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ABSTRACT |

Abstract

In this thesis, design techniques of phase detection in clock and data recovery
(CDR) are proposed. For the robust operation, a transition-weighted technique as-
signing a different gain to detected transitions is utilized. The analysis of perfor-
mances such as phase detection characteristics and jitter tolerance (JTOL) is provid-
ed and demonstrated by the measurement results. Furthermore, an asymmetric-
weighted phase detector (PD) with a digital implementation is proposed for robust
CDR operation when adopting multilevel signaling.

At first, a programmable PD for the Baud-rate CDR in four-level pulse amplitude
modulation (PAM-4) quarter-rate receiver is presented using a transition-weighted
gain (TWG) technique. By assigning a different gain to the phase detection for each
data-level transition, the TWG-based CDR (TWG-CDR) achieves stable CDR and
jitter-tracking operation. An optimal phase detection transfer characteristic is ob-
tained by assigning the highest weight on the 1-level data transition and the lowest
on the 3-level transition. The proposed CDR fabricated in 40 nm CMOS technology
performs at 64-Gb/s in PAM-4. The measured JTOL shows that the TWG-CDR im-
proves the horizontal eye opening margin compared to the sign-sign Mueller-Mdller
CDR (SS-MMCDR). The TWG-CDR tested around a 6dB loss channel achieves a
BER less than 10 and energy efficiency of 2.37 pJ/b.

For a more robust operation of a PAM-4 Baud-rate CDR, an asymmetric-
weighted PD is proposed. The asymmetric-weighted PD minimizes pattern-

dependent jitter and maximizes transition density by utilizing both full-swing transi-
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tions and non-full-swing transitions. Based on the pseudo-linear analysis of the con-
ventional scheme and the proposed scheme, an improvement in jitter tracking ability
is shown and measured. Furthermore, an asymmetric-weighted technique can be ad-
justed to CDRs in other multilevel signalings, such as PAM-8. The CDR fabricated
in 28 nm CMOS consumes 66 mW at 40 Gb/s and occupies an active area of 0.169

mm?2,

Keywords : Asymmetric weight, Baud-rate, clock and data recovery (CDR), data
level (dLev), four-level pulse amplitude modulation (PAM-4), jitter tolerance
(JTOL), Mueller-Miiller CDR (MMCDR), phase detector (PD), receiver, transition

density, transition weighted gain (TWGQ),
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Motivation

As the required data rate increases in wireline communication, many applications
have adopted multilevel signaling, such as a four-level pulse amplitude modulation
(PAM-4), instead of single-level signaling, such as non-return-to-zero (NRZ). How-
ever, the change from NRZ signaling to PAM-4 signaling causes some critical issues
in clock and data recovery (CDR). Therefore the study of CDR in PAM-4 has in-
creased.

Fig. 1.1 is the trend of the receiver paper published for the last 5 years [2], [4],
[5], [21], [22], [28]-[62]. It is divided into NRZ and PAM-4 according to the signal-
ing method, and PAM-4 can be divided into receivers that do not use an analog-to-

digital converter (ADC) and receivers that use it. Research on multilevel signaling
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such as PAM-4, which can carry more data on the same bandwidth, has been in-
creased. With higher data rates required, the Baud-rate CDRs are preferred, which is
less burdensome for multi-phase clock generation. In particular, the ADC-based re-
ceiver uses Baud-rate CDRs because it already uses enough multi-phase clocks due

to time-interleaving.

250 NRZ I L
s PAM4
200 4 pAM4(ADC)
g PAM4(ADC)
O 150
% . . < 3 .
o 100 \ I PAM4 L l
©
(@) @
50 2 i
9
0

2018 2019 2020 2021 2022  Year
Fig. 1.1 Trend of the modulation methods for recent publications.

2 i { 1 1 H 1

[LSB]
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\/
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Many papers on PAM-4 Baud-rate CDRs have been published, and there are
problems that do not occur with PAM-4 2x-oversampling CDRs. Fig. 1.2 [22], [23]
are false lock problems that occur with PAM-4 Baud-rate CDRs that were recently
published in the paper. Compared to NRZ, the inter-symbol interference(ISI)-
affected PAM-4 does not have a big problem with PD characteristics in the open eye
area. However, when the phase error is large enough, the ambiguous boundary be-
tween the PD gain curve's “early” or “late” can occur. If the correct lock point is not
obtained due to a false lock problem, it will affect performance such as receiver bit
error rate (BER) degradation. The CDR with the transition-weighted PD (TWG-PD)
is presented to resolve the false lock problem.

Also, there is a jitter problem with different lock points depending on the data
pattern. Fig. 1.3 [12] shows the location of the threshold crossings in 2x-
oversampling CDRs, leading to jitter. Assuming a uniform random pattern, a lock
point is obtained at the middle of the lock points. Generally, the data pattern with the

lock point is defined as a symmetric transition, and other data patterns with other

.
time

Fig. 1.3 Multi zero-crossing problem in PAM-4 2x-oversmapling CDR.
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lock points are defined as an asymmetric transition. The decision to use or not use
asymmetric transitions is a critical issue in PAM-4 CDR. Since a similar problem is
investigated in PAM-4 Baud-rate CDR, we propose the asymmetric-weighted phase

detection technique to resolve the problem.
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1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, the backgrounds of PAM-4
Baud-rate CDR are explained. The basic operation and building blocks of multilevel
amplitude modulation, equalizers, and CDRs are provided. And the necessity of im-
proved PD is introduced. To resolve the problem described in the motivation, the
comparison and limitations of the previously proposed phase acquisition schemes
are presented.

In Chapter 3, a TWG-CDR assigning a different weight according to the type of
transition is presented. The proposed phase detection scheme considers phase detec-
tion characteristics because of the not-detected region, leading to the false lock prob-
lem. All possible transitions in PAM-4 are investigated, and the PD gain curve is
adjusted by assigning a different weight to each transition. The effect of TWG-PD is
analyzed, and the PD gain curve is obtained. Then, the circuit implementation is ex-
plained, and the measurement results are shown.

In Chapter 4, an asymmetric-weighted phase detection technique is presented.
Different from Chapter 2, degradation in jitter tracking ability is improved by as-
signing the different weights to a PD's “early” or “late” output. This technique is
used only for transitions, recognized as a jitter at the major lock point. The analysis
is based on the pseudo-linear analysis to model the non-linear bang-bang PD (BB-
PD). Then, the circuit implementation is explained, and the measurement results are
shown.

Chapter 5 summarizes the proposed works and concludes this thesis.
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Chapter 2

Backgrounds

2.1 Basic Architecture in Serial Link

2.1.1 General Considerations

Transmission is generally divided into two types, parallel transmission and serial
transmission according to the data transmission method. As shown in Fig. 2.1, paral-
lel transmission simultaneously sends many bits through several channels and is
faster than serial transmission. However, the cost is high since many pins and chan-
nels are required to transmit simultaneously. In addition, because multiple channels
are used, problems such as skew and crosstalk occur. As a result, parallel transmis-
sion is used only for short channels and unsuitable for long channels.

On the other hand, in the serial link in Fig. 2.2, parallel data is serialized in the
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transmitter and transmitted to the receiver through the channel. The receiver dese-
rializes the received serial data for parallel processing. Since data is transferred
through one pin and channel, there is no problem with skew and crosstalk. Although
bandwidth overhead becomes very large compared to parallel transmission, a serial
link recently becomes the preferred interface in high-speed transmission because the
overall cost is very low. These are known as SerDes, with examples of Ethernet,
optical fiber, PCle, SONET, etc. As many applications require much more infor-
mation than before, the data rate of serial communication has increased to satisfy
this demand. For example, PCle Gen 4.0, running at 16 Gb/s, is moving to Gen 5 of
the specification running at 32 Gb/s. The channel and interconnects could consist of

cables, a printed circuit board (PCB), connectors, vias, and backplanes.

Channel
( D
( D
Parallel Data : Parallel Data
( )
( D
Transmitter Receiver

Fig. 2.1 Architecture of parallel link.
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Some design issues increase as high data bandwidth is required for the chip-to-
chip interface between chiplets. For example, an equalizer is an architecture to com-
pensate for the bandwidth-limiting channel response. However, it becomes difficult
to design the equalizer as the required bandwidth increases. As a result, a new ap-
proach such as multilevel signaling is needed. For example, four-level pulse ampli-
tude modulation (PAM-4) offers a doubled data rate with the same bandwidth.
However, the change from non-return-to-zero (NRZ) to PAM-4 causes some critical
issues in clock and data recovery (CDR) because diverse patterns disturb the robust

performance of CDR, which does not exist in NRZ.

Channel

: Parallel Data
Serial Data .

Parallel Data :

Transmitter Receiver
Fig. 2.2 Architecture of serial link.
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2.1.2 Equalizer

In a serial link, an equalizer is a signal processing technique used to mitigate the
effects of channel distortion and noise. A serial link is a communication channel that
transmits data sequentially over a single signal path, such as a wire or fiber optic
cable. The signal transmitted over a serial link can be degraded by several factors,
including attenuation, noise, and ISI, resulting in errors in the received data. An
equalizer is a circuit used to compensate for the distortions introduced by the chan-
nel. It works by adjusting the amplitude and phase of the received signal to improve
the signal-to-noise ratio (SNR) and reduce ISI. Equalizers can be implemented using
various techniques. For example, the representative equalizers used in a receiver are
a continuous time linear equalizer (CTLE) and a decision feedback equalizer (DFE).

CTLE is an equalizer used in high-speed digital communication systems to com-
pensate for the attenuation dependent on frequency. It is a linear equalizer that re-
moves unnecessary frequency components and acts as a high pass filter to compen-
sate for the distortion in low frequency by channel. While two types of CTLE, pas-
sive RC CTLE and active CTLE, can be used, active CTLE is generally preferred to
adjust the zero and pole frequency, which sets peaking and DC gain. Fig. 2.3(a)
shows the schematic of the conventional active CTLE. The transfer function of

CTLE is described as

(s + wy,)
be (s + wpl)(s + a)pz)

H(s) = G (2.1)
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where Gp. is the DC gain of CTLE. w, is the zero frequency decided by the de-
generation resistor and capacitor. w,; is the first pole frequency decided by the
degeneration resistor, capacitor and transconductance g,, of a driving transistor.
And w,, is the second pole frequency decided by the load resistor and parasitic
capacitor of output, which is the main reason for degrading the bandwidth of CTLE.

Overall parameters are obtained as

gmRroap 1 _1+gnR/2

G =T 5 5 - 5 ~ - )
DC = g Re/2' % T RGPt RcCo  or2

(2.2)

RLOAD CLOAD

While CTLE provides gain and equalization with good power and area overhead
and can cancel pre-cursor and long tail post-cursor ISls, there are some problems.

CTLE amplifies noise and crosstalk as well as the main signal, resulting in a limit of

anné i RLOAD § — E
E Cmnnl :

OUTN  IN(1) + z(t) OUT[n]
b i ]
INP s D—>®—> —
D_ll: Loadpole ¢ [~ -
gm CLGADI OUTP
L L CLK
INN o

o

R o [
1BIAS | 4 RC " 1 BiAs - ‘ -
HEDegeneration |_ z'| - - Z" |«

€) (b)
Fig. 2.3 (a) Schematic of the CTLE, and (b) block diagram of the DFE.



Chapter 2. Background 11

amplifying. To reduce the overload of CTLE, DFE is generally used after CTLE.
DFE is a non-linear equalizer, which is different from a linear equalizer, CTLE. Fig.
2.3(b) shows a block diagram of the DFE. The DFE is composed of decision blocks
(samplers) and feedback filters. The sampler outputs the determined value, 1 or -1,
multiplied by a tap coefficient. Using a feedback FIR filter, all post-cursor ISIs can
be directly subtracted from the incoming signal, IN(t). Since the DFE is a non-linear
equalizer, it can boost high frequency components without amplifying the noise and
crosstalk. Although it cannot cancel any pre-cursor 1ISI, all post-cursor ISls can be
removed using feedback FIR filters. However, if the feedback timing constraint is
not satisfied, post-cursor ISI cannot be canceled properly. The feedback loop should
settle before the following sampling timing. Therefore, reducing the feedback time
is an important issue in adopting the DFE in the receiver. Generally, feedback time
consists of a C-to-Q delay, setup time of the sampler, and settling time at the
summing node. Since the feedback time to cancel the first post-cursor ISl is the
shortest, the critical path delay should be less than one unit interval (Ul) as shown in

Fig. 2.4.

IN(t) + D al| ouT
D—»@—» n] »

_ P
T cak?

O<1w

Fig. 2.4 Feedback timing constraint of DFE.
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2.1.3 Pulse-Amplitude Modulation

As mentioned in 2.1.1, the design of the equalizer also came to a limit, and multi-
level pulse amplitude modulation (PAM) was suggested as a new method. PAM is a
type of signal modulation that encodes message information using the amplitude of a
series of signal pulses. This modulation technique is analog and involves varying the
amplitudes of a series of carrier pulses based on the sample value of the message
signal. To demodulate the signal, the amplitude level of the carrier is detected during
each period.

NRZ, which is generally used, is two-level pulse amplitude modulation (PAM-2)
signaling. NRZ represents digital bits as two levels, +1 and -1. In contrast, PAM-4
uses four levels to represent two bits, +3, +1, -1, and -3. Since the PAM-4 signaling
transmits two bits per symbol, while NRZ signaling transmits one bit per symbol,
PAM-4 signaling offers a doubled data rate with the same bandwidth. As shown in
Fig. 2.5, the eye height of PAM-4 in the eye diagram per Ul is 1/3 of the eye height
of NRZ, thus SNR is degraded. However, the horizontal eye of PAM-4 is twice the
horizontal eye of NRZ assuming the same data rate. For example, assume there is a
data pattern, 0111000110110100, with 64 Gb/s data transmission in Fig. 2.6. In
PAM-4, the pattern is divided into a most significant bit (MSB) and a least signifi-
cant bit (LSB) every two bits. The four electrical levels are 01, 11, 00, 01, 10, 11, 01,
and 00. The Nyquist frequency of the channel is 32 GHz for NRZ signaling and 16
GHz for PAM-4 signaling. 1 Ul in PAM-4 is 31.25ps, and 15.625ps is obtained in
NRZ.

However, PAM-4 signaling requires more complex modulation/demodulation
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techniques. Also, since it has much more diverse data patterns than NRZ signaling,

the design of CDR is essential.

h/3

PAM-4

NRZ \ T2

~<188q

Fig. 2.5 Eye diagram of NRZ and PAM-4.

MSB of[1]0 o1 1]0 o

LSB |1101o11o

PAM-4 [ |

0111

NRZ [ [ 1M

01:11:00 01 10 11:01 00

Fig. 2.6 Data pattern example of NRZ and PAM-4.
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2.1.4 Clock and Data Recovery

A CDR is an essential circuit for timing recovery between the received symbols
and sampling clock to get a low BER. In digital communication systems, the trans-
mitter sends data using a clock signal. The receiver needs to recover and use this
clock signal to sample and interpret the data signal correctly. However, the clock
signal can become distorted or lost during transmission due to various factors such
as transmission noise, distortion, and frequency drift. A CDR circuit helps recover
the clock signal by using the incoming data signal to generate a new clock signal
synchronized with the data signal. Then, the circuit samples the incoming data signal
at the correct time using this recovered clock signal, which enables accurate data
recovery.

There are various types of CDR circuits available, which are generally divided
into two, 2x-oversampling PD (Alexander PD) and Baud-rate PD. These circuits
operate by adjusting the phase or delay of the clock signal until it aligns with the
incoming data signal. CDR circuits are commonly used in high-speed communica-
tion systems such as fiber-optic communication, Ethernet, and USB. They play a
critical role in ensuring accurate and reliable data transmission over long distances

and in noisy environments.
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2.2 Phase Acquisition

2.2.1 2x-oversampling PD (Alexander PD)

The 2x-oversampling PD needs two samplers per one data time interval for phase
relation between data and clock. The alexander PD is the most widely used for ro-
bust operation using a data sampler and an edge sampler. Fig. 2.7 shows the opera-
tion of the alexander PD. The alexander PD is based on two successive data samples
(D[n-1] and D[n]) and an edge sample (E[n]). Since data samples and an edge
sample is simultaneously needed, multi-clock generation (twice in this case) is es-
sential. The relation between the data sample and the edge sample generates “Early”
and “Late” signals. “Early” means the sampling clock is leading, and “Late” means

the sampling clock is lagging.

D[n-1] Early
E[n] ‘D—>
D Q ")
L
A4
Q

v
=}
['s)
\4

IN(?)

CLK

<po—o—p

CLK

v
(=}
]
\J

D

Dinj Late
E[n] D-»
.—5\

Fig. 2.7 Implementation of an alexander PD.
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Fig. 2.8 shows the operating principle of the alexander PD. Firstly, if any data
transition is not detected, both “Early” and “Late” are not obtained. However, if data
transition is detected, either “Early” or “Late” is output because D[n-1] and D[n]
are not the same, and E[n] is the same as one of them. As shown in Fig. 2.8, when
the sampled output at the edge E[n] is the same as the previous data D[n-1], PD
output is "Early". In the same way, "Late” is output when the edge sample and the
following data are the same. As a result, the alexander PD locks at the zero crossing

point, where h_j ,, = hy ;.

Input X D[n-1] X D[n] X

LK
CLKpwe E[n]=D[n-1] —
CLKEqge Early <—|—> Late
% E[n]=D[n]
D[n-1] E[n] D[n]

Pattern
E[n]

-1 Early

+1 Late

-1 Late

+1 Early

Other cases Hold

PD output

Fig. 2.8 Principle of alexander PD including “Early”, “Late”, and “Hold”.
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Since the alexander PD has a robust phase detection characteristic, it has been
commonly adopted. However, as the required data rate increases, the overload of a

multi-phase clock generation also increases, leading to the adoption of Baud-rate PD.
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2.2.2 Baud-rate PD

Since the Baud-rate PD needs only one data sampler per one data time interval,
the overhead of multi-phase clock generation is reduced. Instead of edge samplers,
additional error samplers sampled by the data clock are adopted. It can result in a
simpler PD circuit, lower power consumption, and lower cost than 2x-oversampling
PD. Mueller-Miiller PD (MMPD) is a representative Baud-rate PD.

Fig. 2.9 shows the operation of the MMPD with one error sampler [24]. For the
rising transition, the three successive data D[n-1]/D[n]/D[n + 1] is -1/+1/+1. The

signal level, including ISls, is decided as hy + h_;- h;. Since the reference level of

Vref= ho

F r r

D[n-1] D[n]/E[n] D[n+1]
Pattern
Dn1] | DIl | el | Erm] | F0 outeut
-1 +1 +1 -1 Early
-1 +1 +1 +1 Late
+1 +1 -1 -1 Late
+1 +1 -1 +1 Early

Fig. 2.9 Principle of the MMPD with one error sampler.
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the error sampler is hg, the lock point of the rising transition is obtained at h_; =
hi. When the E[n] is -1, “Early” is output because it means h_; < h;. In the same
way, “Late” is output when the E[n] is +1. However, PD output is inversed in the
falling transition. The signal level of falling transition +1/+1/-1, including ISls, is
obtained as hy,-h_, + hy. The difference between the error sampler's signal level
and the reference level in the falling transition shows the opposite sign compared to
that in the rising transition. Therefore, “Late” is output when the E[n] is -1, and
“Early” is output when the E[n] is +1. To satisfy both the rising transition and the
falling transition, the final lock point is obtained at the h_, = h;.

Since the MMPD has a lock point in the relation between the pre-cursor and post-
cursor ISI different from the alexander PD, which has a lock point at the zero cross-
ing point, the reference level of the error sampler should be adaptively adjusted be-
fore the CDR. Also, as multilevel signaling has been adopted recently, decisions to
use various patterns for phase detection are essential issues. The next Chapter fol-

lows the specific consideration.
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Chapter 3

PAM-4 Recelver with Transition-

Weighted Phase Detector

3.1 Overview

In the traditional NRZ receiver, 2x-oversampling CDR is typically employed
with the sampling clock phase locked at h_,,, = hy/,. However, in PAM-4, zero-
crossing times vary with data patterns, causing significant jitter, especially with
asymmetric data transitions such as -1 to +3, when using only one edge sampler with
the middle threshold. However, eliminating the asymmetric data transitions for
phase detection gives worse performance when samplers with three thresholds are
used [12] . In other words, three edge samplers are needed to use asymmetric transi-

tions for less injected jitter. A phase-error-dependent BB-PD is proposed for better
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tracking capability [5] . However, such 2x-oversampling CDRs are unsuitable in
PAM-4 since using an extra clock for edge sampling is difficult. The added hard-
ware and associated power consumption are not justifiable in PAM-4 signalings. A
viable solution is to use only data samples to extract phase information obviating the
use of edge samplers. Baud-rate CDRs [6] -[7] , [13] are proposed to reduce the
overhead of generating an extra clock. However, additional circuits such as integra-
tors [6] , additional error samplers for changing the lock point [7] , or added capaci-
tors for slope detection [13] are used, which limits the bandwidth of the analog
front-end, and results in additional power consumption. In the proposed structure,
only one error sampler per one data time interval is used to minimize the load capac-
itance and reduce additional power consumption. Generally, with such BB-type PDs
used in PAM-4 Baud-rate CDRs, characteristics of multilevel transitions are not
properly considered even though the PD gain varies depending on the amount of
jitter, resulting in a varied loop response. In this paper, the transition-weighted gain
(TWG) technique is proposed to make the most of the advantages of multilevel tran-
sitions. Loop gain adaptation for optimum JTOL is presented in [14] , avoiding un-
derdamped cases. However, it does not offer the optimum JTOL in a specific condi-
tion where the magnitude of the jitter varies. TWG technique improves the jitter
tracking capability for the large jitter by taking advantage of the nonlinear PD char-
acteristic. The benefits of weighting the PD outputs are confirmed by measuring the
loop dynamics and the steady-state jitter performance [8] .

In this Chapter, we present the proposed phase acquisition scheme analyses using
all possible transitions in PAM-4 Baud-rate CDR. First, with guantitative analyses,

we propose TWG technique to improve the phase acquisition performance. Then,
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the detailed operation of the phase detector will be described. Finally, the measure-
ment results of the prototype chip show the performance and demonstrate the theo-

retical analyses.
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3.2 Proposed Phase Acquisition

3.2.1 Operation of SS-MM CDR

The Sign-Sign Mueller-Muller (SS-MM) CDR [15] wused in binary signaling
generally uses two types of information: binary decision data and error polarity from
the received signal. However, in PAM-4, since the number of data levels is four, its
equivalent phase detection requires three data samplers and four error samplers,
whereas only one data sampler and two error samplers are required for the binary
signaling. Thus, for practical reasons, we propose a simple, high-speed CDR scheme
using only one error sampler that is shared with an adaptive equalizer in addition to
three data samplers. The number of detected transitions per edge/error sampler is
four in [5] , [6] , three in [7] , and six in the proposed scheme. Denote data levels as
+3, +1, -1, and -3 from top to bottom. The threshold of the error sampler, which is
commonly called data level (dLev), is set adaptively at the highest data level +3 or
3hy, where h, denotes the main cursor of the channel response. A typical received
signal includes ISI with a pre-cursor h_; and a post-cursor h;. Since the SS-MM
PD relies on ISI, an eventual lock is obtained where h_; = h;. Fig. 3.1 shows typi-
cal data transitions in the presence of such ISI. The phase detection table, using two
sets of the samples of PAM-4 data and error, asserts either “early”, "late”, or "neu-
tral” in the proposed PD. Since only one error sample at the +3 level is available,

rising edges to the +3 level are examined and produce the output "early" when the

error output is -1, and "late" when the error output is +1. In the same way, falling
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edges from the +3 level are examined to generate "late” when the error output is -1,
and "early" otherwise. When the data has no transition such as, from +3 to +3 level,
no timing information is available so neither "early" or "late" is asserted, represent-

ing "neutral”.
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DLev

"Late  Early

Early

jrenaanadeds

Late

o Rising edges Falling edges .
Transition (e —=Tbmnl T E] | PD | D] 10Mm+1]] EM] | PD | e'ont
1-level +1 +3 -1/1+1 | E/L +3 +1 -1/+1 | L/E Wi
2-level -1 +3 -1/+1 E/L +3 -1 -1/+1 L/E W
-3 +3 -1/+1 | E/L +3 -3 -1/+1 | L/IE Wi
Fig. 3.1 Phase detection principle, and PD gain curve considering not detected region.
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3.2.2 Proposed Transition-Weighted Gain Tech-
nique

The symbolic table entries of "early", "late", or "neutral” logically represent +1, -
1, and 0, respectively, and the final output is produced by weighting by W;; when
the data transition is from the +1 level to +3, W,; when from the -1 level to +3, and
W5, when from the -3 level to +3, respectively.

Table 3.1 shows how the PD outputs are generated with three consecutive sam-
ples, the middle one being at the +3 level, according to the PD table shown in Fig.
3.1. Since the middle sample is D[n] = 43, only 32 combinations of D[n-1],
D[n+ 1], and E[n] are possible. Symmetric transitions such as +3/+3/+3, +1/+3/+1,
-1/+3/-1, and -3/+3/-3 are removed since they bear no phase information since it
produces "neutral”, which is canceled by "early" and "late" with the same weight.
Assuming that the first pre-cursor h_, and the first post-cursor h; are positive and
the noise is absent, the received levels including ISIs for transitions such as
+1/+3/+3 or +3/+3/+1, are always positive, resulting in the error output +1 all the
time while an error output of -1 never occurs. In the same way, the error outputs
from cases such as -1/+3/-3 or -3/+3/-1 are always -1. Therefore, a total of twenty
cases comprise the table. The blue boxes in Table 3.1 are such cases, and PD outputs

are not used.
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Pattern Recevied level-V| Error PD output

D[n-1] D[n] D[n+1] hs,hy>0 E[n] Early Late Early-Late
+1 +3 +3 3h4+hy>0 +1 - Wi -WiL
-1 +3 +3 3h4-hi <0 -1 War - War
-1 +3 +3 3h4-hi >0 +1 - WoL -Wa
-3 +3 +3 3h_1-3h1 <0 -1 W3|_ - W3|_
-3 +3 +3 3h.4-3h1 >0 +1 - W -Wa
+3 +3 +1 h.4+3hy1 >0 +1 Wi - Wi
-1 +3 +1 h.-h1 <0 -1 War Wi W -Wq
-1 +3 +1 h.i-hy > 0 +1 Wi Wa Wi -Wo
-3 +3 +1 h4-3hy <0 -1 WL Wi Wa-WqL
-3 +3 +1 h.+-3h; > 0 +1 Wi, W W -Ws
+3 +3 -1 -h.4#3h; <0 -1 - Wa -Wa
+3 +3 -1 -h.4+3h; >0 +1 W - Wa
+1 +3 -1 -h.1+|‘|1 <0 -1 W1|_ Wz\_ W1|_-W2|_
+1 +3 -1 -h.qthy >0 +1 Wo Wi Wo -Wap
-3 +3 -1 -h4-3hy <0 -1 W W W -Wa
+3 +3 -3 -3h4+3h; <0 -1 - Wi, -Wsy
+3 +3 -3 -3h4+3hy >0 +1 Wi - Wi
+1 +3 -3 -3h_1+h1 <0 -1 W1L WEIL W1L-W3L
+1 +3 -3 -3ha+h; =0 +1 Wi Wi Wi -Wa
-1 +3 -3 -3h4-h1 <0 -1 W WiL W -Was

Other cases - - - - -
Table 3.1 PD outputs for all possible transitions in PAM-4
& | €
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3.2.3 Analysis of PD Characteristics

The overall PD output is calculated as follows, assuming that all the cases in Ta-

ble 3.1 occur with equal probability.

4'(W3L+W2L - WIL)' h—l < h1/3
- _ 2(Wsp+Wop, — Wyy), hi/3<h,<h (3.1)
output —2(Wa +Woy — Wy)), hy <h,<3h .
_4(W3L+W2L - WlL)' 3hl = h—l

Fig. 3.2 shows the PD characteristic curve according to the values of the pre-
cursor h_; and the post-cursor hq, using (3.1). Fig. 3.2(a) shows the case when the
sum of the 3-level transition weight W5, and the 2-level transition weight W,; is
larger than the 1-level transition weight W, that is W5, + W5, — Wy, > 0. Fig.
3.2(b) shows the cases when the sum is smaller, W5, + W,; — W;; < 0. In either
case, a lock is reached with the proper polarity inversion in the CDR loop. Green,
red, and orange lines in Fig. 3.1 show the boundaries of 1-level, 2-level, and 3-level
data transitions that separate an "early" or "late" condition. For the 1-level data tran-
sition starting from +1 to +3, "early" is detected when the clock edge is located right
after passing the 1}, threshold but before passing dLev, 3h,, as shown in Fig. 3.1.
For the rising transition from -1 or -3, "early" is again detected when the clock edge
is located right after the signal passing the V;, or V; threshold, respectively, and
continuously detected as "early” up to the center of the data eye. Therefore, as the
phase error increases, an "early" signal disappears in the order of the 3-level, 2-level,

and 1-level transitions. To understand the effect of varying weights, the weight ratio
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Wap: W, : Wy of 1:1:1 is analyzed. The phase detection curves show a proper op-
eration in this case. With a small phase error, all three transition cases play a role
and contribute to phase detection. However, when the phase error is large, the PD
output from 3-level transitions becomes scarce, thereby resulting in a reduced gain.
Thus, for the 1:1:1 case, the PD output, W5, + W,, — W, =1, is reduced to
W,, — Wy, = 0 with a zero gain. This condition is avoided when the weight ratio
Wap: Wy : Wy, of 1:2:4 is used instead. For a large phase error, W5, + W, — W,
is -1, and W,, — W;, is -2, thereby avoiding the zero-gain problem. Note that
Wop:Wo: Wy of 1:2:3 does not yield any gain, failing as the PD. When W5, +
W, < Wy, the PD is operational with jitter tracking capability, but the PD charac-
teristic in Fig. 3.2(b) exhibits the opposite sign, resulting in the edge lock instead of
locking at the center of the data eye. Thus, the inversion of "early" and "late" is nec-
essary. The weight ratio W5,: W,,: W, is not critical because all other cases satis-
fying the condition, W5, + W,; — W;; < 0, would exhibit a similar characteristic.
As a result, the 1:2:4 case is chosen to minimize the multiplication overhead by us-

ing only shift operations.
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Fig. 3.2 PD characteristics (a) when sum of 2-level and 3-level transition weights

is larger than 1-level transition weight and (b) opposite case.
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Fig. 3.3(a) shows the simulated PD characteristic for the above-mentioned cases,
1:1:1 and 1:2:4. The PRBS-7 pattern is used with a 7dB loss channel, and a 2-tap
DFE is used to match the channel characteristic. Since the DFE drives the post-
cursor hy to zero as shown in Fig. 3.3(b), the proposed PD continuously generates
"early", moving the clock phase toward h_, = 0, failing to obtain the lock. To pre-
vent the lock problem when combined with the DFE, a very small post-cursor offset,
Ahy = 1/20hy, is intentionally added to the first cursor h,; of the DFE as shown in
Fig. 3.3(b). When the phase error is small, the 1:1:1 and 1:2:4 cases have the same
PD output. However, they have a strikingly different tendency as the phase error
increases. The PD output in the 1:1:1 case starts decreasing when the phase error is
increased beyond £0.25 Ul. On the other hand, the 1:2:4 case starts to decrease at
+0.4 Ul. Considering the PD characteristic in Fig. 3.2, £0.25 Ul is the expected
maximum phase error beyond which the 3-level transition failed to detect. The result
shows that the 1-level transition gain W, is a dominant parameter for obtaining the
jitter tracking ability under the large jitter and maintaining the same gain at the small
phase error. Thus, the TWG-CDR offers the stability of the CDR in both cases of

small and large jitter.
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Fig. 3.3 (a) TWG PD gain curve with two cases, when the transition weight ra-
tio Wa tWo:Wy is 1:1:1 and 1:2:4. (b) small offset introduced in h: in DFE to
stably lock at Ah;=h_.
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3.2.4 PD Characteristics with Equalizer

The PD characteristics mentioned in 3.2.3 are the most common cases, where
both post-cursor and pre-cursor are positive, h; > 0 and h_; > 0. However, using
an equalizer does not always satisfy the conditions of h, > 0 and h_; > 0, and
thus additional analysis is required. For example, the following is the case of h_; >

0 and h; < 0, and it is considered that the value subtracted by DFE is overboosted.

—4(W3,+ Wy — Wyy), h.y <—-hy/3
PDoutput = § —2@Wsa +Wo, — Wyp), —hi/3<h;<-3n (3.2)
—4(W3 + Wy, — Wyy), —-3h; < h,4

(3.2) is an analysis of all possible patterns, as seen in Table 3.2. The PD charac-

teristic is shown in Fig. 3.4.

4(W3,+ Wy, — W), h.y <-3n
PDoutput = { 2B8Wa+Wo, — Wyy), —3hy <h<-hy/3 (3.3)
A(W3,+Woy, — WyL), —h/3<h,

(3.3) is the case of h.; <0 and h; > 0, which can be caused by the de-
emphasis of FFE or overboosting of a CTLE. As mentioned earlier, Table 3.3 ana-

lyzed all possible patterns as follows: This is the same as Fig. 3.5.

4(W3+ W, — Wyy), h_y <3hy
PD — 2(W3L+W2L - WlL)l 3h1 < h—l < h1 (3 4)
output —2(W3,+ Wy — Wyy), hi <h,<hy/3 '

—4 (W3, + Wy, — Wyy), hy/3 <h_4
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Finally, the case of h_; <0 and h; < 0 appears similar to the case of h_; >0
and h, > 0, where equalizers are overboosted. Similarly, all pattern analyses in Ta-

ble 3.4 are obtained as (3.4), graphically represented in Fig. 3.6.
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Pattern Recevied level-V Error PD output

D[n-1] DiIn] D[n+1] hs>0,hy <0 E[n] Early Late Early-Late
+1 +3 +3 3h4+hy >0 +1 - Wi Wi
+1 +3 +3 3h4+h; <0 -1 Wi - Wi
-1 +3 +3 3h4-hy >0 +1 - Wo Wy
-3 +3 +3 3h4-3hy > 0 +1 - Wa, -Wa,
+3 +3 +1 h4+3h; >0 +1 Wi - Wi
+3 +3 +1 h4+3h; <0 -1 - Wi -Wi
-1 +3 +1 h-hy >0 +1 Wi Wa Wa-War
-3 +3 +1 h.-3h; >0 +1 Wi Wa, Wi -Wa,
+3 +3 -1 -h4+3h; <0 -1 - WaL Wa
+1 +3 -1 -h4+h; <0 -1 Wi Wi, Wi -Wo
-3 +3 -1 -h4-3hy >0 +1 Wo W W -Wa
-3 +3 -1 -h.4-3h1 <0 -1 Wi Wa Wi -War
+3 +3 -3 -3h4+3h; <0 -1 - Ws -Ws
+1 +3 -3 -3h4+h; <0 -1 Wi Ws Wi -Wa
-1 +3 -3 -3h4-h1 >0 +1 W Wy, W3 -Wo
-1 +3 -3 -3h+-h1 <0 -1 Wo, W Wy -Wap

Other cases - - - - -

Table 3.2 PD outputs for all possible transitions when h.4>0, and h:<0 in

“4(W3 +W3 -Wq )=4

PAM-4.

o A ..

% — 1:2:4

- — 1:1:1

>

| -

o

' h-1
"g' 0 | -0.33h, -3h;
o) ¢ -2(3W;3 +W5 -W,)=-2

o -2(3Wa + Wy, -Wy, )=-6

Fig. 3.4 PD characteristics when h.4>0, and h;<0 in PAM-4.

>

s ~4(W3 +W3 -W,, )=-4
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Pattern Recevied level-V, g Error PD output
D[n-1] Din] D[n+1] h1<0,hy>0 E[n] Early Late Early-Late
+1 +3 +3 3h.4+h: >0 +1 - Wi -WiL
+1 +3 +3 3h4+hy <0 -1 Wi - Wi
-1 +3 +3 3h4-hy <0 -1 Wa - Wy,
-3 +3 +3 3h.4-3h1 <0 -1 W - W
+3 +3 +1 h4+3hy>0 +1 Wi - Wi
+3 +3 +1 h4+3h; <0 -1 - Wi -WiL
-1 +3 +1 ha-hy <0 -1 Wa Wi Wo -Wo
-3 +3 +1 h4-3h; <0 -1 Wa Wy Wa-Wy
+3 +3 -1 -h4+3h >0 +1 Wa - WL
+1 +3 -1 -h.4+hy >0 +1 Wa Wi Wa-Wie
-3 +3 -1 -h4-3h; >0 +1 Wo Wa Wo-Wa
-3 +3 -1 -h4-3h; <0 -1 Wa Wy Wa-Wa
+3 +3 -3 -3h.1+3h; >0 +1 Wa - Wi
+1 +3 -3 -3h4+h; >0 +1 W Wi Wy -Wi
-1 +3 -3 -3h.4-h1 >0 +1 W WoL Wa-Wo
-1 +3 -3 -3h.4-h1 <0 -1 Wy Wi Wo -Wa
Other cases - - - - -

Table 3.3 PD outputs for all possible transitions when h.1<0, and h;>0 in

PAM-4.

2(3W;3 +W; -W, )=6 )
—] (W3 +W2 -W =4
L 2(3Wa W W, )=2
-3h, -0.33h, 0

4(W3 +Wy -W,, )=-4
—_ 1:2:4
— 1:1:1

Fig. 3.5 PD characteristics when h.1<0, and h:>0 in PAM-4.

PD out (early-late)
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Pattern Recevied level-V Error PD output
D[n-1] Din] D[n+1] h1, hi <0 E[n] Early Late Early-Late
+1 +3 +3 3hy+h, <0 -1 Wy - Wi
-1 +3 +3 3h4-hy >0 +1 - W -War
-1 +3 +3 3h4-hy <0 -1 Wy - Wo
-3 +3 +3 3h.4-3h; >0 +1 - Way -Way
-3 +3 +3 3h4-3hy <0 -1 Wi - WaL
+3 +3 +1 h.4+3h; <0 -1 - Wy Wi
-1 +3 +1 h.-hy>0 +1 Wi W Wi -Wa
-1 +3 +1 h4-hy <0 -1 W Wi Wo-Wy
-3 +3 +1 h4-3h; >0 +1 Wi Wi Wi -Ws
-3 +3 +1 h4-3h; <0 -1 W Wi Wi -Wy
+3 +3 -1 -h4+3h; >0 +1 Wi - Wi
+3 +3 -1 -h.4+3h; <0 -1 - Wa -Wa
+1 +3 -1 -h.4+hs >0 +1 War Wi Wor-Wi
+1 +3 -1 -h4+h; <0 -1 Wi Wi, Wi -Wa.
-3 +3 -1 -h4-3h; >0 +1 Wor Wy Wo-Wy
+3 +3 -3 -3h.4+3h; >0 +1 Wi - Wa
+3 +3 -3 -3h4+3h; <0 -1 - Wi -Wai
+1 +3 -3 -3h4+hy >0 +1 Wa Wi Wa-Wiy
+1 +3 -3 -3h4+h; <0 -1 Wi Wi Wi -Wa
-1 +3 =3 -3h.+-h1 >0 +1 Wa Wa Wa-Wa
Other cases - - - - -

Table 3.4 PD outputs for all possible transitions when h.1<0, and h:<0 in

PAM-4.
Lock point 1 E
4W tWo -Wo )=4 = L -4(W3 +W, -W,, )=4 tl—?
2(Wa, + Wi Wi )=2 2(Way tWo Wy )=2 2
i h., ) S
3h, T 0.33hs |0 ” =t
2(Ws3 +Wa2 -Wy, )=-2 2(W5 #W, W, )=-2 ©
4(W3 +W5 -W, )=-4 -4(W3 +W, -W,, )=-4 E

—_—1:2:4
—_— 1:1:1

Fig. 3.6 PD characteristics when h.1<0, and h:<0 in PAM-4.
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3.3 Circuit Implementation

3.3.1 Overall Architecture

Fig. 3.7 shows the circuit implementation of the PAM-4 receiver, which is com-

posed of the TWG-PD, a CTLE, a 2-tap DFE, samplers, 4 to 64 deserializers, a

phase interpolator (PI), and digital logic. To reduce the timing constraints, quarter-

rate clocking is employed.

<
o

CKin

PPF

DFE 1

Pl

Wi, W2

i [ PAM4 threshold
74 i | level adaptation

/ i DLev adaptation :

Digital logic

“
D '
+’E Transition :
64 v | Weighted Gain |}
: (TWG)

# CLK i - PC
\_'5 Digital Loop Filter [

Vi, Vi, Ve
PC

8b IDAC

£
!
6

Fig. 3.7 Overall architecture of PAM-4 receiver.
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3.3.2 Analog Block

Since the PAM-4 receiver requires many samplers, the summing node of the
feedback filter in the DFE is very capacitive, subject to the bandwidth limit. Thus, as
shown in Fig. 3.8(a), the CTLE incorporates the Cherry-Hooper topology to offer
low output resistance with a small area and low power consumption [9] . Only mod-
erate boosting of 3-dB is provided.

The remaining post-cursor ISls after the CTLE are removed by the 2-tap DFE.
Although four summers are required from the feedback filters of the 4 DFEs, sum-
mers working at differential phases such as (CK0, CK180) and (CK90, CK270) are
merged at the input to the DFE samplers, thereby reducing the load capacitance of
the CTLE [7] . Since the number of summers is reduced from four to two, power
consumption, active area, and the effort of tuning the offset are significantly reduced.
Fig. 3.8(b) shows the architecture of a merged summer. The strong-arm latch is used
for the samplers, and a 6-bit offset control code calibrates and removes the offset of
each sampler. The quarter-rate 8 GHz clock is generated by a polyphase filter (PPF)
from the 8 GHz differential clock. Since the sampler outputs are in the form of a
thermometer code, all the high speed operations are done with the thermometer code.

Thus, three bits of data samples and one error sample are deserialized at low speed.
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Fig. 3.8 (a) CTLE (b) merged summer.
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3.3.3 Digital Block

The digital logic composed of the PAM-4 dLev adaptation logic, the pattern filter,
the TWG logic, and the digital loop filter operates at 500 MHz. The TWG logic and
the DLF adjust the phases of the four-phase 8 GHz clock for the quarter-rate CDR
with a Pl. The current-output digital-to-analog converter (IDAC) converts the code
to the dLev of the data samplers.

Before activating the operation of the CDR, dLev adaptation should be preceded
to decide the threshold levels of PAM-4 signal, V,, and V; for obtaining the maxi-
mum eye margin. Fig. 3.9 shows the dLev adaptation procedure with the error com-
parator periodically estimating the vertical height of the +3 level and placing the
other thresholds. The dLev is adaptively adjusted by the equation Ve, [n + 1] =
Vprevn] + Uprey - (UP-DN). Regardless of ISI, if all the data transition probabili-
ties are uniform, Vp,., is located at the center of the dispersion of 3h,, and thresh-
old levels, V, and V;, are set at 2h,, and —2h,. The initial foreground calibration
step is performed for all sixteen comparators to compensate for each comparator
offset. Two digital loops, the reference voltage for threshold adaptation and the CDR,
are performed in the background. The bandwidth of the dLev and threshold adapta-
tion loop is designed to be higher than the CDR loop to prevent instability arising
from interacting loops. Since only the transitions involving the +3 data level are ex-
amined and selected by the pattern filter, the bandwidth tends to be low. The PI con-

trol code (PC) is 6-bit wide and given as a thermometer code.
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Fig. 3.9 Eye-diagram with data levels considering only pre-cursor ISI.
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3.4 Measurement Results

The proposed PAM-4 receiver prototype is fabricated in a 40 nm CMOS process.
Fig. 3.10 shows the chip photomicrograph. The chip is measured with a PRBS-7
pattern, operating at 64-Gb/s in PAM-4.

The measurement setup is shown in Fig. 3.11(a). The bit error rate tester (BERT)
produces two binary PRBS data streams for MSB and LSB. To make a PAM-4 sig-
nal stream, a passive power combiner is employed with one port coming from MSB

and the other from LSB through a 6 dB attenuator. The PAM-4 input signal is shown
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in Fig. 3.11(b). As shown in Fig. 3.12, the overall path with SMA cables and PCB
exhibits an insertion loss of around 6.6 dB at the Nyquist frequency of 16 GHz. Fig.
3.13 shows that the actual area is 0.175 mm?, and power consumption is 152 mW.
Fig. 3.14(a) shows the bathtub curve when the transition weight ratio of
Wa: W, : Wy, is 1:2:4 measured from the error detector using an I1°C interface with
an automated Python script. A slightly larger sampling window is measured for
MSB as expected. A significantly larger window is observed when the BER of 10
is specified, which is normally the case of PAM-4 signalings where a forward error
correction capability is employed. Fig. 3.14(b) shows that JTOL is measured in four
cases: the conventional MM-CDR with a 1:1:1 ratio for MSB and LSB, and the pro-
posed TWG-CDR with a 1:2:4 ratio also for MSB and LSB. MSB and LSB are re-

spectively measured with PRBS-7 pattern checker in BERT. Fig. 3.15 shows jitter

BERT
Pattern Gen. weq (< ibo" T -
attern Gen. mse_Lsa+"
Anritsu | +.@ @
MU183020A _:,‘© ® | —)l Channel I
Pattern R
Generator @ i
¥
Error Det. CHIP
Anritsu @
MU183040B $
Error
Detector @ PC

(a) (b)
Fig. 3.11 (a) Measurement set-up, and (b) PAM-4 input signal.
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histograms of the recovered clock. The horizontal eye opening margin and jitter per-

formance of the TWG-CDR are improved compared with the sign-sign MMCDR

(SS-MMCDR), as shown in Fig. 3.15, which are also indirectly verified with the

JTOL measurement result shown in Fig. 3.14(b).

o ° —
) Nyquist
»n Frequencyg
7] :
o !
= 4 ;
Q
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O 3 :
0 5 10 15 20
Frequency (GHz)

Fig. 3.12 Insertion loss of a channel used for measurement.

Block Description (ﬁzg) ?;upﬁ)r
Analog Front-end
(AFE) 6430
Digital-to-Anal 102.3
igital-to-Analog
Converter (DAC) 63250
Phase Interpolator
(CLK) 5320 12
Deserializer
(DES) 14400
Digital Logic 31.72
igi
(DIG) 87400

DIG+DES
24.8%

Fig. 3.13 Power breakdown and area.
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Fig. 3.14 (a) Measured bathtub curve, and (b) JTOL comparison between MM-

CDR and TWG-CDR
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Fig. 3.15 The histogram of random jitter for the recovered clock with (a) MM-
CDR and (b) TWG-CDR
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Table 3.5 summarizes and compares the performance of the published state-of-
the-art PAM-4 receivers, including the type of PDs. The proposed TWG-PD
achieves the highest speed with better energy efficiency and less silicon area among
the 64-Gbps classes. In addition, since the proposed phase detection technique is
implemented with digital circuitry, insensitivity to the mismatch of the devices is

another benefit.
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JSSC'19 ISSCC"19 ASSCC'21 ISscc'18 ISSCC'18 This work
Technology Node 65nm CMOS 28nm CMOS 40nm CMOS 65nm CMOS 28nm FDSOI 40nm CMOS
Modulation PAM-4 PAM-4 PAM-4 PAM-4 PAM-4 PAM-4
PD type Oversampling Oversampling m.mca-qmﬁm. Baud-rate Oversampling Baud-rate
(BB-PD) (BB-PD) (compatible multi-level){ (Pulse-Catcher) (BB-PD) (TWG)
Data Rate (Gb/s) 56 25.6 48 32 64 64
Area(mm’) 0.51 ~0.41 0.24 0.16 0.32 0177
Equalizer OH_Mm“ 1-tap FIR, CTLE CTLE, TXFIR, TX FIR, CTLE,
-tap IR DFE 1-tap DFE CTLE, 1-tap DFE CTLE 2-tap DFE
Efficiency (pJ/b) 4.63 222 2.42 25 28 2.37
Power (mW) 259 56.8 116.3 80 180 152
BER <1E-12 <1E-12 <1E-11 <1E-12 ~1E-12 ~1E-11

Table 3.5 Performance summary and comparison
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Chapter 4

A Low-Jitter PAM-4 Baud-rate Dig-
ital CDR

4.1 Overview

As the demand for higher data rates in wireline communication increases, multi-
level signaling such as PAM-4 has been adopted in many applications instead of
NRZ [1]-[7], [10]-[12], [16]-[23]. While PAM-4 signaling provides a doubled data
rate with the same bandwidth, the patterns of transitions are more diverse than NRZ
signaling, leading to a degradation of the vertical and horizontal eye margins. There-

fore, an improved CDR circuit is required to fully utilize the patterns that are not
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present in NRZ signaling.

Typically, two types of CDRs, namely, a 2x-oversampling CDR and a Baud-rate
CDR, are commonly used [1]-[7], [10], [12], [18]-[23]. The 2x-oversampling CDR
uses edge and data information for phase detection, locking at the zero-crossing
point. In NRZ signaling, the zero-crossing point is unique, guaranteeing robust CDR
operation. However, PAM-4 signaling has multiple zero-crossing points due to vari-
ous types of transitions, including asymmetric transitions, as shown in Fig. 4.1. This
problem has been addressed in several papers [3]-[6]. In [3], [6], a technique to filter
only symmetric transitions and ignore patterns that appear as jitter is proposed.
However, this technique reduces the available transition density, degrading the

phase tracking performance. Other papers utilize asymmetric transitions as "very

Symmetric
Asymmetric Transition Asymmetric
Transition A4 Transition

) 4
D[n-1] Edge D[n]

Fig. 4.1 Symmetric and asymmetric transitions in a PAM-4 waveform.
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early" and "very late" states to increase the transition density [4], [5], which are de-
fined as a partial elimination technique in [12]. While this technique increases the
effective transition density when the phase is located away from the minor lock
point, the asymmetric patterns do not produce phase information after the clock
phase enters the lock range. The lock range is the range between the lock point of
the asymmetric transitions and the lock point of the symmetric transitions, as shown
in Fig. 4.1. When the channel bandwidth is large enough, the partial elimination
technique appears worse than no elimination, which corresponds to the conventional
2x-oversampling CDR, as analyzed in [12].

Recently, Baud-rate CDRs have been preferred over the 2x-oversampling CDR
to reduce the overhead of multi-phase clock generation. However, the problem
caused by various transitions in multilevel signaling also occurs in the Baud-rate
CDRs. Since the Baud-rate CDR uses error samples instead of edge samples, the
transitions can be divided into two types: full-swing transitions and non-full-swing
transitions, as shown in Fig. 4.2. The full-swing transitions have the maximum volt-
age swing like the NRZ signaling, while the non-full-swing transitions have a small-
er swing. In [21], to obtain a simple implementation, only the full-swing transitions
in PAM-4 signaling are used for phase detection. However, this approach makes it
difficult to achieve robust CDR due to the limited transition density. To overcome
this limitation, techniques of the PAM-4 Baud-rate CDRs considering the non-full-
swing transitions have been proposed [22], [23]. However, these techniques only
focus on a convergence problem rather than different lock points of various patterns
and jitter tracking ability.

In this Chapter, we propose a low-jitter Baud-rate PD using an asymmetric-
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weighted technique based on quantitative analysis. JTOL is measured to provide a
comparison of jitter tracking ability. The proposed PD achieves improved jitter per-

formance compared to the conventional PD.

e Full-swing transition
e ®» » » » Non-full-swing transition

) 4 4
D[n-1] D[n)/E[n] D[n+1]

Fig. 4.2 Full-swing and non-full-swing transition in a PAM-4 waveform.
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4.2 Overall Architecture

Fig. 4.3 shows the circuit implementation of the proposed PAM-4 receiver,
which comprises analog blocks and digital logics. The analog blocks consist of sev-
eral components: a CTLE, a 2-tap DFE, a voltage-output digital-to-analog converter
(VDAC), samplers, 4:32 deserializers, and Pls. To handle the high bandwidth re-
quirements of PAM-4 reception, the Cherry-Hooper topology [9] is adopted to the
CTLE design. The 2-tap DFE removes post-cursor distortions that remain after the
CTLE processing. In addition, summers that operate with differential phases are
merged to reduce power consumption and tuning complexity. The samplers utilize a
strong-arm latch, and no additional analog circuit is needed for offset calibration
since the threshold of the data samplers already includes offset information. The
DFE utilizes two 6-bit IDACs, and a total of twenty 7-bit VDACs are used for refer-
ence level generation, with twelve for data samplers and eight for error samplers.
Because of the limit in digital logic synthesis, 4 to 32 deserializers are used.

The quarter-rate clocking is adopted to relax timing constraints, with the quarter-
rate 5 GHz clock being generated by dividing a 10GHz differential clock. In addi-
tion, two parallel Pls are employed to cancel skew between adjacent clocks.

The proposed receiver includes various adaptation logics as well as the clock re-
covery logic. The three adaptation logics for the PAM-4 threshold levels of data
samplers, dLev and biased-reference of error samplers, and DFE coefficients should

be performed adequately to achieve the proposed Baud-rate CDR.
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Fig. 4.3 Overall PAM-4 receiver circuits including analog blocks and digital logics.
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4.2.1 Threshold Level Adaptation

First, the adaptation for the PAM-4 threshold levels should be preceded by other
adaptations because it decides the threshold levels of the data samplers used for fur-
ther adaptations. To obtain the threshold level adaptively, the sampling clock should
be located at the edge of the signal. Fig. 4.4(a) shows an operation to obtain the edge
clock. Considering that the general Baud-rate CDR has a data lock point at h_; =
h,, an edge lock point can be obtained by inverting the UP/DN of the PD. Since the
inversion of the UP/DN changes “early” to “late”, and “late” to “early’, the data lock
point is changed to the edge lock point. Only full-swing transition is used for clean
edge information of transitions. After the edge lock, the transition probability is de-
termined as shown in Fig. 4.4(b). Assuming random patterns, the probability of be-
ing sampled as +3 is 1/8 at the edge. In the same way, each probability of +1, -1, and
-3 is obtained as 3/8, 3/8, and 1/8, respectively. As a result, the high threshold level
(V) is adaptively locked at the point where the ratio of the high-level sampler output
becomes 1:7. Since the threshold level includes the offset of the sampler, additional
offset calibration is not needed. In the same way, the threshold levels of all other

data samplers are adaptively obtained.
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Fig. 4.4 Threshold level adaptation including the method of obtaining (a) the
edge clock, and (b) threshold levels.
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Fig. 4.5(a) shows an eye diagram of 40 mV for Dp, —40 mV for D,,, and 50 mV
for D; for offset when threshold level adaptation is used and when the adaptation is
not used. When threshold level adaptation is not used, it is a method that decides the
threshold as 2/3 of the reference level of the error sampler, which is commonly used
in PAM-4. The horizontal line is the data level that is actually sampled, including
offset, and thus the receiver does not function properly. Fig. 4.5(b) shows that the
horizontal line is located in the center of each eye and works properly as a result of

using adaptation for the same offset.
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Fig. 4.5 Simulated eye-diagrams of (a) before threhold level adaptation, and (b)

after threshold level adaptation.
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4.2.2 DLev/Biased-Reference and DFE Adaptation

The adaptations logics for dLev, biased-reference, and DFE coefficients are im-
plemented by using the SS-LMS algorithm [27]. Since correctly sampled error in-
formation is needed in the DFE adaptation, the loop gain of the DFE adaptation is
smaller than that of the dLev adaptation. The DFE adaptation is divided into two
loops for the 1t post-cursor and the 2™ post-cursor. Since the 1%t post-cursor is nor-
mally larger than the 2" post-cursor, the loop gain for the 1% post-cursor should be
larger.

Fig. 4.6 shows the dLev and biased-reference adaptation procedure with the error

sampler including all possible ISls. The dLev is adaptively adjusted by the equation:

Voln+ 1] = V;[n] + p,(UP — DN) (4.1)

Shy g2

ccemococsecee

“ “. 3ho-h-1

4 'y 4 DN 3ho-3h.; ¢
D[n-1] Edge D[n]

Fig. 4.6 Operation of dLev and biased-reference adaptation.
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where u, is the weight of updating the threshold code, which is digitally controlled.
As shown in Fig. 4.6, if the output of the error sampler is +1, UP is obtained, leading
to increasing the reference level of the error sampler. In the same way, DN is output
for the case of -1, resulting in a smaller reference level of the error sampler. Regard-
less of ISI, the threshold of the error sampler is always located at the center of the
signal, 3h,, if all data transition probabilities are uniform. The DFE coefficients are
also adaptively adjusted while the dLev adaption is performed. At the same time, the

biased reference of the error sampler, V. is obtained as:

Vi[n] = V.[n] — K * LSBypyc (4.2)

where K is a 4-bit digital code to make a biased reference level. The constant value,

Aa, in Fig. 4.6 is decided by equation (4.2), Aa = K * LSBypac-
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4.3 PAM-4 Baud-Rate Phase Detector

There are two commonly used PDs in Baud-rate CDRs, namely MMPD and SS-
MMPD. The MMPD compares the phase difference between two input signals and
generates an output proportional to the magnitude of the phase difference. On the
other hand, the SS-MMPD compares the signs of the inputs and generates an output
based on the sign of the phase difference. As a result, the SS-MMPD, which oper-
ates digitally and detects only the input signal signs, achieves better noise immunity
and reduces offset effects. Moreover, the SS-MMPD operation is suitable for ADC-
based receivers, widely used in high-speed links for high-loss compensation. There-
fore, we adopt the SS-MMPD as the conventional PD in the PAM-4 Baud-rate CDR.
To obtain PD characteristics, we analyze the lock points in the conventional PD with

two possible transitions: the full-swing transition and the non-full-swing transition.

4.3.1 SS-MMPD with One Error Sampler (Full-
Swing Transition)

Fig. 4.7(a) depicts the SS-MMPD with one error sampler utilized in NRZ signal-
ing [24]. The PD takes into account three consecutive data samples and an error
sample, updating outputs only when the three data samples are -1/+1/+1 (rising tran-
sition) or +1/+1/-1 (falling transition), as demonstrated in Fig. 4.7(b). The reference
voltage level of the error sampler is established by the signal level including ISIs

when the data pattern of D[n-1]/D[n]/D[n+ 1] has a transition. Specifically,
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when the data pattern is the rising transition, the signal level is determined as hy +
h_, — h4, considering the first pre-cursor and the first post-cursor. Similarly, when
the data pattern is the falling transition, the signal level is derived as hy — h_; + h;.
Using the SS-MMPD, the reference level of the error sampler is established where
both signal levels, hy —h_; + h; and hy + h_; — hq, are identical, resulting in a
lock pointat h_, = h, forthe CDR.

The SS-MMPD operation in NRZ signaling can be extended to PAM-4 signaling.
The PAM-4 SS-MMPD also considers three consecutive data samples of D[n-1],
D[n], and D[n + 1] and the middle error sample of E[n]. With PAM-4 signaling,
the data samples are classified as +3/+1/-1/-3, while the error samples are assigned
as +1/-1 based on the highest reference level. The transitions are categorized into
rising and falling transitions and also into 1-level transition, 2-level transition, and 3-
level transition based on the swing size. The 3-level transition is identified as a full-
swing transition, the same as the transition in NRZ signaling. In the 3-level rising
transition, the data pattern is -3/+3/+3, and the signal level is established as 3h, +
3h_; — 3h4. On the other hand, the 3-level falling transition, corresponding to the
data pattern of +3/+3/-3, has a signal level of 3hy — 3h_; + 3h,. Therefore, the ref-
erence voltage level of the error sampler is established as 3ho, and the same lock
point, h_; = hy, is obtained regardless of the rising transition or the falling transi-
tion. Therfore, the 3-level transition is created as a symmetric transition by combin-
ing the 3-level rising transition and the 3-level falling transition, and its lock point,

h_, = h4, is defined as a major lock point.
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Fig. 4.7 (a) Implementation of a PD with one error sampler, and (b) operation

of SS-MMPD in NRZ signaling.
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4.3.2 Non-Full-Swing Transition

Unlike the full-swing 3-level transition, the 1-level transition and the 2-level
transition are referred to as non-full-swing transitions, and their lock points vary de-
pending on the type of transitions. The 1-level transition has data patterns of
+1/+3/+3 and +3/+3/+1, which have a swing that is 1/3 of the swing in the 3-level
transition. The 1-level rising or falling transition signal level is 3hy + 3h_; + hy oOr
3hy + h_y + 3h4, respectively. Assuming that the pre-cursor and the post-cursor are
positive, the signal levels of the 1-level transitions are always higher than the refer-
ence voltage determined by the 3-level transitions, which is 3h,. Therefore, the 1-
level transitions cannot be used to detect the phase.

In contrast, the 2-level rising transition and the 2-level falling transition provide
information for phase detection and have 2/3 of the swing in the 3-level transition.
The rising transition includes the -1/+3/+3 data pattern, and the falling transition
consists of the +3/+3/-1 data pattern. As shown in Fig. 4.8, the signal level for the 2-
level rising transition is 3hy + 3h_; — hq, resulting in a lock point of 3h_; = h;.
Similarly, the signal level for the 2-level falling transition is 3hy — h_; + 3h4, re-
sulting in a different lock point of h_; = 3h;. Since the lock points of the 2-level
rising and falling transitions differ from the major lock point of h_; = hy, these
transitions are considered as a jitter. Therefore, we refer to the two lock points as

minor lock points.
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4.3.3 PD Characteristics

Fig. 4.9 shows the phase detection characteristics of all transitions employed in
PD, the 3-level transition, 2-level rising transition, and 2-level falling transition. If
the phase is located at the major lock point, the PD output is DN for the 2-level ris-
ing transition, resulting in a visible jitter. Similarly, for the 2-level falling transition,
the PD output is UP, which is also noticeable as a jitter at the major lock point. If all
transitions, including full-swing and non-full-swing transitions, are utilized, the jitter
is broadly distributed in the range of h;/3 < h_; < 3h;. Assuming that the distanc-
es between the major lock point and each minor lock point are equivalent for sim-

plicity, this distance is referred to as the lock distance (LD), or d.

h.

h1/3 3h1

2-level_rise UP TDN DN: DN
3-level up upfoni DN
2-level_fall UP :UP UP? DN

Fig. 4.9 PD characteristics of detected transitions.
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4.4 Proposed Baud-Rate Phase Detection

4.4.1 Asymmetric-Weighted Phase Detection

To resolve the problem of jitter, we propose an asymmetric-weighted PD. This
involves assigning different weights to the UP (“early”) and DN (“late”) based on
the transition types. For the 3-level transitions, the weight of UP/DN should be
symmetric since the rising and falling transitions have the same lock point, h_; =
h,. Thus, we apply the same weight to the UP/DN generated by the 3-level transi-

tions, and the PD output is expressed as
PD,,;(3-1evelse) = PD,y:(3-1evelg,;) = UP — DN (4.3)

However, for the 2-level transitions, asymmetric weights are necessary since the
rising and falling transitions have different lock points where h_; = h;/3 and
h_, = 3h4, respectively. Therefore, the proposed PD adopts asymmetric weights for
the 2-level transitions. In the case of the 2-level rising transition, UP is multiplied by
a, and DN is multiplied by . The same weights are adopted for the 2-level falling
transition, but the weights for UP and DN are interchanged. Therefore, the PD out-

puts for the 2-level transitions are obtained as

PD,,:(2-1level ) = a x UP — 8 * DN
PD,,;(2-levelgy) = B *UP — a « DN (4.4)
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Since the major and minor lock points are determined by the relation between the
pre-cursor, h_,, and the post-cursor, h,, the PD gain curve depends on the magni-
tudes of h_; and h; as shown in Fig. 4.10. In the condition of h_, < h;/3, both
3-level transitions and 2-level transitions generate UP, thereby the PD gain is 2 +
a + . On the other hand, the PD gain is 2 under h;/3 < h_; < 3h; because the 2-
level rising transition and the 2-level falling transition generate opposite decisions.
In the same way, DN is generated by the same gain of 2 + a + 8, and 2 under
h_y > 3h,, and h; < h_; < 3h4, respectively. In the conventional case where the
SS-MMPD is used, both a« and g are 1, and the PD gain becomes 4 under h_; <
h,/3. To fairly compare the jitter injected by PD, we set a + 8 = 2, which is
matched with the SS-MMPD. Therefore, the PD gain curve appears the same regard-

less of a value when the data transition probability is the same.

“(2+a+p) L——

hi/3 hi| 2*DN | (2+a+B)
I *-DN

2-level_rise a*UP f adN 1 g'DN 1 DN

3-level 2*UP . 2*UP | 2*DN | 2*DN

2-level_fall B*UP B*UP : B*UP | o*DN

Fig. 4.10 PD gain curve with an asymmetric-weighted technique.
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We assume the input phase error is distributed according to a Gaussian distribu-
tion, as illustrated in Fig. 4.11, with a major lock point of h_; = h;. In the case of a
2-level rising transition, the DN distribution is more stochastic than the UP distribu-
tion because it has a lock point, h_; = h;/3, located at a distance to the left of the
LD. Consequently, the weight of UP must be raised to shift the minor lock point to
the right. As a result, we determine that a« > 1. Similarly, in the case of a 2-level
falling transition, the UP distribution is dominant, leading to the same conclusion.
The optimal value of a is determined based on the variances of random jitter and
LDs. When a 2-level rising transition is detected based on the major lock point, the
probability of UP becoming dominant is & (— %) and the probability of DN becom-
ing dominantis 1 — & (— g) Consequently, the minor lock point can be transferred
to the major lock point by multiplying the UP distribution by 1 — @ (— g) and the

DN distribution by d)(—%). Similarly, the weight of UP is 1 —CD(%), and the

A

distribution #
(2-0)*UP / \
B

distribution

(2-0)*DN

Eﬂ—b h <—>:

T d 1 d

h./3 h1 3h, h1
2-level_rise 2-level_fall

Fig. 4.11 Operation of an asymmetric PD considering a random Gaussian

distribution at the major lock point.
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weight of DN is @ (g) Here, ®() refers to the Cumulative Density Function of

the Standard normal distribution, which is defined as

) = L[ r d 5
(x)—ﬁf_mexp<—?> t (4.5)

As a result, optimum a is calculated as 2® (%), which satisfies the equation (4.6):

a:2—a= d)(g):l—cb(g) (4.6)

o

Using the optimal value of a, the minor lock points of 2-level rising and falling
transitions are stochastically shifted to the major lock point. However, this does not
guarantee the performance of the jitter injected by the PD in the CDR system. A

guantitative analysis of the jitter aspect is described in Section 4.5.
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4.4.2 Biased-Reference of Error Sampler

The previous discussion has established that the lock points arise in the relation-
ship between the pre-cursor and the post-cursor. However, when the post-cursor is
eliminated by a DFE, the value of h; becomes zero, resulting in a lock point at
h_y = h; = 0. At the same time, if the equalization for removing the pre-cursor is
insufficient and h_; cannot be set to zero, the PD will continue to output DN
(“late”), leading to a slip without a lock point. One proposed solution for this issue is
manually managing digital offsets in the PD output, as described in [25]. However,
determining the optimal value of the digital offset for various channels is challeng-
ing. Therefore, an alternative method, called maximum-eye tracking (MET), has
been presented in [24]. Nevertheless, both techniques depend on the transition pat-
tern, meaning that the correlation between the pre-cursor, main-cursor, or post-
cursor does not determine the lock point.

To address these issues, we propose a method of giving an offset to the reference
level of the error sampler to determine the lock point based solely on the pre-cursor
value. Fig. 4.12 shows how the PD operates when a bias, Aa, is added to the refer-
ence of the error sampler. Since there is no post-cursor, only the falling transition is
considered for phase detection. Thus, for the 2-level transition, a lock pointat h_; =
Aa is obtained, where the reference level, 3h,-Aa, and the signal level, 3h,-h_q,
become the same. Similarly, for the 3-level transition, a lock point at 3h_; = Aa is
obtained. Although this resolves the slip problem of the Baud-rate CDR with DFE,
the jitter problem mentioned earlier still arises when using the DFE.

The lock point is located between h_; = Aa and 3h_; = Aa, thus it cannot be
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classified into major or minor lock points. Therefore, the lock point is positioned in
the middle of the two lock points, and the PD output is obtained according to equa-

tion (4.7):

PD,,:(3-1level) = a * UP — B *x DN
PD,,;(2-1evel) = B * UP — a * DN (4.7)

In the same reason for a fair comparison of the jitter injected, the values of «
and B are constrained such that a + g = 2, leading to the same PD gain curve re-
gardless of a value. The optimal value of o is obtained as 2® (%), where d repre-
sents the distance between the center of the two lock points, and each lock point is

assumed to correspond to the LD.

3-level 4 (+3—-3)

(2-0)*DN

Aal3i= g | Lock h.
point

2-level A (+3— 1)

(2-a)*UP

Lock ‘T’EAE h,
point

Fig. 4.12 Operation of the biased-reference of the error sampler.
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4.5 Pseudo-Linear Analysis of SS-MMPD

For the specific jitter analysis, a pseudo-linear analysis technique is utilized to
quantitatively model the non-linear behavior of the SS-MMPD and the proposed PD,
as discussed in the literature [26]. Typically, a BB-PD is represented by a sampler
where a positive phase error, ¢,, results in an output of +1 indicating an early signal,
while a negative phase error results in an output of -1, indicating a late signal. The
non-linear characteristics of the sampler are modeled by using a pseudo-linear anal-
ysis technique, as depicted in Fig. 4.13(a). The phase error consists of a determinis-
tic term, ¢, 4, and a random term, ¢, ,.. The two error terms are each multiplied by
different gain factors, K, and Kp, respectively, to minimize the power of quantiza-
tion noise, ¢, as described in [26]. For a more accurate model, the quantization
noise ¢, is defined as the difference between the output of the sampler, ¢,, and

the linear term, ¢, 4Kp + ¢eKg.

d)q = ¢y — d)e,dKD - d)e,rKR (4.8)

To determine the weight « discussed in Section 4.4.1, a comparison is made be-
tween the proposed PD and SS-MMPD by modifying the sampler output multiplied
by a or 2-a. As shown in Fig. 4.13(b), a is the weight multiplied when the out-
put of the sampler is +1, and 2- «a is the weight when the output is -1 for the 3-level
transition. Similarly, for the 2-level transition, 2-« and a are the weights when

the output of the sampler is +1 and -1, respectively.
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Assuming sufficient noise in the system, the random noise component ¢, , be
comes the dominant element. The deterministic noise component ¢, ; occurs inde-
pendently of all transitions, resulting in an expectation value of zero. As a result,

decoding only the random gain Ky using Bayes' rule yields the following:

K, = ¢(;ed;‘]‘] ZProb 1Kp x (4.9)
Ky = ‘Z‘::p“] ZProb 1Kz x (4.10)

Here, X represents the transition used for each PD, which consists of the 3-level
and 2-level transitions. Prob[X] denotes the probability of occurrence for each de-
tected transition. When the DFE is used, the gain factors of the 3—level and 2—level
transitions are the same because the LDs of both transitions are assumed to be iden-
tical. Consequently, the expectation value of the deterministic terms is zero. Any
variation due to the LD will be included in the quantization noise, ¢, as a random
variation under uncorrelated conditions. Therefore, only the random gain factor, Kp,

is considered to compare the jitter injected into the CDR by the PD.
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Fig. 4.13 Decomposed pseudo-linear gains Kp and Kg of (a) the conventional

BB-PD, and (b) asymmetric-weighted BB-PD
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4.5.1 Conventional SS-MMPD with DFE

First, we investigate the conventional SS-MMPD prior to the proposed asymmet-
ric-weighted PD. Since the DFE is used, biased-reference technique in 4.4.2 is
adopted. We denote this case as Case A. For the SS-MMPD, the value of a is 1,
and the lock point is located exactly middle between the two lock points. As a result,
the gain factors for the 3-level and 2-level transitions, denoted by Kg 3 jevel and

KR 2-1evel, are equal and expressed as

KR,3—level = KR,Z—level

S borfor(ber)dde + [ borfor(ter)dde,
( (e:) E[qbez]d ($er)4e:) N<d>§ (4.11)

Then, the overall noise gain Kp, 4 is calculated using (4.10) and (4.11):

dy\1
Kp 4 =207 | 2V (—) — 412
RA T< p ) p ( )
where a; is a unit probability of the detected transitions. Two sequential data are
needed because only falling transition is considered. Thus, as is 1/16 in this case.
o is the standard deviation of ¢, ,, which is the random term of the phase differ-
ence. Since the phase error input is assumed as a Gaussian distribution, () is the

Probability Density Function of the Standard normal distribution defined by:
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1 2
N(x) = \/T_nexp <— %) (4.13)

Using the overall noise gain and the PD’s outputs, a power of quantization error
can be calculated. The absolute value of ¢, can be considered as 1 or 0 in binary

output and calculated as

E[92] = E [(Kedper + bq)"| = KZAE[02,] + E[93]  (414)

With (4.12) and (4.14), the variance of quantization error, o, 42, can be obtained

as:

2
d
0% 0 = EI98] - KEAE[@2,] = 207 - <4aTN (;)) (4.15)

The variance of quantization noise is perceived as the amount of jitter injected by
PD. Therefore, (4.15) means the ratio of the LD and the standard deviation of ran-
dom phase noise, d/a, should be small to lower the jitter in the system. However,

d/o is generally decided by the system, and it is difficult to change its value.
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4.5.2 Asymmetric-Weighted PD with DFE

Now, we examine the proposed asymmetric-weighted PD with the DFE, denoted
as Case B. For the same reason as 4.5.1, biased-reference technique is adopted. With
the asymmetric weights, the UP/DN weights are a/2-a and 2-a/a for the 3-
level transition and the 2-level transition, respectively. The gain factors of them,

KR 3-1ever @Nd Kg > jever, are given by calculation of:

(¢ )72 erfor(@er)dder + @ =) [ berfor(der)ddeyr)

KR 3-1ever = E[¢er2]
= <a]\f (g) +2-aN (;))% =2V (g)% (4.16)
(@= O[22 borfor (Ber)dter + [y berfur(ber)dder)
KR 2-1ever =

E[¢e’]
= ((2 — N (g) +aN (;))% =2V (g)% (4.17)

where fe,r(qf)e,r) is the probability density function of the phase error ¢, ,.
From (4.10), (4.16), and (4.17), the proposed PD has the same gain factors as the
SS-MMPD. Therefore, the overall noise gain, Kp g, is calculated in the same way as

Case A.
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Knp = 2ar <2N (g)) = (4.18)

g

However, the phase output ¢,, is not a binary output but is determined by «, O,
or 2-a according to the output of PD in each transition. Consequently, the power

of PD output is expressed as

Blgd] = ) Problg,] ¢}
X

Prob < —d | 3-level 2
= Prob[3-level] ( rob] e, | 3-level] xa )

+Prob|¢,, > —d | 3-level] * (2 — a)?

Prob >d | 2-level] * a?
+ Prob[2-level] ( [¢e’r l ] )

+Prob[¢,, < d | 2-level] x (2 — a)?
- 2ar( (10 ()t +o(() - (419)

where a; is the same as the value in Case A. The UP/DN probabilities are dif-
ferent according to d/o, thus optimum « is dependent on d/a. To minimize
04 = E[¢u*] — Kr*E[¢e>] compared with Case A, E[¢,*] should be mini-
mized because Kz”E[de,] is the same. To minimize E[¢,”], a function is de-

fined, and the differential value is found to be 0, as shown in the following formula:
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y(@) = (1 - (;)) «+0(5)@2-ay

dy(a)
da

0, «=20 (;) (4.20)

As a result, the optimum « calculated in this case is the same as the optimum «,
obtained to match the lock points in Section 4.4.1. The quantization noise power is

obtained by adding the obtained optimum a value:
o5p = E[Z] — KZE[$2,]

ca(s0(@)(1-0(Q))- (@) aa

Since the variance of quantization noise in Case B, aq,BZ, is also dependent on
d/a, there is a limit to reducing the jitter injected in the CDR by the PD. However,
it is always smaller than aq,Az when using optimum «, which shows better per-

formance in jitter characteristics.
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4.5.3 Conventional SS-MMPD without DFE

In this case, denoted as Case C, a typical SS-MMPD without DFE is analyzed,
where the a of 3-level, 2-level rising, and 2-level falling transitions are 1. For the
3-level, the phase detected as the phase error is at the lock point, so LD is zero.
However, for both cases of 2-level rising and 2-level falling, each LD is not zero,
therefore the gain factors of 2-level rising and 2-level falling, Kz 2 ieper rise and

KR 2-1ever fan are different from the 3-level gain factor, Kz 3_jepe;:

21
== (4.22)

K ==
R,3-level —
eve

KR,Z—level_rise = KR,Z—level_fall

(St berfor(Ber)dde + 77 borfor(Per)ddber)
E[.’]

=2\ (;)% (4.23)

Overall noise gain Kp, - is calculated using (4.23):

Q=

(4.24)

2 d
KR,C = ZaT, ; + 2NV (;)

In (4.24), ay, is 1/64 because three sequential data are needed. The quantization
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noise power is obtained in the same way:
oic = Elpi] - KicE[9é,]

2 d
=4ar, — | 2ar, - + 4o, N (;) (4.25)
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4.5.4 Asymmetric-Weighted PD without DFE

The gain factor of 3-level transition, Kp3_j0pe; IS the same as that in Case C.
This case is denoted as Case D. In the same way above, gain factors of them,

KR 2-tevel rise ANd Kg 2_jever raur, are given by calculation of:

KR,Z—level_rise

(@S2 berfor(Ger)dber + @ =) [ berfor(der)depes)
E[¢e,’]

= <a]\f (g) +Q2 -V (g))% =2V (g)% (4.26)

KR,Z—level_fall

((2 - a) f_t:l ¢e,rfe,r (¢e,r)d¢e,r t+a f:doo ¢e,rfe,r (¢e,r)d¢e,r>
E[¢er’]

= <(z — )N (g) +al (g))% =2\ (g)% (4.27)

Since each gain factor of the 2-level rising and the 2-level falling transition is the

same as the gain factor in Case C, the overall noise gain Ky is also the same as

the noise gain in Case D. The power of the PD output is calculated as follows:
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Bg&] = ) Problp,] ¢}
X
= Prob[3-level]

Prob < —d | 2-level rise] * a?
+ Prob[Z—level_rise]( [¢e,r | -rise] )

+Prob[¢,, > —d | 2-level_rise] x (2 — a)?

Prob[ge, > d | 2-level fall] * a?
+Prob[2—1evel_fall]< e | vel_fall] = )

+Prob|¢., < d | 2-level_fall] * (2 — a)?

= 2ap + 2ap (1 _ o (g)) @+ (;) 2 - a)? (4.28)

ar, is the same as the value in Case C. Optimum « calculated in this case is the
same as the optimum « obtained in Section 4.4.1. The quantization noise power is

obtained by adding the obtained optimum « value:

olp = E[¢2] — KZpE[¢2,]

2

e 1+ 40 (@) (10 (D)) 20 o (@] 29
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4.5.5 Comparison

In general, since the noise gains of the phase detector are different, it is appropri-
ate to adjust the loop gain to compare CDRs with the same bandwidth [12]. As a
result, compensation gain K. is needed for reasonable comparison when using DFE

and not using DFE. For the same bandwidth, we assume the same overall equivalent

gain K, = Kg * K, = \/%i Since noise gain factors of Case A and B are the same

(Kr.a = Kg ), they have the same compensation gain, K 4p:

R
KC,AB == d (430)
v (3)
In the same way, the compensation gains of Case C and D are the same:
32 2
(4.31)

ST
\/; +2nv (3)

The variance of the compensated quantization noise is calculated:

0% = 02K¢ (4.32)
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Fig. 4.14 shows the variance of the compensated quantization noise for the CDR
systems based on Case A, B, C, and D by changing the LD. Again, there is no point
where the expected jitter of the conventional SS-MMPD is smaller than that of the
proposed PD. Further, the case of using DFE and the proposed asymmetric-weigthed

PD with biased-reference technique has a better jitter performance than others.

Jitter Characteristic
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Fig. 4.14. Variance of the compensated quantization noise.
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4.6 Measurement Results

The proposed PAM-4 receiver is fabricated in a 28-nm CMOS process and

demonstrated at 40Gb/s with PAM-4 signaling. The chip photomicrograph and pow-

er consumption breakdown are shown in Fig. 4.15. The active area is 0.169 mm?,

and power consumption is 66 mW at 40-Gb/s. Fig. 4.16 shows the measurement set-

up including the method of generating the PAM-4 signal. To generate the PAM-4

signal using two differential NRZ signals, one of the NRZ signals (Data2) is passed

through a 6 dB attenuator, having a half swing of the other NRZ signal (Datal). Af-

y Y ) ‘ ¢ , o Area Power
' , ‘“‘ F" h ’ 4 Block Description (um?) (mw)
’ Analog Front-end
1 (AFE) 3300
Deserializer
o
: j (DES) 4800 30.8
Digital-to-Analo
9 9
" A Converter (DAC) 26100
s 1 | Clock 37500 22
(CLK)

4 —— , d Digital Logic 97500 13.2
) ™ (DIG) :
" e " LA

»
R .
g |9
»

5
» .

a

X
b IYRANN

Fig. 4.15. Chip photomicrograph and power consumption breakdown.
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ter that, a passive power combiner is employed to merge the two signals. The recov-
ered data generated from the chip is forwarded to an error detector to measure a
BER and JTOL.

Fig. 4.17 shows the measured bathtub curve. The receiver achieves a BER of 10°
with a timing margin of 0.28 Ul. To demonstrate the jitter performance of the
asymmetric-weighted PD, the JTOL is measured with various « values at the BER
of 10 as shown in Fig. 4.18. As mentioned in Section 4.4.1, there is no difference
in the bandwidth of CDR according to the change of a value. Note that the conven-
tional PD which has symmetric weights corresponds to the case of a = 1. While the
high-frequency JTOL is 0.23 Ul for the case of a = 1, the JTOL is enhanced to be
0.36 Ul when a is set between 1.125 and 1.25, which has the best jitter perfor-
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""""" Anritsu
: MU183040B

MU183020A ;"‘.@ @ Error Detector

Anritsu | */® @
Pattern |~  To------ : '

Generator /| ® O —>
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................ T B L2 1 LTCICRSRRROIRS RESRRSE
! Jittered
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Data1 } | I
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1] 6dB '
Data2 E- Atten. :

Fig. 4.16. Measurement setup.



Chapter 4. A Low-Jitter PAM-4 Baud-rate Digital CDR 90

mance under our measurement condition. However, the jitter performance is steeply
degraded when a is larger than 1.25, which means the proposed PD has an opti-
mum a. Using equations (4.15), (4.20), and (4.21), LD and the variance of the
guantization noise can be expected as shown in Table 4.1. It is considered that LD
exists between 0.1573 and 0.3186; thus 2~7% variance of quantization noise im-
provement is expected. As a result, performance improvement of up to 7% or more

can be obtained under the given measurement conditions.

Optlmum alpha LD(d) O-q,conv Oy .pro Jq,pro/o'q,conv
1.125 0.1573 0.1153 0.1133 0.98
1.25 0.3186 0.1160 0.1082 0.93

Table 4.1. Expected LD and vairance of quantization noise.
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Fig. 4.17. Bathtub curve.
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Fig. 4.18. JTOL measurement by changing the weight of asymmetric-weighted
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Chapter 5

Conclusion

In the first work, the TWG-CDR is proposed to provide a robust phase detector
gain over a wide phase error range, using the uneven transition weight ratio of 1:2:4,
where the shortest transition holds the highest weight. As a result, the proposed
TWG technique resolve the false lock problem, exhibiting a lower BER than the
conventional sign-sign Mueller-Muller CDR. Furthermore, the proposed TWG-CDR
implements the robust phase detection algorithm mostly with digital circuits utiliz-
ing the characteristics of the PAM-4 ISI. Therefore, it is more amenable to CMOS
scaling and extendable to other multilevel pulse amplitude modulations such as
PAM-8 or PAM-16. Measurement results show the proposed TWG-CDR offers the
highest speed of 64-Gb/s and the highest energy efficiency of 2.37pJ/b among state-
of-the-art designs with similar implementation technology.

The second work investigates a low-jitter phase detection technique for the
PAM-4 Baud-rate CDR. The proposed phase detection technique adopts asymmetric

weighting according to the transition types to reduce the jitter caused by various
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lock points in the multilevel signaling. Through pseudo-linear analysis, we demon-
strated that the proposed PD exhibits a better jitter tolerance than the conventional
SS-MMCDR. This technique can be adapted to other multilevel signaling, such as
PAM-8, as well as PAM-4. It achieves enhanced jitter tracking performance regard-
less of the channel bandwidth, but a much greater effect can be seen when the
bandwidth is small. These are backed by quantitative analysis and measurements.
The measurement results show that the proposed receiver offers a data rate of 40-

Gb/s and an energy efficiency of 1.65 pJ/b.
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