidth of the jitter transfer function. This can be observed
in Figure 7.6, in which the jitter transfer bandwidth increases with increasing & or,
equivalently, K.
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Figure 7.8 Pole-zero locations of the jitter transfer function for two values of &.

It has been shown [85] that the peaking can be eliminated if we are able to move the
zero to the feedback path. Since the loop gain will remain the same, the loop stability
will not be affected by this change; however, the jitter transfer function will no longer
have a zero, which will eliminate peaking altogether.

Jitter Generation

If the input data to the CDR is clean with no jitter, i.e., ¢jy = 0, the jitter of the recovered
clock comes directly from the VVCO jitter. The transfer function that relates the VCO
jitter to the recovered clock jitter is known as jitter generation. For the CDR model
shown in Figure 7.5, and using the notation introduced earlier, this transfer function can

be written as:
2

Pout S
He(s) = — = 7.13
. ovcol, o S2+Kis+K (7.13)

Pin=
or, in canonical form, using the notation introduced in Equation 7.7:

2

Pout S
Hg(s) = = 7.14
© Pveo |, g 2+ 28wns + of (7.19

Replacing s with jo (= j27f), we can derive the jitter generation function as follows:

0)4

2
IHa(f)I* = @2 — D T 2E2aar (7.15)

Referring to Equation 7.13, jitter generation is a high-pass filter with two zeros, at
zero frequency, and two poles identical to those of the jitter transfer function (see Equa-
tion 7.11). A Bode plot of jitter generation, as shown in Figure 7.9, clearly reveals two
changes of slope (from +40dB/dec to +20dB/dec, and then to 0dB/dec) in the jitter
generation magnitude, corresponding to its two poles. In contrast, we do not observe a
40dB/dec slope in the jitter transfer function simply because its first pole is cancelled
(or almost cancelled) by its zero and it is considered a single-pole system. Nevertheless,
we observe that the corner frequency (or the 3dB frequency) of both functions corre-
spond to the same second pole. A smaller second pole will reduce jitter transfer, which
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Figure 7.9 Jitter transfer and jitter generation curves.

is desirable, but at the same time, it increases jitter generation, which is not desirable.
To decouple the two transfer functions, we can resort to the CDR architecture discussed
in the previous section where the zero in the feed-forward path is moved to the feedback
path [85].

Jitter Tolerance

An important figure of merit for a CDR is its tolerance to input jitter, that is, the maxi-
mum allowable amplitude of input jitter that keeps the bit error rate (BER) of the CDR
below a target value, say 10~12 or 10~%°. To quantify jitter tolerance, we often apply a
sinusoidal jitter of a fixed frequency to the CDR input data and observe the BER of the
CDR. As we increase the amplitude of this sinusoidal jitter while keeping its frequency
constant, there will be an amplitude at which the BER increases beyond an acceptable
value. We refer to this particular jitter amplitude the jitter tolerance at the corresponding
jitter frequency. As we repeat this experiment for different jitter frequencies, we can plot
jitter tolerance as a function of jitter frequency. This plot is known as jitter tolerance.

In the past few sections, we have emphasized that jitter is a random signal and needs
to be treated as such. However, in the definition of jitter tolerance, we are applying
“sinusoidal” jitter. Clearly, this is not a random signal, and hence the jitter tolerance
curve does not capture a CDR’s true tolerance to random jitter. We note, however, that
we can treat sinusoidal jitter as a deterministic signal, so that we do not need to evoke
the PSD of the jitter, but instead deal only with the jitter’s amplitude and frequency.
Given this, let us now derive a formula for jitter tolerance, which we will represent as
JTOL(f). Referring to Figure 7.4, we can write;

where the subscript pp—max indicates the maximum peak-to-peak amplitude. We can
further expand this equation as follows:

oin(f)
@e(f)

JTOL() = ‘ 196(F) pp_max (7.17)
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Figure 7.10 Relative jitter must be less than 1UIpp for error-free operation under all
circumstances, (a) ideal data with jittery clock, (b) jittery data with ideal clock, (c) jittery data
and jittery clock.

Figure 7.11 An ideal jitter tolerance curve for a second-order CDR.

In an ideal CDR, the maximum peak-to-peak amplitude of |pe(f)| is 1UI. This can
be seen with the aid of Figure 7.10, where in (a), the relative jitter is applied to the
clock edge while the data edge is kept jitter free, and in (b), the situation is reversed. In
(a), the clock edge may only move by 1UIpp around its nominal location or else a bit
error would occur. Similarly, in (b), the data edge may only move by 1UIpp around its
nominal location or else wrong data is sampled by the clock edge.

Accordingly, jitter tolerance can be expressed in terms of the number of Uls as:

¢in(f)
ge(f)

Given the CDR loop shown in Figure 7.4, we can write:

JTOL(f) =

[UI]. (7.18)

KppKvcoHLE(f)

ot [u1] (7.19)

JTOL(f) = |1 +

where the second term inside the brackets is the loop gain of the CDR. If we now expand
H_g(f) for the CDR of Figure 7.5, we can write:

R\ ()
1-26| =) — [+
()~ (7)
A plot of the jitter tolerance as a function of jitter frequency is shown in a log—log
scale for three different values of & in Figure 7.11.

JTOL(f) = [U1] (7.20)
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At frequencies far below and above the natural frequency, the jitter tolerance can be
approximated by the following:

(ff—n)2 if f << f, 7.2)

JTOL(f) =
1 if f>>f,.

Equation 7.21 states that the jitter tolerance at very high jitter frequencies is limited to
1Ulpp. This is consistent with our observation earlier that the recovered clock does not
track the high-frequency jitter, limiting the maximum peak-to-peak deviation of the data
edge from its nominal position to 1UI. Any further deviation will result in the recovered
clock missing a bit, increasing the BER. On the other end of the spectrum, for jitter
frequencies below f¢, the jitter tolerance is increased at 40dB/decade (corresponding to
the 2 term) as we reduce the jitter frequency. Again, this is consistent with our obser-
vation earlier that the recovered clock better tracks data jitter at lower jitter frequencies
or, equivalently, that the data edge and the clock edge move together in the same direc-
tion. As a result, the relative jitter between the data and the clock remains small (i.e.,
below 1UI peak-to-peak) even when the data jitter amplitude is much larger than 1UI.
Around the corner frequency, the jitter tolerance dips below the 1UIpp for underdamped
systems, i.e., when & < 1. Figure 7.11 shows the minimum jitter tolerance (in Ulpp) for
four distinct values of &.

The jitter tolerance as shown in Figure 7.11 is under ideal conditions. For example, it
assumes that the input data has no jitter other than the sinusoidal jitter, that there are zero
jitter contributions from the VCO, and that the circuit elements in the CDR are ideal.
In reality, none of these conditions is met: the input data often contains some residual
ISI jitter, i.e., the jitter that remains after the receiver equalization, in addition to some
crosstalk-induced jitter due to the interference with data from adjacent channels, and
some random jitter from the transmitter clock. The VCO will undoubtedly generate fur-
ther random jitter, and finally there will be noise from various elements in the circuits,
such as from the RC filter and from the power supply. These non-idealities will reduce
the jitter tolerance at all frequencies, but their effect is more observable at high frequen-
cies where the jitter tolerance is below 1UIpp. A typical value for the high-frequency
jitter tolerance can be any number between 0.2Ulpp to 0.7Ulpp. A design that can tol-
erate a higher jitter may have been over-designed, e.g., consuming too much power, and
a design whose jitter tolerance is below 0.2Ulpp may be too risky, i.e., does not have
enough jitter margin to be used in a product.

Effect of Limited VCO Tuning Range

In the derivation of the equations for the jitter tolerance, we have assumed the VCO
to have an unlimited tuning range. In other words, we have characterized the VCO by
fvco = fhom + KvcoVentl, Where Veny is the control voltage of the VCO in Figure 7.5
and from is the nominal VCO frequency corresponding to Veny = 0. We now consider
the case where the VCO frequency is limited to £Af, around from, i.€.,

fnom — Afp < fVCO < fnom + Afp (722)
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If we represent the input phase with ¢in and the sinusoidal jitter as Amsin(wmt), then

we can write:
Taking the derivative of both sides provides the instantaneous input frequency, fin:
d
27 dt

And, therefore, the range of fi, is limited to:
from — Amfm < fin < from + Amfm. (7.25)

Comparing Equations 7.25 and 7.22, a necessary condition for CDR locking is
Anfm < Afp, where Ay is expressed in radians. Therefore, the peak-to-peak jitter
amplitude, which would be 2A, in radians, can be written in Uls as follows:

Af
JTOL(f) < n—fp (7.26)

where we have replaced fr, with f to be consistent with the notation used earlier in
JTOL(f). According to Equation 7.21, for a VCO with an unlimited tuning range, the
jitter tolerance increases by 40dB/decade as the jitter frequency decreases. This equa-
tion, however, states that if the VCO has a limited tuning range, the jitter tolerance can
increase only at 20dB/decade as jitter frequency decreases. If we superimpose these two
functions, as shown in Figure 7.12, we can see that Equation 7.26 provides a lower limit
to jitter tolerance.

This limit is due only to the limited tuning range of the VCO and can increase with
the tuning range.

Jitter Tolerance Measurement

A basic setup for jitter tolerance measurement is shown in Figure 7.13. A sinusoidal
sighal whose amplitude and frequency can be adjusted modulates the frequency of the
clock waveform, effectively adding jitter with adjustable amplitude and frequency to the

Figure 7.12 lJitter tolerance is limited at low jitter frequencies by the limited tuning range of the
VCO.
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Figure 7.13 A basic measurement setup for jitter tolerance.

clock edges. This jittery clock is then applied to a pseudo random bit sequence (PRBS)
generator to produce jittery data and test the CDR. To plot jitter tolerance as a function
of jitter frequency, we increase the sinusoidal jitter amplitude in small steps until the
bit-error-rate tester (BERT) indicates a BER higher than the target BER, say 10~12. We
then record the highest jitter amplitude that meets the BER target as the jitter tolerance
at that particular jitter frequency. Obviously, we need to repeat this measurement for
various jitter frequencies in order to plot the function. Since jitter frequency can span
several decades, this measurement is performed for a few jitter frequencies (say 5-6)
per frequency decade.

Effect of Jitter on Bang-Bang CDR

In the previous section, we explained how jitter is shaped as it goes through a CDR. In
this section, we show how jitter can affect the system dynamics of a bang-bang CDR
and, in particular, how jitter can be used to improve system stability.

Background

A bang-bang CDR is similar to a linear CDR as shown earlier in Figure 7.3 except for
the implementation of its phase detector, which is called a bang-bang phase detector
(BB-PD). A typical implementation of a BB-PD, followed by a charge pump and an
RC loop filter, is shown in Figure 7.14(a). The bang-bang phase detector samples the
incoming data twice per Ul, as shown in Figure 7.14(b), once with the rising edge and
once with the falling edge of the recovered clock (assuming a full-rate clock, i.e., a
clock with the period equal to 1UI), producing two bits in every clock cycle. The bit
corresponding to the rising edge of the clock is called the data bit (or the center bit)
and the bit corresponding to the falling edge of the clock is called the edge bit (or the
boundary bit). By comparing the edge bit against its two adjacent data bits, one can
conclude if the recovered clock is early, corresponding to the edge bit matching the
current data bit, or late, corresponding to the edge bit matching the next data bit. When
the clock is early, the PD asserts its Early output, causing the charge pump to pull charge
from the control node of the VCO, effectively reducing the VCO frequency. When the
clock is late, the PD asserts its Late output, causing the charge pump to push charge
to the control node of the VCO, effectively increasing the VCO frequency. Given the
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Figure 7.14 (a) A bang-bang PD followed by a charge pump and an RC loop filter, (b) bang-bang
PD operation, (c) bang-bang PD logic, (d) bang-bang PD characteristics.

feedback loop, the VCO will adjust its phase over time so that the falling edge of the
recovered clock is eventually aligned with the data edge, and thus the rising edge is the
center of the data bit. This is when the CDR achieves phase lock.

BB-PD operation is summarized in the table shown in Figure 7.14(c). Note that the
PD output, defined as Late minus Early, assumes 1 or —1 when the clock is late or early,
respectively. When there is no transition in the input data, corresponding to the last row
of the table, none of the Early or Late signals will be asserted. In this case, the PD output
will be zero, leaving the VCO control voltage and frequency intact. In summary, the PD
output can be defined as follows:

-1 if e <O
PDout =sgn(ge) =1 1  if 9 >0 (7.27)
0 if g¢ = 0(no data transition)
where @ represents the phase error and is defined as the data phase minus the clock
phase if there is data transition, and is assigned O otherwise.

If we assume the data transition density is «, then the expected value of the PDqyt
for a late or early clock will be +a1 or —aT, respectively. In other words, we can write:

E[PDout] = arsgn(ge). (7.28)
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Figure 7.15 BB-PD characteristics under various jitter PDF. (a) BB-PD data and clock waveforms,
(b) no jitter in phase error, (c) Gaussian jitter in phase error, and (d) uniform jitter in phase error.

An input—output characteristic of a BB-PD is shown in Figure 7.14(d). Clearly, the
BB-PD has a nonlinear characteristic, with an infinite gain at the locking phase, and, as
such, cannot use the linear model introduced in Figure 7.4. However, as we will show
in this section, the relative jitter between the input data and the recovered clock will
linearize the BB-PD characteristics around the locking phase, and this will allow us to
use a linear model to gain insight into bang-bang CDR operation.

Effect of Jitter on BB-PD Gain

Figure 7.15 illustrates how the BB-PD gain varies as a function of both the jitter PDF
and its standard deviation. Figure 7.15(a) repeats the nominal data and clock waveforms
for when the clock is early. If there is no jitter in g, the clock will always be early by
the same amount, corresponding to a ¢e characterized by a delta function centered at a
constant we. In this case, the BB-PD will have an infinite gain around ¢ = 0. On the
other hand, if we assume a nonzero jitter, say in the clock edge, then a nominally early
clock may actually arrive late and vice versa. Figure 7.15(c) and (d) show this scenario
for a g with Gaussian and uniform PDF, respectively. In both cases, the expected value
of e is denoted by we. @e is mostly negative, as its PDF is shifted to the left by e, but
there is a probability that ¢ can become positive, corresponding to the clock being late.
This probability is equal to the area of the shaded region and its value depends on e
and the o, of the PDF. In other words:


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316981238.008
https://www.cambridge.org/core

158

733

Effects of Jitter in Wireline Applications

P(PDout = 1) = fooo fe(pe)dpe = F(—1te)

0 (7.29)
P(PDout = —1) = f_oo fe(pe)dpe = 1 — F(—pute)

where fg(-) and Fe(-) represent the PDF and the Cumulative Distribution Function (CDF)
of ge, respectively, and F(-) represents the CDF of the same distribution when centered
around zero. The expected PD output can be calculated as:

E [PDout] = o7 P(PDout = 1) — o7 P(PDout = —1)

(7.30)
= a1 (2F(—pe) — 1).

This equation represents the BB-PD characteristics under an arbitrary jitter distribu-
tion. As depicted in Figures 7.15(c) and (d), the characteristics no longer have the sharp
edge in the vicinity of the locking phase, but instead there is a finite slope which is a
function of the jitter PDF alone. This slope can be easily derived as follows:

d
KPD =—E [PDout]
dpee (7.31)

= 2o7f(—pe).

The PD gain at locking point (i.e., when we = 0), Kppg, can be written as:

2
£ for Gaussian distribution
Kppo = 711 o (7.32)
- for uniform distribution.
3 Oe

Equation 7.32 clearly shows that jitter properties such as the PDF and the standard
deviation determine the PD gain and, as we will see later in this section, will affect the
dynamic behavior of the BB-CDR.

Added Jitter due to BB-PD

The BB-PD and its linear model are equivalent in the sense that, for the same input jitter
e, their outputs will have the same expected values. However, they are not equivalent in
terms of their output jitter variances. To correct for this, we need to put back additional
jitter gpp into our model as shown in Figure 7.16. This jitter plays the same role as that of
the quantization error in an ADC linearization process. Given gpp = sgn(pe) — Kppoge,
let us now find the expected value and the standard variation of gpp with Gaussian
distribution.

E [¢rp]l = E [sgn(¢e)] — E [Kppoge] = 0. (7.33)

This is in fact consistent with our definition of Kppg as derived in Equation 7.32.
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Figure 7.16 (a) Block diagram of a BB-PD, (b) linear equivalent model of a BB-PD.

ofp = E[vhp]

= E[sgn?(¢e)] + E [K3po9?] — 2KpDoE [@esan(ee)]

= ot + K3pe02 — 2KppoE [esgn(ee)] (7.34)

= o1 — Kipeo?

=T — %ot%
where we have used Equation 7.32 corresponding to Gaussian distribution, and
E [@esgn(ge) | = /2/matoe, to derive the final expression for o2y

An alternative method to find Kppg and opp is to begin from gpp = sgn(ge) — Kppowe

and try to minimize E [p3p]. This method as described in [86], [87] results in the same
set of equations as we derived here.

Effect of Jitter on BB-CDR Stability

Our linear model of the CDR (Figure 7.5) neglected the effect of the VCO’s input
capacitance in derivations of various transfer functions. As this parasitic capacitance
introduces a new pole into the system, it plays an important role in CDR stability. We
now derive an expression for the loop gain of the CDR in order to study its stability.

Let us denote by C,, the parasitic capacitance at the VCO input. This capacitor appears
in parallel with the series RC circuit of the loop filter as shown in Figure 7.5. Taking C,
into account, we can write an equation for the loop gain as follows:

14 1s
s2(1 + 7ps)
where K is now defined as KppKyco/(Cp + C) and 7, = RCC,(C + Cp). The loop gain
has a zero at —1/7, two poles at zero, and one nonzero pole due to the VCO parasitic
capacitance at —1/t,. We will show that, depending on K, which is directly influenced
by the jitter PDF and its standard deviation o (as shown in Equation 7.32), the system
may lose or gain phase margin, and, as such, move away from or towards stability.

Let us denote the unity-gain frequency of the loop gain with w,. Then we can write
an expression for the phase margin PM of this system as follows:

LG(s) = K (7.35)

PM = tan~}(rwy) — tan~Y(zpa). (7.36)

Note that ¢ and tp in this equation are set by design. wy, however, is directly influ-
enced by K, which in turn is influenced by the jitter PDF and its o. To illustrate this,
Figure 7.17 shows the Bode plots of three loop gains, each for a different jitter PDF
and o.
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Figure 7.17 Bode plot of the CDR loop gain illustrating an increase in phase margin RMS jitter
increases.

Jitter in the Received Eye

A taxonomy of jitter was presented earlier in Section 2.2.6. In this section, we illus-
trate the jitter components in wireline applications as they manifest themselves in eye
diagrams. Figure 7.18 shows four different eye diagrams associated with the same link
but under different jitter conditions. To begin, Figure 7.18(a) shows an ideal eye dia-
gram with almost no jitter. The corresponding jitter histogram shows a single peak that
corresponds to the expected zero crossing location.

Figure 7.18(b) shows an eye diagram with Gaussian random jitter where jitter is
“spread” in time and disappears gradually as we move away from the nominal zero-
crossing position. This jitter is unbounded and attributed mainly to thermal noise and
flicker noise in the circuits, but can also be attributed to the combined characteristics of
several uncorrelated noise sources.

In contrast with unbounded jitter, we have bounded jitter, which includes period jitter,
sinusoidal jitter, data-dependent jitter, and ISl jitter. As an example of bounded jitter,
Figure 7.18(c) shows the histogram of sinusoidal jitter and its impact on the eye diagram.
The sinusoidal jitter could be due to power-supply noise or it may have been injected
intentionally for the purpose of measuring of jitter tolerance.

IS will cause the zero crossings to move as a function of the bit sequence and limited
channel bandwidth, resulting in several zero crossings, creating discrete peaks. Figure
7.18(d) shows an example of an eye under the influence of ISI only.

Jitter can also be caused by the clock’s duty cycle distortion in double-data-rate
(DDR) systems. Figures 7.19(a) and 7.19(b) show two versions of the same eye dia-
gram at different zoom levels, with (a) showing the jitter distribution at zero crossings
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Figure 7.18 Received eye diagrams illustrating various jitter components, (a) no jitter,
(b) Gaussian jitter, (c) sinusoidal jitter, (d) ISI-induced jitter.

over one Ul and (b) showing the corresponding distributions of several zero crossings
over four Uls. Different rise and fall times, or a receiver voltage threshold that is not
centered, will create a jitter similar to that of a DCD, as shown in Figure 7.19(c). Note
that, in this figure, the voltage threshold level of the receiver is assumed to be centered,
creating a distribution of zero-crossings on the two sides of the crossing shown in the
eye. A similar eye would occur if the rise and fall times were the same, but the voltage
threshold were not centered.

In real systems, two or more noise sources may affect the eye diagram. Figure 7.19(d)
shows the effects of random jitter and DCD at the same time. The resulting jitter distri-
bution is the convolution of the distributions of the two jitter sources. For further review,
refer to Section 2.2.7.

Jitter Amplification by Passive Channels

As mentioned earlier, a typical channel in a wireline system attenuates the
high-frequency components of the transmit signal. However, if the channel is used to
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Figure 7.19 Received eye diagrams illustrating DCD combined with random jitter, (a)
DCD-induced jitter, (b) DCD-induced jitter over four Uls, (c) jitter due to rise/fall time
asymmetry, (d) jitter due to the combined effect of DCD and random jitter.

transmit a clock, such as in a clock-forwarding architecture, the clock jitter at the end
of the channel (received clock) is typically higher than the jitter in the transmit clock.
We refer to the ratio orck /oTck as the jitter amplification factor where orck and orck
refer to the standard deviation of the jitter in the received clock and the transmit clock,
respectively.

Jitter amplification may seem counterintuitive at first because passive channels are
not expected to amplify any signal, as they are simply made up of wires with no active
elements. This becomes more intuitive, however, if we distinguish between the signal
transfer function of a channel and its jitter transfer function. While the signal (typically
voltage) transfer function of a wireline channel is a low-pass filter and never amplifies
any signal, at any frequency, the jitter transfer function of the same channel becomes
a high-pass filter and could amplify jitter. While several papers have discussed the
topics of jitter amplification [88], [89], [90], [91], both in the time domain and fre-
quency domain, and included measured results, simulations, and theoretical analyses,
we will mainly follow the procedure in [88] to explain this concept in the frequency
domain.
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Consider a simplified waveform for the transmit clock contaminated by a sinusoidal
jitter (or excess phase):

vrek (t) = Acos(2rfct + Aj sin(2rfjt)) (7.37)

where f; is the clock frequency, Aj is the excess phase amplitude (or jitter amplitude in
radians), and fj is the jitter frequency. If we assume the jitter amplitude is much smaller
than 27, then we can approximate this equation by the following:

AA.
vrek () = Acos(2rfet) — Tj(cos(anLt) — cos(2rfut)) (7.38)

where fy = f¢ + fj and fL = f; — fj [88]. Taking the Fourier transform of both sides of
this equation, we obtain an expression for the transmit clock in the frequency domain:

Vrek(f) = 280 — ) — (5 —10) — o(F — ) (7.39)

where we have shown only the positive frequency portion of the spectrum; the spectrum
is symmetrical with respect to frequency. We are now ready to subject this expression of
the transmit clock to the voltage transfer function of the channel, which we will denote
by H(f), in order to find an expression for the received clock:
%(H(fL)(S(f —fL) — H(fu)s(f — fn)). (7.40)
In doing so, we have assumed the channel is a linear-phase channel so as to
neglect additional jitter that may be caused by a nonlinear phase response. Given that
H(fc), H(fL), and H(fy) are all constants, we can simply take the inverse Fourier trans-
form of this equation and, after similar approximations to those made for the transmit
clock, arrive at a time-domain expression for the received clock:

H(fL) + H(f4)
2H(fc)

This equation simply states that the channel attenuates the clock amplitude by a factor
of H(fc) while multiplying its sinusoidal jitter by a factor of [H(f) + H(fu)1/[2H(f)].
If the channel is relatively flat around f¢, i.e., if H(fL) ~ H(fy) ~ H(f;), then the jitter
amplification factor is around 1, and hence the jitter in the received clock will be about
the same jitter as in the transmit clock. However, if we operate the channel at higher
frequencies, the channel exhibits steep frequency roll off (such as an exponential roll
off e~ around f.), we will have H(fL) > H(f;) >> H(f4), and this results in a jitter
amplification factor that is higher than 1 (on the order of 2 to 5).

Vack(f) = SHISE — o) -

Vrek (t) = H(fe)A cos(2fet + Aj sin(2rit)). (7.41)

Jitter Monitoring and Mitigation

In a wireline link, the transmit data accumulates jitter of various types until it arrives
at the receiver, where it is fed to the equalizer and subsequently to the CDR. The jitter
that matters the most at the end is ¢ (shown in Figure 7.4), which is the relative jitter
at the input of the phase detector of the CDR, that is, the absolute jitter of the equalized
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Figure 7.20 An example jitter budget [92] simulated at design time versus the actual jitter budget
measured after fabrication.

data, ¢ijn minus the absolute jitter of the recovered clock, ¢oyt. It is this relative jitter that
impacts the BER of the receiver. The absolute jitter of the equalized data includes the TX
PLL jitter, the channel-induced jitter as described in Section 7.5, and the data-dependent
jitter, which is partially removed by the equalization at the receiver. The recovered clock
includes the RX PLL jitter, the VCO jitter of the CDR, as well as the equalized data
jitter shaped by the CDR loop. The peak-to-peak relative jitter should never exceed
1UI or there will be no position in the Ul left at which to sample this jittery data. In
fact, we should reserve some interval within the 1UI period for jitter tolerance, just in
case some of the components contribute more jitter than expected. To illustrate this, we
show in Figure 7.20, a simplified example of a jitter budget for a 25Gb/s optical link
[92] and compare various jitter contributions at the time of design with the actual jitter
contributions as collected during measurement.

This example shows how simulations underestimated some jitters, such as the jit-
ter from the RX PLL and the ISI-induced jitter, overestimated the TX PLL jitter, and
totally neglected the clock distribution jitter and the jitter from the clock channel. While
the design was expected to have a jitter margin (i.e., high-frequency jitter tolerance) of
0.3UlI, the measured jitter margin was only about 0.1Ul. It is in this context that jitter
monitoring and measurement become important. Jitter monitoring and measurement can
achieve two goals: 1. they enable us to better calibrate our circuits for future designs by
incorporating more realistic jitter characteristics into our models and simulations (this,
in turn, will lead to a better estimate of the jitter tolerance of the fabricated design), and
2. they will enable us to adaptively change certain parameters within the system so as
to mitigate jitter and its effect on CDR performance by either reducing the jitter itself
or reducing its effect on BER. In this section, we will examine several methods of jitter
monitoring and mitigation, which are two active areas of research in wireline.

Eye-Opening Monitor

An Eye-Opening Monitor (EOM) is a simple circuit that allows monitoring of the data
eye at the receiver input and producing information such as the eye opening and the
jitter histogram. Figure 7.21 shows a block diagram of an EOM implemented for a CDR
operating at 40Gb/s [93].

The EOM operation is best described if we first assume that the CDR is in a phase lock
position, i.e., if we assume that the recovered clock samples the received data waveform
at the center of the eye using the CDR sampler. In this case, we consider both the phase
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Figure 7.21 (a) A block diagram of an eye-opening monitor, (b) monitoring the eye with zero
voltage and phase offsets, (c) monitoring the eye as we sweep the voltage and phase offsets, (d)
eye contours corresponding to different BERSs.

of the recovered clock and the voltage threshold of the CDR sampler to be at their ideal
values. The EOM samples the received data waveform at a phase offset with respect to
the recovered clock and voltage offset with respect to the threshold of the CDR sampler.
The eye opening is then monitored by measuring the difference in the outputs of the
two samplers. Since we have assumed the CDR is in an ideal lock position, the point
corresponding to the phase of the recovered clock and the CDR sampler threshold cor-
responds to the center of the eye as shown in Figure 7.21(b). If the phase shift and the
voltage offset in the EOM block are small enough, the outputs of the two samplers agree
with each other, and that means the sampling points of both the CDR sampler and the
EOM sampler are within the eye opening area of the eye diagram. As we increase either
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the phase shift or the voltage offset, however, we will reach a point, as depicted in Figure
7.21(c) where the output of the two samplers may not always agree, i.e., due to jitter and
noise, the sampling point of the EOM sampler may fall outside the opening area of the
eye. A simple XOR gate as shown in part (a) detects this mismatch as a function of the
phase and voltage offsets, and feeds this to a mismatch counter. Obviously, the larger
the offsets, the more likely there is to be a mismatch and, hence, the larger the mismatch
count. Contours of all the sampling points corresponding to the same mismatch rates are
shown in Figure 7.21(d) where the mismatch rate ranges from 10~ to 0.5 as we move
farther away from the center of the eye opening. If we set the offset voltage to zero, the
information displayed in this plot can also be used to plot the BER as a function of the
phase offset, also known as the bathtub curve.

The EOM as described above is also called a “two-dimensional” EOM to distinguish
it from a “one-dimensional” EOM where the voltage offset is fixed, say to 0, and only
the phase offset is swept. In this case, we can essentially measure the CDF (and hence
the PDF) of the jitter for a fixed voltage offset. The silicon area cost, and the accuracy
of the resulting PDF, depends on the resolution by which we are able to increment the
phase shift.

Now, let us consider the case where the CDR is not in a perfect lock position and see
how the EOM can be used to adjust the threshold of the CDR sampler and the phase of
the recovered clock so as to improve CDR performance. Figure 7.22(a) shows a block
diagram of a CDR along with the EOM.

Here, an off-chip algorithm implemented on a PC monitors the outputs of the CDR
sampler and the EOM sampler and adjusts the voltage thresholds and the phase offsets
for both samplers, not just for the EOM sampler. To see how this works, let us assume
the CDR sampling position is off-center initially, as depicted in Figure 7.22(b). The
algorithm then sweeps the voltage offset and the phase offset for the EOM sampler so as
to find the eye opening with respect to CDR sampling position. Once the eye opening is
determined, the algorithm will adjust the voltage offset and the phase shift for the CDR
sampler such that its sampling position is moved to the center of the eye, as shown in
Figure 7.22. This technique is claimed [93] to improve the BER from 10~7 to 10~12 at
an input power of —21dBm.

Relative Jitter Measurement

Aside from the EOM presented in the previous section, relative jitter can be monitored
by either a time-to-digital converter (TDC) as shown in Figure 7.23(a) or an ADC at the
output of a linear PD as shown in Figure 7.23(b). In the former approach, the TDC could
be an extra block in addition to a PD already present in the CDR. The latter approach
is one way of building a TDC by feeding the output of an existing PD to an ADC.
However, for the ADC output to linearly represent the relative jitter, the PD must be
linear; otherwise, the TDC output will be a distorted (nonlinear) representation of the
relative jitter. [94] and [95] present a good treatment of these cases, but we will focus
here on monitoring the relative jitter in a BB-CDR in order to improve its jitter tolerance.
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Figure 7.22 (a) Using EOM to find the best sampling position for the CDR, (b) initial sampling
position of the CDR is not centered, (¢c) EOM is used to bring the sampling position to the center
of the eye.

Figure 7.23 Relative jitter measurement (a) using a time-to-digital converter (b) using a linear PD
followed by an ADC.

Figure 7.24 shows a simplified block diagram of a BB-CDR employing jitter moni-
toring to adaptively change the loop gain (K) for optimal jitter tolerance [96]. Without
the adaptation block, the BB-CDR operates as follows. A BB-PD, as descried ear-
lier in this chapter, counts the early/late events, and feeds the count to a gain block
(K) and subsequently to a digital loop filter (LF), which contains both a proportional
path and an integrative path similar to a charge pump and an analog loop filter. The
LF then produces a phase code which will be used by the phase interpolator (PI)
to adjust the phase of a reference clock accordingly and to produce the recovered
clock.
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Figure 7.24 Monitoring jitter at the BB-PD output for optimizing the loop gain K. © 2017 IEEE.
Reprinted, with permission, from [96].

The problem with this CDR, without the adaptation block, is that its loop dynamics,
including the loop gain, the loop bandwidth, and the loop stability, are heavily depen-
dent on the relative jitter, which in turn is influenced by the loop gain. To illustrate
this, Figure 7.25 [96] plots the PSD of the relative jitter for three values of the loop
gain K.

When K is less than or greater than desired, the relative jitter has a larger variance
compared to the case of K desired. It is noted in [96] that a corresponding behavior
can be observed in the autocorrelation function, R(n), of the BB-PD output once it is
low-pass filtered. R(n), as plotted in Figure 7.25(b), shows an under-damped and an
over-damped behavior for K greater than and less than desired, respectively. Accord-
ingly, as shown in Figure 7.24, to find the desired K for optimal jitter performance, we
simply observe R(n), starting from a large value of K and reducing it until its oscillation
subsides.

Absolute Jitter Measurement

Measuring the absolute jitter present in either a data or a clock waveform requires access
to an ideal clock, i.e., a clock with no jitter. We can measure the absolute jitter in a
waveform by simply feeding it along with its associated ideal clock into a linear phase
detector. The output of the phase detector is then proportional to the absolute jitter of
the waveform. However, in the absence of an ideal clock, we can only resort to other
non-ideal waveforms to possibly extract information about the absolute jitter in each
waveform.

To illustrate this, assume we are interested in the absolute jitter of data waveform
A, ¢a, while we also have access to clock waveforms B and C with their uncorrelated
absolute jitters of pg and ¢c, respectively. While we cannot observe ¢a, g, and ¢c
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Figure 7.25 (a) Plots of PSD of relative jitter for different values of K: the desired K corresponds
to minimum jitter variance, (b) plots of R(n) for different values of loop gain K: the desired K
corresponds to R(npeak) ~ 0. © 2017 IEEE. Reprinted, with permission, from [96].

Figure 7.26 Basic block diagram of absolute jitter measurement. (©) 2015 IEEE. Reprinted, with
permission, from [97].

directly, we can feed each pair of waveforms to a phase detector as shown in Figure
7.26 and observe their relative jitter at the corresponding PD output.

The PD outputs, ge1, @e2, and ge3, can then be correlated to produce the variances of
the absolute jitters in the waveforms. For example, if we assume the PD is linear with a
PD gain of one (ge1 = wa — ¢B), We can write:
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E[per¢e2] =E F(pzA] — ¢8)(pa — ¢c)]
= E|pz| + Elpsec] — E[papc] — E [pags]
=y -
= O’K

where we have assumed the jitter in the three waveforms are all uncorrelated with a
mean of zero.

For further insight into the absolute jitter, we can estimate its autocorrelation function
by delaying ge1 by n cycles prior to correlating it with ¢e2. Therefore, we can write:

E [er(k — nge2(K)] = E [(palk — n)pa(K)]
= R‘PA (n)

where we have assumed that the jitter is wide-sense stationary so that the autocorrelation
is a function only of the number of delay cycles, n, and not a function of the time index k.
The Fourier transform of this autocorrelation function provides the PSD of the absolute
jitter.

The scheme described above is implemented on chip [97] to estimate the absolute
jitter in both the input data and the recovered clock in a 10Gb/s multi-lane CDR. Figure
7.27 shows the block diagram of two adjacent BB-CDR lanes employing identical
BB-PDs. During normal operation, each CDR receives its own data and recovers the
corresponding CK. During absolute jitter measurement, the two selectors at the front
end are configured to feed Datal to both CDR1 and CDR2 to produce CK1 and CK2.
As such, CK1 and CK2 are both associated with the data waveform whose absolute jit-
ter needs to be characterized. An additional PD, PD3, is added between the two lanes to
further characterize the absolute jitter in each of CK1 and CK2.

To follow the procedure described earlier, the outputs of PD1, PD2, and PD3 need to
be correlated in order to characterize the jitter in each of Datal, CK1, and CK2. Since

(7.43)

Figure 7.27 Absolute jitter measurement in two adjacent CDRs. (©) 2015 IEEE. Reprinted, with
permission, from [97].
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the PDs are bang-bang, their outputs are binary, and therefore the correlation can be
easily performed on-chip in the digital domain using logic gates, FIFOs, and counters.
The edge monitor blocks collect information on the jitter CDF so as to estimate the PD
gain for each of PD1 and PD2. The data from the digital core is then sent off-chip to
estimate the PSD of the absolute jitter in each of Datal, CK1, and CK2,

Let us now revisit our assumption about the correlation between Datal, CK1, and
CK2. While the jitter in Datal arises from jitter sources outside the CDR, the jitters
in CK1 and CK2 are contributed by two sources: 1. the jitter generated by each of
VCO1 and VCO?2, and 2. the jitter in Datal. Since the two VCOs are assumed to be
independent, or at least sufficiently separated so as to minimize any coupling between
the two, and powered by well-isolated power supplies, the first contributions to CK1 and
CK2 may indeed be considered uncorrelated. The second contribution comes from the
same data jitter but it will be high-pass filtered by the loop before multiplying the PD
outputs for the autocorrelation function. Therefore, the autocorrelation function for the
absolute jitter in the data, as estimated by the block diagram in Figure 7.27, contains only
the out-of-band portion of the jitter; the in-band portion of the jitter is heavily attenuated
in the loop. Coincidently, we are also interested more in the out-of-band jitter, as it is
this portion of the jitter that degrades the CDR performance; the in-band jitter is tracked
by the CDR loop.

Similarly, the absolute jitter in each of CK1 and CK2, as estimated by the above
scheme, provides only a high-pass filtered version (the out-of-band portion) of the jitter
in CK1 and CK2. One way to include more of the in-band jitter in this estimation is to
reduce the loop bandwidth for diagnostic purposes [97].

Intentional Jitter

As mentioned in Section 7.3, the jitter PDF and its standard deviation affect the lin-
earized gain of the BB-PD, which in turn impacts the loop dynamics of the CDR and its
stability. In fact, it is possible to take advantage of this information and add intentional
jitter to a CDR in order to gain linearity and other desired properties. In this section,
we review two examples where we inject intentional jitter to improve PD linearity of a
10Gh/s CDR [98] and inject intentional jitter in a 28Gh/s CDR for jitter measurement
[99].

Jitter Injection for Improved Linearity

Figure 7.28(a) shows the block diagram of a 10Gh/s CDR where the input data is sam-
pled twice per Ul, once at the data center using the data clock (CKp) and once at the
data edge using the edge clock (CKg). To accommodate 10Gb/s operation, the clock is
implemented by four phases of a quarter rate clock (2.5GHz). The data and edge samples
are then demuxed by a factor of 8, feeding 32 data bits and 32 edge bits at the demuxed
rate of 311MHz (10GHz/32) to a digital loop filter. By comparing the data and the edge
bits, similar to what was described in Figure 7.14, the digital loop filter produces an
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8-bit phase code for the data center and an 8-bit phase code for the data edge, with a
nominal difference of 0.5Ul between the two codes. Since these codes are used for a
quarter-rate Pl, the 8-bit phase code corresponds to a time resolution of 1.56ps. The jit-
ter in the recovered clock in this CDR is influenced by two undesired effects. One is the
finite resolution of the PI and the other is the bang-bang nature of the PD. Even though
the phase code has a resolution of 8 bits, the DAC inside the PI is limited to 6 bits of
resolution for area constraints. By intentionally adding a random 2-bit code to the phase
code prior to dropping its 2 least significant bits, this work restores the effective resolu-
tion of the 6-bit code to 8 bits. In addition, for the edge clock only, a random code with a
maximum of 0.5Ulpp is added to its corresponding phase code to linearize the PD char-
acteristics. As a result, the jitter added to the data clock will have a standard deviation
that is different from the jitter added to the edge clock, as shown symbolically in Figure
7.28(b). This provides an extra degree of control for improving the PD linearity and the
DAC resolution.

Jitter Injection for Jitter Measurement

We are interested in measuring the relative jitter between the data and the recovered
clock in a bang-bang CDR by observing the bang-bang PD output. In Section 7.6.2, we
used the autocorrelation function of the PD output and a linearized model of a BB-PD as
shown in Figure 7.16, to arrive at the following expression for the relative jitter variance:

Figure 7.28 (a) A block diagram of a phase-interpolator-based (Pl-based) CDR with intentional
jitter in both the data clock and the edge clock, (b) data clock and edge clock waveforms with
different jitter.
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Figure 7.29 Adding intentional deterministic jitter to the edge clock enables measuring the

relative jitter.
2 ot — ofp
O = —05—— (7.44)
K
PDO

where a7 is the data transition density as defined in Section 7.6.2. Using this equation,
we can estimate o2 provided we have the values for both o3, and Kppo. We can use
Equation 7.34 to obtain aFZ,D, and so it remains to evaluate Kppg in order to determine
oez. Evaluating Kppg, however, is not trivial, because Kppg is a function of o itself, and
therefore Equation 7.44 has two unknowns.

To add further observability to the PD output, [99] injects a small deterministic
(square wave) jitter into the input of the phase interpolator controlling the edge clock
jitter. This is shown in Figure 7.29. The injected jitter, which corresponds only to the
least significant bit (LSB) of the PI control, is assumed to be much smaller than the rela-
tive jitter. As a result, the autocorrelation of the PD output will have two components: 1.
the autocorrelation of the relative jitter, which is expected to be a delta function, corre-
sponding to a mainly white relative jitter, and 2. the autocorrelation of the injected jitter,
which is expected to be a triangular waveform. Given that the amplitude of the injected
jitter is known and we can identify its contribution to the autocorrelation function of the
PD output, we can determine Kppg and hence estimate the power of the relative jitter
using Equation 7.44. We refer the interested readers to [99] for further details of this
scheme.
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Phase Noise in Wireless
Applications

A wireless transceiver typically uses a PLL at the transmitter to up-convert a baseband
signal to an RF frequency and uses another PLL at the receiver to down-convert the
RF signal back to the baseband. Depending on the quality of the PLL clock, which is
often measured by its phase noise, the process of up-conversion and down-conversion
produces unwanted signals which often interfere with signals in adjacent channels and
deteriorate the SNR at the receiver. In this chapter, we first provide a brief background
on the transmitter and receiver concepts, and then discuss the impact of PLL phase noise
on transceiver performance.

Basics of Wireless Transceivers

Figure 8.1(a) shows the block diagram of a simplified wireless transmitter, in which
a baseband signal is up-converted to an RF frequency in a two-step process: first to
an intermediate frequency (IF), and then to an RF frequency, using a local oscillator
(inside a PLL). The RF signal is then fed to a bandpass filter (BPF) followed by a
power amplifier (PA) and the antenna. If the oscillator produces a pure single tone,
the up-converted signal will simply contain the baseband signal translated (shifted) in
frequency to fre. If the baseband signal has a bandwidth of B, the RF signal will have
a bandwidth of 2B, as shown in Figure 8.1(b). However, due to the phase noise of the
oscillator, the up-converted signal will also contain frequency content outside the 2B
bandwidth, which may contribute to noise in adjacent receiver channels. The BPF allows
the signal and the noise content within the 2B bandwidth to pass but attenuates the phase
noise and other noise content that lie outside the 2B bandwidth. The PA amplifies the
power of the RF signal so as to extend its reach to the intended receivers.

A simplified block diagram of a wireless receiver is shown in Figure 8.2(a). The
received signal from the antenna is first filtered by an off-chip surface acoustic wave
(SAW) filter, then passed to a low noise amplifier (LNA), and subsequently to a mixer
that down-converts the RF signal either to an intermediate frequency (IF) or directly
to DC for further filtering. The role of the BPF/LPF in the receiver is to select a
channel among many channels that exist in the receiver band, similar to tuning into
a radio station. Typical PSDs for the signals through the wireless receiver are shown in
Figure 8.2(b).
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Figure 8.1 (a) A simplified block diagram of a wireless transmitter, (b) PSDs of the input, IF, LO,
and RF signals.

Figure 8.2 (a) A simplified block diagram of a wireless receiver, (b) PSD of the LO, RF, IF, and
the output signals.

Blockers in Wireless Receivers

The desired received signal may occupy a bandwidth B of 100kHz (for example in GSM
standard) and may be as weak as —102dBm (around 2.5uVns). Undesired received
signals, which lie outside the RX band and are referred to as out-of-band blockers, could
be much higher in their power than the desired signal and, as such, they may prevent
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Figure 8.3 TX1 and TX2 are examples of in-band blockers, whereas TX3 is an example of an
out-of-band blocker.

(block) the weak desired signal from being correctly detected. In addition to the out-
of-band blockers, there are signals from adjacent channels in the same RX band, called
in-band blockers, that can also create interference with the weak desired signal. The
role of the SAW filter is to attenuate the out-of-band blockers and the role of filtering
around IF is to attenuate in-band blockers. Nevertheless, a residual out-of-band blocker
or in-band blocker may adversely affect the SNR at the receiver.

The out-of-band blockers, if not sufficiently attenuated, will force the receiver circuits
to operate in a non-linear region simply due to their large amplitudes relative to the
desired signals. Also, as we will see later, they can mix with other strong blockers and
produce frequency components that directly overlap with the frequency spectrum of the
desired signal.

Noise Figure

An ideal LNA amplifies both the desired signal and the noise, by the same factor, main-
taining the same SNR at its output as at its input. A practical LNA, however, produces
additional noise that will be added to its output. The added noise is generally produced
by the active and passive components of the LNA. As a result, the SNR at the output of
the LNA will be slightly lower than the SNR at the input of the LNA. The difference
between the two SNRs, when expressed in dB, is defined as the noise figure (NF) for the
LNA. In other words:

NF[dB] = SNRout[dB] — SNRN[dB]. (8.1)
A typical value for the NF of an LNA is around 2 — 3dB.

Receiver Sensitivity

Receiver sensitivity is defined as the minimum power of the received signal at the
receiver input that can be reliably detected in the presence of noise. As such, the receiver
sensitivity is mainly constrained by the noise power at its input. Most receivers typically
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Figure 8.4 The RX sensitivity is defined as the minimum signal power reliably detectable by the
receiver.

require a signal power level that is two to three times larger (or equivalently 3 to 5dB
higher) than the noise power level. To determine the RX sensitivity, we typically deter-
mine the noise power at the input of the receiver and then multiply it by factor of 2 to 3
(i.e., add 3-5dB to it).

Looking at the block diagram of the receiver in Figure 8.2(a), there are several con-
tributors to the noise at the input of the LNA. The main contributor is thermal noise
coming from the antenna, which is known to be kTB, where k is the Boltzmann con-
stant, T is the temperature in Kelvin, and B is the signal bandwidth. Accordingly, the
thermal noise power in the signal band can be written as:

Nihermal[dBm] = 10 log(kTB) = 10log(kT)[dBm/Hz] + 10log(B)[dBHz].  (8.2)
At room temperature (T = 300°K), we can write:
Nihermal[dBm] = —174[dBm/Hz] + 10 log(B)[dBHz]. (8.3

The other contributor to the input noise is the LNA itself. As we mentioned earlier, the
LNA is characterized by its NF, which quantifies the added noise in dB. As a result, the
minimum equivalent noise at the input (input-referred noise) of the LNA can be written
as:

Nfioor[ABM] = Nthermai[dBm] + NF[dB]

— —174[dBm/Hz] + 10 log(B)[dBHz] + NF[dB].

If we require the minimum detectable signal to be an SNRy;, above this noise level,
then we can write an expression for the receiver sensitivity as follows:

(8.4)

I:\)Xsensitivity[dBm] = Nﬂoor[dBm] + SNRmin[dB]- (8-5)

Figure 8.4 depicts the relationship between the thermal noise, the noise floor, and the
RX sensitivity.

Examples of Phase Noise Requirements for the Transmitter VCO
In this section, we study two wireless standards, i.e., GSM and WCDMA, and determine

the phase noise requirements of their transmitter VCOs. Figure 8.5 shows the frequency
band associated with the P-GSM-900 standard [100]. In this standard, the TX band
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Figure 8.5 Primary GSM (P-GSM) standard spectrum.

Figure 8.6 The local oscillator at the rightmost channel in the TX band leaks its phase noise to the
leftmost channel of the RX band.

(mobile to base station), also known as uplink, is specified as 890 — 915MHz, whereas
the RX band (base station to mobile), also known as downlink, is specified as 935 —
960MHz. With a channel spacing of 200kHz in each of the TX and RX bands, P-GSM-
900 provides a total of 124 channels in each of its TX and RX bands with 100kHz of
guard band on each side. A 20MHz gap between the TX and RX bands acts as a further
guard band to ensure the phase noise of the TX signal from a handset does not spill too
much into the RX band of an adjacent handset. We will determine the maximum phase
noise at the TX that can be tolerated at the RX in this section.

Figure 8.6 shows the VCO phase noise associated with the rightmost channel in the
TX band and how it spills into the leftmost channel in the RX band of an adjacent
mobile set.

To determine the maximum phase noise of the TX that can be tolerated at the RX,
and using the definition of phase noise in Equation 3.25 for a frequency offset of Af,
we can write:

S'(fLo + Af)

Lesm(Af) = Py

(8.6)
If the maximum noise power allowed in the receiver channel is specified as Nrxmax,
we can write:

NRXmax
L Af) < ——.
csm(Af) < B Pry

Expressing all quantities in dB, we can write:

(8.7)

Lesm(AD[dBc/Hz] < Nrxmax[dBmM] — Prx[dBm] — 10log(B)[dBHz].  (8.8)
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Figure 8.7 The phase noise of the TX channel of a WCDMA device leaks into the RX channel of
the same device.

If we evaluate this equation with Af =20MHz, Nrxmax = —79dBm, P1x = 33dBm,
and B = 100kHz, we will arrive at the following requirement:

Lesm(20MHz) < —162dBc/Hz. (8.9)

As a second example, let us find the TX phase noise requirement in a WCDMA
standard [100]. As shown in Figure 8.7, in this standard, the phase noise of the TX
of one handset may actually interfere with the RX part of the same handset. Although
the duplexer is expected to block any of the handset’s TX power from leaking into
the handset’s RX, in reality, the duplexer can only attenuate the TX power by about
45dB. If we consider a maximum TX power of 26dBm, the duplexer is able to bring
this power down to 26dBm — 45dB = —19dBm. Af can be any value between 30MHz
and 400MHz depending on the specific band. In this case, Equation 8.8 will result in
Lwepma(Af) < —161dBc/Hz [101].

Reciprocal Mixing at the Receiver

An ideal RX mixer, as shown in Figure 8.8, multiplies a narrowband RF signal around
fre by a tone at f o to reproduce the narrowband signal around an IF frequency where
(fir < fre). The basic idea is that the content centered around fig is much easier to
process than the original content centered around fre.

The tone at f_ o, which is generated using a local oscillator (LO), inevitably contains
phase noise, as discussed in detail in Chapter 4. Figure 8.9 shows a tone at f o and its
accompanying phase noise. Consider now a blocker signal with sufficient strength at fg.
The blocker signal, when mixed with the phase noise component at frequency fg + fi,
produces content around fg, in a similar way to how the signal around frg is translated
by the ideal tone at f_ o to around fig. The blocker signal, as discussed earlier, may
belong to either the same band as that of the desired signal or to an adjacent band. In
most narrowband RF receivers, an off-chip filter (SAW filter in Figure 8.2) is employed
to attenuate the out-of-band blocker signal. In wideband RF receivers without a SAW
filter, the blocker signal may accompany the desired signal to the mixer input and impose
more constraints on LNA linearity and on the phase noise of the local VCO.
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Figure 8.8 An ideal mixer shifts the content from frg to fr.

Figure 8.9 The LO phase noise is mixed with the blocker signal and produces in-band noise at fr.

Figure 8.10 In a direct-conversion receiver, the LO phase noise is mixed with the blocker signal
and produces in-band noise at DC.

The process in which the blocker creates more in-band noise through mixing with the
phase noise of the VCO is called “reciprocal” mixing because the blocker signal at fg
plays the role of a local oscillator and the phase noise of the local oscillator plays the
role of the RF signal. Let us now quantify the effect of this reciprocal mixing on the
SNR at the mixer output.

Without loss of generality, we assume fir = 0 in this analysis. This corresponds to
what is known as direct-conversion receiver. Figure 8.10 shows the desired signal and a
blocker at Af away from f_ o as input to the mixer. If we assume the local oscillator has
a phase noise characterized by £ o(f) and the blocker has a total power of Pg[dBm],
then the process of reciprocal mixing will add the following noise power to the signal
band:
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Nrm = Pg - Lio(Af) - B (8.10)

where Nry denotes the in-band noise power due to reciprocal mixing and B is the signal
bandwidth. Expressing this noise power in dBm, we can write:

Ngm[dBm] = Pg[dBm] + £Lo(Af)[dBc/Hz] + 10 log(B)[dBHz]. (8.11)

If we assume this noise is much larger than the thermal noise, which is usually the
case given large blocker power, we can write an expression for the SNR:

SNR[dB] = Pc[dBm] — Pg[dBm] — L o(Af)[dBc/Hz] — 10 log(B)[dBHZ]  (8.12)

where Pc is the carrier power associated with the desired signal. If we denote the
minimum required SNR by the standard with SNRp;,, then we have the following
requirement for the phase noise:

L1 o(Af)[dBc/Hz] < Pc[dBm] — Pg[dBm] — 10 log(B)[dBHz] — SNRmin[dB]. (8.13)

Example: Figure 8.11 shows the GSM receiver requirement for the blocker power
level. Given the GSM standard requires a minimum SNR of 9dB and a sensitivity of
—99dBm, i.e., a carrier level of —99dBm, calculate the LO phase noise at 600kHz and
3MHz offset from the carrier. Assume the blocker signals have the maximum allowable
power levels as shown in the figure. Assume a channel bandwidth of 200kHz.

Solution: The blocker power can be as much as —43dBm at 600kHz away from the
carrier. Therefore, using Equation 8.13, we can write:

L1o(Af = 600kHz) < —99 — (—43) — 1010g(200k) — 9 = —118[dBc/Hz]. (8.14)

Similary, the blocker power can be as much as —23dBm at 3MHz away from the
carrier. Therefore, we can calculate:

Lro(Af = 3MHz) < —99 — (—23) — 1010g(200k) — 9 = —138[dBc/Hz].  (8.15)

Figure 8.11 Blocker mask for GSM: the receiver is required to tolerate an increasing level of
blocker power as the blocker moves farther away from the desired signal frequency.
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Finally, to find out the increase in noise power due to reciprocal mixing, we need to
compare this noise power with the thermal noise power, which is —174[dBm/Hz] +
10 log(B)[dBHz]. Subtracting the two in dB will provide us with the blocker NF:

BlockerNF[dB] = Pg[dBm] + 174[dBm] + £o(Af)[dBc/Hz]. (8.16)

The blocker NF can be reduced if we can reduce the blocker power (Pg) or the VCO’s
phase noise. As mentioned earlier, one way to reduce the blocker power is to simply try
to filter it using a SAW filter. However, in the absence of a SAW filter, we need to design
the local oscillator with reduced phase noise. Equation 8.16 states that every dB increase
in blocker power must be compensated by a dB decrease in the phase noise, or else we
will be compromising the SNR of the design.

Since the phase noise spectrum is usually symmetric around the carrier frequency, as
depicted in Figure 8.10, it is possible to take advantage of this symmetry and cancel
the reciprocal mixing caused by the phase noise. Details of this technique are described
in [102].
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Advanced Concepts on Jitter and
Phase Noise

This chapter deals with some advanced concepts connected to jitter and phase noise
which are not strictly necessary to understand the rest of the book. The handling of
these concepts requires, in some cases, a more complex mathematical approach, but in
our view is important for those readers who want to gain a deeper insight.

A General Method to Convert Phase Noise to Jitter

In this section we will illustrate a general method that can be employed in many cases to
calculate jitter, or other timing parameters, from the phase noise. This method borrows
some basic concepts from discrete time signal processing, which can be found in, e.g.,
[72]. Assume that a given timing parameter j is such that a linear combination of its
values over the clock periods k, ...,k — n can be expressed as a linear combination of
the absolute jitter a over the clock periods k, ...,k — m:

aojk + a1jk—1 + - - + anjk—n = Poak + Brak—1 + - - - + PmAk—m. (9.1)

As an example, the period jitter px_1 can be expressed as ax — ax—1 (see Equation 2.9).
By taking the z-transform of both members of the previous equation, and indicating with
J(2) and A(z) the z-transform of jk and ax respectively:

(w42 + - +anz™ID) = Bo+ izt + - + Bz MA(Q). (9.2)

Therefore, in general the discrete time signal jix can be obtained from ay via a discrete
time filter with frequency response H(z):

J(2) = H(2)A(2) 9.3
where, in the specific case above, H(z) is defined as:
Z:n—o piz™!
Hiz) = =————. 9.4
@= S (9.4)
Knowing the general relation between absolute jitter and excess phase ax = —¢k/wo
(see Equation 3.5), Equation 9.3 can be expressed as:
—H
10 = M9y (9.5)

20
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where ®(z) is the z-transform of the sequence gy. This relation tells us that j is obtained
from ¢ via a filter with frequency response —H(f)/wg, where the translation from
z-domain to frequency domain is obtained by replacing z—1 with e 127 with T the
nominal clock period. Using basic linear system theory (see Appendix A.2.10), the rela-
tion between the PSD of j and the PSD of ¢, which is also the phase noise £(f), can
then be found:

2

H(D) L(f). (9.6)

2
Se(f) =
oo | S0

Sj(f) =

H(f)
“wo

From here it is easy to obtain the variance of the timing parameter j as:
+00 | H(f 2
=2 (f)
! 0

o

EXAMPLE 15 In this example we will apply the method above to the computation
the period jitter from the phase noise. Starting from the definition of period jitter (see
Equation 2.9) here reported:

L£(f) df. (9.7)

Pk-1 = ak — a1 9.8)

and taking the z-transform of both members we find:
7P = (1 -z7HAQR) (9.9)
so that for this case:
1-z71

H(z) = p (9.10)

Using Equation 9.6, we obtain:
1 g i2nfT |2 4sin2(fT)

and finally, using Equation 9.7, the variance of the period jitter as function of the phase

noise:
g [t
of=— sin?(fT)L(f) df (9.12)
a)O 0

which is the same as 3.49 for N = 1, obtained in a different way.

The reader is invited to extend the example above to derive Equation 3.49, which
converts phase noise into N-period jitter. In Section 9.3.4 this method will be applied to
derive the link between Allan Deviation and phase noise.

Confidence Intervals of Statistical Parameters

In Section 2.2, the statistical parameters of jitter were presented and analyzed, but no
mention was made about their accuracy. This important aspect is the topic of this section.

First of all, it is important to understand that the quantities fij and 6j2 as calculated
in Equations 2.30 and 2.32 only deliver an estimate of mean and variance. Due to the
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stochastic nature of the data, the same computation applied to data coming from the
same system but measured at different times will give different results, even if the system
is time-invariant. In other words, the quantities /j and &jz should be treated as random
variables on their own.

Additionally, the accuracy of the estimation depends on the sample size n. It is natural
to expect an estimate of the variance based on a thousand samples to be much closer to
the real variance than an estimate based on five samples. Figure 9.1 shows the results
of the repeated computation of the sample variance using Equation 2.32 on data coming
from a Gaussian distribution with a variance equal to 1 for several sample sizes n. As
can be seen, the larger the n, the smaller the spread of the sample variance around the
real value.

The central questions that must be answered when estimating mean and variance of
jitter are, therefore: if the number of samples n is given and cannot be changed, how
close is the result of the estimation to the real value? Or, if the sample size n can be
chosen, how large should it be so that the error in the estimation is lower than a given
limit?

These questions constitute the core of so-called parameter estimation theory in statis-
tics. In this section, we will use the concepts from this branch of statistics without
going into the details of the theory. The interested reader can refer to, e.g., [103], [104],
[105], or [13] for a deeper analysis. The content of this section is not a prerequisite for
understanding the remainder of the book.

The questions above can be formalized by introducing the concept of confidence inter-
val. If 6 is the parameter to be estimated, in our case, either the mean or the variance,
the goal is to find two values 6, and 6y such that the probability that the real value 6
falls within the interval [0, 6y] is equal to a given number 1 — «:

PloL<6<6yl=1-a. (9.13)

Figure 9.1 Estimated (sample) variance from a Gaussian population with zero mean and variance
equal to 1, versus sample size n. For each sample size n, the results over 1000 trials are displayed.
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The interval [0, 6y] is called the 100(1 — «)% confidence interval, and it has the fol-
lowing meaning. If the computation of the interval [0, 6y] is repeated many times on
different data sets, in 100(1 — «)% of the cases the real value of the parameter will be
contained within the computed confidence interval. For instance, if « = 0.01, we have a
99% confidence interval; that is, in 99% of the cases the real value of 6 will be within the
computed limits. For some of us, it could be particularly disillusioning to realize that we
cannot know the value of the parameter with absolute certainty, but fighting against this
statistical truth will probably not lead us anywhere. So we’d better accept it, for now.

Since the computation of the confidence intervals is heavily based on the Gaussian
distribution, it is useful to review some facts regarding the probability of a Gaussian
random variable before proceeding. Given a random variable X having a Gaussian dis-
tribution with mean 1 and variance o2, the probability P(Q) that X assumes values larger
than u 4+ Q o, with Q a real number, is given by:

+oo Y,
PQ):=P[X>pu+Qo]= /+Q ;E exp ( (t2 ZM) )dt. (9.14)
" o0 o

With the change of variable v = (t — 11)/(o +/2) this expression can be rewritten as:
1 +o0

_ Py = Lerfe (L
P(Q) = 7= Q/ﬁe dv = Serfc <ﬁ> (9.15)

where erfc(x) is the complementary error function defined as:

2 +oo 2
erfc(x) == ﬁ/ e " dv (9.16)
X

which can be computed with the use of the most common mathematical programs or
spreadsheets. Table 9.1 shows the values of P(Q) for several values of Q. In the follow-
ing a Gaussian random variable X with mean 1 and variance o2 will be indicated by
X € N(u, o).

Confidence Interval on the Jitter Mean

In this section we will derive an expression for the confidence interval of the estimation
of mean based on the sample mean (Equation 2.30). From Equation 2.30, if the jitter
samples ji have a Gaussian distribution \'(1, 02), and are independent from each other,
it is well known that /ij € N(u, o2/n), since the sum of independent Gaussian random
variables is still a Gaussian random variable. If the jitter samples are non-Gaussian,
the central limit theorem states that, under certain conditions, the distribution of fi;
converges to a normal distribution A/ (11, 2/n) for increasing n.

In practical situation, if n > 30 the distribution approximates a real Gaussian distri-
bution to a very high degree (see Figure 9.2). Luckily, in the context of jitter estimation,
the number of samples available in practice is far larger than 30, and it can be assumed
that:

o2
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Table 9.1 Probabilities that

X>p+QoforX e Nu,o?).

Q PQ)

1 1.58.10"1
2 2.27.102
2.33 1.00- 102
3 1.35.1073
3.09 1.00- 103
4 3.17-107°
4.75 1.00- 106
5 2.87-1077
6 1.00- 1079
7 1.28-10712
7.03 1.00- 1012
7.94 1.00-10"15
8 6.22.1016
9 1.13.10719
10 7.62.10"24

187

uniform, crosses = sinusoidal) having variance 1 compared to the Gaussian PDF with variance
1/4/(30) = 0.18 (dashed line).

From this result it is easy to find the confidence interval for the sample mean. Indeed,

from Equation 9.14

so that:

P[/ljzu+Q

g
n

7

} —P(Q)

(9.18)
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o o
P — < [ij —|=1-2pP 1
|:M+Q\/HSMJSM+Q\/E} Q) (9.19)
or, in term of the absolute estimation error |& — u|:
R o
P [|Mj -ul=Q _Jﬁ] =1-2P(Q). (9-20)

It can be seen that the confidence interval depends on the sample size n. The larger
the n, the smaller the confidence interval for a given confidence level 1 — 2P(Q). This
expression allows for the calculation of the minimum number of samples n needed to
achieve the 1 — 2P(Q) confidence level that the absolute error on the estimated mean
(I — wl) is lower than a given value e:

n> (Q—U>2. (9.21)

€

EXAMPLE 16 Assume it is known that the clock under investigation has a jitter RMS
value of 10ps, and we want to estimate the jitter mean with an absolute error lower than
1ps and a confidence level of 99.7%. How many jitter samples are needed? Based on
Table 9.1, for this confidence level Q = 3, so that n > (3 - 10/1)? = 900. It can be seen
that, for the estimation of the mean, a number of samples as low as 1000 already yields
a very good confidence estimation. Note that, for a confidence level of 95%, Q = 2, so
that only 400 samples would suffice.

In the previous discussion, it has been tacitly assumed that the RMS value o of the
jitter was known. In a realistic situation, though, if the mean is unknown, it not very
probable that the RMS will be known. The most natural choice in this case is to use
the estimated RMS value 6j from Equation 2.32 instead of o. At this point, statistical
theory pulls in the concept of the Student’s T-distribution and things get slightly more
complicated. However, again luckily, if the number of samples n is greater than about
30, the T-distribution can be very well approximated with a Gaussian one and the result
derived above holds its validity when o is replaced by 6;:

Pl -wi =@ L] =1- 2@ 922)

However, the determination of the minimum sample size n is now not as straightforward
as in the case of a known o, since 6j depends also on n. Therefore, a trial and error
procedure is normally needed.

Confidence Interval on the Jitter Variance and Standard Deviation

In most cases, the parameter of interest is the RMS value or the variance of the jit-
ter and not its mean value. It is thus important to know the confidence interval on the
estimation of these quantities when using the sample variance estimator &jz reported in
Expression 2.32.

From mathematical statistics (see, e.g., [104]) it is known that, if the jitter samples
jk € N(i, o), then the random variable (n — 1)6]-2/02 has a x?2 distribution withn — 1
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degrees of freedom. The x? is a special distribution used extensively in statistical infer-
ence and can be defined with the help of the Gamma function. However, and luckily
enough, it has been shown that, for a large number of degrees of freedom n, the x2
distribution converges to A(n, 2n). The approximation is already very good for n = 30.
Using this fact, and approximating n — 1 with n, it follows that:

67 € N(o?, 20" /n). (9.23)

This expression means that, when estimating the variance of jitter with the sample vari-
ance, the result will be, on average, the real variance o2, but it will be spread around this
average value with the shape of a Gaussian distribution with an RMS value o2./(2/n).
Note that the RMS value of the sample variance is proportional to the variance of the
original random variable.

Now it is quite straightforward to calculate the confidence interval. From Equa-

tion 9.23:
P [az - Qaz\/g <6l <o+ Qaz\/ﬂ =1-2P(Q). (9.24)

After some easy algebra, the previous expression can be reformulated as:

P [ < Q\/ﬂ =1-2P(Q). (9:29)

Note that the expression 8j2 /o? — 1 is the relative error of the estimation of the vari-
ance. The confidence interval for the estimation of the RMS value can be derived from
Equation 9.25, observing that, if 6; is close to o, then 6j2/02 — 1~ 2(6j/0 — 1), and
6j/o — L1is the relative error of the RMS value. Finally, the confidence interval of the
relative error of the estimation of the RMS value is:

5 <o/tl_q1_
P|:;—1’_Q\/;:|—1 2P(Q). (9.26)

From this formula, the minimum number of samples n needed to estimate the RMS
with a given confidence level can be derived immediately. Assuming that the allowed
relative error of the estimation is e, the minimum number of samples n corresponding
to a confidence level of 1 — 2P(Q) is given by:

1/Q)\?
n> 2 (e_r> . (9.27)

52
4
0-2

Figure 9.3 graphically illustrates Equation 9.27 for three levels of confidence: 68%
(Q=1),95% (Q = 2)and 99.7% (Q = 3).

EXAMPLE 17 How many samples are needed to estimate the RMS value of a Gaussian
jitter with a relative error of 1% and a 99.7% confidence level? In this case ¢, = 0.01
and Q = 3, so that, from Equation 9.27, n should be larger than 45,000. Note that for a
confidence level of 95% and the same relative error, the sample size reduces to 20,000.
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Figure 9.3 Sample size n versus relative error ¢, for the estimation of the RMS value of a
Gaussian random variable for three levels of confidence.

The expressions above are valid if the jitter samples jx have a Gaussian distribution.
What if this condition is not satisfied? In such cases, things are not as straightforward as
before, but we can contain the increase of complexity by introducing just one additional
coefficient. By virtue of the central limit theorem for large n, the distribution of the
sample variance tends again to a Gaussian distribution, with the only difference being
that in the non-Gaussian case, the variance is not 264 /n, but rather (2 + y,)/n:

4
6t e N <(;2, ‘%(2 + )/2)) : (9.28)

The coefficient y» is called the excess kurtosis and, for a random variable X with mean
w and variance o2, is defined as:
4

Yo = M -3 (9.29)
It is basically a measure of how close to a Gaussian the distribution of X is. Indeed if X is
Gaussian then y, = 0 and Equation 9.28 reduces to Equation 9.23. It must be noted that
also in the case of non Gaussian distributions, the sample variance converges to the real
variance, and the excess kurtosis influences only the confidence interval of the estima-
tion. Repeating the steps followed above for the Gaussian case, the confidence interval
for the estimated RMS value for non-Gaussian jitter distributions can be written as:

|

and the minimum sample size n for a given confidence level 1 — 2P(Q) as:

n> (% + %) (g)z. (9.31)

ﬁ_1‘59 2”2}:1—2%@) (9.30)
o 2 n
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Unfortunately, this approach relies on the fact that we know the value of y»; that is,
we know the shape of the underlying jitter distribution. In most cases, though, this is
not true, and the excess kurtosis becomes another coefficient that we have to estimate
using Equation 9.29, with its own confidence interval (the order-zero estimation can
be obtained by replacing the expectation operator with the average over the samples).
As can be understood, an exact solution to this problem is not elementary and goes far
beyond the scope of this book.

Confidence Interval on the Jitter Peak and Peak-Peak Values

Calculating peak and peak-peak values, as shown in Equations 2.33, 2.34, and 2.35, is
very straightforward, but what confidence level can be obtained with this procedure? In
other words, once p~, p™, and pp are found, what is the probability that a jitter sample
will be larger that o™, or smaller than o, or outside the range pp?

This question is part of a branch of mathematics called order statistics developed in
the 1940s and applied to quality control in industrial processes. In particular, a quite
remarkable result states that the probability of finding a jitter sample outside the limits
calculated as before depends only on the sample size n and not on the shape of the
distribution, as long as it can be assumed to be continuous. The proof of this apparently
paradoxical fact is beyond the scope of this book, and the interested reader is referred to
[106] or [107].

The question now becomes slightly different. Given that these probabilities depend
only on n, what is the minimum n such that there is a high confidence level, e.g., 1—P(Q),
with P(Q) as reported in Table 9.1, that the probability of finding a jitter sample beyond
the peak limits is lower than a given bound 8? Expressed in mathematical terms, calling
u and v the probabilities of finding a jitter sample larger than p* or lower than p~,
respectively, we want to determine n such that:

Plu<pl=1-P(@Q) (9.32)
for the peak positive,
Plv=8]=1-P(Q) (9.33)
for the peak negative, and
Plu+v=<pg]>1-P@Q) (9.34)

for the peak-peak value. Omitting the mathematics (see [107]), the result is:
_ InPQ
~In(1-p)

for the peak positive and the peak negative cases. The result is plotted in Figure 9.4 for

three levels of confidence (68%, 95.4%, and 99.7%). For the peak-peak value, n is the
result of the following transcendental equation:

N —p)"* —(n— 1)1 - B)" = P(Q) (9.36)

(9.35)
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Figure 9.4 Estimation of peak value: sample size n versus probability bound B for three
confidence levels.

Figure 9.5 Estimation of peak-peak value: sample size n versus probability bound g for three
confidence levels.

which cannot be solved analytically, but is plotted in Figure 9.5 for the same three levels
of confidence.

It is instructive to find an approximate expression for Equation 9.36 in the case of
a 99.7% confidence interval (P(Q) = 0.003). Considering the Taylor expansion of the
logarithm for small values of 8, the result is:

n> % (9.37)
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For instance, if one wants to be 99.7% sure that at most 1/1000 of the jitter samples are
larger than the peak value, n should be larger than 5810. Comparing Figures 9.4 and 9.5,
it can be seen that the same level of confidence for the same value of 8 requires roughly
double the sample size in the peak-peak case than in the case of peak value. This also
makes intuitive sense: having a proportion 8 outside of the pp range can be equivalent
to having /2 larger than p™ and B/2 smaller than p—, leading to the doubling of the
number of points, as shown by Equation 9.37.

Estimators for Frequency Stability

Many modern applications rely on the availability of timing sources where frequency
is accurate, i.e., its average value is equal to the nominal one, and very stable, i.e.,
not changing too much over time. Notable examples are the GPS system and digital
communication networks extending across very large geographic distances. In the case
of GPS, the phase differences between clock generators in different satellites and the
receiver are used to determine distance, and thus the position of the receiver itself. A
key point for the system to work is that the clocks should be very stable and accurate,
otherwise the information on distance extracted by comparing phases will be corrupted.
In digital communication networks, frequency stability over the long term at different
nodes geographically far apart is a key element in guaranteeing that data are not lost due
to buffer overflow.

In the 1950s and 1960s a lot of effort was put into devising clock sources offer-
ing the kind of stability needed by such applications, resulting in the development of
timing sources which exploit basic properties of matter to generate periodic signals
with controlled frequencies. Atomic clocks based on the energy transitions of cesium
or rubidium, and the hydrogen maser are some of these.

In parallel with the development of precise timing sources, there was a clear necessity
of establishing criteria to characterize the frequency stability over time of those different
sources. Two factors prompted this development: the first was the need to compare the
performances of clock sources, and the second was the need for a system to classify the
degrees of frequency accuracy required by different applications.

In the late 1960s the metrology community converged on a few well-defined quanti-
ties, which proved to be quite useful and are still in use today. The Allan Deviation is
probably the most well known.

Even though these quantities are not directly connected to the design and anal-
ysis of integrated systems, they are quite relevant for many other applications in
the field of electronic and information engineering. This section aims to give an
overview of the subject; a thorough handling would take a book by itself. The inter-
ested reader is referred to [108], [109], and [110] for an in-depth examination of these
issues.

This section will start with some basic concepts dealing with the characterization of
frequency stability and then focus on the Allan Deviation and on its relation to jitter. At
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the end, the concepts of Modified Allan Deviation and Time Deviation will be briefly
explained, but not discussed in detail.

Basic Concepts

The main question to address is how to determine the frequency stability of a given
clock source over a given observation period t. The starting point for an analysis in
the time domain is the simple clock model described by Equation 2.1. The quantity to
characterize is the deviation over time of the instantaneous frequency of the clock signal
f(t) = fo + ¢(t)/(27) from the average nominal frequency fo, Af(t) = f(t) —fo. It makes
sense to consider the frequency deviation normalized to the nominal frequency, so that
historically a new quantity y(t) was defined as:

AT®) ) —fo
fo  fo

y(t) = . (9.38)
This is essentially the frequency error over time normalized to the nominal frequency.
Note that, for an ideal clock, y(t) is identical to zero.

In order to evaluate the stability over an observation period z, the approach used by
the standardization bodies considered the average values of y(t) over periods of time
spanning t seconds. It must be noted that, depending on the application, the observation
period T can range from milliseconds to days or even years. Figure 9.6 shows an example
of y(t) together with its average values (indicated as V;) calculated over consecutive
periods t.

It would seem sensible to characterize the stability of the clock source by simply
taking the variance of the y;. This is indeed one way of doing it, leading to a quantity
which has been called true variance and indicated by 12(z) = E [y?] Unfortunately,
this quantity turns out to be of no practical use, since, for all real clock sources,
it approaches infinity for increasing values of 7, due to the intrinsic random walk
nature of the frequency error for all real oscillators, so that its variance diverges with
time.

For this reason, the Allan Deviation (named after D. W. Allan) was taken as the basic
metrological quantity for frequency stability.

Figure 9.6 Normalized frequency deviation y(t) versus time. The yj indicate the average values of
y(t) across a time span <.
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Allan Deviation (ADEV)

To get rid of the numerical difficulties connected with the true variance, other approaches
were considered, based on the relative comparison of the yj, rather than on their absolute
values. One of them is built on the difference between two consecutive values of y;, by
defining the quantity Ay; as:
Viv1 — Vi
Ayj = —/———. (9.39)
i \/z

The variance of Ay is called the Allan Variance (AVAR) aiy(t):

o3,(0) 1= E [(a?] = 2E[Giss —507] (9.40)

and its square root oay(r) is called the Allan Deviation (ADEV). Since the values of
yi depend on the observation interval t, the ADEV is also a function of t. Note that,
in the literature, the ADEV is normally indicated by oy(z). Nevertheless, since it is
based on the difference of consecutive j, in this book we prefer to use the notation
oay(7), to avoid possible confusion with the standard deviation of y; itself. The factor
V2 in the denominator of Equation 9.39 is chosen so that the value of ADEV is equal
to the standard deviation of y; for a noise process in which consecutive values of y; are
uncorrelated. Due to the difference operation in Equation 9.39, the ADEV turns out to
be well defined and not diverging for any kind of noise produced by real oscillators.
Given a series of m average frequency measurements, a widely used estimator for the
AVAR is given by:
m—1

1 - -
Uiy(f) = 2m—1) ;(Yiﬂ — %) (9.41)

Figure 9.7 [47] shows the ADEV for some typical high-precision clock sources.

Relation Between Allan Deviation and Jitter

Since the ADEYV is a characterization of frequency instability, and frequency instability
manifests itself as jitter on the clock edges, it is natural to try to understand if there is
a simple relation between ADEV and the jitter definitions given in this chapter. It turns
out that there is, and it is simple indeed.

To derive it, let’s first consider the very definition of y(t) as given in Equation 9.38.
If the frequency deviation Af is small compared to fg, the ratio of the two is equal to
the clock period deviation, AT, divided by the nominal period, T = 1/fs.1 Under this
hypothesis, which is very well satisfied for the case of high-accuracy clocks where the
concept of ADEYV is used, the y; can be expressed as:

Ti=T

ATi _ Ti-T (9.42)

i=-73 T

L This follows from the fact that period and frequency are reciprocals of each other, f = 1/T. Differentiating
f, we find df = —dT /T2, so that df /f = —dT/T.
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Figure 9.7 Allan deviation (ADEV) for some typical high-precision clock sources (reproduced
with permission from Dr. John Vig[47]).

Figure 9.8 Computation of ADEV from jitter.

where T is the nominal period, AT; and T; are the average period deviation and the
average period respectively, across the i-th observation interval .

With reference to Figure 9.8, consider two consecutive observation periods each con-
sisting of N clock cycles. The first period, indicated with a, starts with the edge at time
tx and ends at time txn. The second, indicated by b, starts at tx;n and ends at txion.
The average clock period across a, T, can be calculated as the difference between the
instants of the last and first edges, divided by the number of cycles:
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trn — tk
N
Expressing ty as the sum of the ideal clock plus absolute jitter ty = kT +-ay, and replacing
it in the expression above, we find that:

Ta= (9.43)

(k+N)T + akyn — KT — ag ak+N — ak
N =T+ N

so that the normalized frequency deviation can be expressed in terms of the absolute
jitter and of the N-period jitter as:

Ta= (9.44)

CaN —a _ Pk(N)

NT ~ NT

Following the same steps, the normalized frequency deviation across the observation
period b, can be expressed as:

ya = (9-45)

- Ak4+2N — Ak+N Pk+N (N)
e = — . 9.46
Yo NT NT ( )

Finally, the quantity calculated in Equation 9.39 can be written as:

_ Yo —Va _ Px(N) — piin(N)

A 9.47
SR V2NT B47)
and the ADEV:
1 [E[(Pk(N) — pran(N)?]
NT) = — : 9.48
UAy( ) NT 2 ( )
From these expressions it can be seen that the ADEV over t = NT is essen-

tially a measure of the variability of the N-period jitter over two consecutive N-cycle
observation periods, normalized to the observation interval.

Relation Between Allan Deviation and Phase Noise

In this section the relation between ADEV and phase noise will be derived by applying
the general method outlined in Section 9.1. Starting from Equation 9.47, Ay can be
written as a function of the absolute jitter as:

(ak — 2ak+N + ak42N)
V2NT '

The expression above can be reformulated in terms of a discrete time signal ax filtered
by a FIR filter with appropriate coefficients:

AY(NT) = — (9.49)

—ak

—ak —N —2N —Ny2
AYINT) = ——— (1 —-22" +z =—01-z 9.50
y(NT) ﬁNT( ) ﬁNT( ) (9.50)
where z~1 is the unity delay operator, which in this case represents a delay of one clock
period. Using the relation between absolute jitter and excess phase ax = —gx/wp (See

Equation 3.5) and basic theory of linear systems (see Appendix A.2.10), it is easy to
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derive the relation between the PSD of Ay and the PSD of the excess phase, which is by
definition equal to the phase noise, as:
1—z N

2072 L(f) (9.51)

SAy(f) =

where NT has been replaced by the more commonly used 7. By replacing z—1 = e—127fT
in Equation 9.51, after some easy mathematical steps, finally:

2sin*(f 1)
(rfor)?

and the relationship between ADEV and phase noise can then be written as:

Say(f) = £(f) (9.52)

2 +00
oay(r) = —\/f sint(rf)L(F) df. (9.53)
aforV Jo

From the previous equation it can be seen that different phase noise profiles lead
to different behaviors of the ADEV versus t. Therefore, in metrology, the ADEV has
been used not only as a measure of the frequency stability of clock signals, but also
as tool for characterizing the behavior in the frequency domain of the excess phase
noise affecting the oscillator. Generic phase noise profiles can by represented by the
power law L(f) = f¢, where « is an integer coefficient equal to or smaller than zero.
Figure 9.9 gives an overview of the relation between the phase noise power law profiles
and the different behaviors of the ADEV versus t. Each of the profiles has a different
“signature,” with the exception of white phase modulation and flicker phase modulation,
represented by « = 0 and o = —1, respectively, which lead to almost identical ADEV
profiles. For this reason, in the early 1980s, a variant of the ADEV, the Modified Allan
Deviation (MDEV), was defined, which can distinguish between these two sources of
noise. This will be the topic of the next section.

Figure 9.9 Relation between ADEV and phase noise power law.
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Modified Allan Deviation (MDEV) and Time Deviation (TDEV)

The difference between the ADEV and the MDEV is that the MDEV computation
involves an additional averaging of the y;.

With reference to Figure 9.10, in computing the MDEYV, the observation interval t
is subdivided into n intervals 7. The y; are then calculated over a window of length t,
shifted by multiples of 7. In this way, instead of having only one value of y; within
7, n values are generated. These values are then used to calculate their first difference
averaging over all n values. The first difference is then normalized by +/2 as in the
ADEV:

_ 1 n-1 _ _
Ay = ﬁ ;(an — Vi) (9.54)

The MDEV is calculated as the standard deviation of Ay and is often indicated in the
literature as mod oy (7).

From Equation 9.45, it is apparent that the MDEV is a measure of the variability
of the N-period jitter averaged over n sliding windows within the observation interval
t = NT, and that a relation very similar to Equation 9.48 holds:

1 n—1 ?
. |E [[ﬁ 2ico (Ptim(N) — pk+iM+N(N))] }
i) = - . (9.55)

where M = N1g/7.

As can be seen from Equations 9.48 and 9.55, both ADEV and MDEV are quantities
carrying the information of the accuracy of the clocks in the time domain normalized
to the observation interval ¢ = NT. In the clock distribution for telecommunication
networks, the goal is not only stability in frequency, but also synchronicity of the several
clock signals distributed over different nodes of the network. For this reason another
quantity, based on MDEV, was defined. This quantity is called time deviation (TDEV),
and is simply defined as:

Figure 9.10 Computation of MDEV for the case n = 4.
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V3

By denormalizing MDEV with respect to 7, the TDEV is a direct measure of the timing
accuracy, rather than of the frequency accuracy.

TDEV(t) = — MDEV(z). (9.56)

An Overview of Flicker Noise

Phenomena which display a PSD of the form S(f) oc 1/f#, with § > 1 present us
with some challenges, the foremost important one being how to consider the divergent
integral of the PSD down to zero frequency. It is common knowledge that the integral
of the PSD over frequency gives the power of the signal, and for this class of signals the
integration seems to imply infinite power. This conclusion is obviously wrong, since no
finite system can deliver infinite power.

A particular case of this phenomenon is the case of flicker noise, where the PSD
assumes the form S(f) oc 1/f. This kind of dependency of the PSD on the frequency has
been observed not only in the noise in electronic systems, but also in many other areas,
such as, among others, the average seasonal temperature, variation in economic data,
and the loudness distribution over frequency in a musical piece. The phenomenon of 1/f
noise is therefore very widespread, and by no means unique to the field of electronics.
Theories have been developed to explain the phenomenon in particular application cases,
but, to the author’s knowledge, there’s no generally accepted explanation of the basic
fundamental mechanism at its origin.

Before delving into more elaborated considerations, let’s face the problem of the
apparent infinite power of flicker noise processes from a practical perspective. Follow-
ing the consideration of Flinn [111], even assuming that the integral of the 1/f PSD
over frequency delivers the power (not an obvious conclusion, as we will see later), we

note that:

f2 1 f

~df = log (-2) (9.57)
f, f f1

so the amount of energy in a given range is only dependent on the ratio of the extreme
frequencies. This means that the energy content in any frequency decade, no mat-
ter where in the frequency spectrum, is the same as the energy content between, for
instance, 1Hz and 10Hz. Now, from a practical perspective, how many decades of
the frequency spectrum should we consider in the worst case? Taking the assumed
lifespan of the known universe (according to the Big-Bang theory, 14 billion years),
roughly 10%7s, as the longest practical time, and the time it takes light to travel past
the classical electron radius, 10~23s, as the shortest time, we see that the number of
decades covered by these two extremes is about 40. So, even in the worst case, the
total energy content in a flicker noise phenomenon can be at most 40 times larger
than its content in the 1Hz to 10Hz range. As an example, the flicker noise of a n-
channel MOS device can be modeled as a voltage noise source at the gate with PSD
(see [112]):
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Sv(f) = (9.58)

C2 WLf
where, for a modern CMOS technology, K is a constant in the range of 10~26 C2/m? and
Cox is Of the order of 20 fF/um?2. For small device dimensions W = 1um and L = 40nm,
the integrated flicker noise voltage over one decade is of the order of 25uV RMS. Even
considering the maximum practical frequency range of 40 decades, the total voltage
noise would sum up to 1ImV RMS, definitely a relevant value for some applications, but
not at all threatening.

Despite this reassuring consideration, there have been continuous attempts in the
past to find an indication of a flattening out of the flicker noise spectrum for very
low frequencies. If this were the case, the integral of the PSD would be a finite
number, solving the issue of the infinite power. As of today, in almost all cases inves-
tigated, no evidence has been found of any change of shape of the spectrum for very
low frequencies. The authors in [113] investigated the 1/f noise in MOSFET down
to 107%3Hz, and the 1/f trend was still on going. The only exceptions to this rule
have been found in the resistance fluctuations of thin-films made of tin at the tem-
perature of the superconducting transition and in the voltage fluctuations across nerve
membranes.

Therefore, for all practical aspects, we have to accept that the 1/f noise extends far
below the frequency range that can be measured with reasonable accuracy.

One of the most popular theories about the origin of flicker noise in electronic devices
involves the fluctuation of current value due to the trapping and releasing of charges
with different time constants. This theory, first proposed by Schottky [114] and subse-
quently refined by Bernamont [115], can be summarized as follows. In a conducting
medium, charge packets are released at random instants distributed over time as Poisson
points with parameter A (average points per unit of time). Each charge packet generates
a current which has an exponential decaying behavior of the form:

h(t) = hge ™. (9.59)

The total current, given by the superposition of the packets, fluctuates around the average
value equal to Ahg/«. This process can be modeled as a impulse generator, triggered by
a Poisson process, followed by a linear filter with impulse response h(t), as shown in
Figure 9.11. It can be shown (see, e.g., [1]) that the PSD of the Poisson impulse process
z is given by:

Sy(w) = 272%8(w) + A (9.60)
and, using linear filter theory, the PSD of the output current process can be expressed as:
Si(w) = 27 A2H?(0)8(w) + A |H(w)/? (9.61)

where H(w) is the Fourier transform of h(t). In this expression, the first term represent
the DC term, the average current value, while the second is the associated noise. In the
particular case of an exponential decay, as in Equation 9.59:
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Figure 9.11 Model of a flicker noise current generator based on the theory of charge trapping and
releasing.

h
H(@) = - +ij (9.62)
so that the PSD of the noise current is:
a4+ w

showing a flat frequency behavior at low frequencies, and decaying as 1/f2 for f >
a/(27). If one postulates the existence of many trapping sites in the conducting medium,
with time constants « uniformly distributed between two extremes «1 and a2, the
compound PSD is given by the linear superposition of the PSD of the single processes:

2 2
Sn(w) = L /az Zkho 5 dor = _ Mo [arctan (%) — arctan (ﬂ)]
a2 — a1 Jy, @+t w(ar — a1) w w
(9.64)
where in this case A is the compound impulse rate. This expression can be approxi-
mated as:

Ah3 _
_— if o <« o1
a1
Ah2
Sn@)=1 — "0 ifo <0< ar (9.65)
20(01 — )
Ah3 :
— if o> an.
w

It can be seen that for frequencies between «1/(27) and «2/(27) the PSD follows a
1/f profile. It has to be noted, though, that for this model to explain the 1/f behavior
below the lowest frequency currently measurable, one would require to postulate the
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existence of trapping sites with extremely long relaxation time 1/«, longer than what
can be measured with modern techniques and, potentially, infinitely long. This merely
exchanges one infinity with another, and therefore does not seem to be a satisfactory
solution to the issue.

In [116] Mandelbrot made the key observation that a process whose PSD has a 1/f#
behavior with 8 > 1 cannot be stationary. Indeed, we know that the 1/f2 spectrum
is typical of random walks, or Brownian motion, where the variance of the process
increases linearly with time, and a time-dependent variance is an obvious sign of a non-
stationary process. Measurements made on the variance of signal affected by flicker
noise showed that the variance increases logarithmically with time (see, e.g., [117]), so
that also flicker noise should be considered to be non-stationary. Since the process is not
stationary, the Wiener-Khinchin theorem, stating that the PSD is the Fourier transform
of the autocorrelation, does not hold. The consequence is that the integral of the PSD
cannot be assumed to represent the power of the signal, which is, in the first place, given
by the value of the autocorrelation for a time delay equal to zero.

Nevertheless, common practice in the industry is to calculate the power of the flicker
noise by integrating the corresponding PSD, as if the process were stationary.

Another aspect often encountered is that repeated experimental measuring of the PSD
of a flicker noise process, apparently under identical conditions, reveals that the slope of
the PSD is pretty constant, but the magnitude can often change by orders of magnitude
between one measurement and the next.

In [118] Keshner made an attempt to explain both aspects, by deriving an expression
for the autocorrelation of a specific flicker noise process. The system investigated is an
infinite-length distributed RC line, driven by a white noise current source. It is known
that the characteristic impedance Zg of a generic transmission line is given by:

R+ jwL
Zo= [ 9.66
"= VG +jeC (9.66)

where R, L, G, and C are the resistance, inductance, conductance loss, and capacitance
per unit length. If we assume L = 0 and G = 0, then the characteristic impedance
assumes the form:
1
Zp ik (9.67)
By applying traditional linear system theory, if this line is driven by a white noise current
source with PSD S;(f), the output voltage PSD Sy (f) will be:

/(1) = () 1Zof o ¢ (9.68)

so that the PSD of the voltage at the line input follows perfectly a 1/f profile down
to zero frequency. Instead of following this approach, in [118] the author proceeds to
calculate the autocorrelation function of the voltage v(t) directly in the time domain,
under the assumption that the current source is a impulse shot noise process with zero
mean. The response of the line to a current impulse at time to is simply the inverse
Fourier transform of Equation 9.67, which is:
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v(t)

1
9.69
G (9.69)
fort > tp and zero otherwise. Assuming that the time tp is a uniformly distributed
random variable in the interval [0, T], v(t) becomes a random process, and its autocorre-
lation function, defined as Ry(t1, t2) := E [v(t1)v(t2)] can be calculated as:

+00 1 1

Ry(t1, t2) =
e B T

- (PDF of tg)dty

t 1 1
& dt 9.70
/o StV —t ° (3:70)

where it has been assumed thatt; < t, < T. This integral can be evaluated with the help
of integral tables (see, e.g., [119]) and is equal to:

v+t
log (ﬁ) . (9.71)

If the line has been connected to the current source long before the voltage at its ter-
minals is measured, then 0 <« t; < tp and to/t; ~ 1 so that finally the autocorrelation
function is:

Ry(ta, t2) o Iog< 4t2t > = [log(4tz) — log(|z)] (9.72)

-1
where T := ty — t; according to the widespread usage. Based on this result, the con-
clusion of the author in [118] is that the autocorrelation function of this process is
“almost” stationary. The nonstationary behavior is entirely contained in the added term
that depends only on tp. By taking the Fourier transform of 9.72 with respect to z, the
PSD includes a 1/| f| term coming from the log(|z|) plus an impulse at frequency zero,
whose amplitude depends on the logarithm of the time elapsed since the system is active
to. The author argues that a careful observer would be able to obtain repetitive measure-
ments of the PSD of the system, by allowing in each measurement attempt a roughly
constant, sufficiently long time to pass from the moment the system is activated to the
moment the measurement is taken. According to the author, the almost stationary auto-
correlation function of the form in Equation 9.72 would also explain some experimental
observations where the value of the slope of the PSD varies slightly but the value of the
magnitude sometimes varies enormously.

For the interested reader, [120] explains some of the concepts outlined in this section,
presenting them in a fashion more familiar to electrical engineers.

Bringing this conversation back to the framework of jitter and phase noise, there is one
key observation to be made: there is no contradiction between a phase noise spectrum
with infinite power and a voltage or current spectrum with finite power, and the former
is the only one relevant when jitter or phase noise is considered. The concept of a phase
noise with infinite power should not horrify the reader. There is no energy in the phase
of a signal; all the energy is contained in the amplitude.? Infinite phase noise power just

2 Recall also another similar apparent paradox: the phase velocity of an electromagnetic wave can be larger
than the speed of light. Another similar consideration apply to the point of breaking of a sea wave on the
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means that, if one waits long enough, the phase of a real signal will drift further and
further from the ideal phase.

Lorentian Spectrum of Oscillator Phase Noise

In Section 4.3, it was shown how the phase noise of a free-running oscillator follows a
1/£2 profile. Similar to the subject of the previous section, this behavior poses the fun-
damental problem that the PSD diverges to infinity for very low values of the frequency
offset f. The methods used in that section, however, included some approximations,
which are acceptable for large frequency offsets but do not hold for very small ones. In
this section, a more precise analysis shows that the spectrum of a free-running oscillator
does indeed have a Lorentian profile: it is flat for frequencies below a given corner fre-
quency and rolls off as 1/f2 above it. The derivation follows the original work of Demir
[6], including a few heuristic arguments in order to keep it shorter. The reader is referred
to the original paper for an exact mathematical treatise. The interested reader can also
refer to [121] for a treatment using concepts probably more familiar to designers.

Let’s consider a signal x(t), periodic in 27t /wg. The signal can be expanded in Fourier
series as:

+00
X(t) = Y Xpelhot, (9.73)
n=—00
Assume that the signal is subject to excess phase noise, but not to amplitude noise. This
can be modeled by adding a time-dependent noise component «(t) to the ideal time axis
t, so that the noisy signal can be written as x(t+«(t)). As an example, a sinusoidal signal
with added excess phase ¢(t) can be written as sin(wot+¢(t)) = sin(wo(t+¢(t)/wop)), SO
that in this case «a(t) = ¢(t)/wo. The autocorrelation of the noisy signal is by definition:

Rx(t, 7) := E[X(t+ a(t)) - X* (t+ 7 + a(t + 7))] (9.74)

and is in general, not stationary, since it depends on time t. By replacing Equation 9.73
in Equation 9.74, the autocorrelation assumes the form:

R(t, 7) = Z an;;ej(n—m)wgte—jmwgrE [ejwo[na(t)—ma(t+r)]] _ (9.75)
n,m

To evaluate this result further, it is necessary to find expressions for the expectation term
E [eleolne®-ma(t+)]] The key observation is that the excess phase of a free-running
oscillator is produced by the steady accumulation of uncorrelated circuit noise over
cycles. Thus «(t) has the statistical characteristic of a Gaussian random walk process;
or, more precisely a Wiener process if the added noise is white. Having said that, it is
straightforward to understand that, for the case n # m, the two processes n«(t) and
ma(t + 7) diverge from each other. Their difference grows indefinitely over time, and
shore. If the angle between the wave and the line of the shore (assumed both to be straight) is extremely

small, the point of breaking can travel along the shore very fast, even faster than light (at least in a thought
experiment). But again, there is no contradiction, since the point of breaking does not transport any energy.
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applied to the argument of a sinus or cosinus functions (as in the complex exponential
under consideration) results in a number with average, i.e., expected value, equal to
zero. This heuristic derivation can be proven mathematically as in [6]. Forn = m
the expectation term E [elolne®-me(+)1] can be evaluated by considering the random
process z(t):

z(r) :=nla(t) —alt + 1)]. (9.76)

This process is obtained by taking the difference of the process «(t) at two time instants
separated by . Since «(t) is a random walk process, it can be seen that «(t) — «(t + 7)
is non stationary Gaussian process with zero mean and variance linearly increasing with
time as ct [1]. Thus z(t) is a zero-mean Gaussian random variable with variance equal to
n?ct. By using Equation 9.76 the expectation term under consideration can be written
asE [elwoz(f)]. This turns out to be the characteristic function of a Gaussian random
variable evaluated at wg, and it can be proved to be (see, e.g., [1]):

E I:eijZ(T):I — ef%wénzdﬂl (977)
Summarizing the previous considerations, the time average over t of E [eleolne(®—ma(t+o)]]
is equal to:

(9.78)

1 2.2 .
e~ 29n°¢clTl jfn =m.

{0 ifn#£m

By replacing the previous expression into Equation 9.75, the autocorrelation averaged
over time results in:

Rx() = 3 [Xn[2eInevre=gen’elr] (9.79)
n

and, by taking the Fourier transform of the autocorrelation, the spectrum of the signal
X(t + «(t)) can be expressed as:

Sx(f) = ) Xalg

- Tognic? + (o + Nwo)?

22
a)onc

(9.80)

It can be seen that for frequencies far away from the harmonics (w >> nawo +w(2)n2c/2)
the spectrum as a 1/f2 profile, while it flattens out at offset frequencies below w%nzc/z.
It is also interesting to note how the integral in Equation 9.80 around each harmonic is
equal to the power of the harmonic itself |Xn|2. This means that the excess phase noise
does not change the energy of the signal; it just spreads its energy over the frequency
spectrum, blurring the very sharp frequency impulse of an ideal noiseless oscillator.
Also observe how the expression above is in agreement with Equation 3.20, stating the
relation between the phase noise of the fundamental and that of the harmonics, obtained
with other considerations.
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Numerical Methods

The most common approach to the investigation of the behavior of electronic systems
in the presence of jitter is to use linear modeling in the frequency domain and phase
noise profiles. However, especially in the presence of complex or non-linear systems,
it is often beneficial to perform transient simulations and evaluate the results in the
time domain. To use this approach, it is necessary to provide numerical methods to,
first, generate clock signals in the time domain that have given phase noise profiles and,
second, analyze the results of transient simulations and possibly convert them into phase
noise plots. The goal of this chapter is to provide some of these techniques.

Most of the chapter is dedicated to algorithms and numerical recipes to generate jitter
samples with several different phase noise profiles, and to compute jitter and phase noise
given a vector of time instants, typically obtained from transient simulations. Following
that, basic algorithms to perform tail fitting are presented. All algorithms are imple-
mented and demonstrated using Matlab and are coded such that they can be easily ported
to any other common programming language. The code is included in Appendix B.

Numeric Generation of Jitter with Given Phase Noise Profiles

The problem addressed in this section is how to generate a sequence of numbers ty
representing the instants of the edge transitions of a clock having nominal frequency fp
and a desired phase noise profile £(f).

As a starting point, the sequence tx can be decomposed into the sum tx = tigk + ax
of a vector describing an ideal clock, tig x = k/fo with k > 0, and a vector ax describing
the jitter process. Note that the ax corresponds to the absolute jitter, according to the
definition given in Section 2.1.1. The problem translates then into the generation of the
sequence ax showing a given phase noise profile L(f).

Before proceeding it is important to recall that the PSD of the sequence ay is inde-
pendent from its probability density function (PDF). To make it clearer, imagine one
realization of the process ax being plotted on a graph, where the x-axis is the index k and
the y-axis is the value (amplitude) of ax. The PSD describes the behavior of the sequence
in the frequency domain and is thus connected to how the samples ax develop along the
x-axis. The PDF, on the other hand, is a histogram of the amplitude of the process and
thus a description of how the samples are distributed along the y-axis. In principle, a
white process (flat PSD) can have different PDF (Gaussian, uniform, triangular, etc.)
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and, conversely, a process with a certain PDF can assume several different PSD shapes,
depending on its behavior over time. Although Gaussian (Gaussian PDF) white (flat
PSD) processes are very common, a Gaussian process is not necessarily white, and a
white process is not necessarily Gaussian.

In the following sections, we will make use of the relationship between the PSD of
jitter S; and the phase noise £(f), derived in Section 3.1.2 and repeated here again for

convenience:

f
Sa(f) = % (10.1)
)

Generation of Jitter Samples with Flat Phase Noise Profile

Assume the desired L£(f) is flat over a frequency range and equal to £ as shown in
Figure 3.10. It follows from Equation 10.1 that the sequence ax must also have a flat
PSD. It is thus natural to use as a starting point a sequence ay obtained from a Gaussian
pseudo-random number generator with mean zero and variance o2. The question is now
how to choose o, so that L(f) = L. Since ay is a discrete time white noise process
defined on time instants that are multiples of 1/fy, its variance is related to the PSD by:

Sa(f) = —. (10.2)
By equating this expression to Equation 10.1, we obtain:

1 /Lg
=—[—. 10.
7a 2\ fo (10-3)

For an example of Matlab code, see Section B.1.1.

Generation of Jitter Samples with Low-Pass, High-Pass, or Band-Pass Phase Noise
Profiles

In most practical situations it is necessary to generate jitter samples with specific pro-
files, such as high-pass, band-pass, or low-pass. In the case of a simple PLL spectrum,
such as the one shown in Figure 3.12, a low-pass profile is needed. These profiles can
be generated quite easily by taking the jitter samples for a flat profile (as described
in Section 10.1.1) and then filtering them using a digital filtering function, which is
available in most mathematical packages, to shape the jitter samples accordingly. If the
digital filter implements the transfer function H(f), then the resulting phase noise will
be £(f) = [H(f)|?Lo.
For an example of Matlab code, see Section B.1.2.

Generation of Jitter Samples with 1/f2 Phase Noise Profile

Free-running oscillators show phase noise profiles which have a 1/f2 or 1/f3 character-
istic close to the carrier. In this section we will address the generation of 1/f2 profiles
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such as those shown in Figure 3.11. Since in these cases there is no flat region, the
approach of Section 10.1.2 cannot be used directly. However, from basic linear system
theory, it is known that a 1/f2 spectrum can be obtained by passing a flat spectrum
through an ideal integrator. Exploiting this idea, first a Gaussian sequence of jitter sam-
ples Ik with variance 0|2 and flat spectrum is generated. This sequence is then passed
through an accumulator to generate the sequence a, where ax = ax_1 + lx. The main
question is how to choose the value of oy so that the profile shown in Figure 3.11 is
obtained.

From the basics of random process theory, we know that the PSD of the sequence I is
Si(f) = crlz/fo, and from basic linear theory (see also Section 9.1):

1
Sa(f) = ———=Si(f). 10.4
a(f) R 10 (10.4)
Using the fact that the region of interest is where f « fg, and that £(f) = Sa(f)wg, the
resulting phase noise profile can be expressed as:

fo \? a|2 2
f)=|— ) —of. 10.5

£0) (2711‘) fo 0 (105)
By equating this expression to the desired phase noise profile £(f) = Llff/fz, as shown
in Figure 3.11, and solving for oy, finally:

f1 L1
== |—. 10.6
o fo‘, f (10.6)

For an example of Matlab code, see Section B.1.3.

Generation of Jitter Samples with 1/f and 1/f2 Phase Noise Profiles

Spectral densities with a 1/f profile are typical of flicker noise processes. In this section,
we will first explain a method to generate a noise profile of the form £1f; /f. In a second
step, by applying a further integration step, the 1/f PSD will be converted into a 1/f3
PSD.

In order to generate the 1/f profile we will use the following procedure. A random
sequence Iy with a flat PSD and a variance o1 will be passed through a bank of first-order
low-pass filters, whose outputs will be summed to give the sequence a. It is natural to
think that if the DC gains and the corner frequencies of the low-pass filters are scaled
such that a reduction of the gain by a factor « is accompanied by an increase of the
corner frequency by a factor o2, the transfer function of the complete bank will resemble
a 1/f profile (see Figure 10.1). Indeed, it is known (see [122]) that, in order to obtain
a pretty accurate approximation of a 1/f profile, it is sufficient to implement one single
low-pass filter per decade of frequency, meaning that a factor « = +/10 is enough. This
representation of 1/f noise was first introduced by Bernamont [115] and is based on the
most widespread underlying principle of various models describing 1/f noise generation
in several physical phenomena. A more detailed description of this approach applied to
noise in oscillators can be found in [123].
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Figure 10.1 Composition of first-order low-pass filters to obtain a 1/f noise profile.

With reference to Figure 10.1, if the flicker noise profile is to be generated over a
frequency range from fmin to frax, the corner frequencies of the bank of filters should
span at least the same interval. For simplicity, fnax iS chosen to be an integer number
N of decades away from fin (fmax = 10mein). The transfer function H,(f) of the n-th
bank can be expressed as:

1o—n/2
Hn(f) = ————. (10.7)
o,
The PSD S,(f) of the output process ax can be expressed as:
n=N 2
Sa(f) = | > Ha(f)| Si(f) (10.8)
n=0

where S|(f) = o,z/fo is the PSD of the input process li.

In order to simplify this expression, consider the value of > Hy(f) for frequencies
in the proximity of the corner frequency of a given ng-th bank, 10"fy;,. Around this
frequency, the major contributions to > Hy(f) come from the nop-th bank itself and from
the two adjacent banks, so that:

n=N 2

Z Hn (10n0 fmin)

n=0

~ [Hng—1(10"fmin) + Hng (10™fmin) +Hng+1(10™fmin)|* . (10.9)

Replacing Equation 10.7 in the previous expression:

n=N 2 2

1| vio 1 V0
> Hn(10%fin)| ~ — R . S g (10.10)
2 107 |1+j10 " 1+j '~ 10+j| _ 10%

with y = 1.426. This means that |3 Hn(f)|2 is taking the value y /10" at 10"fyip,
and since the assumption is that it shows a 1/f profile, the following expression can be
derived:

2
= yf”f‘i, (10.11)

n=N
> Ha(f)
n=0
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Replacing the expression above in Equation 10.8, and considering the general rela-
tionship between the PSD of jitter and phase noise (Equation 10.1), the phase noise
spectrum of the resulting jitter process can be finally expressed as:

It can be seen that, in order to obtain the desired £(f) = L£1f1/f, the variance of the
input noise process Iy has to be selected to be equal to:

42y fminfo’

L(f) = (10.12)

For an example of Matlab code, see Section B.1.4.

In order to obtain a 1/f2 profile of the form £(f) = Llff/f3, it is sufficient to apply a
further integration step to the sequence obtained above. As described in Section 10.1.3,
the resulting PSD will show an additional factor [fo/(27f)]?, and the final phase noise
spectrum will be:

U|2meinfg

f3
In order to obtain the desired profile, the variance of the input process Iy must be selected
to be equal to:

L(f) = (10.14)

L4f3
of = —L. (10.15)
meinfo

For an example of Matlab code, see Section B.1.5.

Generation of Jitter Samples with More Complex Phase Noise Profiles

The basic profiles described in the previous sections can be easily combined to form
more complex phase noise profiles. Indeed, if independent jitter processes are generated
using the approaches above starting from uncorrelated random number sources and then
summed together, the PSD of the sum will be equal to the sum of the PSD of the single
processes. In this way, many different complex PSD shapes can be easily implemented.

As an example, the code in Section B.1.6 describes the generation of a phase noise
profile featuring a 1/f3 region, a 1/f2 region, a PLL-like spectrum and, finally, a flat
noise floor.

The resulting phase noise profile, obtained using the techniques explained in Section
10.2, is shown in Figure 10.2.

Computation of Jitter from Vector of Time Instants

The problem addressed here is the extraction of jitter information starting from an array
of numbers, representing the edge instants of a jittered clock, which might be the result
of a simulation or come from measurements. Assume an array ty withk =0...n—1
representing the time instants of the rising edges of a jittered clock signal; then the
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Figure 10.2 Example of a complex phase noise profile.

absolute jitter is defined as the time displacement of the k-th rising edge tx with respect to
the edge (kT) of an ideal clock having the same period T and a possible timing offset tos:

ak =ty — kT — tos. (10.16)

The problem now translates into finding appropriate expressions for T and tps. Since
we have two unknowns, we need two equations to arrive at a unique solution. The two
criteria we will use to write the equations are to require that, first, the absolute jitter
has zero mean, and, second, the absolute jitter has the least variance. The first criterion
translates into the following condition:

n—1

> a i (tc —KT —tos) =0 (10.17)
k=0

k=0

which gives the following expression for tos as a function of T:

1 n-1
tos = — kz_%(tk — KT). (10.18)

We now need to find T. The second criterion is equivalent to minimizing the following
expression:
n—-1 -1

af = (t — KT —tos)’. (10.19)
k_

=

k=0

Note that, in writing this expression, we have already assumed that the average jitter is
zero, otherwise we would have had to include the jitter average in the computation of
the variance. Using Equation 10.18, this condition dictated by the second criterion can
be expressed as:
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0 — —  9da
Y =2 aX=o (10.20)

From Equations 10.16 and 10.18, we have dax/dT = (n — 1)/2 — k. Since we assumed
that ayx has zero mean, we can rewrite the previous equation as:

> kax =0. (10.21)

Using Equations 10.16 and 10.18, after some manipulation, the following expression for
T is obtained:

2 n—1
T=—— k — tx. 10.22
n(n2—1)§( 2 )k (1022

On a first guess, it may appear that T should be equal to the average period given by
the sequence tx, which is (tn_1 — tg)/(n — 1). The reader can easily confirm that this is
indeed true for n = 2 and n = 3. For n > 3, however, Equation 10.22 shows that the
correct T depends on the specific tx distribution between ty and t,_1, and may be larger
or smaller than the average period. We demonstrate this with an example.

EXAMPLE 18 Assume tg = 0 and t4 = 4ns. The average period is therefore 1ns
irrespective of the values of t1, tp, and t3. We now use Equation 10.22 to calculate T for
the following three cases: (a) t; = 1ns, t; = 2ns, t3 = 3ns, (b) t1 = 1.8ns, t; = 2ns,
t3 = 2.2ns, (c) t1 = 0.5ns, t; = 2ns, t3 = 3.5ns. The T for cases (a), (b), and (c) are
1ns, 0.84ns, and 1.1ns, respectively.

The extraction of the ideal clock from the jittered data can also be approached in a
different way. The time of the transitions of the clock can be plotted on a graph, as
depicted in Figure 10.3, in which the value on the x-axis is the index k of the observed
rising edge, and the y-axis is the time value at which the transition occurs. If the clock
were ideal, the tx values would all lie on a straight line with a slope equal to the period.
In reality, because of jitter, the values deviate in a random manner. The goal is to find a

Figure 10.3 Time of the transitions vs. transition index.
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straight line with the minimum mean square distance from the observed transition val-
ues. In statistics, this line is called the best fit line, regression line, or least squares line.
In general, the least squares line associated with n points (xk, yk), withk =0...n — 1,
has the form y = B1x + Bo; see for instance [124], where:

N DXk = DXk DYk
1= Zxﬁ IR (10.23)
/30 = M (10.24)

Setting 81 = T, Bo = tos, Yk = 1k, and xx = k, the formulas for the slope and intercept
of the regression line are identical to Equations 10.18 and 10.22. The two approaches
are identical.

Computation of Phase Noise Plot from Jitter Samples

Once the jitter has been extracted from the data, the computation of the phase noise is
fairly straightforward. Applying Equation 3.5, the jitter samples are first converted into
excess phase samples and then a PSD operation is applied. Most mathematical packages
have built-in functions to compute the PSD of arrays of data. Alternatively, the PSD can
be calculated via FFT using standard approaches, as can be found, for instance, in [72].

Algorithms for Tail Fitting

In this section, the topic of tail fitting, already introduced in Section 2.2.8, is analyzed
further, focusing on the basic mathematical methods involved. Specifically, we introduce
and elaborate the concepts of Q-scale and normalized Q-scale transforms, which have
proven to be very useful and are at the basis of the algorithms for tail fitting currently
implemented in some specialized measurement equipment.

It has been recognized that the tails of the distribution resulting from the convolution
of a Gaussian PDF with a bounded PDF, have a linear behavior if a particular transfor-
mation is applied. In this approach, the problem of Gaussian fitting can be reduced to a
standard problem of linear fitting, and the mean and sigma values of the best Gaussian fit
can be extracted very easily from the parameters of the straight line fitting the linearized
distribution.

As starting point let’s consider the equation describing the PDF of a Gaussian

distribution:
1 (X—M)Z]
exp| — . 10.25
- p[ . (10.25)

Note that in this section we will use the dimensionless variable x to denote the x-axis.
While in the context of this book x is meant to be jitter, the methodology explained
here is general and can be applied to many other fields. From the equation above, the
corresponding Cumulative Distribution Function (CDF) can be computed as:

n(x) =
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X X _ 2
N = [ nod=—— [ e [_“ — } it (1026)

With a simple change of variable v = (t — u)/(~/20) the above expression can be
rewritten as:

N(X) = % /_ 2 oxp(—v2) dv (10.27)

and finally, using the complementary error function erfc already introduced in Sec-
tion 9.2, Equation 9.16:

N(X) = %erfo (-%) . (10.28)

If we invert the formula above the following fundamental relationship is found:

— V2erfc [2NX)] = X?T“ (10.29)
At this point, let’s define the Q-scale transform of a particular CDF &(x) as:

Q(x) := —v2 erfc ™1 [20(x)] . (10.30)

From Equation 10.29 it is clear that if the Q-scale transform is applied to the CDF of a
Gaussian distribution, the result is a straight line, with slope 1/0 and intercepting the
x-axis at u (see Figure 10.4 for an example).

Supported by this insight, tail fitting can be performed by following some easy steps.
First the CDF of the left and right tails are calculated based on the PDF or histogram of
the measured data. In this sense note that the left CDF is the usual CDF (integral of the
PDF starting from —oo up to a given x-axis value), while the right CDF is defined as

Figure 10.4 Linearization of the CDF of a Gaussian distribution, by use of the Q-scale
transformation. Top: PDF and CDF of a Gaussian distribution with 4 = 1, 0 = 0.2 . Bottom:
CDF plot obtained by applying the Q-scale transformation 10.30.
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the integral of the PDF starting from a given x-axis value to +oco. In a second step, the
Q-scale transform in Equation 10.30 is applied to the left and right CDF. Third, a best
linear fit (e.g., by using the LMS criteria) is applied to the linearized CDF and, finally,
the values of the mean and sigma for the left and right tails are extracted from the fitted
lines, based on Equation 10.29.

Figures 10.5 and 10.6 show the result of the procedure outlined above, applied to two
cases. The first case is obtained by the convolution of a Gaussian curve having mean
u = 0and o = 0.4 with a dual-Dirac distribution where the first Dirac pulse is located
at x = 1 with weight 0.25, while the second is at x = 2 with weight 0.75. The second
case is the convolution of the same Gaussian curve with a uniform distribution between
x=1andx = 3.

Note how the Q-scale tail fitting method, while still giving a good fit of the tails,
generally underestimates the DJ and, to compensate for that, overestimates the variance
of the Gaussian curves, and thus the RJ. This might give overly pessimistic results for
TJ for very low probabilities (refer to Section 2.2.6 for a review of RJ, DJ, and TJ).

The reason for this behavior can be readily understood. The Q-scale method assumes
that the best fit Gaussian curves are of the form of Equation 10.26, thus having an area
equal to one. But this cannot hold in the presence of DJ, especially when the DJ com-
ponent is significant. Indeed, in such cases, part of the area below the PDF must be
attributed to DJ, so that the area accounted for by the Gaussian distributions (or, in other
terms, by the RJ) must be less than 1. This is evident by looking at the top plot of Figures
10.5 and 10.6: the amplitude of the fitted Gaussian is too large to be realistic.

Recognizing these limitations, a new method was introduced, involving the estimation
of the amplitude A of the Gaussian distribution. The basic theory can be traced back to
the work of Popovici [125], addressing the problem of the extrapolation of bit error

Figure 10.5 Tail fitting with Q-scale applied to a dual-Dirac DJ distribution. Top: PDF of the
measured jitter (solid) and fitted Gaussian curves (dashed). Bottom: CDF of the measured jitter
(solid) and fitted Gaussian curves (dashed) plotted in Q-scale.
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Figure 10.6 Tail fitting with Q-scale applied to a uniform DJ distribution. Top: PDF of the
measured jitter (solid) and fitted Gaussian curves (dashed). Bottom: CDF of the measured jitter
(solid) and fitted Gaussian curves (dashed) plotted in Q-scale.

rates in digital links in the presence of amplitude noise, and has been further developed
recently (see, e.g., [126], [127]) for application in specialized test equipment.

The starting point is to recognize that the Gaussian curve to be fitted is equal to a
Gaussian PDF multiplied by an amplitude factor A less than or equal to 1:

A (x — M)Z]
na(x) =A-n(x) = ——exp|— .
A( ) ( ) o /_271’ p|: 202
As a result, the corresponding CDF is Na(X) = A - N(x), where N(x) is the CDF of a
Gaussian distribution. It can be easily seen that application of the Q-scale transform to
Na(x)/A will linearize the tail of the PDF under test and allow the extraction of the mean
and variance:

(10.31)

—V2erfc™! [2NA(X)} _ X (10.32)
A o
The fact that CDF under test is divided by the amplitude A before applying the Q-scale
transform gives this method the name of normalized Q-scale transform.

In the context of tail fitting, the amplitude A is one of the unknown parameters to be
identified. The approach described by [125] is to divide the CDF under test ®(x) by a
variable factor k and then apply the Q-scale transform:;

—V2erfct [ZCDT(X)} . (10.33)

It can be readily understood that the Q-scale transformation will result in a straight
line only if k = A. Figure 10.7 illustrates this concept with an example obtained with
a Gaussian CDF of amplitude A = 0.3. The top graph shows PDF and CDF of the
distribution, while the bottom graph shows the result of the application of the normalized
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Figure 10.7 Linearization of the CDF of a Gaussian distribution, by use of the normalized Q-scale
transformation. Top: PDF and CDF of a Gaussian distribution with u = 1, 0 = 0.2, and A = 0.3.
Bottom: CDF plot obtained by applying the normalized Q-scale transformation 10.33.

Figure 10.8 Tail fitting with normalized Q-scale applied to a dual-Dirac DJ distribution. Top: PDF
of the measured jitter (solid) and fitted Gaussian curves (dashed). Bottom: CDF of the measured
jitter (solid) and fitted Gaussian curves (dashed) plotted in normalized Q-scale.

Q-scale transform with different factors k. Only for k = 0.3 is the result a perfect straight
line, and the mean and standard deviation of the Gaussian can be extracted from the
slope and the intercept with the x-axis.

Using this result, tail fitting including estimation of amplitude A can be performed
in the following steps. As before, first the CDF of the left and right tails are calculated
based on the PDF or histogram of the measured data. Second, the left and right CDF
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Figure 10.9 Tail fitting with normalized Q-scale applied to a uniform DJ distribution. Top: PDF of
the measured jitter (solid) and fitted Gaussian curves (dashed). Bottom: CDF of the measured
jitter (solid) and fitted Gaussian curves (dashed) plotted in normalized Q-scale.

are divided by a variable scaling factor k and the Q-scale transform of Equation 10.30
is applied. The result of the Q-scale transform is tested by varying the factor k, and the
amplitude A is assumed to be equal to the k factor giving the best linear result. Third, a
best linear fit is applied to the linearized CDFs and, finally, the values of the mean and
sigma for the left and right tails are extracted from the fitted lines.

Figures 10.8 and 10.9 show the result of the procedure outlined above, applied to two
cases of dual-Dirac and uniform DJ already presented before. It can be noted how the
normalized Q-scale approach delivers a more realistic fitting of the tail of the distribution
and more accurate results for the DJ as well as for the RJ components.

Section B.3 reports Matlab functions implementing the Q-scale and the normalized
Q-scale methods.

Note that one of the biggest challenges is the selection of the range of the distribution
over which to apply the tail fitting algorithm. Ideally we would like to take the most
extreme parts of the PDF, so that the contamination of RJ due to DJ is at a minimum,
but those parts are also the ones more subject to random variations and to inaccuracy due
to the limited number of samples available. Following [128], the algorithms presented
in Section B.3 evaluate the linearity of the transformed CDF over a variable x range, and
finally the one giving the least error when fitted with a straight line is chosen. This is
meant to be just one possible example of how to tackle this problem, and many others
might be equivalent or superior.
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A1

A1

and Processes

This appendix reviews in a very compact form the basic concepts of random variables
and random processes for the purpose of understanding jitter and phase noise. The goal
is not to provide a thorough treatment, but rather to help the reader in recalling the defini-
tions and the meanings of some of the most useful and common concepts. It is assumed
that the reader is familiar with the basic concepts of probability. Although not strictly
necessary, it is beneficial that the reader has been previously exposed to the theory of
random variables and random processes, as can be found in a typical graduate univer-
sity class. For further reading, or an in-depth analysis of the concepts, such specialized
textbooks as [1], [13], [129], and [105] can be consulted.

Random Variables

Definition

Given an experiment with many possible outcomes, a random variable X is defined as
a function that assigns a real number to each outcome of this experiment. In order to
be called a random variable, the function must satisfy the following condition: the set
of outcomes for which X is smaller than or equal to a given real number a, has a given,
well-defined probability for any a.

As an example, let’s take as an experiment the toss of a dice. The possible outcomes
are each of the six faces of the dice. We can associate with each face the integer numbers
1 to 6, even if there are no numbers (or dots) on the faces of the dice (assuming that we
can distinguish each of the faces of the dice somehow). This rule of association can be
formalized as a function X which can assume the values 1,2, 3,4, 5, 6. Given any real
number a, the probability that X < a is always well defined. For instance, the probability
that X < 3.4567 is equal to the probability that the dice shows one of the faces associated
with the numbers 1 to 3. The probability that X < —1 is obviously zero, since there is
no possible outcome associated to numbers below 1. Since the condition stated in the
above paragraph is satisfied, X can be called a random variable.

Note that the name “random variable” is, strictly speaking, a misnomer, since it refers
to a function, not to a variable. However, in common practice the mechanism of asso-
ciating a number with the outcomes of the experiment is often not defined explicitly,
so that the property of being “random” is improperly associated with the value returned
by the function X (hence the name “random variable™), rather than with the underlying
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experimental outcome. In many cases taken from engineering or physics, the result of
the experiment is in itself a number, and the association of the result with a real num-
ber is not necessary. For instance, the measurement of the voltage noise of an electronic
device at a given time is already in the form of a real number. This is why, very often, we
identify with the term “random variable” the numerical result of the experiment itself.

A random variable is called discrete if it assumes values only within a set of distinct
real numbers, while it is called continuous if it can assume any value in a continuous
interval of the real axis.

Distribution and Density Functions

The cumulative distribution function (CDF) Fx(a) of a random variable X is defined as
the probability that X < a:

Fx(a) :==P[X =a]. (A1)

It is easy to understand that the CDF of any random variable is a non-decreasing function
of a and that Fx(—oo) = 0, while Fx(+o00) = 1. The CDF is often simply referred to as
the distribution function.
The probability density function (PDF), or density function for short, fx(a) is defined
as the derivative of the CDF:
dFx(a)
da

Recalling the definitions of derivative and of CDF, the PDF is equal to the probability
of the random variable X assuming values in a small interval € around a, divided by e,
for € tending to 0.

The probability that the random variable X assumes values between a; and a; is equal
to the difference of the CDF in a; and ay, or, equivalently, to the integral of the PDF
between a; and ay:

fx(a) ;=

(A2)

Pla1 < X < a2] = Fx(a2) — Fx(a1) = /az fx (v) dv. (A.3)

From the above properties, it follows that any PDF is a nonnegative real function, defined
over the whole real axis, and its integral from —oo to 400 is equal to 1.

In case of a continuous random variable, the CDF and PDF are continuous functions.
For a discrete random variable the CDF is a stepwise increasing function, while the PDF
is made of Dirac impulses, with area equal to the probability that the random variable
assumes that specific value.

Expectation

The expectation of a random variable X is the probability-weighted average of X, and is
denoted as E [X]. If X is a discrete random variable assuming only a finite number N of
different values ag, . . ., an, then the expectation of X is:
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N
E[X]:==) aP[X =aj]. (A.4)
i=1
If X is a continuous random variable, the equation above becomes an integral:
+00
E[X]:= / afx (a) da. (A.5)
—00

The most important property of the expectation is its linearity. Given two random vari-
ables X and Y and any two real numbers a and b, the expectation of the random variable
obtained by combining linearly X and Y is equal to:

E[aX + bY] = aE[X] + bE[Y]. (A.6)

In many practical cases a random variable X is transformed into another random variable
Y by application of a function g(-), Y = g(X). It can be shown that in these cases the
expectation of the random variable Y can be computed as:

+00
EV]=E[000] = [ gaie(a)da (A7)

This result is known as the fundamental theorem of expectation. In case of a discrete
random variable the result can be written as:

N
E[g(X)] =) _g@)P[X =aj. (A.8)

i=1
A notable case of function of a random variable is given by the characteristic function
®x (), defined as:

Dy (w) = E[eX] = / o e“3fy (a) da. (A.9)

It can be seen that the characteristic function is the complex conjugate of the Fourier
transform of the PDF.

Mean, Variance, and Higher-Order Moments

The mean of a random variable X is simply the expectation of that variable, E [X], and
is a measure of the center of the variable’s PDF:
ux = E[X]. (A.10)

The variance is a measure of the spread of the PDF around the center point as is
defined as:

o2 =E [(x - MX)Z] . (A.12)

It can be easily shown that o7 = E [X2] — 4. For a random variable with zero mean
the variance is equal to the second moment E [XZ]. The squared root of the variance is
called standard deviation and is denoted by o.
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In general, the quantity E [X"] is called the n-th moment of the random variable X and
E[(X — ux)"] is called the n-th central moment.

The characteristic function of a random variable can be used to compute the high-
order moments by simple differentiation:

1 9"Px(w)

E[x"]=5 — 5 (A12)

=0

Two Random Variables

Experiments in which two random variables X and Y are involved can be described by
the joint cumulative distribution function Fxy (a, b), defined as:

Fxy(a,b) :==P[X <aand Y <b]. (A.13)

The joint probability density function fxy (a, b) is the partial derivative of the joint CDF:

2

0
fxy (a, b) = MFXY (a, b). (A.14)

From this definition it can be shown that:

a b
Fxy(a,b) = [ [ fxy (v, w) dvdw. (A.15)

In general, the probability that the couple (X, Y) is in a region D of the bi-dimensional
plane is given by the integral of the joint PDF over the region D:

PI(X,Y) e D] = / / fxy (v, w) dvdw. (A.16)
D
From the joint distribution, the distributions of the single variable can be computed as:

Fx(a) = Fxy(a, +o0)
fx(@) = /"% fxv(a,b) db.

(A.17)
Independent Random Variables

Two random variables X and Y are said to be independent if for any two events A and B:
P[XeAand Y e B]=P[X eA]-P[Y €B]. (A.18)

In this case, the joint distribution functions are the product of the distribution functions
of the single random variables:

Fxy(a,b) = Fx(a)Fx(b)

fxy(a,b) = fx(a)fx(b). (A.19)
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Expectation of a Function of Two Random Variables

Similar to the case of one random variable, two random variables X and Y can be trans-
formed into another random variable Z by means of a function g(-,-), Z = g(X,Y).
According to the original definition, the expectation of Z is given by:

E[z] = /_ o afz(a) da (A.20)

o0

however it can be computed in a much easier way directly in terms of the function g(-, -)
and of the joint PDF fxy (a, b):

+00 p+o0
E[o(X.Y)] = /_ /_ 9(a, bfxy (a, b) dadb. (A.21)

Correlation and Covariance

Correlation and covariance are a measure of the interdependency of two random vari-
ables and are indicated as Rxy and Cxy respectively. They are defined respectively
as the expectation of the product of X and Y, and of the product of X — ux and
Y — py

Rxy :==E [XY]

A.22
Cxv = E(X — 1)(Y — )], (A.22)
It is easy to show that:
Cxy = Rxy — uxpuy. (A.23)
The correlation coefficient pxy of two random variables is defined as:
Cxy
pXY = (A.24)
oxoy
and it can be shown to be always less than or equal to 1 in absolute value:
loxy| < 1. (A.25)

Two random variables are called uncorrelated if their covariance is zero, or, based on
the relationship above, if:

E[XY] = E[X]E[Y]. (A.26)
Two random variables are called orthogonal if their correlation is zero:
E[XY]=0. (A.27)

It is easy to show that if two random variables are independent, then they are also
uncorrelated.
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Random Processes

Definition

While a random variable is a rule to associate a real number with each possible outcome
of an experiment, strictly speaking a random process is a rule to associate with the
experiment’s outcome a function of time x(t). Since the experiment can have multiple
outcomes, in some cases also a non-countable number of outcomes, the random process
defines a family of time functions associated with the experiment.

As in the case of the random variable, the results of many experiments in engineering
and physics are already in the form of a function of time. For example, the position of a
particle subject to Brownian motion, the output voltage noise of a resistor over time, the
total number of particles emitted by a radioactive substance, and the number of persons
in a line waiting to be served, can be expressed in terms of a real-time function. For this
reason, in the common usage in engineering and physics, the term “random process”
often identifies directly the result of the experiment over time.

Note that if t is fixed, x(t) is a random variable equal to the state of the process at
time t.

Classification of Random Processes

Random processes can be classified based on the nature of the variable t and on the
nature of the values returned by the function x(t). If t assumes values over the whole real
axis, then x(t) is called continuous-time process. If t assumes only integer values then
the process is called discrete-time process. In the case of a discrete-time process, the
process is typically indicated by x,, where n can assume integer values. If the function
x(t) returns only a countable number of values, it is called discrete-state, otherwise it is
called continuous-state.

As an example, the total number of particles emitted by a radioactive substance over
time is a continuous-time discrete-state process. The process obtained my tossing a dice
multiple times is a discrete-time discrete-state process. Notably, jitter on a clock is a
discrete-time process, while the excess phase is a continuous-time one. Both of them
are continuous-state.

Mean, Autocorrelation, and Autocovariance

The mean ux(t) of a random process x(t) is defined as the expectation of the random
variable x(t), for each value of t:

px(t) == E[x(V)] (A.28)

and is a function of time t. The mean px(t) can be considered as the average waveform
of the process x(t).
The autocorrelation Ry(ts, t2) is the expectation of the product x(t1)x(t2):

Rx(ts, t2) := E[x(t)x(t2)] - (A.29)
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The autocorrelation for t; = t; = t is the average power of x(t), or, in other terms, the
second moment of the random variable x(t):

Re(t, 1) := E [x(t)z] . (A.30)

If X(t) has zero mean, then Ry(t, t) is the variance of x(t).

The autocovariance Cy(t1, t2) is the expectation of the product of x(t1) — ux(t1) and
X(t2) — ux(t2), or, in other terms, the covariance of the two random variables x(t;) and
X(t2):

Cx(tr, t2) := E[(x(t1) — mx(t1))(X(t2) — 1ax(t2))]- (A31)

The autocovariance for t; = t, = tis the variance of the random variable x(t).
Autocorrelation and autocovariance are related to each other by:

Cx(ty, t2) = Rx(ty, t2) — max(ty) mx(t2)- (A.32)

If a process has zero mean, autocorrelation and autocovariance are identical.
An alternative, and more useful, way of writing the autocorrelation and autocovari-
ance is by using the lag variable T =ty — t;:

R(t, 7) = E[X(t + T)x(V)] (A.33)

Stationary Processes

A random process X(t) is called strict-sense stationary if its statistical properties are
invariant to a translation of the time axis. This means that the statistics of the process
X(t + u) are equal to the statistics of x(t) for any u. In nature, many processes are strict
sense stationary, if the environmental conditions of the experiment don’t change over
time. For example, the process consisting in an infinite sequence of dice tossing is
a strict-sense stationary process. The noise produced by a resistor in an environment
where temperature doesn’t change is another example.

If only the mean and the autocorrelation (and thus also autocovariance) of the process
are invariant to a translation of the time axis:

px(t+u) = ux(t)

A.34
Rx(t1,t2) = Rx(t1 +u,tp 4 u) (A34)

then the process is called wide-sense stationary. Obviously a strict-sense stationary pro-
cess is also stationary in the wide sense, but the converse is not generally true. From the
equations above it is immediately apparent that for wide-sense stationary processes the
mean is independent of time, ux(t) = ux, and the autocorrelation depends only on the
difference between t; and tp. For this class of processes the autocorrelation is typically
expressed as a function of the single lag variable z:

Ru() := E [X(t + T)X(¥)] . (A.35)

Note that for wide-sense stationary processes E [x(t)z] = Ryx(0); thus the power is equal
to the value of the autocorrelation at zero lag, and is independent of time.
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Wide-Sense Cyclostationary Processes

A random process x(t) is called wide-sense cyclostationary if its mean and its auto-
correlation are invariant to translation of the time axis by multiples of a given
period T:

px(t+mT) = u(t)

(A.36)
R(t,7) = R(t+ mT, )

for any integer m.

It can be shown that if x(t) is a wide-sense cyclostationary process with period T
and u is a random variable independent from the process x(t) and uniformly distributed
between 0 and T, then the new process y(t) = x(t — u) obtained by shifting the time
origin by u is wide-sense stationary. This operation is called phase randomization of the
cyclostationary process x(t). The mean and autocorrelation of y(t) turn out to be the time
average of the mean and autocorrelation of the original process x(t) over one period T:

my = £ /7 me(t) dt
Ry(z) = & [ Ry(t, 7) dit.

Phase randomization is an acceptable method of reducing the cyclostationarity of a pro-
cess to stationarity in the wide sense, in the case where the phase of the original process
is either not known or not of interest.

(A.37)

Gaussian Processes

A random process x(t) is called Gaussian or Normal if, for any integer n, and for any
choice of n time samples x(t1) . . . X(t,), the random variable

Y = aix(t) (A.38)
i=1

is a Gaussian random variable for any value of the coefficients a; to a,. An interest-
ing property of Gaussian processes is that their complete statistical properties can be
described by using only the mean and autocovariance, or autocorrelation. Gaussian pro-
cesses are very common in nature and a very useful model to describe a variety of
real-life applications.

Power Spectral Density and the Wiener—Khinchin Theorem

Assume that we have a wide-sense stationary random process x(t). In order to find the
energy distribution of this process over frequency, we calculate its Fourier transform
over a limited period of time [—-T/2,4+T/2]:

+T/2 .
Xr(f) 1= / . X(t)e 12 i, (A39)
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Using Parseval’s theorem, the quantity:

+00
/ Xr (F)[2 df (A40)

e ¢]

is the energy of the signal over the interval [T /2, 4T /2], so that
1
ZIXr(0) (A41)

can be interpreted as distribution of power in the frequency domain. For each f this
quantity is a random variable, since it is a function of the random process x(t). The power
spectral density (PSD) Sx(f) is defined as the limit of the expectation of the expression
above, for large T:

S(f) := _lim E [%|XT(f)|Z] . (A.42)

The Wiener—Khinchin theorem ensures that for well-behaved wide-sense stationary
processes the limit exists and is equal to the Fourier transform of the autocorrelation:

Si(f) = [ Rx(x)e 271 de

Re(t) = [F2° Sy(f)el?™'™ df. (A.43)

An easy consequence of the Wiener—Khinchin theorem is that the total power of the
signal is equal to the autocorrelation in zero, and is given by the integral of the PSD
over the whole frequency axis:

Rx(0) = /_+oo Sx(f) df. (A.44)

o0

Engineering Definitions of the Power Spectral Density

In the practice of engineering, it has become customary to use slightly different vari-
ants of the PSD definition, depending on the particular application or research field. The
most common ones are: one-sided PSD, two-sided PSD, single-sideband (SSB) PSD
and double-sideband (DSB) PSD. Since these are often sources of confusion and mis-
understanding, this subsection aims to clarify their meaning in accordance with their
most widespread usage (see, e.g., [24], [130], [26] p. 5, [25]).

e Two-Sided PSD, Sy(f): this is a synonym of the PSD defined as the Fourier Transform
of the autocorrelation.

e One-Sided PSD, S (f): this is a variant derived from the two-sided PSD by consid-
ering only the positive frequency semi-axis. To conserve the total power, the value of
the one-sided PSD is twice that of the two-sided PSD:

0 if f <0
Si(f):=1{ S(f) iff=0 (A.45)
2S,(f) if f > 0.
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Figure A.1 Illustration of the definition of One-Sided and Two-Sided PSD.

Note that the one-sided PSD definition makes sense only if the two-sided is an even
function of f. This is always the case if x(t) is a real process, but might not be true
if x(t) is complex. The total power of the process can be calculated by integrating
S, (f) from zero to infinity. The relationship between one-sided and two-sided PSD is
illustrated in Figure A.1.

If S;(f) is even symmetrical around a positive frequency fo, then two additional
definitions can be adopted:

e Single-Sideband PSD, Sssgx(f): this is obtained from S;(f) by moving the origin of
the frequency axis to fp:

Ssspx(f) i= S;(fo +f). (A.46)

By doing so, the frequency f in the SSB PSD assumes the meaning of the off-
set frequency from fg. This concept is particularly useful for describing phase or
amplitude modulation schemes in wireless communications, where fg is the carrier
frequency. Note that there is no difference in the values of the one-sided versus the
SSB PSD; it is just a pure translation on the frequency axis. The total power of the
process can be calculated by integrating the SSB PSD from minus infinity to plus
infinity.

e Double-Sideband PSD, Spsg x(f): this is a variant of the SSB PSD obtained by con-
sidering only the positive frequency semi-axis. As in the case of the one-sided PSD,
to conserve total power, the value of the DSB PSD is twice that of the SSB:

0 iff <0
SDSB,x(f) = SSSB,x(f) if f=0 (A.47)
2Sssx(f) if f > 0.

Note that the DSB definition makes sense only if the SSB PSD is even symmetrical
around zero. In the case of a modulated carrier, this holds if the modulation affects
only the phase. If additionally the amplitude is modulated, the SSB could by asym-
metrical, and the DSB definition cannot be correctly applied. The relation among
DSB, SSB, and one-sided PSD is illustrated in Figure A.2.
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Figure A.2 lllustration of the definition of Single-Sideband and Double-Sideband PSD.

Figure A.3 Physical meaning of the PSD: (a) experiment, (b) mathematical model.

The Physical Meaning of the Power Spectral Density

In this section we want to show that the one-sided PSD S;(f) represents the average
power of the signal x measured over a 1Hz band around the frequency f. Let us assume
the signal x represents a physical voltage delivered by a voltage source over a 10hm
resistor. The instantaneous power delivered by the source and dissipated in the resistor
is equal to P(t) = x2(t).

We are interested to know how much of the total average power is delivered by fre-
quency components in the range fo — 1/2 Hz to fo 4+ 1/2 Hz. In a thought experiment,
we can apply an ideal band-pass filter B(f) between the signal source and the resis-
tor and then measure the dissipated power on the resistor (see [1]). This experiment is
illustrated in Figure A.3 together with its mathematical description. The measurement
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process is modeled as a low-pass filter H(f) with unity gain at zero frequency. The
instantaneous power delivered to the resistor, indicated as P(fg, 1Hz), is equal to y2(t).
Using basic concepts of linear systems (see Section A.2.10), its average value is equal
to the autocorrelation of the process y at zero:

E[P(fo, 1H2)] = HOE [y*() | = E [y*(0] = Ry(©) (A48)

since the low-pass filter used has gain 1 at zero frequency. From the definition of two-
sided PSD we have:

Ry(0) = f o Sy(F)df = / o Sy (F)B2(f)df . (A.49)

—00 —0o0
Given that the band-pass filter B has value 1 on the intervals [fo — 1/2,fy + 1/2] and

[—fo — 1/2,—fp + 1/2] and zero otherwise, and considering Sy(f) almost constant on
those intervals:

—fo+1/2 fo+1/2
Ry(0) = / Sy(f)df +/ Sx(f)df = 2S4(fp) = S;(fo). (A.50)
—fo—1/2 fo—1/2

So the one-sided PSD at frequency fy is equal to the power physically dissipated by
the resistor in the described experiment due to the frequency components of the voltage
signal in a 1Hz bandwidth around fy:

S} (fo) = E[P(fo, 1H2)] . (A51)

Random Processes and Linear Systems

Consider a random process y(t) obtained as the response of a time-invariant linear sys-
tem L, with impulse response h(t) and frequency response H(f), to an input random
process x(t):

y(t) = L[x(®)]. (A.52)

Since the expectation is a linear operator, the mean of y(t) is equal to the response of the
system to the mean of x(t), independent of the matter of whether x(t) is stationary or not:

E[y(®)] = LIE [X(®)]] (A.53)
+o0
py() = [ st — T)(z) de. (A54)

The autocorrelation of y(t), Ry(t1, t2) is obtained from the autocorrelation of x(t) by
applying the linear transformation on both time arguments:

+00  p+400
Ry(tl, t) = / / Rx(t1 — t1,t2 — 12)h(71)h(72) dT1d72. (A.55)
—o0 J—o00

In particular, if x(t) is wide-sense stationary then:

+00
by = [ hO dt = () (A.56)
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and
+00
Ry(r) = / R(r — 11)on(z1) dr (A57)
where:
+00
en(ry) = / h(rs + 72" (z2) de (A58)
and, in terms of PSD:
Sy(f) = Sx(f) H(F)I%. (A.59)

Ergodicity

The most important statistical properties of a random process x(t) are obtained by apply-
ing the expectation operator to some functions of the process itself. For instance, the
mean is obtained as E [x(t)], and the autocorrelation as E [x(t1)x(t2)]. The expectation
returns the probability-weighted average of the specific function at that specific time
over all possible realizations of the process. As an example, the mean w(t) = E[x(1)]
represents the average value of the process x(t) at the specific time t, over all possible
realizations of the process itself. In many real practical cases, though, data from many
realizations of the process are not available. On the contrary, often only data from one of
them are known. The problem of estimating the statistical parameter of a process from
a single realization is therefore central in the theory of random processes.

A straightforward way of proceeding is to replace the expectation operator with the
time average. Considering again the mean as an example, we could argue that the time

average:
+T

AR

is a good estimation for the expectation of the process, but this is not always the case.

A process is called ergodic, if its statistical properties can be reliably estimated by
replacing the expectation operator with a time-average over any one of its realizations.
In particular, it is called mean-ergodic or correlation-ergodic, if mean or correlation can
be obtained by time-averages.

It is obvious that if the statistical properties change with time, a process cannot be
ergodic. Therefore, a necessary condition for mean- and correlation-ergodicity is that
the process is wide-sense stationary. However, this condition is not sufficient: ergodic
processes are a subset of wide-sense stationary processes.

Stating the necessary and sufficient conditions for ergodicity is beyond the scope of
this short review. However, one sufficient condition is particularly simple and powerful.
It can be shown that if the autocovariance of a process Cy(z) tends to zero for large
7 (process asymptotically uncorrelated), then the process is mean-ergodic. The same
conditions do not imply that the process is also autocorrelation-ergodic, though, except
if the process is a Gaussian process. An asymptotically uncorrelated Gaussian process
is both mean- and autocorrelation-ergodic.

x(t) dt (A.60)
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B.1

B.1.2

Generation and Analysis

Generation of Jitter

Flat Phase Noise Profile

The following Matlab code offers a possible implementation of the described procedure
in the case of a 1GHz clock with a flat phase noise level at —110dBc/ Hz:

LO=-110;

npoi nt s=1e6;

si gma=sqrt (10”°(L0O/10)/ FO)/ (2xpi);
t _id=1/FO*(0: npoi nts-1);

j =si gmaxrandn(1, npoi nts);
t=t_id+j;

where the function randn generates normally distributed random numbers with
variance equal to 1.

Low-Pass, High-Pass, or Band-Pass Phase Noise Profiles

The following code describes the generation of jitter samples with a simple PLL spec-
trum (inband phase noise = —110dBc/ Hz and 3dB frequency = 1MHz, carrier frequency
=1 GHz), using the Matlab built-in functions but t er andfilter.

LO=-110;

f 3dB=1e6;

npoi nt s=1e7;

si gma=sqrt (10"(L0O/10)/ FO)/ (2xpi)
t _id=1/FO*(0: npoi nts-1);

j =si gmaxr andn( 1, npoi nts);

[B,A] = butter(1,2+f3dB/ FO0);

j _filtered=filter(B,Aj);
t=t_id+ filtered;
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1/f2 Phase Noise Profile

The following code describes the generation of jitter samples with a 1/f2 profile and
—110dBc/ Hz ant 5SMHz offset frequency for a 1GHz clock.

f 1=5e6;

npoi nt s=1e6;

sigma_| =(f 1/ FO) »sqrt (10”( L1/ 10)/ FO)
t _i d=1/FO*(0: npoints-1);

| =si gma_| *randn(1, npoi nts);

j =cunmsun{l);

t=t_id+j;

1/f Phase Noise Profiles

The following code generates a 1/f phase noise profile with —60dBc/Hz at 1kHz on a
1GHz carrier in the frequency range from 10Hz to 100MHz.

FO=1e9;

fm n=1el;

f max=1e8;

L1=-60;

fl1=1e3;

npoi nt s=1e8;

t _id=1/FO+(0: npoints-1);

gamma=abs(sqrt (10)/ (1+j *10) +1/ (1+j) +sqrt (10)/ (10+j))"2;
sigma_| =sqrt (10~(L1/10)*f 1/ (FO+f m n*ganmax4*pi *2));
| =si gma_I| *randn( 1, npoi nts);

f corner =l ogspace(l og10(fm n), | 0gl0(fnax), 8);
[ B1, A1] butter(1, 2«fcorner(1)/FO0);
[B2,A2] = butter(1,2+fcorner(2)/F0);
[B3,A3] = butter(1,2+fcorner(3)/F0);
[ B4, Ad] = butter(1, 2xfcorner(4)/F0);
[ B5, A5] = butter(1, 2xfcorner(5)/F0);
[B6, A6] = butter(1,2+fcorner(6)/F0);
[B7,A7] = butter(1,2+fcorner(7)/F0);
[B8,A8] = butter(1,2+fcorner(8)/F0);
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11 filtered=filter(B1, AL 1);

|2 filtered=filter(B2,A2,|1/sqrt(10));
I3 filtered=filter(B3,A3,1/sqrt(10)"2);
4 filtered=filter(B4,A4,1/sqrt(10)"3);
I5 filtered=filter(B5, A5,1/sqrt(10)74);
|6 _filtered=filter(B6, A6,1/sqrt(10)75);
|7 filtered=filter(B7,A7,1/sqrt(10)76);
I8 filtered=filter(B8, A8, /sqrt(10)"7);

j=l1_filtered+l 2_filtered+l 3_filtered+l 4_filtered+. ..
I5 filtered+l 6_filtered+l 7_filtered+l 8_filtered;
t=t_id+j;

1/f3 Phase Noise Profiles

The following code generates a 1/f2 noise profile with —80dBc/ Hz at 10kHz on a 1GHz
carrier.

FO=1e9;

fm n=1el;

f max=1e8;

L1=-80;

f 1=10e3;

npoi nt s=1e7;

t _i d=1/ FO*(0: npoi nts-1);

gamma=abs(sqrt (10)/ (1+j *10) +1/ (1+j ) +sqrt (10)/ (10+j))"2;
sigma_l =sqrt(10~(L1/10)*f 173/ (FON3*f m n*xganmg) ) ;
| =si gme_| *randn( 1, npoi nts);

f cor ner =l ogspace(l 0g10(fnmi n), | ogl0(fmax), 8);
[B1, Al] = butter(1, 2xfcorner(1)/F0);
[B2, A2] = butter(1,2*fcorner(2)/F0);
[B3,A3] = butter(1,2+fcorner(3)/F0);
[ B4, Ad] = butter(1, 2xfcorner(4)/F0);
[B5, A5] = butter (1, 2+fcorner(5)/F0);
[B6, A6] = butter(1,2+fcorner(6)/F0);
[B7, A7] = butter(1, 2xfcorner(7)/FO0);
[B8, A8] = butter(1,2+fcorner(8)/F0);

1 filtered=filter(B1, Al l);
2 _filtered=filter (B2, A2,1/sqrt(10));
I3 _filtered=filter(B3, A3,1/sqrt(10)"2);
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4 filtered=filter(B4,Ad4,1/sqrt(10)"3);
I5 filtered=filter(B5, A5, 1/sqrt(10)"4);
|6 filtered=filter(B6, A6,1/sqrt(10)"5);
|7 filtered=filter(B7,A7,1/sqrt(10)”"6);
I8 filtered=filter(B8, A8,1/sqrt(10)"7);

jl1=l1_filtered+l 2_filtered+l 3_filtered+l 4_filtered+...
I5 filtered+l 6_filtered+l 7_filtered+l 8_filtered,;
j=cumsun(j 1);

t=t_id+j;

More Complex Phase Noise Profiles

The following code describes the generation of a phase noise profile featuring a 1/f3
region, a 1/f2 region, a PLL-like spectrum, and finally a flat noise floor.

FO=1e9;
fm n=1el;
f max=1e8;

L1 flicker=-80;
f1 flicker=3e3;

L1 white=-100;
f1 white=30e3;

LO_pl | =-100;
f 3dB_pl | =2e6;
LO_f 1 at =- 130;

npoi nt s=1e8;
t _i d=1/ FOx(0: npoi nts-1);

gamma=abs(sqrt (10)/ (1+j »10) +1/ (1+j ) +sqrt (10)/ (10+j))"2;
sigma_| _flicker=sqrt(10"(L1_flicker/10)xf1_flicker”3...
[ (FON3+f m nxganma) ) ;

| _flicker=sigma_| _flicker*randn(1, npoints);

f corner =l ogspace(l 0g10(fm n), | 0ogl0(fnmax), 8);
[B1, Al] = butter(1,2xfcorner(1)/F0);
[ B2, A2] butter(1, 2«fcorner(2)/FO0);
[ B3, A3] butter(1, 2«fcorner(3)/FO0);
[B4,Ad] = butter(1,2+fcorner(4)/F0);
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[B5, A5] = butter (1, 2xfcorner(5)/F0);
[B6, A6] = butter(1,2*fcorner(6)/F0);
[B7,A7] = butter(1,2*fcorner(7)/F0);
[B8, A8] = butter(1,2*fcorner(8)/F0);

1 filtered=filter(B1, Al,| _flicker);

|12 filtered=filter(B2,A2,1 _flicker/sqrt(10));
I3 filtered=filter(B3, A3,| _flicker/sqrt(10)"2);
I4 filtered=filter (B4, Ad,| _flicker/sqrt(10)"3);
I5 filtered=filter(B5, A5, 1 _flicker/sqrt(10)74);
|16 filtered=filter(B6, A6, _flicker/sqrt(10)75);
|7 filtered=filter(B7,A7,1 _flicker/sqrt(10)76);
18 filtered=filter(B8, A8,| _flicker/sqrt(10)"7);

jl flicker=l1_filtered+l 2_filtered+l 3_filtered+l 4 _filtered+. ..
I5 filtered+l 6 filtered+l 7 filtered+l 8 filtered,;
j _flicker=cumsun(j1_flicker);

sigma_| _white=(f1_white/F0)*sqrt(10”°(L1_white/10)/F0);
| _white=sigma_| _white*randn(1, npoints);
j _whi te=cumsun(| _white);

sigma_| _pll=sqrt(10~(LO_plI/210)/FO)/ (2*pi);
| _pll=sigma_I| _pll+*randn(1, npoints);

[B,A] = butter(1,2+«f3dB_plI/F0);
j_pll=filter(B,Al_pll);

sigma_j flat=1/(2+pi)*sqrt(10"(LO_flat/10)/F0);
j _flat=sigma_j _flat*randn(1, npoints);

t=t_id+ flicker+ white+ pll+ flat;

Analysis of Jitter

The following code describes a Matlab function, which delivers the main jitter parame-
ters and the phase noise profile starting from the array of transition instants t.

function [F_id,tj_per_pp,tj_per_rms,tj_c2c_pp,tj_c2c_rns,...
tj _rms,tj_pp, fPHN,PHN] = f_extract_jitter_phn(t)

%% Conpute Period Jitter
T=di ff(t);
% Peak to Peak Period Jitter
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tj_per_pp=max(T)-mn(T);

% Rrs Period Jitter
tj_per_rne=std(T);

% Peak to Peak Cycle to Cycle Jitter
tj_c2c_pp=max(di ff(T))-mn(diff(T));
% Rms Cycle to Cycle Jitter
tj_c2c_rne=std(diff(T));

%% Conput e | east squares |ine

n=l engt h(t);

i=(0:n-1);

T_id=(sum(i.*t)-(n-1)/2*sum(t))/ ((n"2-1)*n/12);
t_of f=sum(t)/n-T_idx(n-1)/2;

F id=1/T_id;

%6 Absol ute jitter
t_id=t_off+(0:T_id:(n-1)*T_id);
tj=t-t_id;

tj=tj-mean(tj);

% St andard Devi ati on Absolute Jitter
tj _rme=std(tj);

% Peak to Peak Absolute Jitter
tj_pp=max(tj)-mn(tj);

%% Conput e Phase Noi se
phi _e=tj*2+pi/T_id;
npsd=2"(next pow2(| engt h(phi _e)/4)-1);
Fpsd=1/ (npsd*T_i d);
f PHN=0: Fpsd: Fpsd* (fl oor (npsd/ 2)-1);
nw nd=32;
w=hann(npsd, ' periodic’')’;
U2=sum(w. *2);
| =zeros(1, npsd);
for i=1:nw nd
start=1+fl oor ((n-npsd)/ (nwi nd-1))*(i-1);
stop=start +npsd -1;
xt np=phi _e(start:stop);
v=xt mp. *w;
I =l +abs(fft(v, npsd))."2;
end
PHN=I/ (nwi nd+ U2/ T_i d) ;
PHN=PHN( 1: f | oor (npsd/ 2));
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Tail Fitting

The following code describes a Matlab function, which performs tail fitting according
to the Q-scale methodology, starting from the PDF of the jitter, defined over the x-axis.
It returns the mean and sigma values of the Gaussian curves fitting the left and right tails
of the PDF.

function [mu_L,sigma_L, mu_R signa_R = ...
f _tail_fitting_qg_scale(x, pdf, fitbins_strt, fitbins)
% x = x-axis over which the PDF is defined
% pdf = PDF of the jitter
%fitbins = array defining the length of bins used for tail fitting
%fitbins_strt = starting bin for tail fitting

%% bui | d CDF

del tax=x(2)-x(1);

cdf _l eft=[ 0, cunsum( pdf)] *del t ax;

cdf _right=[0,fliplr(cunsun(fliplr(pdf)))]=*deltax;

Wofit left CDF
err_best =1,
for i_nbins=1:1ength(fitbins)
i _nbins
fit_interval=[fitbins_strt:fitbins_strt+fitbins(i_nbins)];
cdf left _q scale=-sqrt(2)*erfcinv(2+xcdf left);
c(i_nbins,:)=polyfit(x(fit_interval),...
cdf _left_q_scale(fit_interval),1);
fitted=x(fit_interval)+*c(i_nbins,1)+c(i_nbins,2);
err(i_nbins)=std(cdf _left_qg_scale(fit_interval)-fitted);
if err(i_nbins)< err_best;
err_best=err (i _nbins);
i _nbi ns_best =i _nbi ns;
end
end
sigma_L=1/c(i _nbins_best, 1)
mu_L=-c(i_nbins_best, 2)*sigma_L

Wofit right CDF

err_best =1,

for i_nbins=1:1ength(fitbins)
fit_interval =[length(cdf_right)-fitbins_strt-fitbins(i_nbins)...
:length(cdf _right)-fitbins_strt];
cdf _right_q_scal e=-sqrt(2)*erfcinv(2+«cdf _right);
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c(i_nbins,:)=polyfit(x(fit_interval),...
cdf _right_qg_scale(fit_interval),1);
fitted=x(fit_interval)xc(i_nbins,1)+c(i_nbins,?2);
err(i_nbins)=std(cdf_right_qg_scale(fit_interval)-fitted);
if err(i_nbins)< err_best;
err_best=err (i _nbins);
i _nbi ns_best =i _nbi ns;
end
end
sigma_R=-1/c(i _nbi ns_best, 1)
mu_R=c(i _nbi ns_best, 2)*si gma_R

The following code describes a Matlab function which performs tail fitting according
to the normalized Q-scale methodology, starting from the PDF of the jitter, defined over
the x-axis. It returns the amplitude, mean, and sigma values of the Gaussian curves fitting
the left and right tails of the PDF.

function [A L, mu L,sigma L,AR m_Rsigm_R =...
f _tail _fitting_normgq_scale(x, pdf, fitbins_strt, fitbins)
% x = x-axis over which the PDF is defined
% pdf = PDF of the jitter
%fitbins = array defining the length of bins used for tail fitting
%fitbins_strt = starting bin for tail fitting

996 bui | d CDF

del tax=x(2)-x(1);

cdf _I eft=[0, cunmsun{ pdf )] *del t ax;

cdf _right=[fliplr(cumsunm(fliplr(pdf))),0]=+deltax;

k=[0.01:0.01: 1];

Wofit left CDF
err_best =1;
for i_nbins=1:1ength(fitbins)
fit_interval =[fitbins_strt:fitbins_strt+fitbins(i_nbins)];
for i_k=1: Ilength(k)
cdf _left_qg_scal e=-sqgrt(2)+*erfcinv(2/k(i_k)*cdf_left);
c(i_k,i_nbins,:)=polyfit(x(fit_interval),...
cdf _left g _scale(fit_interval),1);
fitted=x(fit_interval)=*c(i_k,i_nbins,1)+c(i_k,i_nbins,2);
err(i_k,i_nbins)=std(cdf _left_qg_scale(fit_interval)-fitted);
if err(i_k,i_nbins)< err_best;
err_best=err(i_k,i_nbins);
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i _k_best=i_k;
i _nbi ns_best =i _nbi ns;
end
end

end
sigma_L=1/c(i_k_best,i_nbins_best,1);
mu_L=-c(i_k_best,i_nbins_best, 2)*sigma_L;
A L=k(i _k_best);

Wofit right CDF
err_best =1;
for i_nbins=1:1ength(fitbins)
fit_interval =[length(cdf _right)-fitbins_strt-fitbins(i_nbins)...
:length(cdf _right)-fitbins_strt];
for i_k=1: length(k)
cdf _right_q_scale=-sqrt(2)*erfcinv(2/ k(i_k)*cdf_right);
c(i_k,i_nbins,:)=polyfit(x(fit_interval),...
cdf _right_qg_scale(fit_interval),1);
fitted=x(fit_interval)=*c(i_k,i_nbins,1)+c(i_k,i _nbins,2);
err(i_k,i_nbins)=std(cdf_right_q_scale(fit_interval)-fitted);
if err(i_k,i_nbins)< err_best;
err_best=err(i_k,i_nbins);
i _k_best=i_k;
i _nbi ns_best =i _nbi ns;
end
end
end
sigma_R=-1/c(i_k_best,i_nbins_best,1);
mu_R=c(i _k_best,i_nbins_best, 2)*si gma_R,
A R=k(i _k_best);
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Absolute jitter
and period jitter, 3, 25
and phase noise, 52, 66, 183
definition, 3, 17, 25
from 1/f2 phase noise, 55
from 1/f3 phase noise, 58
from flat phase noise, 54
from PLL-like phase noise, 56
from spectral spurious tones, 66
jitter transfer function, 54
measurement, 168
phase noise integration limits, 53
Accumulated jitter, 21
Adjacent period jitter, 24
Allan Deviation (ADEV), 193
and jitter, 195, 197, 199
definition, 195
estimator, 195
from phase noise, 66, 197
modified (MDEV), 199
Allan Variance (AVAR), see Allan Deviation
Analog to Digital Converters (ADC)
effective number of bits (ENOB), 129
error power for random inputs, 132
error power for sinusoidal inputs, 130
flash ADC in oversampling converters, 140
Nyquist converters, 128
oversampling AX modulators, 139
quantization noise, 128
spectrum of error signal, 133
time skew calibration, 137
time-interleaved, 133
Aperture jitter, 24
Atomic clocks, 193, 195

Bit error rate (BER), 143

Clock and Data Recovery (CDR), 4, 13, 145, 166
bang-bang phase detector, 155
bang-bang phase detector gain, 157
bang-bang quantization error, 158
jitter generation, 146, 150
jitter peaking, 148, 168
jitter tolerance (JTOL), 4, 148, 151, 154

jitter tracking, 148
jitter transfer, 146
limited VCO range, 153
linear model, 145, 147, 149-151, 159, 168
phase interpolator based, 167, 172
stability, 159
CMOS differential stage
jitter, 74
CMOS inverter
random jitter, 10, 73
supply induced jitter, 73
Constant current on capacitor, 9
jitter, 69
Crystal oscillators
parallel RLC network approximation, 88
Pierce configuration, 87
resonance modes, 87
time-invariant phase noise analysis, 86
Cycle jitter, 24
Cycle-to-Cycle jitter
and absolute jitter, 23, 25
and period jitter, 23, 25
definition, 23, 25

Deterministic jitter (DJ), 7, 160, 216, 219
definition, 36
DJ and RJ convolution, 37
dual Dirac, 41
total DJ, 38
Digital circuits
clock skew, 113
edge-triggered, 111
gated and enabled systems, 114
latch-based, 117
metastability, 114
MTBF, 114
multicycle paths, 116
Digital to Analog Converters (DAC)
integrating capacitor, 126
linear filtering, 123
NRZ current DAC, 121
RZ current DAC, 126
Duty cycle distortion, 161
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Index

Ergodicity, 28, 232
Error function, 186
Error probability, 144
Excess phase, 206
and absolute jitter, 43, 45
definition, 16
power spectral density, 49
voltage to phase conversion, 46, 49
Eye diagram, 5, 160
monitoring, 164

Figure of Merit (FOM), 83, 101
Flicker noise
at very low frequencies, 201
charge trapping theory, 201
in oscillators, 103
infinite power paradox, 200, 204
infinite RC line, 203
stationarity, 203, 204
ubiquity, 200
up-conversion, 92
Frequency dividers, 104
absolute jitter, 105
and spurious tones, 107
input—output phase noise, 105
N-period jitter, 105
Frequency multipliers, 108
absolute jitter, 109
input-output jitter, 109
N-period jitter, 109
Frequency stability, 193
Allan Deviation, see Allan Deviation
power laws, 198
true variance, 194

GSM standard, 177, 181

Hold time, 112, 118
constraint on peak jitter, 117
definition, 111

Impulse Sensitivity Function (ISF), 90, 96
effective, 93
LC tank, 94

Integrated jitter, 24

Intentional jitter, 4
in CDR, 171

Jitter
absolute, see Absolute jitter
aliasing, 46
and phase noise, 183
and phase noise, summary tables, 66

as discrete-time random process, 2, 4, 25, 27, 43

computation from time vector, 211, 237
deterministic, see Deterministic jitter
generic definition, 15

histogram, 27, 28
mean, 31, 184
median, 31
multiple components, 37
on data, 5
peak, 32, 33
peak and non-Gaussian distributions, 34
peak and unbounded distributions, 33
peak-peak, 32
probability density function, 28, 29
random, see Random jitter
spectral spurious tones, 65
standard deviation, 32
variance, 32
Jitter amplification, 161
Jitter decomposition, 7, 39
DJ underestimation, 216
independent-o technique, 39
tail fitting, 39, 41, 214, 239, 240
Jitter distribution
Dirac, 31
dual-Dirac, 30, 40
Gaussian, 30, 186
sinusoidal, 30
uniform, 30
Jitter estimation, 185
confidence interval, 185
mean, 186

minimum number of samples, 188-191, 193

order statistics, 191
peak, 191
variance, 188

Jitter generation, see Clock and Data Recovery

(CDR)
Jitter mitigation, 163
Jitter monitoring, 163

Jitter tolerance, see Clock and Data Recovery (CDR)
Jitter transfer, see Clock and Data Recovery (CDR)

Jitter variance, 184

LC oscillators
class-C, 100
Colpitts, 100
double-switch, 99
phase noise up-conversion, 85
single-switch, 99
time-invariant phase noise analysis, 84
time-variant phase noise analysis, 96
Leeson’s model, 80, 85, 96
Long-term jitter
and period jitter, 63
and phase noise, 59
and PLL bandwidth, 63
definition, 23
from PLL-like phase noise, 62

Maximum Time Interval Error (MTIE)
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and absolute jitter, 22
definition, 22

N-period jitter, see also Period jitter

and absolute jitter, 20, 25

and period jitter, 21, 25

and phase noise, 59, 66, 184

definition, 3, 20, 25

from 1/f2 phase noise, 61

from 1/f3 phase noise, 63

from flat phase noise, 60

from PLL-like phase noise, 61

from spectral spurious tones, 66

multiple spectral components, 66
Narrow angle assumption, 47, 50
Noise factor F, 82, 84, 96, 98, 99
Noise figure, 176

Period jitter, see also N-period jitter
and absolute jitter, 3, 19, 25
definition, 2, 19, 25

Phase jitter, 24

Phase noise
and jitter, summary tables, 66
computation from jitter samples, 214, 237
definition, 51
equivalent noise bandwidth, 56
generation of 1/f2 profile, 208, 234
generation of band-pass profiles, 208, 233
generation of complex profiles, 211, 236
generation of flat profile, 208, 233
generation of flicker profiles, 209, 211, 234, 235
harmonics, 49, 206
in-band, 56
Lorentian spectrum, 205
time-variant analysis, 90

Power Spectral Density (PSD), 45, 228
physical meaning, 230

Q-scale, 42, 215, 239
normalized, 42, 217, 240
Quality factor, 81, 82, 85, 89

and FOM, 84

Random jitter (RJ), 7, 160, 216, 219
and bit error rate, 35
and Q factor, 41
definition, 35
RJ and DJ convolution, 37

Index 251

total RJ, 38
Regression line, 214
Relative jitter
and absolute jitter, 18, 25
definition, 18, 25
measurement, 166
Relaxation oscillators
jitter, 78
Ring oscillators
jitter, 2, 12, 77
jitter vs. number of stages, 78
N-period jitter, 78
time-variant phase noise analysis, 93

Sample mean, 31, 186
confidence interval, 187
Sample variance, 32, 188
confidence interval, 189
Setup time, 111, 118
constraint on peak jitter, 113, 116, 119
definition, 111
Short-term jitter, 24
Sinusoidal jitter (SJ)
definition, 36
Spread Spectrum Clock (SSC), 4, 23
Spurious to Carrier Ratio (SCR), 50

Tail fitting, see Jitter decomposition
Time Deviation (TDEV), 199
Time Error (TE)
and absolute jitter, 22
definition, 21
Time Interval Error (TIE)
and absolute jitter, 22
and N-period jitter, 22
definition, 21
Total jitter (TJ)
definition, 41

WCDMA standard, 179
Wiener process, 70, 205
Wiener—Khinchin theorem, 203, 227
Wireless receiver

blocker signals, 175

reciprocal mixing, 179

sensitivity, 176
Wireless transmitter

VCO phase noise requirements, 177
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