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Chapter 1. Introduction
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1.2.1 Cable
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Coaxial Flat or Ribbon Twisted pair

a4 1-4. Aol =9 F+

i \ﬁ\:\A
NN
20} \.\E\
I \W
401 ? N

—
m
)
c RG-58 ble
© 0.
O 60}
RG-58A/U cabkle
Length = 100ft (30m
8ol g (30m) |
0 1 2 3 4 5
Frequency(GHz)

Z1¥ 1-5. Coaxial 7lo]=2 Fyk ¥ 23

i

3



¥ 1.1 Coaxial Al°1 &2 F7F9 5A[4]
Outer Characteristic Velocity

Cable Diameter | Impedance Capacitance | Loss@1GHz factor
Designation Dielectric (in) (2) (pF/m) (db/100m) vic
RG-11A/U Polyethylene | 0.405 75 67.3 7.1 0.66
RG-8A/U Polyethylene | 0.405 52 96.8 8.0 0.66
RG-59/U Polyethylene | 0.242 75 56.7 10.9 0.78

foam
RG-58A/U Polyethylene | 0.198 50 85.3 14.5 0.78

foam
RG-62A/U Polyethylene | 0.238 93 443 8.7 0.84

| air

RG-174/U Polyethylene | 0.101 50 101.0 34.0 0.66
RG-178B/U | Teflon 0.071 50 95.1 46.0 0.70
RG-179/U Teflon 0.096 75 64.0 24.0 0.70
M17/133 Teflon 0.086 50 105.0 22.0 0.70




1.2.2 PCB Strip-line
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length = 0.5m

Iengfh =1m
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1% 1-6. Attenuation curves for 50-ohm strip guided PCB traces.

Er = 4.5, Loss tangent = 0.02 (FR4)
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<> 8

unit = mil

1% 1-7. Strip line structure and parameter



1.2.3 Package
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[ Ball on Package | Strip-line in Package | Bond Wire |
[ [ [ |

PaN AN
0.25 pF
1 Ohm — 0.25 pF — 1 Ohm
SN LT gD L <
0.605 nH 120 ps delay 0.605 nH
0.01 pF ~ 0.01 pF A~
1 Ohm 1 Ohm
M 07 =50 onm0 W
0.605nH | 120 ps delay | 0.605nH

~
0.25 pF 0.25 pF I
Avg

(a)
Bondwire Lead
| | |
| | |
3~4nH 6.5 ~ 9 nH
1.07 ~1.33m Ohm 6.9 ~ 7.5 m Ohm
0.01 pF 1.04 ~ 1.18 pF
(b)

1% 1-8. Package Model
(a) BGA (b)QFP
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1.3 Ouitline of Dissertation

Gb/s thej e & dHolEE AEd A9 FAd Adelr BAsk= IS &0l

e

7] 93k o7 FAlTo] Pre-emphasis 3 29 G4l o] o]dzlo] A7} QlTh
2 =EolA = 2Gb/sset 3Gbls thelelA &2ek= Pre-emphasis 3] & ¢} o] & eto]
A Bzl tiafA Attt

27 A= 2Gh/s thel o] Pre-emphasis 3] %2 oo} =¥ 4159 Aol o

M $4 Hold Uehd A5E dZss g de) A

&

Aoty &4

gh

)

A7 oz A48 H22 398 A el =8 Aotk 3gelNE
2Gbis tlelel A EAats e Txol ojdetel A tja) ddetr] AAR 5
=9 Z4elA veht 2m 7ole PCB HHE HAEe AnE Wl Holth 4%

M= 3Gbls tieel M F2ehe AER 720 ofdEtol Al il At V)

a0

of wxE Xk vus TeM FEHE = Joln, AEdeld 43

it
of

d 1 TS AT ot 57 3Gb/s tYellA FA 3= Pre-emphasis
sl tjs] At 952 Aot Qs Pre-emphasis 3|29 @S flol”]

Pl 4ol ArE ol dEtolA et ddste] AHSA e sk Wl o

:oé
1
of
i)
pa)
o
=
:>:4—_",
i)
il
S~
>
ofo
i,
T
O
oy}
B
i
1o
i
o
2
k=)
gt
—r
iluA
fu
1o,
offt
2

o]
-é‘}\

A

o gkl dha) Jed Aol

12



Chapter 2. 2Gb/s Pre-emphasis circuit

2.1 Introduction
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& olFsh En AY 540 0 A% S= 9 A @

voltage

voltage

=z

Time

»| 1bit delay

71¥ 2-1. Pre-emphasis 3 =9 /Y%=
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2.2 Pre-emphasis Circuit Structure

Pre-emphasis 3|2+ 79 2-29} o] 1bit A<= 918 D-F/F(D flip-flop)<}
9 2-39 =Y HHE o]Folx QUtt ©lolEl g AE7E Held w AAH vo]
He vbde s d@deaEm 9 A5 a7k AAA =, dert A2 o
AAdg wolglel o] A Ar]e AFE MoewM =¥ Az AV]= Ao}

=

W, A% g2 d¥vds Fge S8l 500hmeo] ARG AAE IR Ad 5
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current control
with external digital signal

input
DATA

» D-F/F
output

; DATA

input A
Clock4>|> > O-F/F

1% 2-2. Pre-emphasis circuit

Y/

 J

50 Ohm

? :output data

from bias circuit
input data_1| I_l ’—| IFput data 2

“1¥ 2-3. Pre-emphasis Output buffer
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2.3 Control Method and Limitations of Pre-emphasis Circuit
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g Fakeehal skl vt 22 A7 At
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AyE 5 9tk
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719 2-4. Pre-emphasis signal

19 2-5. Pre-emphasis signal®] + 74 5
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¥ 2-1. PCB trace®] Frequency transfer function

data rate 2Gb/s 3Ghb/s

length(m) H(HDF) H(DF) H(HDF) H(DF)
0.5 0.844 0.726 0.786 0.626
1 0.649 0.469 0.549 0.351
15 0.49 0.304 0.385 0.197
2 0.364 0.197 0.271 0.112
25 0.299 0.123 0.198 0.06
3 0.189 0.073 0.118 0.03
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2.4 Measurement Results
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Pre—emphasis
circuit

Input
buffer

1% 2-8. Test Board
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- FIIE e 20| = 20cm
(Board pattern + Cable)

Test board pattern
= 30cm / 60¢gm / 120cm

Oscllloscope

1% 2-9. Measurement Setup
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Selp Measre Calbrale Uilles fe

719 2-10. Pre-emphasis Buffer Output signal @2Gb/s; (#1%)
(@)0mA, (b)2.5mA, (c)5mA, (d)7.5mA¢2] Pre-emphasis
Scales are 100mV/div and 100ps/div.

26

Ahgst




1% 2-10. Pre-emphasis Buffer Output signal @2Gb/s;
(@)0mA, (b)2.5mA, (c)5mA, (d)7.5mA¢2] Pre-emphasis
Scales are 100mV/div and 100ps/div.
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fle Conrol Seip Measure Calbvate Uiities e e 004 1923 m
LES

{—

300mV

~~~~~~~~~

L A00 mv/die | 5 100 v/ div 100 MY/ | g gStale:E3 8 miv/dy. ;1000 i Level:
I‘&E%lﬁwmv l%ﬁguzv |§1s’§muw’ i Iﬁs@ﬁa@w IM ﬁ é\:'yl

(@)
He Contol Setp Messire Calbrate Ulities telp e 6 7]

{—

LB mvY | cale: 100 Ty 100 /Y | g BcalesB3 8 v Tine: 1000 ps/dv, Tridger Level:
-85 .4 My 0.0y fiset-8.0my fset3.3 miy Delay:: 0

(b)
He Contol Setp Messire Calbrate Ulities telp e s [
- Dstiloscope. Wode. .

{—

DDV | 5 yScale 100 Ty 00T/ | g Stele:83 8 miv/divy Time: 1000 ps/divy Triager Level:
I‘&E‘%ﬁ .4 Y 'ﬁt&ﬂi\? |£ﬁs[§wuw‘ Iﬁeer‘aém'«v lng@gﬁgﬁ'ﬁ' ' %%E\:r' I

1% 2-11. Eye diagram @2Gb/s;
(a) PCB trace length 50cm®l| 4] pre-emphasis current 2.5mA A}-&
(b) 80cmoll 4] BmA AFE-3H91S A%, (c) 140cmoll Al 7.5mA A5
Scales are 100mV/div and 100ps/div.
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1% 2-12. Eye diagram @2.5Gb/s;
(a) PCB trace length 120cn©l 4] pre-emphasis %< &% kS 2%
(b) 120cmell Al pre-emphasis current 7.5mA AF2-3151S -9

Scales are 100mV/div and 100ps/div.
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[b] 80cm el A
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o\ [
)"\\ /

 Measured Veye @2.5Gbps e

.\l
I Gla = Veye @3Gbps  °
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1% 2-13. Ao oot oAF X 9F HA X vl
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2.5 Conclusion

2Fe = 1% oy A Al AFelA dAdsk= 1Sl g8 AV = Alse
=S M7 9l AHE-¥+= Pre-emphasis 3 2% 0.25im CMOS #7488 A&

I 7 s2& ATssith

of

ato] AAslom, AXE He SHS F

A E£5 9 AF Aged wet d2A dehdes AEe 54 48k Pre-
emphasis 3|22 Ao} RS ARl on, 2 3518ke] £AEITE 2Gbls H o]
El9} 2.5Gb/s HolE 9] AFS Tl SHE ol A5E @I AT & F 3
Roem, o= #ge FAA ALY A S & F Ads AF, T =Y
sensitivity®} Pre-emphasis 3|2 2] 2} W2lo] wE ALY Ho A
AL & 5 Stk

AAE B2E 3Gh/s to7HA e FAE R slou, AAE D-FF %
9] dHAlel U PLLAA AlgEs FEo] Ebgste] SAsh= 3ol E7bs

Atk Ao Aojel wet pre-emphasis JE=E wHOlA FAl AT eE
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Chapter 3. 2Gb/s Adaptive Line Equalizer

3.1 Introduction

A AR AMEEHE AlolEoluy PCB ] Agshee 2 317 o] B

25 = 5 s8]

H (s) = exp(-Lav/s) (3-1)

o714 L & el Hololr, ax AL 54 Adgolrh ol §4 AL
Aol ol FAlg A olFetol A= A T SEHEA o vERd
= d=s flelrl fs ALY AFEE shA o @tk F, ojdetolAE A5
FS T RS AuHor FEY S Qe AGFFE hACk sy, Ade
543 Hole] wet A-§ 21 Fato] sbsslof st

Aol el g vebdE ISIE glel7] A dxd Bae ojdeto] A
[9-11]¢} o= 1 o] eto] A[2,12-13]7F LR H U tAYE W] o]Hefol A=
17352 ADCE AHEste] 2 AHE dHehZIE st ou9], dFd d8gan
s} 3 WAeA e FHE 7T gk E, F Ghis t9 e #& £E9 fo]
Bl H7ol= ADCY F# £57F mEA Zgit

Hide] obdz 1 WAL Gm-C ZEIY OPAMPE ©| &3t dHE 483 o]
ghol A2t HxE A= g Bl vl 1 FAEET waw, dEAiare)
A AR e A 7 Utk

Nz wEE 5 Gbls U9 1% dolE 50 $§ ohdw A
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oldelo] A= AA  Feed-Forward Equalizer(FFE)E ©] &3 W23 FFES}
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i
il

¥
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Decision Feedback Equalizer(DFE)E &7 AF&-3t= WA o
FFES °] &3 W4 19 319 2 745 7Ix= Zlo] Bgolth FFE &

52 Aozl il 1 FF ol5S 2ET 5 Qlojok atH, Ade AT
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Din Dout
—> FFE > _-|-_ —
adaptive
Gain Control algorithm

219 3-1. Block Diagram of FFE

Din + ) DFE Dout
—3| FFE —> >
A A
/
“1 Gain Control
1 + Clock
Y
Gain Control Timing
Recovery
+ Adaptive
Algorithm

719 3-2. Block Diagram of DFE with FFE
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3.2 Equalizer Structure

% 3-32 AAlE ojdetel A EFLE Y o, FRESH 2] E
183, FFEY] ©o]5% AA3stE feedback 3] 2% A o] 9lth.

FFE: T 719) 436l HPFZ 7450 9lov], HPFS 743 T3k 88

it

4= 11 3-4°] HERASIY FFES] THol52 2nH 9 &gl o Al

foi

el

Agetel 1 4715 vlusts FF oA A= 2xE AHAAIE A AE3

[o

4 dojAt} 2Gb/ls ol AFE 2m Zole PCB HE7FA] Falo] 7ME3tE
5 8k FFEQ T%o|52 oF 5dBZ 13 34 otk 1% 3-5¢] FFES] 3|2 %
o} Aol Aol mE AE54Es UebdSTh Alojdstel wel & Fi o

o9 FE o5 Frlshm 9ov], %e i g FHo|5e FANAL 7

9 3-62> AAE gulEe F2E Hola 9ltl 3w 9Eg FAEo 9l
om, e fanouts 2 AAEC] Qlvh A WAIG 7 WA Iz FE2
Square Difference(SD)3] 22| g oz HAdHl 1831, Al WA 9L FH&
=9 My =z dgddy. 72 g4I = replica-feedback[15] 7 %S 7HHOoREH FE &

Ho| 72 offsets ZtEE wo] gt}

;O

79 372 SD 329 x5 YEdal 9k sD 32 F §F Ak v,
VyE BAISEAL, ZH7he] offset AUS Vo, Vo= BAISHY] &8 AR5 422 &

olmw 4 32,3459 o] vehd 5 gloh
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Imz = K (Vex + VX — Vt — VsY (3-2)

Imz = K (VX - VX — Vit — VsY (3-3)
Ivs = K (Vey - W — Vt — VsY (3-4)
Ima = K (Vey + W — Vit — VsY (3-5)

SD B9 e F AR FelA A F ARE W 23 gon, 4 36

I} o] AelE
lout = (Im1 + Im2) = (Imz + I ma) (3-6)

A7IA, d S de Ashe] offseto] Erobd thedk 22 3o s 4 3-73

if Vex=Vey

lout = 2K (Vx 2% W?) (3-7)

%, SD HzE ¥ UYL AFHe AT BYse 4T Ak SD A2
Qo ALHE AsE dviEe FYow 47 gL offsetds ZEZ Ho 9l
orz A% ¥ 4 ol £E Wb "t F 49 Wol FErh Fol

7F v Tzl & A E el ALl H AL, FRES] T o] 5ol WhgE A "

T Qlee ol $Esb gobdW 1 FHE fAE @ %

HA15 9] offset TAE MAsHA Fi=tA

o
I
ki
il
|\
o
_0|Lr
N
o
201:4
>
hASs
L)
=)
i

Jekd AYe 24 5+ Ak o BAS Ada] A% /£ WAL HPFE
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o] g-3to] offsets AATH F A7]

7z 9

HPFE AR8-31A]

offsetS A A3 A== st}

input
DATA

H A of A

% F AT %

HPF

VGA

FFE

Limiter

| [V

converter

Square
Difference

1T )
T capacitor A

“1% 3-3. Equalizer Block Diagram
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- q[B
50 Ohm 300 Ohm
Vt bias
50 Ohm 300 Ohm
13

!

input data 1 1pF input data 2

@)

=

W/

Voltage(v)

0.01 /

001 ol 1 10

Frequency(GHz)
(b)

1% 3-4. High-pass filter: (a) Structure, (b) Frequency response.
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719 3-5. FFE:

(a) Structure, (b) Frequency Response
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replica

feedback

wrll

ji \—l a Amplifier

from
bias circuit

V v reference V
input
(a)
from _|_ ¥ ¥
Equalizer output
input stage signal
SD circuit SD circuit
(b)

1% 3-6. Limiter Circuit:

(a) Replica-Feedback Amplifier Schematic, (b) Limiter Schematic
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circuit S E—

i out
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Y
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1% 3-7. Square Difference Circuit Schematic
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3.3 Simulation and Measurement Results

ojdetol A 3 E+= 0.25um CMOS 7= o]&ste AAE . dAg 3=

A& AT Sl HAES Vs AlFste] S H% o, 25V @ A4
< AR
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th 2Gb/s NRZ 4l@of tfsll ztzF 0.5m, 1m, 1.5m2 PCB #H€S E3 A|A S u
olfeto] A7} F2gte] whet SD 3w o] Fo] A= AMAHAIEG AsHs A
2 0w FFol50] Zold uwhEt bPAl AER v glow, FHE=
°F 400712 ©lolEl7F HaghE & 4 itk

7% 3-9,10,11& 2Gb/s 2-1 PRBS Azl da AEAEES A F9 Eye

Ayt A 50Q22 XS FR4 A& PCB #elo] Algx o, Zo] 0.6m,

{

[¢]

1.5m, 2m2] Al 7FA] Aol el S = ATk 22 A A5 Eye Diagramo]

ofdzte] Aol & MAEUES & F A

~

AzE FHol g 19 3-12¢] YERSY 329 H WA 0.08mr= LHER
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. Convergence Process: SD Circuit Output (VGA control signal)
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(b)

1% 3-9. Eye diagrams (@2Gb/s);
(a) Line output after 0.6m PCB trace,
(b) Equalizer output after 0.6m PCB trace.

Vertical scale is 100mV/div; horizontal scale is 100ps/div.
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brate Uiltes Hep

(b)
1% 3-10. Eye Diagrams (@2Gb/s);
(a) Line Output after 1.5m PCB trace,
(b) Equalizer Output after 1.5m PCB trace.

Vertical scale is 100mV/div; horizontal scale is 100ps/div.
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0% ﬁm @iﬁfm {ﬁﬁ

(b)

1% 3-10. Eye Diagrams (@2Gb/s);
(a) Line Output after 2m PCB trace,
(b) Equalizer Output after 2m PCB trace.

Vertical scale is 100mV/div; horizontal scale is 100ps/div.
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Equalizer

450 um

1% 3-11. Chip photograph
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Chapter 4. 3Gb/s Adaptive Line Equalizer

4.1 Introduction
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1% 4-1. Equalizer Filter with Inductance Load
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4.2 Equalizer Structure

3l Argetdisel AdE &S zhe Adeld A= ISIE B
el olFetolATE ThAek ¥ AEdg= AL ATt wojof dr

JeEE, o9 ojFetel A AL HPF FEzb frt

flo

O¥ 422 AAR olEPolAY EFEE YEUL 3oH, tad 2

5o FAH] Jlth

® Digitally Controlled Feed-Forward Equalizer(DCFFE): +2141% 9] =2 3

(

® Bottom Detector: &4l F o] 7} w2 k& HAEstY 1 #E &Y% I =2

o Ao E5: DCFFES ¥ #nHe] £8-& LMS g 5ol 23] v]msto]
DCFFE®] THol5< Alo]gtrh,

3z A&4 F22 DCFFES E9o] gn|H e F9uug & oyAE 7H4

W HEA HH, 2 GEHE AE fASES AAHH
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Data B
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Energy
comparison
Boost Control digital process

1% 4-2. Equalizer Block Diagram

4.2.1 Digitally Controlled Feed-Forward Equalizer
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4

Ae FZE FAHIY Data Ac FAlE AT Hudold Ao dolxl

ZlolW, Data Bi= HPFE &3 Aol A solth. HPFE= 13 4-49F 79|

TAENCH, I7 458 F2 T §H 5SS 7RI
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AE F53t Aol DCFFE:= 871H#] Mgty o5& w3t 435 URUA =,
I o5 Id 4-6004 R Aol i A= AGTATIelA
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4.2.2 Bottom Detector
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4.2.3 Swing Controllable Slicer
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1% 4-16. Schematic of Square Circuit
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4.3 Simulation Results
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4.5 Conclusion
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Chapter 5. 3Gb/s Adaptive Pre-emphasis
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5.2 Adaptive Pre-emphasis Structure
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5.3 Simulation Results
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Chapter 6. Summary
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Abstract

High Speed Equalizers
for Backplane Serial Links

Jae-Wook Lee
Dept. of Electrical and Electric Eng.
The Graduate School

Yonsei University

This dissertation describes high speed CMOS adaptive equalizers and pre-
emphasis circuits for compensation signal impairments arising from the transmission
media such as frequency-dependent loss.

A 2Gb/s conventional pre-emphasis circuit structure is described, and its optimal
operating control method and its limitations are also described. From analysis results,
transmitted signal waveform prediction is possible.

And a novel 2Gb/s equalizer is proposed and analyzed. With replica feedback
limiting amplifier, equalizer has simple structure. Successful equalization is
demonstrated for signal transmitted over 2m long PCB trace.

Another novel 3Gb/s equalizer is presented and verified with simulation results.
With digitally boosting gain control method, stable equalizer operation is guaranteed

and low power dissipation is accomplished.
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Finally, a novel 3Gb/s adaptive pre-emphasis is proposed and verified with
simulation results. In point-to-point communication systems, two transceivers have
two channels for transmitting signal. Both channels have similar characteristics
because channel lengths are exactly same. The pre-emphasis circuit obtains channel
characteristics by digitally controlled equalizer and transmits signal with boosting gain

which decided by equalizer. With this process, adaptive operation is acquired.

KEYWORDS: Equalizer, Pre-emphasis, Transmitter, Receiver, Transceiver,

Frequency dependent loss
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