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ABSTRACT |

Abstract

These growths of the hyperscale data center and the data traffic inevitably require
an increase in transmission speed and bandwidth. Accordingly, the data rate per lane
of various I/O standards increased rapidly over time. Also, multi-level signaling,
such as pulse amplitude modulation (PAM), especially PAM-4, is widely adopted in
many standards. In the case of multi-level signaling, a degradation in signal-to-noise
ratio (SNR) is inevitable compared to NRZ signaling. In line with these trends, the
channel loss also has increased as the year passes. In addition, the pre-cursor can
increase as the portion of the rise/fall time increases, and it is necessary to remove it.

In this regard, Tomlinson-Harashima precoding (THP), which can achieve SNR
improvement, is introduced, and several variations to remove a pre-cursor using it
are presented. High-speed multi-level transmitter (TX) introducing the feed-forward
Tomlinson-Harashima precoding (FF-THP) are presented. The proposed FF-THP
takes both advantages of the modulo-based equalization and the controllability over
a pre-cursor. Moreover, the quantitative z-domain analysis on channel response and
the equalization parts of the THP, the FFE, and the FF-THP is conducted. A simple
1-pole channel with a pre-cursor is employed to demonstrate the repercussions of a
pre-cursor and the effectiveness of the FF-THP. From the analysis, the FF-THP of-
fers the largest vertical eye margin (VEM) among the TX equalization methods
when the channel has a pre-cursor or large ISI.

The two high-speed multi-level TX adopting FF-THP were fabricated in 28 nm
CMOS technology. The first chip is a 10 Gb/s PAM-4 TX with FF-THP. A modulo
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prediction engine (MPE) and FFE are designed in a 4-parallel structure, which is
matched to a 4-phase clock generated by PLL. The FFE tap coefficients are opti-
mized to compensate for the 21-dB loss channel appropriately. The proposed FF-
THP presents a wider horizontal eye margin and larger VEM than the FFE. The TX
achieves 10 Gb/s PAM-4 with a power efficiency of 6.0 pJ/b and 4.05 pJ/b/ISI while
compensating for 21-dB loss and occupying the active area of 0.0746 mm?,

The second chip presents a 42 Gh/s PAM-8 FF-THP TX. The MPE and FFE in
the synthesized digital block are designed and optimized to achieve a 16-parallel
structure and high-speed operation while compensating for 7.7-dB channel loss. 16-
phase clock is generated by RDAC-based digitally controlled delay line, and 1-Ul
pulse generator based 16-to-1 serializers are used to offer 14 Gbaud data. Source-
series-termination-based 6-bit DAC driver offers 50 Q matching with reasonable
DNL and INL. These efforts have advanced the highest 3-bit/Baud TX data rate of
42 Gb/s and achieved power efficiency of 1.58 pJ/b, which is comparable to state-
of-the-art TXs, with the active area of 0.0703 mm?.

The effectiveness of FF-THP is verified in mathematics, simulation, and meas-
urement result. Moreover, the digital-based equalization technique can take full ad-

vantage of process scaling.

Keywords : multi-level transmitter, feed-forward equalizer(FFE), Tomlinson-
Harashima precoding (THP), feed-forward Tomlinson-Harashima precoding (FF-

THP), DAC driver

Student Number : 2017-27459
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Motivation

A data center, which is a physical environment facility intended for housing
computer systems and associated components in definition, is the crux that provides
storage, communications, and networking and delivers IT services and business pro-
cesses in general. The data center has been rapidly growing because it offers low
cost and high efficiency [1] — [3] . Especially the growth of hyperscale data center,
which has more than 5,000 servers, is shown in Fig. 1.1. The number of hyperscale
data center will increase from 338 to 628 in 6 years with a 13% of compound annual
growth rate (CAGR). Also, the percentage share of data center servers almost dou-

bled from 27% to 53% in the same period [4] .
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Global Hyperscale Data Center Growth
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Fig. 1.1 Growth of global hyperscale data center [4]

The annual global data center traffic is estimated to be 6.8 ZB in 2016 and will
triple to 20.6 ZB in 2021 with a 25% CAGR. Especially, the traffic of cloud data
centers in 2021, which is 95% of total data center traffic, is 19.5 ZB, which will be
tripled with 27% CAGR since 2016, as shown in Fig. 1.2 [4] .

Cloud Data Center Traffic Growth (ZB)

25

20 27% CAGR 195
16.1
15 13.1
10.6
10 82
6.0 I
5 I
0
2016 2017 2018 2019 2020 2021

Fig. 1.2 Growth of cloud data center traffic [4]
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Fig. 1.3 Per-lane data-rate vs. year for a variety of common 1/O standards [5]

These growths of the hyperscale data center and the data traffic inevitably require

an increase in transmission speed and bandwidth. Accordingly, the data rate per lane

of various I/O standards increased rapidly over time, as shown in Fig. 1.3. The data

rates per lane in various standards are growing exponentially as the year passes. For

example, the peripheral component interconnect express (PCle) has doubled every

3~4 years, and the tendency is even faster nowadays [5] . To line with these trends,

the channel loss also has increased as the year passes. Fig. 1.4 shows the channel

loss vs. year and data rate from 2017 to 2022 for various papers [6] — [31] .
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Fig. 1.4 Trends of channel loss vs. year (top) and vs. data rate (bottom) [6] — [31]

Due to the rapid growth of demand for data throughput in wireline interfaces,
multi-level signaling such as pulse amplitude modulation (PAM), especially PAM-4,
is widely adopted in many standards such as Fibre Channel, InfiniBand, and Ether-
net [32] — [34] . Despite the fact that multi-level PAM signaling can significantly
increase the data throughput, inter-symbol interference (ISI) of a channel and the

reduced signal-to-noise ratio (SNR) substantially degrade signal integrity and bit
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error rate (BER) performance, thus making it a great challenge to employ PAM-4
signaling on a high-loss channel. While channel equalization can be done at both the
transmitter (TX) and the receiver (RX), there are a few advantages in equalizing the
channel loss on the TX side. Equalization is more straightforward to implement at
the TX than at the RX side because TX has the exact information of the input data,
whereas the RX may have a sampling error. Therefore asymmetric links, such as
DRAM interfaces, may use TX equalization thanks to its simplicity [35] . While a
feed-forward equalizer (FFE) in the form of a finite impulse response (FIR) filter is
widely employed, because of a scaling factor imposed on by maximum drivable
voltage or current, the eye opening on a high-loss channel can be significantly re-
duced [36] . While the nonlinear decision feedback equalizer (DFE) is widely used
for being immune to noise boosting, errors tend to occur in bursts that exacerbate the
forward error correction (FEC) performance. Thus, combining the DFE and the FEC
in PAM-4 signaling can bring out significant performance degradation [36] — [39] .

As an alternative, Tomlinson-Harashima precoding (THP) is a viable candidate
for TX equalization for a high-loss channel since, by being nonlinear, it offers an
SNR gain and evenly distributed transmitted signal [40] , [41] . The THP can theo-
retically equalize a wide range of channels, regardless of the channel loss [42] , [43] .
Albeit attractive, when it comes to a physical implementation, the use of THP is lim-
ited because of the feedback timing constraint and the lack of pre-cursor-handling
capability, which are the same problem as the DFE.

Various techniques, such as pipelining and mapping, have been reported to re-
lieve the timing constraint in the THP implementation [44] — [46] . However, even

though the timing constraint is alleviated, the pre-cursor ISI has remained a problem
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equalizing a high-loss channel. Therefore, another approach that has been reported is
a model predictive control (MPC) that offers limited controllability of a pre-cursor
ISI [47] , [48] .

In this thesis, the channel modeling, the importance of removing a pre-cursor,
and the optimized tap coefficients of FFE are derived. Also, THP and variations are
introduced for multi-level signaling, and the effects of a pre-cursor are verified. In
addition, the feed-forward Tomlinson-Harashima precoding (FF-THP) architecture
incorporating the pre-cursor compensation in the modulo-based equalization is pro-
posed. Also, the multi-level transmitters adopting FF-THP achieve large channel
loss compensation and high data rate, multi-level transmission with power efficiency

compared to stat-of-the-art circuits.
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1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, the backgrounds of the channel
model and FFE tap coefficient optimization for a high-speed interface are presented.
The methods to model the 1-pole channel having a pre-cursor with unity DC gain
and FFE tap coefficients optimization for the channel are discussed.

In Chapter 3, Tomlinson-Harashima precoding and variations are presented. The
basic concept and operation of THP are featured, and the pros and cons of THP are
discussed. To compensate a pre-cursor, the pre-cursor THP and two kinds of combi-
nations of THP and FFE are presented. Also, the analysis of them and simulation
results are shown.

In Chapter 4, feed-forward Tomlinson-Harashima precoding is presented. To
achieve both high-speed operation and multi-level signaling, FF-THP is proposed,
and the effectiveness of FF-THP compared to FFE and THP is discussed in mathe-
matical equations and behavior simulations.

In Chapter 5, 10 Gb/s PAM-4 TX with FF-THP is presented. The proposed mod-
ulo prediction engine and circuit implementations are featured, and the effectiveness
of FF-THP is demonstrated in measurement results. In addition, the estimated bit-
error rate is calculated based on the histogram of the TX output.

In Chapter 6, 42 Gb/s PAM-8 TX with FF-THP is presented. The optimization of
16-parallel MPE and circuit components is explained. Also, the measurement results
supporting the effectiveness of FF-THP are shown.

Chapter 7 summarizes the proposed works and concludes this thesis.
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Chapter 2

Backgrounds of Channel Model and
FFE Tap Coefficient Optimization
for High-Speed Interface

2.1 Overview

There are various channel modeling methods, such as RC, LC, and RLGC mod-
els. The approximation formula varies depending on the frequency of transmitted
data and the values of channel elements (R, L, G, and C). In general, a channel used
in a high-speed interface can be seen as a transmission line, and the main loss factors
of this transmission line are resistive loss and dielectric loss caused by the conductor
skin effect and dielectric absorption, respectively. Both types of loss increase with

transmission frequency, and while the skin effect increases in proportion to the
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square root of the frequency, dielectric loss increases linearly with frequency [50] —
[53] . Therefore, for accurate channel modeling, both types of loss must be adopted,
but in the case of dielectric loss, it is complicated to be modeled because of the
complexity. However, since both loss increases as the frequency increases are the
same, the wireline channel can be modeled based on the skin effect to examine a

tendency of channel response and an effect of equalization.

I—2m-1

L, Ls
T L2m+lg
g2 a4 Jom g

W — W
Cl—l— C3_1_ C2m.1—1— C2m+1—|—

Fig. 2.1 Model of skin effect in RL ladder (top) and RC ladder (bottom) [51]

Therefore, this chapter will deal with the channel model exploring the resistive
loss due to the skin effect, which is based on the RC channel (1-pole channel). Also,
in order to represent the response of the actual channel, a pre-cursor was introduced
to approximate the response. In addition, for each channel model, tap coefficient

optimization of FFE, which is widely used for TX equalization, will be derived.
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2.2 Modeling 1-Pole Channel having a Pre-
cursor and Single-Bit Response and Im-

portance of a Pre-Cursor Controllability

2.2.1 1-Pole Channel and Single-Bit Response

Fig. 2.2 1-pole channel and normalized single-bit response

The 1-pole channel can be modeled as RC channel, whose time-domain relation-

ship between input and output can be expressed as (2.1).

dv,, (1)

RC +V (1) =V, () @.1)

Using Laplace transformation, (2.1) can be expressed in the frequency domain as
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2.2).

1+ RCs)V,,; (s) =V, (s)
(2.2)

1
Vo (8) =——V,, ()
out 1+RCs "

The time-domain and frequency-domain function of single-bit voltage is ex-

pressed as (2.3).

Vi, () =u(t) —u(t-T)

—-aTs (2.3)
)

Vin(s) = (=—
s s

Applying (2.3) to (2.2), the frequency-domain single-bit response (SBR) of the 1-
pole channel is derived as (2.4). Also, applying Laplace inverse transformation, time

domain SBR is derived as (2.5).

1

_ 1_ _ —aTs
Vout(S)—(S . ]/RC)(l e”’) (2.4)
ot T
Vo, () =(—e R)u(t)—(1—e RC)u(t—T) (2.5)

The main cursor, Ho, post-cursors, Hi, and the normalized post-cursors, h;, are

expressed as below.

-
Vout(r) — HO =(l-e RC) (26)
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()T T _iT T
Vo (i+DT)=H, =(1-e RC )—(1-e RC)=e RC(1-e RC) @.7)

R L
h=—=e RC _p' (2.8)

Therefore, the RC value for generating a 1-pole channel corresponding to the de-

sired data rate and post-cursor values is derived as (2.9).

RC=-—o 2.9)
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2.2.2  Step Signal based 1-Pole Channel hav-
ing a Pre-cursor and Single-Bit Response

Y I
\ /
bT \ c_L
—> \ =
\
aT aT )
1pole |
channel
<L>

Fig. 2.3 Step signal based 1-pole channel having a pre-cursor and single-bit response

The time-domain relationship between the input and output of a step signal based

1-pole channel having a pre-cursor and the SBR can be expressed as (2.10).

v, (t) =RC

av (i
J%§l+%mm

(2.10)
= é{u(t) +u(t—-aT)-u(t-(a+b)T)-u(t-(2a+b)T)}

Using Laplace transformation, (2.10) can be expressed in the frequency domain

as (2.11).

e—aTs e—(a+b)Ts e—(2a+b)Ts

(L+RCs)V,, (s) = 1 -+ - - )
2 'S S S S

. (2.11)

s+1/RC

11 B - )
Vo (8) = E(; — )L+e aTs _ ,~(a+b)Ts _ (2a+b)Ts)
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Applying Laplace inverse transformation to (2.11), the veu(t) can be represented

as below.

1 _t _t-aT
vout(t)=5{(1—e RCY)u(t)+ (@-e RC )u(t—aT)

_t—(ath)T _t—(2a+b)T (2.12)
~1-e  RC ju-(a+b)T)-@-e ¢ Hut-(a+b)T)}

The main cursor, Ho, pre-cursor, H.1, post-cursors, Hi, the normalized pre-cursor,

h.1, and post-cursors, h;, are expressed as below.

1 _ar _(a+h)T _(2a+b)T
H0=vout((2a+b)T)=E(1+e RC_e RC _g RC (2.13)
;AT
Hy =V (aT) == (1-e F°) (2.14)
2
_iT _(a#)T _(ath+)T  _(2a+b+i)T
Hi :Vout((2a+b+i)T):_(e RC +€ RC —€ RC —e RC )
2
_iT o _aT  _(ab) T _(2a+h)T _iT (2.15)
~—eRC(1ieRC_g RC _o RC j_peRC
_ar
vout(aT) l-e RC (2 16)
= - ar @byt :
v ((2a+b)T Ll _
(D) TRy ke
Ho -
h=—t=e R =t (2.17)
HO

Therefore, considering a + b = 1, a can be represented by h.; and h; as (2.18).
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_aft _afT
l1-e RC l-e RC
h,= —ar “(ab)T —ar
1+e RCy1-e RC ) (+e RC)1-h)

aT
S 2aloh)  re (2.18)
1+h,@-h)
1-hyA-h)
1+h,(@-h)
In(h,)

In(

As a result, a 1-pole channel having a pre-cursor corresponding to the desired h;
and h_; can be generated by modifying single-bit input to step-shaped single-bit in-
put with the a. The examples of step signal based a derived by h; and h_; are shown

in Table 2.1.

hlh'l 0 0.1 0.2 0.3
0.1] 0 | 0.0784 | 0.1581 | 0.2405
0.2] 0 | 0.0996 | 0.2006 | 0.3042
0.3] 0 | 0.1165| 0.2341 | 0.3541
04| 0 | 0.1311| 0.2632 | 0.3972
0.5] 0 | 0.1444| 0.2895 | 0.4361
06| 0 | 0.1567 | 0.3139 | 0.4721

Table 2.1 Examples of step signal based a derived by h; and h.;
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2.2.3 Ramp Signal based 1-Pole Channel hav-
ing a Pre-cursor and Single-Bit Response

bt c_L -

—>
\
\
aT aT 1 pole
channel
PRI

Fig. 2.4 Ramp signal based 1-pole channel having a pre-cursor and single-bit response

Similar to the step signal, the time-domain relationship between the input and
output of ramp signal based 1-pole channel having a pre-cursor and the SBR can be

expressed as (2.19).

v, (t) =RC

vy, (1)
——+v_ . (1)
dt out

1 (2.19)
= —TI{u(t) —u(t—aT)—u(t—(a+b)T) +u(t — (2a -+ b)T)}dt
a

Using Laplace transformation, frequency-domain Vou(S) is expressed as (2.20).
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1 1 1 1_e—aTs _e—(a+b)Ts " e—(2a+b)Ts
V. (s) = ——
7 aT RC s+1/RC s
111 1 (2.20)

— )(1_ e—aTs _e—(a+b)Ts +e—(2a+b)Ts)
aT s s s+1/RC

Also, using Laplace inverse transformation, time-domain vou(t) is represented as

(2.21).

_t _t-aT
(1-e ROyu)-@-e RC)Hu(t-aT)
1 _t—(a+b)T
Vout(t)=a_Tj—(1—e RC yyt-(a+b)) @ (2.21)
_t-(2a+h)T

+1-e RC Hyu(t-(a+b)T)}

Considering a + b = 1, the main cursor, Ho, and post-cursors, H;, are represented

as (2.22) and (2.23), respectively.

Hy = vy, (1+a)T)

(1+a)T t 1+a)T t—aT 1+a)T t—T
| j (1—e RC)dt— j l-e R )di— j (1—e RC)di]
al % aT T
1 ()T
=—[{@+a)T-RC-e F¢ )} (2.22)
aT
T _aT
{T—RC(1—e RC)}-{aT —RC(1—e R°)}]
RC aT T _(+a)T

-—~(1-e RC _g RC ¢ FRC )
aT
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H, =v,, (A+a+i)T)

(L+a+i)T t (L+a+i)T t—aT
S (e "C)di— I (l-e R )dt
ar 0 aT
(L+a+i)T T (L+a+i)T _t=(ra)T
- .[ (1—e RC)dt-— .[ l-e RS )i
T (1+a)T

1 _(Lra+i)T _@)T
= —H@+asiT-RCA-e * R-{Q+)T-RCA-e )}
a

_(a+)T T (2.23)

H{(a+i)T-RC(1-e RC }+{iT-RC(l-e R}

RC T (a+i)T 1+i)T (L+a+i)T
=_(e RC_e RC —e RC +e RC )

aT

iT aT T (I+a)T

= ﬁeiﬁ(l—efE _e RC g RC )

aT

_iT
=e RCH,

Therefore, normalized post-cursors, h;, is represented as (2.24), and applying

(2.24), the Ho can be re-expressed as (2.25).

iT

Hi = i
h=—=eR =n (2.24)
HO
RC a7 (Wt C
Ho=—(l-e RC—e RCpe RC)_Z(1_p?-h +h)  (225)
aT aT

Then, the pre-cursor and normalized pre-cursor, H and h.y = H.i/Ho, are ex-

pressed as below.
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laT _t
H = Vo (@T) == [ (t—e F)at
aT0
(2.26)
1 -2 RC,
= —[aT-RC(l-e RC)|=1-—(1-h?)
aT aT
aT a
V@) e T _alh-14h?
7@ T) 1+nMohon® 1ehMton ot 50y
~Inh?-1+n? 1 Inh?2
_—Inh”-1+h" L

- a, a)
@1-h)a-h")  @A-h) 1-h

Using Taylor series approximation, h.; can be approximated as follows.

h,=

1 (1+'nh1a S S PO VY
(L-h) " 1-h*"  (@-h)  1-¢

2
1 x 1 —X—XAH 1 x

:_(1_h1)(1+—x—X%)__(1—h1) A C@-h)2+x (228)
__ L x__Inh’ __ ahh
(-h)2  20-h)  20-h)

Then the rise/fall time of ramp signal a is represented by h; and h.; as (2.29).

i 2haoh) 09)

Inh

As a result, a 1-pole channel having a pre-cursor corresponding to the desired h;

and h.; can be generated by modifying single-bit input to ramp-shaped single-bit
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input with the a. The examples of ramp signal based a derived by h; and h.; are

shown in Table 2.2, which is very similar to Table 2.1.

& 0 0.1 0.2 0.3
h,

0.1] 0 | 0.0782| 0.1563 | 0.2345
02| 0 [0.0994 | 0.1988 | 0.2982
03] 0 |0.1163 | 0.2326 | 0.3488
04| 0 [ 0.1310| 0.2619 | 0.3929
05| 0 | 0.1443| 0.2885 | 0.4328
06| 0 | 0.1566 | 0.3132 | 0.4698

Table 2.2 Examples of ramp signal based a derived by h; and h_;
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2.2.4  Importance of a Pre-cursor Controlla-
bility

Also, using (2.28), Table 2.3 shows the examples of h.; derived by h; and a.

hla o| o1 0.2 0.3
01| o [0.1279 | 0.2558 | 0.3838
0.2| o |0.1006 | 0.2012 | 0.3018
0.3| o |0.0860 | 0.1720 | 0.2580
0.4| 0 |0.0764|0.1527 | 0.2291
05| 0 |0.0693|0.1386 | 0.2079
0.6| 0 |0.0639|0.1277 | 0.1916

Table 2.3 Examples of ramp signal based h.; derived by h; and a

The above table means that even though the channel is a 1-pole channel generat-
ing only post-cursors, the rise/fall time of the data signal makes a pre-cursor ISI. As
the data rate increases, the 1-Ul is reduced, and the portion of rise/fall time in 1-Ul
increases. Therefore, pre-cursor controllability is much more crucial for high-speed

serial link systems.
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2.3 FFE Tap Coefficient Optimization for

1-Pole Channel having a Pre-cursor

2.3.1 1-Tap FFE Coefficient Optimization for
1-Pole Channel

Din _I_’C'“')_' TXout

Fig. 2.5 Structure of feed-forward equalizer

FFE is a widely used equalization method in TX. The post-cursors of a 1-pole
channel can be easily equalized by FFE. The z-domain transfer function of the 1-

pole channel having unity DC gain and the main cursor, Ho, are expressed as follows.

H, (2) =Ho+H;z 4.+ Hz "

N _ N _ N (2.30)
=Y Hz' =HyY hz"' =H, > h'z"
1=0 1=0 1=0
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1 1 1
H0:1+Zhi:1+Zh1i:1+h1/1—h1:1_h1 (2.31)
i=1 i=1

The z-domain transfer function of 1-tap FFE is (2.32).

1
Lrla|

Heee (2) = %(1+a1271) v A= (2.32)

Then, the total z-domain response of the 1-pole channel with the 1-tap FFE is

(2.33).

Hen (D H ee (2) = HoAy L+ a2 ) (L+ D hiz ™) = HoAy @+ O (hy +35h ;)2 )
i=1

i>0

= HoA @+ > (h +a,h ™)z ™) (2.33)

i>0

With a; = —hy, ISls are zero for i > 0 terms in the z-domain response. Then, the

result, HoAo, is expressed as below.

_1-h
1r]-h | 1+h,

HoAy = (1-My) (2:34)

Therefore, the optimized 1-tap FFE coefficient a: is equal to —h;, and with this

coefficient, FFE can perfectly equalize the post-cursors of the 1-pole channel.
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2.3.2 FFE Tap Coefficient Optimization for 1-
Pole Channel having a Pre-cursor

Similar to (2.30) and (2.31), the z-domain response of the 1-pole channel having
a pre-cursor and the main cursor of the channel, Ho, are represented as (2.35) and

(2.36), respectively.

He (2) = Ho(hflzl +1+ Zhiz_i)’ h = hli (2.35)
i=1
o 1 ) 1 ) 1 _ 1-h
" hy+l+y b hy+ledoh' ho+leh/1-h 1+h,(-h) (236)
i=1 i=1

The z-domain response of an FFE with 2-pre-tap and 1-post-tap can be represent-
ed as (2.37). Also, the magnitude normalizing coefficient, Ay, is derived by normal-

ized tap coefficients as (2.38).

Here (2) = Ay(a,2° +a 2 +1+a,2 ) (2.37)

1
A = (2.38)

la, |+|a [+1+]|a& |

The multiplication of Hen(z) and Here(z) is expressed as below.
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Ho (D) Hee (2) = HOAO(afzz2 +a,7 +1+az ) (h,z +1+ Zhiz_i)
i=1

= HyA (h,a,2° +(a, +h,a )2° +(ah +a, +h )z

+(a,h, +a b +1+ah ) (2.39)
+Z (@ hy, +a hy,; +h + a1hi71)27i)

i>0

Let a», = 0, which means that the FFE has 1-pre-tap and 1-post-tap, the normal-

ized magnitude of pre-cursor ISl is represented as (2.40).
IS pre (@) =lha,|+la;+h,] (2.40)

Generally, h_; is a positive value, and we can assume that a_; < 0. Then, the sign
of the forepart of ISlye(a 1) is determined. However, the sign of the later part de-

pends on the magnitude of a;.
ISl e (@ y) =—ha  +]a +h,| (2.41)
First case: |a-1| < |h-4

AISl (@)

ISI pre (a,)=-hja,+a,+h, = -h, +1>0 (2.42)

oa_,
For this case, when a_; is maximized, 1Slye(a-1) is minimized.

Second case: |a-1| > ||
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oISl (@)

ISl (@a4)=—hja,-a,-h; = =-h,-1<0 (2.43)

oa_,

For this case, when a1 is minimized, 1Slye(a-1) is minimized. As a result, when
a1 = —h1, ISlpre is minimized with h42. Then, considering z' term, the normalized

magnitude of post-cursor ISI can be represented as (2.44).

151 o (@) =Xl a s, +1+% Ih = 1-hh +1+%| h (2.44)

i>0 i>0

ISlost(a2) is equal to 0 with a; = —hi(1-h_1h). Therefore, to equalize 1-pole chan-
nel having a pre-cursor with FFE incorporating 1-pre-tap and 1-post-tap, the tap co-
efficients minimizing the ISl are a; = —h_; and a; = ~h1(1-h_1hs) with ISl = h4?.

Expanding this tap coefficient optimizing method, the second pre-tap of FFE also
can be optimized. Let a» # 0, the normalized magnitude of pre-cursor ISI can be

represented as (2.45).
ISl (@ y,a,)=lhja,[+]a,+a hy[+|a,h+a,+h ]| (2.45)

Consider that the last part of ISlye(a2, a1) becomes 0 with a; = —(h_1+ahy).

Then, the normalized magnitude of pre-cursor ISI depends solely on a as (2.46).

IS1 e (ay) =Iha, [+]a, —(h +a,h)h, |

, (2.46)
=Ih,a,|+|a,@-hh)—h |
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Similar to previous cases, the signs of pre-cursor ISI parts are determined by the
magnitude of a.

First case: a».<0

IS1 e (a,) =—hja, —(a,(A-hh ) —h?)

asl . (a (2.47)
_ Me(@z) ~h,-(@—hh,)<0
oa_,

When a; <0, as a increases, ISlyre(a2) decreases.

Second case: a, >0

ISI o (a,) =ha, = (a,(1—hh ) —h?)

: 2.48
o W@ sy -
oa_,

In this case, the sign of the second part of 1Slye(a2) depends on the magnitude of
ao.

Second-first case: a2 > h1?/(1-hih_1)

A8l o (a,)

h,+@-hh)=1+h (1-h)>0 (2.49)
oa,

For this case, as a_» decreases, ISlyre(a-2) also decreases.

Second-second case: a » < h.41?/(1-h;h ;)
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asl _(a,)
;Lzz h,-(@-hh,)=-1+h (1+h)<0 (2.50)
a

-2

Generally, because h_; is smaller than 0.5 and h; is smaller than 1, the partial dif-
ferential is smaller than 0. Therefore, in this case, as a» increases, ISlpre(a 2) de-
creases. To sum up, in the first case (a» < 0) ISlpe(a2) decreases as a, increases,
and in the second case (a2 > 0) ISlyre(a 2) is minimized when a » = h1?/(1-hih1). As

a result, the minimized value and a_, are shown below.

h
ISI e = — (2.51)
1-hh,
h 2
a,=—o: (2.52)
1-hh,

Then the resulted a_; is expressed as (2.53).

2
_ h,'hy __ h,
1-hh, 1-hh,

a,=—(h,+ah)=-h (2.53)

Also, as same as the previously optimized tap coefficient, the optimized post-tap

a; perfectly canceling is derived as (2.54).
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IS1 pose (@) = | a,h’+ah +1+ % |h'

i>0

2
B = = B T T

&'1-hh, ' 1-hh, hy (2.54)
_ h'
=S b hy 12 =S e by @—h ) | —
i>0 h1 i>0 hl

=151 pgg (3 = Ny (141 )) =0

Therefore, to equalize a 1-pole channel having a pre-cursor with 2-pre-tap and 1-
post-tap FFE, the optimized tap coefficient that minimizes the normalized ISI are
derived as (2.52), (2.53), and (2.54). As a result, the minimized ISI, 1Slt, and the

magnitude normalizing coefficient, Ao, are derived as (2.55) and (2.56), respectively.

h—l
ISItotal = 1Sl pre 1—h1h71 (2.55)
1 1
% :|a_2 |+|a_l|+1+|a1|: a,—-a, ;+1+a
(2.56)
1-hh,

“1+h+h,—hh, —2h*h +h 2—2nh ®+h’h 2

We can notice that the optimized a; is equal to the previous case (1-pre-tap and
1-post-tap FFE case), which means that the post-cursor ISI of 1-pole channel can be
perfectly canceled by appropriate 1-post-tap of FFE regardless of the magnitude of
h_; and hs. In addition, considering the expansion of 1-pre-tap and 1-post-tap FFE to
2-pre-tap and 1-post-tap FFE, when the number of pre-taps is increased, each tap

can be optimized, and the total 1SI can be minimized in a similar way.
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Chapter 3
Tomlinson-Harashima Precoding

and Variations

3.1 Tomlinson-Harashima Precoding

data in . -
— l/A(Z) (mod N) > communication > modulq N
channel A(z) reduction | data out

Fig. 3.1 Structure of Tomlinson [42]

v
O

ai-hi

H(f)

F 3

Fig. 3.2 Structure of Harashima [43]
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DDR PHY Transmitter

\

p
TH Precoder/Equalizer

; i DRAM Receiver |
v

I(z) mod(LM)

> Channel | Y2

R@) v
o

post-cursor IS 2

J

(see Fig. 3 for time domain representation)

I(z)+B(z)LM
z-domain:  A(z) =1(z)— A(2)[H ,,m(2) = 1]+ B(z) LM — A(;):M

Hfmr/n (Z)
Time domain: . N ;
modoman: o[ ] 1[k]- 1 alk - 11+ tias
output  input post-cursor IS| modulo
EXAMPLE WITH hch=[0.526 0.473] Prom=I[1 0.9])
1) input: /[K] (oit pattern: 1001111010) 4) TX signal a[K] (after MOD operation)
- +0.5
normalized
max. TX
swing
- -05

b0 (MOD)
b1
L= e e =50
_____________ b1 (MOD)
jolatiol
3) input minus post-cursor IS ASWO aron

+_L 6) demodulated signal rk] (after MOD operation)

1

2 345 67 89 10 bit position 123 4567 8910

Fig. 3.3 Block diagram of Tomlinson-Harashima precoding and signaling example [35]
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Tomlinson-Harashima precoding (THP) is developed independently by Tomlin-
son and Harashima [42] , [43] . THP is a matched-transmission based pre-
equalization technique, which introduces a modulo operation. The equalization part
of THP is a feedback structure the same as an inverse function of a transfer function
of a targeted channel as shown in Fig. 3.1 and Fig. 3.2. The signaling example and
block diagram of TX and RX are shown in Fig. 3.3. The post-cursor ISI induced by
TX signal a[k] is subtracted to input I[K], which introduces the violation and the
modulo operation. In the RX side, the RX input signal y[k] shows additional two
levels. The highest level is the same as bO with modulo operation, and the lowest
level is the same as b1 with modulo operation. Therefore, after the modulo operation
of RX, the demodulated RX signal r[K] is the same as the input bit stream I[k]. To
introduce the modulo operation, the input of THP should be shrink as shown in input
stream 1) of Fig. 3.3. The amplitude adjusting coefficient in PAM-L signaling is
(3.2).

L-1
Argp = (3.1)

L

Arrp can severely degrade the signal amplitude for NRZ signaling. However, the
drawback becomes smaller for the multi-level signaling method. The equalization
part of the THP in Fig. 3.3, is expressed as 1/Hnom(z), which is the feedback struc-

ture. Therefore, the structure of THP can be re-drawn as Fig. 3.4.
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Y

bs

MODI TXout
71

»

-1

Din _’C"
S
S

<
«

Fig. 3.4 Structure of Tomlinson-Harashima precoding transmitter

The equalization part of THP is an infinite-impulse response (IIR) filter, whose

transfer function can be expressed as (3.2).

Hr (z) = 1+Zbi27i (3.2)

i=1

A channel ISI can be equalized perfectly with the Hur(z) when the bis are equal
to his. Therefore, the THP can equalize all channels theoretically. Also, with the
modulo operation, the THP has SNR gain compared to FFE. Considering the struc-
ture of FFE and THP in Fig. 2.5 and Fig. 3.4, the probability density function (PDF)
of TX outputs of the two equalization methods are shown in Fig. 3.5. Denoting a;s as
the tap coefficients of an FFE, the probability mass function (PMF) induced from a;,
{P(-ai), P(+aj)}, is equal to {0.5, 0.5} for NRZ signaling. As the number of taps in-
creases, the PMF is widely distributed. As a result, the PDF of the FFE shows the

centralized distribution. Moreover, because of output swing limitation, the final PDF
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of the FFE is further shrunk horizontally and stretched vertically. On the other hand,
for the THP, denoting bis as the tap coefficients of the THP, the feedback equaliza-
tion system with the modulo operator makes the final PDF of the THP uniformly
distributed and offers a higher SNR. Furthermore, this tendency becomes more sig-
nificant as the target channel loss increases and thus the tap coefficients. As the tap
coefficients increase, the centralization of the PDF of the FFE becomes substantial,
while the PDF of the THP remains uniform. Therefore, the THP is a viable candi-
date to equalize a high-loss channel on the TX. For FFE, the red-lined PDF becomes
more centralized as the number and magnitude of taps increase. However, THP of-
fers the uniformly distributed blue-lined PDF, even though the number and magni-
tude of taps increase. Therefore, the THP offers better SNR compared to FFE.
However, when it comes to the physical implementation, considering the transfer
function, the THP basically cannot remove a pre-cursor of the channel. Also, the
feedback structure of the THP is unsuitable for high-speed operation. To equalize
the pre-cursor ISI, the FFE is one of the straightforward options to adopt. To deal
with the lack of pre-cursor controllability, THP can consider a pre-cursor as the
main cursor or be combined with the one-tap FFE [49] . In the next section, these

topics will be discussed.



Chapter 3. Tomlinson-Harashima Precoding and Variations

35

)

( Feed-forward equalizer |

:)—VTXOUT —~ - _
S \ 0.5 0.5
I \ Including a; 0.25
\
f) < > —++ ' >

0.5 _
Output swing

0.25 Including as, ay, ... limitation
—_— R

-1-lag|-lag] +1+|ag|+|az| -1-Z|aj| +1+2|a| -1

| | I 4
-1 +1 -1-[ay] +1+[a
Including a;

(Tomlinson-Harashima precoding)

Magnitude
shrink for
modulo

operation
—_—

Ve

7

] (@)
"o |

AN ya
7 N\

N

|
a4 41 -0.5 0.5
Including b,
N

A\ 4

0.5 i
Including by, bs, ... Ind%?g%trino%dmo b
AN
e —_—
€ ! I >
~1/(1-|baf) +1/(1-|bal) 1o+ =

Fig. 3.5 Probability density function of TX output of FFE and THP
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3.2 Pre-cursor Control Using THP

3.2.1 Pre-cursor THP

H{ Conv.THP H - Pre-cursor THP h
Dint—@—] MOD —TXour Din “@—] MOD T TXour
h1 Z-l ho/h-l Z'l
>—&—] >—®—
v h [ t hyhy [T
6&(\ ] p% |
& &

Fig. 3.6 Structures of conventional THP and pre-cursor THP with tap coefficients

As mentioned before, the tap coefficients of conventional THP are equal to the
channel post-cursors, h;. However, since the channel has a pre-cursor, the multiplica-
tion of the transfer function of the equalization part and the channel is expressed as

(3.3).

Ho(h 2 +1+ > hz™)

i=1
1+ Z hiz_i
i=1

Hoh.zt

—2
° 1+ bz
=

Hconv,IIR (Z)Hch (Z) = (3.3)

Because of the pre-cursor, there is the remained term, which is very complicated.

However, using the pre-cursor THP, which considers the pre-cursor as the main cur-
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sor, the transfer function of the equalization part of pre-cursor THP is represented as

(3.4).

1

h. .
1+ Zli—l 77! (3.4)
= h,

H pre,lIR (2) =

Then the multiplication of Hyre,1r(z) and the channel responses are shown as (3.5).

Ho(h_lz1 +1+Zhiz_i)
Horeuir ()H e, (2) = N ':1_ = Hgh, 7"
1+ Zh'—’l 7

i=1 1

3.5)

The result shows the pre-cursor THP can perfectly equalize all channel ISI. In-
corporating (3.1) to (3.3) and (3.5) in PAM-L signaling, the vertical eye margins
(VEM) of conventional THP and pre-cursor THP are derived as (3.6) and (3.7), re-

spectively.

H, (L-DH
VEM =0 2 7 4 (3.6)
convTHP L L
H_
VEM preTHP — Tl 3.7)

Generally, because H_; is much smaller than Ho, VEMconvtre IS much larger than
VEMyrethe. However, when either h_y or L is sufficiently large, the magnitude rela-

tionship between the VEMSs can be reversed.
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Even though the pre-cursor THP can remove the pre-cursor ISI, using THP solely
is not suitable to compensate a channel having a pre-cursor. The FFE is the most
widely used equalization technique, which can easily remove a pre-cursor by adopt-
ing a pre-tap. Therefore, combining THP and FFE is one of the options to remove a
pre-cursor ISI. There are two ways to incorporate THP and FFE, which are THP-
FFE and FFE-THP.

Also, there is another consideration, which is the modulo value of RX (Mgrx). As
shown in Fig. 3.3, the RX modulation is needed to get a proper data stream. The
multiplying ratio of conventional THP for Mgx is equal to Ho, which is the coeffi-
cient of the zero-order term of z in (3.3). In the same way, the multiplying ratio of

pre-cursor THP for Mgx is equal to H_;.

M RX, convTHP — MpH, (3.8)
M RX, preTHP — My H_; (3.9)

These results are very straightforward. However, when THP is combined with

FFE, the RX modulo value and the tap coefficients of THP depend on the FFE.
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3.2.2 THP-FFE

As opposed to a conventional THP, the tap coefficients of a THP-FFE, which is a
series of a THP and an FFE, should be determined depending on the tap coefficients
of the FFE. Assume that a one-tap FFE is followed by a conventional THP, letting a_
1 be the pre-tap of the FFE and b; the modified tap coefficients of the THP. Then, the
transfer functions of the THP, without the MOD, and a one-tap FFE are written as

(3.2) and (3.10), respectively.

Hee (2) = A 2 + Ay = Ay(a,2" +1) (3.10)

Where A is equal to 1/(1+]|a1|). Then, the overall response at the channel output

is given as (3.11).

He (2)H g (D) Hee (2)

=H, Y hz'x
oi;l 2 +Zb B

h,a,2° +(h,+a )z +@+ha )+ (h +h,a )z
i=1

————xAaz 1)

= H X . —
Y YT (3.11)
i=1
h,a, 2, h, ; a, A1t h+ha, -
l1+ha l1+ha in l+ha
= HoAy(L+ha ) LLE! L 1 1tha,

1+Zbiz_i
i=1
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To eliminate the resulting post-cursors, the z (i = 1, 2, ...) terms in the numerator
and the denominator should be given as the same. Furthermore, to minimize the pre-
cursor ISI, a_; should be equal to h_;. Overall, b; is represented as (3.12).

hi ~ hi+lh—1

b =——"—
= hn (312)

Note that the VEM of a THP-FFE in PAM-L signaling when a_; = —h_; is approx-

imately given by (3.13).

Hol=hh,) 1 (L-Dh’
(@+hy) L L@-hh,)

VEM

THP-FFE ~ ) (3.13)

Although IIR filters and FFEs are linear systems, not affecting bis, Mtx and the
modulus of the RX, Mgrx, may be altered. From Fig. 3.7, It is realized that a THP-
FFE is equivalent to a cascade of (3.2) and (3.10) with its input equal to DintMrx.

Therefore, with a THP-FFE, Mgx is reduced to (3.14).

Mex hp-rre = MaxHoAy(L+ya ;)
_ Moy Hy(L+ha )
1+a, | (3.14)

1+ hla_l
iela, |
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Fig. 3.7 Equivalent representations of THP-FFE
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3.2.3 FFE-THP

Now a series of an FFE and a THP (FFE-THP), whose equivalent representations
are illustrated in Fig. 3.8, is presented. While the tap coefficients and the VEM of an
FFE-THP are given the same as a THP-FFE, Mtx of an FFE-THP is larger than that
of a conventional THP by a factor of 1/(A_1+Ao). Furthermore, applying (3.11) to the

input of its equivalent representation, Din+Mx/(A-1+Ao), Mrx is enlarged to (3.15).

M
M Fre-THP = ——H A (L+ha,)

A +A,

1+]a, | 1
=My Hyo 1+ha;)

1-|a | 1+]a, | (3.15)
B 1+ha '
= MoxHo

1- | a_l |
1+ha

RX
1- | a_l |
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Fig. 3.8 Equivalent representations of FFE-THP.
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3.3 Simulation Results of Conventional
THP, Pre-cursor THP, THP-FFE, and

FFE-THP

The PAM-4 signaling simulations are conducted using System Verilog, with the
Nyquist frequency set to 4 GHz, the TX output swing to 1 V, and consequently, Mrx
of a conventional THP to unity. Also, the number of taps is given large enough to
remove all post-cursors. Fig. 3.9 shows the SBR and the loss of the simulated chan-
nel. The insertion loss is 16 dB at the Nyquist frequency, giving h-; as 0.1485, which
is a considerable enough value that can severely degrade the VEM, especially for

multi-level signaling.

Single-bit response Channel loss
4T Rgase | o T T A
N NG
;0-3'7\7 X T T e ] e U A A R A
= N IR o' -10 \ \ | d
Boot | borgg o Basp N gtR@acH
g . I | \O\'lql\ [ e e N gzo | | | | | |
5 | AN A L L e e Y e A
g'o_l—f “+—+ #OQ'L747F7\7+7\747F7 - \ \ \ \ \ \
| | | | | | | | | _ b —— 4 —— - |— — —
< 0105661 0-05 4 0000 2 [ [ \ \ \ \
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Ul Frequency [GHZz]

Fig. 3.9 Characteristics of simulated channel single bit response and insertion loss of channel
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3.3.1 Conventional and Pre-cursor THP

The eye diagram at the channel output with a conventional THP is shown in Fig.
3.10(a), featuring additional levels above/below the PAM-4 signal levels. Here, a
thick signal line owing the remaining pre-cursor can be noticed. On the other hand,
the eye diagram with a pre-cursor THP in Fig. 3.10(b) shows that its signal lines are
much thinner as the pre-cursor THP compensates for all ISls, including the pre-
cursor. However, a significantly large number of additional levels appear since Tis
are much larger than unity. Moreover, even though the signal lines are thinner, the
VEMpretre is shown as about 14 mV, which is much smaller than VEMrwp, which is
shown as about 52.8 mV. The eye diagrams at the RX-MOD output are shown in
Fig. 7. Mrx with the conventional THP, which is equal to MrxHo, is given by 0.3812,
making the signal bounded from —190.6 mV to 190.6 mV, as shown in Fig. 3.11(a).
On the other hand, Mgrx with the pre-cursor THP, which is equal to MtxH_4, is given
by 0.0566, making the signal bounded from —28.3 mV to 28.3 mV, as shown in Fig.
3.11(b).
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Fig. 3.10 Eye diagrams at channel output (a) conventional THP and (b) pre-cursor THP
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Fig. 3.11 Eye diagrams at RX-MOD output (a) conventional THP and (b) pre-cursor THP
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3.3.2 THP-FFE and FFE-THP

The eye diagrams at the channel output and the RX-MOD output for a THP-FFE
are shown in Fig. 3.12. At the channel output, the eye diagram shows a much thinner
signal line than the conventional THP since the 1-tap FFE compensates for the pre-
cursor ISI. In addition, as shown in Fig. 3.12(a), applying a1 = —h_;, the VEM is
shown as about 72.1 mV, which is much larger than the VEMwp. Applying a1 = -h-
110 (3.14), Mgrx tHe-ere IS given by 0.3072, making the signal bounded from —153.6
mV to 153.6 mV, as shown in Fig. 3.12(b).

Similarly, the eye diagrams at the channel output and the RX-MOD output for an
FFE-THP are shown in Fig. 3.13. The eye diagram at the channel output shows a
much thinner signal line than the conventional THP. In addition, as shown in Fig.
3.13(a), the signal branches above/below the PAM-4 signal are introduced because
the modulus of the THP is dictated by the FFE. Applying a_1 = —h_;, the VEM is the
same as that of the THP-FFE. Moreover, applying a1 = —h_1 to (3.15), Mrx rre-tHp IS
given by 0.4144, making the signal bounded from —207.2 mV to 207.2 mV as shown
in Fig. 3.13(b).



Chapter 3. Tomlinson-Harashima Precoding and Variations 48

0.3 0.2
>. >,
[«B] [¢B]
© ©
= 2 00
=1 =1
S S
< <
03 -0.2
2IO 6IO l(I)O 2:0 6:0 1(:)0
Time [ps] Time [ps]
(b)

(@)
Fig. 3.12 Eye diagrams of THP-FFE (a) at channel output and (b) at RX-MOD output

Amplitude [V]

(b)

(a)
Fig. 3.13 Eye diagrams of FFE-THP (a) at channel output and (b) at RX-MOD output



Chapter 3. Tomlinson-Harashima Precoding and Variations 49

So far, we propose cascades of a THP and a 1-tap FFE for a channel having a pre-
cursor. The tap coefficients, VEMs, and the modulus of TX and RX for a conven-
tional THP, a pre-cursor THP, and two cascade schemes of THP and FFE are de-
rived. The derived tap coefficients and the modulus of RX are applied to the simula-
tion, by which we verified that the VEMs of the proposed topologies outperform
conventional THPs. As a result, THP-FFE shows the clearest eye diagram with the
largest VEM.

However, even though dealing with a pre-cursor may be solved by cascading FFE,
the feedback structure of the equalization part of THP remains, which is not a suita-
ble structure for high-speed operation. Therefore, the feed-forward THP, which is
able to remove pre-cursor ISI with a pre-tap and to be adopted for high-speed opera-

tion, will be presented in the next chapter.
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Chapter 4

Feed-Forward Tomlinson-

Harashima Precoding

4.1 Design Process of FF-THP

The design process of the proposed FF-THP is illustrated in Fig. 4.1. {D} and {k}
denote sequences of the input data and the quotient resulting from a modulo opera-
tion for the present data. M represents the modulus of the modulo operation, and M
corresponds to the maximum amplitude of the signal range. The FF-THP inherits the
traditional THP operation, which has two main functions: a modulo operation to sta-
bilize the output and a feedback equalization to compensate for a channel loss.
These two key features are modified to build the FF-THP. Firstly, the modulo opera-

tion is replaced by the addition of a predicted modulo value, {kM}, to the input as
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Modulo value {kM}
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Fig. 4.1 Conversion steps from THP to the proposed FF-THP. (1) conventional THP (2) in-

terpretation of modulo operation (3) modulo prediction (4) proposed FF-THP

shown in Fig. 4.1(2) and Fig. 4.1(3), which is essential for the next step of modifica-
tion. Secondly, the feedback equalizer is reconstructed as the equivalent FFE with
pre-taps to remove a pre-cursor ISI, as shown in Fig. 4.1(4). Thus, the proposed FF-
THP acquires the ability to remove pre-cursors of a channel as well as keep the
modulo operation. The tap coefficients of the FFE are determined to maximize the

VEM at the channel output. Because of the increased number of signal levels, FF-
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THP has some drawbacks requiring a larger input range and more samplers of a re-
ceiver than conventional FFE, similar to THP. However, using the structure of FF-
THP instead of the feedback equalizer, a feedback time constraint is completely re-
moved in equalization, which enables a high-speed operation. Moreover, a larger
eye opening and a larger SNR suitable for multi-level signaling are obtained by pre-

dictive modulo operation.
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4.2 Effectiveness of FF-THP

4.2.1 Mathematics in z-domain Response

The primary function of an equalizer is providing a response to remove channel
ISI. Assuming that a channel has one pre-cursor and N post-cursors, the z-domain
responses (ZDRs) of the channel and the normalized channel (Hen(z) and he(z)) can

be represented as (4.1) and (4.2), respectively.

Hp(2) = H 2" +Hy +Hz 4 Hyz N = D Hz ™ (4.1)
i=—1
1 1 N Hi
he () =h,z' +hy+hz  + o +hyz " =Y —L7
0

i—1

z (4.2)

Where H; and h; denote the magnitude of the i tap of a single-bit response (SBR) and a
normalized SBR, respectively. Since hen(z) is normalized by the main cursor Ho, hj is equal to
Hi/Ho with ho=1.

As shown in Fig. 4.1(1), the feedback filter of the THP is comprised of post-taps
concerning only the post-cursor of the normalized SBR and lacks the ability to re-
move the pre-cursor. Thus, the ZDR of the equalizer having tap coefficients of hy, hy,
..., hn is as follows, and the ZDR of its equivalent FIR implementation becomes

(4.3), assuming the convergence of THP.
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1

Hrwe (2) =
T 1+hlz’l+...+th’N

(4.3)

N

=>az"'(a,=1a,= Zn:—hianfi,n =12,..)
i=0 i=1
On the other hand, both FFE and FF-THP have the ability to compensate pre-
cursors by using pre-taps. Since the output range of the TX is limited between —M/2
and M/2, the amplitude adjusting coefficient is necessary for FFE [5]. Including the
amplitude adjustment, the ZDRs of the FFE and the FF-THP using tap coefficients
(W-2, W.1, Wo(=1), W, ..., and wy-) equalizing the channel ISl including the pre-cursor

are given below.

Heee (2) = Z|W|(ZWZ ) (4.4)

Hee e (2) = Z Wiz B (4.5)
An expression of VEM can be derived by multiplying a ZDR of a channel and a ZDR of

each equalizer. With the combined ZDR, R(z) representing the received signal, VEM in

PAM-L signaling is described below.

R(z) = Z Rz (4.6)

VEM,, = Z| R | (4.7)

i#0



Chapter 4. Feed-Forward Tomlinson-Harashima Precoding 55

Where R; denotes the it coefficient of R(z), when a modulo operation is introduced, the
amplitude of the data signal becomes M/L, reduced from M/(L-1) in PAM-L signaling.
Therefore, for calculating the VEMs of the THP and the FF-THP, (4.7) must be multiplied
by the amplitude ratio of (L-1)/L in (3.1). Calculating R(z) for three equalizers and using
(4.7), VEMs are represented by (4.8), (4.9), and (4.10) as follows, assuming that N and N’ go

to infinity.

Ho@-hhy) (L- 1)H

VEM 1pp = - L1+ Z|Zh,an, (4.8)
n=l i=1
}{
VEM
FFE L-1 Z|W I(Z t Z| j#0i=-2 I 7HJ (49)
-DH,
VEM FF-THP — (Z Wi —l ) (ZZ| —|+J (4-10)

j#0i=-2

According to the above equations, as the channel has a larger pre-cursor, H.;, the
VEM of the THP becomes smaller. Also, as tap coefficients to compensate channel
ISI become larger, the VEM of the FFE becomes smaller than the VEM of the FF-
THP.

To demonstrate the effect of the pre-cursor and channel ISI, a hypothetical wire-
line channel is taken as an example with exponentially decaying post-cursors and
one pre-cursor. In this case, the channel response in (2.35) and (2.36) can be simpli-

fied to (4.11).

| (h_lz +1+ z h1 27y (4.11)

H —
o (2) = 1+h,a-h) s
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Also, the ZDR of the THP, (4.3), is recalculated as (4.12).

1 4
Hopp (2) = =1-hz 4.12
THP 1+hlz_l+h122_2+... E ( )

Two pre-taps and one post-tap coefficient of FFE and FF-THP can be optimized
for channel response (4.11). The tap coefficients are derived based on the partial
differentiation of the ISI by each of w.;, w.1, and wi. The optimized tap coefficients

are shown below from (2.52), (2.53), and (2.54).

2

W, = (4.13)
1-hh
W, = ny (4.14)
1-h h
W =—h 1-h_h) (4.15)

Applying (4.12) ~ (4.15) to (4.8) ~ (4.10), the optimized VEMs of the THP, the
FFE, and the FF-THP are featured below with h; and h.;.

_(A-h)a-h,(L-1+h))
e L (4.10)
(1-h)
@+ h)@+@-h)h)(L-1)
L A-3nh, @-hh ) (L=~ h*)h_%)
(L+(@-2h)h, +(1-h —h*)h_?)

VEM e =

(4.17)

—
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(-h)
@-hh,)

L A-3nh,@-hh )+ (L-)-h’)h )
(@+@-h)h_)L

VEM e qpp =
(4.18)

The SBR of the 1-pole channel having a pre-cursor of h.; and the first post-cursor

h1, which is the same as in (4.11), is shown in Fig. 4.2.

Normalized Single-Bit Response

Fig. 4.2 Normalized single-bit response of a 1-pole channel having a pre-cursor

From (4.16) ~ (4.18), the 3-D graph of calculated VEMs of THP, FFE, and FF-
THP with respect to h.; and h; in PAM-4 and PAM-8 signalings are illustrated in Fig.
4.3 and Fig. 4.4, respectively. The 3-D graphs show that the FF-THP shows the
largest VEM among them when channel loss is not small, with both PAM-4 and

PAM-8 signaling. It can be noticed that when channel loss is small, the FFE offers
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the largest VEM because of the amplitude adjustment coefficient of THP and FF-
THP in (3.1). Also, THP and FF-THP offer the same VEM when the channel does
not have a pre-cursor ISI. However, because the THP lacks pre-cursor controllability,
the VEM of THP sharply decreases in PAM-8 signaling compared to PAM-4

signaling.

Vertical Eye Margin (PAM-4)
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Fig. 4.3 3-D graphs of VEMs of THP, FFE, FF-THP in PAM-4 signaling
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Fig. 4.4 3-D graphs of VEMs of THP, FFE, FF-THP in PAM-8 signaling

The cross-sectional diagrams of 3-D graphs are featured in Fig. 4.5 and Fig. 4.6.
For PAM-4 signaling, the cross-sectional cases are h; = 0.5 and h., = 0.2, which
correspond to ~20dB channel loss. Also, for PAM-8 signaling, the cross-sectional

cases are hy = 0.25 and h.; = 0.125, which correspond to ~10dB channel loss.

A= stw

iy
—
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Fig. 4.5 Cross-sectional diagram of VEMs of THP, FFE, FF-THP in PAM-4 signaling
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As shown in the plots, the VEM of the FF-THP is the largest among the three.
Also, as h.; increases, VEMrwp sharply decreases, whereas the VEMeee and VEMex.
the decrease slowly. In addition, the difference and ratio between VEMegr.the and
VEMEeee increase along with the h.; and hs. As a result, the ratios between VEMeetHp
to VEMtp and VEMer.tHp t0 VEMere are shown in Fig. 4.7 and Fig. 4.8. Both the
ratio between VEMer1Hp 10 VEMtHp and VEMer.trp t0 VEMTp increase as h.y in-
creases or h; increases in both PAM-4 and PAM-8 signaling. This means that as a
pre-cursor and post-cursors of a channel increase, the effectiveness of FF-THP com-
pared to THP and FFE becomes more significant.

So far, we have verified in mathematics that FF-THP has strength in VEM com-
pared to THP and FFE. In the next section, we will verify the effectiveness of FF-

THP in behavior simulation.
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4.2.2 SystemVerilog Simulation

The SystemVerilog simulation is conducted on the THP, FFE, and FF-THP to
verify the effectiveness of FF-THP. To simplify the channel, a 1-pole channel hav-
ing a pre-cursor is used. For PAM-4 signaling, as mentioned before, 0.2 of h.; and
0.5 of hy channel corresponding to ~20-dB loss channel is used. The SBR of the

channel modeled by the step function in Fig. 2.3 is shown in Fig. 4.9.

Single-bit response

0.5

Amplitude

Fig. 4.9 Single-bit response of the 1-pole channel having a pre-cursor (h.1 = 0.2 and h; = 0.5)

As seen in Fig. 4.9, hya = Ha/Ho = 0.0909/0.4546 = 0.2, h1 = Hi/Ho =

0.2273/0.4546 = 0.5, and h, = Hy/Ho = 0.1137/0.4546 = 0.25 = h;%. Also, H.

+Ho+Hi+Ho+... is equal to 1, which means that the channel offers a unity gain.
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The eye diagrams of THP, FFE, and FF-THP are shown in Fig. 4.10. The tap co-
efficients of THP are the same as the normalized post-cursors of the channel, h; =
0.5', and the tap coefficients of FFE and FF-THP are determined as (4.13) ~ (4.15),
which are w_, = 0.0444, w_; = —0.2222, and w; = —0.45. The resulted VEMs of THP,
FFE, and FF-THP at the center are 50mV, 69mV, and 87mV, respectively. In line
with the mathematical evaluation, because the THP lacks pre-cursor controllability,
the thickness of the signal, which is corresponding to R(z) in (4.6), is much larger
than others, and the VEMrwp is the smallest among them. On the contrary to THP,
FFE and FF-THP have pre-cursor controllability with pre-taps. Therefore, their
thickness of signal level is much smaller, and by virtue of modulo value, FF-THP
offers the largest VEM among the three.

Furthermore, the eye diagrams of THP, FFE, and FF-THP with Gaussian noise
are shown in Fig. 4.11. The standard deviation of the Gaussian noise is 10mV. The
resulted VEMs of THP, FFE, and FF-THP at the center are 30mV, 39mV, and
60mV, respectively. The ratio between VEMer.tHp t0 VEMHp increases from 1.74 to
2.00, and the ratio between VEMer1hp to VEMere increases from 1.26 to 1.54 with
the Gaussian noise.

Therefore, FF-THP offers the largest VEM, with or without Gaussian noise,
compensating for ~20dB loss channel in PAM-4 signaling circumstance. Also, the

effectiveness of FF-THP increases even further with the Gaussian noise.
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Fig. 4.11 Eye diagrams of THP, FFE, FF-THP in PAM-4 signaling compensating for the channel (h., = 0.2 and h; = 0.5)

with Gaussian noise
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For PAM-8 signaling, the 1-pole channel having 0.125 of h.; and 0.25 of h; is
employed to verify the effectiveness of FF-THP. The SBR of the step-function-
based channel is a similar shape to Fig. 4.9 with unity gain. Because the channel has
0.125 of h.1, which cannot be equalized by THP, making VEMwp zero, as shown in
Fig. 4.4, SystemVerilog simulation on FFE and FF-THP are conducted. The resulted
eye diagram of FFE and FF-THP without and with Gaussian noise are shown in Fig.
4.12 and Fig. 4.13, respectively. Without Gaussian noise, the VEM of FFE is
46.9mV, and the VEM of FF-THP is 69.3mV. However, with Gaussian noise, the
VEM of FFE decreases to 28.6mV, and the VEM of FF-THP decreases to 51.7mV.
With the noise, the ratio VEMFF-THP/VEMFFE increases from 1.48 to 1.81, which
is a 22% increment. As mentioned before, because the FF-THP has SNR gain com-
pared to FFE by virtue of the modulo value, the effectiveness of FF-THP is enlarged
with Gaussian noise, which means that the FF-THP has strength on VEM, especially
when the multi-level signaling is adopted.

We have confirmed in mathematics and behavior simulation that FF-THP adopt-
ing PAM-4 and PAM-8 signaling offers larger VEM compared to THP and FFE
while compensating for significant channel loss. Also, the effectiveness of FF-THP
is even enlarged as the number of signal levels and the channel loss increase. The
implementation of multi-level TXs with FF-THP will be featured in the following

chapters.
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Fig. 4.12 Eye diagrams of FFE and FF-THP in PAM-8 signaling
compensating for the channel (h.; = 0.125 and h; = 0.25)
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Fig. 4.13 Eye diagrams of FFE and FF-THP in PAM-8 signaling compensating for the

channel (h.; = 0.125 and h; = 0.25) with Gaussian noise
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Chapter 5

10 Gb/s PAM-4 Transmitter with
FF-THP In 28 nm CMOS

5.1 Transmitter Implementation

5.1.1 Overall Architecture

The overall block diagram of the proposed TX with the FF-THP is illustrated in
Fig. 5.1 [54] . The digital block of the TX consists of an 8-bit parallel PRBS genera-
tor, a modulo prediction engine (MPE), and FFE cells. The analog block includes
4:1 serializers with 1-Ul pulse generators, single-to-differential converters (S2Ds),
an 8-bit differential digital-to-analog converter (DAC), and a phase-locked loop

(PLL) based on a ring oscillator for 1.25-GHz quadrature clocks. The quadrature
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clock from PLL generates the 1-Ul pulses, and the four pass-gates serialize the data
with 4-phase of 1-Ul pulses. Also, in the DAC, 50 Q matching resistors are imple-
mented to remove the reflection from the channel. The externally controlled 10-bit
coefficients for the two pre-taps, the main tap, and the ten post-taps in the 4-phase
FFE cells accurately compensate channel 1Sl and maximize the VEM. The operation
of the TX is switched between the FFE mode and FF-THP modes to compare the

performance of the two equalization methods.
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Fig. 5.1 Overall block diagram of 10 Gb/s PAM-4 FF-THP Transmitter
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5.1.2 Modulo Prediction Engine

The structure of the MPE is presented in Fig. 5.2. The inputs of the modulo table
cell (MTC) are the two last PAM-4 data (Do and D;), the modulo values for both
data (Mo and M), and the current PAM-4 data (D). Then, it generates the modulo
value for the current data (My). It is worth noting that since the MTC depends only
on the last two data and the modulo values, it is possible to apply the MTC to anoth-
er channel if the first and the second post-taps (w: and wy) are similar to those of a
target channel. However, since the MTC considers only w1 and w,, the residual ISI
that are not removed by w1 and w, may cause modulo prediction error and induce the
additional ISI. Because a wireline channel shows a similar response as a one-pole
channel, w; and w; can sufficiently compensate for the channel response. Therefore,
the residual 1SI is negligible, and the other tap coefficients are much smaller than w;
and w,. Also, even if a modulo prediction error occurs, when D, is -0.375, which
corresponds to PAM-4 data 00, whether M is 0 or 1, M, depends on D, as shown in
the simplified table. Consequently, the modulo prediction error can be self-healed,
and the burst error can be prevented.

A modulo operation in THP is calculated based on a direct summation of multi-
plications of data and taps of the feedback equalizer. In MTC, however, a modulo
value is predetermined by a channel. Therefore, the burden of digital computation is
much reduced. In addition, a modulo look-ahead (MLA) technique is used through 9
modulo prediction units (MPUSs), each of which is comprised of two MTCs. They
take combination sets of predetermined modulo values of {-1, 0, 1} {-1, 0, 1} as

previous modulo values ({Mo M1}) and generate candidates for M, and M3 (M2{-1 -1}
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to M2{1 1} and Ms{-1 -1} to Ms{1 1}). The candidates are selected by the last
modulo values, Mo and M. As a result, assisted by the MTC and the MLA technique,
the digital computation operates with up to 1.25-GHz clock frequency.

To further enhance the data rate, there are two options: increasing the clock fre-
guency and expanding the parallelism. The MTC is designed considering the first
and the second post-taps. Still, since the modulo prediction error can be self-healed,
the MTC can be simplified so that it only considers wi at the expense of slight deg-
radation of BER. The simplified version of the MTC can enhance the clock frequen-
cy. Moreover, expanding the 4-parallel structure to 2V-parallel can nominally in-
crease the data rate by the factor of N-2. Thus, with the simplified MTC and the ex-
pansion of parallelism, the data rate can be increased significantly. Also, the MPE is
purely a digital structure; immediate improvements in efficiency and data rate are

expected for newer technologies.
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comprised of modulo prediction unit (MPU) and modulo table cell (MTC)
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Fig. 5.2 Structure of the modulo prediction engine (MPE)
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5.1.3 Feed-Forward Equalizer
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The structure of one phase of the 4-parallel FFE is described in Fig. 5.3. The 5-
bit sums of data and modulo value are multiplied by the 10-bit tap coefficients. The
other phases of the output (Do, Deo, and D270) are generated by the same structure but
the time-shifted input data. To generate Do and Dgo, D-o+M.; and D.;+M.; are re-
quired, and they are derived from a one-clock delayed version of D,+M; and Ds+Ms.
Because of the benefit of the feed-forward structure, the FFE is straightforward for
pipeline multiplications and summations.

For clarity, the pipelining in the figure is omitted but is implemented in the fabri-
cated chip. As a result, contrary to THP, the digital computation of the FFE does not

suffer from the timing issue and operates in high digital clock frequency. The tap
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coefficients, wi, corresponding to a specific channel, are determined to maximize a
VEM by using the ArgMax function in Mathematica that finds the global maximum
with given constraints. Optimized for the same SBR, the ratios between the main tap
and the other 12-tap coefficients (wi/wo) remain the same for the FFE and the FF-
THP. Instead, the magnitude of the tap coefficients can be greater for the FF-THP
because adding the modulo value guarantees that the output remains within the ac-

ceptable input range of the DAC driver.
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5.1.4 Other Blocks
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Fig. 5.4 Structures of components of data path and serializing timing diagram

for 10 Gh/s PAM-4 transmitter

The structures of components of the data path and serializing timing diagram are

shown in Fig. 5.4. The input digital data are retimed to achieve a 4-phase structure

by phase aligner and serialized by 1-UI pulse generators and pass-gate MUXs. The

timing diagram of serialization is shown on the right side.
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DNL, INL (LSB)

Fig. 5.5 DNL and INL of 8-bit differential DAC

The source-series termination (SST) based differential digital-to-analog converter
(DAC) offers lower than 0.2 of differential non-linearity (DNL) and integral non-
linearity (INL), as shown in Fig. 5.5.
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5.2 Measurement Results

5.2.1 Measurement Setup and Transmitter Output

10 Gb/s PAM-4 Differential Data
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Chip Test Board Q . SMA cables &
display port channel

|2C . 7f8.125 M';ZLK Equalized
ererence Data Pattern

PSG Vector Mixed Signal
PC Signal Generator Oscilloscope
E8267D MSO71604C

Mixed Signal PSG Vector PO(Véeg%igE)p ly

Oscilloscope Signal Generator”

(MSO71604C) (E8267D) e,
e E g - — - - ,', ~S

=
1.'\9/
<

—%

Y Vector signal generator for 78.125 MHz PLL reference clock

Fig. 5.6 Measurement setup for 10 Gb/s PAM-4 transmitter

The measurement setup for the 10 Gb/s PAM-4 TX is presented in Fig. 5.6. The
vector signal generator generates a 78.125 MHz reference clock for PLL that

generates a 1.25-GHz clock with a 1/16 divider. To measure the performance of the

fx--! _CI:I_ 1_]| -_.fj]_ T]'I_
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FFE and the FF-THP, display port cable and SMA cables are used. On the other

hand, to measure the transmitter output, the output of the test chip is directly

connected to the oscilloscope.

Voltage (mV)

0 100 200 300 400 500
Counts

Fig. 5.7 Eye diagram and histogram of 10 Gb/s PAM-4 transmitter

The TX eye diagram shows the 700 mV swing with a 99.8% of level mismatch
ratio (Rum). Because the TX is designed to compensate for 20-dB channel loss,
which requires large tap coefficients, the TX offers maximum output swing when it
operates in equalization mode. Therefore, the swing magnitude in Fig. 5.7, without

equalization, is smaller than the actual DAC output range.
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Fig. 5.8 Measured 10 Gb/s PAM-4 eye diagram and histogram of TX output of FFE and FF-

THP (top) and distribution of TX output of FFE and FF-THP (bottom)

Fig. 5.8 exhibits the measured 10 Gb/s PAM-4 eye diagram and the histogram of
the eye diagram. The eye diagram of the TX output features 800 mVee of the output
range. For this measurement, a lossy channel is not added. The distribution at the
bottom of Fig. 5.8 shows the centralized signal when the TX operates in FFE mode.
On the other hand, when the TX operates in FF-THP mode, the signal of the FF-
THP is evenly distributed. Because of the widespread distribution, the FF-THP

features better SNR than the FFE.
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5.2.2 Channel Response and Equalization Results
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Fig. 5.9 Measured insertion loss and normalized single bit response of the channel

for 10 Gb/s PAM-4 transmitter

The insertion loss and the normalized SBR of the measured channel are presented
in Fig. 5.9. The channel loss is 21 dB at the Nyquist frequency of 2.5 GHz with the
first post-cursor of the channel around 0.5, which is the natural response of ~20-dB
channel, as mentioned before. Also, the sum of the normalized ISI of the SBR is
1.48 times greater than that of the main cursor

Before representing the measurements of the channel output of the proposed TX,
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it is necessary to mention a method that indirectly evaluates the BER performance of
TX [55] . Assuming that Gaussian noise is added to the output data, BER for the
PAM-L signal and the decision threshold of the data X is represented by (5.1) and
(5.2).

L-1 d
BER, = ——erfc(—=)xlog, L (5.1)
- L 2\/50 2

Decision Threshold (X) = Mean(histo.(X))

+Q " (BER)Std.(histo.(X)) ¢.2)
Where d and o denote the magnitude of data and the standard deviation of

Gaussian noise, respectively. d can be substituted by the difference between the

mean of X and the data adjacent to X, and o can be substituted by the standard

deviation of X, respectively. Means and standard deviations of each PAM-4 data

level can be obtained from the histogram of the received signal.
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Fig. 5.10 Measured 10 Gb/s eye diagram of FFE (top left) and FF-THP (bottom left),

histogram of FFE (top right), and FF-THP (bottom right)

Fig. 5.10 exhibits the measured 10 Gb/s PAM-4 eye diagrams of the fabricated
chip compensating the channel. When TX operates in the FF-THP mode, additional
two levels appear along with the conventional PAM-4 levels as expected. The
proposed FF-THP achieves Rym of 99.1%, and the VEM is improved by 38.9%

compared with the FFE. From the histograms, the means and standard deviations of
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the data signal are obtained.
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Fig. 5.11 Calculated decision threshold voltage of FFE and FF-THP

and estimated bathtub curve of FFE and FF-THP

Estimated based on Gaussian distribution, the decision thresholds and the bathtub
curves of the FFE and the FF-THP are presented in Fig. 5.11. The proposed FF-THP
achieves a BER lower than 108 at the center of the eye and an 87.5% increased

horizontal eye margin (HEM) compared with the FFE at the BER of 10°°.
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5.2.3 Chip Photograph and Performance Summary

Fig. 5.12 Chip photomicrograph of 10 Gb/s PAM-4 transmitter

Blocks Area Power
PRBS Gen. P
1 + FE-THP 0.0322 mm 32 mW
o | PulseGen. | hpoemm? | 41mw
+ Serializer
3| DAC + S2D 0.0094 mm? | 22.2 mw
4 PLL 0.0304 mm? | 1.7 mW
Total 0.0746 mm? | 60 mwW

SER +
Pulse Gen.
(6.83%)

DAC
+5S2D
(37.0%)

PRBS Gen.
+ FF-THP

(53.33%)

PLL
(2.83%)
Total power : 60 mW

@ 10 Gb/s PAM-4

Fig. 5.13 Area and power breakdown at 10 Gb/s PAM-4 with FF-THP
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Fig. 5.12 features the chip photomicrograph. The proposed TX occupies an active
area of 0.075 mm?. The power and the area breakdown of the fabricated chip are
presented in Fig. 5.13. The digital area is 0.0322 mm? which takes 53.3% of total
power. Without the PRBS generator, the FF-THP solely occupies 0.022 mm?2. With a
1-V supply, the total power consumptions of digital and analog blocks are 32 mW
and 28 mW, respectively.

Table 5.1 compares the performance of the proposed FF-THP based TX with
other PAM-4 TXs that compensate for a high channel loss or large ISI. The sum of
channel ISI is an important parameter because VEMSs of TX equalizers depend on it.
Also, asymmetric link such as memory interface has multi drops, which are
indicated by not the channel loss at Nyquist frequency but the sum of channel ISI.
From the point of view of a channel ISI, the proposed design, assisted by the pre-
taps and the modulo-based signaling, can compensate for 1.48 of the sum of the
normalized IS, which is the largest. As a result, the FF-THP achieves the best FoM;
of 4.05 pJ/b/ISI with lower than 10 BER.
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JSSC 2013 SOVC 2018 | ASSCC 2016 | ISSCC 2021 JSSC 2017 This work
[35] [46] [47] [56] [20] [54]
28 nm
Technology 22 nm SOI 14 nm FDSOI 28 nm 65 nm 28 nm
TX equalization THp | TePletesed]  ype FFE FFE FF-THP
8 8 20 1(pre) 2 (pre)
Number of taps (post only) | (postonly) | (postonly) 5 + 1(post) + 10 (post)
Number of DAC bits 6 6-8 4.0* 3.2* 4 8
Signal _.m<m_w on eye 6 5 4 4 4 6
diagram
Data rate [Gb/s] 10 112 6 200 32 10
Power [mW]t 17.1 268 34.8 926 158.6 60
Area of equalizer [mm?1t 0.017 0.023 0.053 - 0.0154 0.022
Active area [mm?] 0.019 - - 0.4323 0.06 0.0746
Channel loss [dB] 12 - - 13 13.5 21
Sum of normalized ISItTT 0.33** 0.5 0.7 0.83** 0.788** 1.48
Estimated BER - - - - <102 <10®
FoM; (pJ/b) 1.71 2.39 5.8 4.63 4.96 6.0
FoM; (pJ/b/ISDTT1T 5.18 4.79 8.29 5.56 6.29 4.05

1 Equalization on

11 Area of precoder and equalizer
T1t1 Sum of ISI'in SBR normalized by main cursor
T1t1t (Power)/(Data rate)/(Sum of normalized ISI)

* Calculated based on the number of TX slicer
** Estimated by single bit response
*** Measured by RX chip

Table 5.1 Performance summary and comparison for 10 Gb/s PAM-4 transmitter
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Chapter 6

4?2 Gb/s PAM-8 Transmitter with
FF-THP In 28 nm CMOS

6.1 Transmitter Implementation

6.1.1 Overall Architecture

The overall block diagram of the proposed 42Gb/s PAM-8 FF-THP is shown in
Fig. 6.1 [57] . The 16-bit parallel PRBS generators, the 16-parallel MPE, and the 3-
tap FFEs comprised of a pre-tap and two post-taps are included in the synthesized
digital block operating at 875 MHz. Although not shown in Fig. 6.1 for clarity, the

pipelining of the FFE cell is implemented to achieve the digital clock frequency.
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Fig. 6.1 Overall block diagram of 42 Gb/s PAM-8 FF-THP transmitter
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Then, 16-parallel 6-bit data are serialized with the help of the phase aligner, the
pass-gate MUXSs, the 1-Ul pulse generators, and 16:1 serializers. The serialized data
pass through the single-to-differential (S2D) circuit driving the source-series termi-
nation-based differential 6-bit DAC. Also, in the DAC, 50 Q matching resistors are
implemented to remove a reflection from a channel. For 16-phase clock generation,
the digitally-controlled delay cells (DCDC) composed of an inverter-based voltage-

controlled delay cell (VCDC) and a 6-bit resistive-DAC (RDAC) are implemented.
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6.1.2 Modulo Prediction Engine

LA
MTC Mo MTC My

{M31,M3O,M£}’m M3 Vt?. Ms
Do {M2.M;".M; "} Mo M
Dl /
{1,0,-1} MTC MTC — {1,0,-1}—
M, M, M3
Dy — | 2-MTC
D2 D4 —
D3 D5 |
L o T e
Ds — Dy — Do —
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Fig. 6.2 Structure of 16-parallel modulo prediction engine

The 16-parallel MPE is illustrated in Fig. 6.2. The MTC, which generates the

modulo value (M), is dictated by the previous data (Do), the modulo value (Mo), and
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the present data (D). The first post-tap is assumed as 0.25, and the table is shown in

Fig. 6.3.
Mo = -1 Mo =0 Mo =1
Do |-0.5625 | -0.4375 | -0.3125 | -0.1875 | -0.0625 | 0.0625 | 0.1875 | 0.3125 | 0.4375 | 0.5625
D, (111) | (000) | (001) | (010) | (011) | (100) | (101) | (110) | (111) | (00O)
-0.4375
(000) -0.2969 | -0.3281 | -0.3594 | -0.3906 | -0.4219 | -0.4531 | -0.4844 | -0.5156 | -0.5469 | -0.5781
-0.3125
(001) -0.1719 | -0.2031 | -0.2344 | -0.2656 | -0.2969 | -0.3281 | -0.3594 | -0.3906 | -0.4219 | -0.4531
-0.1875
(010) -0.0469 | -0.0781 | -0.1094 | -0.1406 | -0.1719 | -0.2031 | -0.2344 | -0.2656 | -0.2969 | -0.3281
-0.0625
(011) 0.0781 | 0.0469 | 0.0156 |-0.0156 |-0.0469 | -0.0781 | -0.1094 | -0.1406 | -0.1719 | -0.2031
0.0625
(100) 0.2031 | 0.1719 | 0.1406 | 0.1094 | 0.0781 | 0.0469 | 0.0156 | -0.0156 | -0.0469 | -0.0781
0.1875
(101) 0.3281 | 0.2969 | 0.2656 | 0.2344 | 0.2031 | 0.1719 | 0.1406 | 0.1094 | 0.0781 | 0.0469
0.3125
(110) 0.4531 | 0.4219 | 0.3906 | 0.3594 | 0.3281 | 0.2969 | 0.2656 | 0.2344 | 0.2031 | 0.1719
0.4375
(111) 0.5781 | 0.5469 | 0.5156 | 0.4844 | 0.4531 | 0.4219 | 0.3906 | 0.3594 | 0.3281 | 0.2969

Fig. 6.3 Modulo table cell for PAM-8

In a similar way, the table cell can be generated for other targeted channels. The

corresponding modulo-generating logic is represented as below.

(D, = 0.4375) (M, =) U((D, < -0.25) N (M, = 0)))
(D, = -0.4375) N (M, =) U((D, > 0.25) (M, = 0)))

otherwise

(6.1)
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Because of the simplicity of MTC, the area and the operating time are signifi-
cantly reduced compared to conventional THP. In addition, to reduce the feedback
time, an MLA technique is introduced. To construct the 16-parallel structure, MTCs
are grouped into 2/2/2/3/3/4, which operate simultaneously. The green-colored 2-
MTC groups, the yellow-colored 3-MTC groups, and the blue-colored 4-MTC
groups receive a predetermined modulo value, which is one of {-1, 0, 1}. The
modulo values generated by 2/3/4-MTCs, which receive the predetermined modulo
value, are selected by the previously determined modulo value. For example, M2
and M3 are selected by M; as one of {M,}, M2°, Mz} and {Ms!, M3°, M5*}, respec-
tively. Similarly, Mz, Ms, Mg, and Mi; determine Ma.s, Mg.s, Mo.11, and Miz.15. Also,
the delay of MTC and MUX follows the relationship below.

4Tyux > 2Tyre > 3Tvux (6.2)

Where Turc and Tmux denote the delay of MTC and MUX, respectively. Consid-
ering (6.2), the delay of the blue-colored critical path of the MPE in Fig. 6.2 is given
by 2Tmrc + 5Tmux, which is the smallest for 16-parallel MPE structures. The various
16-parallel MPE structures are shown in Fig. 6.4. Although the critical path delay of
the MPE comprised of 1/1/2/2/3/3/4 MTC groups is equal to 2Tmrc + 5Tmux, the
proposed MPE structure provides a small area of more than 4% considering the par-

allelism and the MLA technique.
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Critical #. of MTC and MUX
Stage 1 2 3 4 5 6 7 path delay (considering MLA)
#. of MTC at MTC: 1 + 3x15 =46
each stage 1 1 1 2 3 4 4 MUX: 16-1=15
Max. delay at T Ture Twre Tutc Turc 4Tumrc 4Twurc 4Twurc
the stage MTC +Taux +2Tyux +3Tyux +4Tyux +Tyux +2Twy + 2Tyux
#. of MTC at MTC: 1 + 3x15 = 46
each stage 1 1 2 2 3 3 4 MUX: 16 - 1 =15
Max. delay at T Ture 2Twre 2Twre 2Tt 2Twre 2Turc 2Turc
the stage MTe FTvux FTvux +2Tvux +3Tmux F+4Tvux +5Tvux + 5Tmux
#. of MTC at MTC: 1+ 3x15=46
each stage 1 2 2 3 4 4 j MUX: 16 - 1 =15
Max. delay at T 2Twc 2Twrc 2Twc 4Twrc 4Turc ) 4Turc
the stage MTC +Twux +2Tyux +3Tyux +Tux +2Thux + 2Tyux
#. 0of MTC at MTC: 2 + 3x14 =44
each stage 2 2 2 3 3 4 ) MUX: 16 - 2 =14
Max. delay at 2T 2Turc 2Turc 2Ture 2Ture 2TwTe ) 2TuTe
the stage MTC +Thux +2Tyux +3Tyux +4Tyux +5Thux + 5Tyux
#. of MTC at MTC: 2 + 3x14 =44
each stage 2 3 3 4 4 ) ) MUX: 16 - 2 =14
Max. delay at | o 3Twrc 3Twrc 4Twurc 4Twrc ) ; 4Turc
the stage i Tuux +2Thux +Twy +2Tyux + 2Tyux
#. of MTC at MTC: 2 + 3x14 =44
cach stage 2 2 3 4 > - - MUX: 16 - 2 =14
Max. Qm_mv\ at Nnﬁ Nl_u—s._.O wl_uz_._.n Lv|_|_<_._.0 mn_uz_._.ﬂ _ _ ml_uz_._.n
the stage MTC +Tux +Thux +Tyy Ty + Ty
#. of MTC at MTC: 3 +3x13=44
each stage 3 4 4 5 B ) ) MUX: 16 - 3 =13
Max. delay at 3T AT w1c AT w1c ATyre ) ; _ AT w1c
the stage Mre +Tvux +2Twux +3Tmux + 3Twux
Fig. 6.4 Various 16-parallel MPE structures and their critical path delay
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6.1.3 Other Blocks
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Fig. 6.5 Structures of components of data path and serializing timing diagram

for 42 Gbh/s PAM-8 transmitter

Similar to previous PAM-4 TX, 42 Gh/s PAM-8 TX adopts the 1-Ul pulse gener-

ator and pass-gate MUX-based serialization. However, DCDC based digitally-

controlled delay line (DCDL), whose delay range covers 71.4 ps, corresponding to

the period of a 14-GHz clock, generates a 16-phase clock. The timing diagram is

shown on the right side of Fig. 6.5.
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DNL & INL vs Code of DAC

A

DNL, INL (LSB)

51R5°“t vs Code of DAC @ 7 GHz

51.3f

3511t S
o

509 /-

|
|
1
-30 -15 0 15 30

Fig. 6.6 Characteristics of DAC DNL & INL (top) and output resistance (bottom)

The characteristics of SST-based differential 6-bit DAC are shown in Fig. 6.6.
The DAC offers reasonable DNL and INL. Also, the around 50 Q output resistance,
which is matched to channel impedance to remove the reflection, is designed at

Nyquist frequency.
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6.2 Measurement Results

6.2.1 Measurement Setup and Transmitter Output

42Gb/s PAM-8 Differential Data
FFE mode & FF-THP mode
7.7dB Loss Channel

Chip Test Board

875 MHz i
Equalized
12C Nme CLK Data Pattern
Mixed Signal

PSG Vector
PC Signal Generator Oscilloscope
E8267D MSO71604C
=
:‘.‘6. . B;:

Fig. 6.7 Measurement setup for 42 Gb/s PAM-8 FF-THP transmitter

Similar to the previous 10 Gb/s PAM-4 TX, the vector signal generator provides
the reference clock, and the data pattern is examined by an oscilloscope. For a 16-
phase clock for 42 Gb/s PAM-8 data, an 875 MHz reference clock is used, and a

7.7-dB loss channel is used to examine the effectiveness of equalization techniques.
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Average
.. VEM = 51.9m\V/=

32Gb/s PAM-4
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Fig. 6.8 shows the measured 42Gh/s PAM-8 eye diagram at the TX output, giv-
ing 1 Vppa With the average VEM of 51.9 mV and HEM of 20 ps. Also, the proposed
TX can operate in PAM-4 signaling, similar to the previous TX. Fig. 6.9 shows the
32 Gb/s PAM-4 eye diagram at the TX output. It offers 1 Vp,q with 240 mV of VEM

with good linearity.
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6.2.2 Channel Response and Equalization Results

Channel loss

0 | | |
| | |
o4 . T T
o) \ \
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n B 7.7dB" |
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o-12r o= . . T
| | | |
| | |
_ \ \ \
160 35 7 10.5 14

Frequency [GHZ]

Single-bit response

Fig. 6.10 Measured insertion loss and single bit response of the channel

for 42 Gb/s PAM-8 transmitter

The measured channel characteristics are shown in Fig. 6.10. The SBR, with a
7.7-dB channel loss at Nyquist frequency, exhibits a pre-cursor and significant post-

cursor IS, which are around 0.125 of h_; and 0.25 of hy, respectively.
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Fig. 6.11 Measured 42 Gb/s eye diagrams of channel outputs FFE (left) and FF-THP (right)

Shown in Fig. 6.11 are the eye diagrams at the channel output with the FFE and
the FF-THP, the latter exhibiting additional signal levels above/below the PAM-8
signals, with a 55% increase in average VEM compared with the former. In addition,
the FF-THP provides a larger HEM compared to the FFE because its distributed

output gives greater SNR by virtue of the modulo value.
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Fig. 6.12 Measured insertion loss and normalized single bit response of the channel

for 32 Gbh/s PAM-4 transmitter

32Gb/s PAM-4 w/ FFE 32Gb/s PAM-4 w/ FF-THP

B

Fig. 6.13 Measured 32 Gb/s eye diagrams of channel outputs FFE (left) and FF-THP (right)



Chapter 6. 42 Gb/s PAM-8 Transmitter with FF-THP in 28 nm CMOS 104

The measured channel characteristics for 32 Gb/s PAM-4 TX are shown in Fig.
6.12. The SBR, with a 12.1-dB channel loss at Nyquist frequency of 8 GHz, exhibits
a pre-cursor and significant post-cursor I1SI, which are around 0.2 of h_; and 0.3 of hy,
respectively. The 32 Gh/s eye diagrams at the channel output with the FFE and the
FF-THP are shown in Fig. 6.13, the latter exhibiting additional signal levels
above/below the PAM-4 signals. FF-THP offers more balanced eye height because
of the SNR gain.
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6.2.3 Chip Photograph and Performance Summary

Fig. 6.14 Chip photomicrograph of 42 Gb/s PAM-8 transmitter

Blocks Area (mm?) | Power (mW)
1 DAC + S2D 0.0025 20.22 DAC
, +S2D
2 Serializer 0.0056 9.52 Synthesized | (30 505)
Digital
3 VCDL+RDAC 0.0334 9.25 (41.2%)
4 | Synthesized Digital 0.0288 27.37
Total 0.0703 66.36

Fig. 6.15 Area and power breakdown at 42 Gh/s PAM-8 with FF-THP

The chip photo and area/power breakdown are in Fig. 6.14 and Fig. 6.15. The
proposed FF-THP TX prototype fabricated in 28 nm CMOS technology occupies an
active area of 0.0703 mm? and consumes 66.36 mW. The prototype chip operates at
42Gb/s in PAM-8, achieving energy efficiency of 1.58 pJ/b. The synthesized digital

block, occupying 0.0288 mm?, consumes 41% of the total power consumption. The
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performance summary and comparisons with high-speed multi-level signaling TXs
are shown in Table 6.1. The proposed FF-THP offers the lowest FoM of 1.58 pJ/b
while compensating for the 7.7-dB channel loss. Also, the highest data rate among

the TXs introduced 3-bit/Baud modulation.
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SOVC 2018 | JSSC 2022 | JSSC 2022 | ESSCIRC 2019 SOVC 2021 | This work
[46] [58] [59] [60] [61] [57]
Technology [nm] 14 28 10 65 65 28
Modulation PPAM-5 PAM-4 PAM-4 PAM-8 SNRE-8 PAM-8
Bit/symbol 2 2 2 3 3 3
TX mqm%_.wwzo: ._.mc_m_.ncmmmmg FFE FFE ) FFE FE-THP
Number of taps 8 5 8 - 3 3
Number of data
levels on eye 5 4 4 8 8 10
diagram
Data rate [Gb/s] 112 200 224 39.6 27 42
Power [mW] 268 926 504 342.9 89.77 66.36
Channel loss [dB] 21* 13 4.3 14.0* o* 7.7
Active area [mm?] - 0.4323 0.088 0.39 0.7** 0.0703
FoM (pJ/b) 2.39 4.63 2.25 8.66** 3.32 1.58

* Receiver Eq.

Table 6.1 Performance summary and comparison for 42 Gb/s PAM-8 transmitter

** Tranceiver
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Chapter 7

Conclusions

An increase in bandwidth is inevitable according to the need for an increase in
data rate, and the need for compensation of channel loss and multi-level signaling
method increases. In the case of multi-level signaling, a degradation in SNR is inevi-
table compared to NRZ signaling. In addition, the pre-cursor can increase as the por-
tion of the rise/fall time increases, which is a consequence of increased data band-
width, and it is necessary to remove it. In this regard, THP, which can achieve SNR
improvement, is introduced, and several variations to remove a pre-cursor using it
are presented. In this dissertation, high-speed multi-level TXs introducing the FF-
THP are presented. The proposed FF-THP takes both advantages of the modulo-
based equalization and the controllability over a pre-cursor. Moreover, the quantita-
tive z-domain analysis on channel response and the equalization parts of the THP,
the FFE, and the FF-THP is conducted. A simple one-pole channel with one pre-

cursor is employed to demonstrate the repercussions of a pre-cursor and the effec-
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tiveness of the FF-THP. From the analysis, the FF-THP shows the largest VEM
among the TX equalization methods when the channel has a pre-cursor or large ISI.

The two high-speed multi-level TX adopting FF-THP were fabricated in 28 nm
CMOS technology. The first chip is a 10 Gb/s PAM-4 TX with FF-THP. A MPE
and 12-tap FFE, including two pre-tap, are designed in a 4-parallel structure, which
is matched to a 1.25 GHz 4-phase clock generated by PLL. The FFE tap coefficients
are optimized to compensate for the 21-dB loss channel appropriately. The proposed
FF-THP presents 87.5% wider HEM at the estimated BER of 10 and 38.9% larger
VEM compared with the FFE. SST-based 8-bit DAC driver is designed to offer rea-
sonable DNL and INL with 50 Q matching. The TX achieves a data rate of 10 Gb/s
PAM-4 with a power efficiency of 6.0 pJ/b while compensating for 21-dB loss and
occupying the active area of 0.0746 mm?

The second chip presents a 42 Gb/s PAM-8 FF-THP TX. The MPE and FFE in
the synthesized digital block are designed and optimized to achieve a 16-parallel
structure and high-speed operation while compensating for 7.7-dB channel loss. 16-
phase clock is generated by RDAC-based DCDL, and 1-Ul pulse generator based
16-to-1 serializers are used to offer 14 Gbaud data. SST-based 6-bit DAC driver,
which is adopted to enhance the power efficiency, shows 50 Q matching with rea-
sonable DNL and INL. These efforts have advanced the state-of-the-art 3-bit/Baud
TX data rate of 42 Gb/s and power efficiency of 1.58 pJ/b with the active area of
0.0703 mm?,

The effectiveness of FF-THP is verified in mathematics, simulation, and
measurement result. Moreover, the digital-based equalization technique can take full

advantage of process scaling.
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