creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Ph.D. Dissertation

Design of Simultaneous
Bidirectional Transceivers with
PAM-4 Signaling

Yunhee Lee

August, 2023

Department of Electrical and Computer Engineering
College of Engineering
Seoul National University



Design of Simultaneous

Bidirectional Transceivers with

PAM-4 Signaling

AL 35 3 9 &

2023 9 8 €

2023 d 8 €

(<D

3

2 A

AdR

49+ (<D

SEE

(<D

(D

3 ¢ 4

(D

o A

ol




Design of Simultaneous
Bidirectional Transceivers with
PAM-4 Signaling

by
Yunhee Lee

A Dissertation Submitted to the Department of
Electrical and Computer Engineering
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy
at
SEOUL NATIONAL UNIVERSITY

August, 2023

Committee in Charge:
Professor Jaeha Kim, Chairman
Professor Deog-Kyoon Jeong, Vice-Chairman
Professor Yong Moon
Professor Woo-Seok Choi

Professor Kwanseo Park



ABSTRACT |

Abstract

This thesis proposes the design of simultaneous bidirectional (SBD) transceivers
using four-level pulse amplitude modulation (PAM-4) for wireline communication.
The transceiver structures and novel hybrid techniques are proposed for both asym-
metric and symmetric prototype chips.

In the first prototype design, an asymmetric SBD transceiver for next-generation
automotive camera links over 10 Gb/s is presented. PAM-4 signaling is employed to
overcome the limited cable bandwidth, and SBD operation with PAM-4 is realized
with a wide linear range (WLR) hybrid. A two-step hybrid strategy of bypassing a
feed-forward equalizer (FFE) in the transmitter reduces power and simplifies the
hybrid design significantly. The hybrid removes only four primary DC levels with
coefficient ¢, and a second-order transconductor-capacitor (gm-C) low-pass filter
(LPF) filters out the remaining components from the hybrid and reflections from the
channel. An echo-canceller (EC) is also utilized to eliminate the reflections of the
PAM-2 back channel (BC). The highly asymmetric transceiver with 12-Gb/s PAM-4
forward channel (FC) and 125-Mb/s PAM-2 BC exhibits eye margins of 0.15 Ul and
0.57 Ul at a bit error rate (BER) < 1072 over a 5-m automotive cable under SBD
communication. Fabricated in 40-nm CMOQOS, the prototype transceiver achieves an
energy efficiency of 6.5 pJ/b, exhibiting an FoM of 0.41 pJ/b/dB.

The second prototype chip presents a symmetric SBD transceiver with PAM-4,
employing a novel hybrid adaptation scheme. The possibility of extending band-

width is explored by applying PAM-4 signaling to SBD. Furthermore, a mismatch
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compensation method for a hybrid circuit is proposed, which is essential for remov-
ing the outbound signal in SBD. The hybrid adaptation is easily implemented by
applying the locked condition of the Mueller Miiller phase detector (MMPD) with
the data level adaptation. By sharing one error sampler with MMPD and adaptation
engine, the presented SBD transceiver is efficient in terms of clocking power con-
sumption and bandwidth of a receiver front-end. A wide linear range hybrid and a
data alignment technique guarantee the robust PAM-4 SBD operation. Fabricated in
the 28-nm CMOS, the 80-Gb/s SBD transceiver achieves a BER of less than 1012
with an energy efficiency of 2.65 pJ/b.

Keywords : Simultaneous bidirectional (SBD), four-level pulse amplitude modula-
tion (PAM-4), asymmetric, symmetric, automotive camera link, hybrid, two-step

hybrid, hybrid adaptation, transceiver.

Student Number : 2019-26929
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Chapter 1

Introduction

1.1 Motivation

Simultaneous bidirectional signaling (SBD) is a communication method that
simultaneously transmits signals in both directions over a single channel. This com-
munication topology can increase data throughput under legacy conditions and is
required for applications that require real-time transmission of data information and
control commands. While SBD signaling has primarily been used in wireless com-
munication, there is a growing demand to utilize the benefits of SBD signaling in
wireline communication as bandwidth requirement continues to increase. Fig. 1.1
shows the number of published papers on wireline SBD transceivers by year in
IEEE international conferences and journals [1]-[54], and the per-pin data rates for

silicon-proven SBD transceivers are shown in Fig. 1.2. In the 2000s, the use of SBD
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signaling was prevalent for processors with a data rate of around 1~2 Gb/s. SBD

research that had slowed down for a while regained momentum around 2020, and

interest has rapidly increased since then. The development of advanced devices and
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Fig. 1.1 Number of published papers on wireline SBD transceivers by year.
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Fig. 1.2 Per-pin data rates of SBD transceivers by year.
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circuit techniques has significantly increased bandwidth, and the application fields
have become diverse, including Ethernet, HDMI, automotive link, and next-
generation silicon interposer chiplet. In order to take full advantage of the SBD sig-
naling characteristics that increase data throughput, studies have also emerged that
apply four-level pulse-amplitude modulation (PAM-4) beyond the conventional two-
level non-return-to-zero (NRZ) signaling.

Various studies have explored PAM-4 techniques to increase bandwidth [55]-
[58]; however, only a few studies have applied PAM-4 to SBD communication. In
SBD, it is necessary to extract the desired inbound signal from the overlapped signal
using a circuit known as a hybrid. PAM-4 presents unigue challenges, including lin-
earity issues and differences in TX driver structure compared to NRZ. Thus, an ap-
propriate SBD transceiver structure is required when using PAM-4 signaling. Fur-
thermore, compensation methods of hybrid circuits are necessary due to the impact
of mismatches on the signal-to-noise ratio (SNR). This thesis proposes design strat-
egies suitable for SBD transceivers using PAM-4 signaling. An efficient hybrid
technique for PAM-4 TX FFE is proposed in an asymmetric SBD transceiver, and
an adaptation loop compensating for the hybrid mismatch is presented for a more
robust SBD operation in a symmetric PAM-4 SBD transceiver design. The proposed
SBD transceivers achieve high data rates and power efficiency, and measurement

results show the applicability of PAM-4 signaling to SBD transceivers.
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1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, the backgrounds of the simulta-
neous bidirectional (SBD) transceivers are presented. A comparison of SBD signal-
ing with unidirectional (UD) signaling and basic architectures of SBD communica-
tion are provided. Moreover, the hybrid structures that remove the outbound signal
are discussed for appropriate use in SBD transceivers utilizing four-level pulse-
amplitude modulation (PAM-4).

In Chapter 3, a design of an asymmetric SBD transceiver with a two-step hybrid
is presented. An analysis of the wide linear range (WLR) hybrid is performed to en-
sure elaborate operation, and a two-step hybrid strategy is proposed for low-
complexity hybrid design with a PAM-4 transmitter that employs feed-forward
equalizer (FFE). Then, the implementation details of the SBD transceiver are ex-
plained, followed by the measurement results of the prototype chip.

In Chapter 4, a design of a symmetric SBD transceiver with a hybrid adaptation
scheme is presented. A hybrid adaptation methodology is proposed for accurate hy-
brid operation in PAM-4 SBD transceiver, with a low-cost design that cooperates
with legacy circuit components. Next, the implementation of the SBD transceiver is
explained, and the performance of the prototype chip is verified with the measure-
ment results.

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

Background of Simultaneous Bidi-

rectional Transceiver

2.1 Overview

Bidirectional communication is fundamentally compared to unidirectional com-
munication. Unidirectional communication has a single directionality, with a trans-
mitter (TX) and receiver (RX) on either side of a channel. In contrast, bidirectional
communication has a pair of TX and RX on both sides, allowing data transfer in
both directions. Bidirectional communication can be categorized into half-duplex
and full-duplex modes. In half-duplex, such as radio communication, two devices
connected to a single communication channel can transmit or receive data only one
direction at a time. In contrast, full-duplex allows bidirectional data transmission

simultaneously. Fig. 2.1 illustrates these communications, and this thesis focuses on
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—
Unidirectional ™  p—t) Y— Rx
channel
Half duplex
TX -
- )
RX
Bidirectional <
Full duplex
™ —> R Simultaneous
- ) bidirectional
RX ‘ RX (SBD)

Fig. 2.1 Comparison of unidirectional and bidirectional communications.

simultaneous bidirectional (SBD) signaling that corresponds to the full duplex.
Based on the data rates of the forward channel (FC) and back channel (BC), SBD
signaling is divided into two types, symmetric and asymmetric. In symmetric SBD
signaling, both directions have the same transmission speed and generally use the
same voltage swing. As a result, the total throughput for a single channel can be
doubled compared to unidirectional communication. Various Ethernet standards are
representative applications, and efforts are being made to adopt SBD signaling for
next-generation chiplets. In contrast, asymmetric SBD signaling refers to a situation
where the data rates of the forward and back channels are different. It is primarily
utilized in wireline applications where control commands need to be provided from
real-time data information. The examples of symmetric and asymmetric SBD signal-

ing applications are shown in Fig. 2.2 and Fig. 2.3, respectively [59], [51], [49], [60].
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Fig. 2.2 Examples of symmetric SBD signaling applications [59], [51].
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Fig. 2.3 Examples of asymmetric SBD signaling applications [49], [60].
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In general, research on high-speed wireline SBD transceivers has primarily fo-
cused on non-return-to-zero (NRZ) signals. However, as interfaces require higher
data rates, four-level pulse-amplitude modulation (PAM-4) is becoming more im-
portant in SBD transceivers. In specific applications, PAM-4 SBD transceiver has
emerged as a standard for the transceiver structure. The operating principle and
characteristics of PAM-4 signaling are illustrated in Fig. 2.4 [61]. This signaling

creates four levels using two bits, resulting in half the Nyquist frequency for the

MSB o:o0f1:1p0p1j0:0p)1:1}]0

LSB 110,041,110, 01230})1}0

PAM-4 I

01:00:10 11:01:10:00:01 10 11:00

0 0.5 1 1.5 2 25 3
Frequency / Bit rate (Hz/bit/sec)
(b)

Fig. 2.4 (a) Operational principle of PAM-4 signaling and (b) power

spectral density of NRZ and PAM-4 signals with same data rate [61].
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same data rate compared to NRZ signaling. As a result, there are advantages in re-
ducing insertion loss in the channel that must be compensated and in timing con-
straint, which is halved. Ultimately, PAM-4 is more advantageous for achieving
high-speed transmission, which is difficult to achieve with NRZ. However, there is a
9.5 dB signal-to-noise ratio (SNR) penalty due to the decrease in the vertical eye
size to 1/3 for the same signal swing. Additionally, linearity is emphasized, and en-
coding/decoding of most significant bit (MSB) and least significant bit (LSB) data is
required, which results in complex circuit configuration. Thus, these aspects must be
considered when applying PAM-4 to SBD transceivers. Fig. 2.5 depicts the eye dia-
grams of overlapping signals in symmetrical SBD communication using NRZ and

PAM-4 signalings, assuming no channel loss.

NRZ =p-

<= NRZ
(a)

Fig. 2.5 Eye diagrams of overlapped signals in symmetrical SBD communication

using (a) NRZ and (b) PAM-4 signaling.
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2.2 Basic Architectures

In SBD communication, the primary challenge is ensuring that signals in both di-
rections do not interfere. SBD architectures can be classified into several categories
depending on the approaches taken to address this. One such approach is time divi-
sion duplexing (TDD) (Fig. 2.6). This method involves alternating bidirectional data
transmission at a fixed time slot interval, although not in the strict sense of simulta-
neous bidirectional communication. The rapid switching between transmission
modes is repeated imperceptibly fast enough like a simultaneous bidirectional
transmission. Although this method does not require a circuit to separate the bidirec-
tional signals due to their non-overlapping nature, the benefits of increased through-
put achievable by using SBD signaling cannot be obtained for the same reason. Ad-
ditional handshaking and control logic are required for TDD.

Another approach is frequency division duplexing (FDD) (Fig. 2.7), which sepa-
rates the communication frequency bands to prevent data collision. This method is
commonly used in cellular networks, where two carrier frequencies (or a baseband
and a carrier) modulate forward and back channel data, resulting in complete spectra
separation. However, implementing the same modulation scheme in wireline com-
munication presents practical difficulties. Therefore, FDD is feasible only for
asymmetric SBD transceivers with significant data rate differences between the for-
ward and back channels in wireline applications. It is compared with TDD, which
can be applied regardless of symmetry. However, FDD simultaneously transmits

bidirectional signals, eliminating the overheads caused by TDD switching.
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Fig. 2.6 Concept of time division duplexing (TDD).
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>
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Fig. 2.7 Concept of frequency division duplexing (FDD).
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Due to the limitations and constraints of TDD and FDD, active cancellation is
generally used in wireline communication. This method sends bidirectional signals
without separate frequency and phase modulation and obtains the desired inbound
signal by subtracting the overlapped signal through a subtraction circuit called a hy-

brid. Because it sends signals in both directions without dividing the frequency band,

Forward Channel

, © 2 Fcrx
) et
—

2 @
@
Back Channel Replica
BC TX
@
@ Receiver-end ® Generation
@ Subtraction @ Separation
(b)

Fig. 2.8 (a) Conceptual diagram of SBD transceiver using active cancellation.

(b) Separation process of active cancellation.
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direct removal of outbound signal is required. The most conventional method is to
use a replica circuit to generate a signal to be subtracted and remove it from the
overlapped signal. Fig. 2.8(a) shows the conceptual diagram of an SBD transceiver
that performs active cancellation, and Fig. 2.8(b) shows the active cancellation pro-
cess. If a subtraction circuit is not precisely designed or if a mismatch occurs, a re-
sidual error can be included in the separated inbound signal, leading to a deteriora-
tion of SNR.

SBD operation is valid regardless of symmetry and asymmetry, but additional
considerations exist. First, the increased operating range must be considered. Since
bidirectional signals overlap, the operating range increases at the terminal. Outstand-
ing performance is still required for the driver and hybrid to account for the in-
creased dynamic range under the limited supply voltage. Another important consid-
eration is reflection. During SBD operation, variations can occur between the output
impedance of the driver and the characteristic impedance of the channel, resulting in
near-end/far-end echoes, as shown in Fig. 2.9. If the impact of the echoes is signifi-
cant, an echo canceller for the outbound signal may be required at the receiver end.

The echoes are often defined as the reflected outbound signals, which is distin-

Forward Channel

FC TX/ - ( FC RX/
BC RX \ \ BC TX
Echo Back Channel Echo
(far-end) (near-end)

Fig. 2.9 Near-end/far-end echoes in SBD transceiver.
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guished from the reflected inbound signals. In cases where the inbound signal un-
dergoes multiple reflections and affects the received inbound signal after some la-
tency, a floating decision feedback equalizer (DFE) may be necessary [62]. However,
for high-speed signals involving at least two reflections with some channel loss, a
floating DFE is usually unnecessary.

Fig. 2.10 illustrates the basic architecture of the wireline SBD transceiver (single
side), which comprises a hybrid and an echo canceller. For symmetric SBD trans-
ceivers, two identical structures are located on the opposite side, whereas the struc-
tures on both sides may differ for asymmetric SBD transceivers. Compared to unidi-
rectional communication, a symmetric SBD transceiver achieves half the Nyquist
frequency for the same throughput, similar to the case of PAM-4 relatives to NRZ.
Thus, it incurs relatively low channel insertion loss, rarely requiring a TX feed-
forward equalizer (FFE). When the channel loss compensation is necessary, equali-

zation is usually done through a continuous-time linear equalizer (CTLE) or a DFE

- ™
Serializer l P Driver —I—E
Echo .
Canceller slsrd

‘

i Nt
Equa!lz_er / I @ I RX |
Deserializer Front-end

Fig. 2.10 Basic architecture of wireline SBD transceiver (single side).
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at the RX. It is also because the TX FFE reduces the voltage swing of the main tap

and also makes the driver bulky, making the hybrid design more challenging.
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2.3 Hybrid

The hybrid is a critical block for active cancellation in the SBD transceiver for
reliable communication, which extracts the received inbound signal by removing the
outbound signal at the shared transmitter and receiver terminal. However, the design
of such a hybrid is challenging, as it must satisfy several design goals simultaneous-
ly [46]. Specifically, the hybrid should be linear over the overlapped range of bidi-
rectional signals and avoid affecting the impedance matching or the behavior of the
driver while minimizing the power/area overhead. In addition, as data rate increases
and the process is scaled down, the importance of mismatches is emphasized, and
the need for compensation methodology for the mismatches is highlighted.

Several hybrid structures have been proposed to meet these requirements, utiliz-
ing different techniques, from replica generation and subtraction of Fig. 2.8(b) to
methods obtained through the relationship of intermediate nodes with different ratios
of inbound/outbound signals. However, providing a universal optimal solution for
all designs suffers from numerous trade-offs. Therefore, it is crucial to use a hybrid
structure suitable for each specific situation. This section provides an explanation of
the operating principles and characteristics of various representative hybrid struc-

tures.
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2.3.1 Replica Hybrid

The replica hybrid is the most basic hybrid method, featured with its intuitive ap-
proach. It removes the outbound signal by generating a replica signal using a replica
circuit from the overlapped bidirectional signals. Fig. 2.11 shows a conventional
hybrid structure that includes a replica driver and a subtraction stage to emulate and
cancel the outbound signal [1], [4]. To match with the line driver, a dummy RC is
required at the output node of the replica (REP) driver. As the driver is a significant
power-consuming block of the total TX power, the replica driver is often scaled to
reduce power consumption. A subtraction stage can be implemented as a differential
amplifier with a current-mode logic (CML) structure, and Fig. 2.12 provides an im-
plementation example of the subtraction stage. The suitability of the subtractor de-
sign with a transconductance (gm) cell and a load resistor for PAM-4 SBD transceiv-

ers can be examined as follows.

wNE <>
—> / Oi
X + RX
_p\ Subtraction

AEP T Stage

Dummy RC

Fig. 2.11 Structure of conventional replica hybrid.
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ISUB ISUB

Fig. 2.12 Implementation example of a subtraction stage.

The maximum differential input voltage of the CML subtraction stage for linear

operation is expressed as

2.1)

The relationship shows that (W/L) must be reduced by 1/4 for the input swing to be
doubled when the source current Isyg is constant. Here, the load resistor and current
source can be assumed to be constant since they are determined by the bandwidth of
the circuit and the common-mode level of the next stage. As a result, this subtraction
structure in the SBD halves gm, thereby reducing the gain and causing degradation of
the SNR. More importantly, since gm is voltage-dependent and non-linear, it is hard
to anticipate robust hybrid operation for a wide input range, which is not appropriate

behavior for PAM-4 signaling.
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Fig. 2.13 Structure of switched-capacitor hybrid.

Fig. 2.13 illustrates a switched-capacitor hybrid that employs a replica driver,
while the subtraction stage operates in discrete time using switched capacitors to
further reduce power consumption. [10], [15]. The voltages of the LINE and REP
are sampled at the rising edge of ¢ and stored in Cuine and Crep, respectively. These
two capacitors are then connected in series at the rising edge of ¢ for subtraction.
However, the reduction in hybrid power is not significant despite the use of a scaled
replica driver. Moreover, as the data rate increases, it is less likely to be adopted due
to the reduced timing margin for sample and hold. In particular, when inbound and
outbound signals have unequal frequency, a problem may arise where the timing of
subtracting the outbound signal conflicts with the desired sampling time of the in-
bound signal. The phase relation between the two clock phases and the duty cycle

should also be carefully handled.



Chapter 2. Background of Simultaneous Bidirectional Transceiver 20

2.3.2 Resistor-Transconductor (R-gm) Hybrid

The resistor-transconductor (R-gm) hybrid is an improved active cancellation
method that utilizes the characteristics of intermediate node with different ratios of

inbound (Vi) and outbound (Vob) signals [28]. This design uses a sensing resistor, r,

™ p—
- 0z
-
RX <« @
(a)
V =Vip = Vo
D Receiver-end @ Generation
2Vip
@ Subtraction @ Separation
(b)

Fig. 2.14 (a) Conceptual structure and (b) separation process of R-gm hybrid.
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and transconductor cells to obtain the inbound signal, thereby eliminating the need
for a replica driver. Fig. 2.14 illustrates the structure and separation process of the
R-gm hybrid. Unlike the conventional replica hybrid, which generates a copy of the
outbound signal by the replica driver, the R-gm hybrid generates a signal corre-
sponding to the subtraction of the inbound and outbound signals (V = Vi, — Vo). By
subtracting the generated signal from the overlapped signal (V = Vi, + Vo) at the
terminal, the signal proportional to the inbound signal is achieved.

The R-gm hybrid offers several advantages over conventional replica hybrid cir-
cuits since it eliminates the requirement for a replica path, which in turn resolves
mismatch issues caused by gain or frequency characteristics of drivers in the con-
ventional hybrid structure. Furthermore, in TX designs incorporating pre-emphasis
or multi-level signaling, the R-gm hybrid simplifies the design by eliminating the
requirement to emulate all slices for pre-emphasis or multi-level signaling. This
convenience enables its application to a wide range of signal technologies.

However, it also has some drawbacks. For instance, since the TX current is split
between the shunt and series paths, the driver's power cannot be fully utilized, which
results in halving the voltage swing at the channel. Fig. 2.15 illustrates the imple-
mentation of the conventional replica hybrid and R-gm hybrid with current-mode
(CM) driver, comparing the nodal voltages when the same driver current is con-
sumed. In this example, a current-mode driver is assumed for both hybrid structures,
and Zo/2 is assumed as the sensing resistor of the R-gm hybrid. To achieve the same
voltage of Vi, at the RX, the R-gm hybrid requires gm cells with a gain of 2x and 3x,
compared to the conventional replica hybrid. Considering the maximum differential

input voltage discussed in Chapter 2.3.1, the R-gm hybrid encounters more challeng-
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ing design issues than the conventional replica hybrid for the subtraction circuit.

Additionally, mismatches between the two gm cells or resistors still limit the perfor-

mance of the hybrid, even if the mismatch factors from the replica are eliminated.

Vob+Vip

o

RX «
Vip
(@
(3Vob+Vip)
4 (Vob+Vib)
Zo/2 —
. '¢" ZO/ 2 /:' n_
X x —0) 2,
2] £ ]
RX «
Vip
(b)

Fig. 2.15 Implementation example of (a) conventional replica hybrid and

(b) R-gm hybrid.
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The R-gm hybrid can be implemented with a voltage-mode (VM) driver, prevent-
ing current splitting and enhancing energy efficiency [44]. The VM driver can also
assist in designing the subtraction stage. However, there is a significant concern
when adopting the VM driver. In a VM driver, the instantaneous output impedance
changes with variations in input and output voltages. The dynamic variation in out-
put impedance generates large echoes, which considerably deteriorate signal integri-
ty. Consequently, the use of an echo canceller becomes necessary, with sufficient
coverage range in delays and weights for many taps. As the echo canceller, includ-
ing delay stages, consumes considerable power, the design approach should be care-

fully determined.



Chapter 2. Background of Simultaneous Bidirectional Transceiver 24

2.3.3 Wide Linear Range (WLR) Hybrid

The wide linear range (WLR) hybrid is a hybrid method presented to address the
linearity issue [50]. It utilizes a passive resistor (Ruvs) and a current source (lnys)
for subtraction, as shown in Fig. 2.16(a). The hybrid does not suffer from linearity

degradation since the overlapped inbound/outbound signal does not pass through the

RTERM
LINE Iorv n‘__’
X u’ Zo
® |
Hybrid
y RHYB
lhve
P RX
REP @
(a)
VDD

1
1
i lnve Ruvs
v \ 4

: @D (Hybrid input)
= : @ (Hybrid output)

(b)

Fig. 2.16 (a) Structure of WLR hybrid. (b) Operational principle of WLR hybrid

(when inbound signal is off).
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voltage-dependent non-linear gm of the active elements. This feature allows for the
uniform cancellation of the outbound signal regardless of voltage levels and main-
tains the linearity of the inbound PAM-4 signal over a wide voltage range. Conse-
quently, the high SNR of the PAM-4 signal can be preserved without reducing the
amplitude due to the linearity issue. Moreover, since the emulation and subtraction
stages are combined, it does not require extra power for the subtraction stage.

Fig. 2.16(b) depicts the operational principle of the WLR hybrid when the in-
bound signal is turned off. The driver current (Iprv) flows through the termination
resistor (Rrerm) to generate the outbound signal, while Inys flows through Ruye and
Rrerm in the opposite direction, cancelling the outbound signal. The WLR hybrid

equation can be expressed as

(IDRV - IHYB)(RTERM || ZO) = IHYBRHYB (22)

where Z, denotes the characteristic impedance of the channel. To reduce power con-
sumption, luye can be scaled down by a factor of M compared to the LINE driver.

The ratio M between Ipry and lnys can be expressed as

= IDRV — RHYB +1; 2I:\)HYB +1

I R R

(2.3)

HYB TERM || ZO TERM

assuming Rrerm = Zo. TO minimize mismatches, a ratio-metric design of resistors
and current sources can be accomplished between the LINE driver and REP hybrid
path.

However, the WLR hybrid has some drawbacks and considerations. Firstly, the
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current of the driver is not fully utilized for generating the driver output. The effec-
tive driver current decreases due to the hybrid current in the opposite direction, re-
sulting in power overhead. Additionally, as the inverted input is required in the REP
path, it is more suitable for differential implementation than single-ended. In the
case of single-ended implementation, a timing mismatch between the LINE and REP
paths may occur due to the inverting, but this can be easily resolved by connecting
plus and minus nodes in reverse for differential implementation. As the REP path is
utilized, the mismatch caused by the replica must also be considered.

Applying the VM driver instead of the CM driver is feasible for reducing driver
power consumption. However, there are additional considerations beyond the echoes
induced by changes in output impedance. The most crucial point is that the current
of the VM driver must remain constant even during data transitions, as continuous
subtraction is performed using the current relationship. If the current is not main-
tained constant, the hybrid equation does not hold, resulting in residual errors and
SNR degradation. This residual error is particularly critical when the frequencies in
both directions are different. In addition, the ratio-metric design with the REP path,

which uses current for subtraction, becomes impossible.
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Chapter 3

Design of Asymmetric SBD Trans-
ceiver with Two-Step Hybrid

3.1 Overview

This thesis deals with asymmetric SBD communication focusing on automotive
interface applications. The need for high-resolution CMQOS image sensors (CISs)
and high-bandwidth automotive interfaces has grown rapidly from the increased
popularity of object detection for advanced driver-assistance systems. Recently en-
acted automotive Ethernet standards of 2.5 Gb/s, 5Gb/s, and 10 Gb/s also support
the demand for the high-speed interface [63]. However, the channel bandwidth of
automotive links is limited to about 2~3 GHz due to the multiple cables with in-line
connectors and medium-dependent interface (MDI) connectors. To support the next-

generation interface with a data rate above 10 Gb/s, multi-level signaling, such as
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Fig. 3.1 Overall architecture of automotive camera link system.

four-level pulse-amplitude modulation (PAM-4), is necessary to provide a cost-
effective solution with legacy channel components. In addition, to reduce the weight
of the link network and achieve lower fuel consumption, control data and DC power
must be delivered to the CIS via the same cable, requiring SBD transceivers that are
asymmetric in data rate and modulation method. The overall architecture of the au-
tomotive CIS link system involves a CIS-side serializer chip (SER) and an electronic
control unit-side deserializer chip (DES), with the forward channel (FC) delivering
image data from the CIS in PAM-4 and the back channel (BC) carrying control data
in PAM-2. Fig. 3.1 depicts the overall architecture of the automotive camera link
system.

Since SBD transceivers have been commonly configured to have equivalent da-
ta rate and signal amplitude in both directions doubling the throughput per pin, it is
required to explore the appropriate structure for an asymmetric SBD transceiver.

Considering the asymmetric SBD characteristics in automotive camera links (Fig.
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Fig. 3.2 Characteristic of hybrid operation in the asymmetric SBD transceivers.

3.2), several FC sampling points are within one symbol of low-speed BC data. Due
to the difference in data rate, glitches or transition errors from the discontinuous hy-
brid operation become the sampling noise for the high-speed receiver. Therefore,
hybrids operating in the discrete-time, such as switched-capacitor-based hybrids, are
unsuitable for asymmetric SBD.

Although the R-gm hybrid cancels the outbound signal continuously, the TX
swing is reduced by the ratio of the sensing resistor to the characteristic impedance
of the channel. The sensing resistors are usually designed to be half of the character-
istic impedance reducing the TX output swing by half, thus it is inappropriate for
automotive links with high loss. The subtraction stage consisting of a gm cell and a
load resistor is also a limiting factor. The combined FC and BC signal becomes the

input of the voltage-dependent gm cell, making it hard to operate linearly for a wide
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input range. This linearity issue is particularly critical for PAM-4 signaling. One
asymmetric bidirectional transceiver implemented a common-mode signaling ap-
proach to the BC using asymmetric features to avoid the hybrid constraints [49].
Nonetheless, this method necessitates a doubled power for BC swing and a high
common-mode rejection ratio for the FC receiver, consequently rendering the design
of the linear receiver front-end more challenging in PAM-4.

This chapter presents a novel SBD transceiver suitable for a highly asymmetric
automotive camera interface. A wide linear range (WLR) hybrid is employed, and
several other circuit-level design techniques are proposed to effectively extract the
incoming signal with different data rate and modulation method [50]. In particular, a
two-stage hybrid strategy suitable for PAM-4 TX feed-forward equalizer (FFE) is
proposed in SER, which significantly reduces design complexity. By presenting ad-
equate hybrid design methodologies for SER and DES, the prototype chips exhibit a
figure of merit (FoM) of 0.41 pJ/b/dB for the 12-Gb/s PAM-4 FC and 125-Mb/s
PAM-2 BC.
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3.2 Analysis on Wide Linear Range (WLR)

Hybrid

A WLR hybrid is employed in this work since it satisfies both continuous-time
and wide-range linear operations. From a large-signal perspective, the WLR hybrid
can remove the outbound signal by satisfying the DC relation between the current
and resistance of the driver and hybrid (2.2). However, a small-signal analysis is
required for smooth removal in asymmetric situations. The analysis also helps de-
termine its bandwidth and evaluate the feasibility of the hybrid when an interconnec-
tion model is considered. Fig. 3.3(a) illustrates the WLR hybrid including a bond-
wire interconnect model, and Fig. 3.3(b) shows the corresponding small-signal mod-
el of the hybrid network. Parameters gmprv, roprv, Omnys, and ronys represent gm
and output impedance (ro) of the driver and the hybrid satisfying gmorv/Omuys =
ronve/fopry = M (scale factor). Applying Kirchhoff's current law to nodes Vy and

Vout yieldS

\/ Vx _Vout _

V
Vi F 0 (3.1)
RTERM ” ZlN R 0,DRV RHYB
V., -V \/
out — Vx _ gm,HYBVin 4ot SCL ot = 0. 3.2)
Rive oHYB

where the interconnect impedance Zy appears as
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~ Z, +sL, +5°L,CoZ,
1+5(Cq +Copp)Zy +5°LeCopp +S°LsCopsCaZs

[11]. (3.3)

ZIN

If the effects of bonding inductance and capacitance can be considered negligible,

Lg VX

Zo_| Ci Crap <;|IN Zn

Interconnect model

lo,HYB

Om,orvVVin

= —OmuveVin

(b)

Fig. 3.3 (a) WLR hybrid including an interconnect model and (b) small-

signal model of the hybrid network.
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(3.1) can be expressed as

M 1 V
(R +8Copp +——)+V, + I orvVin = “-=0. (3.4)

HYB 0,DRV RHYB

By combining (3.2) and (3.4), the transfer function of the hybrid can be represented

as the following two-pole one-zero system:

gm‘HYB [S CPAD +M]

RHYB rIO‘HYB

V
VLUt(S): 1 1 M -1 2M M
" sZCLCPAD+s(MCL+CPAD)[R + j+[ 4 + 2]

2
HYB r RHYB f RHYB I"D,HYB

0HYB 0HYB
C M
Onmve| S RPAD +
we  Tonve

[SCL + L +1][5CPAD +l+ M ]
RHYB ro,HYB RHYB r'(),HYB

Assuming M = M — 1, the two poles can be simplified as Wp1 =1/C(1/Ruye+1/rorvs)

(3.5)

~

and Wp=1/Cpan(M/Ruys+M/ronys). The locations of the poles are primarily deter-
mined by the hybrid resistance (Ruys), as observed from the derivation. The domi-
nant pole among the two poles varies depending on the conditions of load capaci-
tance (C.) and pad capacitance (Crap). In this design, the dominant pole is deter-
mined by the load capacitance.

Meanwhile, the scale factor M is determined by the trade-off between power
overhead and frequency-dependent loss of the WLR hybrid. The hybrid current

flows through Ruyve and Rrerm, reducing the driver output swing of the outbound
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Fig. 3.4 Power overhead and frequency characteristic of WLR hybrid to Ruys.

signal. Therefore, selecting a higher Ruys value results in lower power consumption.
However, a large value of Ruys can cause high frequency-dependent loss since the
bandwidth of the hybrid is determined by Ruve. Fig. 3.4 demonstrates the simulated
power overhead and frequency-dependent loss of the WLR hybrid, assuming a
Nyquist frequency of 3 GHz and a load capacitance of 50 fF. From the simulation
with a simple RC model, a value of 400 Q is selected for Ruye, with a power over-
head of 6.25% and a frequency-dependent loss of less than 0.6 dB at the Nyquist
frequency.

The level separation mismatch ratio (RLM) after the WLR hybrid circuit is
shown in Fig. 3.5, compared with the conventional replica hybrid and R-gm hybrid
with the same load capacitance. For small input swings, such as 400 mVp,, the hy-
brids show uniform PAM-4 eyes. However, as the input swing increases, the RLM

degrades significantly in the conventional and R-gm structures, whereas the WLR
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hybrid maintains a value close to 1.0. Specifically, for the 850-mV, swing, which is
the target voltage in this work, the conventional hybrid shows an RLM of only 0.86
and even worse performance for the R-gm hybrid. Hence, for PAM-4 systems that
require large input swings to secure sufficient voltage margin, the WLR hybrid can

maintain the RLM and is advantageous for increasing the swing compared to other

structures.

1.0
0.9

=

-1 0.8

0'd
o7k —o—: WLR hybrid

' =o=-: Conventional

0.6

0.4 0.6 0.8 1.0 1.2
Input swing [Vpp]

Fig. 3.5 RLM comparison of hybrid structures to the input voltage swing.
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3.3 Proposed Two-Step Hybrid Strategy

In addition to the hybrid operation, there are considerations regarding the overall

architecture since the 3-tap TX FFE is employed to compensate for lossy channel

characteristics. A PAM-4 driver that contains FFE requires many unit slices for

MSB, LSB, and FFE tap allocation. Hybrid typically utilizes a replica driver to sub-

tract outbound signals, but emulating all the slices significantly increases design

complexity (Fig. 3.6). Moreover, the replica is often scaled for power/area saving,

_— FFE
¥
FC TX _— FC RX
H —ﬂ Lossy channel )— H
BC RX — BC TX
n slices//‘ LS.,.B
PAM-4 Pre )
Driver | wain Driver E
unit slice
Post
L "
LEmuIation @—p BC RX
m slices =
Hybrid Pre / Hvbrid T
(Replica)| Main ybri
Post unit slice |

Fig. 3.6 Conceptual diagram of SBD structure that emulates PAM-4

drivers including TX FFE using replica.
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making the unit slice smaller and more vulnerable to mismatch. As the complexity
increases, the timing difference also increases due to physical differences between
drivers and hybrid slices, which makes it difficult to expect accurate hybrid behavior.

Instead, a simplified hybrid removing only four primary DC levels of the PAM-4
signal is proposed combined with the use of a low-pass filter (LPF). To be specific,
a hybrid is designed to remove the major components among the FFE taps, with the
corresponding value of T (= a4 + a0 + a1), where |a| + |ao| + || =1 (22 <0,

>0, au < 0). Then, an LPF filters out the residual high-frequency components from
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Fig. 3.7 (a) Conceptual diagram of proposed two-step hybrid structure in SER and

(b) operational principle of the hybrid structure with a single-bit model.
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the hybrid output and the reflections due to channel imperfection. Fig. 3.7(a) shows
the conceptual diagram of the proposed two-step hybrid structure in SER and Fig.
3.7(b) illustrates the operational principle of the hybrid structure with a single-bit
model. The hybrid coefficient X« suppresses low-frequency components of the FC
signal, making it easier to separate the overlapped signals with different speeds. It
can be easily observed from the fast Fourier transform (FFT) simulation results of
the FC signal with different hybrid coefficients in Fig. 3.8. The coefficient Z« is
optimal with the LPF and consumes less power than using oo, which removes all
major components.

The mathematical analysis is as follows. The FC signal spectrum after passing

the FFE can be expressed as

S,(s)=(a, " +a,+a,"")S,(5) (3.6)

Hybrid (o)

[ Hybrid (Za)

Magnitude [dB]
N
o) N © b
o o o o

- Hybrid (Za)
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-200 A A
10M 100M 1G 10G
Frequency [Hz]

Fig. 3.8 FFT simulation results of FC signal with different hybrid coefficients.
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where Si(s) and T; refer to the FC signal spectrum before hybrid and the unit interval
of the FC signal. Then, the spectrum S¢(s) after the hybrid subtracting the main tap

by the coefficient of x appears as
Si(9)=(a, ™"+ —x)+")S,(5). (37)

Assuming that the LPF sufficiently suppresses high-frequency components above
the cut-off frequency (wc), X, which minimizes the coefficient term of St(jw) in the
low-frequency band, is the optimum value. In the frequency range below the w; sat-

isfying wTs < 1/10, the coefficient term can be expressed as

a, Wy (o = %)+ aleT‘

= o, (Cos(-WT, ) +isin(-wT,)) + (a, - X)
+a (cos(WT, ) +isin(wT, )) (3.8)

2o, +(a,-X)+a,.

From the derived equation, it is noted that the hybrid coefficient of Za (= a1 + a0 +
o) makes the outbound signal for the interested range approximately zero.

As a result, the burden on the hybrid emulating multiple driver slices with the
FFE can be reduced. In addition, this method is relatively robust to hybrid timing
mismatch because it filters the outbound signal through LPF after the hybrid. As
shown in Fig. 3.9, the received eye-opening of the BC signal remains almost un-
changed, even for a timing difference of up to 60 ps (0.36 UI) between the FC driver
and hybrid.
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Fig. 3.9 Simulated received eye-opening of BC signal to the timing difference

between FC driver and hybrid.
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3.4 SBD Transceiver Implementation

The WLR hybrid is employed in both SER and DES chips to suppress outbound
signals. Nonetheless, distinctive design strategies are applied for each chip due to
the difference in data speed and signaling methods, and their respective descriptions
contain details of such strategies. Employing a source synchronous forwarded clock-
ing structure, a phase interpolator (Pl)-based baud-rate clock and data recovery
(CDR) and a 2x oversampling CDR are utilized for FC and BC, respectively.

In SBD transceivers, determining the magnitude of the signal in both directions
for a given supply voltage is important, as signals in both directions overlap each
other. Since it is first required to maintain the linearity of a PAM-4 driver even for
the combined output swing level, the output swing limit is determined through the

RLM simulation of the FC driver as shown in Fig. 3.10. The output swing is limited

11

Driver RLM (FC)
o o =
© © o

O
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Fig. 3.10 Simulated FC driver RLM vs. output voltage swing
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to a total of 850 mV, and each swing is determined by the received eye opening
trade-off according to the swing ratio between the FC and BC as illustrated in Fig.
3.11. Increasing the FC swing enhances the SNR of the PAM-4 signal through the
channel, but the increase gradually diminishes due to the linearity limit of the re-
ceiver front-end. Also considering that the BC swing using filtering is more difficult
to separate as the FC swing increases, the signal swing ratio is determined to about

5.5, which ensures the eye opening of 100mV to the BC.
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Fig. 3.11 Simulated eye openings of received FC and BC vs.

signal swing ratio of FC and BC.



Chapter 3. Design of Asymmetric SBD Transceiver with Two-Step Hybrid 43

3.4.1 Serializer Chip (SER)

Fig. 3.12 depicts the block diagram of the SER, which is composed of the PAM-
4 FC TX and PAM-2 BC RX. MSB and LSB data are individually 6:1 serialized for
the FC signal and transferred to a PAM-4 driver. Fig. 3.13 shows the configuration
of the 6:1 serializer, which comprises a tap generation block for the 3-tap FFE and a
single-to-differential (S2D) block. To prevent jitter from propagating to the driver
stage, the S2D is placed before the final 2:1 serializer. For better impedance match-
ing and lower power consumption, a push-pull current-mode logic (CML) type is
employed for the driver [64], [65]. Especially, impedance matching is vital in SBD
since the reflected signal with the amplitude ratio of (Zorv — Zo)/(Zorv + Zo), Where

Pre-driver &
Main driver

(MSB,LSB)

pre, maln, post

Pattern ‘ — 61

¥
Generator 2%6 ox3x1

I 13 |« I DCC

90 slices

main
4 1
3GHz CLK 2x1
(external) .
clk0,clk180 WLR hybrid
Ea)
“or! 2"d order
Manchester |« j-_ < e
Decoder g l

Fig. 3.12 SER block diagram with two-step hybrid architecture.
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Fig. 3.14 Schematic of PAM-4 FC driver (including pre-driver) and hybrid.
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Zprv is the output impedance of the driver, becomes deterministic noise to the in-
bound signal at the receiver. In this respect, a CML driver is advantageous in SBD
since it shows lower impedance variation at the data transitions compared to a volt-
age-mode driver.

A pre-driver preceding the main driver improves the linearity of the PAM-4 sig-
nal by keeping the input transistors of the main driver in saturation. It utilizes Miller
compensation with feed-forward capacitors to enhance the bandwidth and power
efficiency [66]. The pre-driver and driver consist of 30 unit slices/LSB to realize a
3-tap (a1, oo, an) FFE. The schematic of the PAM-4 FC driver, including the pre-
driver, is presented in Fig. 3.14, which also shows the schematic of the WLR hybrid
utilized in the design. Only the main tap of the FFE taps (pre, main, post) is received
as the hybrid input with the coefficient corresponding to X« since the two-step hy-
brid approach is utilized. A distinctive feature is that the driver and hybrid have dif-
ferent types, which use the same types usually to avoid transition errors. The un-
matched design is possible thanks to the LPF, which sufficiently separates the high-

frequency FC transition errors from the relatively low-frequency BC signal.

Fig. 3.15 Structure of 2" order gm-C LPF.
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The gm-C LPF is implemented with a fully differential structure [67], which is
advantageous in noise immunity and halves the required capacitances. Fig. 3.15 il-
lustrates the structure of the 2" order gm-C LPF, where each Gn cell is constructed
with an operational transconductance amplifier (OTA). The transfer function of the

gm-C LPF can be expressed as

GmOGml

HES)=——=2 :
C,C,8° +C,G,,5+G,,G

(3.9)

The cut-off frequency of the LPF is set around the point where the magnitude be-
comes the same by comparing the FC and BC signal spectra after the hybrid (Fig.
3.16). A lower cut-off frequency allows for greater suppression of the outbound sig-
nal; however, it also leads to an increased attenuation ratio of the inbound signal to
the outbound signal. The order of the LPF is determined by how much the outbound

signal should be suppressed compared to the inbound signal. Fig. 3.17 shows the

8m
— FC w/
c L
= 6m hybrid
S
= am r Cut-off
o frequency
S 2m | :

+
0

10M 100M 1G 10G
Frequency [Hz]

Fig. 3.16 Signal spectra of FC and BC after hybrid in SER.
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Fig. 3.17 Eye diagrams of received BC signal with 1%t and 2" order LPF.

simulated eye diagram of the received BC signal with the first- and second-order
LPF. While a higher-order LPF can remove more outbound components, it also sup-
presses high-frequency components of the inbound signal, resulting in little im-
provement in overall SNR beyond a certain LPF order. This occurs because the sig-
nal spectra overlap near the corner frequency. Considering this trade-off, a second-
order LPF is employed in this paper, and Fig. 3.18 shows its frequency response.
Tunable transconductance and the capacitance of the LPF adjust not only the gain
and bandwidth but also the Q factor, which can compensate for the channel loss by
frequency peaking at the cost of slight noise boosting. In the prototype, considering
both vertical and horizontal margins, the Q factor of about 1.0 is chosen based on

the analysis in Fig. 3.19.
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Fig. 3.18 Frequency response of gm-C LPF.
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Fig. 3.19 Vertical/horizontal margins of received BC signal to Q factor.
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3.4.2 Deserializer Chip (DES)

Fig. 3.20 illustrates the block diagram of the DES, which consists of the PAM-4
FC RX and the PAM-2 BC TX. The BC TX is configured to send Manchester-
encoded data for DC balancing, and the encoded data are delivered directly to the
pre-driver and the driver without serialization. Here, the use of Manchester coding
makes CDR easier since a transition is guaranteed in every symbol. At the same
time, the high-frequency energy of the BC signal increases from the encoding for the
same reason, which may interfere with frequency separation in BC RX. However,

compared to the unencoded NRZ signal, it is not detrimental to filtering because the

energy becomes more concentrated in a narrow band.
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Fig. 3.20 DES block diagram with WLR hybrid and echo canceller.
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In the DES, it is not appropriate to use a filter as in SER because the FC signal
suffers from high-frequency attenuation due to the high-loss cable. In addition, the
loss of energy when filtering the overlapped signal is also a problem for recovering
the high-speed PAM-4 signal. Therefore, it is suitable for the DES to remove the
outbound signal using a hybrid circuit, which requires more precise operation be-
cause error in the hybrid output can also be fatal to FC RX during BC transition due
to asymmetric data rates. Consequently, the WLR hybrid is utilized for accurate op-
eration, and a pre-driver is added to minimize the error at the transition by limiting
the input voltage of the BC CML driver. Fig. 3.21 illustrates the schematic of the BC
driver and the WLR hybrid network. Since the BC is slow in speed, a slew is inten-
tionally added to reduce the harmonics of the output BC driver, which also reduces

the hybrid error slightly.
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Fig. 3.21 Schematic of BC driver and WLR hybrid network.
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On the other hand, since the hybrid output is still a PAM-4 signal to be recovered,
the swing of the received signal is adjusted using a passive attenuator to alleviate the
nonlinearity. The passive attenuator can be easily implemented with the WLR hy-
brid as shown in Fig. 3.21 with the gain of Rart/(Rnye+Rart), and the hybrid output

is then forwarded to the analog front-end (AFE). The effectiveness of the combined
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Fig. 3.22 (a) Overlapped hybrid input under SBD operation. Outputs of WLR hybrid (b)
without attenuator, (c) with passive attenuator, and (d) with active PGA instead of passive

attenuator.
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WLR hybrid and the passive attenuator is illustrated in Fig. 3.22(a)-(c), which shows
that linear hybrid operation is conducted for the overlapped 850-mV swing, and
swing control is performed without degradation of the RLM using the passive atten-
uator. Comparison is made with the degraded RLM in Fig. 3.22(d) which used an
active PGA instead of the passive attenuator.

Fig. 3.23 shows the FC RX data path configuration after hybrid, which is com-
posed of a programmable gain amplifier (PGA), a continuous-time linear equalizer
(CTLE), a half-rate decision feedback equalizer (DFE), and an echo canceller (EC).
Cooperating with the preceding passive attenuator, the PGA adjusts the overall gain
of the signal to cover various cable lengths. The frequency response of the PGA,
including the passive attenuator, is shown in Fig. 3.24 and has an adjustable range of

over 15 dB. Then, the CTLE with RC-degenerated pair boosts up to 7 dB at the

CM compensation

To samplers

3-tap
DFE ) Logic

Digital

Echo canceller

S CTLE
ouT
N Fn
leca CoarselFine lect
= = Delay Stages = sStaps

Fig. 3.23 Configuration of FC RX data path.



Chapter 3. Design of Asymmetric SBD Transceiver with Two-Step Hybrid 53

10

|
=
o

Magnitude [dB]

_20 1 1 1 ]
1M 10M 100M 1G 10G

Frequency [Hz]

Fig. 3.24 Frequency response of PGA including passive attenuator

Nyquist frequency, compensating for the channel loss, and the 3-tap DFE is
employed to compensate for the post-cursor intersymbol interferences (I1SIs) not re-
moved by the FFE and the CTLE. The DFE is designed in a CML structure with a
degenerated resistor for linearity and a common-mode compensation circuit to main-
tain performance with various tap coefficients. The samplers are configured with a
strong-arm latch structure consisting of 3 data samplers and 2 error samplers. The
sampled data after the RS latches become the feedback inputs of the DFE taps. A
fixed dtLev scheme is applied for receiver adaptation [68], which first sets the target
received swing and conducts offset cancellation for analog circuits within the given
voltage range. After that, the entire equalizer adaptation is performed by adjusting
the CTLE DC gain to make hs zero and removing the remaining hi~hs by the DFE
[69], utilizing the sign-sign least-mean-square algorithm (SSLMS). Fig. 3.25 shows

the frequency response of the CTLE with DC gain control.
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Fig. 3.25 Frequency response of CTLE (DC gain control).

Additionally, five EC taps are added to the CTLE output to remove the near-
end/far-end echoes from the MDI or in-line connectors [44]. The coarse/fine delay
stages are constructed, and the pre-drivers are employed to match with the slew in
the BC output driver. Each delay stage of the taps covers the round trip delay of up
to 10-m cable and has a fine delay resolution of 0.33 ns which corresponds to the
round trip delay of 3.3 cm. Fig. 3.26(a) shows the response of the BC with echoes
when a single-bit is transmitted to the 5-m cable, and Fig. 3.26(b) shows echo wave-
forms with and without echo canceller. When the EC is applied, about 20 mV of

echoes can be removed.



Chapter 3. Design of Asymmetric SBD Transceiver with Two-Step Hybrid 55

160 28
I — :w/o EC

120F 20 —:w/EC
> >
E E
o S80F o 12
o (@]
8 S
S 40F S AF
> >

of— L AN _a}
0 5 10 15 20 0 5 10 15 20
Time [UI] Time [UI]
(a) (b)

Fig. 3.26 (a) A single-bit response of BC with 5-m automotive cable and (b) echo waveforms

with and without echo canceller.
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3.5 Measurement

The SER and the DES are separately fabricated in 40-nm CMOS technology and
tested together in a chip-on-board assembly, and Fig. 3.27 illustrates the measure-
ment setup of the SBD transceiver. The clocks for both SER and DES are generated
using the Agilent J-BERT N4903 signal analyzer with a source synchronous system.
The intermediate nodes of FC and BC AFE data are read out through 50 Q@ CML

drivers and measured using the Keysight N9040B spectrum analyzer to demonstrate

: CML driver E E CML driver :
; Spectrum 20 Ole ;
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Fig. 3.27 Measurement setup of SBD transceiver.
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the effectiveness and characteristics of the proposed hybrid structures. Fig. 3.28
shows the measured channel characteristics of the 5-m STQ cable, which has an in-

sertion loss of 15.9 dB at 3 GHz.
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0
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Fig. 3.28 Measured channel characteristics of 5-m STQ cable.

Fig. 3.29 shows the measured transmitter output waveform of the 12-Gb/s PAM-
4 FC signal, which exhibits a differential 0.72-V swing with an RLM of 0.99. On the
other hand, the 125-Mb/s Manchester-encoded BC signal has a differential swing of
0.13 V, whose measured transmitter output waveform is shown in Fig. 3.30. The
measured spectra of the SER intermediate nodes are shown in Fig. 3.31, illustrating
the characteristics of the hybrid and LPF. The hybrid with coefficient £« reduces the
outbound FC signal by about 20 dBm compared to the coefficient ao at the Nyquist
frequency of the BC signal. Furthermore, the second-order gm-C LPF effectively

reduces the high-frequency energy of the outbound FC spectrum by more than 30
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dBm, which is not removed from the hybrid. The FFE coefficients used for the
measurement are (a-1, oo, on) = (-0.1, 0.8, —0.1). The measured spectra of the DES
intermediate nodes are presented in Fig. 3.32, depicting the characteristics of the
hybrid and EC. The WLR hybrid and the analog EC reduce the outbound BC signal
by about 12 dBm each. While the hybrid reduces overall energy, the EC reduces on-

ly low-frequency components induced by the BC signal.
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12-Gb/s PAM-4 FC (RLM = 0.99)

Fig. 3.30 Measured transmitter output waveform of PAM-2 BC signal.
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Fig. 3.31 Measured spectra of SER intermediate nodes.
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Fig. 3.32 Measured spectra of DES intermediate nodes.
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The bit error rate (BER) measurement is performed using the on-chip eye moni-
toring logic, which compares the sampled data output to the sampled reference data
output by adjusting the clock phase of the reference data. Fig. 3.33 shows the meas-
ured bathtub curve of the PAM-4 FC data under SBD operation, which exhibits an
eye margin of 0.15 Ul for a symbol error rate of 10712, For the PAM-2 BC data, the
measured bathtub curves are compared with two hybrid coefficients, 2« and o, as
illustrated in Fig. 3.34. In the case of the proposed coefficient ¢, 0.57 Ul eye mar-
gin for BER<107? is achieved, whereas, in the case of coefficient a, the eye is
completely closed for BER<1078. Fig. 3.35 and Fig. 3.36 present the measured jitter
tolerance (JTOL) curves for the 12-Gh/s PAM-4 FC and 125-Mb/s PAM-2 BC data
for the BER<107°, respectively. The FC exhibits a JTOL bandwidth of about 1 MHZ,
and the BC JTOL exceeds the equipment limit over the entire frequency range. Fig.
3.37 shows chip photomicrographs of the SER and the DES with an active chip area
of 0.24 mm?, and the power breakdown of the prototype chips is illustrated in Fig.
3.38. Total power consumption is 78.4 mW when the SBD is active. More than half
of the power is used for receiving the FC signal, including PAM-4 equalizers, clock-
ing, and the EC. The FoM, including power efficiency and the channel loss, is 0.41
pJ/b/dB for the 5-m automotive cable. Table 3.1 shows the performance summary
and comparison with recent SBD transceivers. Only this design incorporates both
PAM-4 and PAM-2 signaling with large eye margins and an FoM less than 1.0
pJ/b/dB.



Chapter 3. Design of Asymmetric SBD Transceiver with Two-Step Hybrid

62

Fig.

H
Q
=

PAM-4 FC

[EEN
o
b

=
<
A

—6

Symbol Error Rate
=
o

1078 F
10—10_
12 2 2
-025 -0.125 0 0.125  0.25
Time [UI]

3.33 Measured bathtub curve of FC data under SBD operation.

10°
= 102 PAM-2 BC
o
~ 10"
Q
g 107
oy |
510 ~o-: Hybrid (ao)
= 100 —o—: Hybrid (Za)
- 0.57 Ul
10—12 r 1
-0.5 -0.25 0 0.25 0.5
Time [UI]

Fig. 3.34 Measured bathtub curves of BC data under SBD

operation with two hybrid coefficients.
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Fig. 3.37 Chip photomicrographs of SER and DES.
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Fig. 3.38 Power breakdown of SBD transceiver.
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Table 3.1 Performance summary and comparison with prior SBD transceivers

JSSC '07 [28] TCAS-I '20 [46] JSSC '20 [44] ISSCC '21 [48] JSSC '21 [49] This work
Technology 110-nm CMOS 65-nm CMOS 28-nm CMOS 14-nm FinFET 130-nm BiCMOS 40-nm CMOS
SBD Type Symmetric Symmetric Symmetric Symmetric Asymmetric Asymmetric
Signaling NRZ NRZ NRZ PAM-4 PAM-2 PAM-4 & PAM-2
FC 24 Gb/s 12 Gb/s
Data Rate 10 Gbi/s 7.5 Gbls 16 Gb/s 56 Gh/s
BC 312.5 Mb/s 125 Mb/s
Driver Type Current mode Voltage mode Voltage mode Voltage mode Voltage mode Current mode
SBD FC . Resistor-bridge R-gm hybird Passive hybrid Differential WLR hybrid, EC
hi R-gm hybrid hvbrid
Architecture | pc ybri &EC &EC Common-mode | Hybrid (Zc) & LPF
VDD 12V 12V 09V 1.2v/09V 25V 0.9v/11v/12Vv
Amplitude (FC+BC) 0.80 Vpp 0.40 Vpp 0.40 Vi, - 0.88 Vpp 0.85 Vpp
Channel Loss 5.0dB 25dB 10.2dB 35dB 18.3dB 15.9dB
@ Nyquist 3-m twisted pair 10-mm PCB trace 6" PCB trace Backplane trace 20-m coaxial 5-m STQ cable
FC only,| - 67.2 mW
Power. 266 mW 10.1 mw* 292 mW 994 mw
Consumption | Fc+BC 456 mw 78.4mW
FC only,| - 5.6 pJ/b
wﬁé 26.6 plib 1.35 pJ/b* 1.83plb 17.75 pdib*
Efficiency [Fc+BC 18.76 pd/b 6.5 pd/b
FC only,| - 0.35
FoM 5.32 0.54* 0.18 0.51*
[pJ/b/dB]  |Fc+BC 1.03 0.41
i FC 0.7 Ul 0.15 Ul
ﬁmﬁ Margin, 041Ul 0.03 Ul 0.06 U -
or BER<10™" pc 0.23 Ul 0.57 Ul
Area 1.02 mm? 0.012 mm?* 0.182 mm? - 0.23 mm?* 0.24 mm?

* Includes only analog front-ends
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Chapter 4

Design of Symmetric SBD Trans-
celver with Hybrid Adaptation

4.1 Overview

Simultaneous bidirectional (SBD) communication with symmetric data rate and
amplitude using non-return-to-zero (NRZ) signaling has been steadily proposed to
double per-pin bandwidth. Furthermore, quadruple throughput can be achieved for
the PAM-4 SBD architecture compared to the unidirectional (UD) NRZ architecture
by simultaneously delivering four-level pulse-amplitude modulation (PAM-4) sig-
nals in both directions in a channel. Thanks to this advantage, a PAM-4 SBD trans-
ceiver has recently been explored [48]. However, there are also issues that arise with
the application of PAM-4 to SBD. In addition to the general linearity problem,

PAM-4 has a fatal weakness three times greater than NRZ for the same amount of
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Fig. 4.1 Conceptual block diagram of SBD transceiver with hybrid adaptation engine.

noise. In short-reach SBD communication, errors caused by hybrid mismatches be-
come the dominant noise source, unlike UD communication which primarily con-
siders intersymbol interference (ISI).

Fig. 4.1 illustrates a conceptual block diagram of the SBD transceiver that em-
ploys a hybrid adaptation engine. The essential component of the SBD transceiver is
a hybrid circuit, which eliminates the outbound signal. Various hybrid structures
have been investigated due to its significance, and one of the representative struc-
tures is the R-gm hybrid, which excludes a replica driver to minimize the mismatch
factors from the replica [28]. However, even with the reduction of the mismatch fac-
tor, residual hybrid errors occur when the resistance or transconductance deviates
from the desired value, necessitating hybrid trimming to enhance the signal-to-noise
ratio (SNR) of the received signal. The need for an automatic search of the hybrid
coefficient increases since the mismatch is aggravated as the technology scales

down for higher bandwidth.
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This chapter presents an SBD transceiver with PAM-4, employing a novel hybrid
adaptation scheme [70]. The possibility of extending bandwidth is explored by ap-
plying PAM-4 signaling to SBD. Furthermore, a mismatch compensation method for
a hybrid circuit is proposed to guarantee robust SBD operation. The hybrid adapta-
tion scheme is featured with its cost-efficient design by sharing one error sampler
with clock and data recovery (CDR) and the data level (dLev) adaptation logic and
utilizing the locking points of the loops. Fabricated in the 28-nm CMOS, the 80-
Gb/s SBD transceiver achieves a bit error rate (BER) of less than 10-*2 with an ener-

gy efficiency of 2.65 pJ/b.
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4.2 Proposed Hybrid Adaptation Scheme

While compensating for the hybrid mismatch is the first priority, too much over-
head of area or power is inappropriate. Furthermore, fatal trade-offs such as band-
width reduction due to additional circuits should be avoided. Thus, employing addi-
tional samplers at the receiver is not recommended for high speed, and the infor-
mation must be utilized as much as possible from the existing hardware system for
low energy consumption. This thesis presents a low-cost adaptation methodology
compatible with the widely used dLev adaptation and Mueller-Miller phase detector
(MMPD). The dLev adaptation moves the reference level of the error sampler to the
desired point, generally set to the center of the main cursor level until the same ratio

of “UP” and “DN” is reached. The MMPD, on the other hand, determines phase

3h0+6h_1
3ho+4h_1
3ho+3h, . _.-ow======== - 3ho+3(h'o-Whys)
-------- = 3h0+2h_1 'ﬂ-------------
3ho+h, O -Amm====—— ~ 3hot(h o—WHYB)
dlev . mmasiiit - shy A wmmmmmmmamm
—— 3ho—h_, ---------{::\.. 3ho—(h'o—Whys) =3—
-------- - 3hp—2h_; % Hmmmmmmmm=se———
3hg—3h,; . A mmmmm—— - . 3ho—=3(h'o—Whye)
-------- - 3he—4h_; Vmmmmmmmmm————
ho: inbound main cursor __3112:_6[1-_1_ = Hybrid optimum
h'o: outbound main cursor (

Applied h_; =h; from the MMPD characteristic

Fig. 4.2 Operational principle of proposed hybrid adaptation scheme.
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D[n-1] | DIn] [ D[n+1] | P[n] P[n] D'[n] E[n] | Whw
-3 +3 +3 -3/-1 -1 uUpP
-1 +3 +1 -3/-1 +1 DN
+1 +3 -1 ! ! +3/+1 -1 DN
+3 +3 -3 +3/+1 +1 UP

Other cases 0 Other cases Hold
(a) (b)

Fig. 4.3 Truth table of (a) pattern filter for hybrid adaptation and (b) hybrid weight adapta-

tion logic.

error from the consecutive error and data samples and produces a lock point where
h_1 = hy. The logical operations are covered by Chapter 4.3.2.

The proposed hybrid adaptation begins with the spread of possible ISls from the
dLev (= 3hg). Fig. 4.2 illustrates the process under the assumption that only h_s, ho,
and h; components are present. Four ISIs according to the PAM-4 levels appear for
each cursor, and 16 kinds of ISls exist when both the pre-cursor and post-cursor ISls
are considered. Here, applying the characteristic of MMPD, h_; = hy, the spreads
from the ISIs appear in seven ways. Among them, a case of 3hg that corresponds to
the dLev value suggests that the data level is maintained for specific patterns even
after considering ISls. Therefore, using these particular patterns enables hybrid ad-

aptation without additional samplers. Such a pattern filter P[n] can be expressed as

P[n] = Dyss[n]- D.g[n]- (Dyss [N —1] @ Dy,5[n +1])

(D[N -1 @D g[n+1]) “.0
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where Dwmsg[n] and Disg[n] represent the MSB and LSB of the inbound signal, re-
spectively. The corresponding truth table of the pattern filter also appears in Fig.
4.3(a) with PAM-4 levels.

The last step is to consider the residual hybrid errors from the outbound signal
and to determine the output of the error sampler based on the hybrid weight. When
the hybrid weight (wnyg) is the same as the outbound main cursor (h'o), h'o = Whye,
the hybrid output level is maintained to 3ho. However, when the weight deviates, the
level is equally divided into four parts. Therefore, the “UP”/“DN” of wnys can be
determined in the direction where (h's — wnys) becomes zero, which can be adapted
by detecting the correlation of the outbound signal (D'[n]) and the error sampler out-
put (E[n]). The “UP”/“DN” cases of the wnyg are shown in the Fig. 4.3(b). Conse-
quently, using sign-sign least-mean-square (SSLMS) algorithm, the hybrid adapta-

tion logic can be expressed as

Wevgiss =Whys,; + 4 SIGN(E[N]) - D'ys5[n] - PN] (4.2)

where D'msg[n] represents the MSB of the outbound signal. The outbound MSB data
is obtained by delaying and transmitting data without serialization. As a result, the
proposed hybrid adaptation is performed without additional analog hardware in the
main path by sharing the one error sampler with both CDR and dLev adaptation loop.
This method can be extended for multiple error samplers to enhance the transition

density with the same principle.
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Fig. 4.4 Simulated results of (a) normalized VEO by the normalized hybrid weight and (b)

eye diagrams by the hybrid mismatches.

The importance of the hybrid adaptation scheme is indirectly noticed by appre-
hending how much hybrid mismatch affects bidirectional communication. A hybrid
mismatch is simulated from the modeling of a high-speed SBD transceiver, and the
result of the normalized vertical eye-opening (VEO) for the normalized hybrid
weight appears in Fig. 4.4(a). Monte Carlo simulation is also conducted for the hy-
brid circuit with 1000 samples, and the standard deviation of the normalized hybrid
weight is shown in the same graph. A combination of the simulation results derives
that the normalized VEO can be less than 0.79 with a 32% probability and 0.52 with
a 5% probability by the hybrid mismatch. Fig. 4.4(b) shows the eye diagrams for
three cases: ideal, 1-sigma mismatch, and 2-sigma mismatch. As a result, the effec-
tiveness of the compensation scheme is significant since VEO degrades with a high

probability when a mismatch happens, even closed in the worst case. These results



Chapter 4. Design of Symmetric SBD Transceiver with Hybrid Adaptation 73

may be used to determine criteria such as the control range or the resolution of the

logic.
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4.3 SBD Transceiver Implementation

Fig. 4.5 shows the overall architecture of the presented PAM-4 SBD transceiver.

Assuming the clock forwarding structure, a polyphase filter (PPF) makes differential

external clock source into four phases, which are used for transmitter and receiver

after passing through each phase interpolator (PI) and duty-cycle corrector (DCC).

(MSB LSB) . Pre-driver Output
Driver
Pattern \l 2x1
Generator |
2 4 I Hybrid  {
B PPF DCC +
CLK A > _@-)
(Forwarded) ( w
L  O—[c - .
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: *.
Data Alignment 1
- T |en :
1
Clock & Data CTLE !
1
Recover DH '
y T .
dLev Adaptation _-F DM E
- , i
Hybrid Adaptation Synthesized _-I-_ DL !
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' (PR . '
1 7 1
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Fig. 4.5 Block diagram of overall PAM-4 SBD transceiver architecture.
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In addition, the SBD transceiver includes PAM-4 hybrid circuit and adaptation logic

while supporting data alignment logic to ensure smooth two-way communication.
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4.3.1 Transmitter

The transmitter is configured so that MSB and LSB are delivered from the on-
chip pattern generator to the 32:1 serializer, respectively, and finally to the PAM-4
driver stage. The 32-bit data is serialized using continuous 2:1 serializers, and sin-
gle-ended data is converted to differential data just before the final 2:1 serializer to
reduce power consumption while preventing single-to-differential (S2D) jitter prop-
agation to the driver output. Fig. 4.6 shows the schematic implementation of the fi-

nal 2:1 serializer. Five latches align data with the clock to guarantee the timing

Do—e

Clocked
CMOS

D, -

Fig. 4.6 Schematic implementation of final 2:1 serializer.
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margin of the 2:1 MUX, and a clocked CMQOS latch structure is employed to en-
hance the circuit bandwidth. In addition, the 2:1 MUX is designed with pre-charge
and pre-discharge MOSFETS, which help to remove the jitter caused by the charge
remaining in the internal nodes depending on the data pattern during high-speed op-
eration [71].

The current-mode (CM) type is employed for the driver instead of the voltage-
mode (VM), which shows a large impedance variation during data transition. A wide
linear range (WLR) hybrid is adopted for the hybrid structure to ensure PAM-4 SBD
communication [50]. Since the WLR hybrid cancels the outbound signal by the ratio
of resistance and current, it is free from deteriorating linearity of the PAM-4 signal
or subtracting certain levels less and can operate in a wide range. Fig. 4.7 shows the
network of driver and hybrid. The resistance and current are set based on the relation
Iorv / lnve = 2Ruve / Rterm + 1, Which drives the hybrid subtraction to be the same

as the outbound driver swing. The hybrid resistance is set to 100 Q, and the current

Rrerm =508, Ryys =100,
Iprv=20MA, lhyg =4mA

Fig. 4.7 Schematic of driver and hybrid.
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is set to 4 mA, which is 1/5 of the PAM-4 driver current.

Voltage [V]
Outbound " [uss
0.7 FTsp
04
Hybrid
input
_04 -
Inbound 7" [uss
VU WL
071 |ss
0.2
Hybrid
output
_02 =
0 0.5 1.0 1.5 2.0

Time [ns]

Fig. 4.8 Simulated waveforms of PAM-4 hybrid operation.
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Fig. 4.9 Simulated eye diagrams of hybrid (a) input and (b) output.

Fig. 4.8 shows the simulated waveforms of the PAM-4 hybrid operation. The
hybrid input exhibits seven levels that correspond to the combination of outbound
and inbound data. The process involves extracting the PAM-4 signal corresponding
to the inbound data by removing the outbound data from the overlapped waveform.
The eye diagrams for the hybrid input and output are presented in Fig. 4.9. Mean-
while, Fig. 4.10 shows the simulated output impedance of the driver (including hy-
brid) in real-time and indicates a variation of £1.5 Q to 50 Q in SBD. The imped-

ance in SBD maintains about the same value as the UD signaling with a half swing.
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Fig. 4.10 Simulated output impedance of driver including hybrid.
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4.3.2 Receiver

The receiver employs a programmable continuous-time linear equalizer (CTLE)
at the front-end, instead of a power-hungry decision feedback equalizer (DFE). The
CTLE comprises two stages to maximize ISI cancellation by controlling not only
peak gain but also mid-band boosting, and Fig. 4.11(a) illustrates the schematic of

the two-stage CTLE. The transfer function of the CTLE can be expressed as

H (S) — 1 gmlllle / 2 R(lg SR51C51) .
OmPs [1+s 151 ](1+ R.C..)
1+ gm1R51/2 “3)
OnR0s (1+5R,,Cy, )
1+9 .R., /2
OnaRsef2fy SRoCop (1+5R,C,,)
1+9,,R, /2

X
z
[N
Py
e
[N
X
z
N
X
s
[N

=
o

o

|
'_\
o

Magnitude [dB]

_20 L L '
1M 10M 100M 1G 10G 100G
Frequency [Hz]

(b)

Fig. 4.11 (a) Schematic and (b) frequency response of CTLE.
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where Cp1 and Ci, represent the load capacitance of each CTLE stage. The RC-
degenerated CTLE provides AC boosting up to 10 dB at the Nyquist frequency, and
its frequency response is shown in Fig. 4.11(b). The restored PAM-4 signal from the
hybrid and CTLE is sampled using four samplers per Ul with half-rate sampling.
Each phase comprises three data samplers and one error sampler. The system
achieves cost-efficiency in clocking power consumption by employing a total of
eight samplers in the receiver, while simultaneously alleviating the bandwidth re-
quirements of the receiver front-end. The sampled information is then passed
through a 2:32 deserializer and utilized for CDR, dLev adaptation, and hybrid adap-
tation of the synthesized digital logic. Notably, all loops operate using only one error
sampler.

Synthesized digital logic consists of dLev adaptation, CDR, and data alignment,
including the proposed hybrid adaptation described in Chapter 4.2. First, the dLev
adaptation operation is done as shown in Fig. 4.12 with the reference level of the
error sampler being adjusted to the center of 3hy dispersion using the SSLMS algo-

rithm [72]. Next, CDR utilizes sign-sign MMPD (SS-MMPD), which is commonly

CE LR NN N VdLev

3ho+3h_;
! DIn] Eln] | UPDN
/ 3ho+h_y
] T A +3 +1 upP
SralSMesha +3 1 DN
“* 3ho—3h_; Other cases Hold

Fig. 4.12 Logical operation of dLev adaptation.
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tha th O : Late
- >
+3 3 1 1 | Early Locked condition : h_;=h,
+3 +3 +1 -1 Late
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Fig. 4.13 Logical operations of SS-MMPD in PAM-4 using one error sampler.

adopted in PAM-4 receivers for its power efficiency and clock overhead advantages
[73]. Fig. 4.13 depicts the operation principle of the SS-MMPD, which is configured
using only one error sampler. “Early” or “Late” is determined through consecutive
data and error samples for the “0110” pattern of the DH sampler output, and the PD
provides the locking point of h_; = hy [74].

The loop bandwidth is high in the order of dLev adaptation, CDR, and hybrid ad-
aptation to prevent multiple loop stability. The bandwidth of the hybrid adaptation
logic is the slowest since it utilizes the locked condition of MMPD, and the simulat-
ed locking transients of the adaptation loops are shown in Fig. 4.14. The adaptation
loops set all control words to the desired lock point for incorrect initial values, but a
significant deviation in the hybrid weight can affect CDR behavior, which requires
attention. Fig. 4.15 shows the simulated PI locking behaviors with different hybrid

weights. When the deviation is small (wwye1), the settling time increases but still
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maintains the same optimum lock point. However, as the deviation becomes larger,
different lock point from the optimum point is observed (wwvs2), and even false

locks can occur when the deviation is too large (Whygs).
dLev
code
Pl
code
Whys
code

0 10 20 30
Time [us]

Fig. 4.14 Simulated locking transients of adaptation loops.

Pl
code — wyye (adapted)
= WhyB1
= WhyB2
= WhvB3
0 10 20 30

Time [us]

Fig. 4.15 Simulated PI locking behaviors with different hybrid weights.
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4.3.3 Clock Distribution

The clock distribution comprises Pl and DCC, used in both the transmitter and
receiver, with a 4-phase clock (I, Q, IB, QB) input generated by a PPF. Phase inter-
polation is achieved by a weighted summation of the quadrature clock inputs using a

current summation with a shared resistive load [75]. The schematic of the current-

clkour

T—1 1
cIk0-| I_clk180-l I_cIkO cIk90-I I_clk270-| I_clk90
en_O-l en_180-I en_90-| en_270-|

code[31:0] #élp|| code[31:0] #@IPQ

(@)
360
270 F
o
(O]
% 180 F
=
o
9}
0 : A A ;
0 32 64 96 128
Control code
(b)

Fig. 4.16(a) Schematic of Pl and (b) interpolated phase by control code.
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mode Pl is presented in Fig. 4.16(a), where the sum of weighting factors in the |
path and Q path is constant, and their ratio represents the tangent value of the inter-
polated phase. Fig. 4.16(b) shows the interpolated phase of a 10 GHz clock using a
7-bit control code. The PI output clock employs DCC to optimize the eye margins in
the transmitter and receiver. The DCC utilizes a starved inverter structure with a
control range of 44.7°to 54.3°.

In a symmetric SBD transceiver, the alignment between bidirectional inbound
and outbound data affects the signal quality of the hybrid output. In the case of a
high-speed hybrid, fluctuations in subtraction may occur while removing the out-
bound signal. Accordingly, if the received and transmitting data are aligned, the
sampling margin increases and a lower BER can be obtained. Fig. 4.17 describes

this difference, and it can be confirmed that the hybrid output is not disturbed by the

At=C|ka—C|ka+ (td1+td2+td3)
“ RX At =0.5Ul At =0.9UI

¢ ‘

X —»

Hybrid

@)
_|
—
m
-«

Clka
Aligned condition : clkyx =Clkgx£0.5Ul —(tg1 + tg2 +tq3)

Fig. 4.17 Conceptual diagram of data alignment technique.
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blip when the aligned condition is satisfied. The phase alignment is done by the PI

of the transmitter and is manually controlled during measurement.
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4.4 Measurement

The proposed PAM-4 SBD transceiver is fabricated in 28-nm CMOS technology,
and Fig. 4.18 shows a photomicrograph and power/area breakdown of the prototype
chip. The transceiver consumes a total power of 106 mW, including clock distribu-
tion. An energy efficiency of 2.65 pJ/b is achieved with an active area of 0.089 mm?.
The measured channel response (1.3-in PCB trace and 36-in coaxial cable) is repre-

sented in Fig. 4.19, which has an insertion loss of 5.6 dB at 10 GHz. To confirm that

1000 um

ARDOO OO ECL

Block Power Area
A | TX(include hybrid) | 41.0mw | 0.018 mm?
B RX X
53.3mW | 0.061 mm
C DAC & Bias gen.
D Clock dist. 11.6 mW | 0.01 mm?

Fig. 4.18 Chip photomicrograph and power/area breakdown.
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the PAM-4 data generated by the on-chip pattern generator is being transmitted

correctly, the operation of the transmitter is verified using the Tektronix
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Fig. 4.19 Measured frequency response of channel.

Fig. 4.20 Output waveform of PAM-4 transmitter.
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MSO073304DX oscilloscope. Fig. 4.20 shows the PAM-4 eye diagram of the trans-
mitter without channel loss, which shows a level separation mismatch ratio (RLM)
of 0.96. For the bidirectional test, data stream generated from the Anritsu
MU183020A Pulse Pattern Generator via a passive PAM-4 combiner is differential
400 mV,, to the receiver. Fig. 4.21 illustrates the measurement setup, and the UD is

measured with the transmitter turned off under the same condition.

Passive BERT
Combiner St
ala
RXinput | Pulse Pattern
6-dB Generator
Atten. (MU183020A)
Data
DUT
BER meas > Error Detector
' (MU183040B)
12C
PC @ Reference clock
CLK

Fig. 4.21 Measurement setup of SBD transceiver.

The BER measurement is conducted using the Anritsu MU183040B Error Detec-
tor, comparing the deserialized recovered data with the input data of the receiver.
Fig. 4.22 and Fig. 4.23 show the measured bathtub curves and jitter tolerance (JTOL)
curves for the 40-Gb/s UD and 80-Gh/s SBD transceiver. Regarding BER of 107,
horizontal eye margins of 0.39 Ul and 0.14 Ul are achieved for UD and SBD, re-

spectively. SBD shows a reduced eye margin compared to UD due to other noise



Chapter 4. Design of Symmetric SBD Transceiver with Hybrid Adaptation 91

sources such as echoes, inexact cancellation of the hybrid, and increased power
noise and so on. Nonetheless, the BER less than 10712 is achieved in the SBD opera-
tion.

Fig. 4.24 illustrates the measured BER by the hybrid adaptation, where the lock
point is 1.04 for the ideal normalized hybrid weight. Similar to the simulation results
with the reduced normalized VEO, the tendency of BER by the hybrid weight is rep-
resented. A 20% hybrid error makes a BER of 1072 to a BER of 10~ or higher, re-
gardless of other optimum settings. Meanwhile, the data alignment shows the best
SNR performance when the Pls of the transmitter and receiver differ by 0.31 Ul, and
the measured BER by the phase difference of SBD signals is shown in Fig. 4.25.
The SNR deteriorates when out of this range, but the eyes are not entirely closed for
the worst alignment. Table 4.1 summarizes the SBD transceiver performance and
compares it to prior symmetric SBD transceivers with throughput over 10 Gb/s. It is
the only SBD transceiver with the hybrid adaptation, and the 80-Gb/s throughput is
more than twice that of which utilizes NRZ signaling. It also has a low energy effi-

ciency compared to the PAM-4 SBD transceiver.
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Fig. 4.22 Measured bathtub curves of 40-Gb/s UD and 80-Gh/s SBD transceiver.
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Fig. 4.23 Measured JTOL curves of 40-Gb/s UD and 80-Gb/s SBD transceiver.
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Fig. 4.24 Measured BER of SBD transceiver by hybrid weight.
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Fig. 4.25 Measured BER of SBD transceiver by phase difference of SBD signals.
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Table 4.1 Performance summary and comparison with prior symmetric SBD transceivers

JSSC'07[28] | TCAS-1'20[46] | JSSC '20 [44] ISSCC *21 [48] This work
Technology 110-nm CMOS 65-nm CMOS 28-nm CMOS 14-nm FinFET 28-nm CMOS
Signaling NRZ NRZ NRZ PAM-4 PAM-4
Data rate (SBD) 20 Gbh/s 15 Gb/s 32 Gb/s 112 Gb/s 80 Gbh/s
Architecture mc%_ﬁwm_ﬁ%v_,\\w_:a mwm_u\mm.mwﬁ_,h\v_v mc%ﬁw\.ﬂyﬂx& m%.ouwm_,u\w\ T_W\_\Ea mc% qﬁx\m_mm ﬂv_,\\_“:a
' bridge hybrid ’ ' '
?H.m%%%o: No No No No Yes
Channel Loss @ 5 dB 25dB 4.4dB, 102 dB 35 dB 5.6 dB
Nyquist
Area 1.02 mm? 0.012 mm? 0.182 mm? - 0.089 mm?
Power
Consumption 266 mW 10.1 mW* 29.2 mW 994 mW* 106 mW
(Single side)
Energy Efficiency 26.6 pib 1.35 pJ/b* 1.83 pd/b 17.75 pd/b* 2.65 pdib
FoM [pJ/bit/dB] 5.32 0.54* 0.42,0.18 0.51* 0.47
BER <10 <10 <10 <10°° <10

* Includes only analog front-ends




Conclusion 95

Chapter 5

Conclusion

In this thesis, the design techniques and structures of SBD transceivers utilizing
PAM-4 signaling are proposed. The first prototype design presents an asymmetric
SBD transceiver for a 12-Gb/s PAM-4 FC and a 125-Mb/s PAM-2 BC signals. The
highly asymmetric communication is achieved by adopting different hybrid struc-
tures suitable for each chip. A WLR hybrid structure, operating linearly in a wide
range, is employed for reliable communication. Furthermore, a method for perform-
ing the hybrid in two stages is proposed in the SER to effectively separate over-
lapped spectra. The hybrid with coefficient Za minimizes DC components, and the
secondary LPF reduces the hybrid design complexity of the PAM-4 drivers, includ-
ing the FFE, by suppressing the residual high-frequency energy. In the DES, the
WLR hybrid is designed as fine as possible, which enables a sufficient eye margin
of the PAM-4 FC signal from the CIS with the help of the equalizers and the EC.

The second chip presents an 80-Gh/s PAM-4 SBD transceiver. A WLR hybrid
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ensures reliable PAM-4 hybrid behavior without linearity issues, and the proposed
hybrid adaptation scheme effectively compensates for the weaknesses of SBD
transceivers vulnerable to a hybrid mismatch. The hybrid adaptation is achieved
through a simplified analysis utilizing the lock point of MMPD, which is a cost-
effective approach as it eliminates the need for additional analog hardware.
Additionally, incorporating a data alignment logic enhances the robustness of SBD
behavior. Experimental measurements conducted on the prototype chip demonstrate
the effectiveness of these techniques, achieving a BER of less than 10712 at a data
rate of 80 Ghb/s for PAM-4 SBD operation. The transceiver is designed to be
NRZ/PAM-4 reconfigurable, offering support for unidirectional communication and

ensuring high compatibility.
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