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Abstract

This work focuses on the basic signal integrity issues of high-speed wireline links. It
bridges the gap between optimum system design and circuit design for such links by: (1)
understanding the effects of the system parameters on the bit error rate (BER), (2)
introducing circuit architectures for the realization of systems that minimize the BER, and

(3) demonstrating integrated circuit prototypes that verify the solutions.

First, we develop a theory that analytically relates the data link BER to the system
characteristics, e.g., the channel response, the pre-amplifier bandwidth, and the transmitter
clock jitter. We generate the BER contours to find the optimum receiver bandwidth as well
as the optimum sampling point and its associated timing margin. We also develop the
theory of the data-dependent jitter (DDJ), which is a significant component of the timing
jitter in high-speed links. We provide an analytical distribution function for the DDJ of an

arbitrary linear time-invariant system and include the impact of the DDJ on the BER.

Second, we propose a bandwidth enhancement method for wideband amplifiers. This
is useful for the realization of high-speed links in technologies that suffer from large
parasitic components. The method leverages two-port broadband matching to enable
amplifier stages to achieve their maximum gain-bandwidth product. We demonstrate a
10Gb/s CMOS 0.18um amplifier with this technique that has 2.4 times the bandwidth

improvement over a design that does not apply the technique.

Third, we develop an eye-opening monitor (EOM) that enables full integration of
adaptive equalizers. The EOM evaluates the signal eye diagram quality and reports a
guantitative measure, which is correlated to the signal integrity. We demonstrate a
prototype in 0.13um standard CMOS that operates up to 12.5Gb/s and has 68dB error

dynamic range.



Finally, we introduce an instantaneous clockless demultiplexer for burst-mode
communication applications. We propose a clockless finite state machine that recovers
and demultiplexes the received burst of datainstantaneously. The architecture consists of a
combinational logic structure and a bit-period-delayed feedback loop. We demonstrate a
1:2 clockless demultiplexer based on this concept in SiGe BIiCMOS technology that
operates at 7.5Gb/s.
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Chapter | ntroduction

1.1 Information Technology: Desire for Higher Speed

Integrated systems are among the key technologies that have revolutionized the
information era by enabling high-speed computation and communication technique as
well as high-speed access to stored information. The commodities benefiting from this
revolution, e.g., internet, personal computer, and cellular wireless phone, have become
commonplace. The evolution of such commodities has caused a dramatic growth in the
amount of information generated and in the number of end users who access that
information. A recent study estimates 0.5 million terabytes of original information was
distributed over the internet in 2002, double the amount in 1999 [1]. The number of
internet users worldwide has also increased by 146% from the year 2000 to the year 2005
[2]. The continuous growth of internet traffic necessitates an upgrade in the backbone
infrastructure and local area networks to support even higher data transfer rates and larger
numbers of end users. The Synchronous Optical NETwork (SONET) [3][4] and Ethernet

[5] are evolving in response to this demand for communication at higher speed.

In addition to end users, there are two more types of network nodes that access
information and will take advantage of higher data transfer rates. processor nodes and
storage nodes. Today's microprocessors run at about 100 times faster than 15 years ago [6]
due to device scaling and architecture design advances. As on-chip clock frequencies
increase, 1/0 bus bandwidth becomes the speed bottleneck in a multi-chip environment.
Developing high-speed chip-to-chip links allows increased processing power and faster
networking with other chipsets. The impact of higher-speed links becomes increasingly

significant in distributed computing networks and the so called “super computers’ with



multiple processing nodes, where the system's performance relies on fast, error-free

communication between the processing nodes.

High-speed access to data storage devices for fast transfer of large volumes of
information is another emerging application for high-speed data communication. An
example is storage area networks (SAN) that, in contrast to a single large-capacity device,
consist of a scalable network of storage nodes. The projected amount of data that will be
stored using a SAN-based database is three million terabytesin 2005 [7]. Advancement of
technology in various areas will accelerate the generation of more original information.
For instance, sensor networks will be ubiquitous and will constantly sense and aggregate
data from various environments. This data needs to be stored in sizable databases.
Similarly, large databases will be necessary to store human genome sequences that occupy
about 0.75 gigabytes per human being. The continuous increase in the size of databasesis

an additional incentive for developing high-speed mass-storage media networks.

In brief, high-speed reliable communication in various forms has to evolve inevitably
to maintain efficient connectivity and information accessibility in a growing population of

networks that consist of processors, storage nodes, and end users.

1.2 Scopeof thisThesis

This thesis explores basic chalenges in high-speed wireline communication, i.e., at
10Gb/s and beyond, and provides silicon-based integrated circuits and systems as
solutions. High-speed communication systems, also called high-speed links, typically use
electrical or fiber optic channelsfor data transmission due to the large avail able bandwidth
in such channels that allow higher transmission rate. Wireline links can be categorized
based on the transmission distance and the transmission rate, as shown in Figure 1.1.
Chip-to-chip links establish communication between chips on a single printed circuit
board (PCB), such as the memory unit and the CPU. Backplane links refer to the

communication between nodes on different expansion cards that are inserted on a single
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Figure 1.1 Categories of wireline communication applications

backplane board or a motherboard. An example is the link between several line cards on
one backplane of a network router [8]. In abackplane link, the data rate istypically higher
and the transmission distance is longer compared to a chip-to-chip link. However, the

channel used is still electrical.

If the transmission distance is more than 100m and the data rate is above 10Gb/s,
electrical transmission lines are not deployed anymore mainly due to the significant loss
of the channel. In such cases, multi-mode fiber (MMF) or single-mode fiber (SMF) are
used. While the copper attenuation easily reaches 10dB/m at 10Gb/s [9], typical loss of
modern single-mode fiber remains below 0.5dB/Km in the 1200nm-1600nm wavelength
range [10].

Although several applications exist in various categories discussed above, the front
end architecture of the high-speed chip-to-chip, backplane or optical communication links
issimilar, as will be discussed in Chapter 2. The focus of this dissertation is on the basic

challenges of high-speed link design resulting from channel impairments and hardware



restrictions and thus the contributions that can be applied to any of the above categories of

wireline communication links.

1.3 Why Silicon-Based Integrated Circuits?

Silicon-based integrated circuits (IC) play a central role in the evolution of the high-
speed networks. The major advantage of silicon-based technologies is their ever-
increasing capacity for integration that enables realization of complex ICs at very low
cost. For example, one consequence of integration includes doubling the number of
transistorsin amicroprocessor every 18 months [11][12], while dropping the price of each

transistor by afactor of 100 over 15 years[12].

Besides cost advantage, integration has two other benefits. First, the parasitic impact
of package and board on the interface between functions that are now integrated on the
same die is eliminated. Therefore, the operation speed can be significantly higher as the
speed is now only limited to the on-chip device and interconnect parasitic components.
Second, the power consumption of the chip islowered because the I/O drivers, required at

the interface between chipsin a multichip environment, will be eliminated.

The scaling trend of the silicon-based technologies, specificaly the CMOS
technologies, enables fabrication of devices with a higher frequency of operation. The
latest International Technology Roadmap for Semiconductors (ITRS) projects the
possibilities and challenges of integrated system design to year 2018 [13]. For instance, by
2009, the maximum unity current gain, f;, and unity power gain, f5, of a MOS device
with 32nm gate length are expected to be 280GHz and 310GHz, respectively [14]. Scaling
as well as development of advanced silicon technologies such as silicon germanium
(SiGe) HBT transistors with germanium-doped base and silicon-on-insulator (SOI)
technology with small device to substrate parasitics enables silicon technologies to meet
the performance requirement of high-speed applications. Consequently, along with a

remarkable integration advantage, silicon-based technologies seem to be capable of



delivering more functionality for a lower price and are the perfect candidate for the

implementation of low-cost high-speed integrated circuits.

1.4 Challenges

The main challenge in designing high-speed linksis to understand and combat channel
response restrictions. As the speed of link operation increases, the channel impacts that
were primarily neglected will have a significant effect on the link reliability. For instance,
frequency dependent loss and dispersion caused by channel degrade signal integrity and
introduce inter-symbol interference (1SI) and data-dependent jitter (DDJ) that increase
error probability. To optimize the link reliability, the 1SI and jitter impact of the channel
response should be quantified. Furthermore, the error probability should be related to the

ISl and jitter, in addition to the channel noise.

If the channel response is known, Nyquist pulse shaping is used to eliminate the IS
[15]-[17]. However, pulse shaping is typically not applied to high-speed communication
because the channel response is not necessarily known a priori. The alternative approach
that is feasible for high-speed links is adaptive equalization. Equalizer is a filter that is
designed to reshape the received pulse to minimize the overall effect of 1Sl and noise at
the sampling point. Adaptive equalizer automatically adjusts filter parameters to
accommodate unknown channel response and its variations over time. Adaptive
equalization algorithms based on fast fourier transform have been efficiently realized by
digital signal processors (DSP) at low frequency (multimega bits per second). However,
the prohibitively large power consumption of the DSP and analog-to-digital converters at
multigiga-bits-per-second speed makes such an approach impractical. Instead, realization
of adaptive equalizers at 10Gb/s and beyond requires analog high-speed adaptive

transversal filters and robust adaptation techniques with their associated circuitry.

The signal degradation induced by the channel isintensified by the nonidealities of the

receiver circuit. Integrated circuits eliminate the bandwidth limitations imposed by the



parasitic components of the packages and the wiring between the packages in a discrete
design. However, intrinsic device and metal interconnect parasitics on the chip still restrict
the maximum achievable bandwidth. Single-chip implementation of 10Gb/s systems
requires an understanding of the factors that limit the on-chip operation speed and
encourages development of circuit techniques and topologies for overcoming those

limitations.

1.5 Contributions

This thesis focuses on the analysis, design, and hardware implementation of
high-speed wireline integrated communication systems. The investigation of the
challenges described in Section 1.4 has led to original contributions in this thesis that can

be categorized into the following specific topics:

* Fundamental understanding of factors that affect signal integrity in high-speed data

links, as the link data rate increases.

* Design of high frequency silicon-based circuit topologies for the receiver.

* Development of novel architectures and signal processing techniques for maintaining
signal integrity in the high-speed links.

We will elaborate on these topics individually in the following and conclude the

chapter with the thesis organization.

1.5.1 Fundamental Issues. Signal Integrity

Thiswork provides a fundamental understanding of data-dependent jitter (DDJ) from
adesign perspective. Jitter is the deviation of the threshold-crossing times of data or clock
transitions from a reference time. In a conventional communication system, the clock that
is used to sample the signal and recover the data is derived from the received signal itself.

Therefore, the clock inherits the phase uncertainty of the data transitions in the received



signal. Understanding how data and clock jitter exacerbate bit error probability is
fundamental to the design of a high-speed link. In our work, we focus on DDJ that is
predominantly caused by system bandwidth limitation. The ISl resulting from the
bandwidth limitation shifts the threshold-crossing times and translates to jitter. We provide
a comprehensive analytical framework to model and predict DDJ caused by any linear
time-invariant (LTI) system [18]{22]. Associating the LTI system response to the DDJ
provides insight for circuit and system designers for minimizing jitter and complements
conventional measurement-based methods. In addition, we can predict the DDJ
contribution of a system at any data rate from its step response. Experimental data verify

our model predictions for various systems with less than 7.5% error.

1.5.2 High-Speed Integrated Circuit Topologiesin Silicon

We propose a method for bandwidth enhancement of wideband amplifiers [23]. Using
the bandwidth enhancement methodology, we demonstrate the first 10Gb/s 0.18um
CMOS trans-impedance amplifier [24][25]. This methodology is based on two-port
broadband matching of multistage amplifiers. Passive components are introduced between
stages and form wideband networks with controlled transfer impedance functions. Device
parasitics are absorbed into the passive networks. As a result, the networks isolate
cascaded stages and avoid loading. Therefore, in theory, each amplifier stage can achieve
its maximum gain-bandwidth product set by the Bode-Fano limit [26][27]. The prototype
we implemented shows 2.4 times the bandwidth improvement over a design that does not

apply the technique.

1.5.3 Novel Architectures: High-Speed Signal Processing to Maintain
Signal Integrity
The first contribution to this topic is the development of a novel eye-opening monitor
that enables full integration of adaptive equalizers in the receiver high-speed front-end
[28][29]. An eye-opening monitor (EOM) is a block that evaluates the quality of the



received signa eye diagram and periodically reports a quantitative measure, which is
directly correlated to the signal quality. Thisoutput is used as a cost function for automatic
adjustment of the filter coefficients in an adaptive equalizer. Our proposed EOM can
effectively capture atwo-dimensional image of the eye diagram shape at the output of the
equalizer. Its simple error detection mechanism allows implementation at very high speed.
The prototype implemented in 0.13um CMOS was successfully tested up to 12.5Gb/s
[29]. It provides up to 68dB output error dynamic range that is sufficient for the

optimization algorithm of the equalizer coefficients.

The other thesis contribution in this area is a novel architecture for instantaneous
clockless demultiplexing [30]-{32]. Instantaneous data acquisition is required in
burst-mode communication systems, where the data stream arrives at the receiver in
asynchronous packets separated by unknown quiet intervals. Conventional narrowband
phase-locked loops require along preamble with alarge acquisition time and are therefore
not suitable. As an aternative to gated oscillators that require a full-rate clock for
operation, we have proposed a clockless finite state machine that recovers and
demultiplexes the received burst of data instantaneously. The architecture consists of a
combinational logic structure with immediate response and a bit-period-delayed feedback
loop. Therefore, every time a burst is received, the operation is initiated exactly in-phase
with thefirst bit and continues synchronous to the stream. We implemented a 1:2 clockless
demultiplexer based on this concept in a SiGe BiCMOS technology and verified its
operation at 7.5Gb/s.

1.6 ThesisOrganization

The dissertation consists of seven chapters. Chapter 2 coversthe basic principles of the
wireline communication systems. The objective of this chapter is to provide an
introduction to wireline communication transceiver architecture and familiarize the reader

with various channel impairments in high-speed applications that impact the link



reliability, i.e., probability of making an error. Each of the next four chapters, Chapters 3
to 6, cover one of the topics that was discussed in Section 1.5. The approach common to
al the chapters is to, first, discuss the prior art and introduce the novel concept of the
circuit topology or system architecture that is developed as part of the thesis. Then the
design steps are discussed. Finally, each chapter concludes by demonstrating a hardware
prototype and by providing experimental data from the measurements of the prototype
that verify the concept. Chapter 3 describes the contributions to the understanding of
data-dependent jitter from a circuit design perspective. Chapter 4 presents the
methodology for bandwidth enhancement of wideband amplifiers. The eye-opening
monitor technique is the subject of Chapter 5. Lastly, Chapter 6 discusses the devel opment
of the instantaneous demultiplexing architecture. We conclude with a summary in Chapter
7 that covers the achievements of the thesis as well as suggestions for future research to

expand the results of the current work.
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Chapter Principles of
High-Speed
Communications

2.1 Trade-Offsin Link Design

The objective of the communication is to transfer information reliably from a
transmitter to a receiver [33]. The measure of reliability is the probability of making an
error in detecting the received information bit. A typical high-speed wireline link is
designed to transfer data at a specified rate, e.g., 10Gb/s, while maintaining a given level
of reliability, e.g., error probability of 102, The physical medium that acts as the channel
is selected based on the required bandwidth as well as the maximum amount of signal
attenuation that can be tolerated due to channel loss. Once the channel is selected, the first
step in link design is to derive the relationships between the error probability and the link
specifications, e.g., gain, bandwidth, sensitivity, jitter generation, and jitter tolerance.
Then, the parameters of the transmitter and the receiver blocks are determined from such
relationships as to minimize the error probability. Other parameters such as cost or power

dissipation that affect the practicality of the design are also considered at this stage.

In this chapter, we introduce the underlying concepts of a high-speed wireline link and
describe the first step mentioned above. We discuss the link design challenges caused by
the inter-symbol interference (I1Sl) and jitter. Then, we analyze the relationship between
the error probability, the ISl and jitter. We study the combined impact of the ISl and jitter
on the link reliability and demonstrate the trade-offs between the 1S, jitter, and system
parameters such as bandwidth. Finally, we provide a unified relationship that enables
minimization of the link error probability in the presence of both the ISl and jitter. The

assumptions and definitions of this chapter will be used throughout the dissertation.



2.2 Modulation Schemes

2.2.1 Modulation

The dominant modulation scheme that is used in high-speed links is two-level pulse-
amplitude modulation (2-PAM). In the 2-PAM, the binary information is encoded to two
signal levels. Typically, bipolar signals, i.e., symmetrical levels around awell defined zero
threshold, are selected. For instance, -1/2 represents binary “0” and +1/2 represents binary
“1". Thisway, if the information source generates “0” and “1” with equal probability, the
data sequence will have a zero average. Thisis advantageousin reducing the wander jitter,
which isthe long term deviation of data transition time from a reference time and happens

dueto the drift or variation of the threshold.

The 2-PAM is also the dominant modulation method in optical communications.
However, the physical phenomenon that transfers the information in optical
communication is optical power or light intensity that can not take a negative value. The
optical signal levels are switched between a high value and zero, e.g., by modulating an
optical source to on and off states. Therefore, the unipolar 2-PAM modulation in optical

communication istypically referred to as the on-off keying (OOK) modulation.

The main reason for using 2-PAM in high-speed communication systems is its
simplicity. The 2-PAM signa can be generated by simply turning a transistor or a laser
source on and off. The detection mechanism isalso simple, and it does not require accurate
power-level control. A main reason to use more complex modulation techniques such as
M-PAM or M-QAM s to achieve a higher data rate using the same channel bandwidth.
However, because the channel in wireline links has abundant bandwidth, the designers
tend to deploy simple 2-PAM modulation instead of a more complex technique and use a
faster device technology to achieve the high data rates. Nevertheless, more recently, as
data rates have hit the bandwidth limitations of copper transmission lines, it has become

reasonable to design circuits for implementation of more complex modulations such asthe
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4-PAM [34][35]. In such a case, although a more complicated dicer, clock, and data
recovery architecture is needed, the required bandwidth is only half of the bandwidth
required for the 2-PAM because the symbol rate is half of the datarate. In this chapter, we
assume that a 2-PAM modulation is used with amplitude 0 and 1 for information bits “0”
and “1,” respectively.

2.2.2 Symbol Coding

The signal shapesin high-speed links typically take a nonreturn-to-zero (NRZ) format,
which means that the pulses that represent each bit last for a full bit period, Ty,. Thisisin
contrast to the return-to-zero (RZ) signaling, where the pulses last only for half of the bit
period. Figure2.1 illustrates the NRZ and RZ representations of a “1011001" data
sequence with unipolar pulses. RZ is typically preferred in the long-haul optical
telecommunication networks, where the optical power is expensive, because the RZ
format has relaxed signal-to-noise requirements compared to the NRZ format [36]. In
other words, since the RZ pulses are on a shorter period of time, for a given average
transmitted power, they have higher peak power compared to the NRZ pulses. Thisresults

in a lower bit-error probability because the optical receivers respond to the peak power.

é )
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Figure2.1l: RZ and NRZ formats representing a“1011001” sequence
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On the other hand, the RZ pulses have a larger transition density. They require a larger
channel and receiver bandwidth, twice as much as the NRZ. Therefore, the NRZ pulses
are the dominant format in high-speed wireline links due to their smaller bandwidth
requirements and simpler implementation. In this dissertation, we assume that all the data

sequences follow the NRZ format.

One potential problem with the NRZ format is the occurrence of long sequences of “0”
or “1,” aso referred to as consecutive identical digits (CID) [37]. When a long sequence
of CID istransmitted, there is not any transition in the data for along time. Consequently,
the receiver that extracts the timing information from the spacing between received data
transitions loses synchronization. To avoid the loss of synchronization, the datais encoded
before the transmission using run-length-limited code words. Such code words guarantee
a maximum number of CID bits. For instance the 8-bit/10-bit (8b/10b) encoding scheme
that was proposed by IBM [38] iswidely used in several high-speed wireline applications,
such as Fibre Channel for storage networks and 10Gigabit Ethernet for local area
networks. The 8b/10b coding replaces a byte of information with 10 transmission hits. It
guarantees a maximum of five CID bits. In addition, it keeps dc balance of the signal by
allowing an equal number of “1s” and “0s” for transmission. A disadvantage of the 8b/10b
coding isthe 25% increase in the data rate. Basically, to keep 10Gb/s data throughput, the
signaling speed must be increased to 12.5Gb/s because of the 25% data overhead added by
the encoding. This is undesirable in some applications such as SONET. Instead SONET
standard recommends using data scrambling (no overhead) or very low overhead

encoding. However, the link for SONET isrequired to tolerate up to 72 CID [36][39].

Coding techniques are also used for other purposes in data transmission such as error
correction [36] and spectral shaping [40][41]. In this dissertation, we assume that the data
seguence is arandom binary sequence using 2-PAM NRZ signaling.
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2.2.3 Power Spectral Density

A 2-PAM NRZ signal can be formulated as

(o)

X(t) = Z a, - R(t—KT,) (a e {03) (2.1)
K= —

where p;(t) is the unit pulse function that is defined as

1 0<t<T
p;(t) = { b (2.2)
0 otherwise

The coefficient a, represents the kth transmitted bit which is “0” or “1” with known
statistics. Because the transmitted bits are each a random variable, x(t) is a stochastic
process. We can show X(t) is a cyclostationary process [17], which means that the mean
and autocorrelation function of the process are time dependent and periodic. The average
power spectral density, i.e., the Fourier transform of the time-averaged autocorrelation
function, demonstrates how the signal power is distributed in the frequency domain. It is
an indication of the required bandwidth for transmission of a 2-PAM NRZ signal. The

power spectral density can be calculated as

1 1 , 2

S(f) = ZS(f) + é_lTb - [sinc(f- Tp)] (2.3
where the sinc(x) function is defined as
sinc(x) = Sin(mx) : (2.4)
X

The first term on the right-hand side of (2.3) is the dc power that is caused by using
unipolar signaling. The double-sided power spectrum is plotted in Figure 2.2. Due to the
zeros of the sinc function, the spectrum experiences frequency nulls at integer multiple
frequencies of the datarate, 1/Ty,. Thisindicates that the synchronization mechanismin the
receiver should be a nonlinear process because the received signal itself does not have any

information at the clock frequency. Figure 2.3 shows the same power spectral density on a
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Figure 2.3: Power spectrum of 2-PAM NRZ on logarithmic axes

log-log scale. The gain is normalized to one, and the clock frequency is assumed to be
10GHz for a data rate of 10Gb/s. Evidently, the spectrum covers a broad frequency range
from dc al the way to the clock frequency. All wireline communication systems require a
wide bandwidth channel and circuit blocks to alow transmission of broadband NRZ
signal with minimum distortion. Bandwidth restrictions of the channel and/or receiver
circuits are the primary cause of signal impairment in high-speed communication, which

limitsthe link reliability as we will discuss later.
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Although the NRZ modulation scheme requires a broadband channel and receiver,
excessive bandwidth in the receiver can be harmful to the receiver sensitivity because
wider bandwidth results in a larger integrated noise power. Therefore, from a sensitivity
standpoint, an optimum bandwidth exists that maximizes the sensitivity by balancing
between performance degradation due to the inter-symbol interference (small bandwidth)
and noise (large bandwidth). The conventional rule of thumb is to choose the receiver
bandwidth equal to 70% of the datarate [36]. We will analytically demonstrate the validity
of this rule and its underlying assumptions in Section 2.3. The receiver typicaly consists
of several blocks such as the pre-amplifier, the main amplifier, and the equalizer. The
individual bandwidth of each of these blocks should be larger than 70% of the data rate
because when the blocks are cascaded the overall bandwidth is reduced. We will consider
this in Chapter 4 when proposing bandwidth enhancement techniques for wideband

amplifiers.

2.3 Link Réliability

2.3.1 EyeDiagram

The eye diagram of a data sequence is a form of representation of the signal that
provides insight about the quality of the signal. As we will discuss in Section 2.3.2,
Section 2.3.3, and Section 2.5.1, a received signa has severa characteristics, such as
amplitude noise, inter-symbol interference, or jitter, that affect the probability of
extracting correct information from it. The eye diagram of a signal contains information
about such characteristics of the signal. To generate the eye diagram, the signal is divided
into frames where each has a length of an integer multiple of the symbol period (bit
period, Ty, in the case of 2-PAM modulation). Then all the frames are overlapped to create
a single diagram with one frame length that contains several traces of the signal. An
example for a 2-PAM eye diagram with the length of 2.T, is shown in Figure 2.4, which

looks like an eye, hence the name.
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Figure2.4: Creation of the eye diagram with the length of 2.T,, from signal

2.3.2 Bit Error Rate (BER)

A common performance measure for the reliability of a communication link is the
probability of making an error in transmission of information. This parameter is estimated
by the bit error rate (BER), which is defined as the ratio of the number of errorsto the total
number of bits transmitted. One of the primary impairments that causes errors in
communication is noise. Noise is modeled as an additive component in the input of the
receiver, as shown in Figure 2.5 for a simplified communication link. The distribution of
the noise is assumed to be Gaussian with white (flat) power spectral density. Amplitude
fluctuations at the sampling point due to noise can inject errors in the detection of the

symbols, asillustrated in Figure 2.5 for a2-PAM signal.

The error probability or BER for a smplified link as in Figure 2.5 can be calculated
from the noise distribution at the sampling point. We have

BER = P(0) - P(1]0) + P(1) - P(0[1). (2.5)

P(0) and P(1) are the probabilities that the transmitted bit is“0” and “1,” respectively. If

we assume “0” and “1” are equiprobable, P(0)=P(1)=0.5. P(0|1) is the probability of sam-

pling a“0” if the transmitted bit is“1.” Thisis equal to the area under the tail of the noise

distribution below the threshold level, as illustrated in Figure 2.6. Furthermore,
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Figure 2.5. Bit error generation due to noise in a symbol detection-based receiver

P(1|0)=P(0J2) if the noise distribution at the zero-amplitude level and the one-amplitude
level are equal. Therefore, the BER issimplified to

BER = Q(%} (2.6)

for a Gaussian noise source with cumulative distribution function of Q(.) and standard
deviation of ¢. Equation (2.6) is not a very accurate approximation of BER in a real
high-speed wireline link. Several other factors including inter-symbol interference (1S1),
data timing jitter, and sampling clock uncertainty will affect the BER. We will introduce

these issues in the following sections and study their effects on the link BER.

Figure2.6: The BER calculation from the area under the tail of the noise distribution



19

2.3.3 Inter-Symbol Interference (1Sl)

In reality the noise is not the only impairment of the communication channels. Thetalil
of a received pulse shape associated with a symbol can last for longer than a symbol
period, Ty, and therefore it can interfere with its neighboring symbols. This effect is called
inter-symbol interference (1S1). The received signal for a2-PAM NRZ, asx(t) in (2.1), can

be written as

(o)

(=3 a.pdt-kTy) +n(t) (a,e {03) (27)

K = —oo
where n(t) is additive noise and p,(t) isthe received pulse shape. The signal r(t) is sampled
at times t=Tgt+ mT}, to regenerate the symbols, where mis an integer and O<Tg<T,.

(o)

PoTd+ D A Py(Te+(M=K)Tp) +n(Tg+mTy). (2:8)

k=—o,k#m

r(Tg+mTy) = a

The second term on the right hand side is the I SI term that affects the decision of each
symbol. Nyquist proposed conditions on the overall response as well as pul se shapes that
completely null the ISl term [15]. Based on his works, the classical method to eliminate
ISl is to design transmit and receive filters such that the overall received pulse shapeis a
Nyquist pulse, i.e., po(Ts+ (Mm-k)Tp)=0 for m=k, [16][17][40].

The channel bandwidth limitation is the primary cause of 1SI. Consequently, it
becomes an issue in high-speed communication, as faster data rates are required to be
transmitted on the same channels. In electrical transmission line channels, the frequency-
dependent loss is the main source of bandwidth limitation and thus the main cause for IS.
Thisfrequency-dependent lossis mainly caused by the skin effect of the conductor and the
dielectric absorption. Figure2.7 shows an example transfer function of a stripline
transmission line with FR4 dielectric [42]. In addition to the channel, the bandwidth
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Figure 2.7 Loss contributions from conductor and dielectric in a FR4-based stripline [42]

limitation of the receiver blocks, and electromagnetic reflection due to impedance

mismatch between connections or cables can exacerbate the overall 1SI.

Dispersion is another significant source of the ISl. Dispersion occurs when the phase
of the channel response transfer function is not alinear function of the frequency, and thus
the group delay, which is the derivative of the phase, will be frequency dependent.
Consequently, when a signal with broad spectrum travels in the channel, various
frequency components get delayed by different amounts. The overall effect is to broaden
the pulse shape of the signal in time domain and thus cause 1SI. Both electrical and fiber

optic channels are dispersive.

Dispersion isamajor source of IS in optical fiber [43]. In multi-mode fibers (MMF),
modal dispersion is dominant. Modal dispersion is caused when various optical modes are
excited on the fiber and travel at different speeds. Modal dispersion becomes more
problematic at longer transmission distances because optical modes get separated more,
and thus received pulse causes severe |Sl. An exampleis shown in Figure 2.8 for 800m of
MMF at 10Gb/s. In single-mode fibers (SMF), modal dispersion is absent and chromatic
dispersion and polarization-mode dispersion are dominant [43]. Chromatic dispersion is

mainly caused by the frequency-dependent refraction index of the fiber material. The
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Figure2.8: The output of an 800m MMF channel is severely distorted due to modal dispersion

fundamental optical mode that is excited on an SMF has nonzero spectral width and thus
will disperse because various spectral contents will experience a different index of
refraction. Polarization-mode dispersion is due to the group velocity difference of
orthogonal polarization modesin an SMF that does not have a perfectly cylindrical shape.
Thisisshown in Figure 2.9.

2.3.4 Equalization

Equalization refers to any technique used in link design to compensate for the

impairments induced by ISl. For example, the equalizer can be afilter at the receiver that

y

Figure2.9: Polarization mode dispersion in a SMF with noncylindrical core
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reshapes the channel's undesirable frequency response such that the final received pulses
are 1Sl free. An example is a pulse that satisfies the Nyquist criterion [15][17] and is
commonly called a Nyquist pulse shape. The Nyquist criterion was implicitly introduced
in Section 2.3.3 for the received pulse shape p,(t). It can be stated as follows.

A received pulse shape py(t) satisfies the Nyquist criterion and is called a Nyquist
pulse shape if

1k=0
(t=kT):{ . 29
Po b 0 k%0 9

If the equalizer filter is designed such that when cascaded with the channel the overall
response satisfies (2.9), the link will be 1Sl free according to (2.8) and for T=0.

Equalization can be applied either in the transmitter or the receiver. The transmitter
equalizer is sometimes referred to as the transmitter pre-emphasis. It amplifies the high
frequency content of the signal at the transmitter to compensate for the high frequency
attenuation of the channel after the signal travels through it. The advantage of the
transmitter pre-emphasis is that it does not amplify the receiver noise because the
compensation process takes place in the transmitter. Nevertheless, the transmitter
pre-emphasis can cause large crosstalk between neighboring transmission lines in a
parallel link due to the strength of the signal high frequency content. Receiver equalization
isintended basically to add afilter at the receiver to minimize the overall effect of 1Sl and
noise at the sampling point. It istypically preferred to the transmitter equalization because
the equalizer can be made adaptive to accommodate the unknown channel response and its

variations over time. In this work we focus on receiver equalization.

The straightforward equalization technique is to design the filter such that the overall
response to the cascade of the channel and the filter satisfies the Nyquist criterion for zero
ISl in (2.9). Thistechnique is known as the zero-forcing (ZF) technique [44]. Essentially,
the ZF agorithm forces the filter transfer function to be equal to the inverse of the

channel's transfer function. Evidently, the ZF algorithm only accounts for the ISl
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impairment and neglects the noise. In band-limited channels, the equalizer filter transfer
function with the ZF criterion becomes a highpass filter that amplifies the high frequency
content of the signal to compensate for the channel’s high frequency attenuation.
However, the filter will also amplify the noise and will potentially degrade the received
signal to noise ratio. An aternative approach to the ZF method is to use the mean square
error (MSE) algorithm to design the filter. The M SE algorithm considers the noise and | S|
together and avoids extensive noise amplification at the receiver by alowing occurrence
of partial 1SI. The MSE criterion minimizes the BER rather than the I1SI. The filter
parameters are designed to minimize the number of decision errors on the received

symbols.

The previous equalization techniques are referred to as feedforward equalization
(FFE), because the filter is inserted in the feedforward signal path, as shown in
Figure 2.10(a). An alternative approach is decision feedback equalization (DFE), where
the filter is inserted in the feedback path, as Figure 2.10(b) illustrates [16][17][40][44].
The filter input is the decision result of the previously received bits. Therefore, DFE is a
nonlinear equalization. One way to design the filter in DFE is to match its transfer
function to the transfer function of the channel. Assuming the receiver decisions are
correct, the filter reproduces the ISl that would have been generated by the channel. This
ISl is then subtracted from the current symbol. The advantage of the DFE architecture is

Equalizer I
Filter ° I )

L @ (b)

Figure2.10: Equalizer filter in two topologies (a) FFE (b) DFE

._.’._.

Equalizer
Filter
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that because it acts on the receiver decisionsthat are noise free, the DFE structure does not
cause noise enhancement. However, the DFE architecture can potentially cause error
propagation in cases where the BER is very large, when the assumption for correct
receiver decisions is violated. A combination of FFE and DFE can be implemented to

compensate linear and nonlinear ISl and to avoid significant noise enhancement.

In low-speed communication links, e.g., voice channels, magnetic recording channels,
and digital subscriber loop (xDSL) data channels, equalization is performed digitally as
part of the baseband digital signal processing (DSP). The filtering process is done in
frequency domain leveraging efficient Fast Fourier Transform (FFT) algorithms.
Unfortunately, none of these luxuries are available at high-speed data rates, such as
10Gb/s. The required precision and clock-rate at such speeds for analog-to-digital
conversion and the DSP processors drive the power consumption of such implementations
to very unredlistic and impractical values. At such frequencies, analog implementation of

the equalizer filter is more favorable.

The equalizer core in high-speed implementations is a finite impulse response (FIR)
filter. The FIR filter components are shown in more detail in Figure 2.11. This form of
implementation of the FIR filter is known as direct form FIR, transversal filter, or
tapped-delay line [45]. In analog implementation, the delay cells can be realized with
active [46][47] or passive elements [31][48] or a combination of those [49]. Passive delay
cells are based on broadband inductor (L) capacitor (C) networks, or transmission line
structures. For instance, Figure 2.12(b) shows a 3-section constant-k filter topology based
on the pi-section L C ladder network of Figure 2.12(a) [50]. It consists of L and C elements
that overall represent a lumped model of atransmission line. The transfer function of the

structure, within its passband, resembles an ideal delay line with the delay value

Ty = nJLC (2.10)

where n is the number of LC sections. The large layout area of the inductor elementsis a

disadvantage for this topology when implementing an integrated delay cell, especially
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Figure2.11: FIR filter with tapped-delay line topology and N+1 taps
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Figure2.12: The constant-k filter-based LC delay line: (a) pi-section (b) 3-section

when n is large. However, because the passive delay cell isalinear system, it is desirable
when a linear equalizer is needed to preserve the amplitude information of the signal as
the signal travels in the delay line. An FFE equalizer that compensates linear IS is an

example of such acase.

Equalization is effective when the transversal filter coefficients are adjusted
appropriately to compensate for the channel 1SI. However, in most practical cases, the
channel response is unknown at the link startup time and/or it is time-varying. For
instance, in a chip-to-chip link, variations of the geometric shape of the interconnect
during fabrication, the improper matching at the connections, or the via and stub loading
make it practically impossible to predict the channel response. Another example is the
MMF-based optical communication, where the channel response is usually unknown in

startup because of the variations in the excitation condition of the laser, the geometrical
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shape of the MMF core, and the fiber length. Furthermore, factors such as changes in the
environmental condition or aging may result in atime-varying channel response. Adaptive
equalization, which was first proposed by Lucky [16][51] for communication systems,
remedies these issues by automatically adjusting filter coefficients and constantly tracking

any time variations in the channel response.

Adaptive equalization can be implemented with or without a training sequence. In the
former case, a set of known symbols is transmitted over the channel to the receiver. The
equalizer has a priori knowledge of these symbols and determines filter coefficients to
minimize the ISl for them. A similar approach for equalization using training sequence is
to perform channel estimation based on the received training sequence. The coefficients of
the filter can be calculated based on the estimated channel response, e.g., with the ZF
criterion. Training sequence-based equalization is not used in high-speed communication,
mainly because it requires complex signal processing with power hungry implementation

that is simply not yet practical at 10Gh/s or beyond.

An effective adaptive equalization algorithm that has received more attention for
high-speed implementation recently is the least mean square (LM S) algorithm (e.g., [52]).
Thisisdueto its ease of implementation. The LM S algorithm is an M SE-based algorithm,
in which the optimization criteria is defined in order to minimize the mean sguare of the
difference between the filter output and the receiver's decision. The equation for updating

the coefficient of tap m can be simplified to [17]
C (k) = C(k=1)+A g1 x (k=1) (2.12)

where g1 is the difference between filter output and receiver decision and 4 is a scaling
parameter that affects the convergence speed. The hardware structure of the adaptive
equalizer filter with the LM S algorithm can be implemented as illustrated in Figure 2.13.
The architecture only requires the implementation of high-speed summation and multipli-
cation to add the LM S algorithm to the transversal filter structure of Figure 2.11, which is
feasible in today's advanced integrated technologies. As can be seen from Figure 2.13, the
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\
Figure 2.13: Theimplementation of the LMS algorithm for adaptive equalization

LMS algorithm is a decision-based optimization algorithm, i.e., the parameter that is min-
imized depends on the decision of the receiver. In blind equalization algorithms that do not
use any training sequence, this can be a potential disadvantage for the LM S algorithm. In
high BER conditions many of the receiver decisions may be incorrect, which will result in
a slow convergence of the algorithm. In Chapter 5 we discuss one of the contributions of

thisthesis, i.e., an alternative technique for adaptive equalization.

2.3.5 ISl Impact on BER

The calculations in Section 2.3.2 assume the ISl is zero at the sampling instance. In
practice, the noise margin at the sampling point is reduced because of the ISI, and thus the
probability of error is increased. Using (2.5) and (2.8) and assuming equiprobable data

bits, the condition for finding probability of error can be rewritten as
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Pe = F{[ Z a PYT+ (M=K)T,) +n(Tg+ me)] > %] (212)

k=—o,km

and can be calculated from the joint probability distribution of the noise and 1SI. However,
finding this joint probability distribution is very complicated for an arbitrary system [16].
Lucky et al. provide a solution for Pg in the form of afinite sum [16]. They assume that
only afinite number of 1Sl termsin (2.8) affect the joint probability distribution of the
noise and ISl. The suggested solution requires tedious numerical computation for finding
the P, for any system and does not provide an insight to correlate the P, to the system
parameters. An alternative approach for finding the impact of the ISl on P, isto find an
accurate bound on the P, in the presence of the ISl. For example, Saltzberg provided a
tight bound on P, that depends only on the noise variance and the samples of the received
pulse shape [53]. Therefore, the complexity of the bound grows linearly with the number
of 1Sl terms. Excellent tutorials on several computationally efficient methods to calculate
Pe for the 1Sl channels can be found in [54]{57].

In this section we estimate the error probability by providing a simple relationship
between the BER and the system bandwidth that is also helpful in understanding the
trade-off between noise and the 1Sl for various system bandwidths. We perform our
calculations based on a first-order linear time-invariant (LTI) system and leverage the

results to estimate the P based on the practical system parameters such as bandwidth.

2351 First-Order LTI System

If the link has a first-order system response with an associated time constant, 7, the

received pulse shape can be written as



29

R (1) = l-e 0<t<T, (2.13)

-T,/7
wherewe define oo=e ”  that relates the system time constant and the bit period. The

ISl term for ag can be calculated by replacing (2.13) in (2.8) for m=0 as

-1 Ts

_s

T

IS= %" apgTs—KTy) =@ ’ a.(1-0)-a ¢ 7* (2.14)
K=—o kK = —o

where the sum goes only to k=-1 because we assume the system is causal. T is the sam-
pling time offset fromt=0and 0< T, < T, . The sampled value of the current symbol, i.e.,
ap, can be calculated from the first term on the right in (2.8) as

Ts

Ty

p(Ty) = 1-a (2.15)

The optimum sampling point for the first-order system is at T=T, because (2.15)
reaches its maximum at this sampling point. Equation (2.14) demonstrates that the
interference impact of the prior bits decreases exponentialy. When the impact of only one
prior bit, i.e.,, a1, is significant, ISI terms will be concentrated around two mean values,
IS and 1S4. The two mean values can be calculated from the expected value of ISl in

(2.14) when it is conditioned on the value of a_;. We have

1
ISly = E{ISlja_; =0} = So b (2.16)

ISl, = E{ISl|]a_; =1} = o b(1—92‘) (2.17)



30

P pe
2 °

. V14=0.5
& O?QX Noise ™
\ ISl distribution fg ) distribution Total distribution
v

Figure2.14: Total amplitude distribution at the sampling point when 1Sl impact of one bit is taken into
account

where E{.} is the expected value. The two mean ISl terms perturb the amplitude at the
sampling point. Because of the stochastic nature of the data, the IS| at any point can be
modeled by arandom variable. Then, the ISl distribution can be represented by two prob-
ability mass functions, i.e., two delta functions at the values 1Sy and 19, with probability
weight p and (1-p), respectively, where p is the probability of a_;=0. The overall ampli-
tude distribution can be found by the convolution of the ISl distribution and the Gaussian

noise distribution as shown in Figure 2.14.

The optimum dlicing threshold, V1, can be calculated from the average of the four
possible mean signal levelsin Figure 2.14, which simplifies to V4=0.5 independent of T,
If the receiver input noise is white with double-sided power spectral density -59 , the
amplitude noise variance at the sampling point is reshaped by the first-order system

transfer function. The total noise power can be calculated from

oo NO N
2 2 _ o
c = . 2df = (2.18)
1+t o

Similar to Section 2.3.2, we can now calculate the total BER as
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BER = 1_(Q(0.5—0| Slo) +Q(O.5—0| Sll)

N Q(DO(TS) + ISIO—OE) . Q(po(TS) + ISIl—OBD

(¢ (¢

(2.19)

which can be evaluated for different sampling time by using (2.15)—(2.18). Figure 2.15
compares the BER at various signal-to-noise ratios (SNR) in the zero-1Sl case in equation
(2.6) with the BER in the ISl channels from equation (2.19), when the systems have the
same noise bandwidth, i.e., equal o. The BER curves are plotted for various 3dB band-
width-to-bit rate ratios (BW/BR) for the ISI channel. The figure shows that the ISl
degrades the performance of the link at large SNR values when the ISl dominates over

noise. Also, as the bandwidth-to-bit rate ratio decreases, the BER degrades more.

0 .
—— BW/BR=0.5
-— BW/BR=0.75
—a— Zero |S|
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' _ .
T I
= -10¢
>
O -10p—-12
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21 ZT 23 24 __|--
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Figure2.15: The BER vs. SNR for various normalized bandwidths compared to the zero-1SlI BER of
equation (2.19), sampled at optimum point, i.e., T=T,
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Figure2.16: 1Sl and noise trade-off as normalized bandwidth variations justifies existence of a
minimum for BER

Figure 2.16 relates the BER to the system 3dB bandwidth, f.34g, for various noise
power spectral density, when the signal is sampled at the optimum point, i.e., T=Ty,.
Evidently, at very small f_34g, the ISl is severe and limits the BER. However as bandwidth
gets excessively large, the noise power that is injected into the receiver is the dominant
contributor to the link-quality degradation and causes higher BER. Consequently, there is
a trade-off between the system noise and the ISl impact. There exists an optimum
bandwidth that minimizes BER. The optimum bandwidth in the case of the first-order
system is around 40% of the bit rate when T=T,,. In typical wireline link architectures the
sampling clock is in the middle of the eye at T/2. Although this results in simple
hardware implementations, T/2 is not necessarily the optimum sampling point. The BER
for when sampling occurs in the middle of the eye, i.e., T=T/2, is plotted in Figure 2.17.

The same trade-off exists between the noise and the ISI. However, the optimum
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Figure2.17: The optimum bandwidth for minimum BER when sampling point is in the middle of the
eyeat Ty/2

bandwidth is now at around 70% of the bit rate which agrees with the well-known
optimum bandwidth-to-bit rate ratio for best sensitivity in broadband receivers [36].

We also notice by comparing Figure 2.16 and Figure 2.17 that for equal input noise,
the location of the sampling point affects the minimum achievable BER. In fact, the plotin
Figure 2.16 can be reproduced for all possible sampling points, and the optimum sampling
point can be determined from the plot that results in the smallest minimum-achievable
BER. The optimum receiver bandwidth is also determined from the same plot. We will
elaborate on this topic for the link design when we add the effect of jitter to the BER. We
will analytically derive the two-dimensiona BER contours that allow the designer to
simultaneously determine the optimum bandwidth and the optimum sampling point to

minimize the BER.



2.3.5.2 Second-Order LTI System

One characteristic of a first-order system is the monotonic step response. In rea
systems the step response can have oscillatory tail, eg., because of multiple
electromagnetic reflections. The relationship between the response of such a system and
the the BER can be modelled by studying the link BER of an under-damped second-order

LTI system. The transfer function of an all-pole second-order LTI system can be written as

2
®n

H(s) = (2.20)

2
s +20o, s+ wn

where 'is the damping factor and @, is the natural frequency. The step response of an

under-damped system, i.e., when (<1 is

1 Lot 2 -1
s(t) = [1— e sm(mndl—g t + cos Q)} (2.21)
J1-¢°

and the system 3dB bandwidth is

Q] 2
fagg = ET—:A/l—2<;2+A/1+(1—2§2) . (2.22)

Figure 2.18 shows the pul se response of a second-order system for two different values of

¢. For each value, the pulse response is plotted for four different f.345. We can carry out
the same procedure asin Section 2.3.5.1 to find the BER equation. All of the S| termsthat
have significant impact on the BER from (2.12) are included in the calculations. In addi-
tion, for every given pair of ¢ and f.34g, the BER can be calculated at several sampling
pointsin the unit interval. The trade-off between the noise and the IS is also present in the
second-order system. This trade-off, and hence the existence of an optimum system band-
width to minimize the BER, can be seen by plotting the BER vs. f_34g. In Figure 2.19, we
have plotted the BER contours that show the BER values vs. f_34g at various sampling
points, for three different values of . The cross section of the contours for a constant Tg

that are in parallel to the y-axis show the noise-1SI trade-off. The optimum f_34g that
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Figure2.18: Pulse response of a second-order system at various normalized 3dB bandwidths: (a) ¢=0.5
(b)(=A2/2
results in the minimum BER occurs around 70% of the bit rate. Furthermore, the contours

can be used to select the sampling point that results in the minimum achievable BER.

Similar calculations can be performed for any linear time-invariant (LTI) system,
when the system pulse response is available. The BER relationship that includes the 1SI
impact can be derived as in (2.19), which provides insight about the relationship of the

response of the system and the BER. One contribution of this thesis is to use a similar
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approach in Chapter 3 to find a general relationship between the system response and the
data-dependent jitter (DDJ) to minimize DDJ and improve link reliability.

2.4 Wirdine Communication Transceiver

2.4.1 General Architecture

Although there exist several applications for wireline communication, as it was

discussed in Section 1.2, the general transceiver architecture that is used in their
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implementation is more or less the same. Table 2.1 lists some of the wireline standards
developed for 10Gb/s communication with various applications. Differences such as
transmission distance or power consumption impact the design parameters such as
channel type, number of repeaters, gain budget, and jitter budget. Figure 2.20 illustrates
the general architecture of a wireline communication transceiver, aso known as a serial

link, that can be applied to any of the standardsin Table 2.1.

Table2.1: Various high-speed wireline communication standards

Sandard Bit Rate BER Application Channel
. . 12 LAN Copyper or
10Gigabit Ethernet Family 10Gb/s 10 Backplane MM E/SME*
10Gigabit Fibre Channel 10Gh/s | 1071° SAN MMF/SMF
SONET OC-192, OC-768 | 10/40Gb/s | 1012 | LongHaul SMF
Telecomm.

*MMF: multi-mode fiber SMF: single-mode fiber

On the transmit side, low-speed data arrives at the multiplexer that seriaizes the
parallel data into a single high-speed serial data sequence synchronous to the transmitter
clock. The driver either directly sources the data to the electrical transmission line or
drives an optical modulator that modulates the data onto optical pulses, which then get
transmitted over the fiber optic channel. In both cases, several channel impairments

degrade the quality of the high-speed signal until it arrives at the receiver. The degraded

/
JLr Electrical or Optical Channel
'#w Driver )‘/ P
n
Equalizer f: Clsgléozg\c/el?sta
\_ J

Figure2.20: Genera architecture of a serial link
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signal is amplified with a low noise wideband pre-amplifier. Then, the equalizer filter
partialy revives the signal by reducing the ISl and increasing the signal-to-noise ratio.
Next, a sampling clock is extracted from the signal by a clock recovery phase-locked loop
(PLL). The clock is used to sample the received signal to retime and recover the data. The
clock is also used in a demultiplexer to deserialize the single data sequence back to the

original datain parallel lines.

If the channel is formed by an optical fiber, the driver is connected to an optical
modulator that modulates a laser source with the input data. On the receive side of an
optical link, the light is shed on a photodetector that generates an output electrical current
proportional to the received optical power. Therefore, the pre-amplifier will be a
trans-impedance amplifier with small input impedance. The focus of this thesis is on the

receiver side of the architecture.

2.4.2 Channe

The channel can be electrical or optical. The simplest electrical channel is unshielded
twisted-pair copper wire such as the ones used in Category 5 (CAT5) that consists of 4
pairs of twisted pair and is commonly used in 10/100Mb/s Ethernet LAN. Chip-to-chip
and backplane communication at multi-Gb/s require channels with less loss at high
frequencies. They use coaxial cable or controlled impedance PCB microstrip transmission
line or stripline. However, the loss of such channels is not tolerable either, when the
transmission distance is above hundreds of meters. Multi-mode fiber (MMF) is deployed
for longer than 100m transmission. The dominant impairment of the MMF is modal
dispersion that is caused by the difference in the propagation velocity of the various
excited optical modes, aswas discussed in Section 2.3.3. Since the MMF and the electrical
channels discussed above mainly induce linear distortion on the signal, they can be
modeled with a linear system. We will make this assumption throughout the dissertation

that the channel can be modeled with a linear time-invariant (LTI) system. Therefore, all
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the analysis results from the thesis contributions can be generally applied to all of the

channels above.

2.4.3 Pre-Amplifier

The main function of the pre-amplifier is to amplify the received weak signa to the
sengitivity level of the next stage in the receiver. The stages following the pre-amplifier
often require fixed-minimum swing at their input, e.g., in emitter-coupled logic (ECL).
While the required output swing of the pre-amplifier is constant, the amplitude of the input
signal can take awide range of values depending on the transmitted power and the channel
attenuation. Therefore, the pre-amplifier needs to have a wide dynamic range and high
gain. In addition, the pre-amplifier should be low noise to have minimum impact on the
signal-to-noise ratio. Figure 2.21 shows an example schematic of a pre-amplifier for an
optical link with a second main-amplifier stage. The main amplifier is in the form of a
limiting amplifier (LA) or automatic gain-controlled (AGC) amplifier for maintaining a

constant output amplitude. In this example, the pre-amplifier is a trans-impedance

f TIA 4 Main Amplifier

Figure2.21: The front end of an optical communication receiver with the photo detector and a
shunt-feedback trans-impedance amplifier (TIA)
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amplifier (TIA) with shunt-feedback configuration. The low input impedance of the TIA
absorbs most of the current generated by the photodetector. Also, it avoids bandwidth
limitation that can be caused by the large photodetector capacitance. Designing a TIA with
large gain and bandwidth and reasonable sensitivity is challenging particularly in CMOS
technologies due to their poor device parasitic components or low-current unity-gain
frequency, f;. Chapter 4 discusses this issue and provides a methodology for overcoming

these challenges.

2.4.4 Adaptive Equalizer

We elaborated on the need for adaptive equalization in high-speed links in
Section 2.3.4. The channels we consider in this dissertation, such as the electrical
transmission line or the MMF only impose linear distortion and can be modeled with an
LTI system. Therefore, in most implementations, a feedforward adaptive equalizer
suffices to minimize the ISl imposed by the channel. In Chapter 5 we discuss a
contribution of the thesis that proposes a new architecture for adaptive equalization based

on an eye-opening monitor system.

2.4.5 Clock Recovery

As can be seen from Figure 2.3, the 2-PAM NRZ data sequence has zero energy at the
data rate frequency and its integer multiples. Therefore, the received signal does not
contain any direct component of the timing information from the transmitter clock. In
addition, the signal has travelled over a channel with an arbitrary length that causes an
unknown delay or phase for the signal at the receiver. In a symbol detection-based
scheme, a synchronous clock is required to sample each signal at an optimum sampling
point to recover the data. Therefore, in such systems, a synchronization technique or clock

recovery is needed.
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Figure2.22: PLL-based clock recovery architecture

Clock recovery methods for communication applications can be categorized into two
groups. Feedforward and feedback clock recovery [41]. Feedforward methods generally
comprise of anonlinear element in front of the signal for generations of the spectral lines
at the clock frequency followed by a very high-quality bandpass filter to extract the clock.
The nonlinearity can take many forms, e.g., derivative [58][60] or square law [59]. It is
very costly to integrate a high-quality bandpass filter at 10Gb/s [60]. Therefore
feedforward techniques are rarely deployed in high-speed wireline communication.

Feedback clock recovery is based on a phase-locked loop (PLL) structure. A
simplified architecture is shown in Figure 2.22. A voltage-controlled oscillator (VCO)
generates the required sampling clock. The frequency and phase of the VCO are
controlled by the output of the loop filter to track and minimize the error between the data
transition phase and the clock. Although the PLL-based clock recovery acquires input data
phase and locks to it to always keep the sampling phase at the optimum point, it partially
filters high-frequency timing variations of data transitions by retiming the data. This
feature is desirable in data repeaters and regenerators, e.g., in a SONET architecture

because it avoids accumulation of timing jitter, i.e., excessive timing deviation from ideal
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threshold-crossing points. We will discuss the problems arising from the timing jitter and

itsimpact on link reliability next.

2.5 Timing Jitter

2.5.1 Timing Jitter Definition

In a perfect transmission using 2-PAM NRZ, the data transitions, i.e, “01” or “10”
occurrences, cross the decision threshold at integer multiples of the bit period, T,,. Because
of several causes, e.g., random noise and IS, the actual threshold-crossing times of data
transitions deviate from their ideal values, as shown in Figure 2.23. Thetiming jitter of the
data is deviations from a reference time at a defined threshold [61]. We will show in the
next section how the data timing jitter impacts the link reliability and increases the BER.
Because of the random nature of the sources of jitter, the timing jitter is modelled by a
random variable and is thus characterized by a distribution. The jitter distribution is then
used to find its impact on the BER. Figure 2.24 shows an accumulated eye diagram of a
data sequence measured with an oscilloscope, superimposed onto the jitter histogram. The
histogram is generated by capturing and accumulating the time of al of the threshold-

crossing events. This histogram approximates the jitter distribution.

Jitter [sec] | .
—— t

Figure 2.23: Jitter is deviation of the threshold-crossing time from a reference time

g
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Figure2.24: Accumulated eye diagram with datajitter histogram

2.5.2 Jitter Impact on the BER

In calculations of Section 2.3.2 and Section 2.3.5, we had two implicit assumptions.
First, we assumed the sampling clock isidedl, i.e., all clock periods equal T, and the clock
does not have any timing jitter that randomly moves the sampling point. Second, we
assumed that all the transmitted bits are sampled and bits are never lost or sampled twice.

Existence of datajitter violates these two assumptions and increases BER.

Figure 2.25 shows the clock and data recovery stage of the high-speed receiver front
end right before sampling. Data jitter at the input of clock and data recovery impacts the
BER intwo ways. First, the data jitter decreases the horizontal eye diagram opening of the
signal, which means for a given BER, larger data jitter leaves a smaller sampling window
in the eye diagram that achieves that target BER. In other words, for a fixed sampling
point, the BER increases as the data jitter increases because of the error induced by the
jitter.

The BER from jitter can be calculated from the area under the tail of the jitter
distribution, asillustrated in Figure 2.26. This area corresponds to the data transitions that
happen on the wrong side of the sampling clock. Therefore, such an event is called bit

dlipping. The errors due to jitter are independent of errors caused by amplitude noise or
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ISI. If we assume an ideal sampling clock, zero amplitude noise, and zero 1SI, we can

calculate the BER only caused by jitter as

) _Tb+Ts
1 1
BER(TY) = 3 J'fTJ(t).dt +3 '[ (1) - ci (2.23)
T —o

s
where f;(t) isthe probability distribution function of the total jitter from all sourcesand Tg
is the location of the sampling clock in the eye. We assume the sampling point varies
within aunit interval (Ul), i.e, 0< T < T, . The 1/2 factor represents the probability of a
transition event. If the sampling point isin the middle of the eye at T=T,/2, (2.23) simpli-

fiesto

(e o]

BER = J'fTJ(t) . (2.24)

To
2

Although the probability of a data transition event on each side of the eye diagram in
Figure 2.26 is half, both sides of the eye can independently contribute to BER by adding

an error, as indicated by the area under the tail of both distributions.

Data

v
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Figure 2.25: Impact of datajitter on BER from data path and clock path
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Figure 2.26: Impact of the datajitter on the BER by causing bit slipping

The second impact of jitter on the BER comes from the uncertainty of the sampling
clock. Data jitter acts as a reference noise for the clock recovery PLL, and therefore it
creates clock jitter at the output of the clock recovery. Because of the inherently slow
response of the clock recovery to the input fluctuations, the clock jitter at the time of
sampling is uncorrelated to the datathat it samples. Therefore, the clock jitter degradesthe
BER further. In the next section, we combine the results of this section with Section 2.3.5
to find the overall impact of impairments such as noise, 1Sl, and jitter on the link BER. In
the next chapter we break down the total jitter to its components and show an analytical
model for data-dependent jitter that is caused by ISI. We aso highlight the impact of
data-dependent jitter on the BER.

2.6 Overall Impact of Jitter and ISl on the BER

In Section 2.3.5 and Section 2.5.2 we studied the impact of noise, 1SI, and jitter on the
BER independently. In areal implementation of a high-speed link all of these impairments
exist and degrade the BER simultaneously. We combine the impact of all those effects in

this section.
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2.6.1 Ideal Sampling Clock

When the sampling clock isidedl, i.e., al the clock cycles are exactly one bit period, a
detection error may occur due to the combination of noise and 1SI. We calculated the BER
for such acasein (2.19). This BER isafunction of the sampling time. The minimum BER
is achieved when sampling at the optimum point, which is not necessarily at T,/2. If the
sampling point is moved from the optimum sampling point, the ISI contribution changes
from (2.16) and (2.17) and thus the BER increases. However, the general form of the BER
remains the same asin (2.19). We denote the BER that is caused from the amplitude noise
and the ISl by BER, g (T,) asitisafunction of the sampling point, Ts. We can rewrite
(2.19) as

BER,g(Ty) = %[BER(ISIO(TS)) +BER(1S11(Ty))] (2.25)

where we have defined

Po(To) + ISI1—0.5)

BER(ISIO(TS))EQ(Q—S_(-SEI—O) = Q( p=

(2.26)

Po(Ty) + ISIO—OE)

BER(ISI(Ty) = Q(O'S_Tlsll) = Q( p=

(2.27)

In the presence of the timing jitter, the relative location of the sampling point and the
threshold crossing of the data is changing randomly. In other words, if we assume that the
timing jitter, At, is arandom variable with zero mean, the sampling point for the bit that is
sampled right after atrangition is Te-At. Therefore, the BER for such abit for agiven At is
BER, 5 (Tg—At). The overall BER for such bits is found by integrating the BER over all
possible values of At weighted by the probability distribution function. For instance, for a
“01” trangition, the overall BER from the combined effect of the noise, the ISI, and the
timing jitter is

BER(T,|"01") = %Ifn(t) - BER g (Tg—t)dt + % [ fra(0) - BER g (Ty— T + tct. (2.28)

—oo —oo
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Thetwo termsontheright in (2.28) correspond to when bit “1” and bit “0” in the“01” pair
arein error, respectively. Notice that when the 1S] and noise are absent and only the timing

jitter is present we have

>
BER (1) = { 0t=0 (2.29)
1t<0

Therefore, (2.28) simplifiesto (2.23). Furthermore, if the timing jitter is absent, the jitter
distribution is a delta function concentrated at t=0, and if it isreplaced in (2.28), the equa-
tionissimplified to BER, 5 (T,) -

We have calculated the approximate overal BER caused by the combined effects of

the 1SI, noise, and jitter in Appendix A, equation (A.9), which is rewritten here as

BER(Ty)=
Ts
o222 i QBB (1 o(15D) B o)

Equation (2.30) provides the overall BER as a function of the sampling time and the sys-

tem responsg, i.e.,, IS and 194, for the given noise and timing jitter standard deviations.

2.6.2 Non-ldeal Sampling Clock

In reality the sampling clock has some uncertainty or jitter associated with it that can
be modeled by a probability distribution function, pdf,(Ty), where Tg is now a random
variable. Then, the total BER can be found by using the continuous total probability
theorem [62] as

Th
BER = J' pdf ., (To) - BER(T)dT, (2.31)
0

that simplifies to (2.30) if the clock isideal with a delta probability distribution function.

We have neglected the contributions of the tails of the clock and have bounded the clock
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distribution to one bit period. Although (2.31) does not have a closed form for an arbitrary
clock distribution, we can use it to numerically compute or smulate the BER and compare
the impacts of jitter and 1SI. In the rest of this chapter we assume that the sampling clock
isideal and pdf(Ts) isaDirac delta distribution function.

2.6.3 1Sl and Jitter Trade-off
2.6.3.1 TheBathtub Curve

If the BER caused by the timing jitter in equation (2.23) is plotted vs. the sampling
point in a unit interva, i.e, when 0<T_<T,, acurve is achieved that resembles the
shape of a bathtub and is thus called a bathtub curve. It graphically demonstrates that as
the sampling point approaches the edges of the data eye diagram, the BER significantly
increases. An example bathtub curve is shown in Figure2.27, when the total jitter
distribution is Gaussian with zero mean and standard deviation, ¢;=0.05 Ul. A unit
interval (Ul) isaunit of time that equals the time normalized to a bit period. The bathtub
curve is a useful tool for characterization of high-speed links. It is used to define an eye
diagram opening for a given BER. For instance, in Figure 2.27, the eye diagram opening
at the BER=10"12 is about 0.3 UI. The eye diagram opening corresponds to the available

timing margin for the location of the sampling clock in the eye diagram that can achieve
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Figure2.27: Bathtub curvefor g;=0.05 Ul
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the target BER. Therefore, the bathtub curve can be used as a measure for the trade-off
between the link data jitter budget, &;, and the clock jitter budget, the eye opening.

2.6.3.2 TheBER Contours; 3D Bathtub Curve

We can generalize the concept of the bathtub curve to adatalink with noiseand ISl. If
we use (2.30) to calculate the BER, we can plot a three-dimensional bathtub curve as a
function of the sampling time and the system bandwidth that represents the IS in the case
of afirst-order system. Consequently, we obtain an insight about the trade-offs between
the datalink’sjitter and ISl budget and the sampling clock timing margin. Such trade-offs
are important in determining the specifications of the pre-amplifier response and the clock

and data recovery characteristics for achieving minimum BER.

Figure 2.28(a) shows the 3D bathtub curve when the link is modeled with a first-order
system. The BER is calculated for various sampling points and normalized 3dB
bandwidths, when ¢=0.05Ul and Nog=4e-3V/HZ2. If Ny=0, the cross section of the plot,
when bandwidth approaches infinity, becomes the conventional bathtub curve.
Figure 2.28(b) shows the contours of the BER as a function of the sampling point and the

bandwidth, which is equivalent to the top view of the 3D bathtub curve. The contours
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Figure2.28: (a) Three dimensiona bathtub curve for a first-order system for various normalized
bandwidths; ¢=0.05U1 and N0:4e3v2/Hz (b) Contours of BER from top view of plot
@
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show that the BER is independent of bandwidth as the sampling point approaches the data
edges because the timing jitter dominates the BER. Moreover, the optimum bandwidth
that minimizes BER is about 75% of the bit rate. At this bandwidth, the optimum sampling
point is neither in the center of the eye nor at T=Ty, as we saw in a first-order system.
Finally, we can see that the timing margin for the sampling clock reduces drastically at
smaller system bandwidths.

We can use (2.30) to find the contours of the BER for any given ¢ and Ny. The noise
standard deviation, oy, isafunction of the bandwidth and Np. Figure 2.29 shows the BER
contours for two more cases. In Figure 2.29(a), the BER is plotted when the ;=0.025 U,
half the value in Figure 2.28(b)’s plot. All the other parameters are the same. The jitter
reduction lowers the minimum achievable BER. It also moves the optimum sampling
point to the left, closer to Ts=T,, which is the optimum sampling point for first-order
response in the absence of jitter. The optimum bandwidth is shifted to lower values, as the
sampling point is closer to T&=Ty,. This is because the ISl terms from (2.16) and (2.17)
decrease, and amplitude noise dominates BER,q. Therefore, a smaller system bandwidth

that filters more of the noise power can achieve a lower BER. Figure 2.29(b) shows the
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BER contours when Ny=5e-3V/HZ? and all the other parameters are the same as
Figure 2.28(b). The increase in amplitude noise degrades the overall BER by 3-4 orders of
magnitude. The optimum system bandwidth-to-bit rate ratio is smaller compared to
Figure 2.28(b), as we discussed above. The sampling timing margin for achieving BER of
1012 has significantly decreased.

The y-axis in Figure 2.29 is the normalized bandwidth only for a first-order system.
For a general LTI system the y-axis is related to the size of the pulse response at each
subsequent sampling point, which isin turn associated with the received pul se response as
a result of the combination of the channel response and pre-amplifier transfer function.
Therefore, the designer can use the BER contours to determine the optimum front end
time response shape for achieving atarget BER. In addition, the optimum sampling point
and its associated timing margin can be obtained from the BER contours with a target

BER and is used to design the parameters for the clock recovery circuit.

In the next chapter, we introduce the data-dependent jitter (DDJ) phenomenon that is
the impact of the ISl on the threshold-crossing time of the data. The DDJ modifies the
jitter distribution by effectively increasing the jitter variance. In this case, (2.30) is not
sufficient for finding the total BER. We complete the equation for computing the BER by

including the impact of DDJ in our calculations.

2.7  Summary

In this chapter we introduced the principles of wireline communication systems. We
discussed the system level challenges for designing a reliable high-speed communication
link. We studied the impacts of the noise, the ISI, and the timing jitter on the link bit-error
probability and provided the relationships between the system parameters, e.g., bandwidth
and sampling point, and the BER. These relationships are the first step in designing the
system for minimizing the BER. Finally, we combined the effects of the I1SI, noise, and
jitter and calculated the overall BER when all of these impairments are present. We used
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the result to demonstrate some of the existing trade-offs between system parameters. We
showed how the analytical formulation for the BER can be used to find the system level
specifications for the blocks of the receiver, such as the pre-amplifier and the clock
recovery. In the next chapter we analyze data-dependent jitter (DDJ) and provide an
analytical probability distribution function for it that modifies the timing jitter distribution
we discussed in this chapter. We add the DDJ component to the BER and demonstrate its

remarkable impact on the performance of high-speed serial links.
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Chapter Data-Dependent Jitter
In Wirdline
Communications

3.1 Introduction

Aswe discussed in Chapter 2, the reliability of high-speed serial communication links
depends upon timing jitter. The timing jitter of data transition is deviations of the
threshold-crossing time, i.e., time at which data crosses a decision threshold, compared to
a reference clock. The transmitter, the channel, and the receiver contribute to the timing
jitter of the data sequence. In addition, at least a part of the timing jitter of the data is
inherited as phase uncertainty of the recovered sampling clock in the clock recovery
system. The bit error rate (BER) of the regenerated data sequence in the receiver is
degraded by the timing jitter of the data and sampling clock. Nonidealities such as

bandwidth limitation and medium dispersion exacerbate jitter effects.

Datatiming jitter is separated into two main categories, namely, random jitter (RJ) and
deterministic jitter (DJ) [61]. RJ is random variations of threshold-crossing time due to
amplitude fluctuations around the crossing time or phase noise of the transmitter clock
[63]. DJisfurther categorized into data-dependent jitter (DDJ), duty cycle distortion jitter,
and bounded uncorrelated to data jitter (e.g., crosstalk jitter or sinusoidal jitter) [61]. DDJ
is threshold-crossing time deviations correlated to the previous bits on the current data bit.
It is also known as pattern jitter. DDJ is often caused by bandwidth limitations of the
system or electromagnetic reflections of the signal. Therefore, DDJ has alarger impact on
high-speed transmission systems with restricted bandwidth. In this chapter, we propose
methods for characterizing DDJ theoretically based on system parameters and study its
impact on BER.
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The impact of timing jitter on the performance of different communication links has
been studied extensively [59],[64]{69]. However, these works have focused on the effect
of digital pattern on the output jitter of the extracted clock. They have neglected the
limitations of all other blocks in the communication link. For instance, Byrne et al. have
investigated the accumul ation effect of timing jitter in a series of regenerators with special
attention to the effect of pattern jitter [65]. However, the analysis is limited to a smple
second-order tank as the timing extraction block. Saltzberg has estimated the aggregate
effect of RJ and DDJ using Taylor series expansion and has calculated the jitter of the
extracted sampling clock [66]. Similarly, Gardner has compared the effect of pattern jitter
on different clock recovery schemes [67]. He has presented a relation between DDJ and
the sampling clock phase variation with qualitative explanations. Huang has proposed
pulse shapes that result in DDJfree data streams [68]. But, he has emphasized the
peak-to-peak data-dependent jitter and has calculated it from the two data sequences that
result in the maximum shift of the threshold-crossing time. He has assumed a given form
for the received data stream, namely an ideal non-causal Nyquist pulse. All these works
condition the system that generates DDJ to several assumptions. A model for the DDJ
generated from a general LTI systemis still lacking.

In a different context, jitter modelling techniques are developed for separating and
measuring jitter performance of devices in communication links [61],[70]-{72]. Reliable
jitter measurement methods are more important in high-speed devices, where bandwidth
limitations aggravate DDJ. Therefore, predicting DDJ contribution is essential to accurate
measurement systems. For instance, Shimanouchi has related the bandwidth of an
automatic test equipment (ATE) system and the DDJ [70]. However his analysis was
based on the previous data transition only. In addition, he limits the model to first-order

system response.

Although the significance of DDJ has been realized in the aforementioned literature,
theoretical analysis of DDJ and study of its relation to system parameters such as
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bandwidth has been neglected. The main contribution of this chapter is to propose a
method for predicting data-dependent jitter for a general LTI system in a context suitable
for circuits and system designers. The dependence of DDJ on system parameters provides
additional insights for minimizing jitter and highlights that increasing the bandwidth does
not necessarily minimize DDJ. In addition, the method reduces the simulation or
measurement time remarkably by relating DDJ characterization linearly to the number of
prior bits considered. The conventional computation grows exponentially with the number
of bits because it requires passing all possible sequences through the system. The

theoretical results are matched with jitter histogram measurements.

In the rest of this chapter, we first define data-dependent jitter formally. Then we
derive an analytical expression for DDJ of first-order LTI systems. The expressions are
associated to conventional approximations of the distribution of data-dependent jitter, and
the results are experimentaly verified. Next, we generalize the analysis for any LTI
system with known step response. A perturbation method is introduced that approximates
DDJ by separating the jitter contributions of the previous bits. We compare the measured
deterministic jitter of real communication media with analytical expressions that we
derive for DDJ and demonstrate that the presented analytical results estimate DDJ
accurately and are reliable for predicting jitter. Finally, we update the BER calculation

from the previous chapter by accounting for the correlation between DDJand 1SI.

3.2 Framework

3.2.1 DataJitter

A typical serial communication receiver regenerates data by sampling the received
signal. Sampling occurs synchronously to a clock extracted from the received signal.
Ideally, the sampling clock should occur between adjacent data transitions to optimize the

BER. For a given symbol rate, each threshold-crossing time occurs ideally at integer
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multiples of symbol period. However, it deviates from the ideal value due to several
factors in the link (e.g., noise, limited channel bandwidth, or limited receiver front-end
bandwidth). Consequently, the knowledge of the effect of the system on data

threshol d-crossing times and the sampling clock timing is essential for optimizing BER.

As we discussed in Section2.5.1, data jitter is the deviation of the data
threshold-crossing times from a reference time. The total jitter is modeled as the sum of
two independent random variables, random jitter (RJ), 4t;;, and deterministic jitter (DJ),
At [61];

Aty = Aty +Aty. (3.1)
Hence, thetotal jitter probability distribution function (PDF) isthe convolution of the PDF

of RJand DJ,
fy(AD) = f;(AD ® fy(AD) (3.2)

where f(At) is the PDF of each jitter term.

Random jitter is modeled by a Gaussian random variable. Deterministic jitter has
systematic origins such as bandwidth limitation, crosstalk, or power supply noise. In
generd, it can be modeled as a stochastic process because transmitted data or data in
neighboring channels is random. Efforts for modelling the probability distribution
function of deterministic jitter are typically based on results from measurement techniques
and numerical computation algorithms [72]-{75]. The distribution function of the DJ has
been previously modeled as two impulses [61][73]. DJ is characterized by the distance
between the two impulses [75]. Figure 3.1(a) illustrates how the total jitter distribution
results from the combination of the RJ and the DJ. Figure3.1(b) shows a typical
measurement result for the eye diagram of a received data sequence around
threshold-crossing time. The measured jitter histogram approximates data jitter
distribution in Figure 3.1(a). In this chapter, we study analytically data-dependent jitter,

one of the maor components of deterministic jitter. We propose methods for
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jitter histogram measurement for a data sequence passed through a microstrip
transmission line on FR4 PCB

characterizing DDJ theoretically, based on system parameters. Analytical studies on other

sources of deterministic jitter can be found in [21].

3.2.2 Data-Dependent Jitter

Data-dependent jitter (DDJ) is the deviation of each data threshold-crossing time from
a reference time due to the residual signal of the previous data bits delayed due to the
memory of the system. Limited bandwidth of the transmission medium (e.g., PCB traces),
receiver front-end (e.g., TIA), or electromagnetic reflections cause prior symbols to
interfere with the current transition. While the effect of inter-symbol interference (1Sl) on
the amplitude of the received symbols has been studied (e.g., [15][17]), its effect on the
timing needs further analysis. The effect of ISl on timing is to change the
threshold-crossing time of a data transition and cause DDJ, as shown by an example in
Figure 3.2. Here, depending on the value of the bit prior to the “01” transition, the

transition can occur earlier or later at the output of the system, as shown on the right.

To analyze DDJ, the data link with 1Sl is modeled as an LTI system. A sequence of
random 2-PAM NRZ data is passed through the LTI system. The last two bits of the
sequence are either “01” or “10” to model a rising edge transition or faling edge
transition, respectively. The variation of the crossing time of the transition can be related
to the data statistics to calculate DDJ. The process is illustrated in Figure 3.3, for a “01”
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Figure 3.2: Data-dependent jitter is caused by ISl impact of prior bits
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Figure3.3: Response of agenera LTI system to arandom bit sequence and generation of DDJ

transition. For symmetric input rising and falling transitions and a threshold of half-signal
swing, thejitter distributions for rising and falling transitions are identical and calculation

of oneis sufficient.
A random data sequence arriving at the input can be represented by
)
X(t) = ut)+ Y @ RU-kTp) (a,c{01) (3.3)

K= —

0<t<T,

p;(t) = { (3.4)
0 otherwise

where u(t) isthe unit step function and models the rising edge, p;(t) is the unit pulse signal,
as described in (3.4) with duration of bit period, Ty, and the as are the random bitsthat are
either “1” or “0” with a given probability. The sumin (3.3) starts from k=-2, i.e., a_;=0, to
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guarantee arising edge at t=0. One can write asimilar equation for afalling edge in which
case a_1=1, ag=0, and the rest of the equation is the same as (3.3). Because the system is

linear, we can use superposition theorem to find the output as
-2

y(t) = sty + Y, ay R(tKTy) (35)
K=—

where s(t) and py(t) are, respectively, the system step response and unit pul se response.
The solution to

y(to) = Vi, = 05 (3.6)
for t. determines the time of the threshold-crossing event as a function of data statistics
and system parameters. We compare t.. to the time of the threshold-crossing event when all
the as are zero, and we denote it by t,, We can caculate ty by solving
S(ty) = Vqy = 05.
Then, DDJis defined as

At=ty—t.. (3.7)

We will solve (3.6) for the first-order system as an example in Section 3.3 and analyze the
genera LTI systemin Section 3.4.

3.3 An Analytical Expression for DDJ: First-Order
System

3.3.1 Analytical Expression for Threshold-Crossing Time

In this section we analyze the DDJ of afirst-order system, as described by the transfer

function

H(s) = T+ s (3.8)
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Here, 7is the system time constant and the associated 3dB bandwidth is 1/(2rt). From
(3.6) and (3.7), we can find a closed-form solution for the DDJ random variable of a
first-order system as

-2

At = —1- In[l—(%x) Z ay - oc_k} (3.9)

K= —

-T,/7
where we define a=e °  similar to Chapter 2. In a system with a large bandwidth

compared to the input data rate, «r approaches zero. On the other hand, if the bandwidth is
small the data transitions take longer. The upper limit on « for this calculation is set if we
assume the rising transition crosses the threshold within a bit period. This bounds « to
values smaller than 0.5. At «=0.5 the bandwidth is only 11% of the bit rate.

Equation (3.9) relates the impact of each prior bit and the threshold-crossing time
deviation. For any datatransition the prior bits are random sequences that overall result in
an ensemble of 4t values. As o < 0.5, the more recent bits have a dominant effect on jitter
and a_, has the largest impact. Also, the residual effect of the bits vanishes exponentially
for alarger system bandwidth to bit rate ratio, i.e., when « approaches zero. Figure 3.4
captures these effects by plotting 4t in unit intervals (Ul) for different values of ¢. For
each ¢, al the possible values of 4t are plotted. We include the impact of four prior bits

and neglect the effect of more distant bits. A larger « corresponds to smaller

At

P —
DDJ PDF

Figure3.4: Ensemble of normalized DDJvaluesfor different ratios of bandwidth to bit rate along with the
appropriate model to use for data-dependent jitter PDF
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bandwidth-to-bit rate ratio causing divergence in At values and larger data-dependent
jitter. If we change the scale on the x-axis and plot DDJ for small values of o we will
observe similar DDJ characteristics on a different scale of At. In fact it can be seen from
(3.9) that for each data sequence, 4t takes aunique value. Therefore, on asmaller scale for
o the same divergence characteristics would be observed for At values. The parameter At

has a self-similar behavior for different scales of «.

For 0.01 <. <0.065 4t is concentrated around two values. In this range of system
bandwidth, the DDJ distribution can be modeled with two impulses that carry the
probability weight expressed in section Figure 3.2 However, for larger o the distribution
should be extended to four or more impulses, as can be seen from Figure3.4. In a
first-order system, the concentration of data jitter around two values corresponds to
bandwidth range, where only the penultimate bit, a_,, has a remarkable effect on jitter.
Since a, is “1” or “0,” the data jitter is divided into two mean probability masses,
modeled by the two impulse functions. Thisis exactly the same as the conventional model
for DDJ distribution based on the double Dirac delta function. We can also observe the
behavior of DDJ similar to predictions of Figure 3.4. The threshold-crossing time and
related histogram in the output of a first-order system is shown in Figure 3.5 for two
different o values and demonstrates bifurcation of DDJ distribution from two delta

functions to four deltafunctions as ¢ increases.

Figure3.5: Threshold-crossing histogram and DDJ distribution: () e=0.1 (b) 0=0.3
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Similar behavior for data-dependent jitter distribution is generalized to higher-order
systems as will be seen in Section 3.4. A dominant prior bit (not necessarily a_,) will be

identified that shapes data-dependent jitter distribution as two impulse functions.

3.3.2 Peak-to-Peak Jitter

Data-dependent jitter is bounded. It can be characterized by its peak-to-peak jitter
value, Atg,. From (3.9), the maximum and minimum of At are obtained for “all one” and
“al zero” sequence of a’'s. The “all zero” sequence corresponds to the latest
threshold-crossing time, which is also selected as the reference time, t, Therefore, we can

calculate peak-to-peak data-dependent jitter as

Atpp = =-In(1-a) (3.10)

which is overlaid with a dashed line on the plot in Figure 3.4. Since the latest crossing
time is referenced, the plot shows that Aty sets an upper bound on t.

3.3.3 Scale-One DDJ

In modern serial communication links, measured total jitter distributions resemble the
jitter histogram in Figure 3.1(b). In such systems, a useful measure of data-dependent
jitter is the distance between the two impulse functions in Figure 3.1(a) or the separation
between the means of the two Gaussian distributions. According to discussions in
Section 3.3.1, the two impulse distribution results when the impact of only one prior bit,
a.p, onjitter isincluded. Therefore we define the separation of the impulses as follows and
call it the scal e-one data-dependent jitter, DDJ;, because only the impact of one prior bitis
included.

DDJ, = E{At|a_, = 0} —~E{At|a_, = 1} (3.12)

where E{ .} is the expected value of At conditioned on a_,. For equal probabilities of “1”
and “0” we can show
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Figure 3.6: Comparison of the measurement results for DDJ, and the analytical expressionin (3.12) for a
first-order system

DDJ; = Sin—1X% (3.12)
2 >
l-oa+a

We verified the expression in (3.12) experimentally by testing an RC filter that serves as
the first-order system. A o' 1 pseudo-random bit sequence was applied to the filter and
the jitter histogram was measured using Agilent’s 86100 communication analyzer. The
input bit rate was scanned over awide range of observable DDJ, values. The separation of
the jitter mean of the two Gaussians in the histogram was measured. Figure 3.6 demon-
strates the excellent agreement between (3.12) and the measurement results. For a<0.02
random jitter dominated DDJ;.

3.4 An Analytical Expression for DDJ: General LTI
System

3.4.1 Perturbation Method

For ageneral LTI system, equation (3.6) may not be solvable analytically. We propose
a technique that approximates DDJ for a general LTI system based only on its step
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T

\Transition with a =1 * Transition of s(t) /
Figure 3.7: Deviation of the threshold-crossing time due to the effect of the kth bit

response. The method can be exploited easily in simulation or measurement to

characterize DDJ and optimize jitter performance.

Data-dependent jitter occurs because the tails of prior bits perturb the time that the
data transition crosses the threshold level. In the absence of any prior bit,
threshold-crossing time is t as discussed in Section 3.3.1. However, if a is“1” the kth
prior bit changes s(t) by py(to-KTp), in (3.5). This amplitude perturbation shifts the
threshold-crossing time from ty and causes jitter. Assuming p,(ty —KkT,) «s(tg) , the shift
in threshold-crossing time from the contribution of the kth bit can be calculated from the
slope of s(t) at ty and the shift in the amplitude of s(t). This processis shown graphically in
Figure 3.7. The threshold-crossing time shift due to the kth bit is denoted by At,. We have

At = —-pdgj(w (3.13)
dt | _ t
and the overall perturbation effect, DDJ, is
-2 -2
At= R _ooakAtk = %tg—_-l— : k;w P, (to—KTy) | (3.14)

t=t,
This technique is based on classical perturbation theory (e.g., [76]). The assumption

made above on the amount of perturbation bounds the accuracy of the method. In a
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practical system the bandwidth is chosen such that unit pulse response fal time is within
Ty Therefore, py(to-KTy,) is much smaller than vy, and (3.14) is a good approximation. If
the link is designed such that the received pulse has the shape of a Nyquist pulse, the
approximation still holds. For such pulses the residual memory of prior bits changes
slowly around the threshold-crossing [40]. Therefore, the perturbation of the step response
IS Po(to-KTp). A similar methodology was used to calculate the reference jitter in a clock

recovery system [66][77][78].

We evaluated the results in (3.14) for all possible bit sequences and compared them
against the accurate DDJ in (3.9) for a first-order system. We limit kto —10<k< -2 to
account for the 11 most recent bits only because the effect of the bits exponentially
decreases. Error in DDJ prediction is calculated for each bit sequence at different ratios of
bandwidth (1/277) to bit rate (1/T,), and for each ratio the worst case relative error is
plotted in Figure 3.8(a). The perturbation method approximation has worst case accuracy
of better than 2.5% in a practical range of bandwidth. Moreover, at the nominally
optimum bandwidth-to-bit rate ratio of 0.7, the error is only 0.01%. For a first-order
system, the error in approximation is identical even if —3<k<-2.Therefore, (3.14)

introduces a basis for avery efficient technique of calculating data-dependent jitter.

6 A ifferent ¢
S <= 5 —— 04
o= = 4 \ —— 105
5 — —o— 0.71
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04 \
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Figure3.8: Worst case accuracy of the perturbation method in predicting DDJ: (a) for a first-order
system. (b) for a second-order system
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A further verification of the perturbation technique is done for an al-pole

second-order system with transfer function

2
H(s) = 2n

> (3.15)
S + ZC(DnS'F ®n

where @, is the natural frequency and ¢{'is the damping factor. The exact DDJ value for
this system is computed from MATLAB simulations of system output for all possible bit
sequences. Then, the approximated DDJ is calculated using (3.14). The results are com-
pared and the worst case relative error is plotted in Figure 3.8(b) for different damping
factors over a practical range of bandwidth normalized to bit rate. Again, small relative
errors verify that (3.14) is an accurate expression for predicting the DDJ of a general LTI

system based on its step response.

3.4.2 Peak-to-Peak Jitter and Scale-One DDJ

We can use (3.14) to estimate the peak-to-peak data-dependent jitter for a general LTI
system. We have

Atpp = max{At} —min{At}. (3.16)

The maximum of At isachieved for the data sequenceinwhich a = 1 if p (t;—KkT,) <0
and a = O otherwise. Similarly, the minimum of At is achieved for the data sequence,
where g, = 1 if p,(t;—kT,) =0 and a, = O otherwise. Therefore, (3.16) is simplified
to

-2

1
= —— p(t_kT)_ .
PP ds(t) kzz [Po(toTo) (3.17)
dt ‘_
t=t,

At
Scale-one DDJ can aso be defined for a general LTI system similar to (3.11).
However, the predominant impact on jitter is not necessarily related to a_,, as discussed in

Section 3.3.3. The pulse response of the system and the bit rate determine the effect of
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prior bits. The effect of each prior bit can be estimated separately from (3.13) and the bit
with most prominent impact can be distinguished. Then, using the same definition as in

(3.11) and assuming that a,, has the largest impact on DDJ, we can write

DDJ, = |E{At|a,, = 0} —E{At|a, = 1}]

—2 -2 (3.18)
= |E Z aAt, (—EAt + Z At (| = |Aty
k = —o0 k = —oo
k#m k#m
Therefore, we conclude
t~—mT
DDJ; = M , (3.19)
ds(t)
dt

t=ty

which is an important expression that determines the separation of the two impulsesin the
probability distribution function of DDJ asin Figure 3.1(a) for a general LTI system. It
can be integrated into any communication link design or circuit design simulation soft-
ware to predict the data-dependent jitter contribution of the corresponding component in
the system. In addition, DDJ; can be easily measured using a general purpose high speed
oscilloscope. We will verify equation (3.19) experimentally in Section 3.5. A significant
advantage of the perturbation method is the remarkable reduction of the simulation or
measurement time of DDJ. In fact, simulation time for peak-to-peak DDJ is now linearly
related to k, while direct calculation from (3.6) requires passing all the 2K possible

seguences through the system, which increases exponentially with k.

3.4.3 Data-Dependent Jitter Minimization

In afirst-order system, any a,=1 will increase the absolute value of DDJ. Furthermore,

the closer the bit to the data transition, the stronger its impact on data jitter. However, this
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Figure3.9: (@) Variation of the impacts of the last three prior bits on DDJ in a second-order system. (b)
Existence of aminimum in the peak-to-peak data-dependent jitter

isnot generally true for all LTI systems. It can be seen from (3.13) that the sign and value
of At depends on py(ty-kTy,), and based on the response of the system the effect of each
prior bit can dramatically vary independent of the other bits. Particularly, the pulse
response in (3.13) is sampled at integer multiples of bit period. Therefore, for a given bit
rate, the system can be designed such that its pulse response reduces dominant DDJ terms
and minimizes overall jitter. Pulse shapes that result in minimum jitter in addition to
minimum ISl in the receiver have been studied [68][79]. As an example, the variations of
thefirst three DDJtermsfrom (3.13) are plotted in Figure 3.9(a) for a second-order system
with different bandwidth-to-bit rate ratios. The selected range covers under-damped,
over-damped, and critically damped systems. In the range of 0.46-0.48 for the normalized
bandwidth, At_5 has alarger impact on DDJ than At_,. In addition, there exists a minimum
in the peak-to-peak data-dependent jitter as illustrated in Figure 3.9(b). This jitter
minimization behavior can be observed in higher-order systems as well. An experimental
example is shown in Figure 3.10, where the output eye diagram of a4” copper microstrip

transmission line on conventional FR4 board is plotted at two different bit rates. The
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Figure 3.10: The output eye diagram of a 4" microstrip line on FR4 PCB at (a) 5 Gb/s and (b) 6.5 Gh/s
demonstrates larger peak-to-peak deterministic jitter at lower bit rate

peak-to-peak jitter is clearly larger at the lower bit rate. Aswill be shown in Section 3.5,

increasing the bandwidth blindly does not necessarily reduce the DDJ.

3.5 Experimental Verification

Equation (3.19) provides a simple means for finding the DDJ contributions of any LTI
system for any bit rate based only on the step response. The pulse response can be stated in
terms of step response as p(t)=s(t)-s(t-Ty,). We will verify the validity of the results
experimentally by comparing the predictions of (3.19) with measured DDJ; of several
high-frequency systems including an integrated CMOS trans-impedance amplifier. We
associate DDJ; to the separation of the means of two Gaussian distributions, as in
Figure 3.1(b) when the jitter histogram at the output of the device under test (DUT) is
measured. We use Anritsu’s MP1763C pulse pattern generator to provide the step input
and pseudo random bit sequence (PRBS) input of the length 27-1. We also use Agilent’s
86100 communication analyzer to measure the step response and jitter histogram at the
output. For each system, we first measure and record the step response. Then, we apply a
PRBS at the input with varying bit rate. We measure DDJ, at a bit rate where the system
shows significant amount of data-dependent jitter. The bit rate is always such that the data
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spectrum does not exceed the system bandwidth. This fact demonstrates that while the
system bandwidth is large enough to minimize amplitude distortion, DDJ still persists.
The jitter histogram is measured after at least 500,000 crossing events are captured by the
oscilloscope. At the same time, we compute the pulse response from the measured step
response and the current bit rate and calculate DDJ; from (3.19). Finally, we compare the
measured and analytically-calculated DDJ,.

A. Discrete systems. In one set of experiments we carry out the procedure for various
off-the-bench systems available in the lab. They include a Mini Circuit ZFL 1000-LN
driver amplifier with 1GHz bandwidth, a9” long 50Q2 copper microstrip on standard FR4
printed circuit board, a 10.5" long standard BNC coaxial cable, and an HP 11688A
microwave high-order lowpass filter with cut-off frequency of f.=2.8 GHz. None of these
systems has a ssimple first-order response. Therefore the DDJ; should be estimated from
(3.19). The measurement results are summarized in Table 3.1. Small relative errorsin the
last column verify the validity of the analytical results for predicting data-dependent jitter.
For the microstrip line, a_s rather than a_, has the most dominant effect on DDJ and causes

the scale-one separation of the threshold-crossing times.

Table3.1: Comparing measured DDJ; and predictions of analytical expression in

(3.19)
i Measured : Corresponding
DUT Bit Rate DDJ, Dominant dominant At Error
Measured Bit
[psec] [psec]

Mini Circuit )
ZEL-1000 1.3 Gb/s 7.665 ao 7.15 -6.7%
microstrip P

on FR4 PCB 10 Gb/s 5.35 asg 5.23 2.3%

HP 11688A ]

coaxial :
cable 3 Gb/s 4.6 ao 4.72 2.5%
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Figure3.11: Step response, pulse response, and the individual jitter contributions of prior bits as
calculated from (3.13) for the systems under test: (a) Mini Circuit ZFL-1000 amplifier
(b) Copper microstrip line on FR4 PCB (c) HP 11688A lowpass filter (d) BNC coaxial
cable

Step response, pulse response, and the jitter contributions of some prior bits are plotted
in Figure 3.11 for the systems we tested. Aty is calculated from pulse response using
(3.13). Animportant observation is the significance of the time response of the system and
its impact on data-dependent jitter at the output. HP 11688A is a lowpass filter with the
3dB cut-off frequency at 2.8GHz. Compared to ZFL-1000, an amplifier with 3dB
bandwidth of 1GHz, one may suspect that the data-dependent jitter contribution to overall
jitter is larger for the amplifier due to smaller bandwidth. However, around the same bit

rate (1.2-1.3 Gb/s), the filter has significantly larger DDJ. This can be associated to the
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pulse response characteristics of the two systems as illustrated in Figure 3.11(a) and (c).
Pulse response of the filter has larger ringing in its damping tail that dramatically increases
the jitter from (3.13) because the samples of the pulse response at the measurement bit rate
(1.2 Gb/s) coincide with the maxima and minima of the oscillating tail. Consequently, the
contributions of prior bits are all significant and oscillate between negative and positive
values, as can be seen from Figure 3.11(c). However, the amplifier has smaller ringing,
and the ringing oscillation frequency is not constant and is not related to the measurement

bit rate.

In summary, we must emphasize that bandwidth alone cannot be a complete measure
to characterize the DDJ contributions of an LTI system. Although systems with small
bandwidth tend to increase DDJ, step response or pulse response of the system is required
to analyze the exact characteristics of output data-dependent jitter. Particularly, the system
can be designed such that the samples of its pulse response are negligible at integer
multiples of bit period to minimize DDJ. Along the same line of arguments and similar to
Nyquist's zero-1SI pulse shaping [15], Huang et al. [68] and Gibby et al. [79] have
proposed channel pulse shapes that result in minimum jitter contributions from prior bits

and hence optimize data-dependent jitter performance of the link.

In acommunication link, if the channel response is not known or istime varying, zero-
ISl pulse shaping is not possible. In such cases, an adaptive equalizer is utilized in the
receiver to minimize 1SI. Similarly, if pulse shaping for the transmitted data sequence is
not feasible due to channel unpredictability, a data-dependent jitter equalizer can be used

in front of the clock recovery circuit [80].

B. Integrated Trans-Impedance Amplifier. To verify the validity of the DDJ prediction
theory we tested an integrated trans-impedance amplifier (TIA). The TIA was
implemented in a 0.18um BiCMOS technology using only CMOS transistors and
demonstrated a 9.2 GHz 3dB bandwidth [23][24]. We mounted the amplifier on a brass

substrate and built the additional circuitry around it on the same substrate using a low-loss
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Figure 3.12: TIA test board setup for the 10 Gb/s TIA

duroid PCB. The chip iswire bonded to microstrip transmission lines that then transfer the
signal to SMA connectors on the brass substrate. The test board setup is shown in
Figure 3.12. Although this TIA has enough bandwidth to operate at 10 Gb/s, the
reflections from connectors and wirebond mismatches in addition to the amplifier
response cause the whole system to have a ringing step response as the measurement
shows in Figure 3.13. In spite of having enough bandwidth, the TIA, along with the

measurement setup, exhibits alarge amount of DDJ.

We measured the DDJ of the TIA at two bit rates, 1.65 Gb/s and 3.3 Gb/s, using the
same procedure previously discussed. While the bit rates are within the bandwidth range
of the TIA, we observed significant amounts of DDJ. The eye diagram at 1.65 Gb/s is
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Figure3.13: TIA step response and impact of a_, pulseontyina“101” sequence at 3.3Gh/s
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shown in Figure 3.14(a). The measurement results are summarized in Table 3.2. We
should stress that the prediction of DDJ at several bit rates can be done by measuring the

step response only once.

Table3.2: Comparing measured DDJ; and predictions of analytical expression for the
10GB/sCMOSTIA

Bit Rate Measured Domi_nant Predicted Error
DDJ4[psec] Bit Aty [psec]

1.65 Gb/s 6.85 ao 6.8 0.85%

3.3Gb/s 13.6 ao 12.7 6.6%

3.37 Gbls 14.1 a 12.4 12%

3.37 Gbls DDJ,=5.85 as 5.7 2.5%

In the case of 1.65 Gb/s, DDJ prediction using the perturbation method has only 0.85%
error. Larger scales of data-dependent jitter that are associated with prior bits with less-
dominant jitter contributions are often smaller than rms of random jitter. Therefore, they
are hard to measure or observe and are thus neglected. However, the perturbation method
can still predict the DDJ of larger scales. We measured the DDJ scale-one (DDJ;) and
scale-two (DDJ,) of the TIA at 3.37 Gb/s, where both were observable, as Figure 3.14
illustrates. The measurement results are compared with the calculations in Table 3.2. The
perturbation method predicts scale-two DDJ with an accuracy of 2.5%. The measured
values of DDJ; and DDJ, are respectively related to At, and At_5 as calculated from
(3.13). The negative value of At_, corresponds to a negative shift in the zero crossing. In
other words, all the sequences in which At.,is“ 1" will split from the zero crossings that
occur at tg and will move to tg -|4t, |. On the other hand, positive 4tz will split each
crossing group to two groups, one remaining in the same position and one moving At_3 to

the right. Therefore, overall, four crossing groups can be observed, asin Figure 3.14(b).
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Figure3.14: TIA eyediagram when DDJ; and DDJ, are observable (a)1.65 Gb/s (b)3.37Gh/s

3.6 DDJImpact onthe BER

In the previous chapter, we studied the combined effect of ISl and jitter on the BER.
However, we saw in this chapter that the jitter distribution should be modified in the
presence of inter-symbol interference because ISl causes DDJ. The impact of DDJ is to
change the distribution of the total jitter distribution. The effect of jitter on the BER is

formulated in (2.23), which isrewritten here as

oo —Tp+Ts
1 1
BER(Ty) = 3| [fry®-dt|+3| [ fry()-ct]. (3.20)
T —oo

S

Let’'s assume that the DDJ is modeled with a double Dirac delta function distribution

and the dominant prior bit that causesthis distribution is a_,. f15(.) isthe convolution of the
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RJ Gaussian distribution and the DDJ distribution as in (3.2). Equivalently, we can split
(3.20) to two terms where each is the BER caused by random jitter conditioned on the

value of a_,. We have
BERJ-(TS) =p- BERJ-(TS, a,=0)+(1-p)- BERJ-(TS, a,=1 (3.22)

where p isthe probability that a_,=0. Each of the BER; terms on the right can be cal cul ated
from (3.20) by replacing f;(.) with a Gaussian distribution, while noting that the value of
the a_, determines the mean value of the Gaussian distribution. The mean value of the
Gaussian distribution is the same as the mean of the threshold-crossing times and can be

found from (3.7)
te o = E{tc]a, =0} = ty—E{Atja_, =0} (3.22)

1= E{tc|a—2 =1} = ty—E{Atja_, = 1}. (3.23)

We find the values of t; o and t. 1 in Appendix B. We can write the BER caused by jitter,
conditioned on a_,, as

T.—t T, — (Tt
BER(Tga,=0) = BER(Tyt, o) = [q( s_¢ 0} +Q( b~ (s~ O)ﬂ (3.24)

G G

Gj Gj

BER (Tga,=1) = BER(Tgt, 1) = [Q(Ts_tc’ 1) ¥ Q(Tb_(TS_tC’ 1)]] (3.25)
The impact of DDJ on the overall BER can aso be calculated by modifying the
distribution of the timing jitter. We have carried out this analysisin Appendix A, equation
(A.10). We can use (A.10) to generate the BER contours similar to Section 2.6.3.2. We
have plotted the BER contours for a first-order system in Figure 3.15(a) for when
6;=0.05U1 and N0:4e3V/H22. Because the DDJ is related to the system response and it
decreases with larger bandwidth in a first-order system, the BER contours depend on the
bandwidth at all of the sampling points. Thisisin contrast to Figure 2.28(b), where DDJ
was neglected and the BER becomes independent of bandwidth when jitter dominates the

BER.
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Figure3.15: BER contoursfor ¢;=0.05Ul and N0:4e~3V2/Hz for two reference times for the sampling
point (a) t=0 (b) bandwidth-dependent threshold-crossing time

The values of t; o and t.; are functions of the system response. For instance, for a
first-order system, both t. o and t.. ; increase. In practice, this resultsin an offset in the eye
diagram of the data. This is because the threshold-crossing times that determine the start
and stop time of the eye diagram shift. Therefore, the absolute value of the optimum
sampling time that is achieved from the BER contours such as the one in Figure 3.15(a)
must also be offset by the same amount. Equivalently, we can replot the BER contours and
change the reference time for the sampling time from t=0 to the threshold-crossing time
for each bandwidth. This will result in the contours in Figure 3.15(b). Figure 3.15(b)
demonstrates that for al of the bandwidths, the optimum sampling point is at 0.65Ul,
which is 0.15U1 offset from the middle of the eye. The optimum system bandwidth for

minimum BER is again around 70% of the data rate.

We showed in Section 3.4 how to estimate the DDJ impact of a general LTI system
from its response that can be used to calculate t; o and t 1 in (3.22) and (3.23). Therefore,
the BER contours can be easily obtained for any LTI system based on its response.



78

3.7 Summary

The data-dependent jitter is one type of deterministic jitter that results from residual
effects of prior bits on a data threshold-crossing time. It degrades the BER and the data
link performance as the data rates increase, while the system bandwidth budget is
restricted. We proposed a methodology to analytically estimate a general LTI system’s
data-dependent jitter based on its step response. The method reduces the complexity
remarkably because computation time grows linearly with the number of prior bits.
Whereas, in conventional methods, the complexity grows exponentially with the number

of hits.

We verified the validity of the analytical results with simulations and demonstrated
experimentally that this approximation is reasonably accurate for several systems. In
addition, we showed that certain pulse response shapes can result in a minimum
peak-to-peak data-dependent jitter. Finaly, we highlighted that 3dB bandwidth does not
characterize DDJ of the system completely, and the shape of the system step response is
the important and essential element that determines DDJ characteristics. We provided the
relationship between the overall BER of a data link and the link response by considering
the effect of DDJ that complemented our calculations in Chapter 2. By analytically
relating the impact of the data link impairments to the BER we can design the system
response and link specifications to optimize the link reliability.



79

Chapter Bandwidth
Enhancement for
Wideband Amplifiers

4.1 Introduction

Wideband amplifiers are one of the most critical building blocks at the front-end of a
high-speed link receiver. As we discussed in Chapter 2, any baseband communication
system needs a wide bandwidth receiver due to the signa’s low-frequency spectra
content. Particularly, al amplifiers in the signal path, such as the trans-impedance
amplifier (TIA) in Figure 2.21, should have enough bandwidth with minimum variations
in the passband and near constant group-delay to avoid distortion in the signal. We studied
the impact of restricted bandwidth, in the form of ISl and jitter. In this chapter, we provide
conditions to maximize the bandwidth of amplifiers in the front-end of high-speed
receivers. We are mainly interested in integrated amplifiers that are implemented by a

silicon-based technol ogy.

Silicon integrated circuits are the only candidates that can achieve the required level of
integration with reasonable speed, cost, and yield and have thus been pursued to a great
degree in recent years. In particular, full integration of silicon-based optical-fiber
communication systems at 10Gb/s and 40Gb/s is of great interest. However, silicon-based
integrated circuits implementing such systems face serious challenges due to the inferior
parasitic characteristics in silicon-based technologies, complicating the procedure for a

wideband design.

The inherent parasitic capacitors of devices are the main cause of bandwidth limitation
in wideband amplifiers. Several bandwidth enhancement methods have been proposed in
the past that can be utilized to overcome this issue in silicon technologies. First-order

shunt peaking has historically been used to introduce a resonant peaking at the output as
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the amplitude starts to roll off at high frequencies [81]-{83]%. It improves the bandwidth
by adding an inductor in series with the output load to increase the effective load
impedance as the capacitive reactance drops at high frequencies. Neuhauser et al. studied
the effect of bondwire inductors and used an active peaking network to enhance the
bandwidth [84][85]. Capacitive peaking uses an explicit capacitor to control the pole
locations of afeedback amplifier and thus potentially improves the bandwidth [86].

A more exotic approach to solving the problem that was proposed by Ginzton et al. is
using distributed amplification [87]. Here, the gain stages are separated with transmission
lines. Although the gain contributions of several stages are added together, the artificia
transmission line isolates the parasitic capacitors of several stages. In the absence of loss,
we can improve the gain-bandwidth product without limit by increasing the number of
stages. In practice, the improvement is limited by the loss of the transmission line. Hence,
the design of distributed amplifiers requires careful electromagnetic simulations and very
accurate modeling of transistor parasitics. For instance, a CMOS distributed amplifier was

presented in [88] with aunity gain frequency of 8.5 GHz.

The work presented in this chapter applies a multi-pole bandwidth enhancement
technique to wideband amplifier design. It is based on turning the entire amplifier into a
low-pass filter with a well-defined passband characteristic and cut-off frequency. The
inevitable parasitic capacitances of the devices are absorbed as part of the low-pass filter
and, hence, affect the bandwidth of the amplifier in a controlled fashion. Theoretical limits
of the gain-bandwidth product of lumped amplifiers have been known for over half a
century [26], [27], [89]-{91]. Broadband filter synthesis techniques for bandwidth
enhancement have been used for wideband amplifiers [93][94] and interconnect [95]
design. Applying proper matching networks between amplifier stages to approach those
limits is the key step in improving wideband amplifiers bandwidth with this method.

1. For more references on traditional techniques for wideband amplifier design look at the bibliogra-
phy of [89].
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Section 4.2 reviews these theoretical limitations. Section 4.3 presents a technique to
improve the bandwidth of wideband amplifiers. A design example using this technique
follows in Section 4.4 to demonstrate the practicality of the method, whose validity is

shown with experimental resultsin Section 4.5.

4.2 Wideband-Amplifier Limits

A wideband amplifier should retain near-constant gain and linear phase over its
passband. The bandwidth requirements of such amplifiers continuously increase following
the drive for higher-speed systems. While device scaling continues to provide faster
transistors with higher cut-off frequencies, it is still desirable to improve the bandwidth of

amplifiers using circuit techniques that enable usto do so for a given process technology.

Over the last few decades, many techniques have been developed to improve the
bandwidth of amplifiers [36]. An improvement in the bandwidth of the amplifier is often
accompanied by a corresponding drop in its low frequency voltage gain. As such, the
gain-bandwidth product (GBW) can serve as a first-order figure of merit for an amplifier
topology in a given device technology [89][90]. For the purposes of this discussion, the
bandwidth is defined as the lowest frequency at which the voltage gain drops by /2 or
3dB. Accordingly, this bandwidth is often called the 3dB bandwidth. In Section 4.2.1, we
discuss the GBW limits of single-stage amplifiers for one- and two-port passive load

networks. Section 4.2.2 is dedicated to GBW limits of multi-stage amplifiers.

4.2.1 Single-Stage Amplifiers
4211 One-port (two-terminal) load networ k

Figure 4.1(a) showsthe simplest model for alinear single-stage amplifier, where R and
C are, respectively, the aggregate parasitic resistance and capacitance of the transistor and

the input of the following stage. The gain-bandwidth product of this amplifier is given by:
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ImVin T
(o O
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(b) Vin 9mVin Z(jw)
(o, * 0

Figure4.l: Single-stage amplifier: (a) First-order load (b) General passive impedance load

1 Im

GCBW = 0nR 50 RC = 21.C

(4.)

As can be seen, the parasitic capacitance directly limits the bandwidth by reducing the
output impedance of the amplifier as the frequency grows. Consequently, retaining a
uniform output impedance over a wider frequency range will increase the GBW. In
general, it is possible to introduce a more elaborate passive load network Z(j ) to do so.
Figure 4.1(b) shows the generic load network, Z(jw), that should look like a constant
resistor over as wide a frequency range as possible. Wheeler [89] and Hansen [90] have
derived an intuitive upper bound for such a range. Bode [26] has mathematically proven
the existence of a bandwidth limit for a class of load impedances. Fano [27] and Youla
[91] have further generalized the theory for a larger class. This theoretical limit (a.k.a.
Bode-Fano Limit) for the amplifier in Figure 4.1(b) is[96]:

Im
CBWpnax = —= (4.2)

@)

where C is defined as:
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C= lim (= (4.3)

and Z(j w) is an impedance function, as defined in Appendix C. Z(j ) includes the aggre-
gate output capacitance C, shown in Figure 4.1(a). It is easy to show that for a one-port
load network, C is greater than or equal to C. Thus, according to (4.2), any one-port pas-
sive network added in parallel to C can improve the GBW by at most a factor of two over
that of the amplifier in Figure4.1(a). As aresult, the maximum achievable bandwidth
enhancement ratio (BWER) for aone-port load istwo. Shunt-peaking is an example of this
case. Shunt peaking resultsin BWER of 1.6 and 1.72 when designed for optimum group
delay or maximally flat responses, respectively [83].

4.2.1.2 Two-port (four-terminal) matching network

Figure 4.2(a) shows a single-stage amplifier, where the intrinsic output resistance and
capacitance of the transistor, i.e., R; and C, are separated from those of the load, namely,
R, and C,. The combination of capacitors C; and C, limits the bandwidth of the

amplifier, i.e.,

Im

CEWE mc, ey

(4.4)

In this case, a passive two-port network can be inserted between the transistor’s intrinsic
components (R; and C,) and load (R, and C,) to increase the bandwidth, as shown in
Figure 4.2(b). This two-port passive network can be designed to maintain the impedance
constant over a wider frequency range, as it separates and isolates C; and C,. Therefore,
C, isthe only capacitor that affects the gain-bandwidth product at the input port of the net-
work. Based on the argument in Section 4.2.1.1, the maximum gain-bandwidth product at
the input port of N(jw) is:

(4.5)
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Bode has shown that for C; = C, = C/2% it is possible to design N(ja) in such a
way that the gain-bandwidth product at the output port is the same as that of the input [26].
Thus, for asingle stage-amplifier with a two-port passive load network:
29m
n-C’

This can be done by using a constant-k L C-ladder filter [26][50][89] terminated to its

GBW, . = (4.6)

image impedance. A constant-k L C-ladder filter that is terminated in its image impedance

o— — 0
(a) Vin Rl f‘\Cl T~ Cz R2
OmVin
o
passive matching network
I L 0 B B B B B B B B B 0 0 B B B |
o— :
1
1
(b)  Vin R == | N(jo)
OmVin 1 |Gy
° :
— [ L L L L LT
L
o— 11k
(© Vin RR =<C;, =G, <R
OmVin
o

Figure4.2: (a) Small signa model of an amplifier with loading effect of next stage amplifier (b) The
inserted passive network isolates the amplifier parasitics and the load (c) Additional
inductor forms a 3rd-order passive network at the output

1. If not equal, he proposes adding an ideal transformer at the output to match C, to C; with the proper
ratio.
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has a constant transfer function over the frequencies less than its cut-off frequency. Com-
pared to (4.4) with C; = C, = C/2, (4.6) isfour-times larger than the gain-bandwidth
product of a single-stage amplifier without an additional coupling network. Asaresult, for

equal low-frequency gain, the maximum achievable BWER for atwo-port load is four.

In generd, it is computationally difficult to calculate the component values for the
optimizing two-port network directly. Even in the case of a third-order system, with only
an additional inductor between the device and the load asin Figure 4.2(c), the equation for
the value of the inductor that maximizes the bandwidth is quite complicated. Instead,
graphical or numerical methods can be used. Figure 4.3 shows a normalized gain of a
single-stage amplifier with a passive network load similar to Figure 4.2(c), where asingle
inductor isolates C; and C,. The component values are normalized to achieve 0dB gain at
low frequency and a 1 rad/s 3dB bandwidth. Figure 4.3(a) corresponds to when the output
impedance of the amplifier is equal to theload (R; = R, = 1Q and C; = C, = 1F).
Figure 4.3(b) shows the case for R; = 0.5Q and R, = . This may occur when the
output of the amplifier is connected to the next stage with capacitive input. Values for the
bandwidth enhancement ratio (BWER), defined as the ratio of the 3dB bandwidth of the
amplifier to the 3dB bandwidth when L=0, in both casesis summarized in Table 4.1. It is
noteworthy that even with a ssimple third-order passive network, BWER is significant
compared to its theoretical limit. Bandwidth optimization assumes no gain peaking

constraints.
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Third-order Frequency Response for Different Inductors
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Figure4.3: Normalized gain of the amplifier with 3rd-order network load and different inductor values:
(@R, =R, =1Q,C; = C, = 1F ()R, = 05Q,R, = =,C, = C, = 1F

An dternative method to design the passive network is to look up the component

values in standard tables for low-pass filter design [97] or compute them from
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corresponding equations [23][24][98]. Essentiadly, the additional passive networks are
low-pass structures that control the frequency response of the amplifier. After choosing
the desired frequency response for the amplifier, such as maximally flat gain or maximally
flat group delay, the component values can be chosen directly from standard tables. This

will be discussed thoroughly in Section 4.3.

Table4.1: Bandwidth enhancement ratiosfor the two 3rd-order passive
networksin Figure 4.3

L Value[H] Rf::%s::ig R1:(§:§§Sze|§2:oo

0 1 1

0.2 1.44 34

0.4 2.46 242

0.5 2.2 2.17

0.6 2 1.99

0.707 1.83 1.83

1 1.52 1.55

13 131 1.36

4.2.2 Multi-Sage Amplifiers

Often it is hard to achieve a desirable gain-bandwidth product with a single-stage
amplifier. Then, several stages can be cascaded. Thetotal gain isthe product of the gain of
each stage. However, the overall bandwidth is less than the bandwidth of each stage,
because the gain drop in the passband of each amplifier will accumulate. For instance, the
overall 3dB bandwidth and the GBW of an amplifier made by cascading N similar single-

pole amplifiers with gain A, and bandwidth ®. with no mutual loading is:

Opyerall = Wo - A N“/é_ 1 (4.7)

GBW = A" o (4.8)

overall
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Compared to the single-stage gain-bandwidth product, A, ., there is a gain-bandwidth
improvement of

GBW -
muIt|—stage: N—1. N5
GEW, o A, - AN2-1. (4.9)
ge

For instance, N=2 and A,=10 correspond to a factor of 6.4 improvement in GBW. For
larger A,, GBW will increase dramatically by introducing additional single stages at the

price of increasing overall power consumption.

In practice, each stage has a loading effect on its previous stage, which reduces its
bandwidth, hence reducing the overall bandwidth. The matching networks introduced in
Section 4.2.1.2 can reduce the loading effect by separating the output of an amplifier from
the input of its next stage. One disadvantage of multi-stage amplifiers, in general, and
multi-stage amplifiers with two-port matching networks between each stage, in particular,
is excessive phase shift that each amplifier stage or each network adds to the signal path,

which can result in instability in feedback amplifiers.

4.3 Design Methodology

Based on the discussions in the previous section, for a given wideband amplifier one
can add passive matching networks at the input and output, as well as between the gain
stages of the amplifier to enhance the bandwidth. This method brings each stage of the
amplifier closer to its theoretical limit discussed in Section 4.2. The networks absorb the
capacitive parasitic components of the gain stages (transistors) and/or the source and load
into their structure. Each network can be designed as a low-pass filter structure with
standard response [23][89]. To achieve a particular response shape for each network (e.g.,
maximally flat group delay) the components in the passive network take the same values

astheir corresponding element in the filter.

-1

1. The overall GBW will actually improveifAv>('\Ui—l)ZN_2
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In this approach one can resort to passive networks with low sensitivity to component
values such as ladder structure [99]. Figure 4.4 shows a general low-pass ladder structure
inserted between two gain stages in an amplifier. The component values are generated
using standard look-up tables [97] or network synthesis methods [98]. The network order,
N, is an additional design parameter. Using higher-order networks will provide wider
bandwidth and sharper transition from passband to stopband. However, it may cause some
practical issues, such as unreasonable component values, large numbers of passive
components (large die area), and additional signal loss due to passive components
(primarily inductors). Typically these issues limit the order of the network tofive, i.e., only

three additional passive components.

Design Example: Here, we show the procedure for designing a maximally flat
response 3rd-order passive network as an example. Figure 4.5(a) illustrates the two stages
of a given amplifier with an inductor inserted between them. Figure 4.5(b) demonstrates
that the inductor forms a 3rd-order ladder structure with C; and Cj;, transistor parasitic
capacitances. The values for Ry, Ry, C;, and C3 are known for the amplifier. To achieve a
maximally flat frequency response at the output of the ladder, components values should

be equal to their corresponding 3rd-order Butterworth filter elements as follows [98]:

_ 1
C, = RI- 5, (4.10)
Passive Network
L L L

Vin ImVi

Added Network

Figure4.4. Passiveladder structure of order N, inserted between the gain stages
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o— A1k
Vi Ri< Ci~ Ci—= R
ImVin
(o,
(@ (b)

Figure4.5: (@ An inductor is inserted between two gain stages. (b) The small signal model shows
formation of a 3rd-order ladder network

2

L = (4.12)
2
(1-8+58%) 05 C,
Co=—t — (4.12)
3 R (1+d)oy '

where § is an indication of impedance transformation between R, and R, and is defined as

R1 B RZ
§ = /=2 (4.13)
R, +R,

and @, is the 3dB cut-off frequency of the network. From (4.10) the new amplifier band-
width at the output of the ladder structureis

_ 1
O new = (125). R, G, (4.14)

The inductor value can be calculated from (4.11) and (4.14). C; for the original amplifier
may not be equal to the value with the new cut-off frequency, calculated from (4.12).
Some explicit capacitance should be added to adjust for this. If we define the bandwidth
enhancement ratio (BWER) as the ratio between the new 3dB bandwidth and the old one

(without adding the inductor) of the single-stage amplifier, we can show:
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BWERE(DC’neW: 1 ‘ RZ .C1+C3
Ocog 1-8 Ry+R,  C

(4.15)

Equations (4.10), (4.12), and (4.13) simplify (4.15) to an expression based on the ratio
of Ry and R,. BWER decreases monotonically when R,/R; increases. For a given
amplifier with Ry<Ry, adding the inductor always enhances the bandwidth by BWER.
When R,=R;, BWER=1 and there is no bandwidth enhancement with adding the inductor.

However, amaximally flat pass band and sharp cut-off response is still achieved.

The same analysis can be applied to the input stage of a trans-impedance amplifier
(TIA) as shown in Figure 2.21. The photodiode is modelled by a current input in parallel
with a capacitance, Cpp, as shown in Figure 4.6. Although R; is eliminated from the
model, design calculations using (4.10)—(4.14) can use an arbitrary value for R;. An
optimum value for R; can be computed from (4.14) with fixed C; (Cpp in this case) and
Ry, to maximize the 3dB bandwidth. It results in R; = 2.05R, with 6 = 0.7. After
designing the inductor and adjusting for Cs, R; can be eliminated. Essentialy, the
trans-impedance gain will increase as no portion of the input current is absorbed by Ry
anymore. The enhancement ratio should also be modified for the input passive structure
as.

1 Ry Cppt+Cy

C
3
BWER = - =163 |1+ : 4.16

1-6 Ry Cpp ( CPD) (419

Lo

500
||n CPD/\ C3f-\ g R2

T

Figure4.6: Theinductor at the input forms a 3rd-order ladder network with the photodiode capacitance
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The preceding example can be generalized to any response shape when (4.10)-(4.12)
are replaced with their corresponding filter component equation. (4.15) and (4.16) should

also be modified to correspond to the new component values.

4.4 Example Design

To demonstrate the effectiveness of the developed methodology, a CMOS
trans-impedance amplifier (TIA) is designed. It is a single-ended design consisting of
three gain stages. The first stage is a shunt-shunt feedback trans-impedance stage as
Figure 4.7 shows. The input resistance of the amplifier is approximated by R;/(A+1),
where A is the inverting voltage gain. Thus, the stage can provide a low input impedance
and reduce the dominant effect of the input pole due to the large photodiode junction

capacitance, Cpp. The input pole frequency can be written as:

1 A
P~ - 4.17)
N Rip-(Cpp+tCip) R (Cpp +Gjp)

where R, and C;,, are the input resistance and input capacitance, respectively. For the
circuit in Figure4.7, if the transistors are in short channel region, both C;,, and A are
proportional to the input transistor width, W ,:

A=0n R =V CoWin - R (4.18)
RL
Vbias 00—
Vin o— Rs
s
Rin’Cin: W
[ ] A 4
n Rf

Figure4.7: Schematic of the input stage of the TIA
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Cine CoxkinWin (4.19)

where C,, is the gate oxide capacitance, Vg isthe carrier saturation velocity, and L;,, isthe
input transistor channel length. When the input width increases there is a bound for the
input pole dominated by C;,,. However, additional constraints such as power consumption
or input noise set an optimum width for the input transistor [101]. Adding the additional
inductor to isolate C;,, and Cpp enhances the bandwidth according to (4.16). In this design
we match the input resistance to our electrical measurement setup, which had a 50Q2 input

resistance.

The complete schematic of the circuit including the added passive components is
shown in Figure 4.8. The second and third stages of the amplifier are designed as cascode
configuration with intermediate inductors and are isolated using a source follower buffer.
Adding the source follower avoids the large input capacitance of the 3rd-stage amplifier to
load the 2nd stage as well as providing alow impedance node at its output and increasing

its pole frequency.

Four passive networks are inserted between the stages of the amplifier to enhance the
bandwidth. The input network separates the photodiode capacitance and the parasitic
capacitance of the input stage. Adding one inductor will transform it to a 3rd-order ladder

structure. The next two networks are also 3rd-order and are placed between the cascode

.n
T

Lo

Figure4.8: Schematic of the TIA with parasitic capacitances and additional inductors
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transistors. The load capacitance in conjunction with the output capacitance (including

bonding pad) and output bondwire inductor form the output 3rd-order network.

The capacitors, as shown with a dotted line in Figure 4.8, are the parasitics from the
devices and only four inductors are added to the original circuit. The input and output
inductors are bondwire inductors and the inter-stage ones are on-chip spiral inductors. A
final optimization step in simulation is performed to include the bilateral effects of the
devices. Note that the output network is different from a conventional shunt-peaking
approach. For a photodiode capacitance of 0.5pF, the circuit achieves over 9GHz 3dB
bandwidth in simulation. This is 2.4 times larger than the bandwidth achieved using the
same circuit without the inductors. The individual effect of each passive network and the

effect of a combination of them are summarized in Table 4.2 from simulation results.

Table4.2: Comparison of theindividual effects of the inductors on BWER

Additional Inductors BWER

no inductor 1

L, only 1.48

L, only 1.42

L;only 1.62

L, only 1.17
Ly, L3 2

Ly, Ly L3 2.3

All 24

L3 causes the largest improvement in bandwidth because the device sizes of the second
cascode amplifier are large to drive 50Q2 with aminimum loss of gain. L, is separating the
two large capacitances that form the input pole frequency. In our design, this pole is the
dominant bandwidth limiting factor of the core TIA without a driver. L, is not remarkably

enhancing the bandwidth because the output pole is not dominant. However, L, will exist
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in the circuit as the bondwire and should be modeled. All four passive networks have a

ladder structure for lower sengitivity to process variations.

Both on-chip inductors were implemented as spiral inductors in the top metal layer.
Accurate electromagnetic modeling of the inductors was done using ASITIC [102] and
SONNET [103] E&M simulators and gave similar results. The parasitic capacitances of
the inductors are not negligible, and their impact is considered in addition to device

parasitics.

45 Experimental Results

The trans-impedance amplifier was implemented in a 0.18um BiCMOS process
technology using only CMOS transistors. It draws 55mA from a 2.5V power supply. The
scattering parameters were measured with a 20 GHz HP8720B network analyzer.
Assuming matched output, it can be shown that the complex TIA trans-impedance, Z(jo),

can be extracted from this measurement using:

Zo'SZl
1=Spy + Zo - joCpp(1+Syy)

where Z, = 50Q isthe reference impedance and Cpp is the photodiode capacitance. The

Z(jo) = (4.20)

amplitude and group delay response of the implemented TIA, extracted from measure-
ment data, are shown in Figure 4.9(a) and Figure 4.9(b), respectively, when Cpop=0.5pF.
Matched output will cause a 6dB drop in the gain, which is adjusted for in the reported
result. Group delay is calculated from the phase response of the amplifier and logarithmic
frequency steps of the network analyzer.
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Figure4.9: (&) Trans-resistance gain of the TIA with 0.5 pF photodiode capacitance and the input
matching. (b) Group delay response of the TIA

The 3dB bandwidth is 9.2 GHz, which isin good agreement with the simulations, and
the trans-impedance gain is 54 dBQ. The input reflection coefficient, S;;, remains below
-10 dB up to 7 GHz. Although we did not design for flat group delay, the group delay
ripples are £25ps. The dip in the frequency response of the trans-impedance at 2.5 GHz
can be correlated to a resonance mode between the on-chip supply by-pass capacitor and

bondwire and supply line inductances. Changing these parameters changes its depth and
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Figure4.10: Eye diagram of the TIA output with 10GB/s 231 PRBS at the input

frequency during the measurement and can be removed by using a different supply
by-passing technique in a revised version of the design. The design has low sensitivity to
inductor values. The smulated values for L, and L, are 0.5-0.6nH. L, and L3 are 1nH
100x100 um? spiral inductors.

Figure 4.10 shows the eye diagram when a 231

-1 pseudo random bit sequence is
applied to the input at 10GB/s. The ringing is partly due to the resonance mode at 2.5 GHz
and partly due to the absence of the photodiode capacitance that will cause peaking in the
overall transfer function. This peaking trandates to a ringing response in the time domain
and will increase the ISl penalty and close the eye vertically. However, the TIA ill

0 12

achieves the overall sensitivity of -18dBm for BER, which is better than 1 as we

discuss next.

The electrical sensitivity of the amplifier for different bit error rates (BER) is measured
using Antrisu's MP1763C and MP1764C BERT system. A 23%-1 pseudo random bit
sequence is applied to the input at 10GB/s, and the BER is measured for different
electrical input powers at 500-second intervals. The results are depicted in Figure 4.11.
For a data communication link, the required BER is typically 1012, The TIA achieves a
sensitivity of -18dBm or 15.8uW for this BER when photodiode capacitance is not

present. At very low power inputs we were limited to the sensitivity of the BERT system.
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Figure4.11: TheBER of the TIA for different input powers at 10GB/s

The TIA output swing was not large enough to meet the minimum requirement of the
BERT input.

Simulated total input noise current of the TIA, integrated over the bandwidth, equals
1.6uA. In an optical receiver, there are two other noise sources that contribute to increase
the minimum-detectable optical power. One is the intensity noise of the transmitted signal
originating mainly from spontaneous emission of the laser source [43]. Resulting current

noise at the receiver input can be quantified as

i rms = R Pip- RIN (4.21)

where R is the responsivity of the detector, P;, is the input optical power, and RIN is the
relative intensity noise of the laser integrated over the bandwidth. Second noise source is
the shot noise of the photodetector that is generated proportionally to the optical power
given by [43]

is rms = 20(R- P+ 1gar) - A (4.22)

where q is the electron charge, | 44k iSthe dark current of the detector, and Af is the system

bandwidth. From (4.21) and (4.22) we can compare the injected noise currents and deter-
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Figure4.12: The die photograph of the 9.2 GHz TIA

mine the dominant noise source. Assuming peak RIN/Af= -130dB/Hz for atypical laser
and a detector with R=0.8A/W and | 45,k=10nA, minimum input optical power of
Pin=20uW will result in i; ;= 0.014uA and ig  ms=0.22UA (4f=9.2GHz). Therefore, the
thermal noise of the TIA is the dominant noise source of the receiver, and we expect that
the optical sensitivity and the electrical sensitivity of the TIA are comparable. The ampli-

fier core occupies 0.8 x 0.8mm2 of area, as shown in Figure 4.12.

46 Summary

In this chapter, we studied wideband amplifier design for the front-end of high-speed
wireline links. We addressed the gain-bandwidth product (GBW) limits of amplifiers and
introduced a methodology that can be used to enhance the bandwidth of wideband

amplifiers with specified characteristics for their transfer functions. In a smple design
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procedure, parasitic capacitances of transistors can be absorbed into passive networks,
inserted between the gain stages. The component values can be calculated based on
standard low-pass filter structures. A prototype CMOS TIA implemented using the
developed technique achieves over 9 GHz bandwidth and 54dB(2 trans-impedance gain in
the presence of a 0.5pF photodiode capacitance.
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Chapter Eye-Opening Monitor
for Adaptive
Equalization

5.1 Introduction

In Chapters 2 and 3, we discussed how the channel and receiver front ends of a
high-speed wireline communication system degrade received signal quality by adding IS
and jitter. In Chapter 4, we provided a bandwidth enhancement method that can be utilized
in the design of the receiver front-end. To minimize the 1Sl caused by the channel
response we can use an equalizer (Section 2.3.4). For instance, Wu et al. [48][104] and
Reynolds et al. [49] have demonstrated significant bit error rate (BER) reduction by using
transversal filter equalizers in the receiver front-end of multi-mode fiber links to

compensate for modal dispersion.

When the channel response is initially unknown or if it may vary over time, an
adaptive equalizer is used in which the transversal filter coefficients are adjusted
automatically and continuoudly to track channel response variations. Since the adaptation
is an iterative process, a feedback mechanism is required to measure and report the signal
quality at the equalizer output. In this chapter, we propose an eye-opening monitor
(EOM), which is a circuit block that reports a quantitative measure of the quality of the
signal eye diagram and thus can be used as such feedback.

Figure 5.1 shows the block diagram of atransversal filter adaptive equalizer that uses
an EOM circuit. The EOM evauates signal quality by making periodic observations of the
filter output and providing information about the filter performance to an optimization
algorithm. The algorithm updates al of the filter coefficients accordingly. This

architecture is desirable if the transversal filter is implemented using broadband passive
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Figure5.1: Adaptivetransversal filter equalizer with an eye-opening monitor (EOM)

delay lines, i.e., LC networks [48][49][104] or active delay elements [80]. At multi-Gb/s
data rates, the passive or active delay cells become more sensitive to on-chip parasitic
components. In contrast to conventional LM S adaptive equalization (Section 2.3.4), when
an EOM-based adaptive equalizer is used, the nodes of the delay cells of the filter are not
loaded by additional hardware for adaptation circuitry. Therefore, the filter can be
designed as a separate module and its response remains intact. The other advantage of the
EOM-based architecture is that the cost function for the coefficient optimization is only
based on the filter output and is independent of the receiver decision on the symbols. This
is specialy beneficial in links where training sequences are not used for adaptation and
most decisions are erroneous at the startup when BER is high. The EOM can aso be

utilized as a standal one measurement system to verify the quality of the eye.
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5.2 Prior Art

The received signal quality in a communication link and the shape of its eye diagram
are strongly correlated [16][17]. Therefore, eye diagram monitoring has been proposed as
atechnique for extracting information about the received signal [105]{108] and isused in
various applications including adaptive equalizers. George [109] and Hogge [110] both
introduced eye monitor hardware that are used as pseudo-error detectors [105][111] for
rapid estimation of low BER. The estimation is based on evaluating the eye diagrams by
comparing them against afixed rectangular eye-opening mask. Shin et al. [112] use an eye
monitor to perform a pass/fail test on fiber optic channels. They also use a fixed
rectangular mask overlapped with the eye diagram and count the number of eye traces
inside it. If it is more than a given threshold the channel has failed and another stand-by
fiber channel is selected. Various signa performance monitors have been proposed
[113]{116] to adaptively adjust the decision threshold level of the receiver. For instance,
in [114] and [115] the approach is to fit a rectangular mask with a fixed width to the eye
and to adaptively adjust its height to keep the number of eye traces occurring inside the
mask constant. The traces above and below threshold (representing “1” and “0” bits) are
counted separately to capture unbalanced eye shapes. The threshold is set to the center of
the rectangular mask.

Eye-opening monitor circuits have also been utilized as part of adaptive equalizers
[117]-[125] mainly to mitigate various dispersion issues in optical fibers. In [120] the eye
monitor estimates the vertical eye opening at the sampling point. The receiver includes a
path paralel to the main path that embraces a decision circuit with a variable decision
threshold. The threshold is varied to sweep the eye vertically. The decision of the two
paths are compared and an error is recorded if they differ. When the error is integrated
over time for various thresholds, the eye vertical opening for a given error rate can be
estimated from the separation of the thresholds that resulted in that error rate. Ellermeyer
suggests a circuit for estimating the horizontal eye opening of the input signal [118][119].
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A rectangular mask with fixed height is overlapped with the input eye. The width of the
mask isincreased aslong as eye traces do not occur inside it and is decreased otherwise. In

steady state, the mask width indicates the horizontal eye opening.

We propose an EOM circuit architecture that has a unique feature of mapping both the
vertical (amplitude) and horizontal (temporal) opening of the received eye to a two-
dimensional error diagram [28]. The error diagram is directly correlated to the eye
opening in both dimensions and is essentialy the captured image of the signal eye
diagram. The output error rate is recorded with a digital counter as opposed to an
accumulated or integrated format. This is advantageous when the eye monitor is in a
feedback loop with a microcontroller that runs the optimization algorithm because error is
recorded in finer resolution and potentially has larger dynamic range. We have
implemented a prototype of this 2D EOM circuit in 0.13um standard CMOS technol ogy,

and we have verified its operation up to 12.5Gb/s.

In the following sections, the operation principle of the EOM is discussed first. Then,
the architecture and details of the associated circuit blocks are presented. Finally, the
experimental techniques for verifying the operation of the prototype and the measurement

results are described.

5.3 EOM Principle of Operation

The EOM characterizes the opening of an eye diagram by an eye mask. The eye is
overlapped by severa rectangular masks with various sizes and aspect ratios. Any eye
trace, i.e., data transition, that passes inside a mask is counted as an error. For a given
mask, if the EOM runs for a sufficiently long time, some data transitions will eventually
fall inside the mask and create an error even for an apparently good eye diagram. Thisis
because random jitter and amplitude noise often have unbounded distributions. A mask

error rate (MER) can be defined as the number of data transitions that fall inside a given
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Figure5.2: The mask error rate (MER) variesfor different mask shapesin a given eye diagram

mask normalized by the total transitions during the same time period. Figure 5.2 illustrates
an example where MER is obtained for three different masks in a given eye diagram. Any
given mask is associated with a MER that increases as the quality of the monitored eye
degrades. The horizontal and vertical opening of an eye can be determined from the mask
sizefor aspecific MER. Moreover, different eye diagrams can be quantitatively compared
by comparing their associated mask sizes at a given MER. The eye that can fit a larger
mask for the given MER is more desirable.

A significant feature of a 2D eye-opening monitor is that it can capture eye diagram
shapes with irregular and non-rectangular openings that are common in high-speed links.
In such a case a rectangular mask shape might not be the optimum choice for comparing
eye openings because the non-zero rise time and fall time of data transitions constitute a
large portion of the bit period and form a rounded diamond eye opening. A 2D EOM can
generate rectangular masks of different size in both horizontal and vertical dimensions.
For a given eye diagram, a group of masks with different aspect ratio can have the same
MER. Figure 5.3 demonstrates an example of atypica eye diagram shape overlapped with
three masks. All the masks result in MER=0. The combined areainside the eye that covers
all the masks with the same MER is defined as the effective eye opening at that MER. This

effective eye opening is not necessarily rectangular and contains more realistic
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Figure5.3: The effective eye opening formed by combining the mask areas that have the same MER

information about the shape of the eye. The EOM architecture in this design can measure
the effective eye opening for different MER values. The aggregate of effective eye
openingsisa2D error map that covers the eye diagram completely and is a representation

of the shape of the eye as Figure 5.4 illustrates hypothetically.

The MER for a given mask is found from counting the errors, i.e., the number of data
transitions that cross either of the two vertical sides of the mask. The operation is
demonstrated in Figure5.5. Two reference voltages, Vy and V|, define the vertical
opening of the mask, and the two phases of the sampling clock, geqriy and ¢4, determine

its horizontal opening. Data is continuously compared with Vi and V|, and these results

- Ol

Effective Eye Opening
for various MERs

103
104
10°
10
10”7

MER

Figure5.4: The combination of effective eye openingsisa 2D error map that is correlated to the shape
of the eye diagram
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Figure5.5: Operation principle of the EOM for one mask

are sampled at both early and late phases. At each phase, if the sampled values differ, a
mask violation has occurred and an error is flagged. The error detection logic is
error = §,® S , where §; and §  are sampled comparison results for either of the
phases, i.e., either side of the mask, and the operator is XOR. The timing diagram in
Figure 5.5 illustrates one violation for each side of the mask. If the errors of the left (from
Pearly) and the right (from ¢4¢) sides of the mask are counted separately, horizontally
assymetrical eye diagrams can be captured effectively. We have added this capability to
the architecture by providing two independent error detector blocks for two sides of the

mask.

54 EOM Architecture

Figure 5.6 shows the proposed architecture of the EOM circuit. Differential input data
is compared with differential reference levels in two comparators. The lower comparator
reference is generated by swapping Vy and V| [118][126]. The reference levels can be
adjusted either through an on-chip DAC or externally. The DAC sets V|, = V,,+ nAV
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Figure5.6: The EOM architecture

and V| = V,,,~nAV, where Vy, is the input common mode and 1<n<7. Every
positive edge on next_ref triggers areference-set shift register that increases n by one. The
eighth edge resets n to 1. The step size, AV, is adjustable externally. The comparators
outputs are sampled at both early and late phases by the D-flip flops (DFF) that follow the
comparators. The sampling clocks are haf-rate and thus each DFF block consists of two
master-slave DFFs to sample at both rising and falling edges of the clocks. This avoids
skipping any data transitions. The samples from early and late phases are processed
separately in two independent logic blocks. From discussions in Section 5.3, this allows
the EOM to differentiate data transitions that cross the left side of the eye mask from those
that cross the right side and enable it to capture asymmetrical eye diagrams. In our
prototype implementation we have combined the early and late errors to only one
error_out signa due to test equipment limitations. However, asymmetric eye shapes can

still be captured by triggering the early or late sampling phases one at atime.

In each logic block for early or late phases, the errors due to rising and falling edge

samples are detected, retimed, and merged. The errors are detected for the edges
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separately by independent XOR gates. Then the error signals from the falling sampling
edge are re-sampled at the next rising edge to align the two error signals in time. Then,
they are merged by a logic OR function. The merged error signal is divided down by a
factor of 16 using CML logic. This allows the use of low power CMOS logic for the
dividersin the subsequent stages. Finally, the two error signals from the gy and ¢5c are
retimed by the early sampling phase and are combined. The error output passes through a
digital divider with four selectable divide ratios. A larger divide ratio is selected in order
to measure cases with high-error counts. The chip output, error_out signal, is a toggling
output. MER for a fixed mask size can be calculated from the frequency of error_out

signal, ferror, @

MER = % , (5.1)
where N isthetotal divide ratio in the chain and BRisthe input bit rate. A separate divider
chain is used to divide the |late sampling clock, ¢4te, by 512. The output is used to monitor
the clock divider and phase rotator functionality and is also applied as atrigger signal dur-

ing the chip test and characterization.

The sampling clocks are generated from an externa full-rate clock that is divided by
two with an on-chip divider to create half-rate | and Q phases. Two single-quadrant phase
rotators interpolate between | and Q and between | and Q to create, respectively, Pearly
and ¢4 Therefore, the output phase of each rotator covers arange of 90° or half of the bit
period as can be seen from the timing chart in Figure5.7. Each rotator has a 15-bit
thermometer-encoded control line that sets the phase interpolation weights and resultsin a
phase step of 6°. The control-line value for each rotator is determined by a phase-set shift
register. The trigger signals of the shift registers that increment the control lines for geqry
and gate A€ NEXE_@eqrly AN NEX_date. respectively. When both control lines are set to
ZEro, gearly AN ¢4t have the same phase as Q and overlap in the center of the eye. Every

positive edge on Next_gegiy MOVES ggyrjy ONE step to the left. Similarly, every positive edge
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on the next_g e MOVES ¢4 ONE Step to the right. The 16th positive edge on either
Next_geqrly OF NEXt_gj41e aUtomatically resets the phase to the center (Q) position.

By separately stepping the next_geqriy, NEXt_gae, and next_ref trigger signals, the
architecture provides three degrees of freedom for obtaining several rectangular mask
sizes in both horizontal and vertical dimensions. Seven settings for the differential
reference voltage DAC and 15 for each phase rotator provide 210 different masks. The
number of masks can be increased by applying reference voltages externally with a
smaller step size. The MER increases as the mask size expands in either dimension. The
EOM can be utilized in two ways. Mask expansion can be stopped at a threshold MER to
report the eye opening or all masks can be swept to capture the full error map that
represents the effective shape of the eye diagram.
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Figure5.8: Thedifferential comparator circuit

5.5 Circuit Implementation

The comparator circuits use a two-stage differential topology followed by a
current-mode logic (CML) buffer, asin Figure 5.8. The first stage consists of two parallel
source-coupled pairs[126]. The overall output of the stageis

Vo = O R-1(V = Vi) = (v, = V)] (52)

that can be rewritten as

Vo = O RV =v) = (V= V1. (53)

The latter is the desired output for a differential comparator with differential reference
voltage. The parameters g,, and R in both Chapter (5.2) and (5.3) are, respectively, the
transconductance of one MOS transistor and the load resistor. Since the reference voltages
Vy and V| are stepped such that all the input swing range is covered by the vertical mask
opening, each source-coupled pair must tolerate a wide range of common-mode input and
thus needs alarge CMRR. The second stage is also added to enhance the CMRR of the
comparator and to increase its sensitivity. Thetail current devices are designed longer than
the minimum feature size to improve their output impedance and further enhance CMRR.
The comparator is optimized to achieve maximum gain-bandwidth product. This maxi-
mizes the comparators' sensitivity and thus minimizes the degradation of the input eye
diagram shape due to the EOM non-idealities. We will discuss the impact of EOM
non-idealities on the eye opening in Section 5.6.
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The comparator’s offset is another limitation that affects the EOM operation by
shifting the rectangular mask vertically. The input offset for each input source-coupled
pair can be modelled by a shift in either of Vi or V| in (5.2). Equivalently, the overall
offset can be modelled as a constant term on the right-hand side of (5.3). In the absence of
offset, the comparator maximum sensitivity is when Vy =V|, and both are equal to the
input common mode. With offset, the maximum sensitivity is when Vi -V, equals the
amount of offset. This interpretation is used to de-embed the offset impact on MER
measurements as will be shown in Section 5.6. In the implementation of the prototype we
minimized offset by careful layout techniques to increase matching between transistors.
We also avoided using low-V; (MOS threshold voltage) devices for the input stage
transistors of the comparator due to their poor Vi-matching property. Monte-carlo
simulation of the comparator shows a mean output offset voltage of 6.4mV with
worst-case value of 25mV. A CML buffer follows the second stage of the comparator to
convert the output swing to proper levels for CML DFF blocks in the subsequent stages.
The DFFs use standard master-dave topology with conventional CML latches and
resistive loads. The clock divider is a static divider based on similar CML latches. We

used low-V; transistors in the latch circuit to enhance the latch switching speed.

The phase rotator circuit consists of a phase interpolator and a phase-set register that
adjusts the proper interpolation weight. The phase interpolator is formed by two parallel
differential stages, as Figure 5.9 shows. The differential input of each stage is connected to

Ci Phase Set <<— neXt—¢earIy

Registers e next_g...
—

Horizontal Opening Controls

Phase Interpolator-core 15b

Figure5.9: The phaseinterpolator and phase-set register
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Figure5.10: Simulated phase interpolator transfer function for different bandwidth

one of the two input phases. By properly adjusting the differential control lines, sy-S;5, the
tail current is steered between the two stages to set the input phases weights and obtain the
desired interpolated phase. To generate uniform phase steps and thus uniformly sweep the
mask horizontal opening, the transfer characteristic of the phase interpolator, i.e., the
relationship between output phase and input weight, should be linear. This characteristic
can be controlled by the input signal transition slope and the bandwidth of the interpolator.
Figure 5.10 illustrates the transfer function for three different bandwidths that is achieved
by generalizing the approach in [127]. The phase interpolator is modelled by a
bandlimited system that performs a weighted sum operation on two input signals.
Although smaller bandwidths linearize the transfer function, they cause increased jitter
because they reduce output signal transition slope and thus create more timing uncertainty

due to amplitude fluctuation at the signal threshold-crossing point.

The reference-set register for the DAC, the phase-set registers for the phase rotators,
and all the back-end dividers and the error combiner are implemented using CMOS

standard cells in the technology to achieve lower power consumption.
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5.6 Experimental Results

The EOM circuit was implemented in a 0.13um standard CMOS technology. The die
photograph, along with the layout of the active core, is shown in Figure 5.11. The chipis
designed for a customized pad frame that enabled us to perform on-wafer testing. As a
result, the die size is bounded to the pad frame and is 1.7x1.7mm?. However, the active
area of the EOM circuit that is highlighted on the die photograph is only 400x660um?.
On-wafer measurements at up to a 12.5Gb/s input data rate with a 2311 PRBS source and
1.2V power supply showed successful error diagram measurement. Tested input amplitude
was from 50mVp to 400mVp. The chip consumes about 275mA from a 1.2V supply. It is
functional at 10Gb/swith asupply voltage aslow as 1V. It operates reliably even at severe
input conditions when a closed eye with 102 BER is applied to the input. In the following,

we elaborate on the test setup and experimental results.
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Figure5.12: Measurement setup

5.6.1 Test Setup

The block diagram of our test setup is shown in Figure 5.12. A PRBS source provides
the data and clock for a wide range of data rates up to 12.5Gb/s. The data source has an
additional port that controls the amount of jitter added to the data artificially. Although the
full rate clock phase is primarily phase-locked to data when applied to the EOM, the
on-chip path difference does not preserve the phase relationship. In our measurements, we
compensated the path delay mismatch by an external delay line. We adjusted the externa
delay to minimize the MER for the minimum size mask to guarantee that the mask is
centered with respect to the eye. In the adaptive equalizer loop this calibration can be done
once at start up, as the delay mismatch is a systematic effect. In addition, two external
delay lines were used at the input path to compensate external cable mismatches and

insure a 180° phase difference between differential inputs.

The trigger signal for next_gey |y and next_gqe are applied externaly, and step
horizontal opening of the mask. Similarly, vertical opening is controlled by varying Vy
and V| externally. A frequency counter records the average frequency of the error_out

signal, from which MER can be calculated using (5.1).
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Figure5.13: Accumulated phase of the clock out signa that verifies functionality of the divider and
phase rotator with 10GHz input clock

5.6.2 Clock Path

We first tested the functionality of the divider and the phase rotators by observing the
clock_out output signal on the oscilloscope. Figure 5.13 shows the accumulated phases of
the clock_out when a 10GHz clock is applied to the clock input. We trigger the next_g e
signal by applying a 3aMHz square wave pulse. Although the standard-cell CMOS dividers
slow down the clock transition, the accumulated phases correctly cover 50ps, which is

equivalent to half of the bit period of a10GB/s signal.

5.6.3 Qualitative Eye-Opening M easurement

The objective of this test is to verify the functionality of the main blocks in the data
path of the EOM. We apply a 10Gb/s PRBS input signal and add a 41ps peak-to-peak
sinusoidal jitter (SJ) to it to degrade the eye quality, as in Figure 5.14(a). The next_geqry
and next_gy;e Signals are stepped simultaneously. The vertical opening of the mask is
constant and is set to 120mV with external references. Figure 5.14(b) shows the measured
error_out signal. There is an error-free region (no toggle) for a small mask opening that

corresponds to When geyr1y and ¢)41¢ are close to their initial positions in the center of the
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Figure5.14: Qualitative eye-opening measurement. (2)10Gb/s input eye diagram (b) error_out signa

demonstrates an error-free region (c) magnified error_out signa shows MER increase
for wider mask

eye. But as the trigger signals step the sampling phases toward the edges of the eye and

thus the mask gets wider, the error frequency gradually increases. This can be seen in

Figure 5.14(c), which is the magnified error_out signal around regions with error and
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Figure5.15: Measured eye opening for various input eye diagrams with different peak-to-peak jitter

shows the frequency of error_out signal increases after each positive trigger edge. The
periodic behavior of the error_out signal is due to the self-resetting mechanism of the

phases.

5.6.4 Eye-Opening Measurement Variations

Ultimately, the EOM will be used in an adaptive equalizer as shown in Figure 5.1. In
such a setting, the EOM output should track variations of the eye opening and provide a
correct gradient to assist the optimization algorithm in adjusting the filter coefficients. We
verified the behavior of the EOM in this scenario by measuring the eye opening when
various amounts of peak-to-peak SJ are added to the 10Gb/s, 231.1 PRBS input. The
vertical opening of the mask is constant. Figure 5.15 shows the measurement result with

three sample input eye diagrams that demonstrate the gradual closing of the eye. As
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expected, the measured eye opening monotonically decreases as additional jitter closesthe
eye. At low input jitter, the transition from small to large measured MER is abrupt and
thus the plot loses accuracy, because the resolution of the horizontal eye-opening step
becomes comparable to the peak-to-peak input jitter. Therefore, when the sampling clocks
approach the data edge, one horizontal opening step can increase the number of transitions

falling inside the mask from zero to all the transitions.

5.6.5 Complete System Test

This experiment demonstrates the EOM capability in generating the two-dimensional
error diagram that corresponds to the input eye shape. A pair of 5-foot coaxia cableswere
used to add 1Sl to the input data. A computer program controls a pulse generator and two
external power sources through a GPIB port. The program steps through several mask
horizontal and vertical openings. A frequency counter records the error_out frequency, as
the number of transition errors, for each mask. In each mask sweep only one half of the
eye is covered by triggering only one of the next_geqjy OF NEXt_g e Signals. The other
phase is held in the center of the eye in phase with Q. Once one half of the eye is swept
completely, the other next signal will be stepped through to cover the other half. This way
any horizontal asymmetry in the eye is captured.

Ideally, when Vi and V| are both equal to the input data common mode the mask error
rate should be minimal because the comparators have the highest sensitivity. Therefore,
the vertical mask isswept for Vi, = V. +nAV and V| = V_ —nAV, whereV,isdata
common mode and 1< n<N. N isseven if on-chip DAC is used but can be larger with
external reference adjustment. However, due to the comparators offset, the minimum
error count may occur whenV, <V, or V| 2V ... To guarantee that all the horizontal
range is covered, the horizontal sweep is done for —N < n < N. We measured three sample
chips and we observed that the minimum mask error rate occurs at n=1 or 2 corresponding

to 5mV to 10mV differential offset.
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Figure5.16: Measured 2D error map with 68dB dynamic range

Figure 5.16 illustrates the two-dimensional error diagram that is generated as the result
of the measurement for the input eye in Figure5.14(a). It demonstrates that the
asymmetrical input eye shape is captured. Furthermore, the diagram has 68dB dynamic
range for MER. The dynamic range isafunction of the time period for MER measurement

per one mask. A longer period of error-free measurement correspondsto a smaller MER.
It can be shown that MER is bounded by the input noise. We show in Appendix D that
the MER measured by an ideal EOM can be expressed as

1-(Vy —VL))

MER= Q( =

(5.4)

for asignal amplitude of “1” and anoise standard deviation of o. Equation (5.4) simplifies
to conventional BER expression when Vi, =V, . Amplitude noise is assumed to have Gaus-
sian distribution, and Q(.) is its cumulative distribution function. Due to the exponential
nature of the Q(.), expected MER is about four orders of magnitude larger than BER for
BER about 1071,

The non-idedlities of the EOM, specifically the bandwidth limitations of the
comparators further degrade the measured MER. It is shown in Appendix D that (5.4) can
be modified to
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At — (V,, —VL)> | (1 ) Q(A(t) + (Vy ‘VU)) (5.5)

MER= Q( o o
to take the impact of the EOM into account. A(t) is the response of the comparator to the
input sequence at the time of sampling, t. Asthe sampling clocks, gegriy O ¢)4te are stepped
toward the edges of the eye diagram, A(t) approaches the threshold level and MER
increases as a consequence. A two-dimensional MER map can be obtained from (5.5) for
different sampling times and V-V, based on the input and comparator response. We gen-
erated this error map using the simulation results of the comparator in our design and
compared it with the measured 2D error map in Figure 5.16. A two-dimensional cross-cor-
relation of the two maps resulted in a 0.9 correlation coefficient that verifies that our

measurement is closely following the expected result from the ssimulation.

5.7 EOM vs. BERT

The EOM has two main features that distinguish it from a conventional bit error rate
test (BERT) system. First, the EOM detects errors based on two samples at the same
sampling phase. It does not require pattern matching. Thus, unlike a BERT that requires a
PRBS sequence for proper operation, the EOM can operate with truly random sequences
and does not need the a priori knowledge of the transmitted sequence. This ssimplifies the
error detection computation and hardware remarkably well. Second, a BERT treats a
channel's deterministic impacts, amplitude noise, random jitter, and digital errors induced
from imperfect digital circuit blocks, e.g., multiplexer and demultiplexer, equally.
Therefore, the effect of individual impairments on the number of detected errors can not
be separated. On the other hand, the EOM is more sensitive to deterministic impairments
of the channel, e.g., deterministic jitter and ISl because the random effects are averaged
when the error number is divided down in the counter. Furthermore, the digital errors are
ignored by the EOM as it does not compare received data with a pre-determined sequence.
Consequently, the error count is mainly correlated to the impact of the channel response.

Figure 5.17 compares the response of the EOM and a commercial BERT in the presence
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Figure5.17: Comparing EOM and BERT operations. (a) 12.5Gb/s input eye (b) MER measurement

with EOM in presence of 10% digital error (¢) BER measured with commercial BERT
(d) BER measured with commercial BERT in presence of 10% digital error

of digital errorsintentionally added to theinput. A 12.5Gb/s 231-1 PRBSis passed through

5 feet of lossy coaxial cableto introduce ISl and is then applied to the input of the EOM or

BERT. The eye diagram is closed and is shown in Figure 5.17(a). Figure 5.17(c) is the

response of the BERT with about 18dB BER dynamic range. However, when 10% digital

error is added to the input, the BERT cannot capture the eye diagram shape although the

channel has not changed. Evidently, from Figure 5.17(d) the BERT has lost its error

dynamic range completely. Figure 5.17(b) is the response of the EOM in the presence of

the digital errors and demonstrates that the EOM successfully captures the shape of the
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eyediagram asin Figure 5.17(c). The MER dynamic range is reduced to about 8dB due to
the reasons discussed in Section 5.6.5.

5.8 Summary

We have developed an architecture that can essentially capture atwo-dimensional map
of the eye diagram of a high-speed data signal. The error map can be used to extract
various features of the received signal. Specificaly, it can be used in an adaptive equalizer
to generate the cost function for coefficient optimization. The cost function will solely

depend on the quality of the received signal and not on the decision of the receiver.

The architecture is based on comparing two samples of the signal at one sampling
point and therefore does not require a priori knowledge of data sequence or pattern
matching, which remarkably simplifies the architecture. A prototype was implemented in
0.13um standard CM OS technology that was successfully tested up to 12.5Gb/s input data
rate. It consumes about 275mA from a 1.2V supply that is significantly lower than prior

art.
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Chapter | nStantaneous
Demultiplexing for
Burst-Mode Links

6.1 Introduction

The wireline communication link has either continuous transmission or burst-mode
transmission. In burst-mode communication, data is transmitted in asynchronous packets
(ak.a bursts), and there are long variable-length intervals between packet transmissions
when the transmitter is off [36]. An example application for burst-mode linksisin passive
optical networks, e.g., fiber-to-the-home, where multiple end users (EU) share an optical
channel to the central office (CO). The CO assignsatime slot to each EU and allows each
EU to upload burst-mode data in a designated time slot.

Burst-mode communication relies on very fast acquisition circuitry to achieve low
network latency. If the data stream is bursty, the receiver must be able to synchronize with
the data instantaneously to maintain reliable communication. For Burst-mode
communication, conventional clock recovery (CR) methods based on narrowband
phase-locked loops (PLLS), such as the ones designed for SONET applications, are not
applicable. PLL-based CR circuits in SONET have stringent jitter transfer specifications
to avoid jitter accumulation. In addition, they are required to tolerate long sequences of
identical bits (Section 2.2.2). These constraints impose a narrowband PLL that will have a
long acquisition time. For instance, [37] reports a minimum of 50us acquisition time for a
155MHz CR circuit. In this case, approximately the first 8000 bits of data will be lost.
Although designing a wideband PLL reduces the number of lost bits, it still requires
preamble bits to enable synchronization prior to the arrival of the data payload.

Gated-oscillator clock recovery provides instantaneous lock to the first data transition.

Such circuits have been reported at several hundred Mb/s [128]-{132]. Gated-oscillator
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clock recovery relies on two oscillators that are activated with the rising and falling edges
of the input signal and are, hence, resynchronized with every transition. The frequency of
the gated oscillators are equal to the bit rates and the right value is typically maintained via

another replica oscillator in aPLL.

In this chapter we introduce an alternative method for instantaneous data recovery and
demultiplexing based on a finite state machine (FSM). The FSM receives the data and
decides on the output values based on the current input data and the previous state. The
previous state is provided to the FSM input with a bit-period delay. While decisions are
synchronized with every incoming data transition, no oscillator is required. Although the
jitter transfer function is flat similar to the gated oscillator-based approach, there is a
reduction by a factor of n, the demultiplexing ratio, in output jitter due to the integrated

demultiplexer function.

We first introduce the new general architecture for an 1:n clockless demultiplexer and
discuss the complexity of the FSM for different demultiplexing ratios, n. Then, we
describe the design procedure for a 1:2 demultiplexer and discuss different possibilities for
implementing the delay cells. We perform a comprehensive statistical study on process
variations of passive delay cells and explore their feasibility for this application. Lastly,
we demonstrate the experimental results of the fabricated 1:2 demultiplexer prototype.

6.2 Instantaneous 1:n Demultiplexer

6.2.1 General Architecture

Figure 6.1 shows the general block diagram of the proposed clockless data recovery
and the 1:n demultiplexer. The FSM consists of a combinational-states logic block and
bit-period delay cells. It maps the combination of the input and previous state to a current
state. The previous state is the output of the FSM at the last bit period, Ty, and is fed back
to the input of the states logic block with a delay of Ty,. The output logic block generates
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Figure6.1: Instantaneous 1:n demultiplexer

the demultiplexed outputs based on the current state. Both logic blocks respond to their
inputs instantaneously. Therefore, each data transition at the input immediately affects the
outputs of the demultiplexer, if the logic gate propagation delay is neglected.

In a conventional 1:n demultiplexer, each output changes based on its corresponding
bit at the input and then keeps its value for nTy, periods. The combination of the FSM and
output logic operates similarly. Each input bit is directed to the proper output, and the
value of the other outputs are kept constant in the memory of the FSM state. Therefore, the
information stored in one state of the FSM consists of the value of current bit (1 bit), the
values of the unaffected bits (n-1 bits), and the binary address of the affected output (log,n
bits). As a result, for a 1:n demultiplexer a n+logon bit FSM is required, as Figure 6.1

demonstrates. Consequently, the number of statesin the FSM isn.2".

The delay cell in Figure 6.1 guarantees that the information of the previous state is
available whenever a data transition occurs, i.e., every bit period. The output is updated
for every data transition, and thus there is no explicit jitter rejection. However, the input
data jitter at any transition impacts only one of the n outputs. Moreover, each output has
1n the data rate of the input. Therefore, effective output data jitter in unit intervals (Ul),
i.e., normalized to nTy, isreduced to 1/n of the input data jitter.
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Figure6.2: State diagram for a FSM-based 1:2 demultiplexer

Next, we demonstrate the design of a 1:2 demultiplexer based on the clockless data

recovery method.

6.2.2 Design of a 1:2 Demultiplexer

The major advantage of the clockless demultiplexer is that it responds to data
transitions instantaneously. After along quiet period with zero input and zero outputs, the
first data transition initiates the state transitions of the FSM. Thereafter, the FSM state is
updated every period, Ty, synchronous to data transitions. If the delay is not exactly Ty,
any incoming data transition resynchronizes the FSM. The output of FSM will be valid as
soon as the data transition arrives at the input provided that the logic propagation delay is
negligible.

Figure 6.2 illustrates the states and state transitions of the 1:2 clockless demultiplexer.
Each arrow corresponds to a state transition in FSM. The binary value on the arrow
represents the current value of the input. For the 1:2 demultiplexer, the FSM has atotal of
eight states, as shown in (b). The FSM stays in each state for a period of T,. Then it
transitions to the next state based on the input bit. The prime superscript in the state name
is equivalent to the select line of a conventional demultiplexer. States with prime

superscript correspond to the ones for which the input bit affects out,. The first subscript
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in the state name is the current input bit, and the second subscript is the previous input bit
stored to hold the unaffected output. For example, when FSM isin s g it corresponds to
the state when the input bit, “1,” is transferred to out; and stored previous bit, “0,” is
transferred to out,. If after Ty, a data transition occurs and the input bit is “0,” FSM
transitions to s 4, for which the input bit, “0,” is now transferred to out, and stored
previous bit, “1,” istransferred to out,. Table 6.1 summarizes the two output values for all

the eight states.

Table6.1: 1:2 Demultiplexer output in each state

current | ot out current | ot out
Sate 1 2 Sate 1 2

$0,0 0 0 S0,1 0 1

S 00 0 0 Sot 1 0

s10 1 0 S11 1 1

S10 0 1 S11 1 1

A 3-bit FSM represents the state diagram in Figure 6.2. Each state is assigned a 3-bit
code word. To avoid races, i.e., erroneous transitions to other states, the codes are assigned
such that only one bit changes in every state transition. Therefore, delay mismatchesin the
implementation cannot cause errors, and the FSM is race free. The code words are

presented in Table 6.2.

Table6.2: Race-free code assignment for the states of the FSM

Sate Code (yo y1y2) Sate Code (yo y1y2)
S0 001 So1 100
00 000 So1 011
S0 010 S11 111
S10 101 S11 110
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We associate the binary variables yg, y;1, and y, to the three bits that code the FSM
states. Therefore, when vy, y;, and y, are updated every Ty, we say FSM has transitioned
to the next state. The updated binary values for each of yj, y4, Or Y, is determined from the
state diagram and the code word table based on the current values of yy, y;, or y, and the

input bit. The next value of each of the three binary variablesis described as

Yi¥ = fi(Yo Y1 Y2 X) (i=0,12) (6.1)
where “*” signifies the updated value of y;. Function f; is alogic function, and the argu-
ments are the current values of the binary variables. Variable x corresponds to the current
input bit. The logic functions are designed based on standard methods such as the sum of
products (SOP) using Karnaugh maps [133].

Similarly, out; and out, can be represented as functions of yy, y;, Yo, and x. Based on
the concept of a conventional 1:2 demultiplexer we predict the logic function for the two

outputs as

out;* = out; - S+x-S (6.2

out,* = out, - S+x-S (6.3)

where Sis a binary function representing which output should change and is equivalent to
the select line of an ordinary demultiplexer. The “.” and “+” are logical AND and OR
functions, respectively. For instance, in (6.2), the next value for out, isthe current value of

out; if S=1 and istheinput if S=0. The change is synchronous with x.

From the Figure 6.2 and Table 6.2 we can show that

S=Yyy (y @y, + y_o (Y1 ©Y5) (6.4)
where @ isthe “exclusive or” function. Additionally, we can show out;=Yy; and out,=Y;,.

Therefore, the output logic block in Figure 6.1 is omitted and the outputs are tapped

directly from the FSM output variables. Hence, the simplified output functions are

out; = Yo (Y1 @ Y,) +X- (Yg+ Y, ®Yy) (6.5)
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out, = y;- (Yo @ VY,) +X- (Y1 + Yo @Y,). (6.6)

Equations (6.5) and (6.6) are computed directly from digital maps of Table 6.2 code

words. However, they have the form asin (6.2) and (6.3) and can be obtained directly by
replacing (6.4) in (6.2) or (6.3).

6.2.3 Cascade Architecture

For n>2, one approach to design the demultiplexer is to follow the same procedure as
in Section 6.2.2. The number of states increases exponentialy with n. The state transition
table should also be updated. Furthermore, the number of binary variables that encode the
state increases. For instance, for n=4, the FSM has 64 states that needs 6 bits for encoding
the states. Consequently, the SOP terms require implementation of 6-input gates that are
all working at the speed of datarate. An aternative approach isto use a cascaded chain of
1:2 demultiplexers to implement the 1:n demultiplexer. For example, if n=4 each output of
the first 1:2 demultiplexer is used as the input to a second 1:2 demultiplexer. Therefore, a
total of three 1:2 demultiplexersis used. The latter approach has atotal of nine delay cells
in contrast to six delay cells in the former approach. Therefore, if the delay cells are
implemented using passive elements, the latter approach will have area disadvantage.
However, the combinational logic design is much simpler because of fewer number of
variables. In addition, the required speed of operation for the 1:2 demultiplexers decreases
monotonically as they are placed closer to the outputs in the chain because the datarate at
the output of each stage is divided by two. Therefore, aternative digital gate circuit
topol ogies such as complementary-M OS can be used for 1:2 demultiplexers at the end of

the chain that can reduce the power consumption significantly.
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Figure 6.3: Demultiplexer outputs for 1011000010 input sequence (a) Ideal case (b) Delay cell has
smaller delay than bit period

6.3 Deay Mismatch

The delay cell in Figure6.1 is the synchronizing block in the demultiplexer that
controls how long the FSM stays in one state. When the first data transition initiates the
demultiplexer, FSM binary outputs, i.e., Yo, Y1, Y2 in @ 1:2 demultiplexer, are fed back to
the input of FSM every T, and generate the next state and next outputs based on (6.1),
(6.5), and (6.6). Ideally, the delay must be equal to the input bit period T,,. Figure 6.3(a)
demonstrates how the demultiplexer operates for a sample input data. When one output is

following the input, the other output is holding its own previous val ue.
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If the delay cell has a delay T, , different from Ty, the outputs might experience
glitches. However, any input transition will immediately correct those glitches and avoid
any unwanted output transition. Figure 6.3(b) illustrates an example where T,/ < T, . As
can be seen, out, in the second bit period isholding its previousvalue, “1.” After T,/ new
valuesfor yg, Y1, Yo areready at the FSM input while the correct input, X, corresponding to
out; has not arrived yet. out; starts to follow the incorrect x. However, after
At = T,—Tyg , the next data trangtion arrives and out;, outy, Yo, y;, and y, are
immediately corrected because they relate to x with a combinational-logic relation such as
(6.5) or (6.6). Although glitches are observed at the outputs as a consequence, delay

mismatch is corrected every cycle and does not accumulate when data transitions occur.

A behavioral simulation of the demultiplexer in HSPICE confirms the above
argument. Tg is chosen 125ps while input data is 7.5Gb/s, which corresponds to
Tp,=133ps. In Figure 6.4, the marked bumps on out; and out, correspond to the same

glitches discussed in Figure 6.3(b). As predicted, the next data transition immediately

Outl
0Ut2 (E> ‘ k (E }
Yo
1
'[W\[\W
10.5 12 13.5

t[ng]

Figure6.4: Outputs of the 1:2 demultiplexer when T, < T, simulated with HSPICE
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corrects such errors. The other weaker bumps in the outputs are related to hazards that
occur when two or more termsin the SOP of output function are changing simultaneously,

while the overall output function remains at the same logic level.

The delay mismatch bounds the maximum number of consecutive identical bits (CIB)
at the input. If delay mismatch is 4t, as in Figure 6.3(b), the number of CIB’s should be
fewer than n = T,/At. Otherwise, the FSM will swap the outputs, and the (n+1)th bit

will be resolved at the incorrect output.

At can be made very small by using adelay control circuit that forces At to zero. A ring
oscillator isformed by closing a positive feedback loop around areplica of the delay cells.
The period of oscillation equals twice the delay of the delay cells, 2T, . A PLL locks the
frequency of the ring oscillator to an accurate reference clock by tuning the replica delay
cell. The same control voltage is used to adjust the delays in the FSM. In practice, the
logic circuitsin the FSM have propagation delays that contribute to the total delay around
the feedback loop of the FSM. Furthermore, process variations could significantly impact
the propagation delay of the gates. Therefore, a delay control loop that adjusts the delay
cells alone would be inconsequential. The replica ring oscillator must include al the

blocks that contribute to the delay.

For the 1:2 demultiplexer, it can be shown that in the absence of input transitions, f,

from (6.1) issimplified to

Yo =Y, (6.7)

Equation (6.7) shows the y, output inverts for every period delay around the FSM loop,
Ty - Inother words, the y, output oscillates with the period of 2T when theinput is con-
stant. In fact, y, acts as the internal timer of the FSM in the absence of input transitions.
The y, output in Figure 6.4 demonstrates this. When input is zero, y, oscillates for four
cycles. As soon as the data transition arrives in the fifth cycle, the y, phase is aligned and
the oscillation stops. If there were no additional input transitions y, would oscillate again

with corrected phase. Now, the replica of the 1:2 demultiplexer with y, as the output forms
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Figure6.5: Demultiplexer with delay control loop

the ring oscillator in the delay control loop. This ring oscillator includes all the digital
blocks that contribute to the delay. Figure 6.5 illustrates the architecture. The same archi-
tecture could be used to design a variable bit rate demultiplexer by adjusting the delay
around the loop based on the input bit rate.

6.4 Delay Implementation

6.4.1 Passive Delay

The delay block can be implemented using active or passive delay elements. If the
delay control loop is not used, passive delay cells based on LC ladder structures can be
used, as shown in Figure 6.6 (also in Section 2.3.4). The delay is determined by the value
of the passive components from T = n/LC where L and C are the inductance and
capacitance, respectively, and n is the number of sections in the ladder. Integrated LC
delay lines have practically no sensitivity to the supply voltage while maintaining a low

sengitivity to process variations and temperature. This is because the L and C component
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Figure6.6: 3-section constant-k filter-based passive LC delay line

values are primarily determined by high-accuracy fabrication processes, and they will not
vary after fabrication is complete. In contrast the delay of active delay cells is a strong

function of temperature.

In addition, it has been shown [134] that using building blocks that depend only on the
lateral dimensions, such as vertical parallel plate (VPP) capacitors, one can achieve even a
tighter tolerance and better matching across the chip, wafer, and process lots for the
capacitance value. If VPP capacitors and spiral inductors are used to implement the delay
cell, the delay value will only depend on lateral dimensions of components. Lateral
dimensions are defined by lithography and etching processes that have inherently higher
accuracy than process steps such as deposition and planarization that control the vertical
dimensions. We will present a statistical analysis of passive delay lines that were used to

implement the 1:2 demultiplexer prototype.

Constant-k LC ladder structures consist of identical interconnected inductors and
capacitorsin aladder form, as shown in Figure 6.6. The ladder is alumped approximation
of transmission line and, hence, can be used as adelay line. It can be shown that the delay

of the structure is approximately

Ty = nJLC (6.8)

where n is the number of LC sections. Using spiral inductors and high-density VPP or
MIM capacitors one can obtain large delay values. Using the image impedance tech-

nigues, we can calcul ate the impedance of the line to be
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2 2
Z(®) = [% /1—"CT‘” = 7, /1—"CT‘D (6.9)

where Z, = /L/C isthe characteristic impedance of the line [50]. As can be seen, the

impedance becomes imaginary for frequencies above a critical frequency given by

2
.= —.
¢ JLC

The LC delay line can be designed in a differential form as shown in Figure 6.7. In

(6.10)

such circuits, the differential inductors can be interwound in order to benefit from the
mutual inductance of the two inductors. Therefore, larger value inductances will be
achievable with the same (or even smaller) area/size. It can be shown that if two equal
differential inductors with value L are interwound with mutual inductance of k (with
proper sign), the effective inductance value for each will be (1+k)L. We have taken
advantage of thisfact in our implementation of the delay lines. In the next two sections we
measure several integrated passive delay lines and analyze the experimental results to

study the process variation of passive delay lines

6.4.2 LC Delay Line Implementation

Two sets of LC delay lines are implemented in the form of differential constant-k
filtersin a 5-metal SiGe BiCMOS process in two different process runs. We will refer to
these two process runs by PR1 and PR2. The differential inductors are implemented using

coupled inductors and have 1.25 interwound turns in the top metal. Figure 6.8 shows the
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Figure 6.8: Differential symmetric interwound inductors for one section of the delay line

symmetric layout of the inductors. Inductors are simulated using a 2.5D electromagnetic

simulator.

The first set of delay lines use MIM capacitors and consist of 24 LC sectionsin PR1.
In the second set, the VPP capacitors are used instead of the MIMs. It has 19 L C sections
and was fabricated in PR2. Based on our earlier discussion, we expect this VPP-based
delay line to show smaller delay variations compared to its MIM-based counterpart. In
VPP capacitors, the distance of the adjacent parallel plates of the capacitors are chosen to
be larger than the minimum allowable spacing between adjacent metals to reduce the
effect of lateral surface roughness on the capacitor value. The increased fringe capacitance
is modelled accurately with electromagnetic ssimulations. Table 6.3 summarizes the delay

line parameters.

Table6.3: Summary of the delay line parameters

Delay Line Parameter Value
Effective Inductance per section 0.58 nH
Total Capacitance per section 230 fF
Characteristic Impedance 50 Q (100 Q differential)
Total Simulated Passive Delay per section 115ps
Ideal Critical Frequency (w./2= from (6.10)) 28 GHz
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6.4.3 Experimental Resultsand Analysis

Standalone delay structures using MIMs and VPPs with direct on-wafer probing were

tested. The results are summarized in the following sub-sections.

6.4.3.1 Measurement Accuracy and Repeatability

Twenty-seven MIM-based delay lines in PR1 and 47 VPP-based delay lines in PR2
were characterized using an Agilent Technologies E8364A network analyzer. To ensure
constant environmental conditions (including temperature and measurement setup
variations) during the measurement of all 74 sites, a set of preliminary experiments was
performed. Six random sites were sel ected as witness cases and were measured three times
each at different times during the measurement. Then, the results for each site were
compared. The observed variations were aways less than 0.05% indicating the
measurement error and the degree of its repeatability. This very high repeatability of

results indicates minimum changes in the conditions of the experiments.

6.4.3.2 S-parameters

Magnitude of Sj; and S, parameters of MIM-based and VPP-based delay lines were
measured. A sample result for a MIM-based delay line, plotted in Figure 6.9, shows S;4 <
-12dB (upto 30 GHz). Similar measurements for V PP-based delay lines show S;; <-16dB
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Figure6.9: Magnitude of the S-parameters of one MIM-based standalone delay line

Amplitude [dB]
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(5GHz < f<20GH). They indicate that the delay line characteristic impedances are very

close to 50 Q over that wide range of frequencies. The low frequency loss of MIM-based
delay lineis 1.2 dB and its 3dB bandwidth is 7.5 GHz.

6.4.3.3 Sandalone Delay Lines. Group Delay

The group delay is an indication of the delay value of the delay line at different

frequencies. The group delays of the whole ensemble for both MIM-based and V PP-based

lines are plotted in Figure 6.10 and Figure 6.11, respectively. The dominant source of

variations over different wafer sites for samples in MIM-based lines is the tolerance of

MIM capacitors. The reported MIM tolerance in this process technology is:0.15fF /um. It

trandates to a total tolerance of AC=18.8 fF for the MIMs that we used. The time delay

variations per section can be approximated from (6.8)

group delay[d]

AT ITo AC
D~ a_C )
AT
b_1 AC _
T 3 C = 0.04.

0 15
N S f[GHZ]

Figure 6.10: Collective group delays of 27 standalone MIM-based delay lines

(6.11)

(6.12)
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group delay[s]

20
10
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Figure6.11: Collective group delays of 47 standalone VPP-based delay lines

The normalized standard deviations of group delay (normalized to the mean group
delay at corresponding frequency) for MIM-based and VPP-based lines are plotted in
Figure 6.12. The variations for MIM-based lines are within the tolerance of the MIM
capacitors in (6.12). The delay lines with VPP capacitors are amost twice as accurate
across most of the frequency range. This corresponds to a factor of 3.3 improved tolerance

for the VPPs in agreement with [134]. Table 6.4 compares the average low-frequency
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Figure6.12: Normalized standard deviations for group delays of standalone delay lines
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group delays and the average normalized standard deviations of that in both cases. Again,
it can be seen that the VPP-based delay lines are almost twice as accurate. Figure 6.13
shows the distribution of normalized delay at 1 GHz for both MIM- and V PP-based delay
lines. Passive LC delay lines are low senditivity to process variations and no sensitivity to
supply variations.

Table6.4: Satistical comparison for MIM and VPP-based lines

Sandard
Deviation (o)
MIM low freq. group delay 56.7 ps 0572 ps 1.01%
VPP low freg. group delay 52.14 ps 0.306 ps 0.59%

Parameter Mean () o/m

The die photos of the VPP-based line and MIM-based line are shown in Figure 6.14
and Figure 6.15, respectively. The passive delay lines are dominating the area. The spira
inductors are formed in a loop in the oscillator to avoid long interconnect lines. The

capacitors are located in between the inductors. Inductor sizeis 150um x 150um.

-
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Figure6.13: Distributions of normalized delay at 1GHz for both MIM and V PP-based delay lines

Figure6.14: Die photo of 19-section VPP-based LC delay line
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Figure 6.15: Die photo of 24-section MIM-based LC delay line

6.5 Prototype Measurement Results

We fabricated an integrated 1:2 demultiplexer based on the instantaneous clockless
architecture in the SiGe BiCMOS process technology, which is the same technology we
used to analyze process variations of the delay lines. SOP logic functions form the FSM as
described in Section 6.2.2. The logic functions are realized by emitter-coupled logic
(ECL) gates. Figure 6.16 shows a 3-input OR gate. When any one of the three inputsis at
high logic level, al thetail current, Iy, runsin the left branch of the emitter-coupled stage,

%
in in in —
! 2 —SK ;—Vref | out out

VCC

Figure6.16: A three-input ECL OR gate
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Figure6.17: Die microphotograph of the 1:2 demultiplexer with three 5-section differential LC delay
line
which forces the out to high logic level. The AND gates are implemented using OR gates
by inverting the inputs and output. A 5-section differential LC delay line is implemented
for each of the delay cellsin the feedback loop of binary functionsyg, y;, and y,. The die
photograph is shown in Figure 6.17. Chip dimensions are 2.5mm x 1.7mm.The core logic

occupies only 11% of the total die area.

Figure 6.18 is the y, output of the demultiplexer when the input is a constant “1.” As
mentioned, y, oscillates with a period equal to twice the total delay around the FSM
feedback loop, 266ps. Therefore, the delay (bit period) is 133ps, and the demultiplexer

o
S | |
S| 5 \

Figure6.18: They, output in the oscillator mode



144

(@
OUtl
T s saps
® |.. N N it A 0 N
i A Pt oo S P ol P it P Y e
Pl P e . L 2
S Lo e o B i
EA ¥ N
QY | 500ps :
o | o5 out; g
= i F Pt P S
274ps ' :
i
(C) i ) -,:.-<_ ,:- : -'» r
=3 500ps

Figure6.19: Demultiplexer outputs out; and out, for 3 input sequences (a)1100 (b)10000000 (c)
1000000010001000

works at input bit rate of 7.5 Gb/s. About 55% of the total delay is generated by the

passive delay lines and the rest is from the ECL gates and interconnect parasitics.

The two outputs of the demultiplexer, out; and out,, are measured for three different

input sequences, as shown in Figure 6.19. The “sync” signal from the input signal source
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is used to trigger the sampling oscilloscope for viewing the outputs and justifies that the
outputs are synchronized with the input. When the input is a repeating “1100” sequence,
the demulltiplexed outputs should both be “10” sequence repeating at half the bit rate, i.e.,
twice the bit period, of the input. In addition, out, is one input bit period delayed with
respect to out;. Figure 6.19(a) shows these outputs.

A data transition can experience different delays when propagating through an
LC-ladder delay cell, based on previous data bits [18]. Delay is defined as the time
difference of the threshold-crossing times of the data transition, e.g., a “10” falling
transition, at the input and output. The threshold-crossing time is affected by the bits
arriving a the delay cell prior to the transition due to the memory of the delay cell
[18][20]. For example, “010” and “110” sequences will have different threshold-crossing
times at the output of the delay cell. In the latter sequence the residue of the last bit before
the falling transition impacts the threshold-crossing time. This data-dependent delay
affects the overall delay in the FSM feedback loop. There are three delay cells for yg, y1,
and y, in the FSM and the input to each depends on the FSM input sequence. Thus each of
the individual delay values may vary based on the input sequence. Furthermore, the
sequences to the input of the delay cells are not necessarily the same. We define the FSM
loop delay as the average of the three delays, while this average depends on the FSM input
sequence. For instance, when the FSM input is a constant “1,” the three delay cells for yj,
Y1, and y, respectively see a constant “1,” a constant “1,” and “10” sequences at their
input; whereas for a “1100” at the input the delay cells respectively experience “1100,”
“1100,” and “10" sequences. The inputs to the yy and y; have changed. Consequently, the
average loop delay changes. The two cases are shown in Figure 6.18 and Figure 6.19(a),
where average loop delay is changing from 133ps (half of 266ps) in the former to 136ps
(haf of 272ps) in the latter. One way to avoid data-dependent delay values is to use
nonlinear (digital) delay cells as opposed to linear LC-delay cells.
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Figure 6.19(b) shows the outputs when the input sequence is “10000000,” which has
seven consecutive zeros. The two outputs are respectively “1000” at half bit rate and
all-zero. The droop for long sequences of one is due to ac-coupled outputs, which will not
be present in a dc-coupled version. A longer sequence, i.e, 16 bit, is tested in
Figure 6.19(c). The input sequence, “1000000010001000," results in the outputs
“10001010" at half the bit rate and all-zero. The demultiplexer is locking to the input
phase and correctly demultiplexes to two outputs without using a synchronous clock. The
chip is using a 3.3V power supply and draws 316mA of current, of which 110mA is

flowing in the output buffers and bias circuits.

6.6 Summary

We introduced a new architecture that instantaneously recovers and demultiplexes data
without explicit clock recovery. The architecture is based on afinite state machine (FSM)
that assigns input to a proper output and maintains the value of other outputs. State
trangitions are synchronized with the arrival of input-data transitions. Binary logic
functions map the current state along with the input bit to the next state. Analog delay cells
with bit-period delay feedback the value of the binary functions to the input and
synchronize FSM with the input data.

One approach to implement the delay cells in the architecture is to use passive delay
cells that are low sensitive to process and temperature variations. We performed an
experimental statistical analysis on passive delay lines to demonstrate this fact. We then
showed the measurement results of a prototype 1:2 demultiplexer based on integrated
passive LC delay lines that operates at 7.5Gb/s without using a clock signal.
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Chapter Conclusion

7.1 ThesisHighlights

In this work we explored the analysis and design of wireline communication systems
and focused on the basic chalenges of high-speed wireline links. We bridged the gap
between system design and circuit design by: (1) understanding the relationship between
the wireline link reliability and the system parameters, (2) introducing practical circuit
architectures that enable realization of such systems with the required parameters, and (3)
demonstrating implementation of hardware prototypes using silicon-based integrated

circuit technologies that verify our solutions.

First, we provided the principles of today’s high-speed communication links. We
developed a theory that analytically relates the data link reliability, i.e., the BER, to the
system level characteristics, e.g., the channel response, the pre-amplifier bandwidth, the
amplitude noise, and the transmitter clock jitter. In particular, we used the BER contours
to find the optimum system bandwidth that is a crucial specification for the pre-amplifier
in the receiver architecture. In addition, we determined the optimum sampling point and
its associated timing margin that is an important design specification for the clock
recovery circuit. We also devel oped the theory of the data-dependent jitter (DDJ), whichis
a significant component of the timing jitter in high-speed links because of the system
bandwidth limitations. We provided an analytical distribution function for the DDJ of an
arbitrary linear time-invariant system and included the impact of the DDJin the datalink’s
overall BER.

Second, we proposed a method for bandwidth enhancement of wideband amplifiers.
This is useful for the pre-amplifier design in the high-speed links using technologies that
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suffer from large parasitic components and thus small maximum frequency of operation.
This methodology was based on two-port broadband matching of multistage amplifiers.
We absorbed the device parasitics into the passive matching networks in order to allow
each amplifier stage to achieve itstheoretical maximum gain-bandwidth product set by the
Bode-Fano limit [26][27]. We demonstrated a CMOS 0.18um amplifier that operates at
10Gb/s and achieves 2.4 times the bandwidth improvement over a design that does not

apply our technique.

Third, we developed a novel eye-opening monitor architecture that enables full
integration of adaptive equalizers, for compensation of channel-induced impairments such
as the inter-symbol interference. The eye-opening monitor circuit (EOM) is a block that
evaluates the quality of the received signal eye diagram and periodically reports a
guantitative measure that is correlated to the signal quality. This output can be used as a
cost function for automatic adjustment of the filter coefficients in an adaptive equalizer.
Our proposed EOM can effectively capture a two-dimensional image of the eye diagram
shape and thus can be used for general signa integrity evaluation. The simple error
detection mechanism of the EOM can be implemented a very high speed. We
demonstrated a prototype implemented in 0.13um CMOS that was successfully tested up
to 12.5Gb/s and provides up to 68dB output error dynamic range.

Finally, we introduced a novel architecture for instantaneous clockless demultiplexing.
Instantaneous data acquisition is required in burst-mode communication systems, where
the data stream arrives at the receiver in asynchronous packets separated by unknown
quiet intervals. The conventional narrowband phase-locked loops require along preamble
with large acquisition time and are therefore not suitable. As an alternative to gated
oscillators that require a full-rate clock for operation, we proposed a clockless finite state
machine that recovers and demultiplexes the received burst of data instantaneously. The
architecture consists of a combinational logic structure with immediate response and a

bit-period-delayed feedback loop. Therefore, every time a burst is received, the operation
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isinitiated exactly in-phase with the first bit and continues synchronously to the stream.
We implemented a 1:2 clockless demultiplexer based on this concept in SiGe BICMOS
technology and verified its operation at 7.5Gb/s.

7.2 Directionsfor Future Work

We have investigated the wunderlying principles of high-speed wireline
communications and have developed a general relationship between the data link
reliability and the system parameters. One direction that can be pursued for future research
to expand thiswork isto include other impairmentsin high-speed link and to complete the
model for calculation of the BER. The most significant effect that we neglect in thisthesis
is nonlinearity of the channel or the transceiver. For instance, in long-haul optical
communication, the deployment of optical amplifiers for boosting the optical power may
force the fiber into its nonlinear regime that will affect the signal integrity. Furthermore,
some of the receiver blocks, and particularly the main amplifier that succeeds the
pre-amplifier, is typically a high-gain nonlinear block for limiting the signal amplitude.
Therefore, it should be modelled by a slew rate-limited system as opposed to an LTI
system. The impact of such systems on the ISl and timing jitter and ultimately the way
they affect the BER isan important and interesting subject for future research that expands

the results of thisthesis.

This work relates the time response of an arbitrary LTI system to the ISl that results
from that system. Therefore, the analytical results for calculating the BER, in general, and
the data-dependent jitter, in particular, are based on the time response of the system. From
a circuit design perspective, it is aso interesting and useful to derive such analytical
results for the frequency response, i.e.,, both the amplitude response and the phase
response, of the system. The relationship between the circuit parameters and the frequency
response are conventionally studied more rigorously and are better documented, e.g., the

theory of poles and zeros or the tables of filter design. For instance, the design of an
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amplifier is more straightforward if the specifications are presented in terms of the
maximum ripple in the amplitude and group delay response, as opposed to specifying the

maximum values for the samples of the pulse response.

Two important topics related to the proposed eye-opening monitor (EOM) circuit that
require further investigations are the optimization algorithm and the loop dynamics of an
adaptive equalizer that uses the EOM. The algorithm can be chosen freely because it is
separate from the hardware of the filter. However, convergence speed is a practica
constraint that may eliminate probabilistic algorithms such as the genetic agorithm or the
simulated annealing algorithm. On the other hand, the cost function, i.e, the EOM output,
does not have a known direct relationship with the optimizing parameters, i.e., the filter
coefficients. Therefore, application of gradient descent-based algorithms is not straight
forward. As aresult, understanding the trade-offs for the choice of the algorithm is atopic

of interest for future research in this area.

Understanding the loop dynamics of the adaptive equalizer is important for
guaranteeing convergence and controlling the speed of convergence. The EOM is a
nonlinear system and its impact on the loop dynamics should be studied carefully.
Particularly, the required mask error rate dynamic range, which determines the integration
time for each mask, and the number of masks, which determines the resolution of the
mask error rate, are among the parameters whose relationships to the loop dynamics

should be investigated.

Possible future directions for enhancing the design of the proposed instantaneous
demultiplexer include targeting accurate delay implementation and low-power design.
Absolute value of the feedback loop delay is the only parameter that determines the
operating bit rate of the demultiplexer. The loop delay includes the delay of the feedback
delay cells, the propagation delay of the combinational logic, and the delay of the
interconnect parasitic components. The optimum way to adjust the loop delay and

accurately control the delay value is to form a delay reference loop by a replica of the
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demultiplexer that is configured as a ring oscillator. The oscillating frequency of this ring
oscillator is determined by the same parameters that set the delay value of the loop.
Consequently, if the frequency is adjusted accurately in the delay reference loop, the
feedback delay will be determined with the same accuracy. Finaly, the demultiplexer
design was not optimized for minimum power consumption. The power consumption also
affects the heat generated by the demultiplexer chip that sets the local temperature around
the active devices and impacts their propagation delay. Therefore, controlling the power

consumption can improve the operation of the block.
All in al, the thesis provides insight and develops useful tools and techniques for
designing high-speed wireline communication systems using integrated circuit

technologies.
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Appendix Overall BER
Calculation

In this appendix we calculate the overall BER when both timing jitter and 1Sl are
present. To calculate the probability of error for the current bit that is being sampled, we
have to take into account the value of the next bit and the previous bit. Thisisin order to
add the impact of the timing jitter of the transitions before or after the current sampling on
the BER. Therefore, we should consider 3-bit sequences, where the middle bit is the one
being sampled. Out of the eight possibilities, we only need to calculate the BER for four
sequences of “000,” “001,” “100,” and “101.” Each of the other four cases, where the
middle bit is “1,” equals one of the sequences with “0” as the middle bit because of the

symmetry and is thus found automatically. Therefore, we have

BER(T,) = %[BER(T ”000”) + BER(T|"001") + BER(T|100") + BER(T|"101")] . (A.D

S|
Theerror for the first term on the right is caused only by the ISI and noise because thereis

no transition. Hence, we can write

BER(T|”000”) = BER(ISI,(Ty)). (A.2)

In the second sequence, “001,” one transition occurs to the next bit. Because of the
timing jitter the transition can occur before or after the sampling point, Tg. If the transition
occurs after the sampling point, the BER is not affected by it because we assume the
system is causal. On the other hand, if the transition takes place before the sampling point,
the receiver samples 19 (T9)+s(Ts-tg). The random variable tg denotes the location of the
transition on the right of the current bit. It has a mean value equal to Ty, Therefore, the
overall BER for the “001” sequence can be found as a conditional probability conditioned

ontgas
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BER(TS //001//) - BER(ISIO(TS)) tRZTS . (A3)
BER(ISI((Ty) +S(To—1tg)) tg<Ts
If we assume tg has the probability distribution function f(tg), we have
o T,
BER(T,|"001") = BER(ISIy(Ty) [fi(t)dtp + [ fi(tg) - BER(ISIo(Ty) + S(To—tg)) e (A.4)

T —oo
We can calculate the BER for the “100” sequence similarly. However, the location of
the transition only affects the BER if it occurs before the sampling point, because it

changes the amount of the IS ; at the sampling point. We have

BER(ISI(To—t)) t <Tg

BER(T,|”100”) = (A.5)
BER(ISI;(Ty) +s(Ty)) t, > T,
o T,
BER(T,|"100") = BER(ISI;(Ty) +s(T) [ fi(t )t + [ fi(t) - BER(ISIy(To—t)))c. (A.6)

T —oo
For the “101” sequence we have both the left and right transitions. However, the right
transition does not impact the BER if tg>Tg because the system is causal. In that case, the
BER isequivalent to the BER for the “100” sequence. On the other hand, if tg<Tg, we also

implicitly know that t; <Tg. We can write

BER(T, (A.7)

BER(T,|”100”, t, <tg<Tg) tg<Ts

BER(T,|”100” tg>T
”101”) - { ( S ) R S

Therefore, we have

oo T T
BER(T,|"101") = BER(T|"100") [ f,(tg)dtg + Ift(tR){jft(tL) -BER(ISI(T,—t,) +S(T,—tg))dt, [dt (A.8)
T oo

S

—o0

We assume the timing jitter distribution is Gaussian with means of zero and Ty, for t_
and tg, respectively, and standard deviation of o;. In addition, we assume the noise

distribution is Gaussian with zero mean and standard deviation o;,. Therefore, all the BER
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terms in the above equations will be in the form of a Q(.) function, where Q(.) is the
cumulative distribution function of the Gaussian distribution. We can approximate some
of the BER termsin (A.4), (A.6), and (A.8) by one. This appliesto al the terms where the
argument of the BER, i.e., the argument of the Q(.), is large due to the effect of the step
response, e.g., in BER(IS o(T9+s(Tstg)). Then, we estimate the overall BER by replacing
(A.2), (A.49), (A.6),and (A.8) in (A.1). We get

BER(T,)=
%[[Q(OS ISlo(Ts)) fsf (t)- (%)% (o Q(TS%Tb))+ Q(cTs_js)+Q(Tbcj )] (A.9)

We have also neglected all the second-order terms that include products of two Q(.)

functions.

In redlity, the total jitter distribution should also include the effect of the DDJ, as we
discussed in Chapter 3. Here, we investigate how the DDJ affects each of the terms in
(A.1). The DDJ does not have any impact on the BER(Tg “000") because “000" has no
transitions. In the “001” sequence, thereisa“01” transition with a“0” as the penultimate
bit. Therefore, fi(tg) should be modified to a Gaussian with the mean of Tp+t; . Thet.pis
defined in (3.22) and is calculated in Appendix B.

We do not have the knowledge of the penultimate bit for the transition in “100,” in
contrast to the“001” case. Therefore, to calculate BER(T4| “100”), the previously Gaussian
distribution for fi(t,) should be modified by convolving it with a double Dirac delta
function DDJ distribution. Finally, both the fi(tg) and f(t, ) should be modified to calculate
BER(Tg “101"). The f(tg) distribution becomes a Gaussian with the mean of T+ 4,
because the penultimate bit to the “01” transition isnow “1.” Thet, 4 is defined in (3.23)
and is calculated in Appendix B. The fi(t,) distribution convolves with a double Dirac
deltafunction DDJdistribution. Therefore, the resulting overall BER is
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BER(Ty)=

(2215019 (1. (sTaten) o Ty
T

[ L oo ) LT

(A.10)

J i i

—oo
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Appendix | Threshold-
Crossing Time

In this appendix we calculate t; o and t. 5, defined in (3.22) and (3.23), for afirst-order
system. We can show

tg = 1- In2. (B.2)
We aso have
-2
—&
At _,=-t-In1~(1-0) Z Qe - A (B.2)
a._z—o k':—oo
AY, _, =T In 1— oc + o Z Q- o
a,=1
-2
-k
=—=-In 1—0c+0c2—(1—0c) 2 Qe - (B.3)
k' = —o
—k
= -1 In(l—oc+oc )+ (—=1)-In l—( ) Z Qe - @ )
l-oo+ 0o 7K =—
We define a new discrete random variable @ as follows
-2 -3
-« _ 2 K
o= Z Qoo = a, ot Z Qo . (B.4)

k:—oo k:—oo

After reorganizing the termsin the sum and renumbering the indices we have
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-2
a 2 &
®=a, o to 2 A - o (B.5)
k' = —o

where k' = k+ 1. As the a's are independent identically distributed (iid) random vari-
ables, the sum in the second term on the right is, by definition in (B.4), arandom variable
with identical statistical propertiesto @ Specifically, al the statistical moments are equal

for the two random variables. If we denote this new random variable by @', we have

O =a,- oc2 +od'. (B.6)

Also, note that @' and a_, are independent random variables. Now we can write

E{®} = E{a_z-oczmqy} = o’E{a_,} + aE{®'}. (B.7)

We know that E{®} = E{®'}. We also assume
p(a,=1) = p(a =0) = 05. (B.8)
Then, we have
E{a_,} = 1/2x0+1/2x1 = 1/2. (B.9)

Replacing into (B.7) we will get

1 oc2
E{d} = 51— (B.10)
The second-order moment can be calculated from (B.6) asfollows
E{®’} = o - my+20°m E{ @} + 0" E{ D%} (B.11)
2 4 3 0.50."
E{®"} = >(a -my+ 20 m E{®}) = ' > (B.12)
1-o (1-o)(1-0a)

in which my is the ith order moment of a_, and E{ @} is known from (B.10). It is easy to

show m=1/2 for al i. Similarly, the kth order moment can be written as follows
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k-1
k s .
E{DX} = %Z(i ]oc2k 'E{0'} (B.13)
-0y

This gives arecursive expression based on lower-order moments. Now, we can calculate

E{At| —o} = E{—=t- In(1-(1-0)D)} (B.14)
a._2 -
_ 2 l1-o
E{A”a _ 1} = =t-In(l-a+a") + E{In(l —Z)CD)} (B.15)
-2 1-o+ o
0L2
From (B.4) we know @ < I-a where the maximum occurswhen al a’sare“1.” In addi-

tion, Ty/rispositiveand so o < 1. Therefore,

2
|(l—0c)CI)|SlaTa-(1—(x) = o<1, (B.16)
Similarly,
2 2
‘( 1‘0‘2)q>‘31°‘ ( 1‘0‘2)= *—<1. (B.17)
l1-a+ o 0\ a+a l-a+a

Hence, we can use the Taylor series expansion of the natural logarithm to estimate (B.14)
and (B.15). We have

- k
In(l—x)z—sz. (B.18)
k=1
Therefore,
k
E{At|a_2=0} = ¥ %(1—0() E{D ) (B.19)

k=1



159

(o)

_ 2 1_1-o YK, -k
E{Aqa_z: 1} =—=<-In(l~a+o)+71- Z R(m) E{D}. (B.20)

We can approximate (B.19) and (B.20) by neglecting all the moments of @& for k>2
because we can show that the kth moment is proportional to the kth power of o and thus
shrinks exponentially. Then we have

4

. [az + 0.5a

2 OJ (B.21)

2
E{At|a_2:0}§r-[(1—0()E{<I)}+%(1—oc) E{CI)Z}} = %

E{At|a ) 0}5 T {(1;“2)5{@} + %(1;()(2)2&@2}}1  In(1—o. + o)
2 1-o+ o 1-o+ o (8.22)

2 4 5
1 o +050 +o 2
= —-. —T'In(l—OC+OC)'

2 1+ad) . (1—a+a)

Finaly, t. o and t; 1 can be found by replacing (B.1), (B.21), and (B.22) in (3.22) and
(3.23).
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Appendix | | mpedance Function

An impedance function is a rational function (ratio of two polynomials with rea
coefficients) of frequency with no right half-plane poles. Additionally, the numerator
polynomial should be of at most one degree higher than the denominator one. The
conditions for an impedance function can be found in [26][96]. The upper-bound in (4.2)
is not valid if the load does not satisfy the conditions of an impedance function. In other

words, if the overall transfer function of an amplifier is of the form:

Aio) = g Z(jo) (CD)

and Z(jw) isnot an impedance function, then the Bode-Fano limit need not be satisfied.
Distributing passive structures between gain stages can result in overall transfer functions
that are not impedance functions per se [23]. Therefore, the GBW product can potentially
be higher than the limit in (4.2). One design approach for such a structure is stagger tuning
of the frequency responses. An early amplitude roll-off due to alow-frequency polein one
stage can be compensated for with a peaking in the next stage. Similarly, the overall phase

response of passive structures can be properly controlled.
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Appendix Mask Error Rate

We assume that the amplitude noise cumulative distribution function is Q(.). The probabil-

ity of occurring amask error is

MER = Pr{S,#8S }, (D.1)
where Pr{.} denotes probability and S and § are defined in Section 5.3. §; and § take

binary values and thus there are two combinations that contribute to (D.1). The condi-
tional probability of each of the combinations can be calculated, given the input bit to the
EOM. Therefore we have

MER = %-[Pr{ §_|=0§_:1‘in:1+z}+Pr{ §_|=0§_=1‘in=2} ,(D.2)

+pr{ 5H:1sL:o‘in=z}+Pr{ stlsL:o‘in=1+zB

where z is the input noise at the sampling point. When the EOM isideal, only input noise
impacts §, and §_values. The last two termsin (D.2) will be identically zero because they
both imply V|, <V, . Thefirst two terms both equal the probability that

T <Z< T . (D.3)
Hence, we can write

1-(Vy —VL)) _Q(1 +(V, —vL)) _ Q(l—(VH —VL)).

MER = Q( 20 20 20

(D.4)

When the impact of EOM is considered, the last two termsin (D.2) are not identical to

zero anymore because S and § are the output of two comparators with different noise
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contribution. However, we can still neglect them in MER calculation for reasonable noise

levelsin the comparators. Thefirst termin (D.2) can be written as

Pr{ S,=0S =1 ‘in=l+z} = Pr{ S4=0 ‘l+z}-Pr{ § =1 ‘l+2}- (D.5)

Because of the bandwidth limitations of the comparators, the probabilities on the right side
of (D.5) are functions of the sampling time and are smaller when sampling time is closer

to the data edge. If the response of the comparators to the input is denoted by y(t) we have

yn = Y AW®. (D-6)

|
We define A;(t) as the response of the comparators to the input in a unit interval,
(i-1)-Ty<t<i-T,,whereTyisthebit period. Several A(t) exist dueto various combi-
nations of symbols that cause ISI. The overlap of Aj(t)'s for all i when transformed to
0<t<T, isthe eye diagram. If we limit ISl to the last n symbols only 2" distinct A;(t)

could be achieved for a binary modulation. Then from (D.5) we can write

ver= 1 EQ(““ L) (1A EEYY) )

|—1

For smplicity we rewrite (D.7) as

A — (Vyy -VQ) | (1_Q(A(t) M _VL))), (D.8)

MER= Q( 5o o

where the sum isimplicit in the notation. Equation (D.7) can be used to generate a 2D map
of the MER.
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