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Abstract

The explosive growth of internet traffic, driven by multimedia, Internet of Things and cloud
services, continuously pushes for higher bandwidth and aggressive scalingfof igs$rspeed
electrical links.Recent standardsequire transceivers warlg at 25~28Gb/s with NRZ (nen
returnto-zero) modulation or 50~56Gb/s with PAMI (Pulseamplitudemodulation4)
modulation Channel impairmestdegra@ the signal integrity significantly for transceivers
working at such high data rate.To ensure link reliability, equalization is necessary for
compensating channel impairments. Moreover, to aclatsmget BER (bHerrorrate) withlower
power consumptigraccurate ad energyefficientequalization techniqudsave been exploiteid
recenttransceives design
In receiver design, antinuoustime-linearequalizer (CTLE)shows its advantagdsr its low
power consumptianThis PhD. work has been focused on the studyaofilog equalization
techniques and presenthree different designs tailored to 25Gb/s NRZ6Gb/s PAM4 and
112Gb/s PAMA4 respectively. First, aovel CTLE based on transversal architecture is presented.
Thanks to the transveal architecture, it shows higaccuracyto compensate intesymbol
interferencgSI) and flexihlity to accommodate variable speed and channel profilee CTLE
was realized i8nmFD SOltechnology and measurements are presented at data rate from 5Gb/s
to 25Gb/s across 20dBss channels. Core power dissipation is 17mW from 1V supply and
horizontal eye opening at BER=4%Is larger than 50%, comparing favorably against presfjou
reported equalizers targeting similar dedge and channel loss.

Recently, to satisfy the higher bandwidtemand transceivers working &0~56Gb/s per lane
have been propose8ince heimpairments ofthannels used for 2ZB8Gb/s NRZby increasing
bandwidth significantly limit serial link data rata double bandwidth efficiency modulation PAM
4 is proposedo increase the data rate.this dissertationa fully analog PAM4 receiver working
up to 64Gb/s is presentddeceiver equalization relies @anflexible CTLEthat can be optimally
adapted at low, mid and high frequency independgptigviding a very accurate inversiah
channel transfer functiomhe CTLE meets the performance requirementheCEI-56G VSR
standardwithout requiring DFE(decisionfeedbackequalizer) implementation. The test chip is
implemented in 28nm FD SOI technology,le maximum speed, the receideaws 180mA from
1V supply, corresponding to 2.8mW/Gb/s anly



Electrical interfaces used with 100Gb/s singling are d@iwvestigated tesatisfy the continual
growth of bandwidth demand. In the newer Ethernet standard, IEEE 802.3ekingleelane
100Gb/s interfaces are specifidd.this thesis, a 112Gb/s PAK# analog fronend designed in
7nm FinFet technology is preded. The target is to be merged wath analogo-digital converter
(ADC) based receiver so as to take advantage offegformance digital signal processing (DSP)
in 7nm FinFet technologyHowever, significant changes in transistor behavior, scaled ysuppl
voltage and very different layout rules result in challenges in analog circuits dd3egign
considerations regarding linearity and bandwmltlanalog circuits in 7nriinFettechnologyare
presentedn this thesis Simulation results prove the analéignt-end can successfully recover

112Gb/s PAM4 sequences transmitted throughbdB. Synectic channel.



Chapter 1 Introduction

1.1 Backgrounds

Internet services are extremely important in modern life. Nowadays, internet services like social
media, HD videcstreaming, cloud services, big data, and Inteohdthings (loT) have pushed

network traffic to grow exponentially. Most of the Internet services are being run in datacenters.

The data from Cisco white paper shaivatby the year 2019, 99% of the glolmadtwork traffic

is related to data centers [ IclJompDiattear 0c e nnt ewhsi ¢
are highdensity interconnections of servers, often stacked in racks that are placed in row as shown

in Figure 1.1.
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Figurel.1 Interconnections of servers in data center
Furthermore, the growth of global network iBgpromoted by thelemand ofncreasing Internet
services. From the data of Cisco Visual Networking Index, global networkffie will grow at
a CompoundAnnual Growth Rate (CAGR) of 26 percent from 2017 to 2022. As it forecasts the
network IPs grow 3 times in every 5 years. The Annual global IP traffic will reach 4.8 ZB per year

by 2022, or 396 exabytes (EB) per month as shown in Figure 1.2 [2].
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Figurel.2 Globalnetwork IP traffic [2]
The continuous growth of network IP traffic drives the development of serial link
communications standards. The standards formulate themparfoe requirements which usually
consist of data rate, signaling modulation, channel loss, bit error rate (BER), forward error
corrections (FEC), etc. of serial link communications for different applications. For instance, the
recent standard OIECEI-56G[3] contains different applications from very short to long reach
channel. Figure 1.3 shows the progress of standards, the data rate of serial link per lane has
reached 56Gb/s, and the high parallel data rate has reached 400Gb/s. The planned future serial
links will operate up to 100Gb/s per lane and 800Gb/s in parallel [14].
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Figurel.3 Serial link standards [58]



Several solutions have been proposed to satisfy the increasing demands of serial link
communications standards. The data rates of serial link transceivers published in the last decade
are summarized in Figure 1.4 [15]. The speed of transceivers has gvoiadelw Gb/s to 64Gb/s.

The signaling scheme for transceivers operating up to nearly 30Gb/s has always bestarnon

to-zero (NRZ) in which signals have two level$ie pulseamplitudemodulation4 (PAM-4), in

which signalfeatures4-level to encode pes of bits, has been introduced at >50Gb/s due to its

doubled bandwidth efficiency.
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Figurel.4 Speeds of serial links in literature [15]



1.2 High-speedserial link transceivers

Source: Synopsis

Figurel.5 Backplanes inside a server

Inside a server, as shown in Figure 1.5, there are several ASICs to process, transmit and receive
data througlprinted circuit boarsl PCB) and backplare There are three different kindstagh-
speeccommunication interfacesside a server: (1) chifp-chip port side interface which connects
to the port side modules that havetireers on both transmitter and receiver sides; (2)-tip
module(PCB boardyirect attach interface which directly connects to the port side modilesg.

do not include rdimers on their electrical input or output interfaces; (3) bipackplane
interface which drives aggregatbmh-speedsignals across a capable backplane orpladie in

a chassis [4].

The fundamental component for communicasiai the interfaces is th@gh-speedserial link
transceiver, witlthe block diagram shown in Figure 1.6. Typically, the transmitter (TX) includes
a serializer to convert parallel data into serial data, @pnghasidinite impulse responsd-(R)

filter to preshape the signals and an output driver. The receiver contains conittimnelinear
equalizers (CTLE), decisiefeedbackequalizers (DFE) to compensate the impairments from
channels, a clocknddatarecovery (CDR) to extract a recovered timing sghéor sampling and

a deserializer to parallelize the serial data.
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Figurel.6 Serial linktransceiver prototype

Receiver equalizations play a main role on recovering the data from channel impairments in the
full transcei v e-powes limtatien ofttransmiteedesjualiaatiopse[3. KThe two
types of equalizers: CTLE and DFE have very different power ddsadJsually, a CTLE has

simple structure and consumes low poweritsutapability to compensate IBlless than a DFE.
However, a DFE is complex and poweingry but has higher performance. In order to realize a
power efficient transceiver for shemtach link that does not need powerful channel loss

compensation, a receiver with only CTLE equalizations is-effsttive.
1.3 Overview

This thesis is divided into 7 chapters. Chapter 2 provides a background of wireline communications.
Thedifferent signal modulations, the impairments from channels and the metrics of signal integrity
are presented in this chapter. Chapter 3 introduces analog equalization techniques, and especially,
CTLE equalizations are discussed in detail. This chaptéudas the evolution of CTLESs and
broadband techniques. In Chapter 4 an advanced flexible CTLE realized in 2830IRB
proposed. The equalizer features variable DC gain and two zeros that can be tuned independently.
The transversal architecture makescampatible with gradient descent algorithms, allowing
optimal adaptation of the gain and zero frequency locations and improved equalization accuracy.
Chapter 5 presents an analog frent (AFE) for transceiver operating up to 64Gb/s in 28nm
FDSOI. The AFENcludes variablgainamplifiers (VGASs), and flexible CTLE with low, mid and

high frequency channel loss compensation. The CTLE meets the performance requirements of
CEI-56GVSR without requiring DFE implementation. In Chapter 6, an analog-&odtforan

7



ADC-based receiver operating up to 112Gb/s in 7nm FinFet is presented. The analegdront
comprises a variablgainamplifier (VGA), and a flexible CTLE with low, mid and high
frequency channdbss compensation, followed by and a buffer. Particldee eas paid to reach
adequate analog froeind linearity. Multiple broadband techniques are exploited in CTLE to
extend the operatg frequency above 28GHz.

Finally, the Thesis is concluded with a summary and future work directigBisapter 7.



Chapter 2 Background of wireline communications

2.1 Wireline communication signaling

2.1.1NRZ Modulation

Pulse amplitude modulation is commonly employed in wireline communication signaling. NRZ
(nonreturnto-zero) signaling with twdevel pulse amplitude modulation as shown in Figure 2.1

has been widely used in higipeed serial link transmissions. In winglicommunicationg NRZ
sequence is a binary sequence in which usually ones are represented by a positive voltage level

and zeros are represented by a negative voltage level.

Vo ONE

ZERO

—
—_— Tb‘_

Vo: Amplitude
Tp: Bit Duration, also called Unit Interval (Ul)
1/ To: Bit Rate

Figure2.1 NRZ signals

+p(t)
S ime
-p() )ﬂ

Figure2.2 NRZ sequencev 0

As shown in Figure 2.2, BRZ sequenc&® O can be expressed as®6 B ®no QY ,
where® w ¥¢ andD O is the rectangular pulse function. As such, the sigi@lis the sum

of the product of timeshifted replicas of the square pul&®) and bits(A ).



w0 NOozB @I o6 WY (*isconvolution)
Defining:

®o ®I o qy

the power spectral density (PSD) of x(t) can be expressed as:
Y Q9 Qs Q.

where 0 /Eis theFourier transfornof B O:

0"Q Y

If we assume th@ONESDand&ZEROE®have equal probabilitghe PSD of y(t) is:
v g O
v

andthe PSDof @ O results:

Y QO —D 0s,

v O —"Yy

Figure 2.3 shows the PSD of x(l) shows jriodic behavior haag power concenaited on a min
lobe and replicas at higher frequenitys interesting to note that power is zero for the frequencies

"Q &¥'Yhwherel is an integer number
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Figure2.3 Power spectral density ofrandom NRZ sequence

2.1.2PAM -4 Modulation

As the increasing data rate has reached 56Gb/s or above, frequency dependent inspafirment
backplane channelre problematic[7]. Therefore,the multi-level pulse amplitude modulation
PAM-4, shown in Figure 2, which has twice the spectral efficiency in contrast to NRZ, has been
proposed. A PAM4 symbol contains-bits within one uniinterval (Ul), which correlates with

the PAM4 signal spectrum occupying half the bandwidth of a PABIgnal as shown in Figure
25. So,the Nyquist frequency of PAM signaling is half of that of NRZ signaling. Many benefits

1

10 o1

4— Word1 >« Word2 ———»

Figure2.4 PAM-4 signaling

are associated with haviri@lf the Nyquist frequencyCompared to NRZ signaling with same
Nyquist frequency, PAM! signaling doubles the density of data, achieving higher resolution in
terms of signal levels. In a same sampling rate system, compared to NRZ signaling with same
datarate, PAM4 signaling hashe same total noise power spread over a wider frequency so that
the noise power in bandwidth goes down. However, considering that the maximum signal

amplitude is constrained by the supply voltages, the levels in a PAM4 signaldhaeparation

11



compared tahat d an NRZ signal. Therefore, PAM suffers from an SNR loss of around

CTHER, WO

dB
N
o

1.5
Freq/BR (Hz/bit/sec)

Figure2.5 PSD of PAM signaling comparted to PSD of NRZ [59]

Vp

Ve

VB L
L.

0 20 40 60 80 100 120 140 160
Time [UI]

Figure2.6 PAM-4 transmitter linearity test pattern

A PAM-4 transmitter linearity test pattern in which each symbol level is maintained for 16
consecutive identical symbaksshownin Figure 26. Thelinearity test pattern is used to measure
the level separation mismatch ratim, which indicates the vertical linearity of the signal. To
assure that the level has been settled, regardless of-prefifeasis scheme, measure the settled
symbol levelsVA, VB, VC, and VD, over 2 Uls starting 7 Uls after the transition. The minimum

12



signal level, Sin, is half of the swing between tletosest adjacent symbol¥: -0 Qéw

oho who ® ,and thdevel separation mismatch raf

Y

The spec frohOOGBASEKP4 requires RLMiI  0.92whichis expecedto serve as a performance
benchmark10].

2.2 Signal quality

2.2.1Inter-symbol interference (I1SI)

Intersymbol interference (I1Sl) is a dat@pendent form of interference in which one symbol
interferes with previous and subsequent symbols. ISl is usually caused by multiple pulses
transmitted through a bewidth limited channel which is dispersive. The spreading of the pulse
beyond its allotted time interval causes it to interfere with adjacent pulses as shown in Figure 2.7.

The presence of ISI in the system degrades the sigimalise ratio and thustroduces errors in

Input waveform Individual pulses Received waveform

1 1
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0 r—-0 :\
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11—t 0
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1] =

i
I
1
1
I
1
|
I
1
I
1
I
1
I
1
i
I
i
1

TN

1
I
I
!

| P
1 -i——l 1
R A
Sampling points Sampling points Sampling points
Transmitter clock Receiver clock Receiver clock

Figure2.7 Example of ISI

the decision device at the receiver output. Therefore, in the design of the transmitting and
receiving filters, the objective is to minimize the effects of ISI, and thereby deliver the digital
data to its destination with the smallestor rate possible.

In communications, the Nyquist criterion defines the minimum bandwidth of a communication

channel to transmit and receive signals without TBE Nyquist ideal channel is defined as:

13



This isa data sequence with a bit rate BiR/s) using a "sinc" pulse as shown in Figure 2.8. The
W is called the Nyquist bandwidthatis equal to BR/2. However, "sinc" pulses are not causal

and can only be approximated in giiee. There are severabproximatedpproachesuch as

Arai sed cosined pulses or fAsquareodo pul ses.

for the minimum bandwidth which gives negligible ISI &pproximated implementations of

Asina.

A A
t

2WP(f) |, PO) Jy

0.5

= -3/\2 T o A > UTy
S R VAV
(a) Frequency domain (b) Time domain
Figure2.8 Nyquist ideal channel
2.2.2 Jitter

Jitter is defined as the variation of a signal edge from its ideal position in time as shown in Figure

2.9. In a serial communication system, jitter can affect timing margins and synchronization.

Generally, there are two broad categories of jitter: ranjtten and deterministic jitter. Random

jitter (RJ) is causely device noise. It is unbounded and assumed to have a Gaussian distribution.

Usually it is specified as a reateansquare (rmsyalue. Deterministic jitter (DJ) is bounded, with

a welldefinedminimum and maximum extent. It is usually expressed as atpgadak (pkpk)

14
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value. Deterministic jitter can be further classified into subcategories: periodic jitter (PJ); data
dependent jitter (DDJ); and bounded uncorrelated jitter (BUJ). PJ can iheddakthe time
difference betweethe measured and nominal period. PJ is caused by clocks or other periodic
sources that can modulate the transmitted edges.

DDJ isthejitter correlated with bit sequences in the data stream. DDJ is commonly caused by

channehonidealities (ISI) and dutgycle distortion (difference in the rise and fall times). BUJ

Jitter

1

|
S ——

I ldeal !
event
timing

Figure2.9 Example of jitter

is usually caused by crosstdtom adjacent links. BUJ is baded due to finite coupling
strength, and uncorrelated because it rsetated with the adjacefita ggr essor 0 channe

notcar el at ed wi tchHannel.Miee tofaljiiteccomposed of &dl DJ can be
organized in a jitter diagram tree that i®sim in Figure 210.
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Total Jitter

T~

Random Deterministic
Jitter Jitter
(Unbounded, (Bounded, pk-
rms value) pk value)
Periodic Data Bounded
Jitter Dependent Uncorelated
Jitter Jitter

Duty Cycle Inter Symbol
Distortion Interference

Figure2.10 Total jitter diagram tree

2.2.3Measurements of signal quality

Data eyaliagrams are used to characterize a+sigbed signal source and check the signal
integrity. An eye diagram is constructed from a digital waveform by folding all the parts of the
waveform corresponding to each individual bit into a short interval, as shdvigure 211. The

- threshold

Figure2.11 NRZ data eye diagram
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eye diagram gives an intuitive way to evaluate bandwidth, attenuation, jitter, rise/fall time
variations and noise margin in wireline communication system

The vertical and horizontal eye opening can be used to quantify the quatigsajnal. We

consider two conditions dheeye diagram, without and with additive Gaussian noise and
random jitter. In the first case, which usually happens in circuit level design, the eye openings
can be found in a straightforward way, as illustrateligure 212. The vertical eye opening is
measured at the sampling instant (in the middle of the eye) and it can be normalized to full eye
height (not including overor undershoots). The horizontal eye opening is measured at the slice
level (thresholdjand can be normalized &bit interval. The vertical eye closure is determined

by Intersymbolinterference (ISI) [6], and the horizontal eye closure is determined by

deterministic jitter (including datdependent jitter anduty cycledistortion).

100%

Vertical eye
opening

Horizontal eye
opening

Figure2.12 Eye openings odneye diagram

In the second case, considering a signal with random noise, which is what happens in practice
and observed in measurement, we should define the eye openings with statistical information.
We can define a contour with same-&itorrate (BER) in an eye diagm. BER carbe

determined by signal to noise ratio (SNR) [6]. SNR can be found fromtpgadak amplitude

Vo and noise RMS (roemeanscuare) voltaged:{ 4 4 T 4 anditis given by| 4

17



} e q (Q(x) is the error function that can beuhd in [6]). Thus, wean define a constant

BER contour in an eye diagram. By sweeping the sampling instant and decision threshold, the
same BER points can be found in an eye diagram. As shown in FigGr¢hdse same BER

points construct a constant BEEontour. If we make decisions inside a contour for a given BER,
the resulting BER is less than that of the contour. In a system with noise and random jitter, we
use eye margin instead of eye opening to evaluate the quality ofssigma& given BER, larger
eye margins mean larger design margins for decision threshold and sampling instant.

]

}

]

]

}

]

}

[}

]

}

[}

]

[}

«—>!
Vertical

eye margin

Horizontal
eye margin

Figure2.13 BER contour in eye diagram

Eye margins can be measured withrastrument calle®it Error Rate Tester (BERThat has a

pulse pattern generator and an error dete¢tor setup of bit error testing is shown in Figure

2.14 (a). The data stream is sent &pulse pattern generator through deenmunications

channel, and the error detector slices the data signal at the decision threstasid ¥amples it

at the instantgt The recovered bits are compared with the transmitted bit sequence to determine
the BER, which is displayed on the errotet#or. By scanning the sampling instanamnd

setting the decision thresholdyat the center ahevertical eye, a horizontal scan can be

performed. As the sampling instant moves from the center to the right or the left, the BER is
degraded due to IsSNR. Theresultingcee named fAbat ht ub d4 (®ands hown
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