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Serial-Link Architecture
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completely!!
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Distributed Parameter Channel Model

Basic Transmission Line Model

Rdx Ldx
— W50 ! .
Gdx o, COX
o ¢ o
| o 4

V. (t,x) =V, (0,0)e’ 7™ v_(t,x)=V_(0, L)ei*”
L6x)=1.000e"™ 1 (tx)=1(0L)e*"
V, ([t x)=1(t,x)Z, V_(t,x)=1_(t,x)Z,

V(t,x)=V, (t,x)+V_(t,X)
L(t,x)=1,(t,x)—1_(t,%)

Complex propagation constant.y =a + jf = \/(R + JowL)(G + joC)

R+joL |R+ joL
y G+ jaC
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Skin Effect

Skin effect is the tendency of an alternating electric current(AC) to
distribute itself within a conductor so that the current density near the
surface of the conductor is greater than at its core.

The skin depth is the depth where the current has fallen off to e1(0.381)
of its original value.

The effective series resistance of the cable corresponding to this
depth increases with square root of frequency

4

1

nfuoc

Skin depth: &, =

Surface resistance (Sheet resistance): R, = L _ /”f”
00, o

Effective series resistance: R, :2i /M
rv =«

Current Distribution Skin effect frequency f . = P (skin depth = radius)

skin

Shell Model T p-r?
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Dielectric LoSS

« With some insulating materials, dielectric absorption

causes frequency dependent attenuation

— This loss can be modeled as a conductance G between the
signal wire and ground.

« Dielectric loss for each material is usually expressed
In terms of a parameter, called the loss tangent.

E=E’_j6“

_€ _ Gac
tan 6D_; =c
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Frequency Dependent Attenuation-
Skin Effect + Dielectric LoSsS
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Channel Transfer Function (1)

« When properly terminated, the transfer-function of a cable is
modeled by

H(d,w) = e ¥ = g-da(@gis()
where propagation constant y () = a(®) + j (@)
d : cable length

a, [ :attenuation and phase constants

« From lossy propagation constant where G=0

(@) =(R+ jaL)(jaC)

= Jwv LC 1+_i
Jol
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Channel Transfer Function (2)

When you alter the path of current, you also alter the inductance.
ZAC - Zreal + Z

image

Therefore, to fully characterize skin effect, you need to consider both
the changes in resistance and inductance with frequency.

Self-inductance per length = /8.

By Wheeler’'s assumption about the equality of the real and imaginary
parts of conductor internal impedance.

ZAC = RAC (1+ J)\/5 [ /m]
[Wheeler H. A. “Formulas for the skin-effect”, Proc. IRE, Vol. 30, 412-424, 1942

The term (1+)) signifies the real(resistive) and imaginary(inductive)
parts are equal

R=Rpc + Ry (L+ J)\/E@ Rpc :ﬁ

1 [fup 1 |up
Rsin :E 7 :RAC\/E - Rye :g 7
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Channel Transfer Function (3)

« If frequency is very high
R~ RAC(1+J—)\/6

y(w) = jovLC 1+_i
Jol

i Rpc@—1)
= JCO\/E\/].‘I‘ Vo

« Using approximation (1+x)¥2 =1+x/2 for x<<1

a(w) = RSC 1/wl_c (same), B(w)=w+LC + RSC 1/a)l_c (second term added)

Hee(d. f)=20l0g,[H(d, f)=-8.68d xR, Tg—f

~.The gainindB o« —,/f
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Coaxial Cable

* Resistance at DC Coaxial Cable

Cross Section

o
d?

» Series resistance

R.,1 1
R, =—S(—4—_
Skin 27Z'(D d)

R —

. Center Conduct
» External Series Inductance e m

Dielectric

L= In(D/d) =2 1nD/d)
27 27

Tape

 Internal Self-Inductance at DC Braid
Y7

e Jacket
L 8

permittivity : e =&'—j&"
permeability : = p, 1,
Surface resistance: R, =1/ o0,

RG58 Coaxial Cable
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Coaxial Cable

« Shunt conductance per unit length

27rwe"

~In(D/d)

 Shunt capacitance per unit length

2re' 27E,E,

“In(D/d) In(D/d)

permittivity : e =&'—j&"
permeability : y = p, 1,

Surface resistance: R, =1/ 00,

© 2020 DK Jeong
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Coaxial Cable
Cross Section

Center Conductor N

Dielectric

Tape

Braid

Jacket

RG58 Coaxial Cable
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Channel Loss

Frequency Dependent Lossy

A Lumped-parameter model Transmission Line
for Transmission Line fm———————— <
I Ro Rs | Lo
Ro Lo — VW —WW—T0T0
AAA” 'm\ L / ¢~ -\|
--------- |
R(f) =Ro+rsqt(f) Rs 1 Go !
[} | Rs:[Ohm/sqrt(Hz)]
Go Co H = Co Go:[S/Hz]
! |
| G(f)=Go+ Gp | ©0 |
N o _,'

RG58 Coaxial Cable Frequency Response
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Channel Group Delay

« Group Delay: A measure of the transit time of a signal through
a device under test, versus frequency.
dg 1 (phase, — phase,)
Group Delay 7 (w)=—-—=- :
do 360 (f,—f,)

RG58 Coaxial Cable Frequency Response

Graphagd
(TDLY(V)) : 1(H2)
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Channel Loss vs Frequency

12 inch PCB trace @ 2Gbps
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Data-Dependent Jitter: ISI

* Previous symbol does not settle completely

50 50 50

25 25+ 25

0 i 0

-25

.25 -25

-50

. ‘ 50 . —_— 50
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

Almost no IS, ISI spanning over 1 bit, ISl spanning over 2 bits
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Pattern Dependent Histogram

Sim Simulate

« Data dependent jitter

— When a transition follows
consecutive bits (e.g. 110)

— edge-shift backward

— When a transition follows
alternating bits (e.g. 010)

— edge-shift forward

« Random Jitter

— Convolution with data
dependent jitter

« As the channel loss
Increases, the eye "
h|stogram sp||ts Pattern#1 | | Pattern#2

101 | 001
01o-><-110
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Backplane Example
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dB(S(2,1))
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Outline

 Equalizer Overview
TX Equalizer

— FIR (Finite Impulse Response) Filter
— Pre-de-emphasis

Continuous-Time RX Equalizer
— CT Linear Equalizer (CTLE)

— Bandwidth extension techniques
Discrete-Time Equalizer

— Feed-Forward Equalizer (FFE)

— Decision Feedback Equalizer (DFE)

Equalizer Adaptation
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Channel Bandwidth and ISI

Channel
TX £) ) RX

/ FR4 40in  Frequency Response \
0 :

Ty
(o]

|
A

S\\\

5
/
%
Magnitude (dB)
' .B '

N
a1
il

&
=)
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An I/O link = transmitter (TX) + channel + receiver (RX)

TX,RX contributes voltage noise and timing jitter

Limited channel bandwidth introduces inter-symbol interference (ISl)
Bit error rate (BER) depends on voltage noise, timing jitter and ISl

[Broadcom Corp., Wong]
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Channel Equalization

Channel

—

>_

TX
TX -
/ Equalizer

FR4 40in  Frequency Response

RX

Equalizer

a

Magnitude (dB)
hoOR oo
a [=]

)
=]

351

-40

Max. Signal Frequency

10"

10° 10°
Frequency (Hz)

RX

» Timing ISI

10

ITRS roadmap predicts that I/O clock rate increases 20% per year
Channel bandwidth is not scaling at the same rate
One of the bottlenecks of increasing I/O speed is limited channel band

width.

Channel equalization compensates IS

© 2020 DK Jeong
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Definitions of Equalization

« Equalization is the process of using passive or active
electronic elements or digital algorithms for the purpose of
flattening the frequency response characteristics of a

system.
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Channel Loss and Equalization

we - 859y
©sdgog

Equalization in frequency domain

Equalizer response

woT - 869y
©®sdg9o9

Boosting

frequeri:y

Overall response

Channel response

wog - 869y
©®sdgo9
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Equalizer Classification

* On-chip vs Off-chip
— On-chip: Pre-emphasis, CT-Linear, FFE, DFE
— Off-chip: Cable equalization
e TXvVs RX
— TX: Pre-de-emphasis
— Rx: CT-Linear equalizer, DFE, FIR filter
« Continuous Time vs Digitally Sampled
— Analog: Linear equalizer, Continuous-time equalizer
— Digital: DFE, FIR filter
* Decision Feedback vs Feed-forward

] ;Malncursor S

---------------------------------------------------------------------------------------------------------------------

Post cursor ISI

ﬁPrecursarISIﬁ55333553355

--------------------------------------------------------------------------------------------------------------
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Power Spectral Density of NRZ

« sinc?(f)
% 6-Bit Pattern .
(L=6Tp)
:

—_—
fah ]
—

Time
Domain

R A A
H Autocorrelation
1
(b) ~
=
2 -
(3]
T To-—
=
=]
= £ T T T T ra
S T, Yoo o, v
-~ H Fourier
(c) < > Transform
Ty 2sinc?(Tf)
I _Thz .
. E N\
@ = -
= 5 £
2 4 v 4 :
2 2 a1 2 f
Th TI:: 0 Tl:u Th

© 2020 DK Jeong Topics in IC Design



PSD after FIR filter

Voltage
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Pre-emphasis

« Attenuates the low-frequency contents.

 The output swing of the Tx driver is limited.
— Be careful about the amplitude of output signal.

— Sum of all abs values of coeffs must be smaller than the allowed
peak.

Dout[n]

Main driver

Din[n]

ATyt

ATbit > ATbit

Y
Y

Symbol Rate pre-emphasis

Dout[n] = a_,Din[n+1]+Din[n]-a,Din[n-1] -a,Din[n-2]
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Pre-emphasis

Half-symbol rate by using latch with a half-cycle delay

Dout[n]

Main driver

Douﬂn]i 1

1 0.5AT it 1 0.5AT it » 0.5ATpit

Half-symbol Rate pre-emphasis

Dout[n] = a_,Din[n+1/2]+Din[n]-a,Din[n-1/2] -a,Din[n-1]
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TX Equalization Example(1)

Pulse Response of FIR
~ [—ongna | * Delay signal by multiple of
— DFIR .

Y5 cycle time

o
[3)

— XFIR

S0.4/
s, * FIR with edge equalization
£ (XFIR)

T + Trade-off between voltage

o
—

and timing margin

o

18 185 19 195 20 205 21

Time (ns)

Data A/Z—T—AIZ—T—A/Z— L) —A/2—T—A/2—|

a; a; QN Q,

o0 o0 our
[JSSC'08, Wong]
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Tx Equalization Example(1)

50Q2 < 50Q
10 taps

Inv[0] # Inv[1] ?
O * . L

L - o0 -
INPUT 5 5 5 - \ /
Clk CI@ Clkb s /
N\ -05
N 050 05 / 1 1.5
FF S o /

tap 3
o o
\J

« Use latch as Y2 cycle

delay elements J_\L

[JSSC'08, Wong]
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Linear Equalizer

L.

e °_|I:

I

Bias o

Ctune<0:15>

P

g

Resistance Tuning

_ng
Ay=—1 -
+ngS
_9aR (1+sR,C,)
A - 1+0.5R, g,
_ sR,C,
1+0.59. R,
o ~ 1
‘ RDCD
0, ~ 1+0.5g9 R,
RDCD

~ ngL
M 140.5R, g

Addition of zero to boost high
frequency

Capacitive and resistive
degeneration

© 2020 DK Jeong
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Gain tuning
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High Performance Techniques

* Inductive Peaking

Uﬂl.lt

Vil'l D_I MI I CL

Vi s+2lo, O,
1 =—0mRp — 2
f e = V., $°+2w,S + o, 2¢
2R, C, 179
: for ¢ =1/2

f j—
~ T 27R,C,

 Bandwidth extension by 79%
* No extra power consumption
« Area penalty
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High Performance Techniques

» f- Doubler

vﬂl.l‘t — Qm{""im _vinz }RD

« Bandwidth Extension
— Decrease the effective input capacitance
— Parasitics on tail current sources degrade the performance

© 2020 DK Jeong Topics in IC Design 16



High Performance Techniques

 Cherry Hooper Amplifier

~ gmi

« Bandwidth Extended
 Reduced voltage headroom

© 2020 DK Jeong Topics in IC Design
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High Performance Techniques

3dB Bandwidth

=w/o IP
== S|P
SIP2
=>¢=T|P

=o=w/0 |P
== S|P
SIP2

80
70 X\\

Y 50 —C
40 | ——l———l——y
30

0.6n 1.0n 1.4n 1.8n
Inductance [H]
Peaking
14
13.5 _—

o1 /

— P— ﬂ
125

12
0.6n 1.0n 1.4n 1.8n
Inductance [H]
© 2020 DK Jeong
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Linear Equalizer Examples(1)

Re OUT- Re

—WWW——o o—— W\

OUT+

we o[ o wel

IF Co \y D r ] [
A\ Al N y
Ctune<0:15 une<0:15>
S | I . =
Bias O ll—b It Bias © ll—b 5\ .
v \ \V} ~— _-”

-
B

« 30% Bandwidth increase
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Linear Equalizer Examples(1)

Channel Loss ‘

1st Stage EQ ‘

2nd Stage EQ ‘| 3'd Stage EQ

we 899d

WOT 8594

woz 859y \|

© 2020 DK Jeong Topics in IC Design 20



Linear Equalizer Examples(2)

o
\

C, C4 Buffer
Ve _/"\ H_/"\ HH_"\ 4[>4,
>_c Dout Swing
\ Control

Voo {
Equalizer
D. o= - :F
Ly é %h in Filter A B
Voo ] /
\
AR E ¢ =Ry, L é % L Y Y
AT 2 2
I BPF BPE
C; |-L Rpe® C; =Rp Boost
I-: M, My :' ‘_" "_' Control Y / Y Y
Boost
M, — “Control C:’ | M M M M
Mg 7
M, Mg Y Y |
"l I'“ I 2 + “(‘lll l!‘l‘r -
AA - j. Ay w‘i +
R, B =
h * * ,1 I I I

[JSSC’'07, Razavi]
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Linear Equalizer Examples(3)

v

DD
0.5L, o.sf_,é, %0.51_, 0.5L,
RO R0—1 Vo 0000

Gain (dB)

[ = COpper Cable
-15 | ==’ Proposed Equalizer
t ==_==Both of Them Cascaded
0 5 10 15 20 25 30
Frequency (GHz)

Corol Setp Mesere (dbete WMbes Hep

Boeaiient

=

v iR | @) DEN ) PR | AR | S R o | RN | PR BAER | A | ST
40Gbps Eye(before LE) 40Gbps Eye(after LE)

[SOVC'08, Jian-Hao Lu]
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Linear Equalizer Examples(4)

Vbh ~ Vdd+Vin - _

Vbh 7" Vbh™s

offset cal amps Vdd \
E-r'|r'|lr'|r'r'§ [ § 1
AL o ““%H \ lillg "
Inp Outp | | | 1: Cs T [ _Outp
e i i clkE et
inn g outn []i Lo
A >>{F}-data0  Inp Fin
T \
zero ctrl T clkO ‘\‘ |
offset ot Vbn — \Active Inductor
] \
1::2- Vss \
8.0 4 “
7.0 pmm e
6.0 - . )
5.0 A\/(S)_ gm \§RGCG+1 )
Qa0 SSSSS N P\ ) T T A~ A~ -
® 30 R.C.C C, +C
:‘g_ OnL <2 NeveL n ( L G )_|_1
1.0 - gm,L gm L
0.0 4
-1.0 -
20 e
100megy 19 109 100g
- Hz -
AC response in nominal corner [JSSC'09, Haechang Lee]
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Attenuation[dB]

-10 |
20 F loss(LFL)

=30 |-

Continuous-Time Equalizer

A T 1 1 1
| Effective flat loss(EFL)

Low-frequency

High-frequency in
loss(HFL)

 Advantages and Disadvantages

.+ Freq[Hz]

N\
S, A .
e e e 2
HP “\||/ | Low-pass| —\||/_ |High-pass
B 7 7 Filter i i Filter
Eq Fiter | [\ ||\ | Rectifier| NI/ | | N/
—~N+ —~’+ Error Amplifier
I
C
1: 1 ‘T_ Cz
' =

— No dependency with the timing recovery
— Speed is limited by the equalizing filter

— Tradeoff between adaptation accuracy and operating
frequency

© 2020 DK Jeong
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Discrete-time Channel Modeling

X[K] Continuous yIk]
Tkl —»{  Tx Filter »| Channel »| Matched filter —>< RIK]
Model

\

TK] ——» Discrete-Time Channel Model RIK]

Signal * ISI Noise n[k]

Tlk-1] Tlk-2] TIk-3] Tlk-L-1] Tlk-L]

» R[K]
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Feed-Forward Equalizer

« AD conversion required

 Relaxed timing constraints
— Timing constraint easy to meet
— No time-critical feedback path

 Boosts high-freqg. noise as well

 High power consumption
— ADC and digital blocks

XI’X

th
——F) hoXu(n)+hiXu(n-1)+ --

C
>J » OUT

© 2020 DK Jeong Topics in IC Design
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FFE Examples(1)

Input
Termination

Serial Interface

a o
DIO CLK

40Gb/s 7-Tap FFE

[ISSCC’09, A. Momtaz]
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Decision Feedback Equalizer

« Superior performance but timing constraints
— Hard to design DFE

* Only post-cursor cancelled
— Linear equalizer can equalize both pre- and post-cursors

er(n):hoxtx(n)-l-hlxtx(n'1 )+- .

» OUT

Xip(N)=CoXo(M+Cy X (N-2)+...

Yeq(M)=NoXe M)+ X (n-1)+...
'COth(n)'Clxtx(n'z)'- .-

7t 7t 7t ] 7! |—=

Xix(n-4) Xix(n-3)  Xix(n-2) Xix(n-1)

If Co=0 & C;=h; & C,=h, & ..., then Y, (n)=h X (n)
- All ISl due to post-cursors cancelled.

© 2020 DK Jeong Topics in IC Design 28



Summer Implementation

A N
e e T s o | L e T s

Vint Vint Vint Vint

P e e e

R ow hsg

« Current summer or Capacitor switching
— In front of a sampler
— Resettable PMOS load can replace load resistor

— Summer must settle within a certain level of accuracy for ISI
cancellation
— Trade-off between summer output swing and settling time

— Can result in large bias current for input and taps
[JSSC'12, Thomas Toifl]
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Summing Sampler Implementation

Ty (rids
out [ outp out | outp
k

I

e C_ A -
inpl"fl ::"m,-n inp_"fl ::"mm

=T wrer U aEa
Ty 1

=

hy ... hg " Vg Vreg =

« Summer merged at sampler
— Both current and capacitance switching can be used

— Latency reduced
— Speed limited by increased summation node capacitance
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DFE Implementation

Direct Feedback

+

Data in

T Equalized Blt.

@
Cy

Decided Bit

CLK

FF
>

(_

Direct feedback

» To CDR

— Simple architecture
— Ciritical path delay should be less than 1UI

Loop unrolling
- Relaxes time constraints

Datain ——¢

Loop Unrolling

+

+Cy

'Cl

FF

CLK,

>

—>

CLK,

FF

-

— Reduces the loading at the summing node
— Increase complexity

© 2020 DK Jeong
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Loop Unrolling (Speculation)

« Half-rate 2-tap DFE Architecture

© 2020 DK Jeong Topics in IC Design
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Reduction of Critical Path Delay

Flip-Flop Topology Latch Topology('09 JSSC Pozzoni)
1* tap delay FF
y - FF\ . - :l’__L _______ Ir_\\: - Latch input X X
{:\ L }‘1‘1 }1{0 :ff__},]__?_l__i__}f;{_w Latch state Eval | Ho!;d
IN— G} N— G} MUX input X
MUX output X
FF L L L L
CK ——o> |—> CK > 1—C> |—> m

* Flip-Flop Topology
- The 1sttap feedback delay consists of FF and MUX delay.

 Latch-Based Topology
- MUX incorporates the function of the 2"d [atch in a FF.
— The propagation delay to be limited to the MUX delay.
[JSSC'09, Pozzoni]
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Example Channel

e Channel characteristics
— 1st-order RC channel (R=50 Q, C = 20pF)

— At the transmission rate of 1 Gbps
— Attenuation at Nyquist Frequency = 1/v(1+n?) = -10.352 dB

— Phase delay at Nyquist Frequency =-72.3°

(dEY): fiHz)
© | dBivichout))

. (deg): fiHz)
¢ | Phase(vichaut))

fiHz)
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TX and RX Eye Diagrams

* PRBS-7 NRZ

[\

EVE diagram
(¥ ts)
eyelvichin))

T T T T T T T T T

00 100p 200p 300p 400p 500p 500p 700p 800p 300p n

tis)

Height: 1V

Time width: 1 ns
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EVE diagram
Wr o)

=00 Y 120071984 -
S Y 5=-502.23p,Y 220.071854

.......0ele

eyelrlchout))

DeltaX=1.3983p
14382, .

DeltaX=548.49p
Delta¥=-421.15u
150

100p 200p s00p 400p s00p 600p 700p 800p soop in
1ls)

Height: 0.143 V
Time width: 546 ps



Eye Diagram and Channel Loss

« Loss at the Nyquist frequency.
— The 1010 pattern contains the Nyquist frequency
— Swing of this pattern indicates the attenuation

— See the dotted line and arrow in the picture above.
2010g(0.17/0.5)=-9.4dB (-10.35dB)

1
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Single Bit Response

A. hyat maximum height
B. hy at maximum width
C. hy at mid-point between two points of h;,=h_,

Singlebit response

V) tls)
maximum EYE height

0E

0.5

04

0.3

v

0z
01

0.0 { :
(3 711n, n 088959)

0.1 : : : : : : {4711ni 00

" : : : :
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maximum time window
0.5
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oz

0
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01

- dzzeAn; nemas‘\.g.. A
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0E

(V) tls)
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0.5
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L

ozd -

gidl . Deﬂa?‘? 1 Qg;s,—, gz T536n, 0.
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Single Bit Response

A. hyat maximum height
B. hy at maximum width

C. hy at mid-point between two points of hy,=h_y,

CASE ho h; h, hs h,

A. Maximum height 0.5718 0.2446 0.0889 0.0323 0.0114
B. Maximum time width 0.5716 0.2411 0.0875 0.0318 0.0113
C. hy,=h, 0.5692 0.2346 0.0852 0.0309 0.0110

* Precursor h;=0.05

 Sum of all coefficients = 0.949, 0.9433, 0.9309 + precursor = 1

© 2020 DK Jeong
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DFE Architecture

 1-tap DFE

— H,=V,_,*(h,of SBR) =V,*0.2446 (= 0.1223 if V., =0.5V)
— Other post-cursors not cancelled

TX Driver

fo(n)=H,Dx(n)=V ,h,x(n-1)

\\
\\
~

x(n) Channel {h,, h;}
{+Vm: 'Vm}
{+1, -1} [

4
]
I
]
I
L

x(n)

I
I
I
I
L

y(n):Vm h0 X(n)+ Vm hl X(n'l)

« DFE transfer function

Z(n)=Vy, ho X(n)

D

N

Gain=1/V,h,

DFE Gain(z) =

_1
tho

1 1

1 +H1mz

1 i V,hg+hz1?
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Maximum Boost of 1-tap DFE

1 i
DFE Gai — |
) V. ho + hie—JoT|
1 1

Vm \/h(z)+2h0h1cos(wT)+h%

« DFE Gain at DC = 1/(hy+h)/V = 2.450 = 7.78dB (with V _,=0.5V)
« DFE Gain at Nyquist = 1/(hy-h)/V,,= 6.112 = 15.72dB(with V_,=0.5V)
 DFE Max Boost

= (hg+h,)/(hy-h,) = (0.5718+0.2446)/(0.5718-0.2446)
= 2.496 = 7.94dB

« Channel DC Gain with all postcursors =V, = 0.5V

« Overall DC gain = 0.5*2.450=1.225=1.76dB (# 1, due to no 2"d or
higher-order postcursor cancellation)

 Overall gain at Nyquist =-10.53dB+7.94dB =-2.59dB
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Eye Diagram with 1-tap DFE

« With feedback delay of 0.25ns
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What if input amplitude changed?

* Input amplitude (V) is increased from 1.0V to 0.5V,
while DFE tap coefficient (V,,*h,) is fixed.

« Tap coeff is reduced by half in effect.

 Need to change tap coeffs depending on the input
amplitude!

© 2020 DK Jeong Topics in IC Design 10



4-Tap DFE

- 1 1
DFE Gain(w) = V. Tho + hieJ9T +h, e 20T h, e—J30T th, e—J4aT|

- DFE Gain at DC = 1/(hg+h+h,+h,+h,)/V_= 2.107=6.47dB (with
V_=0.5V)
- DFE Gain at Nyquist = 5.061 = 14.08dB (with V,,=0.5V)

 DFE Max Boost
= 14.08dB - 6.47dB = 7.61dB

« Channel DC Gain with all postcursors =V, = 0.5V

« Overall DC gain = 0.5*2.107=1.054=0.45dB (# 1, due to no 2"d or
higher-order postcursor cancellation)

 Overall gain at Nyquist =-10.53dB+7.61dB =-2.92dB

© 2020 DK Jeong Topics in IC Design 11



Eye Diagram with 4-tap DFE

« With feedback delay of 0.25ns
 Almost all the post-cursors removed
« Remaining ISI due to precursors

© 2020 DK Jeong Topics in IC Design
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Equalizer Adaptation

Adaptive Equalization

— Compensate changes in the
transmission channel characteristics

— Compensate manufacturing variation
— Suitable for multi-standard

Can be applied to any equalizers;
FFE, CTLE, and DFE
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DFE Adaptation

LMS algorithm
fb = Zzlcky(n — k)
e(n) = y(n)—a(n)
a(n) = x(n) —ZCK y(n—k)

With LMS updating equation (o ;(_P a(n) __|_— - o)
C, (n+1) =C,(n)+ e(n)y(n—k) e
D
Or use sign-sign adaptation
@ y(n-1)
« How to set A h,? N L
— Must know a priori or (Y)Y n2)
— Adapt so that E[e(n)] = 0. \f/
C.
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Single Bit Response & Eye Diagram

« Data Samples:
yn) = hzx(n—3)+ h,x(n—2)+ hyx(n—1) + hgx(n) + h_y1x(n+ 1)

ISI due to Post-Cursor Main Cursor ISl due to Pre-Cursor

« Edge Samples:

1
yin—=|=h1xn—-3)+h 1x(n—2)+hix(n—1)+h 1x(n)+h 1x(n+1)
2 27 13 z —2 -13

1
y<n+—> =h21x(n—2)+h

1ixm—1)+hix(n)+h 1x(n+1)+h 1x(n+2)
. 2 2 2 2 -1z

13 2
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Eye Diagram and Timing Recovery

For the -1 -> +1 transition at (n-1/2) (A),
if h1 > h 1, then y(n-1/2) > 0.

2 2
Alexander PD asserts DOWN (VCO too fast),
and the next sampling time pushed down,

then h 1 goes down and hi goes up,
2 2
1 1, eventually making hi = h 1.
y(n2)  y(n+) y g =
Same result for +1->-1 transition (B)

« Zero Crossing levels at y(n-1/2)
A. -1->+1 transition at y(n-1) = -1, y(n) = +1

1
yiln—=-]|=h1x(n—3)+h 1x(n—2)—hi1+h 1+h 1x(n+1)
2 27 13 z "z 13

B. +1->-1 transition at y(n-1) = +1, y(n) =-1

1
yin—=]|=h1x(n—3)+h 1x(n—2)+hi—h 1+h 1x(n+1)
2 23 13 2z Tz 13
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Eye Diagram and Timing Recovery

For the -1 -> +1 transition at (n+1/2) (B),
if h1 < h_1, then y(n+1/2) > 0.

2 2

Alexander PD asserts UP (VCO too slow),
and the next sampling time pulled up,

then h 1 goes up and h1 goes down,
2 2
1 1, eventually making hi = h 1.
y(n2)  y(n+) y g =
Same result for +1->-1 transition (B)

« Zero Crossing levels at y(n+1/2)
A. -1->+1 transition at y(n) =-1, y(n+1) = +1

1
yin+=|=hi1x(n—-2)+h 1x(n—1)—hy1+h 1+h 1x(n+2)
2 23 13 z 2z 4

B. +1->-1 transition at y(n) = +1, y(n+1) =-1

1
yin+=]|=h1x(n—2)+h 1x(n—1)+h;—h 1+h 1x(n+2)
2 23 13 2z Tz 13
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Eye Diagram and Timing Recovery

« 2x oversampling with Alexander PD,
- hl = h_l holds.

2 2
— may not offer max SNR when SBR is not symmetric.

T~

~—

—
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Edge Equalization

 Reduce DDJ at edge for low-jitter clock recovery
« Edge DFE

— Reduce the ISl due to edge post-cursors h_ 1, h,1, etc.
2 2

— Not possible to cancel ISl due to edge pre-cursors h_1,etc.
2

Edge Samples:

y <n — %) = hzlx(n —3)+h 1x(n—-2) + hix(n—1) + h 1x(n) + h_llx(n +1)

2 15 2 2 2

1
yin+=|=h1ix(n—-2)+h 1x(n—1)+ hix(n)+ h 1x(n+1)+h 1x(n+2)
2 27 13 z ~2 ~13

© 2020 DK Jeong Topics in IC Design 8



Edge DFE Architecture

 Edge Adaptation

H ['= Hk+l — - X(n—=k)-[x(n) = x(n-=21)]-sign[x(n + %)]

k+=
2

TX Driver
() Data
{(+Vp, V)
» D L%D—.-P%D—.-P%D—.-DD
e CK CKB CK CKB
Edge
{o—D
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