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Abstract

Maintaining quality of signal transmission is a major challenge with the increasing speed of
data transmission in Nano-scale VVLSI technology. The decreasing voltage margins at the same
time, makes it even stringent to maintain Power Integrity (PI) and Signal Integrity (SI) in high
speed systems. Jitter is an important phenomenon of signal integrity. It is the difference of
expected transition edges to their actual transition edges. As the data rate of serial data pattern
gets higher, the bit interval time gets shorter accordingly and thus the set-up time and hold-
time requirements have very less margins for designers. If the jitter exceeds beyond its
specified budget, the set up time and hold time can be violated in the system. To mitigate or
reduce these effects, the causes of jitter in the circuit need to be identified. That is why the
decomposition of jitter into its component is useful. With the help of jitter components
segregation the time required to test a link for its bit error rate can be reduced.

Jitter can be classified into two major components called Deterministic Jitter (DJ) and
Random Jitter (RJ). Deterministic jitter is bounded in nature while random jitter is unbounded.
DJ has specific causes and is predictable while RJ is non-predictable and uncorrelated to data
pattern. DJ is caused by crosstalk, Electromagnetic Interference (EMI), data pattern, etc. On
the other hand, thermal noise, phase noise, process variations are the root causes of RJ. DJ can
further be categorized into Periodic Jitter (PJ) and Data Dependent Jitter (DDJ). PJ is periodic,
and bounded in nature. It is caused by PLL comparator, crosstalk, external noise coupling,
etc., while DDJ depends on the both data being currently transmitted and the data that has
been already transmitted. Inter-Symbol Interference (ISI) and Duty Cycle Distortion (DCD)
are sub-components of DDJ. Reflection, discontinuities, limited bandwidth of the channel,
threshold variations are the major root cause of DDJ.

In this thesis, comparisons of different types of jitter estimation techniques, their strength and
limitations are discussed. Further, mathematical models of different jitter sources are
implemented. Finally, we introduced a new technique for ISI estimation from total jitter using
clock pattern. The results of these algorithms are extensively validated with Agilent ADS.
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Chapter 1 INTRODUCTION

1.1 Motivation

In the past two decades, there is a dramatic increase in the amount of information generated and in
the end-user who access that information. The information available on the internet was 2000 Zeta-
bytes in 2011, which has increased to 7000 Zeta-bytes in 2013, creating a tsunami of information [1]
The number of internet users has increased ten times from 2000 to 2013 [2]. The demand of high-
speed serial link has increased to transfer these data at higher data rates. The exponential increment
in data rates is the main factor of signal distortion and higher BER at the receiving end, because of
the bandwidth of the channel. In Fig.1.1, a basic demonstration of communication link as shown in
[3]. The Phase Locked Loop (PLL), channel, Clock Data Recovery (CDR), etc. are responsible for
deviation in the signal from their ideal position, this deviation is known as jitter at high data
transmission rate.

Multiplexer

Memory

De-WUX .
Memory

1
1
1
1
1
1
1
1
! Clock
PLL i CDR
1
[ : [
1
| 1
Tx Circuitry Rx Circuitry

Fig.1.1 A basic demonstration of serial communication link.

In another aspect, the frequency of clock increases with the advancement in technology and higher
data rate. Today’s the microprocessor run at about 100 times faster than the 15 years ago as shown in
Fig.1.2 [4]. Due to higher data rate and clock speed, the bit interval time of the signal continuous to
decrease. This reduces the time budget that is available for jitter. This has resulted a lots of design
efforts to be directed towards reducing jitter. To reduce jitter, the causes of jitter in a circuit need to
be identified. Once the type and amount of jitter present in the circuit are identified, the cause of
these components can be looked up and tried to minimize or mitigate.

In other words, the precise segregation of jitter into its subcomponent is significant due to following
reasons [5] :

o For acceptance to technology standards, and



o Provides detailed information for refining design.
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Fig.1.2 Processor clock speed trends [4].

Due to increase in operational speed of data, to maintain Signal Integrity (SI) in the high speed serial
links is the most critical issues in today’s semiconductor industries. Ringing, overshoot, undershoot,
wander, noise, jitter are the key factor of SI.

1.2 What is Signal Integrity?

Any deviation in actual waveform from ideal waveform is called signal integrity [6] [7] [8] [9] [10].
In other words, the term of Sl defines as the deviation from intact digital signals. The SI addresses
the problem in the signal at receiver end. Whether the signal reaches its destination, when it is
supposed to? And what is the quality of the signal?

The Fig.1.3 gives the clear idea of Sl. In the given figure, the black bold response (zero to one
transition) is the ideal waveform while the blue dashed response is the waveform at the receivers
end. The signal deviates from the amplitude is called amplitude noise (or simply noise) while the
signal deviates from transition edge is called timing jitter (or simply jitter) [7].

In this thesis, the main focus is on jitter. Jitter is the most important concern in today’s high speed
serial links. There are two ways to solve this problem-

o Either to control this jitter, or
o To separate the jitter
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Fig.1.3 Example of an ideal signal versus distorted signal.

1.3 Basics of Jitter

The term jitter defines as the deviation of the signal from its ideal transition edge. Sometimes these
transition edges come early and sometimes they come late [11]. Due to this behavior of the signal,
the difference of the time from actual and expected transition edge is called jitter. Fig.1.4 shows an
ideal signal versus a jittered signal for a digital waveform.

Logic High

Early Edge

~

Logic Low

N Late Edge

Ideal Edge Jitter

Fig.1.4 Shows an ideal transition edge versus jittered edges.

1.4 Effects of Jitter

Effects of jitter on the signals includes the setup time and hold time violation in the digital circuits,
distorted signal at the receiver ends, opening of eye becomes shorter, etc. Due to these effects, BER
at the receiver ends is higher.

Effect of jitter on the signal was not big problem in the past, when designers were dealing with slow
link speeds. The bit interval was quite large at relatively slow speeds and bit interval could
accommodate relatively high amounts of jitters.

As the increase in the link speeds, the width of bit becomes shorter and shorter and jitter has now
started to occupy a major portion of the bit interval and its effect on the signal is more hazardous.

1.5 Ways to measuring Jitter
Jitter measurement can be classified into five categories [12] [13] [14].
e Periodic Jitter



e Cycle to Cycle Jitter

e Phase Jitter

e Long-Term Jitter

e Time Interval Error (TIE)
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- AN
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i \
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Fig.1.5 Shows different ways of jitter measurement.

1.5.1 Period Jitter

Period Jitter (PJ) is the difference of ideal clock cycle versus measured clock cycle. For a given
number of individual clock cycles, we can measure each cycles of the clock and calculate the peak to
peak magnitude, Root Mean Square (RMS) and the average clock period. Why average clock period?
This is because, in real time signal, it is difficult to identify the ideal clock edge due to oscilloscope’s
output error. Storage oscilloscope is useful for measuring for period jitter. Timing margins of a
system are calculated with the help of period jitter measurements.

1.5.2 Cycle to Cycle Jitter

Cycle to Cycle (C2C) is the difference of two consecutive adjacent cycles of output transition. The
value of such measured difference of adjacent cycles is the maximum C2C. Peak value of C2C is
defines the maximum deviation in rising edge of two adjacent cycles. Further, C2C is used to
illustrate the stability of spread spectrum pattern. Timing Interval Analyzer (TIA) and Time Interval
software are available for measuring the C2C jitter. A large C2C can cause a system failure.

1.5.3 Phase Jitter

Phase jitter is the integration of phase noise. Phase noise is the instabilities of a frequency in the
frequency domain. Fig.1.6 shows phase noise versus frequency plot. The horizontal axis denotes the
offset frequency and vertical axis denotes the phase noise. The integration of the shaded area (phase
noise) is phase jitter.



1.5.4 Long-Term Jitter

Long term jitter measures the deviation in a clock’s output from its ideal position over a long
sequence of clock cycles. The number of clock cycles depends on the application and the clock
frequency. Differential phase measurement technique is useful to measure long term jitter.

N

ESNESTES

fo
< Offset frequency >

Fig.1.6 Frequency versus phase noise plot [13].

1.5.5 Time Interval Error

TIE is difference of reference transition edge and deviated transition edge at mid-crossover points. It
is discrete time domain representation of phase noise. In Fig.1.7, the basic concept of TIE is shown.
In the below figure, a reference clock is represented by black waveform and output or deviated clock
is represented by red waveform. A threshold voltage level or zero voltage level is defined by
horizontal dashed line which helps in calculation of mid-crossing points of a signal. The intersection
points of vertical dashed line (black and red line) with threshold voltage line are called mid-
crossover points. The difference of reference mid-crossover points and output clock mid-crossover
points gives TIE. TIE value is in terms of Pico-second and it should be negative or positive
depending on arrival of transition edges. TIE plot gives the leading and lagging time instants of
output clock from reference clock.

TIE . ! T I . I

Fig.1.7 Calculation of TIE



1.6 Types of Jitter

Total jitter is composed of a complex mixture of various types of jitter, shown in (1). It can be
classified into deterministic jitter (DJ) and random jitter (RJ). Periodic jitter (PJ) and data dependent
jitter (DDJ) are the subcomponent of DJ. DDJ further classified into inter-symbol interference (1SI)
and duty cycle distortion (DCD) [7]. Fig.1.8 shows classification of total jitter.

T] = R] = P] « DCD = ISI (1)

Here “+” denotes the convolution operator.

[ Total Jitter ]
(TJ}

Deterministic Random Jitter
Jitter (DJ) (RJ)

PN

Periodic Jitter Data Dependent
(PJ) Jitter (DDJ)

N

Inter-symbol Duty Cyecle
Interference (I1SI1) Distortion (DCD)

Fig.1.8 Classification of total jitter

1.6.1 Random Jitter (RJ)

Random jitter is also known as unbounded jitter or Gaussian jitter. It is non-predictable,
uncorrelated, aperiodic and independent of the source of jitter. According to central limit theorem,
the pdf of RJ should follow normal Gaussian distribution [15], shown in Fig.1.9. It is characterize in
root mean square terms. Standard deviation (o) is used to predict the occurrence of outlying
measurements from the mean [16]. Peak to peak value of RJ given is only defined at specific bit
error rate (BER) as shown in (2) due to its unbounded nature. Definition of BER is defined in section
1.7.3

R]pk—pk = a* Rfpms (2
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Fig.1.9 Random jitter histogram [15].

Thermal noise, shot noise, flicker noise, process variations, and microscopic variations in the
resistance and the impedance of the circuit traces which can be caused by the inevitable small
variations of traces width and many other minor contributors such as cosmic radiation are the
primary cause of random jitter.

1.6.2 Deterministic Jitter (DJ)

Deterministic jitter is bounded in nature and has non-Gaussian probability density function. It is
predictable and has specific cause. It is correlated as well as uncorrelated to data pattern. That is, the
DJ of a given logic transition may or may not affect the jitter of another transition. Peak to peak
value of DJ is not dependent on number of data points as shown in Fig.1.10. Hence, sufficient
numbers of data points are taken to complete at least one cycle of periodic element.

. Histogram A
More data samples

[ Histogram B

Lessdata
samples

DJ(86)

Tds
Fig.1.10 Histogram of total jitter.
In Fig.1.10, a histogram of bimodal distribution is shown. It is clearly visible from figure that DJ

does not increase with the sample points because DJ is measured between the peaks [17]. The total
jitter increases with increase in data sample points. It is due to the presence of extra RJ.



DJ is typically caused by circuit design, crosstalk, data dependencies, electro-magnetic induction or
external environment. To reduce total jitter, it is necessary to reduce DJ.

1.6.3 Periodic Jitter (PJ)

Period is the subcomponent of DJ. It is also known as sinusoidal jitter. It can cause periodic variation
in the phase of data pattern [18] [16]. It includes any jitter at fixed frequency or period. It is bounded,
uncorrelated to pattern and periodic in nature. Like DJ, it is also have specific root cause but it is
uncorrelated to data pattern. It is characterize by its peak to peak value and its does not depends on
non-ideal behavior of channel. Probability distribution of periodic jitter is shown in Fig.1.11.
Periodic jitter exist even when no transition edges occurs. For example, consider that the data pattern
is 01110, then between consecutive 1’s periodic jitter can be found by interpolating the jitter values
at 0 to 1 transition edges. In fact, the transition edges are only sampling points of the periodic jitter.

Fig.1.11 Histogram of periodic jitter [18].

Typical causes of period jitter are power supply fluctuations, PLL comparator frequency feed
through, external noise coupling, crosstalk, etc. Further, PJ is easy to measure and useful in diagnosis
jitter problems.

1.6.4 Data Dependent Jitter

It exists only at the occurrences of the transition edges. It is correlated to data pattern, hence it is also
known as “correlated jitter”. DDJ depends upon the data being transmitted. The dependency is both
on the current data and the past data (already transmitted data). For example, as shown in Fig.1.12,
when the jitter of a 0 to 1 transition or 1 to O transition that follow a pattern of alternating bits, e.g.
01010101, differs from 0 to 1 transition that follows a long string of 1’s or 0’s, e.g. 01000001, that
jitter is called DDJ.

Typical cause of DDJ is impedance mismatches, the resistance and frequency response of the
transmission path. DDJ is further broken into ISI and DCD.
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Fig.1.12 Dependency of jitter on different pattern.

1.6.5 Duty Cycle Distortion (DCD)

DCD refers a distortion or change in the duty cycle of a pattern. For example, the 0 in the sequence
1110111 is of a different width than the one in 0001000, shown in Fig.1.13, this change in the width
is called DCD. Alternatively, DCD is the phenomenon in which every rising/falling edge is always
delayed or advanced by the same amount. The amount of DCD at the receiver end can be calculated

by (3).

0 ] 0 imi 0 0 0

S
d1  d2
Fig.1.13 Example of Duty cycle distortion.

DCD is bounded and correlated to data pattern. Unlike PJ and RJ, it depends on non-ideal behaviour
of channel. It follows a simple dual-dirac delta distribution, shown in Fig.1.14.

DCD occurs due to slight variation in refernce level during jitter analysis. In addition to reference
level variation, another common cause for DCD are amplitude offset, turn on delays and saturation
effect.



Fig.1.14 Histogram of duty cycle distortion [18].

1.6.6 Inter-symbol Interference (ISI)

The asymmetrical degradation in amplitude and in the rise time and fall time of a transmitted signal
represents the effect of ISI in the signal, as shown in Fig.1.15. The effect of ISI is very less in the
lower frequency transmitted signal. A clock signal does not have any ISI [7] . ISI is only related to
the data pattern and if signal is repeating pattern then ISI is only periodic. It is bounded and
correlated to data pattern and it does not have any defined mathematical model.

ISI is caused by bandwidth limitation and signal reflection. Channels have slow step response due to
the resistive components present in the channel. This slows step response prevents a signal from
switching quickly. Thus, if a long string of 1’s is followed by a single 0 which is turn followed by a
string of 1’s again, the signal would have reached a full steady state high value before undergoing a
transition to 0. In this case, the signal would take a longer time to reach the threshold value giving a
positive timing error. Also, logic low would not achieve the minimum value, because even before the
steady state negative level is reached the following high going transition makes it go back to high
logic level. Thus a high going transition will undergo a negative jitter, i.e. the edge will come early
than the expected [19]. This can be seen in Fig.1.16.

3 E i 2
— - A A AN B —————

Fig.1.15 Example of ISI due to bandwidth limitations [19].

Further, ISI can be caused by improper impedance termination and due to the combination of the
design of the traces and circuit geometry.
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Fig.1.16 Example of ISI due to reflection [19].

1.7 Jitter analysis

Jitter analysis is important for determining the source of jitter. Some measurement techniques for
jitter analysis, including the separation of RJ and DJ are discussed in this section. Dedicated jitter
measurement instruments such as BERTS, oscilloscope can have capability to analyze jitter using the
below mentioned techniques.

1.7.1 Eye Diagram

The eye diagram is a methodology to characterize the influence of both the timing jitter and
amplitude noise on the data. The electrical quality of the signal can be visualized and determined
through eye-diagram [20]. The eye diagram is constructed by superposition of transition edge (rising
and falling edge) of several data pattern over one unit interval (Ul) range. In Fig.1.17, the eye
diagram analysis is shown.

Rise Time Fall {Time
1 Ul

Fye Height |~ Time variation of zero crossing

Jiter Eyd Widih
ET Y Slope indicates sensitivity
to tming error; the

smaller, the better

‘_‘_h‘-““-h-—..

Low

Best time to sample (decision point)
Most open part of eye = best signal-to-noise ratio

Fig.1.17 Eye Diagram Analysis.
An eye diagram can provide us several parameters that are useful for jitter analysis, such as rise and
fall time of the signal, total jitter information, BER, etc. The larger the opening of eye, the better
tolerance the system has and probability of BER is very less. For the correct functioning of a system,
eye should not be closed.
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1.7.2 Histogram

Histogram is another jitter measurement viewpoint. It is a bar graph that shows the probability of
jitter at different time instance. Alternatively, Histogram represents the probability distribution
function of a signal, shown in Fig.1.18. It is use to view the distribution of signal.

Fig.1.18 Histogram analysis [21].

The histogram may be bounded or unbounded, depends upon presence of RJ. The histogram shown
in figure with an approximation of RMS and peak to peak jitter indicated. The peak to peak
measurement spans from minimum and maximum point collected.

1.7.3 Bathtub Plot

It is plot between the BER on y-axis and sampling time though a bit interval on x-axis, shown
Fig.1.19. BER depends on the sampling window, similar to the eye diagram. As BER increases the
window becomes narrower. The distance between the curves at a particular BER, represents the
available time for sampling without a bit error.
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Fig.1.19 Bathtub Curve.

As shown in figure, near the left and right edges, jitter is dominated by deterministic jitter and the
value of BER is constant and at 0.5. This indicates that the probability of an error occurring when
data is sampled near the edges is 50%. As we move into the bit interval, the BER begins to decrease

12



because jitter now is dominated by random jitter and due to Gaussian nature of random jitter the
probability of jitter decreases as the value of jitter increases.

The curve can be obtained from jitter PDF curves by integrating this curve from x to infinity to
obtain the BER.. This integration indicated the probability that a transition might occur after the
sampling time, meaning an old data was sampled.

To obtain BERRg the curve is integrated from minus infinity to x to indicate that transition happened
before the data was sampled and so data is lost. The mathematical equation for total BER is shown

below.
BER,(x) = pr f () dx’ (4)
BERR(x) = pr j J(Ydx' (5)
BER(x) = BER, (x) + BER(x) ©6)

This thesis explores the roots cause of different types of jitter, their mathematical module and tried to
obtain the different values of jitter components as accurately as possible. Further, the modification
can be done in existing algorithm. Finally we design a new algorithm for ISI estimation.

1.8 Thesis Organization

An introduction to jitter analysis in high-speed serial links is given in the subsequent Chapter 1.
Fundamentals of signal integrity, jitter, and noise and BER analysis in serial interfaces are described,
together with an overview to the ways of measuring jitter. Further, the overview of jitter analysis
approach such as eye diagram analysis, histogram and bath-tub curve analysis are discussed.

Chapter 2 contains the literature review of jitter segregation techniques.

Chapter 3, the jitter generator and insertion methodologies, their mathematical models are discussed.
Further, the jitter analysis in time domain and in frequency domain and improvement in jitter
segregation techniques are discussed.

Finally, Chapter 4 summarizes the results of jitter segregation algorithms, their strength and
limitation and concludes a brief outlook to future research direction.
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Chapter 2 Literature Study

Separation of conventional DJ from TJ was discussed in the IEEE 802.3ba D1.1 editor’s note. In this
note, a 99% jitter estimation method is introduced. Total jitter at higher probability (approx 10™) that
contains both DJ and RJ, 99% estimation seperates DJ and RJ from TJ but at lower probability, this
method will not able to separate the DJ and RJ accuratly [22]. In IEEE 802.3 ba, the problems and
measurement error during DJ and RJ estimation are discussed. The 99% jitter is defined as the time
difference from 0.5% to 99.5% of the histogram, as shown in Fig.2.1 . This method is based on
specific histogram that contains atleast 10,000 bins and the bins having amplitude greater than 1 are
considered.

10,000 bins
total

Bins

99 % Jitter Jitter
0.5% 99 5%

Fig.2.1 99% jitter estimation [22].

Further, this method is not generic and scalable for multiple measurement platforms. Another
limitation of this method is if the number of bins in the histogram is beyond 10,000, then DJ will be
underestimated and if RJ dominants over DJ, the method estimates extra value of DJ. The above
discussed limitations are shown in Fig.2.2 .

In short, this method is wrong metric to quantify or bound DJ.

1q,000 bins total

99% Jitter
DJ (pk-pk)

Bins
Bins

10,00,000 bins total

_______

10,000 bins total

1 _ ; - :‘ =
DJ (pk — pk) ’ Jitter 99% Jitter itter

(@) (b)
Fig.2.2 Examples for 99% Jitter [22] (a) An example of 99% jitter under-estimates DJ. (b) An example of 99% jitter
over-estimates DJ.
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Different ways to obtain RJ and DJ were discussed by Dr. Martin Miller in [23]. In addition to this,
he characterizes three kinds of clients, who are interested in jitter analysis. First type of clients is
system designers and integrators who are only concerned with estimating overall error-rates and they
doesn’t care about the root cause of timing jitter. Second type of clients is component and subsystem
designers, who are exactly concerned about which source of jitter are contributing to a subsystem
jitter measurements. Finally, the remaining whose main concern is to obey some suggested
specification or reference.

The four kinds of methodologies for jitter measurements and their limitation are also discussed in
this paper. The time interval analyzer (T1A) estimates the jitter on the basis of “edge to edge”
measurements. It can also perform “edge to reference” measurements if system clock reference is
provided. Real time oscilloscope signal analysis can execute both kinds of analysis. Sampling
oscilloscope is used to obtain timing distribution and bathtub curve can be determined directly via bit
error rate tester (BERT).

ubsystem designer whao
is interested in
categorizing known
sources of jitter for
insight into detailed
performance

System designer and
end user interested in
an Tj which allows
prediction of BERT
bathtub results

DDj analysis, Pj
analysis and reduction
to account for Tj at
BER = 1012

Fit to T growth vs
BER
{effective)

Jitter signal under Edge-
Reference analysis
Jitter signal under Edge-

Edge analysis

Curve fitting on
histogram {(MJSQ)

System designer and
end user interested in
fitted values for Rj and
Dj (as per MJSQ)

Fig.2.3 Six tales of RJ and DJ [23].

In his research work Buckwalter has introduced an analysis of DDJ calculation for first order system
as well as an approximation for DDJ in second order system is described in terms of damping factor
and natural frequency with the help of Taylor’s series expansion [24]. The predicted DDJ in this
paper are verified with jitter measurements in a broadband amplifier and in a bandwidth-limited
amplifier.

This paper concludes that response of causal system is not only dependent on current bit but it also
depends on the previous bits. For example, the amount of DDJ for 001 and 101 bits are different
while in case of 010 and 101, the value of DDJ is same. Next according to equation (8), the a_, has
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main impact on the DDJ and the prior bits have lesser effect on the current threshold crossing time.
This is because of the value of « is less than one and hence, a* is exponentially decreasing.

—a, + -1 La,Ja"tD — g
t, = 7.In[— Zn= vthn_[a ]] (7)
o

Here t; is the threshold crossing for arbitrary value of previous bits, a,, is the binary value, v, is the
threshold voltage and a represents the ratio between bandwidth and the bit rate of the system.
Further, DDJ can be calculated for higher order response by equation (9)

Vip — g(to + T)
9P (t, +T)

teppy = — (8)
Here g(t,) is the channel output response and ¢, is the threshold crossing time for the step response.
The denominator part of equation (9) denotes the first order Taylor’s approximation of step response.
In another research work, estimation of DDJ in high speed digital system using single pulse response
is proposed and obtained DDJ is experimentally verified with timing jitter measurement [25].
Mostly, commercial simulation tools such as BERT, TIA, etc. are used to predict DDJ. But this takes
ample amount of time for adequate timing resolution and does not have any other choice of the
channel model except the ones which are provided by the tool. The bandwidth of the channel should
be known in advance for the estimation of DDJ in Buckwalter’s work [24]. This problem can be
overcome by physically characterized channel based on the transmission line theory and then use the
single pulse analysis method.
The transfer function of the transmission line is

Hw) = e~ tv») )

Where y(w) is propagation constant and it depends on R, L, G, C component of transmission line.
Maximum DDJ value can be predicted by using single pulse method because the response of a single
pulse after consecutive 0” or 1’ is considered as the worst pattern on lossy transmission line. The
single pulse is composed of two step function which have opposite polarity and delay of a bit period.
The resultant pulse is deviated from original one after passing through transmission line as shown in
Fig.2.4
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Fig.2.4 Comparison of a clock signal and the single pulse response [25].

Finally, DDJ is the sum of the difference of single pulse and clock signal during rising and falling
edge at reference crossing time.

topj = topj rising T topj_ralling (10)

The authors of [25] further elaborate the transmission line and DDJ estimation in [26]. In this work,
the modeling of transmission line, modeling of single bit pulse, single pulse analysis methods were
explained in more elegant way. Finally, the work of this paper was verified by the time domain jitter
measurement in several conditions and found to be quite accurate.

DDJ model and estimation methods, in presence of capacitive and inductive discontinuities that
results due to vias and right angular bends are discussed in [27]. SPICE tool is used for verification
of the proposed model.

In [24], channel response has been modeled as first and second order filters. However, in presence of
discontinuities, such a simple model becomes invalid. This is because of reflections from
discontinuities and for the bandwidth limited channel that keeps the value of previous bits. This
increases the chances of getting more error while estimating DDJ. To avoid this problem, use a
transmission line having capacitive and inductive discontinuities. The model of transmission line
with an impedance discontinuity is shown in Fig.2.5.

—l=
1ithstg

nlhnodez[lgt| " \

(b)

Z.

Fig.2.5 Transmission line model (a) transmission line with T mode for vias (b) T line with equally spaced capacitive

discontinuity [27].
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He further explains the several reasons for discontinuities in transmission line such as a right angle
bending, vias and change of width along the line. The analytical approach was used for estimation of
DDJ in presence of capacitive and inductive discontinuities. Finally, the paper concludes that the
impact of transmission line discontinuities is significant on the jitter.

The relationship among different jitter sub-components are presented in [28]. In this paper, the two
experiments are performed for jitter analysis based on convolution and superposition techniques. In
first experiment, the TJ is calculated from the convolution of different combinations of jitter
components, observed from serial data system (refer equation (1)). The RMS and peak-peak value of
TJ is almost same for all the combination of jitter components. But this scenario is somewhat
different when the superposition of jitter components is used instead of convolution for rms value of
jitter. The superposition techniques can work best in case of peak-peak jitter. The TJms can be
calculated from superposition technique as shown in equation (11).

R 2 2 2
Ototal = \/UR] + 0p; + 0pep T Oy (11)

In second experiments, the amplitudes of jitter components are changed. The superposition of jitter
subcomponents is valid only in the case of peak-to-peak jitter calculation while the equation (1) is
valid for both rms and peak-to-peak jitter.

In paper ‘Data Dependent Jitter Characterization Methodologies’, the effect of DDJ on the other
jitter sub component which is essential for analysis and characterization of DDJ is discussed [29].
This research work also explains how the increase in jitter can be predicted as a function of different
transient response, adjacent line injection and spurious signal coupling. In this paper, MATLAB and
HSPICE simulation tools are used for jitter analysis. The effects of location of real and imaginary
poles, settling time of response, length of data pattern, bandwidth of low pass filter, high frequency
loss such as skin effect, dielectric loss, etc. on ISl and relationship between damping ratio and
settling time are also discussed in this paper.

Further, the experimental result shows that ISI has a little effect on RJ (within 10% difference), when
RMS value of RJ is fixed to 2.44ps and peak-to-peak value of ISI varies from 5ps to 25ps. Total jitter
is same for this case because of measured RJ is greater than the injected RJ while measured ISI is
less than the injected and superposition of RJ and ISI gives same TJ as it was injected. In second
case, there is no effect of ISI on PJ whether ISI is fixed or variable. And TJ is the same as the
summation of PJ and ISI although PJ varies. Finally, the third experiment shows the dependency of
ISI on DCD. In this case TJ is about 2ps smaller than the superposition of ISI and DCD, if peak-to-
peak value of DCD is fixed while ISI varies. The difference between the measured TJ and the
superposition of DCD and ISl is 5%. And when ISl is fixed and DCD varies, TJ increases as DCD
increases, i.e. the superposition of ISI and DCD increases as DCD increases.
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Jitter components are segregated using tail-fit algorithm, discussed in [30]. The strength and
limitation of tail-fit algorithm and there complete flow is discussed in section 3.2.1

Estimation of DJ using de-convolution technique is proposed in [31]. In this paper, the demonstration
of DJ is given for real distribution model (not only the simple dual-distribution model). The
convolution, de-convolution, linear matrix formulation and Least Square (LS) solution techniques for
estimation of DJ are discussed. Further, the strength and limitation of these techniques are discussed
in this paper. The approach discussed in this paper is not useful if other jitter components present in
the signal whereas only RJ and DJ components can be segregated using this approach.

The research is going on for the improvement in tail-fit algorithm. In [32], the author claims a better
method than tail-fitting algorithm for jitter separation based on Gaussian Mixture Model (GMM). In
this paper, the methods directly targets on the original TIE vector instead of histogram approach. For
this, concept of kurtosis is introduced to determine the order of GMM. Meanwhile, the mathematical
relationship between GMM and the quantities of DJ and RJ have been discussed. The authors further
privileges that this method bypasses the problem of initial value selection in EM Algorithm and
hence more traceable and stable than tail-fit algorithm. Description of EM algorithm is given in [33].
The problems in tail-fit algorithm in presence of sinusoidal jitter and DCD and mitigating the impact
of these on RJ were discussed in [34]. In this paper, a new methodology has been introduced for RJ
estimation in presence of sinusoidal jitter and duty cycle distortion. The methodology involves
calculation of mathematical correction factor, which are used to estimate the accurate value of RJ.
The limitation of Dual-Dirac for DJ and RJ measurement are also discussed. Finally, the simulation
result shows that percentage error is below 3% for both RJ with sinusoidal jitter as well RJ with duty
cycle distortion.

The above discussed paper [30] [31] [32] [34] are only focused on RJ and DJ separations. The other
jitter sub-components are not considered in these papers while worst case considered for DDJ
estimation in [24] [25] [26] [27]. In this thesis, we considered all the jitter sub-components and
analyze the jitter results from tail-fit algorithm and frequency domain algorithm. Further,
improvement can be done in these algorithms if needed. Finally, design a new method for ISI
estimation using clock pattern.
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Chapter 3 Jitter Generator and Segregation Techniques

As described in Chapter 1 jitter can be classified into following categories

1. Periodic jitter

2. Random jitter

3. 1ISI

4. DCD

This chapter includes the generation and insertion of different types of jitters with the help of their
known root causes (as described in Chapter 1) and their mathematical models using MATLAB [28].
Section 3.1 describes the jitter generation and insertion methodology, section 3.2 covers the
different types of jitter segregation techniques and problems associated with them.

3.1 Jitter Generator
Jitter in the signal can be primarily inserted through transmitter, channel and receiver. A basic
demonstration of jitter source is shown in Fig.3.1

CHANNEL  —

N\

RJ, PJ
nout R ' Py Qutput Respanse
nput Response o

Fig.3.1 A basic demonstration of jitter source.

3.1.1 Periodic Jitter

1. PJ Generator

To generate periodic jitter, a sinusoidal signal is generated. The peak to peak amplitude of the
sinusoidal signal defines the total periodic jitter. The mathematical model of PJ is

Sinusoidal Jitter = Y,; Asin(2nft;) (12)
Here A denotes the amplitude of sinusoidal signal, f denotes frequency and t denotes time. Power
supply variations in the circuit are the main source of PJ, which have very low frequency than the
input pattern. That’s why the frequency of periodic jitter is very low as compared to input signal.
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Fig.3.2 Periodic jitter generation.

2. PJ Insertion

In order to insert Periodic Jitter in the input pattern, amplitude of sinusoidal signal at each time
instant of zero-crossover points (of PRBS input pattern) is calculated and these values are saved in
lookup table. These values are than added to the actual zero-crossover points of the input signal. The
resultant signal will be affected from the periodic jitter as shown in Fig.3.2 . To check whether PJ is
inserted or not, we calculated the difference of actual signal crossover points and resultant signal
crossover points and then we plotted this difference, the resultant graph looks like an exact sinusoidal
wave and the histogram of these values is perfectly a PJ histogram. Fig.3.3 shows the complete PJ
insertion mechanism. Fig.3.4 shows the histogram and TIE plot of PJ.

0 | |
0 20 400 600 800 1000

Fig.3.3 Sinusoidal waveform from PJ TIE.
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Fig.3.4 PDF of Periodic Jitter.

3.1.2 Random Jitter

1. Random Jitter Generator

To generate random jitter, we first generate a normally distributed random numbers. Mean (u) and
standard deviation (o) are the primary parameters of a Gaussian distribution function. Sigma value
defines the root mean square value of RJ because RJ is always defines in terms of rms value (except
if BER is given). Mathematically,

—(t-w?

itter = —— p 13
Random Jitter g EXP 2 2 (13)

In MATLAB,
Random Jitter = normrnd (o, u, m,n) (14)

Here m, n are defined as mxn output vector of random jitter. ¢ and u are the standard deviation and
mean of the normal distribution.

2. Random Jitter Insertion

To insert RJ in the input signal, the randomly generated numbers are added to the zero-crossover
points of input signal. The resultant signal is affected by random jitter.

To check whether RJ is inserted or not, we plot a PDF of these randomly distributed number and it
looks like the Gaussian distribution curve shown in Fig.3.5
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Fig.3.5 PDF of Random Jitter

3.1.3 Duty Cycle Distortion (DCD)

1. DCD Generator
DCD is caused due to difference in propagation delay between low to high transition and high to low
transition and due to variation in threshold voltage. Fig.3.6 shows the DCD insertion mechanism.

Vth

_/_\_/_\_ < Duty cycle distorted signal

Input signal

Comparator

Fig.3.6 DCD Generation and insertion mechanism.

2. DCD Insertion

By shifting the threshold voltage level to some other level, DCD can be inserted in the input signal.
The crossover points at newly defined threshold voltage are calculated and the difference of new
crossover points and input signal crossover points are TIE of DCD. For verification, whether the
inserted jitter is DCD or not, we plot a histogram as shown in Fig.3.7

Fig.3.7 DCD Histogram.
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3.1.4 Inter-symbol Interference (I1SI)

1. ISI Generator
The signal affected with ISI is distorted in terms of their rise and fall time due to limited channel
bandwidth. This behavior of a channel can be modeled as a low pass filter as shown in
Fig.3.8 . To introduce ISl effect in the signal, first we design a first order low pass filter whose
cutoff/3-dB frequency should be less than the bandwidth of the original signal [35]. The 3-dB
frequency should be dependent on the rise time of the input pattern.

Mathematically,

0.35
Cutoff frequency(f,) = - (15)
710 to 90
Magnitude Response (dB)
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Design Specifications
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Fig.3.8 Low-pass Filter

2. I1SI Insertion

Response of low-pass filter is shown in Fig.3.8 .
Input pattern is passed through this low pass filter. The variation in rise time and fall time in each bit
is responsible for ISI. The resultant signal of channel is distorted. The crossover points of the output
response are calculated and save these crossover points in a file. The ISI insertion methodology and
the input pattern v/s pattern with ISI effect are shown in Fig.3.9 and in Fig.3.10.

Low Pass

—) Filter —)

Input Response Channel Output Response

Fig.3.9 ISl insertion mechanism
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Fig.3.10 Channel Response VS Input Response.

3.1.5 Total Jitter

The TJ can be calculated by convolution of PDF of individual jitter components as well as
superposition of peak-to-peak values of jitter components as shown in equation (16) and (17). To get
the total value of jitter, we add the entire jitter component that have generated in the above
discussion and then insert this TJ in the input signal. Finally, we get the jittered signal that includes
PJ, RJ, DCD and ISI. The crossover points are saved in “.matfile” format.

TJpk—pk = Plpk—pr + Rlpk—pk + ISIyk—pr + DCDpy—pi (16)

T]ppr = PJppr * Rlppr (17)

Where * denotes convolution operator.
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3.2 Jitter Segregation Techniques

3.2.1 Tail Fit Algorithm

The tail fit algorithm is based on convolution technique and probability density function. The total
jitter distribution is the convolution of RJ and DJ distribution, as shown in Fig.3.11 (refer equation
(17)). The overview of tail fitting algorithm is shown in Fig.3.12. Some preprocessing steps are
required on the histogram before tail fit algorithm for more accuracy and robustness. These steps are
standardization of data, removing outliers, interpolation, normalization and smoothing the histogram
to remove statistical noise. The detailed description of these steps is given below.

Fig.3.11 Convolution of RJ and Dual Dirac model.

TIE

1

Histogram

|

Processing Steps

|

Fitting of Curves

I

RJ & DJ Calculation

Fig.3.12 Overview of tail-fit algorithm.
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Steps for Tail fit algorithm
The flow chart for the implementation of tail fit algorithm in MATLAB is shown in Fig.3.13.
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Calculate DJ and RJ

Fig.3.13 Flow Chart of Tail-fit Algorithm.

1. Load TIE

For calculating TIE value, we first calculate the crossover point of a jittered signal from Agilent
Digital Software (ADS) or from jitter generator. In this report, we use a 511 binary pattern sequence,
which is repeated 100000 times. The jittered signal have RJ and PJ component. After calculating the
crossover point, this data is loaded in MATLAB in .mat file format or .txt format. By taking the
nearest integer value of these data using ‘round’ command in MATLAB, we get the reference zero-
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crossover points, shown in equation (18). And then subtract these reference signal from jittered zero-
crossover points, finally we get TIE value (refer equation (26)).

Reference Signalcrossoverpoints
round (Jitter signaleyossoverpoints) * Data frequency — (18)
B Fs

2. Prepare histogram of TIE data

The histogram that is formed from original TIE data needs improvement in terms of accuracy and
robustness. This is because the tail fit algorithm does not provide correct result, if using original
histogram.

Original TIE Histogram
400 T T T

0
00
250

th 200
150
100

50

Jitter (Seconds) Lt

Fig.3.14 TIE Histogram

The following steps are useful for accurate and smother histogram for tail-fit algorithm.
a) Removing data trend

b) Standardizing the data

¢) Removing histogram outliers

d) Linearly interpolating the empty bins

e) Normalizing the histogram

f) Smoothing the histogram

a) Removing data trends

The clock is not very stable, so that the trends are formed and there is continuous negative slope in
the jittered data. This is done by ‘de-trend’ function in MATLAB. But in our case this step is
excluded because our data is stable and having a constant slope. Therefore, no effect on the data
before and after de-trend.
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b) Standardizing the data

The resolution of original jittered data is very small and MATLAB have one disadvantage that it
does not give accurate result for very low resolution. Hence, standardizing technique is used for the
low resolution data that translates into a more practical scale. And after the best fit of Gaussian
curve, the Gaussian parameters are translated back to the original data. Formula for Standardization
is given in equation (19).

x==F (19)
Here x', x, u, o denotes the TIE data after standardization, original TIE data, mean and standard

deviation respectively.
Standard deviation of data can be calculated with the help of ‘std” command in the MATLAB.

0 Histogram after Standarization of data
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Fig.3.15 Histogram of TIE after Standardization of Data.

c) Plot histogram
For histogram of data, ‘hist’ function is available in MATLAB. We consider that the 400 bins are
sufficient to analyze the TIE data. By default the “hist” command consider only 10 bins.

d) Removing Outliers

Outliers are present on both sides of the histograms and they could adversely affect the fitting
accuracy. Outliers generally defines as a value outside the 3-sigma. After removing these outliers we
can achieve 99.7% accuracy. Therefore, we discard the outliers which are greater than 3o.

The outliers are removed by looking both sides of the histogram for a bin with at least one period
that is more than 5 bins away from the next occupied bin. If such a bin is found, the bin count
reduced to zero. In our case we check for 5% bins on both the sides of histogram. The histogram
after removal of outliers is shown in Fig.3.16.
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Hiztogram after removal of outliers
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Fig.3.16 Histogram of TIE after Removal of Outliers.

e) Linearly Interpolate

If the data does not have enough significant digits, thus the histogram created above have some
empty bins. For example the sequence likes 10100001. We see that the four consecutive zeros are
present and hence we cannot get the crossover point for these values because crossover points only
available where transition happens and in TIE data these bins are empty. Therefore, we linearly
interpolate these empty bins.

f) Normalization

The histogram’s bins are normalized to 1 as shown in Fig.3.17. This ensures that the Gaussian PDF
and the histogram tails have same vertical scale. The Gaussian PDF that is being fit to the histogram
is also normalized to 1. The advantage of normalization is when both histogram and Gaussian PDF
are normalized to one, so that transferring of the tail magnitude to the PDF is simple because both
are multiplied by the same number.

Normalization = yhist /max(yhist) (20)

g) Moving through the filter

The filter removes the statistical noise from the data and smoothens the histogram. Eleven bins are
used for providing adequate smoothing without distorting the histogram. Histogram is padded by 5
zero bit on either side before it passing through the filter and then taking averaging of 5 bits from
right and 5 bits from left of a particular bit and this bit is replaced by the averaged value.

In our case, the first five bins of histogram are padded to zero bins and next 6™ bin to 405 bins are
equivalent to yhist and the remaining 406 to 410 are zero bins. In the next step, we take the average
of 5bins from left and right of a particular bin and replace its value with average value and this
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process continuous until whole yhist bins are covered. The histogram after filtering statistical noise is
shown in Fig.3.17.

Histogram after Averaging filter

Mormalized number of bins

Standarize length of period

Fig.3.17 Histogram of TIE after Averaging Filter.

3. ldentifying the tail portion

For finding the left and right tails, the histogram is scanned from both left and right side to the
middle of histogram (i.e. nbins/2) and search for the maximum bin which is greater than the next ‘n’
bins and that bin is the local maxima of the tail portion. The tail portion of the histogram from
left/right end of the histogram to the local maxima plus 5% to the total bins. These additional 5 bins
help us to calculating the initial guess. The procedure is same for both left and right tails. For left tail,
we searching bins from left to middle while for right tail identification, searching bins from right end
to middle portion. The algorithm of identifying tail portion is shown in Fig.3.18.

4. Calculation of Initial Guess

The initial parameters of Gaussian distribution can be calculated from the tail portion, after cropping
the histogram. These parameters are mean (u), standard deviation (o) and magnitude of both the tails
and these parameters help us in the phase 1 of the tail-fitting.

For magnitude calculation, we take the maximum magnitude of 20 bins from the left tail and right
tail and then by averaging of all these magnitude, we get magnitude of left tails and right tail. For
mean calculation, we take the average of maximum bin position and for sigma value; we take the
standard deviation of the histogram that have the range of from 1:190 for left tail and the range from
210:400 bins for the right portion of histogram. Finally, we plot the Gaussian curve by using these
parameters for fitting the tails of original histogram as shown in Fig.3.23 and in Fig.3.26.
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Yhist(i) > next
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=0

Fig.3.18 Flow Chart of Identification of Tail Portion.

NO

5. Three Phases of Fitting

Phase 1

The phase 1 starts by setting up a range of values for both the (o) and (u) for each tail. These
parameters of each Gaussian curve are varied from minimum limit to maximum limit by a step value.
The mean in phase first is varied from £50% from initial value and standard deviation is varied from
+40% from the initial value with a step size of 5% of (o) and (). These limits provide sufficient
range for all data sets and additional range for overall robustness of algorithm.

Phase 1 Algorithm

After setting the minimum and maximum limit for mean and standard deviation for both left and
right tails, we find out the best curve fit using chi-square test [46]. For best fit, we first set both the o
and u to a minimum limit. In the next step, increment in the o value with a step size of 5% to
maximum limit of o with constant . And then set to ¢ value to its minimum limit and increment in
the u with a step size of 5% of initial u. Each o and u is run through the chi-squared test subroutine
to determine its best chi-squared value.

The flow chart of phase 1 and phase 2 of curve fitting is shown in Fig.3.20.
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Fig.3.19 Flow chart of initial guess algorithm.

Phase 2

Second phase of curve fitting is similar to first one except the minimum and maximum limit of u is
+6% of phasel and for ¢ the range is £12% of phasel and the step size is 0.5 percent of Gaussian
curve parameters . The remaining process is same as we follow in phase 1.

Phase 3

Third phase of curve fitting is sligtly different from phase 1 and phase 2. In this phase, the final value
of o and u from previous phase are used as the starting value of o and u. The step size is 1% for
both the o and u value. The algorithm reduces with the small increament in step size. The flow chart
of phase 3 is shown in Fig.3.21.
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Calculate max and min values of sigma|
and mean

v

Mean = min mean value
Sigma = min sigma value

A4

Chi-square test

\ 4
Sigma = sigma + step size

YES While

Sigma < max sigma

Mean = mean + step size

YES While NO > STOP

Fig.3.20 Flow Chart of Phase 1.

Phase 3 Algorithm:

The algorithm is initialized after setting the step size of ¢ and u for phase 3. Initially, the values of o
and p are the same as the final value of previous phase. Then the algorithm enters in “While” loop.
The loop runs while the step > 0.001%. Initially given a step value of 1%, the previous phase of o
value is incremented and decremented by one step while the u doesnot change. This is followed by a
chi-square test. The test only saves the value if they have a better fit. If neither of the first two had a
better fit, the number would stay the same. The current sigma value becomes this value.

Again the mean is adjusted in same manner as sigma adjusted, first increase and then decreases with
step size and then followed by the chi-square test. At the end of each loop the step value is divided
by 1.1 and loop continous. From this we get the best ¢ and u value for tail fitting of gausian curve.
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v
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Fig.3.21 Flow Chart of Phase 2 and Phase 3.

6. Calculation of final Gaussian curve parameters
After finding the best fit for the tails, we have to still find out the final o and u value for calculating
the DJ and RJ. The formula for calculating final u and o are given below-

Ofinal = Odata * Ophase3 (21)
MUfinat = Mphase3 * Odata t Hdata (22)

This algorithm is not designed in presence of DDJ. When ISI convolves with PJ and RJ, the TJ curve
cannot simply be considered to be composed of DJ which has a dual Dirac distribution and RJ which
has a gaussian distribution.
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3.2.1.1 Problems in Tail fitting algorithm
The tail fitting algorithm gives best result when TJ is composed of Gaussian distribution function

and Dual Dirac distribution, shown in Fig.3.28. But in practical case, the probability distribution of
DJ is Dual Dirac distribution is very less. Therefore, in presence of small amount of ISI in the TJ
gives an error, as seen in case 1, 5, 14 in Table 1.
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Fig.3.28 Tail-fit Result in Presence of RJ and DCD

Another problem in original tail fitting algorithm is that there are some outliers are found in a very
low probability region. Due to this the total histogram shifts to one side and the tail of the histogram
misidentified and misfit by tail fitting algorithm, shown in Fig.3.29.
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Fig.3.29 Tail-fit Result in Presence of ISl

3.2.2 Improved Tail Fit Algorithm

The above algorithm gives significant error due to presence of DDJ(specially ISI). So to avoid these
error its better to remove DDJ component before applying tail fit algorithm. Two extra steps are
included in improved algorithm. After calculation of TIE data, next step is interpolation of data.
And after interpolation, we first extract the amount of DDJ present in TJ and then we apply original
tail-fit algorithm. The flow chart of improved tail fir algorithm as shown in Fig.3.31.
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1. Interpolation of the data

Interpolation of data is done only to simplfy the process of DDJ. To identify bits which are
interpolated we use a position vector. This vector is same length as interpolated TIE and contains a
value of 0,1 and 2 for every rising edge, falling edge and interpolated data respectively. Flow chart of
interpolation of data is shown in Fig.3.30.

Algorithm

First define a time reference and then linearly interpolate the refernce signal with time refernce. In
the next step a position vector that have same length as interpolated TIE is constructed. Initially this
postion vector equates with zero. The algorithm starts with a “for” loop for 1:length(tie). Inside the
“for” loop is an “While” loop for j is less than equal to length of interpolated tie. In while loop is an
“if” statement, which compares the original TIE and interpolated TIE. This comparison is for finding
interpolated data position. If the differnce is greater than the defined limit in if statement. At that
position 2 is allotted in position vector and then i and j are incremented. The For loop and While
loop are continuous and finally we assign 0s and 1s alternatively where value 2 is not found.

izl;lj':o

j=i+l

For NO
i <=length(tie_interpl

A2

NO Scan “position’ for all points where
value is not 2 and put values 0 and 1
alternatively in these places.

While
j<=length(tie_interpl

A2

i=i+1
[ YES

If
tie_interpl(i) =
ie_interpl(j

Position(j) = 2

Fig.3.30 Flow Chart of Interpolation of Data

2. Obtaining DDJ
DDJ have one special property that it repeats if the data pattern repeates [7]. Thus if the data pattern
is PRBS-9, then DDJ repeates after every 511 bits. If we take the average of the total jitter over a
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very large samples than PJ and RJ gives a u of zero. This is because, RJ and PJ are uncorrelated to

data pattern. And there is no effect on DDJ because it is data dependent.

Mathematically,

M
%Z Aty (ty) =

m=1

Steps for Improved Tail Fit Algorithm

1 M M M
M[Z Atpp;, (tn) + Z Atp; (tn) + Z Atg; (tn)]
m=1 m=1 m=1

M
1
27 D Atm(tn) = Bt (t)

m=1
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Fig.3.31 Flow Chart of Improved Tail-fit Algorithm.



3.2.2.1 Problems

Results of improved tail-fit algorithm are better than original tail fit algorithm, shown in Table 2 .
But still the error percentage is above 20 %, which is due to the presence of periodic jitter in the test
pattern. The PJ is a sinusoidal having very low frequency as compared to input pattern. Each point in
the PJ histogram behaves as an impulse response, shown in Fig.3.32. Therefore, there are lots of
Gaussian curves that are superimposing upon each other and the tail parts of the overall jitter
distribution are adversely affected while fitting, and an error is created in the measurement of RJ,
shown in Fig.3.33and in Fig.3.34.
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3.2.3 Jitter estimation using Clock Signal

The problem arises in tail fit algorithm is that it gives large errors in presence of DDJ components
and doesn’t give the accurate results for RJ and DJ separation.

In this approach, a clock signal is applied parallel to the original pattern (PRBS pattern). It is
assumed that the effect of jitter is same on both clock pattern and PRBS pattern except that 1SI
component of jitter is not present in the clock signal [7]. To obtain accurate results of DJ and DDJ, a
spectrum approach gives us better result. This is implemented either the FFT based method or PSD
method [35].

PRBS Pattern littered
Clock Pattern Jitter Generator Signal TIE < CDR

! !

Segregation
Algorithms

I
Clock Pattern PRBS Pattern \L
- @+
O+
<>

Fig.3.35 Block Diagram of Jitter Estimation using Clock Pattern.

O,

The block diagram shown in Fig.3.35 shows the complete demonstration of jitter test setup which
includes insertion of jitter in the signal and then estimation of PJ, DCD from PRBS pattern and RJ

and DJ from clock pattern using FFT. And then finally, subtraction of PJ from DJ followed by
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subtraction of DCD from DDJ, gives ISI component from TJ. The detailed explanation of this has
been explained below.

Input Signal

The input signals are both PRBS pattern and clock pattern. The clock signal is useful for ISI
estimation. Some assumption for this approach-

1. The length of both the pattern (i.e. clock pattern and PRBS patter) should be the same.

2. The PRBS pattern should be repeated at least 50 times.

Jitter Generator

Jitter generation and insertion methodologies are discussed in section 4.1. The input pattern is passed
through this generator. The output signal of this is degraded in terms of parameters like, rise time,
fall time, bit period, amplitude distortion, etc.

Crossover Points

The time instant at the zero voltage for NRZ bit pattern or mid-voltage level of NRZ (Non-Return to
Zero) bit pattern of each rising and falling edge is define as crossover points. We calculate the
crossover points of jittered as well as reference (input) signal. The crossover points can be obtained
in MATLAB using-

[Crossover, mid_voltage]
= midcross('file name’,'sampling frequency") (25)

TIE
Time interval error is the difference of time between reference signal crossover points and jittered
signal crossover points. The reference signal can be obtained using equation (19).

TIE = Refcrossingpoints - ]itteredcrossingpoints (26)

Interpolation

The data have long string of consecutive 0’s and 1’s, TIE data is not complete. For instance, since
there is no transition edge between two consecutive 1s, no TIE is recorded for that edge; But PJ and
RJ have existence at every bit interval boundary. Therefore, interpolation of TIE is important. In this
approach, linear interpolation method is used. The algorithm is shown in Fig.3.30.

Truncate interpolated TIE to make power of 2

This approach is based on FFT, and FFT works best when the input data set has a length of 2 [36].
Ensure that the number of sample points is a power of 2 for better result. If the number of sample
points is more, then the data has to be truncated.
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RJ and DJ separation
Estimation of RJ and DJ via tail fitting algorithm gives large amount of error. To estimate more
precise value of RJ and DJ, frequency spectrum method is better [35].
Follow the following steps for separation RJ and DJ and the flow chart as shown in Fig.3.36

1. Time domain to frequency domain — The time to frequency domain operation is made to TIE data of
PRBS pattern, the TIE frequency spectrum is obtained. This can be done either by a Fast Fourier
Transform (FFT), a Discrete Fourier Transform (DFT), or a Laplace Transform (LT) and so on. In
this case, FFT method is used to compute fast operation.

v
TIE Spect.

If NO

Mag(TIE Spect.) = 50

A
Save position of bins in RJ vector
Y
Save position of bins in DJ vector PSD
A4
IFFT Variance
DJin Time domain o = vVariance
DJ(pk-pk) > STOP

Fig.3.36 Flow Chart of RJ and DJ Estimation.

2. Deterministic jitter estimation — DJ can be separated from total jitter by taking FFT of TIE data
(obtained from PRBS pattern). The deterministic jitter shows up spikes or spectral lines in frequency
domain, making it easier to identify and quantify, shown in Fig.3.37 and in Fig.3.38. By extracting
these spikes from frequency spectrum, DJ spectrum is obtained as shown in Fig.3.39.

These spikes are extracted from TIE spectrum by finding the points where the spectrum has a value
greater than N*c as shown in Fig.3.39. Normally, the range of N varies from 3 to 5 [35]. The value
of N depends on the number of sample points. Specifically, larger the sample points, lesser is N and
vice versa. For accurate measurement of DJ, the value of N should be taken very precisely.

This spectrum is converted in time domain by using Inverse Fourier Transform. Take the histogram
of this time domain data and the difference of maximum value and minimum value of this gives
deterministic jitter.
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3. RJ estimation — Subtract the DJ spectrum form spectrum of TIE. The positions where the DJ spikes
are extracted are interpolated. This steps provides the spectrum for random jitter as shown in
Fig.3.40.

The PSD of RJ spectrum provides us the information of how its energy is distributed over the
frequency. Integration of PSD over a range of frequency gives us standard deviation of random jitter.
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Fig.3.37 Spectrum of Interpolated TIE Data
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Fig.3.38 Zoomed Spectrum of Interpolated TIE Data
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Fig.3.40 RJ Spectrum.

PJ and DCD estimation
Clock pattern can be used for PJ and DCD

| Define Sequence period, frequency, |

estimation. As it is defined earlier that ISI is ¥
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Fig.3.41 Flow Chart of PJ and DCD Estimation.



Steps for measurement of PJ and DCD:

. Define the sequence of clock pattern. The sequence is always 2 because clock pattern has alternative
0 and 1 in the whole sequence. Also define sampling frequency that is useful in calculation of
reference signal crossover points as discussed earlier.

. Load the TIE data that is obtained by subtraction of reference crossover and jittered crossover signal.

3. Third step is to obtain DDJ value their extraction from total TIE data value. The procedure of

extraction of DDJ is exactly same as used in improved tail fitting algorithm. The only difference is in
the input pattern.

. Duty Cycle distortion has a property that each of rising edge is advanced/delayed by the same
amount and similarly each of falling edge is also advanced/delayed by the same amount. Thus DCD
can be obtained using the following equation

DCD = mean(TIE of rising edges) — mean(TIE of falling edges) (27)

This equation effectively finds the difference between the mean of the rising edge tie and falling
edge tie.
. Once DDJ is subtracted from the jitter vector, the remaining jitter vector only contains PJ and RJ. PJ
can also be obtained by using FFT. Periodic jitter appears as spikes within the spectrum. Extract
these spikes from the spectrum by defining the points where spectrum value has greater than N*c.
Mathematically,

TIEspect = No-rms (28)

PJ spectrum can be transformed into time domain to obtain peak to peak value of PJ.
It is known that deterministic jitter is composed of periodic jitter and data dependent jitter.
Mathematically,

T] = D] + RJ (29)
D] = DDJ] + PJ (30)
DDJ = D] — PJ (31)

ISI = DDJ — DCD (32)

DDJ and PJ are the part of DJ. Thus, DDJ can be obtained using the equation. Subtraction of PJ
(obtained from clock pattern) from DJ (obtained from PRBS pattern) that includes 1SI, DCD and PJ.
From equation, we obtain I1SI by subtracting DCD from the result of step6 (i.e from DDJ).

Finally, we estimate all the jitter components values. The results shown in Table 3 and in Table 4
are better than tail fitting algorithm.



3.2.4 Frequency Domain Algorithm

The error percentage for ISI can be further reduced in this algorithm. The ISI can be calculated
before that of converting TIE data from time domain to frequency domain. In this algorithm, we use
the DDJ vs bit waveform. From this we can obtain total DDJ excursion for both rising and falling
edges [37]. And then using spectrum analysis, we estimated PJ and RJ components. The flow chart
of this algorithm is shown in figure.

Define Sequence period, frequency, Bit
¥
Load Crossover Points and find ref.
¥
Find TIE
i
Interpolation
| ]
Find DDJ via DCD and ISl
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Extract DDJ from TIE
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¥

Obtain RJ Spectrum
¥
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¥

Obtain Variance
¥

Obtain RMS Value of RJ

Fig.3.42 Flow Chart of Frequency Domain Algorithm.

Algorithm Description

The first steps in this algorithm are same as of previous algorithm. The only difference is that in
sequence period step. The sequence period of pattern is needs to be known in advance in this
algorithm. We consider the sequence period of pattern in this work is 511. Another difference in this
algorithm is that the input pattern is Pseudo random pattern.

The length of interpolated TIE data is limited to a power of 2. If the number of samples points is
more, then the data has to be truncated while if number of samples points is less, then the extra zeros

47



are added in the total data. The next steps are estimation of DDJ, DCD and ISI from time domain
data.

DDJ Estimation

DDJ has a special property that it repeats if data pattern repeats. Besides, PJ and RJ give a mean of
zero over a large number of samples.

Steps for DDJ calculation-

In the first step, a window of maximum repeatable pattern length is applied on interpolated TIE
vector. For example if a pattern repeats itself after every 511 bits, first 511 bits will be selected in
first step and then the window will be shifted to next 511 bits.

In next step, data is arranged row wise in a matrix.

1x511
011 -~ 0100

011 -+ 0100
(Column wise average)

Fig.3.43 Estimation of DDJ

DDJ with respect to each bit is obtained by taking the average of each column as shown in Fig.3.43
(Refer equation (23) and (24)).

Place DDJ with respect to bit vector in a vector of size which is equal to the interpolated jitter vector.
From this DDJ vs time waveform; we can obtain DDJ (peak-peak) value.

DCD and ISl Extraction

For obtaining the amount of DCD present we make use of the DDJ waveform obtained earlier. Now,
to obtain DCD we take note of the fact that due to DCD, each of rising edge is advanced/delayed by
the same amount and each falling edge is also advanced/delayed by the same amount. Thus, DCD
can be obtained using equation (27).

To obtain ISI we use the DDJ vs bit waveform. From this waveform we obtain the total DDJ
excursion for the rising and falling edges. A mean of these values gives us ISI.

Mathematically,

1
ISI = E [{maX(DD]risingedge) - min(DD]risingedge)} (33)
+ {max(DD]fallingedge) - min(DD]fallingedge)}]
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Interpolated TIE data

J

Store interpolated TIE into a
Matrix whose number of columns
equal to sequence length.

DD]wrtfbit =
mean (coloumn of matrix)

DDka*pk =

maX(DD]Wrt—bit) — min(DDJ, ;)

!

DCD = mean(rising edges)
—mean(falling edges)

J

ISI = mean of total DDJ excusrsion
for the rising and falling edge

Fig.3.44 Flow Chart of ISI and DCD Extraction.

Extraction of DDJ from TIE

The obtained DDJ vector is than subtracted from TIE vector. This provides us with a vector that TIE
values that have been caused only by PJ and RJ. The next step of this algorithm is estimation of PJ
and RJ components. The procedure of PJ and RJ estimation is same as that we followed in previous
algorithm for DJ and RJ separation (i.e. using FFT method)

Estimation of PJ

The algorithm for PJ and RJ estimation is shown in Fig.3.45. PJ can be obtained using either FFT or
PSD. We use the FFT method. This method employs Fast Fourier Transform (FFT) to obtain the
amount of periodic jitter. We use the interpolated TIE vector from which DDJ has been removed and
find its FFT, spectrum is shown in Fig.3.46. Periodic jitter appears as spikes within the spectrum, as
shown in Fig.3.47. If these spikes are extracted from the spectrum, we obtain the spectrum of PJ. The
PJ spectrum can be transformed into time domain to obtain PJ (pk-pk) value.
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N

Fig.3.45 Flow Chart of PJ and RJ Extraction.

Single-Sided Amplitude Spectrum of TIE after DD .J extraction

o=y [ Zoomed View

0 L L 1 1 L 1 1 il Il
Q0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.8 1.8

Frequency [(H=)

LN

Fig.3.46 Frequency Spectrum after Removal of DDJ.

In Fig.3.47 shows PJ as spikes. These spikes can be extracted from the spectrum by finding the
points where the spectrum has a value greater than Nx 0. Here o represents the standard
deviation of the FFT coefficients and N is and an integer.
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Fig.3.47 Frequency Spectrum of PJ from Frequency Domain Algorithm.

The spectrum is converted into time domain using Inverse Fourier Transform (IFFT). This can be
accomplished using a built IFFT function or directly employing summation of sine and cosines.

Estimation of RJ

From the spectrum of interpolated TIE obtained earlier, we subtract the PJ spectrum. The
positions from where the PJ spikes are extracted are interpolated. This step provides us with
spectrum of random jitter. Fig.3.48 shows the spectrum of RJ.

x 10 ° Single-Sided Amplitude Spectrum of R.J

[u]
+ + + + +
o ] = ; [ ] L] 57 I -4 57 ]

0 0.2 - -_- a . ) ] , a -_- _ - 1.8 -
Frequency (H=) Y 100
Fig.3.48 Frequency Spectrum of RJ from Frequency Domain Algorithm.

Finally, RMS value of RJ is obtained from PSD of RJ spectrum and then using Parseval’s theorem
[38] [39].

N-1 1 N-1
xlnll? = = 1XTKI? (34
n=0 k=0

Thus, if we take the square of all Fourier Coefficients in the RJ spectrum, we obtain the standard
deviation of the random jitter.
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Chapter 4 Results

In this chapter, results of jitter segregation algorithms are discussed. We considered 15 different sets
of cases to validate all the above discussed algorithms. In these cases, different types of jitter
components are present, to see the effect of one jitter component on the other. The input of the jitter
generator is non-return to zero PRBS pattern having data rate is 2Gbps. The .mat file of the zero
crossover points of jittered signals are loaded in the algorithms. These algorithms are implemented in
MATLAB and results of these algorithms are extensively verified with Agilent ADS.

Table 1 Jitter Segregation using Tail-Fit Algorithm:

Case Expected value of Jitter (ps) Obtained Value (ps) Error Percentage

No. RJ PJ ISI DCD | DDJ DJ RJ DJ RJ DJ
2 5.00 0.00 0.00 | 0.00 | 0.00 | 00 4.76 1.17 -5% NA
3 0.00 20.00 | 0.00 | 0.00 | 0.00 | 20 0.1 24.10 NA 20%
4 5.00 20.00 | 0.00 | 0.00 | 0.00 | 20 6.16 11.00 23% -45%
6 24.80 | 24.80
7 5.00 0.00 0.00 | 24.80 | 24.80 | 24.8 5.02 24.90 0% 1%
8 5.00 20.00 | 0.00 | 24.80 | 24.80 | 44.80 | 5.71 37.40 14% -16%
9 0.00 0.00 |16.40 | 0.00 | 16.40 | 16.40 | 0.30 13.70 NA -17%
10 0.00 0.00 16.40 | 24.80 | 41.20 | 41.20 2.49 7.99 NA -81%
11 0.00 20.00 | 16.40 | 0.00 | 16.40 | 36.40 0.39 35.5 NA -3%
12 5.00 0.00 16.40 | 0.00 | 16.40 | 16.40 5.01 16.6 0% 1%
13 5.00 0.00 16.40 | 24.80 | 41.20 | 41.20 5.00 43.8 0% 6%
15 0.00 20.00 |16.40 | 2480 | 412 | 61.2 0.8 61.4 NA 05

The results of tail-fit algorithm are shown in Table 1 for different set of jitter component presents in
the signal. From the Table 1, we have seen that a large amount of error is present in case 1 and in
case 14. While precisely investigating these results, we conclude that due to presence of DDJ
component in the signal, the tail fit algorithm gives large amount of error. In Fig.3.28 and in
Fig.3.29, the explanation of presence of ISI in the signal is mentioned. To minimized or reduced
these error percentage in tail-fit algorithm, extraction of DDJ components from TJ components
before applying tail fit algorithm are advantageous.
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Table 2 Jitter Segregation using Improved Tail Fit Algorithm

Case Expected value of Jitter (ps) Obtained Value (ps) Error Percentage

No. RJ PJ ISI | DCD | DDJ DJ RJ DJ RJ DJ
2 5.00 0.00 0.00 | 0.00 | 0.00 00 4.81 1.71 -4% NA
3 0.00 20.00 | 0.00 | 0.00 | 0.00 20 0.2 19.70 NA -1%
5 0.00 0.00 0.00 | 24.80 | 24.80 | 24.80 0.94 24.80 NA 0%
6 0.00 20.00 | 0.00 | 24.80 | 24.80 | 44.80 0.26 44.5 NA -1%
7 5.00 0.00 0.00 | 24.80 | 24.80 | 24.8 4.81 26.4 -4% 7%

9 0.00 0.00 16.40 | 0.00 | 16.40 | 16.40 2*10'! 16.40 NA 0%

10 0.00 0.00 16.40 | 24.80 | 41.20 | 41.20 2*107 43.50 NA 6%
11 0.00 20.00 | 16.40 | 0.00 | 16.40 | 36.40 0.49 36.00 NA -1%
12 5.00 0.00 16.40 | 0.00 | 16.40 | 16.40 4.94 18.80 -1% 14%
13 5.00 0.00 16.40 | 24.80 | 41.20 | 41.20 5.03 45.30 0.4% 10%
15 0.00 20.00 | 16.40 | 24.80 | 41.2 | 61.2 0.33 67.60 NA 10%

The results shown in Table 2 are better than the original tail-fit algorithm. But the error percentage
is still high as seen in case 1, 4, 8 and in case 14. This is because of presence of PJ in the signal. The
reason for this explained in the section 3.2.1.1 and shown in Fig.3.32, Fig.3.33 and inFig.3.34.

In the absence of both PJ and ISI in the signal, tail-fit algorithm gives best results, shown in Fig.3.28.
Further, to minimize this high percentage of error and to get accurate estimation of jitter components,
frequency domains algorithms are better.

In Table 3, the results of jitter estimation using clock pattern and percentage error are shown in Table
4 . The results are better than tail-fit algorithm and improved tail-fit algorithm. The error percentage
is below 10 % except in case 12, shown in Table 4 . In this algorithm, the calculation of ISl is
dependent on DJ component and DJ component is calculated by spectrum approach. Therefore, due
to leakage of RJ component while extraction of DJ from TJ, estimation of DJ value not accurate as
we have to predict. Another drawback of this algorithm is need of extra clock that cause more power
consumption.
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Table 3 Jitter Segregation using Clock pattern

Case Expected value of Jitter (ps) Obtained Value of Jitter (ps)

No. RJ PJ ISI DCD | DDJ DJ RJ PJ ISI DCD DDJ DJ
1 5.00 | 20.00 | 16.44 | 24.80 | 41.20 | 61.20 5.46 2250 | 16.44 | 27.00 | 43.40 | 65.90
2 5.00 | 0.00 | 0.00 | 0.00 | 0.00 00 5.01 00 0.52 0.02 0.5 0.5
3 0.00 | 20.00 | 0.00 | 0.00 | 0.00 20 0.75 22.30 221 [ 1.9%10° | 2.21 | 245
4 5.00 | 20.00 | 0.00 | 0.00 | 0.00 20 5.04 22.70 2.80 0.02 2.82 | 25.60
5 0.00 | 0.00 | 0.00 | 24.80 | 24.80 | 24.80 | 1.1*10° | 1.2*107 | 1.34 2470 | 26.10 | 26.10
6 0.00 | 20.00 | 0.00 | 24.80 | 24.80 | 44.80 0.5 22.00 0.83 2470 | 25.60 | 22.00
7 5.00 | 0.00 | 0.00 | 24.80 | 24.80 | 24.8 5.01 00 1.98 2470 | 26.70 | 26.70
8 5.00 | 20.00 | 0.00 | 24.80 | 24.80 | 44.80 5.04 22.70 1.8 2470 | 26.40 | 49.20
9 0.00 | 0.00 | 16.40 | 0.00 | 16.40 | 16.40 | 1.3*10° | 1.1*10 | 18.11 | 4.4*10™ | 18.11 | 18.11
10 | 0.00 | 0.00 | 16.40 | 24.80 | 41.20 | 41.20 | 1.3*10% | 2.1*107 | 17.50 | 26.90 | 44.40 | 44.40
11 | 0.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 0.50 21.90 | 17.10 | 4.6*10* | 17.22 | 39.00
12 | 5.00 | 0.00 | 16.40 | 0.00 | 16.40 | 16.40 5.49 0.00 18.90 0.02 18.92 | 18.92
13 | 5.00 | 0.00 | 16.40 | 24.80 | 41.20 | 41.20 5.45 0.00 17.30 | 27.00 | 44.20 | 44.20
14 | 5.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 5.46 22.50 | 16.70 | 2.7%10° | 16.70 | 39.30
15 | 0.00 | 20.00 | 16.40 | 24.80 | 41.2 | 61.2 5.94 22.20 | 15.00 | 27.00 42.0 | 64.30

Table 4 Error percentage in Jitter Segregation using Clock Pattern.

Case Error Percentage

No. RJ PJ ISI DCD DDJ DJ
1 9.20% 13% -0.24% 8.93% 5.27% 7.66%
2 0.12% NA NA NA NA NA
3 NA 11% NA NA NA 22.35%
4 0.8% 14% NA NA NA 27.77%
5 NA NA NA 0.00% 5.41% 5.41%
6 NA 11% NA 0.00% 3.37% 6.91%
7 0.12% NA NA 0.00% 7.98% 7.98%
8 0.80% 14% NA 0.00% 6.79% 9.85%
9 NA NA 10.10% NA 10.10% 10.10%
10 NA NA 6.57% 8.77% 7.89% 7.89%
11 NA 9% 4.20% NA 4.20% 7.08%
12 9.80% NA 14.96% NA 15.13% 15.13%
13 9.00% NA 5.05% 8.89% 7.36% 7.36%
14 9.20% 13% 1.64% NA 1.81% 7.73%
15 NA 11% -8.58% 9.05% 2.02% 5.00%
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The results of frequency domain algorithm are shown in Table 5 and Table 6. The procedure

estimation of jitter components using frequency domain algorithm is somewhat similar to jitter

components using clock pattern, as discussed in Chapter 3. The error percentage is below 10%. The

problem in frequency domain algorithm that it are more prone to errors when the presence of high

sinusoidal jitters in the signal.

Table 5 Jitter Segregation using frequency domain algorithm.

Case Expected value of Jitter (ps) Obtained Value of Jitter (ps)

No. | RI [ PJ ISl | DCD | DDJ | DJ RJ PJ IS DCD | DDJ | DJ
1 | 5.00|20.00]16.44 | 24.80 | 41.20 | 61.20 | 4.62 211 [ 1720 | 27.0 |44.10|65.30
2 |500] 000 [ 000 | 000 | 000 00 4.42 0.36 074 | 0.02 | 076 | 1.13
3 |0.00[20.00] 000 | 0.00 | 0.00 | 20 0.5 2220 | 0.01 [1.9*10° | 0.01 | 22.30
4 15002000 000 [ 000 | 0.00 | 20 4.46 2111 | 074 | 0.02 | 0.76 | 21.90
5 |0.00] 000 | 000 |24.80 |24.80|24.80 | 1.1*10° | 7.1*10° | 2*10° | 24.70 | 24.70 | 24.70
6 | 0.0 ]20.00| 000 | 248024804480 | 05 2220 | 0.001 | 24.80 | 24.80 | 47.00
7 |500] 000 | 000 2480|2480 248 | 4.42 0.36 0.07 | 24.70 | 25.50 | 25.80
8 |5.00|20.00| 0.00 [ 24.80 | 24.80 | 44.80 | 4.46 2111 | 0.07 | 2470 | 25.50 | 46.10
9 [0.00| 000 |16.40 | 0.00 | 16.40 | 16.40 | 1.3*10° | 1.8*10" | 16.40 | 4.4*10™ | 16.40 | 16.50
10 [ 0.00 | 0.00 | 16.40 | 24.80 | 41.20 | 41.20 | 1.4*10° | 1.8*107 | 16.70 | 26.90 | 43.60 | 43.60
11 | 0.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 | 0.5 2220 | 16.50 | 4.6*10™ | 16.50 | 38.7
12 | 5.00 | 0.00 | 16.40 | 0.00 | 16.40 | 16.40 | 4.61 036 | 1711 | 0.02 [17.10|17.49
13 | 5.00 | 0.00 | 16.40 | 24.80 | 41.20 | 41.20 | 4.60 036 | 17.20 | 27.00 | 44.10 | 44.50
14 | 5.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 | 4.62 21.10 | 17.00 | % ]17.11]38.20
15 | 0.00 [ 20.00 | 16.40 [ 2480 | 412 | 61.2 | 0.05 2220 | 16.60 | 27.00 | 43.5 | 65.80

Table 6 Error Percentage in Jitter Segregation using frequency domain algorithm.

Case Error Percentage

No. RJ PJ ISI DCD DDJ DJ
1 -8.00% 6.00% 4.00% 9.00% 7.00% 7.00%
2 -12.00% NA NA NA NA NA
3 NA 11.00% NA NA NA 11.00%
4 -11.00% 6.00% NA NA NA 9.00%
5 NA NA NA 0.00% 0.00% 0.00%
6 NA 11.00% NA 0.00% 0.00% 5.00%
7 -12.00% NA NA 0.00% 3.00% 4.00%
8 -11.00% 6.00% NA 0.00% 3.00% 4.00%
9 NA NA 0.00% NA 0.00% 0.00%
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10 NA NA 1.00% 9.00% 6.00% 6.00%
11 NA 11.00% 0.00% NA 0.00% 6.00%
12 -8.00% NA 4.00% NA 4.00% 6.00%
13 -8.00% NA 5.00% 9.00% 7.00% 8.00%
14 -8.00% 6.00% 4.00% NA 4.00% 5.00%
15 NA 11.00% 1.00% 9.00% 6.00% 7.00%

The results of the above algorithm are extensively verified with Agilent ADS. The same amount of
jitter components presents in signal are segregated with the help of ADS tool. The results of this are
shown in Table 7 and the percentage errors are shown in Table 8. The error percentage is below
15% from ADS tool. Therefore, the results of jitter segregation using clock pattern technique and
using frequency domain algorithm are almost same ad Agilent ADS. Hence, the validation of
accuracy of our designed approach is proved.

Table 7 Jitter Segregation using Agilent ADS.

Case Expected value of Jitter (ps) Obtained Value of Jitter (ps)

No. RJ PJ ISI DCD DDJ DJ RJ PJ ISI DCD DDJ DJ
1 5.00 20.00 | 16.44 | 24.80 | 41.20 | 61.20 | 5.23 | 16.30 | 18.90 | 27.00 459 | 62.2
2 5.00 0.00 0.00 0.00 0.00 00 499 | 188 | 0.21 0.002 024 | 212
3 0.00 20.00 0.00 0.00 0.00 20 0.3 [ 17.90 | 0.007 | 8*10° | 0.007 | 17.9
4 5.00 20.00 0.00 0.00 0.00 20 499 |16.50 | 0.2 0.002 0.2 16.8
5 0.00 0.00 0.00 | 24.80 | 24.80 | 24.80 | 0.01 | 0.00 | 0.00 24.80 248 | 248
6 0.00 20.00 0.00 | 24.80 | 24.80 | 44.80 | 0.03 | 17.90 | 0.007 | 24.80 24.8 | 427
7 5.00 0.00 0.00 | 24.80 | 24.80 | 248 | 499 | 1.86 0.2 24.70 249 | 26.8
8 5.00 20.00 0.00 | 24.80 | 24.80 | 44.80 | 498 | 16.60 | 0.2 2470 | 25.00 | 41.6
9 0.00 0.00 16.40 | 0.00 | 16.40 | 16.40 | 0.01 | 0.00 | 16.40 | 5.5*10° | 16.40 | 16.40
10 0.00 0.00 16.40 | 24.80 | 41.20 | 41.20 | 0.01 | 0.00 | 18.80 26.9 45.70 | 45.70
11 0.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 | 0.08 | 19.50 | 16.50 | 6.5*10 | 16.50 | 36.00
12 5.00 0.00 | 16.40 | 0.00 | 16.40 | 16.40 | 525 | 1.85 | 16.60 | 0.02 | 16.60 | 18.50
13 5.00 0.00 16.40 | 24.80 | 41.20 | 41.20 | 5.23 | 1.87 | 18.90 27.0 4590 | 47.70
14 5.00 | 20.00 | 16.40 | 0.00 | 16.40 | 36.40 | 5.20 | 16.3 | 16.66 | 0.02 | 16.60 | 32.90
15 0.00 20.00 | 16.40 | 24.80 | 41.2 61.2 | 0.09 | 19.6 | 1870 | 27.00 | 45.70 | 65.30
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Table 8 Error Segregation in Jitter Estimation using Agilent ADS.

Case Error Percentage

No. RJ PJ ISI DCD DDJ DJ
1 5.00% -18.0% 15.00% 9.00% 11.00% 2.00%
2 0.00% NA NA NA NA NA
3 NA -11.00% NA NA NA -11.00%
4 0.00% -17.00% NA NA NA -16.00%
5 NA NA NA 0.00% 0.00% 0.00%
6 NA -10.00% NA 0.00% 0.00% -5.00%
7 0.00% NA NA 0.00% 1.00% 8.00%
8 0.00% -17.00% NA 0.00% 1.00% -7.00%
9 NA NA 0.00% NA 0.00% 0.00%
10 NA NA 14.00% 9.00% 11.00% 11.00%
11 NA 3.00% 0.00% NA 0.00% -1.00%
12 5.00% NA 1.00% NA 1.00% 12.00%
13 5.00% NA 15.00% 9.00% 11.00% 16.00%
14 4.00% -19.00% 1.00% NA 1.00% 10.00%
15 NA 2.00% 14.00% 9.00% 11.00% 7.00%

4.1 Summary

1. The tail fit algorithm works best only when DJ has dual Dirac probability distribution function.
Another drawback of tail fit algorithm is that it cannot estimate all jitter components. These problems
can be solved in jitter estimation using clock pattern and by spectrum analysis.

2. The advantage of tail-fit algorithm and our designed technique for jitter segregation is that there is
no need to know the pattern length in advance while in the improved tail fit algorithm and in
spectrum approach technique, pattern length needs to be known in advance.

3. The error between expected DJ and obtained DJ is relatively low in jitter segregation using clock
pattern and using spectrum approach techniques. However, these are more prone to errors in case of
high frequency sinusoidal jitter and when the edge transition frequency is not sufficient to satisfy the
Nyquist criteria.

4. Another assumption while using frequency domain approach and in clock pattern technique is that
the number of samples is sufficient to ensure that at least one cycle of the slowest jitter is accounted

for.
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5. On the other hand, these limitations should not affect much in case of tail-fitting algorithm

because these are based on statistics of data. The summary of all jitter segregation algorithms are

shown in Table 9.

Table 9 Summary of Algorithms

4
Paralbe:f:: itl"hs Tail-fit Improved Tail-fit Spectrum Analysis us\]iiwt;eéfo%:(m;atric(t):rn
% of Error < 30% <20 % > 10% 10-15%
Input Pattern PRBS PRBS PRBS Clock Pattern, PRBS
Sequence Period No Yes Yes NO
Jitter Component RJ and DJ RJ, DJ and DDJ RJ, DCD, ISl and PJ RJ, DCD, ISI, PJ
Identification of No No Yes Yes

jitter source
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Chapter 5 Conclusion & Future Work

This report provides the basic understanding of jitter fundamentals and flow charts of the different
jitter segregation algorithms such as tail-fit algorithm, improved tail-fit algorithm, jitter segregation
using clock pattern and jitter estimation using spectrum approach. Meanwhile, we developed jitter
generator module using their mathematical model in MATLAB. Further, the strength and limitation
of these algorithms are discussed.

This thesis provides the accuracy of RJ can be affected by a large amount in case DJ does not have a
Dual Dirac distribution. Several cases are discussed with different combination of jitter components
for above mentioned algorithms. The error percentage is also divergent for different algorithms in all
cases. The results of these algorithms are validated from Agilent ADS. The error percentage in jitter

segregation using clock pattern and using spectrum method is equivalent to Agilent ADS results.

Future Work

The effect of jitter on the signals increases as we move towards the high speed serial links. The effect
of Bounded Uncorrelated Jitter (BUJ) is more on the signal as frequency and data rates and
interconnect speeds are continuously increasing. The main cause of BUJ is crosstalk due to density
and cost concern. Another aspect can develop a more accurate method for precise value for all jitter
components that includes DJ, RJ as well BUJ. In addition to these, look for the reason for errors in

the frequency domain algorithm.
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