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Abstract
This thesis examines the effects of an autocorrelation-based adaptive loop gain controller (ALGC)
algorithm used for plesiochronous synchronization inside clock and data recovery (CDR) circuits
in the multi-gigahertz frequency domain. As data is transmitted over a lossy wireline channel, the
signals propagating will inevitably be corrupted by a form of distortion known as jitter. It is the
objective of the CDR to detect and mitigate such jitter at the receiver end of the channel during the
process of recovering the transmitted data and its timing information. Recent research into
electrical signal integrity has suggested that such recovery can be optimized in terms of output
jitter performance by adaptively adjusting the loop gain inside the CDR. However, due to changes
in source jitter profile and other deterministic events, this optimum point may not be held
throughout the course of CDR operations. To combat this deficiency, single-parameter
autocorrelation ALGC schemes are investigated for their feasibility to hold on to the optimal loop
gain point. The proposed dual-parameter based ALGC scheme can minimize the output jitter
variance to attain the optimum point in simulations. The addition of a second degree of freedom
in loop parameters has revealed key control advantages in the algorithmic design of this novel
ALGC scheme.
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CHAPTER 1 Introduction
1.1 Background and Trends
As the digital revolution unravels into the early 21st century, the accompanying
technological innovations have led to significant improvements in communications systems. These
advancements have allowed data of higher quantity and quality to be transported over a
communication network.
One sector that has witnessed such an increasing improvement in its communication capabilities
is in chip-to-chip interconnect applications [1]. International Technology Roadmap for
Semiconductor (ITRS) in 2004 has predicted that data bandwidth of a chip will exceed several
gigabits per second (Gb/s) within 10 years [2].
Figure 1.1 ITRS Roadmap for Chip Data Bandwidth [2]

Implementing microprocessors with clock frequencies in the gigahertz range leads to challenges
threatening the signal integrity of data transferred over parallel multi-Gb/s chip-to-chip I/O links
that are an integral part of these systems [2]. The challenges arise from the observation that data
will become distorted after travelling over a communication link [1]. This leads to noisy clock and
data signals that are very difficult to replicate at the receiver end of the link because of signal
degradation. Thus, before any meaningful signal processing can be performed, the data and clock
signals must be regenerated to minimize the effects of such distortions.
One of the most common form of signal distortion is jitter, which is the random variation or
uncertainty in transition times of an accompanying or embedded clock source with a specified
nominal period [3]. For this reason, to reliably transmit data in the gigahertz range, clock and data
recovery (CDR) circuits play a significant role [1].
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The primary function of a CDR circuit is to recover data that are asynchronous and noisy. The first
operation is to extract the clock signal from the data received to allow synchronous operations [4].
After which the data must be retimed such that the jitter accumulated during transmission is
removed and jitter-free data streams are retrieved [1].
Figure 1.2 Interconnect Block Diagram [5]

It is important to mention that CDRs usage is not limited to chip-to-chip interconnects but have
found many applications in different sectors such as optical communication, and backplane routing.
Historically, CDRs have been implemented using Gallium Arsenide (GaAs), Silicon Germanium
(SiGe) and bipolar technologies that are expensive and power-hungry [1]. In the recent decade,
due to advances in scaling predicted by Moore’s law, CMOS processes have become a more viable
alternative to implement gigahertz CDR systems. The attractive features of non-CMOS processes
like GaAs and SiGe results from its inherent ease of integration compared to CMOS-processes in
building transceivers [1]. However, for a CDR implemented with a CMOS-process, integrating the
transmitter and the receiver into a single CMOS-chip has the potential to reduce loop latency,
system cost and power consumption [6]. The focus of this research is primarily on simulating
CMOS-based CDRs, but the results can be applied to any generic CDR implementation.
1.2 The Research Gap
Given the context, the generic scenario of concern established is to recover a stream of
binary data that is sent across a transceiver while detecting and mitigating any data and clock jitter
at the destination end [7]. For this objective, clock and data recovery circuits are built to remove
the accumulated jitter over a communication channel. Recently, data recovery can be achieved
without a reference clock in a phase locked loop (PLL) incorporated into clock and data recovery
circuits [8-9]. This traditional scheme of using PLL-based CDR designs has led to the ability of
detecting jitter while jitter mitigation is achieved using an adaptive loop gain controller (ALGC)
algorithm [10-11].
2

The ALGC algorithm calibrates the open-loop gain so that the closed-loop bandwidth changes
dynamically and the output jitter decreases [11]. This method, however, experiences difficulties
when the open-loop gain is either too high or too low that leads to sub-optimal jitter performance
[10]. The PLL-based CDR designs were to found to have an optimum loop gain that minimizes
the total output jitter [11-13]. Achieving this optimum gain point implies maximizing the circuits
jitter performance. Using conventional ALGC method, the loop gain is first set high to reduce lock
time, and then set low after PLL is phase locked. This method, however, does not track the
optimum gain point [10-11], which is the research gap of this thesis project on CDR-ALGC design.
1.3 Research Objectives
The high-level objective of this research is to investigate a novel adaptive loop gain control
algorithm which will track the optimum point of output jitter as a function of the PLL-based CDR’s
open-loop gain at different levels of output jitter distortion.
Using MATLAB-Simulink software, the initial phase of research will primarily be to model the
PLL-based CDR to investigate circuit and jitter behavior. Followed by a more complete model to
simulate the exact nature of well-established ALGC algorithms’ influence on the CDR’s jitter
performance. Finally, the research attempts to build upon existing optimization techniques by [9]
and [10] where additional gains parameters of control can be introduced in the loop topology from
phase detector to the low-pass filter component of the CDR structure. (More detailed descriptions
are given in Chapters 2 and 3…)
1.4 Significance of Research
The investigation into CDR jitter mitigation techniques would be a crucial contribution to
signal communication in the field of electrical and computer engineering. As human demand for
higher quality data processing grows, the associated challenges from increases in magnitude and
complexity of such data are too on the rise. One form that these challenges manifests itself is in
the delivery of high frequency binary data streams without an accompanying reference clock that
needs to be recovered with a very low bit-error-rate (BER) from jittery and noisy links.
Researching novel jitter mitigation techniques by refining existing ALGC-algorithms in
MATLAB-Simulink environment to ensure that the signal integrity of the recovered clock and
data would be guaranteed to acceptable specifications once recovered with appropriate CDR
architecture forms the ultimate objective of this thesis research.
3

CHAPTER 2 Clock and Data Recovery Circuits
With the background established in Sec. 1.1, CDR circuits serve a critical function in highspeed transceivers. CDRs most commonly appear in high-speed wire-linked data transmission
applications such as optical communications systems, backplane data-link routing and chip-to-chip
interconnection [14]. Their purpose is to extract transmitted data sequence—most often in the form
of digital data streams that sent without an accompanying clock information—where the reference
clock signal must also be regenerated to retime the data received [4,14]. The received data is most
likely to be distorted by unwanted phenomena such as jitter and noise; thus, the importance of
CDR circuits comes from the mitigation accumulated jitter in the data stream recovered after
travelling over a communication channel [1,4].
This chapter serves to establish the technical details of CDR design to better understand its internal
architecture and analyze adaptive loop gain controller (ALGC) algorithms used to calibrate the
internal settings of the CDR loop structure such that an optimal jitter performance is achieved.
The following sections shall first address the common CDR architectures used in multi-gigabit
wire-linked communication links. A discussion into jitter classification and properties will be
introduced. Followed by an overview to the theoretical existence of an optimal gain point in the
open loop gain of PLL-based CDR structures. This will then be used to establish a research / design
criterion for jitter mitigation. The main body of the literature review will be devoted to the
discussion and critique of prior algorithms that are used to achieve the optimal gain-jitter state and
analyze the next phases of future research into CDR designs.
2.1 CDR Architectures
The topologies of CDR design depends on the relationship between the input data and the
local clock generated at the receiver [14]. The most common forms of CDR architecture is based
upon the phase-locked loop (PLL), and delay locked loop (DLL) topologies that utilize feedback
phase tracking. The phase interpolator (PI) and injection-locked (IL) structures also belong to this
category with additional modifications. Moreover, an oversampling-based topology that removes
the need for phase tracking is an alternative design choice. Finally, topologies that uses phase
alignment without phase tracking exists such as the gated oscillator and high-Q bandpass filter
architectures is also discussed.
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2.1.1 PLL-Based CDRs
To begin, for the phase-locked loop (PLL) implementation of CDR circuits, they can be
classified as analog or digital, and whether they utilize a reference clock or not. In this thesis
research, simulation will be based on a mix of analog and digital components without a reference
clock so allow asynchronous operation. For any typical PLL-based CDR, there are usually two
functional loops, a frequency tracking loop provides a frequency comparison with the help of a
frequency detector (FD) and a phase tracking loop which achieves phase-locking through a phase
detector (PD). The primarily function of the CDR is achieved through collaboration of the phase
detector and the frequency detector. At CDR initiation or out-of-lock scenario, the FD will provide
a control voltage to the charge pump (CP) and the loop filter (LP) that will then move the VCO
oscillation frequency to be within the capture range. This is crucial as then PD will come into play
and fine tune the phase of VCO output clock (i.e. the CDR’s recovered clock) to lock onto the
input data phase [1,14].
Figure 2.1 PLL-Based CDR (Modified from [14])

In most applications, the PD and FD are combined into one component called the phasefrequency detector (PFD). This simplifies into a single loop structure as shown in the simulated
models in the Progress-to-Date sections. The advantages of using PLL-design stems from the
strong input jitter rejection and input frequency tracking capabilities. The downsides come from
the fact that jitter peaking may be observed in the input-to-output transfer function. Additionally,
when frequency of the VCO generated clock is within the capture range of the phase tracking loop,
the transfer of control from the FD to the PD may result in a failed lock [4]. Furthermore, the CDR
can temporarily become confused from random consecutive identical digits (CIDs) [4]. In response,
we typically choose the loop bandwidth of the frequency tracking loop to be much smaller than
that of the phase tracking loop [4,14].
5

2.1.2 DLL-Based CDRs
The delay-locked-loop CDR design is highly like that of the PLL-based structure presented
in 2.1.1. Their functionality differs from the fact that the frequency tracking loop now provides a
reference clock signal output instead of a VCO control voltage signal. This reference clock must
oscillate at the input data stream rate and is inserted into a voltage-controlled delay line (VCDL)
that achieves phase synchronization [14].
Figure 2.2 DLL-Based CDR (Modified from [14])

The advantages of using a DLL-based CDR is that a more stable system can be achieved with the
help of the VCDL [15] with a faster locking time due to the absence of clock synthesis [16]. The
primary drawback occurs when a frequency offset exists between the transmitter and receiver, as
there exists a limited capture range of the phase tracking loop [14].
Figure 2.3 Digital PLL-CDR (Modified from [14])

It must now be introduced, that for both the PLL and DLL-based designs, the CDR’s internal
components can be digitalized from its analog implementation. This most often occurs for the
phase detector and loop filer, which leads to the introduction of a digital-to-analog converter
necessary for VCO input control voltage. This can lead to reduced layout area and minimizing the
process, voltage, and temperature (PVT) variations of the LF [14]. However, a more intricate issue
6

of a longer loop delay / latency from the DLF to the DAC [14] is presented. This can degrade the
phase and frequency tracking capability and reduce CDR jitter tolerance [17]. Then there also is
problem of finite resolution of the DAC which increases jitter generation [14].
2.1.3 Phase Interpolator (PI) and Injection Locked (IL) CDRs
The phase interpolator (PI) takes is design from the DLL-based CDR architecture. The
primary modification is that a digital loop filter and a current digital-to-analog converter (IDAC)
replaces the corresponding components in a DLL design. The benefits offered by a PI-based CDR
results in increased system stability, faster acquisition time, and a lack of jitter peaking [18]. The
PI-based design also removes the shortcoming of DLL-CDRs in that it can now operate in a
broader spectrum of input frequencies so that any frequency offsets between the transmitter and
receiver is tolerable [14].

Figure 2.4 PI-Based CDR (Modified from [14])

The injection locked CDR is a variant of the PI architecture. This form of CDR offers the exact
same benefits as a normal PI form, but it replaces the quadrature clocks used in the PI with a slave
oscillator. This slave oscillator can create a smoother phase shift in recovered clocks compared to
a PI-based CDR.
2.1.4 Oversampling and Phase Alignment Topologies
The final two CDR topologies reviewed is the oversampling, gated oscillator, and high Q
filter based designs. The oversampling topology, as the name suggests, is based on an
oversampling architecture. Input must be sampled at least 3 times per datum for proper recover.
The architecture typically gives a very high bandwidth but requires very high sample transitions
to achieve high-frequency jitter rejection [14].
7

The gated oscillator type CDR is used for special applications such as in passive optical networks
or short-haul data transmission. For these applications, it is most commonly required that a fast
data acquisition time and the gated oscillator CDRs is designed for such advantages. It also benefits
from small layout area and reduced power usage compared to a PLL-based design. The high-Q
filter based CDR is a variant of the gated oscillator CDR replacing the gated oscillator with a highquality factor (Q-factor) bandpass filter. Such designs are credited with a low-development cost
but loses its input jitter rejection abilities [19].
2.2 Jitter Terminologies and Properties
With the topologies of CDR defined above, we will focus on the jitter observed in the
PLL/DLL and PI based architectures both at the input and the output. The generic definition of
jitter is the time difference in the zero crossings of an ideal signal versus that of an actual signal.
The actual signal, in general, is that of a clock reference generated by the VCO in PLL-based CDR.
The clock reference will contain jitter due to random sources and quantization error compared to
an ideal clock oscillating at a multiple of the input data rate. Suppose {tn} is a sequence of transition
times from a clock with nominal period T. The sequence
{J[n]} = {tn - nT}
characterizes the absolute jitter J[n] of a signal compared to its idealized counterpart. The absolute
jitter may be visualized in the graph below:

Figure 2.5 Absolute Jitter Illustration – Periodic Square Pulse
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In Fig. 2.5, a periodic square pulse signal with regular zero crossings denoted by the dashed
lines is presented at channel input. After transmission over a corrupt channel, these zero-crossings
{tn} will become distorted compared to the original data transitions {nT}. It is their difference that
may be considered a Gaussian or normally distributed pattern in which the term jitter then applies.
We can also define jitter in different ways. One of the most common forms of measurable
jitter is the relative jitter. The relative jitter measures the difference between the absolute jitters of
two signals. The phase detectors employed in PLL, DLL, and PI-based CDRs, measures relative
jitter. When the absolute jitter of a noisy reference is negligible, we may approximate the absolute
jitter with the relative jitter measured by a phase detector. The other common form is known as
period jitter. It is the first-order absolute difference between adjacent zero-crossings of a clock
signal [9].
Jitter can be separated into two broad categories: random jitter and deterministic jitter. The sections
below explain their origins and characterization. In the simulations used in MATLAB-Simulink,
it is planned that both random and deterministic jitter will be modelled through systematic injection.
2.2.1 Random Jitter
Random jitter is jitter that arises from non-deterministic causes. They are typically
statistically observed as Gaussian distributions. From the properties of Gaussian statistics, there
will be no theoretical limit on the magnitude of the jitter. Moreover, the primary causes are traced
to manufacturing processes when the CDR circuit is manufactured using a CMOS technology [6].
The CMOS-process will certainly introduce thermal and flicker noise to the system which the
designer usually has very little control over. By convention, the root-mean-square (RMS) value is
reported for random jitter.
2.2.2 Deterministic Jitter
Deterministic jitter has specific and identifiable causes. They are not analyzed with
Gaussian statistics since it is bounded in magnitude. The sources in deterministic jitter often
include crosstalk, electromagnetic interference, simultaneous switching outputs. Deterministic
jitter is separated into three kinds of pattern dependent, pulse width distortion, and bounded
uncorrelated jitter. The pattern dependent jitter is essentially intersymbol interference (ISI) error.
ISI is primarily caused by a non-equalized system frequency response which leads to attenuation
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of different frequency components compared to an ideal constant response [6]. Additionally, pulse
width distortion is also called duty cycle distortion. It is caused by the differences in rise and fall
times of the data signal [6]. This issue is largely solved with help of differential logic. Moreover,
the case of bounded uncorrelated jitter is when no dependency or inference to the data pattern can
be established. It is usually induced by capacitive-inductive coupling or electromagnetic
interference [6].
2.3 Measurement of Jitter
Prior to the research done by Liang et al [9], jitter measurement falls into three broad
categories: time-to-digital converter (TDC)-based, self-reference and phase detector (PD)-based.
TDC-based circuits measure the relative jitter between a signal and a reference clock. Due to
latency of delay lines and absolute jitter of the reference clock, the TDC-based measurement is
only limited to several GHz [9]. The second category of self-referenced design using TDC-based
circuitry measures the period jitter of a clock signal to a delayed version of itself. The third
category, measures the relative jitter between a signal of interest to a reference clock using a phasedetector (PD). The PD, however, is typically sensitive to noise and has a small output voltage; an
oscilloscope or spectrum analyzer can be deployed to aid in the measurements. The recent works
of Liang, et al. [9,20] created a multilane CDR architecture that is compatible for random data
sequences and works without a clean reference clock in plesiochronous links.
2.4 Jitter Mitigation Techniques
2.4.1 Noise Analysis and Minimization
Digital phase-locked loops (PLLs) have extensive application to CDR application and
frequency synthesis in communications [21]. The limited resolution of the time-digital converter
and the frequency granularity of the digitally controlled oscillator (DCO) leads to quantization
noise or limit cycle within the loop structure. Limit cycle may be thought as quasiperiodic orbits
in the state space. They are an undesirable feature of PLLs as they produce spurious tones or
relevant peaking in the output spectrum [21-23]. This mode of operation is referred to as limit
cycle regime. When a noise source such as the reference clock jitter is dominant over the limit
cycle, the quantization error is scrambled, and its power is spread in frequency [21-22]. This mode
of operation is referred to as the random noise regime.
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Figure 2.6 Digital PLL - CDR [21]

Figure 2.7 Linearized Model of PLL [21]

Using a linearized model of the PLL-based CDR, we have under the presence of the white
Gaussian DCO noise (also known as cycle jitter) and the effect of limit cycle, the total jitter may
be expressed in the following approximate form:
𝜎∆𝑡 ≈

𝜋 𝜎𝑇2
𝑁𝛽𝐾𝑇 + √ ∙ 𝑑𝑐𝑜
8 𝛽𝐾𝑇
√3

1+𝐷

where 𝜎∆𝑡 denotes the output jitter, D represents the duty cycle, 𝜎𝑇2𝑑𝑐𝑜 is the variance of the white
cycle jitter, and 𝑁 , 𝛽 , and 𝐾𝑇 are the loop parameters shown in the diagrams above. This
expression is the crux of the optimization that most of the thesis work relies upon. There exists a
linear and reciprocal relationship between output jitter and the product 𝛽𝐾𝑇 . These two
relationships give us that minimum (optimal) output jitter obtainable is:
𝜎∆𝑡 |𝑜𝑝𝑡 ≈

1+𝐷
√3

𝑁𝛽𝐾𝑇

It can only be achieved if the DCP resolution and noise is satisfies the following relationship:
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Optimal Design Criteria:

𝛽𝐾𝑇 |𝑜𝑝𝑡 ≈

√3𝜋/8

√(1+𝐷)𝑁

∙ 𝜎𝑇 𝑑𝑐𝑜

Figure 2.8 Output Jitter at Various Cycle Variances and Loop Latencies (Source: Jang, et al [10])

Using the optimal design criteria, one can see that by varying the open-loop gain, the minimum
output jitter is achieved [21-22] as shown in the graphs above. They respectively display how a
minimum in output jitter may be achieved at different levels of DCO white noise and loop latencies,
from left to right. The mitigation technique discussed below are essentially built upon this concept
of seeking to fine tune the loop gain parameters to reach the optimal gain scenario at the trough of
plotted linear-inverse curves.
2.4.2 Adaptive Loop Gain Algorithms – Early Foundations
The optimal output jitter phenomenon has inspired many researchers in the field of
communication to implement systems that adjusts the open loop gain in CDR architectures to
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reduce noise and enhance performance. These implementations, whether controlled by software
or hardware, should be able to respond to changing circuit conditions to track the optimal loop
gain. Analyzing the optimal design criteria, the minimization of output jitter occurs when the
quantization-induced jitter is equal to that of the random-noise induced jitter [21-23]. This balance
may be disturbed by the presence of PVT variations in CMOS-processes, resulting in changes in
the optimal loop gain [10]. It may also be purposely changed due to input adjustments and other
deterministic events. Therefore, the ideal mitigation technique should continuously calibrate the
loop gain during normal operation to minimize output jitter [10-12]. Hence, such techniques must
be adaptive by design which is found in ALGC algorithms presented.
2.4.3 Adaptive Loop Gain Algorithms – Early Foundations
The early foundations in ALGC algorithms come from the all-digital PLL (ADPLL) CDR design
which implements a basic gain controller to calibrate the open-loop gain to be proportional to the
average phase error. The all-digital components ensure that the PLL-CDR become more tolerant
of PVT variations compared to their analog counterparts. ADPLL is also noted for its enhanced
stability and reductions in circuit area and power [11]. More advantages are achieved through
careful customization of phase detectors, and the loop filter.
Figure 2.9 ALGC Controller (Source: Kim, et al [11])

The exact controller implemented by Kim, et al [11] revolves around improving the lock time of
the phase tracking loop by dynamically lowering the loop bandwidth to acquire a better jitter
performance. The key in establishing such a system is to find an appropriate control signal to adjust
the gain factor introduced inside the loop structure. Both Kim [11] and Xiu [12] attempted
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successfully in utilizing the output of an Alexander Bang-Bang phase detector’s (BBPD) up and
down binary signals. These sequences are fed into a 2-stage IIR filter, which is composed of two
cascaded leaky integrators in the z-domain. As frequency tracking starts shifting the mode of
operation from unlock to locked states, the alternating nature of the output sequences of BBPD
would lead to a reduction in the IIR filter’s overall gain that then changes the CDR’s loop
bandwidth [11]. The poor aspects of these early ALGC algorithms originate from the fact that the
final loop gain calibrated may not be the optimal loop gain as shown in [21]; revealing the research
gap of this thesis research.
2.4.4 Adaptive Loop Gain Algorithms – The Autocorrelation Method
The early foundations using the output of BBPD inspired later work done by other
researchers such as Liang et al [20], Jang et al [10], and [24-25], etc. In their works, the authors
found a new method for enhancing system jitter performance by removing the inability of the 2stage IIR filter to effectively track the optimal loop gain through using a new control signal over
the adjustable gain parameter. That control signal is the autocorrelation of the BBPD output after
being processed by a charge pump (CP). For both authors, the main idea is to differentiate the
autocorrelation curves in different modes of operation based upon the dominant noise sources:
quantization, and random noise regimes (mentioned in 2.4.1). The idea behind differentiation is to
generate appropriate increment or decrement signals to control the gain factor.
Mathematically, defining R(k) to be autocorrelation at lag k as following:
n−k

1
R(k) =
∑(xt − μ)(xt+k − μ)
(n − k)σ2
t=1

where n is the total number of samples, 𝜇 is the sample mean, and 𝜎 2 is the sample variance.
For a loop latency D, the following expressions would hold at the first trough of R(k) which occurs
at k = kpeak under different regimes of noise sources:
Quantization Regime:
Random Noise Regime:
Optimal Condition:

−1 < R(kpeak )(2D + 1) < 0
0 < R(kpeak )(2D + 1) < 1
R(k peak )(2D + 1) ≈ 0

When quantization is the dominant noise source, oscillations in the autocorrelation should be
observed. The control signals are generated by directly monitoring the value of the first trough in
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the damped oscillatory function, R(k peak ). It may be theoretically verified that in the quantization
regime when the loop gain is too high, the value of the trough will be negative, so a subsequent
decrement to overall loop gain is necessary, as above in the equations above. On the contrary,
when the loop gain is too low, random noise regime becomes more dominant, and this requires an
increase to the loop gain. The optimal value is somewhere in between these two regimes such that
the jitter contribution is equal for both sources. The optimal gain point is detected when the trough
value becomes approximately zero [10, 20]. Plotted graphically, the following curves result:
Figure 2.10 Autocorrelation at Various Noise Regimes (Source: Jang, et al [10])

Quantization Regime

Random Noise Regime

Optimal Condition

Finally, Liang, et al [9,20] further expanded the research on this platform where additional lowpass filtering was done on the autocorrelation of the BBPD output. Autocorrelation curves have
become more distinctive than before as white or broadband random jitter caused by ISI errors are
suppressed [20]. This gives better observability, but also makes the ALGC algorithm free of any
CDR – jitter preconditions that must be satisfied in [10, 24-25] for the system to function properly.
It is important to note that Liang, et al implemented their system using a PI-based CDR, while
Jang et al used a traditional PLL-based CDR; both results are universal in CDR-ALGCs.
2.5 Future Research Pathways
The autocorrelation method presented is very encouraging as it shows that the optimal condition
may be tracked for all times without any preconditions attached to the jitter profile [20]. Based on
this method, it is very interesting to note that there has been no investigation done into controlling
the open loop gain through independently adjusting the gains of the proportional and integral paths
in the digital loop filter. Currently, both paths are controlled by a single adjustable gain factor
altered per the autocorrelation values in different noise regimes. Thus, a potential research pathway
may attempt to independently adjust the gain of each paths. Additionally, from a hardware
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perspective, power and area reductions through CMOS integration can be explored as scaling has
enabled CMOS-processes to be suitable for multi-gigahertz serial communication, though this
research will primarily be conducted using software simulations.
2.6 CDR Background Summary
Given the multiple forms of CDR architecture, the phenomenon of jitter is unavoidable in each
design. Jitter can be classified into two broad categories: random versus deterministic. Regardless
of the source jitter, it is an undesirable attribute of any communication link. The CDR’s primary
function is to remove any accumulated jitter gathered over a communication link and those induced
by the CDR itself. This objective has led to the development of ALGC algorithms which are used
to mitigate, to the greatest possible extent, the effect of jitter on data transitions processed inside
the CDR. To the advantage of communication engineers, an optimal jitter scenario was discovered
as a function of the open loop gain of PLL-based CDRs that occurs when the quantization noise
contribution is equal to the random noise contribution to the total jitter measured. This had led to
numerous automatic and adaptive controllers designed to change the loop gain appropriately. The
more recent algorithms designed are based upon observing the nature of the autocorrelation of the
phase detector output. They are preferred because traditional schemes that prioritize lock time and
stability will not always track the optimal loop gain conditions. Finally, this literature review is
primarily structured to give its readers a substantial background in understanding the engineering
concepts behind CDR functionality and architecture that may be used to further examine the
current state of ALGC research presented in the sections above and the subsequent work done in
the following sections for the investigation of a novel ALGC algorithm.
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CHAPTER 3 Digital Phase Locked Loop (DPLL) – CDR Prototype
The primary research methodology is inspired by the work of Liang, Jang, et al in [20] and [10].
The following sections details the work done on two models devised in MATLAB for better
understanding of the nature of the CDR and jitter properties. The high-level research pathway
followed is to first devise a working CDR model upon which the autocorrelation-based ALGC
algorithm (as described in Sec. 2.4.4) will be examined. This serves as a platform for investigating
into different variants of similar ALGCs, most notably the proposed proportional-integral path
independent scheme presented in section 2.4.5.
Using the preliminary results obtained from this initial model, a more developed version
with a second degree of freedom in varying the loop gain is then constructed in MATLABSimulink environment so to better understand the nature and properties of using the ALGC. This
initial mode, shown in Fig. 3.1, based on a digital phase locked loop design is now introduced in
this chapter along with the original insights obtained.
Figure 3.1 Initial CDR Prototype in Simulink
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3.1 CDR Topology Description
With a basic overview of CDR architecture presented in Chapter 2, the initial prototype designed
is based on the traditional phase-locked loop (PLL) with a mix of digital and analog components.
In the sections to follow, this design along with its internal components shall be further discussed
to provide the readers with a more-depth understanding of the mechanisms, circuit-design, and
linear phase performance involved with CDR topologies.
To begin, a PLL is a negative feedback system. It usually consists of a phase detector, a
charge pump, a low-pass filter (also referred to as the loop filter), and a voltage controlled oscillator.
Electrical and communication engineers have used such structures (see figure 3.1) for applications
of clock synthesis and frequency synthesis [26]. Usually, the phase locked loop is passed a timing
reference which typically contains a constant frequency component that is to be replicated at an
integer multiple by the voltage controlled oscillator. Thus, designers will often include a device
known as divider which performs phase truncation at the output recovered signal. This generic
schematic is presented below.
Figure 3.2 Generic Phase-Locked Loop Schematic

The visualization of the divider is not seen in Fig. 3.1 as N = 1 for the prototyped design. The final
objective of the CDR would be to phase lock onto the input voltage reference such that Vout and
Vin signal will share the same frequency of oscillation.
3.1.1 Voltage Controlled Oscillator
Oscillators are used for synchronizing computation in digital systems. Most often sinusoidaloutput oscillators are implemented in a feedback configuration [26]. This feedback configuration
determines as to how one may generate an unstable signal that will be used as the sinusoidal output,
which will be bounded by physical constraints that prevent its infinite growth in amplitude.
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To model a VCO complete behavior, a closed-loop feedback system is established below. Using
the fundamentals of a linear systems, the loop gain is of crucial importance in determining the
closed-loop stability.

Figure 3.3 Closed-Loop System for Modelling Sinusoidal Oscillators

Mathematically, the loop gain 𝐿(𝑠), can be expressed in terms of the amplifier gain 𝐴(𝑠) and the
feedback networks transfer function 𝛽(𝑠) as:
𝐿(𝑠) = 𝐴(𝑠)𝛽(𝑠).
By generic representation, the amplifier input 𝑉𝑎 (𝑠) can be written as an infinite series of in terms
of the system input 𝑉𝑖𝑛 (𝑠):
𝑉𝑎 (𝑠) = 𝑉𝑖𝑛 (𝑠) − 𝐿(𝑠)𝑉𝑖𝑛 (𝑠) + 𝐿2 (𝑠)𝑉𝑖𝑛 (𝑠) − 𝐿3 (𝑠)𝑉𝑖𝑛 (𝑠) + 𝐿4 (𝑠)𝑉𝑖𝑛 (𝑠) + ⋯
∞

𝑉𝑎 (𝑠) = 𝑉𝑖𝑛 (𝑠) ∑(−1)𝑛 𝐿𝑛 (𝑠)
𝑛=0

Along the imaginary axis where 𝑠 = 𝑗𝜔, for some 𝜔, the phase of the loop gain transfer function
becomes 𝐿(𝑗𝜔) = 𝜋. This results in a positive feedback system as derived by [27]:
∞

𝑉𝑎 (𝑗𝜔) = 𝑉𝑖𝑛 (𝑗𝜔) ∑|𝐿𝑛 (𝑗𝜔)|
𝑛=0

The key insight presented by the formulas above is that only when |𝐿(𝑗𝜔)| ≤ 1 can there be
convergence in the series for the amplifier input.
Equivalently, applying the principles of nodal analysis, the amplifier input can also be written as:
𝑉𝑎 (𝑗𝜔) =

1 𝐿(𝑗𝜔)
𝑉 (𝑗𝜔)
𝛽 1 − 𝐿(𝑗𝜔) 𝑖𝑛
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For stability to occur, 1 − 𝐿(𝑗𝜔) ≠ 0 → |𝐿(𝑗𝜔)| ≤ 1. As previously mentioned, the ultimate
objective of a voltage controlled oscillator is to create an oscillatory sinusoid. Thus, one requires
an unstable closed loop system to achieve this goal. This brings up the so-called Barkhausen
Criteria under a unity feedback network.
According to the Barkhausen Criteria, for output oscillation to occur, the following
requirements must be satisfied:
1. |𝐿(𝑗𝜔)| > 1
2. arg {𝐿(𝑗𝜔)} = 180˚ = 𝜋
With the exact nature of oscillations not well understood [27], the Barkhausen criteria defines a
necessary but not sufficient conditions for oscillations.
To construct an amplifier circuit, a common-source configuration styled in the form of an
inverter is most often used to achieve the necessary Barkhausen criteria under no feedback.
Authors in [26] showed that for ringed oscillators to function properly, an odd number of inverters
is required in a cascaded configuration.

Figure 3.4 Ringed Oscillator with Minimum CS Components [28]

For the oscillators to function properly, the dominant pole approximation shows that each inverting
common-source amplifier will have a gain of
𝐴(𝑠) =

−𝐴𝑜

𝑠
1+
𝜔𝑝1

𝑓𝑜𝑟

1

𝜔𝑝1 = 𝐶𝑅

𝑜𝑢𝑡

Since each pole contributes 90 degrees of phase shift, a 3-stage cascading is need to achieve the
second requirement of the Barkhausen criteria. Additionally, the designer is required to choose Ao
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appropriately such that combined DC gains will be greater than unity in accordance with the first
criterion. When both criteria are satisfied, the output will start oscillating and saturate when a
certain amplitude is reached. This is depicted in a sample schematic:

Figure 3.5 Ringed Oscillator Output – Unsaturated and Saturated [28]

The final frequency of oscillation will be given by:
𝑓𝑜 =

1
2𝑛𝑇𝑑

where Td is the inverter delay. To tune this frequency of oscillation, one can either resort to moving
the pole position by changing the capacitive load or the resistance. This is done so to combat PVT
variations or phase noise sources [27]. Once the tuning circuitry is in place, we can model the
relationship between the input voltage and the angular frequency as:
𝐾𝑣𝑐𝑜 =

𝑑[𝜔(𝑡)]
𝑑(𝑉𝑐𝑡𝑙 )

It is important to note that although the ringed oscillator is the design choice, there are many other
oscillatory devices implementing similar function. These include switched-capacitor circuits, LC
circuits, and crystal oscillators, etc. In this project, a discrete-time VCO (Fig. 3.6) was constructed
such that its output clock recovered may be expressed as:
𝑉𝑜𝑢𝑡 (𝑡) = 𝐴𝑠𝑖𝑛(𝜔𝑜 𝑡 + 𝜑(𝑡))
𝜑(𝑡) is the oscillators instantaneous phase and 𝜔𝑜 is the free-running frequency. The goal of the
design is to adjust the deviation in the VCO’s instantaneous frequency from its free-running
frequency as:
𝜔𝑖𝑛𝑠𝑡 (𝑡) =

𝑑[𝜔𝑜 𝑡 + 𝜑(𝑡)]
𝑑𝜑(𝑡)
= 𝜔𝑜 +
𝑑𝑡
𝑑𝑡

𝜔(𝑡) = 𝜔𝑖𝑛𝑠𝑡 (𝑡) − 𝜔𝑜 .
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This is accomplished by assuming a small-signal approximation so that 𝜔(𝑡) is the proportional
to the loop filter’s control voltage with a constant of proportionality 𝐾𝑣𝑐𝑜 [26]. The mechanism is
subsequently implemented in the schematics below:
𝜔(𝑡) = 𝐾𝑣𝑐𝑜 𝑉𝑐𝑛𝑡 (𝑡).

Figure 3.6 Voltage Controlled Oscillator – Discrete Time Building Blocks

3.1.2 Phase Detector
One of the most important CDR components is in detecting the relative difference between
the instantaneous phase of the output recovered clock compared to that of the input timing
reference. For this purpose, phase detectors are designed to produce an output that signifies
whether the recovered clock’s phase is lagging or leading with respect to an input sequence during
all times of operation.

Linear Phase Detector

Nonlinear Phase Detector

Figure 3.7 Gains of Phase Detectors: Nonlinear vs Linear Configurations [5]
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Phase detectors can be linear or non-linear. A linear phase detector generates correction
information which is proportional to the size of the phase error. On the other hand, a non-linear
phase detector applied correction of the same magnitude regardless of how large or small the phase
error is [5]. Idealizations of phase detector gains is illustrated in Figure 3.7.
3.1.2.1 Linear Phase Detectors
The Hogges phase detector is one of the most well-known linear detectors. It is composed
of two D flip-flops and two exclusive OR gates as shown in Figure 3.8. The detector generates UP
and DOWN signals that control the charge pump. By design, the DOWN signal will be of constant
width and the UP-signal’s width is linearly proportional to the phase difference between the two
inputs. In locked condition, the UP and DOWN signals will share equal width resulting in identical
average value at the charge pump. When the phase is not perfectly aligned, non-identical average
values will result cause the CDR to either slow down or speed up the clock frequency to re-acquire
lock condition [1].

Figure 3.8 Hogges Phase Detector [29]

Hogges circuit is also known as an automatic retimer that generates a clean data replica at output
[1]. This property is used to retime the input data as shown in Figure 3.1.
Since an engineer can design the samples to occur at the middle of a data period, linear
phase detectors can provide improved signal-to-noise ratio (SNR) can combat PVT variations. One
major disadvantage of a Hogges phase detector occurs when there is a CDR phase shift that
requires the installation of a dummy delay element to solve the issue. This makes linear phase
detectors unsuitable for high-speed operation.
Please note: that the clock presented here may be jittery as it produced from the VCO recovery
circuit. This will necessary induce sources of uncertainty in the timing information of detectors.
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3.1.2.2 Nonlinear Phase Detectors
The nonlinear phase detector inherits the automatic retiming principle of linear phase detectors.
There two categories of nonlinear phase detectors: alexander bang-bang phase detector or a binary
phase detector. The bang-bang version will be used throughout the course of this entire project due
to its prevalence in high-speed communication systems [10]. It consists of 4 D Flip Flops and two
XOR gates as shown in Figure 3.9. The signals produced are like that of the Hogges phase detector,
except now the system is exclude of phase error magnitude information.

Figure 3.9 Alexander Bang-Bang Phase Detector used in Simulink Model

For an Alexander Bang-Bang phase detector, it interprets the UP and DOWN signals according to
the following rules [1]:
1. If A = B = C, no decision is possible
2. If A ≠ B = C, clock is early
3. If A = B ≠ C, clock is late
Point A in the circuit can be used to retrieve the retimed data. According to the gain diagram in
Figure 3.7, bang-bang detectors have infinite gain at zero phase error. This will not be possible
they will be constrained by the presence of noise, clock jitter, intersymbol-interference (ISI), and
sampler metastability. Thus, a finite large gain will result.
The Alexander bang-bang detector has the key advantage of being suitable to operate in
high-speed environments with the absence of a delay element. However, this comes at a trade-off
with increased activity on the charge pump that produces undesired ripples on the voltage
controlled oscillator’s input voltage (Vcn, Figure 3.2), even during the locked state [1].
Additionally, jittery clocks will cause the data signal recovered to be jittery as well. Fortunately,
the application of ALGC algorithms will mitigate to the greatest extent such non-idealities.
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3.1.3 Charge Pump
Using the sign information provided by an Alexander bang-bang phase detector, the role of the
charge pump to translate this information by changing the voltage on the low-pass filter. It
accomplishes this task through the addition and subtraction of charges [5].

Figure 3.10 Generic Charge Pump Illustration

The output current of the charge pump is dependent on the active phase detector signal. When UP
signal is asserted by a leading clock phase, charge is deposited onto the filter, causing the control
voltage to increase. While the DOWN is asserted due to a lagging clock phase, charge is removed
from the filter, leading to a decrease in control voltage [5]. This can be modelled with a linear
multiplicative constant denoted Kcp that represents the current sources of Ich. The following block
displayed implements such operation in the first PLL-based CDR model tested.

Figure 3.11 Simulink Charge Pump Block Tested
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The charge pump gives further insight in solving for the phase detector’s gain. Averaging over any
single period of the reference clock Vin, the mean output current towards filter input is given by
Ich scaled by the fraction of a period over which the phase detector outputs are active. Thus,
denoting the phase detector gain by Kpd, the averaging yields:
𝐾𝑝𝑑 =

𝐼𝑐ℎ
2𝜋

Basic logic of phase detectors is preferred to be implemented in differential logic. In multigigabits CDRs, current steering charge pumps are prevalent. These architectures allow faster more
accurate switching than standard CMOS logic implementations [5]. Moreover, the output voltage
range will be doubled compared to single-ended versions. Another advantage is mismatches
between the NMOS and PMOS transistors have little effect due to circuit symmetry [5].
3.1.4 Low Pass Filter
The low pass filter is of crucial influence towards the final jitter transfer of the phase-locked-loop
in CDR design. As discussed in Chapter 2, various attempts starting from the detection of
alternating phase detector sequences using 2-IIR filters to the recent autocorrelation-method of
adjusting the loop gain has been implemented to achieve an optimal jitter performance [9,11,12,20].
By controlling the zeros and poles of the CDR system, a designer can adjust toward the needed
jitter tolerance required.

Figure 3.12 2nd Order Low Pass Filter

The most popular loop filter design is that of a 2nd order low-pass filter which is presented
to provide key insights into the design considerations of the CDR. For such purposes, C 2 will be
ignored at the moment, it inclusion will be explained in the linear phase model.
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Representing the transfer function from Iavg and Vcn based on derivations provided by [26] as:

𝐾𝑙𝑝 𝐻𝑙𝑝 (𝑠) = 𝐾𝑙𝑝

𝑠
1+𝜔

𝑧

𝑠

1 1
= 𝐾𝑙𝑝 ( + )
𝑠 𝜔𝑧

The loop filter consists of a proportional and an integral path as evident from the equation. There
are also other low pass filter designs, but the essentials are captured in this equation. To implement
the equation, an RC series circuit will capture the needed information. Extracting for 𝐾𝑙𝑝 and zero,
we have that
1

1

𝐾𝑙𝑝 = 𝐶 and 𝜔𝑧 = 𝑅𝐶 .
1

1

3.1.5 Small-Signal Linear Phase Model
Representing the entire CDR from a phase perspective, the following signal-flow diagram will
hold under linearization. The linear phase model is used to inform designers on a non-linear CDR’s
behavior in response to perturbations in phase differences from the timing reference input. From
this model, key parameters such as the loop bandwidth, jitter transfer, and jitter tolerance can be
defined, as explained below.

Figure 3.13 Linear Phase Model

The phase variables represented on the linear phase model deviations in phase from the reference
input. Likewise, the frequency variables represent changes from the original frequencies. The loop
based on Figure 3.13 is given by:
𝐿(𝑠) =

𝐾𝑝𝑑 𝐾𝑙𝑝 𝐾𝑣𝑐𝑜 𝐻𝑙𝑝 (𝑠)
𝑁𝑠

.

Each PLL will only differ by differences in the selected low-pass filter, phase detector, and voltage
controlled oscillator. The divider circuit provided is assumed to be of general case, despite the first
model having unity feedback.
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Rearranging the loop gain, a parameter known as the loop constant emerges in units of rad/s:
𝐾𝑝𝑑 𝐾𝑙𝑝 𝐾𝑜𝑠𝑐
𝜔𝑝𝑙𝑙 = √
𝑁
Substituting into the previous derivation for the simplified low-pass-filter transfer function (i.e.,
neglecting C2), yields:
𝐿(𝑠) =

2
𝜔𝑝𝑙𝑙
𝑠
(1 + )
2
𝑠
𝜔𝑧

Using this new form of the loop gain, one can associate the deviations between the input and output
clock phase using the following expression:
𝜑𝑜𝑢𝑡 (𝑠)
𝐻(𝑠) =
=
𝜑𝑖𝑛 (𝑠)

𝑠
𝑁 (1 + 𝜔 )
𝑧

𝑠
𝑠2
(1 + 𝜔 + 2 )
𝜔𝑝𝑙𝑙
𝑧

The transfer function 𝐻(𝑠) may be referred to as the phase transfer function or jitter transfer [26]
of the PLL. Defining a quality factor:
𝑄 = 𝜔𝑧 /𝜔𝑝𝑙𝑙 :
We may show that the jitter transfer’s 3-dB bandwidth is linearly proportional to the loop constant
𝜔𝑝𝑙𝑙 , with a proportionality constant of 𝛼:
𝜔3𝑑𝐵 = 𝛼 ∙ 𝜔𝑝𝑙𝑙
The exact value of this proportionality constant depends on the range that Q is situated within [26].
For instance, if Q << 0.5, then
𝜔3𝑑𝐵 = 𝜔𝑝𝑙𝑙 /𝑄,
And this yields a settling time constant of:
𝑄

𝜏 ≅ 𝜔2 .
𝑝𝑙𝑙

The key insights derived from these equations is that a key trade-off must be made between
tracking signal and attenuating the jitter at the output clock. By maximizing the jitter attenuation
at output, a higher settling time is required, which is the design choice followed in this project.
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Moreover, it is important to note that by including C2, the capacitor will suppress large voltage
transients. The additional pole will make the closed-loop system 3rd order and the previous
generalizations will still hold. The low pass transfer function will now be:
𝐾𝑙𝑝 𝐻𝑙𝑝 (𝑠) =

1
1 + 𝑠𝑅𝐶1
∙
𝑠(𝐶1 + 𝐶2 ) 1 + 𝑠𝑅( 𝐶1 𝐶2 )
𝐶1 + 𝐶2

Finally, another key parameter to be considered in design is the jitter tolerance. The concept
of jitter tolerance measures the maximum peak-peak sinusoidal jitter (a form of deterministic jitter
used for measurements purposes) that the system can process while maintaining the same BER. It
is approximating equation takes the form:
𝐽𝑇𝑂𝐿(𝑠) =

𝑇𝑀
𝑇𝑀
=
𝜑 (𝑠)
(1 − 𝐻(𝑠))
(1 − 𝑜𝑢𝑡 )
𝜑𝑖𝑛 (𝑠)

where TM represents the timing margin that can be calculated from data period minus all other
key timing constants such setup and hold time, duty cycle, etc. In this project, the jitter tolerance
at higher frequencies is of interest as it will represent the maximum tolerable jitter amplitudes that
will not disturb normal operation criteria based on the BER.

Figure 3.14 Sample Jitter Tolerance Graph in Different Channel Conditions [30]

The autocorrelation method is capable of monitoring when the maximum possible jitter tolerance
is achieved, and is subsequently deployed throughout this project. The regime of optimality
defined based on when 𝑅(𝑛𝑝𝑒𝑎𝑘 ) ≈ 0 indicates the best possible jitter tolerance achievable for
particular CDR profile in terms of input jitter classification and internal loop parameters.
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3.2 Generation of PRBS Input Sequence
With the trade-offs and key considerations in CDR design discussed, the final piece of the Simulink
modelling may commence with the production of random data at a constant frequency. Specially,
a pseudo-random binary sequence may be used in the testing of CDRs.

Figure 3.15 PRBS7: Shift Register – XOR Implementation

This design uses a PRBS-7 configuration in the testing of the input data produced. To generate a
binary random signal of constant frequency, the initial delay unit is supplied with a non-zero value
of logic 1. The propagation of this value throughout the remaining unit delays (assumed to be
cleared to zero, initially) will lead to generation of the needed sequence. The XOR gate primarily
serves to mitigate the possibility of a trapped state where all unit delays are at logic 0. Due to
multiple locations to place the XOR gate, PRBS design is not unique.
In reality, the unit delays represent registers in implementation. The period of delay
depends on the data frequency required – in the context of this project, multi-gigahertz PRBS data
are generated. To inject phase noise into the system, differ jitter categories such as sinusoidal,
deterministic, and random jitter will be added to the inherent clock source that the unit delays are
operating upon. Also, when processing the PRBS data, it is key to note that they will possess white
noise properties – having a constant component at each frequency of its power spectral density.
Figure 3.15 shows the block diagram used in all models of testing in this project.
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3.3 Simulation Methodologies
The method of simulation developed is like that of prior autocorrelation-based ALGC algorithms.
The first step is to locate the first peak or R(k peak ) by finding setting the open-loop relatively high to
observe the ringing in oscillations. Afterwards, the value of k peak is stored and kept for subsequent trials
as its value is theoretically bound within a narrow interval. It is should be noted that R(k) calculated using
the formula:
𝑅(𝑘) = ∑ 𝑦(𝑛)𝑦(𝑛 − 𝑘)
𝑘

where y represents the output of the BBPD from UP and DOWN signals in Figure 3.2. The software in
MATLAB is designed to experiment sweep the value of the adjustable gain “K” in Figure 3.1 and Figure
3.16 to find when the open loop will lead to optimal jitter performance.

Figure 3.16 Adjustable Gain Parameter
The sweep range is designed such that the three distinct regimes of operation can be witnessed from
quantization (nonlinear) dominant to random noise dominant phase noise contributions [21]. The data
frequency tested was f = 0.10 GHz, and only quantization phase noise from the Alexander Bang-Bang phase
detector and the VCO was to be mitigate in this first trial.
According to the linear-phase model, the internal components were to the following values during
the testing procedure, with the adjustable gain controlled by the user as seen in the following section:
1. 𝐾𝑙𝑝 = 𝐼𝑐ℎ /2𝜋; 𝐼𝑐ℎ = 2.0×10−4
2. 𝐾𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 = 5.0×10−5 where 𝐾𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 = 𝐾𝑙𝑝 , can be seen by rearranging 𝐾𝑙𝑝 𝐻𝑙𝑝 (𝑠)
3. 𝐾𝑝𝑟𝑜𝑝 = 5.0×10−5 , similarly, 𝐾𝑝𝑟𝑜𝑝 =

𝐾𝑙𝑝
𝜔𝑧

4. 𝐾𝑣𝑐𝑜 = 10.0
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3.4 Preliminary Results
Using the above simulation methodology and CDR architecture, a complete sweep in the loop gain
was performed. The diagrams for the autocorrelation at different values of K are displayed and
overlapped to showcase a trend. This yielded some unexpected results from which revisions are
made to the CDR architecture and testing procedures.
Figure 3.17 Quantization Regime (K = 1020)

Figure 3.18 Autocorrelation Sweep
Schematic

Figure 3.19 Observed R(k) Optimum (K = 1019)

Figure 3.20 R(kpeak) versus “K” Curve

Firstly, the results collected demonstrated that different modes or distinctive behavior are assumed
by the autocorrelation of the phase detector output (Note: R(kpeak) is represented as R(npeak)). The
kpeak value found was roughly equal to k = 1000 lag points, its actual value is of little importance
as it will change in different simulation setups and parameter sets used. Oscillation or ringing effect
was observed in Fig. 3.17 and an apparent minimization seems to be achieved in Fig. 3.19. These
two results are graphed as part of the larger overlapped graph for different values of K tested from
[1016, 1022] with the optimum gain point observed at Kopt = 1019.
The unexpected phenomenon was from the unsmooth texture of the autocorrelation function. Later
investigation into an updated model revealed that this was due to the absence of an averaging
feature for the total number of overlapping samples counted at a given lag number. Most
importantly, the given model allowed better understanding and investigation into the role of the
31

VCO; it is observed that at high values of open loop gain, the VCO stopped being locked as there
was no input signal anymore (the control signal was zero). This brought about a second model in
which the VCO had its discrete-time components removed as it was causing an inability to lock
on to the reference data frequency inputted. A saturation limit was placed on the VCO (similar
towards the saturation level explained in Section 3.1.1), and it has a linear lookup table was placed
along with its new continuous-time components. Another major motivation was for this change
was that it is much easier to inject manual jitter at the VCO and other loop locations using
continuous-time implementation.
Figure 3.21 Original Discrete VCO Design

Figure 3.22 Updated Continuous VCO Design

3.5 Towards Jitter Injection
With completion of the DPLL model investigation, the results presented have shown that internal
component selection can be very important and this demands that a new functional model be
constructed. The expected outcome of the next phases of the research would be to first establish a
new continuous time model, then inject jitter into its loop structure at the input clock source that
allows CDR performance to be measured. After these steps, it would be important to add in a
second degree of freedom in adjusting the loop to achieve the integral-proportional path
independent adjustments in accordance with the research pathway of Section 2.4.5. The next
chapter shall first start by explaining the new continuous time model that was built to accommodate
jitter injection and better tracking performance, and then explain the complete reproduction of the
autocorrelation results in the works done by Liang, and Jang [10, 20]. Finally, the unique
contributions led by this thesis project is achieving a functional demonstration of a dual parameter
autocorrelation ALGC algorithm is shown and discussed.

32

CHAPTER 4 Dual Parameter ALGC in Multi-Gigahertz CDRs
As stated in the background and CDR architecture sections, the primary purpose of a CDR is to
recover a jitter-mitigated clock to retime the input source, thereby accomplishing the recovery of
both the clock and data signals. In this recovery, however, complications in signal integrity,
inevitably arise from a form of distortion known as jitter. Jitter, in realistic communication
channels, are random in nature. They are typically modelled as being white Gaussian random
variables that are unbounded. Deterministic jitter exists in simulation for the purposes of
portraying intersymbol-interference (ISI) resulting from in-channel propagation, and the
sinusoidal jitter used for determining the jitter tolerance.

Figure 4.1 System Overview of Continuous Time CDR Model

This core chapter serves to bridge the fundamental understandings in the jitter detection
and mitigation with a working CDR using a functional autocorrelation-based ALGC algorithm.
The key objective is to first demonstrate the continuous-time functionality of the new CDR, with
revisions based on the preliminary results, and then present the complete replication of similar
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autocorrelation data inspired by the works of Liang, Jang, et al in [10, 20]. This serves as a platform
for innovating a new dual parameter based ALGC that allows designers to work with a second
degree of freedom in tuning for the regime of optimality in jitter performance. The overview of
the new continuous time model established is shown in Figure 4.1.
4.1 Continuous Time CDR Revisions
Based on the feedback of the preliminary results, it was found that the discrete time voltage
controlled oscillator was poor in tracking PRBS data under high gain conditions. Thus, the project
in the given phase shifted the testing towards a continuous-time revision. This revision led to the
following new schematics introduced:

Figure 4.2 Continuous Time VCO System

Figure 4.3 Continuous Time VCO – Internal Block Layout
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Examining Figures 4.2 and 4.3, the key differences of a lookup table and a saturation limit was
introduced. The saturation limit was set from 0.00V to 1.20V, and the slope of the lookup table
represented phase gain of the VCO, KVCO.
The new VCO outputs two orthogonal clocks in Figure 4.3, one from the sin[u] and the other from
cos[u] blocks. The relational operators used is to convert the sinusoids into equivalent rectangular
clock pulses that is periodic with a data period of 28 GHz. The default output clock (clk0) was
selected as that from the cos[u] block. This convention is kept from the PRBS generation to the
Alexander Bang-Bang phase detector.
A second revision that occurred was in the charge pump and low-pass filter. The continuous time
CDR model is advantageous over its discrete-time counterpart in that jitter may be easily injected
into the s-domain clock of the PRBS generator. The low-pass filter is now designed to implement
the complete 2nd order transfer function as shown in Figure 3.12. This fully accounts for the second
capacitance used to smoothen the ripples on the VCO control line voltage.

Figure 4.4 Continuous Time Phase Locked Loop Inside CDR

The constant K g is going to be used in the application of the autocorrelation-based ALGC
concept. In the initial testing K g = 1.0 to allow the demonstration of the key functionalities of the
CDR system.
One other key parameter to note is the “PDOut” variable in Figure 4.4. This variable denotes the
MATLAB global variable used to extract the phase detector – charge pump output for correlational
computations towards a particular jitter profile in later sections.
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4.2 PRBS Clock Source Jitter Injection
To be able to test the key functionality of the CDR, a designer should be able to create a variety of
jitter profiles to experiment upon. In the Simulink trials, the jitter was injected at the clock source
(Figure 4.5) used to time the PRBS generation for Figure 3.15.

Figure 4.5 PRBS Clock Phase Noise Injector

There are three forms of jitter tested:
1. Sinusoidal (purple): Used to demonstrate CDR jitter transfer performance
2. Gaussian (red blocks): Used to model the random white background noise inside the
transmitter’s clock source; created with random number generator
3. Deterministic (green): Used to model the intersymbol interference that may occur during data
sequence transmission
The sinusoidal is the primary contribution (greater than 0.10 UI in amplitude) of phase noise in
the tests commenced. Gaussian jitter is modelled with a low proportion (less than 0.05 UI in
variance), and the same goes for deterministic jitter (less than 0.01 UI in peak value).
Once an appropriate proportion of jitter has been chosen, the in-phase reference clock
source (clk_I, in Figure 4.5) will be passed in the generation of the PRBS sequence needs to be
recovered alongside its constant data transition period.
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4.3 Testing of PLL-Based CDR Functionality
The CDR was constructed at a block diagram level in MATLAB-Simulink environment using the
software made available by MathWorks. Using the initial model developed in Figure 3.1, a more
refined PLL-based CDR is developed in Figure 4.1. The intended application was the gigahertz
data frequency range. In this schematic, the voltage controlled oscillator was designed to be
operating about a center frequency of 1.0 GHz. The linear range of the VCO has a gain factor of
0.265 GHz/V at 0.60V of control voltage input.
The charge pump of the system was designed with a source current (Ich) of 0.10 mA such
that the resulting bang-bang phase detector gain was approximately provided at Kpd = Ich / 2π. The
quality-factor of the revised system was designated at Q = 0.5. This meant that some jitter peaking
the in the jitter transfer from input to output clock phase persists, however, at high frequencies this
will introduce minimal effects. The 2nd order low pass filter was designed using R = 875.0 Ω, C1
= 16.2 pF, and C1 = 1.62 pF, in accordance with Figure 3.12. With such a setup, a loop constant
value fpll of 20.0 MHz was realized and the resultant 3-dB bandwidth was 50.0 MHz.

Figure 4.6 Sample Illustration of PRBS-7 Injected Into CDR
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A PRBS-7 sequence generated like Figure 4.6 was used to measure and witness the CDR’s
functionality. Transient simulations are swept until a maximum simulation time of 1 µs. The
system, in general, could correctly lock onto PRBS input data from frequency ranges around 10.00
GHz ± 2.00 GHz.

Figure 4.7 PRBS-7 CDR Control Signals at f = 10.0 GHz

Figure 4.8 PRBS-7 CDR Signals at f = 10.0 GHz (After Locking)

The control graphs show that CDR acquires its final lock at around 0.75 µs. The bit error rate and
the phase error are also plateaued indicating CDR has locked in the absence of externally injected
jitter – with the primary source of phase noise is from the nonlinearities of the Bang-Bang phase
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detector and VCO. The control voltage to the VCO demonstrated a final swing of approximately
25 mW with adjustment zone from 0.78 V towards 0.60 V. When CDR acquires lock, there will
be slight phase shift between the input and output (retimed) data as shown in Figure 4.7.
Similar effects are observed in the tracking of regular square pulse data at 10.0 GHz.
Locking time was achieved much more rapid than for PRBS-7 sequence at around 0.1 µs.

Figure 4.9 Periodic Pulse Control Signals at f = 10.0 GHz

The primary reason for the improved fast tracking is because there is much more regularity in the
data pattern that allows the VCO control voltage to make a “smooth” transition from out-of-lock
to in-lock states. The final voltage swing during locked state is around 30 mW.

Figure 4.10 Periodic Pulse CDR Signals at f = 10.0 GHz (After Locking)
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Interestingly, the CDR was insufficient to lock onto the regular periodic square pulse
sequence at 10.0 GHz as bit error rate was increasing steadily. However, the control diagrams and
the recovered clocks do show that the CDR was able to correctly replicate the clock sources to a
highly accurate degree. Rationale of the phenomenon can be attributed to the phase detector as its
non-linearity was leading to quantization errors. However, the particular issue is not the focus of
this thesis, as it concerns phase detector selection instead of jitter mitigation. With the
demonstration of PRBS recovery, the revised model can now be injected with jitter.
4.4 Application of Autocorrelation ALGC Algorithm
The crux of the research centers around the working implementation of the autocorrelation based
adaptive loop gain controller algorithm. Its advantage shown by previous researchers [21-23] is in
the successful monitoring of the optimial high-frequency jitter tolerance by observing the
underdamped behavior of the phase detector’s output current.
In the single parameter version of this scheme, Kg in Figure 4.4 is varied so that R(n) will
experience all three regimes of jitter performance. The optimal regime of operation occurs when
the first trough of oscillation R(npeak) reaches close proximity to zero. This allows both the
quantization noise contributed jitter to be equalized with the ones contributed from random noise.
Using the autocorrelation, all values calculated are normalized with respect to R(0), i.e., the
following equation holds:
𝑛−𝑘

1
𝑅(𝑘) =
∑(𝑥𝑡 − 𝜇)(𝑥𝑡+𝑘 − 𝜇)
(𝑛 − 𝑘)𝜎 2
𝑡=1

∴ 𝑅𝑛𝑜𝑟𝑚 (𝑛) =

𝑅(𝑛)
𝑓𝑜𝑟 |𝑅𝑛𝑜𝑟𝑚 (𝑛)| ≤ +1
𝑅(0)

In the tests commenced, sinusoidal jitter was injected from 0.01 UI to 0.32 UI with
Gaussian random jitter’s variance kept around of 0.10 UI. The deterministic jitter was set to an
extremely small of 0.00006 UI in peak amplitude due to the small ISI errors assumed.
Among these sets of data, Kg is varied between 2 orders of magnitude before the CDR becomes
out-lock with the jitter-injected data. Specifically, it was found that approximately when 𝐾𝑔 ∈
(0.10, 5.00) that the CDR was able to track and lock onto the PRBS-7 at an input frequency of
28 GHz which remained fixed for all remanining ALGC simulations.
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To observe the complete replication of the autocorrelation-based ALGC as used by Liang,
Sheikholeslami [20] and Kim et al [10], a representative sample was selected among a large group
of data set from which control signal evaluation (like those from Figure 4.7 to 4.10) are performed
to ensure CDR locking.

Figure 4.11 Normalized Autocorrelation Graph at 28 GHz - PRBS7

Figure 4.11 demonstrated the generic trend seen in all generic jitter profiles tested. The particular
graph corresponded to 0.08 UI sinusoidal jitter amplitude, 0.001 UI Gaussian jitter variance, and
0.00006 deterministic ISI jitter. The three regimes of jitter performance is clearly witnessed on the
graph. Notice beneath the R(n) = 0.20 (normalized) line, the underdamped curves are close to zero.
Some of these will eventually decay towards the lag (n) axis and others will stay afloat of the
optimal condition. Enlarging the scope of view can result in more distinctive patterns needed.
In the given case, optimality in jitter tolerance occurs somewhere in between Kg = 0.75 to
1.00. Oscillatory curves show that the criterion of npeak = 10 lag indices. Using this index, the trend
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between R(npeak) and Kg can be shown. The difference between the current correlation value and
R(npeak) = 0.00 line represents how far the CDR system is from the condition of optimality.
Discrete-time steps can be taken when evaluating for this optimality criterion defined in terms of
R(npeak). The size of these discrete-time steps can be inferred by the following graph.

Figure 4.12 R(npeak) vs. Kg Parameter at 28 GHz - PRBS7

The monotically decreasing function is indicative of slow changes in the random noise regime of
underdamped behavior when R(npeak) < 0. However, too small of a time-step can greatly reduce
the locking time in circuits required to achieve the optimal point. On the other hand, too large of a
time step in Kg will cause to the system to miss that optimal jitter tolerance point [20]. Thus, a
proposed novel solution from this thesis is to take the weighted average of the slopes in the two
non-optimal regimes in R(npeak) vs. Kg graphs with empirical weights (𝛽, 𝛾) such that 𝛽 > 0.5 > 𝛾:
∆𝐾𝑔 = 𝛽

𝜕𝑅(𝑛𝑝𝑒𝑎𝑘 )
|
𝜕𝐾𝑔

+𝛾
𝑟𝑎𝑛𝑑𝑜𝑚

𝜕𝑅(𝑛𝑝𝑒𝑎𝑘 )
|
𝜕𝐾𝑔

𝑞𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛
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4.5 Improving Observability with Additional Filters
Under the presence of significant white noise jitter and channel ISI, the injected sinusoidal jitter
can become crowded inside the test set of jitter profiles. This greatly reduces the observability of
the distinct autocorrelation graphs.
Building upon the ideas, first introduced by Liang, Sheikholeslami, et al [20], the thesis project
lead to the development of an independent, finite-impulse-response (FIR) filter used to removed
background noise on the phase detector output current. With an N = 100 order FIR, setting the
cutoff frequency at fc = 0.08 GHz, and sampling frequency of 28 GHz, the following amplitude
response results:

Figure 4.13 FIR Filter: Amplitude Response using N = 100

The FIR filter is further designed to have an 80 dB stopband attenuation after cutoff, and it
incorporated 0.01 dB peak-to-peak ripples. Filtering is only necessary when the extracted R(npeak)
vs. Kg is seen to have little variations over large Kg sweep steps, for instance, when using the
averaged time step defined in Section 4.4. This occurs only when significant amounts of random
or ISI jitter amplitudes are detected inside the circuit (typically with variance or peak values greater
than 0.01 UI). The cutoff frequency is dependent on the sinusoidal jitter frequency. It is determined
according to the system jitter profiles.
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The functionality of the FIR is demonstrated initially with pure Gaussian jitter having variances
ranging from 0.01 UI to 0.32 UI. The Fourier spectrums of the input shows heavy background
fluctuation in the noise recorded.

Figure 4.14 Spectrum of Phase Detector Current: Preprocessed

Figure 4.15 Spectrum of Phase Detector Current: Post-Processed
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Figure 4.16 R(n) of Phase Detector Current: Preprocessed

Figure 4.17 R(n) of Phase Detector Current: Post-Processed
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A compare and constrast visual is presented to show the effectiveness of the previous FIR filter in
Figure 4.13 at a cutoff of 0.08 GHz on the following page in Figure 4.14 to 4.17. The separated
regions of the Gaussian correlation curves indicates that in other simulations where the
encountered random noise is significant one may opt for an FIR low-pass-filtered version of the
phase detector output current before computing the autoccorelations used to adjust Kg
appropriately.
Building on this insight, keeping all parameters the same, except for the cutoff frequency, the N =
100 FIR filter is used to process a combined jitter profile now involving sinusoidal (0.20 UI),
Gaussian (0.04 UI), and deterministic jitter (0.02 UI). This is to show that the autocorrelation based
ALGC algorithm can now work with excessive white phase noise that reduces observability in raw
autocorrelation results.

Figure 4.18 Spectrum of Combined Jitters: Post-Processed

The cutoff frequency was selected at fc = 5.00 GHz to preserve the key spectral contents of the
sinusoidal jitter which is crowded around frequencies of 0.4 GHz (set in original simulation
settings). There may be other valid choices as well so that the unwanted noise components are
removed from the background. Within the proper selection of the cutoff, the graphs demonstrate
the successful results from the low-pass-filtering.
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Figure 4.19 Original Normalized Autocorrelation of Combined Jitter

Figure 4.20 Filtered Normalized Autocorrelation of Combined Jitter

In future research works, an averager may be placed after the FIR filter. This is used to smoothen
the curves such that any sudden peaks are truncated away in determining the Kg time steps.
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4.6 The Proposed Dual Parameter Autocorrelation ALGC Structure
With the maturing of the autocorrelation based ALGC method, there still remains some key gaps
that requires to be searched. In particular, with the optimal loop gain equations derived in Chapter,
there remains two pathways along with changing Kg would affect; namely, the integral and
proportional paths of the loop filter as seen in Figure 2.6. The single parameter tuning of Kg
changes the gains on each pathway by the same amount without disturbing the relative ratio
between them. A one-degree of freedom scheme is created as a result.
In this final phase of the thesis project, the novel idea explored here is to see whether or
not by tuning the relative ratio of the gains (R, 1/C1) on each pathway that optimal jitter
performance of the CDR may be reached? If so, will this bring system improvements in terms of
lock time, and jitter tolerance?
To answer these questions, a proposed dual parameter autocorrelation ALGC strucuture is
displayed below. The new parameter to adjust is denoted Rp. It is placed on the integral pathway
as it was shown to produce a more rapid switches in the jitter performance.

Figure 4.21 Second Degree of Freedom – Simulink Block Schematic

The second degree of freedom introduced by Rp implies that 2-tuples of (Kg, Rp) will now have
to be varied in achieving the optimality criteria. Mathematically, to visualize the new changes
brought about the system, let 𝐾𝑝𝑟𝑜𝑝 = 𝑅 and 𝐾𝑖𝑛𝑡 = 1/𝐶1 , then:
𝑖+1
𝑖
𝐾𝑝𝑟𝑜𝑝
= 𝐾𝑔 𝐾𝑝𝑟𝑜𝑝
𝑖+1
𝑖
𝐾𝑖𝑛𝑡
= 𝐾𝑔 𝑅𝑝 𝐾𝑖𝑛𝑡

where the index 𝑖 denotes the gain on the 𝑖 𝑡ℎ iteration. 𝑅𝑝 ’s inclusion allows 𝐾𝑖𝑛𝑡 and 𝐾𝑝𝑟𝑜𝑝 to be
independently adjusted on the 𝐾𝑔 − 𝑅𝑝 plane. One particular advantage of including a second
degree of freedom is that 𝐾𝑔 , 𝑅𝑝 do not have to share the same time steps.
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4.6.1 Schematic Simulation Results
To apply the dual parameter ALGC as proposed, a variety of jitter profiles were tested in which
autocorrelation graphs, CDR control signals, and R(npeak) contours were analyzed to draw generic
performance critique of the proposition. In general, it was found that by varying the 𝑅𝑝 inside the
integral path induced more frequent changes in the jitter operation regime, defined in Chapter 2,
after sinusoidal jitter was injected.
In the primary simulations that followed – which directly altered 2-tuples (𝐾𝑔 , 𝑅𝑝 ) in nonuniform discrete steps – combined jitter of all 3 classifications, similar to Section 4.4 in the testing
of single-parameter ALGC. Sinusoidal jitter is varied in-between 0.01 UI to 0.25 UI, and Gaussian
random jitter is bounded by a maximum variance of 0.05 UI. The effects of deterministic jitter
were discovered to be highly identical to those of random phase noise, thus these sets of trials kept
its value at a minimal value of 6×10−5 UI, to prevent excessive random jitter accumulating.

Figure 4.22 Autocorrelation – (Kg, Rp) Variations: Isolating Kg

Some of the results discovered are quite unexpected, and can provide further fine-tuning
in the course of achieving the optimal output jitter condition faster and more resource efficient.
Simulink results are revealed through discussion on a representative jitter profile presented in
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Figure 4.22 and 4.23. The single representative jitter combination chosen is with a sinusodal
amplitude of 0.08 UI, and Gaussian variance of 0.001 UI for the random phase noise.

Figure 4.23 Autocorrelation – (Kg, Rp) Variations: Isolating Rp

After completing a set of two-variable sweeps of the given range:
𝐾𝑔 = {0.20, 0.5, 0.75, 1.0, 2.5, 5.0}
𝑅𝑝 = {0.1, 0.5, 0.75, 1.0, 1.50, 2.0, 5.0, 10}
The first immediate point to realize is that Kg is the main determinant in fixing jitter output
tolerance performance. It was found that beyond Kg = 10 or less than 0.1, the CDR acquires inadequate lock, and the same phenomenon occurred for Rp being greater 10 or less than 0.1; thereby
explaining the bounds selected. From Figure 4.22, one can see that changing Rp on a fixed Kg
value has minimal significance in creating the optimal condition. This is confirmed on the graph
in Figure 4.23 where changing Kg can let the designer reach each regime of operation for all values
of Rp tested. Such phenomenon occurred due to the inability of adjusting Rp beyond the CDR’s
capture range, thus leading to fixed permitted variations in achieving the minimum output jitter
variance. Its significance gives rise to the fact that it is more beneficial to vary Kg than Rp under
the constraint of CDR locking state in the tunings.
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To better appreciate the nature of 2-tuple variations, a logarithmic scaled contour is plotted in the
𝐾𝑔 − 𝑅𝑝 plane. This contour plot is used to inform the users how effective certain adjustments in
the dual parameter scheme can be.

Figure 4.24 Autocorrelation – Jitter Regime Criterion Graph

Figure 4.25 Logarithmic Scale Autocorrelation Contour
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Among the two graphs, the contour line where R(npeak) becomes zero defines the optimal condition
in the loop gain required to minimize output jitter variance. The proximity that the CDR designed
can adjust toward this zero contour line can be conceptualized as the margin of optimality.
The results from simulation suggested that under the constraint of limited tunable ranges
for both Kg and Rp, the influence of Kg shall primarily determine which regime of operation that
the ALGC algorithm achieves. Close examination of the contour lines in Figure 4.25 shows
designers that Rp can be used to fine-tune the loop gain. Figure 4.22 is a direct showcase of this
conclusion where Rp is seen as creating micro-adjustments onto the autocorrelation functions at
fixed Kg values. Translating this information into design space means that Rp controls the margin
of optimality. As in all ALGCs, the optimal condition can only be approached infinitely close, but
cannot be locked on with no uncertainty. Rp may be further investigated on its exact influence in
future board prototyping which is beyond the scope of this thesis.
4.6.2 Summary of Findings
With incorporation of model improvements from insights and lessons learnt in Chapter 3, the given
Chapter has demonstrated the successful model building using a continuous-time PLL architecture
in the construction of a CDR. This working CDR can be used to track both PRBS and generic
periodic square pulses. Jittery PRBS-7 was the main focus of capture in the CDR operations. Its
clock source may be injected with sinusoidal, random, or deterministic jitter whose amplitude or
variance is specified by the user.
The 2nd order low pass filter is what determines the VCO control that is used to detect and
mitigate the effect of jitter in the input PRBS. Using the optimality conditions of Chapter 2, this
thesis successfully achieved the variation of the loop gain to minimize output jitter variance by
tuning the parameters inside the low pass filter. The traditional autocorrelation based ALGC
algorithm was tested in this way by directly altering the loop gain using a single parameter Kg.
The data produced confirmed and extended the trends seen by Jang [10], and Liang [20].
Using the crucial criteria defined by R(npeak) versus Kg graphs, a novel time step in the
increment or decrement of Kg can be applied to actual PCB making. Through a weighted average
of partials, the numerical equation developed is predicted to help in lowering the locking time
required in adjusting for the best possible Kg value. Lock time used to track down the optimality
condition directly affects the power consumption and board utilization.
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Additionally, a FIR low-pass filter was designed to improve observability under heavy
random phase noise. This was effectively applied to the autocorrelation graphs when deemed
necessary. An averager may be deployed like in the works of Liang, Sheikholeslami, et al. [20],
but it will depend on the nature of the jitter encountered.
The results obtained in the previous steps supported the major investigation of a proposed
dual-parameter ALGC method that potentially unleashes new applications with the introduction
of a second degree of freedom. By testing for the conditions when the CDR acquires lock, only
limited ranges of adjustments can be made to each parameter in the (Kg, Rp) tuple. Kg was found
to have significant influence in the regime of operation while Rp determines the margin of
optimality reached by the CDR system.
With such results, this thesis project has laid the key foundations for future explorative topics in
the search for multi-parameter ALGC schemes. Firstly, the results demonstrated the functionality
of the proposed dual-parameter ALGC algorithm by showcasing that the zero contour line in
R(npeak) can be reached in the 𝐾𝑔 − 𝑅𝑝 plane. Second of all, each parameter can bring about unique
control advantages leading to potentially different algorithmic designs in dynamically varying
these parameters. Finally, with the manufacturing of a new prototype IC board designed to
implement the proposed scheme, specific jitter tolerances can be tested so to clarify any control
advantages, which forms the next step in the research pathways.
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CHAPTER 5 Conclusion
This thesis extended upon the adaptive loop gain controller (ALGC) works developed over the
recent decade in the scope of multi-gigahertz CDRs. Simulink block diagram level simulations
were to test for the nature and performance of different ALGC algorithms [20].

5.1 Thesis Contributions
With the demand of higher quality communication systems on the rise, the field of the electrical
and communication engineering is now faced with the increasing challenge of combating various
forms of signal corruption over channel transmissions. One particular form of these corruption is
known as jitter, the random variation in a signal’s data transition timing from a nomial period. The
difficulty of removing jitter stems from the fact that despite the fact that signal amplitude may not
be severely corrupted over a lossy communication link, jitter persists throughout the channel and
takes the indirect form of variances in timing information.
To combat jitter distortions, devices referred to as clock-and-data-recovery (CDR) circuits
are designed to detect and mitigate jitter with several specialized internal components. It is
precisely the relationship between these components that have been used to combat jitter. Based
on the autocorrelation-method introduced by researchers about 20 years ago [9,10,20,23], this
thesis work explored adjusting the loop gain of a linear phase model equivalent of the CDR to
minimize the jitter in the timing information of the recovered clocks.
The demonstration of the single-parameter version of the autocorrelation – based ALGC,
showcased the ability of CDRs to function in a multi-gigahertz domain with both small and heavy
injections of jitter into the source clock. Small ingenious techniques were proposed along the way
of producing the results, for example, a numerical time step developed in Chapter 4 to vary the
single control parameter may lead to enhanced circuit performances based on weighted partials.
The major contribution of this work is in the original model construction and investigation
of a dual-parameter autocorrelation ALGC, which is currently not developed in the field of signal
integrity and electrical engineering. The results produced not only demonstrated its potential
application and functionality, but that having multiple degrees of freedom in the control variables
may lead to unexpected advantages in terms of jitter performance and system efficiency.
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5.2 Future Work
There are many research pathways to follow by building upon this thesis. One suggested pathway
is in the further testing and simulation of specific jitter tolerance curves for each profile injected
into the clock source. This will serve to verify the apparent advantages of using a dual-parameter
autocorrelation – based ALGC. With this step completed, the designer may begin to define the
detailed steps required for the dual-parameter algorithm to function properly inside a CDR, which
is purely an algorithm design issue by choosing on how to navigate the autocorrelation contours
to reach zero contour line within an acceptable margin of optimality.
Another possible future extension is in the design and production of an integrated circuit
chip implementing the designated ALGC. This will move toward the final phase of applying the
principles and insights learnt in this thesis and subsequent projects to be accomplished in the
ultimate goal of detecting and mitigating jitter.
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