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10G Connectivity Options

Standard Technology Media Reach

10GBASE-SR 850nm 62.5um MMF 2-33m
10.3G Serial S50um MMF 2-300m

10GBASE-LX4 |1300nm CWDM 50/62.5um MMF 2-300m
4 X 3.125Gbps 10pum SMF 2-10km

10GBASE-LRM | 850 & 1300nm 50/62.5um MMF .5-300m
10.3G Serial EDC

10GBASE-CX4 (4 X 3.125Gbps 8 Pair Shielded Cu | =15m

“InfiniBand Cable”

10GBASE-T 128DSQ w/FEC @ |Cat 6 55-100m

800 MHz Cat?7 100m




10GBASE-T : When ?

= 2002,Nov : Project Initiation

= 2003,Nov : Project Authorization

m 2004,July : Draft 1

= 2005,Mar : Working Group Ballot

= 2005,July : Draft 2

m 2006,Jan : Draft 3

s 2006,July : RevCom Standard Released




IEEE 802.3an : 13 Objectives(1/2)

= Preserve Ethernet format size
= Preserve Ethernet frame size
= Support full duplex operation only ( No CSMA /CD )

= Will not support 802.3ah (EFM)
o unidirectional operation EFM is half duplex

m SuU
m Se
m Su

pport a speed of 10Gbps
ect copper media from ISO/IEC 11801:2002

pport auto-negotiation

= Support coexistence with 802.3af
x Meet CISPR/FCC Class A




IEEE 802.3an : 13 Objectives(2/2)

= Support star-wired LANs using structured cabling

m Support operation over 4-connector structured 4-
pair,twisted-pair copper cabling
= Define a single 10 Gb/sPHY support links of:
o 100 m, four-pair Class F( CAT7)
o 55 mto 100 m, four-pair Class E (CAT 6)
o 55m CAT 6 unshielded & 100m CAT 6 shielded

= Support a BER of 10"-12 on all supported distances
and classes




System Overview




10G |

Hthernet v.s. OSI Ref Model

Application :
' LLC (Link Layer Control)
Presentation MAC Control (Optional)
Session MAC (Media Access Control)
‘ Reconceliation
Transport
Network | XGMII
Data Link 64B/66B PCS 8B/10B PCS 8B/10B PCS 64/65B PCS
[ PHY WIS PMA PMA PMA
, PMA PMD PMD PMD
Phys1ca1 . PMD
Vbl . WWDM || Copper |
. WAN Interface | 10GBASE-X 10GBASE-CX4 10GBASE-T

1CGBASE-W
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10GBAS

5-T System Block Diagram
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Major TX Path Blocks

PCS

o XGMII to 64B/65B scrambler to FEC (LDPC) which is
mapped to 128DSQ which is then mapped to 4 channels

Modulation

o 16 Level Pulse Amplitude Modulation (16 PAM)

Tomlinson-Harashima Precoding (THP)
o Transmit equalization

o Pre-compensates the signal based on knowledge of the
channel

o Suit for (quasi-)static channel
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Introduction of TH Precoding(1/3)

How to eliminate ISI ? n(D)

d(D) + L X(D) Y(D) J Cecic d(D)
eC1S10n
ﬂ Nod 20 H(D) 0 nod 2M

H(D) -1 «

Z(D) is a interger to make —M < X(D) <M

Z transform
X(D) =d(D) +2MZ(D) - X(D)[H (D) -1
Simplify =»

_[d(D)+2MZ(D _Y(D
x() = O MEOR )= o
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Introduction of TH Precoding(2/3)

Recelver signal is
r(D)=X(D)H(D)+n(D)
=Y(D)+n(D)
=d(D)+2MZ (D) +n(D)

so ISI be eliminated
After modulo-2M, then

d(D) = d(D) + n(D)



Introduction of TH Precoding(3/3)

Linearized 4,
H(D)-1 (e

— X(n)

Linearized description

P(N) : precoding sequence

d(n) >$

>

/

v(n)
(effective data sequence)

L H(D)-1

|

» X(Nn)

1/H(D)
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Major RX Path Blocks

Hybrid function
o Enable bidirectional data transmission on a single pair

o Stop the local transmitted signals from being mixed with the
local received signals.

A/D
o 800MHz, ~ 10bit accuracy

Echo/NEXT Canceller
Matrix FFE

LDPC Decoder
65B/64B Descrambler

14



‘Receiver Path for Channel 0 (1/3)

han 3

Fm Chan 2
Chan 1

RJ Chan O

ADC
AGC
From THP O
—p|  ECHO
Canceller

From THP 1

—  NEXT
From THP 2 T
From THP 3 | FFE

_>| NMEXT

15



Receiver Path for Channel 0 (2/3)

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

RX Chan 0 —

LDPC
r—
Decode

e
R?( Chan 1
! FEXT

RS( Chan 2
: FEXT

RX Chan 3
; FEXT

Can also be viewed as MIMO
matrix filter
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Receiver Path for Channel 0 (3/3)

Adaptive Echo /

NEXT canceller Error Hard

oooooooooooooooooooooooooooooooooooooooooooooooooooooo

R’X Chan 0 DeC|S|on
5 _’ (MIMO matrix filter)
RX Chan 1 \

T 4x4 Soft
RX Chin 2 Matrix >O ™ Demapper
S HFE

i__?X Chan 3 / init. value

A 4

5 Output path O
\ Adaptive LDPC

Decoder

Echo / Next canceller output
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System Requirements
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Tentattive 1I0GBASE-T Spec

Modulation Code

Baseband 128-DSQ (PAM-16)

Baud Rate ~ 800 MHz
FEC LDPC(2048,1723) systematic
Framing 64B/65B

Transmitter Equalization

Tomlinson-Harashima Precoding

Required SNR

23.4dB

Transmit Filter

Spectral mask

Transmit Power

3.2dbm-5.2dbm (center at 4.2dbm)
at MDI (Medium dependent interface)

Transmit Voltage

2V +/- 5% at MDI

Receiver Filter Low order CT
Receiver Equalization Adaptive FFE
MAC Interface XGMII
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Tentative System Requirements

assume 15dB analog echo suppression

Echo Suppression ~55dB
NEXT Suppression ~40dB
FEXT Suppression ~25dB
ADC/DAC resolution 10bit
Precoding function ARMA(3,3)

3 zeros, 3 poles

FFE span

64 taps
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Channel Models




Channel Impairments

Insertion Loss (I.L.)

Near End Crosstalk ( NEXT )
Far End Crosstalk (FEXT )
Echo

Alien Crosstalk

22



Channel Model Data

v [m]", 1L Cat 6 (55mm)

0.416134 0.1358461

A e

-0.39912 0173408 0.38815| 0.332216

-0.26653

- ~EEee e - mmAm

T maram e

A, B c | D E | F | &6 | H L Kk L | M M| o |
1 [Freg L1 IL2 IL3 IL 4 Magnitude Freq  IL 1 IL2 L3 IL 4 g
2| 0.1 0.8A3964 -0.30676 0874773 -0.32493 0893336 032124 0673472 03213 0.1 -07576027 060078 045158 -0.6239
3 | 0724935 052166 0GGES1 050449 -0R1808 054812 -0E7975 057864 -0.62907 0.724938 -1.4486412 -1.33452 117763 -1.36207
4| 1348875 080117 0B20482 038227 0712151 -050141 0651403 -0.41085 0695254 1349675 -1.9642919 -1.64896 -1.70221 -1.85746
5 | 1974813 0EB0175 03430933 0758483 0148257 0712521 033044 0746677 0.192406 1974813 -2.3807799 2239825 209802 -2.25765
B | 288975 0185177 071065 007884 073989 0158216 -073852 -0.02083 -0.74314 209976 26015275 256763 243792 25751
7| 3224686 071193 003541 0RO 0.279448 073376 0003108 -06EES8  (21A03 I 00MFFA. 2 OANASRE D FDRAR -2 FAAER. -0 FOREE
B | 3849625 0108378 0BEE425 043778 052378 0154662 0G7G1086 0375441 0. Sealed Inertion Loss 475
0| 4474563 OG1S00B 022779 037087 -054953 0613704 -0.28114 0440375 537
10| 50985 -03342 054383 061395 019731 0330948 05757 -0.57648 - 011
11| 5724436 -0.45744 0422203 001902 0629195 -0.42658 0.476455 -0.12404 0. e 008
12| B.345375 0492122 0359374 0596638 01528 0541115 031433 0615765 1245
13| BO74313 0263632 053042 03033 -051975 0194767 -0.57766 -0.19283 N7,
14| 7880256 0AR3I34 014498 04078 0424022 059267 007456 -0.49185 0. 045
18| 8224186 -0.03438 0568393 0.507649 0.260077 0.044201 0562297 0430638 0. —I1 | a7
1B | 849125 0562562 007112 0118488 -054963 0549477 0154086 0255683 - w2 | j@sa
A7 | 5474063 016921 051845 054674 0.034664 025482 049777 -0.54055 - w3 | 547
18| 10099 046792 0257443 0177541 0508548 -042002 0339458 002331 0 W | 1945
19| 1072394 033411 0405300 0.434212 -030303 0409066 0348251 0509125 L] [095
20| 1134866 0320067 039543 040103 -032956 0.25661 -0.46045 -0.27454 037
21| 1197381 044178 02473 02075 0467175 04927 015999 -0.35576 0. 475
22| 1285675 01593 0472914 049782 0071966 -0.05964 0505695 0441648 0. 1225
23| 1322360 0485025 00R9261 006239 -049104 0499356 003618 0126592 ] 7O 0011
24| 1384863 -0.02108 048369 045077 0189604 013262 047635 049166 - B
25| 1447356 -0.46412 0108059 0.299084 0377338 -043402 0219365 01206 0.46A955 1447366 64300526 634621 -6.24748 -6.29926
26| 150955 0167693 0431223 0.279429 036354 0.294142 0377997 0418479 -0.23107 160985 65524631 GAT4R3 539404 -6.41063
27 | 1572344 0364162 025660 043557 016654 0.311403 03536 032068 -0.34321 1672344 6704496 -GE2624 65336 65633
26| 1634836 031179 032677 004852 0453374 0395 02323 -0.25122 0384602 1634030 -6.0036367 602141 674021 -6.753%7
29| 1697331 -0.26093 0360644 0442756 007399 015371 0426633 0429082 0.144442 16.97331 70269569 -G.O570R -G.ORGE7  -5.AA3
30| 17559625 0395481 0167561 018573 04006 0.440422 0067756 0033217 -0.44375 17 59805 71763806 710013 702103 -7.0324
3 1822319 0112546 041666 03328 0.260004 001642 043901 -04325 0.077077 1822319 730030896 -7.22016 -7.14443 -7.14442
32| 1864613 042377 003406 0353548 0241934 042066 0099166 0176949 0.39345 1884813 74293571 -7.36297 -7 26614 -7.28A09
33| 1947306 0.041613 1947306 -7 5721076 740447 742968 -7 41345

T
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Wireline Channel Impulse Response
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FEXT/ELFEXT

Fext Couphng Impulse Response

V xtalk FEXT
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Sample Mumber (1x)
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Echo

Near-end Echo / Far-end Echo

Echo Channel Impulse Response
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‘ Alien Crosstalk

100 m

Cable Bundle |

= Characterize as |L
“power sum” el

Transfer Functions

H'I:r.' 'I:r.'l:'lpul
Hiz 46lfl Multiple Victim
Pairs
. H'I:.-.' if-l:'lp.l
Single Disturber
F'-EIIF H'IE .-"-Hl:f,l
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Impairment Frequency Response

2m 2m

Oy (- =t

Cable manufacturers
guarantee cable
performance using
frequency domain
“limit lines”

No phase information

Measurements
needed to model in
simulations

(dB)
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Coding & Modulation

DSQ vs PAM-12 modulation
Coded modulation with LDPC
128-DSQ bit-mapping

128-DSQ soft De-mapping
Coding and framing for 128-DSQ

Performance of 128DSQ with
LDPC(2048,1723)

30



DSQ vs 12-PAM Modulatoin

Using coded modulation

2D-constellations ( DSQ-128 vs 12-PAMA2 )

128-DSQ (Double SQuare)

12-PAM? (with or w/o hole)
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Coded-modulation with LDPC

12db set partition (Distance is 44,in a subset)

16 subset (Using 4 LDPC encoded bits to choose
which subset )

Every subset has 8 symbols ( 3 uncoded bits )

2 4 151
:—-—'--'—-—.—-:--:-—‘—-:T
e = w®» = = = L ]
tI-i."I‘l-l.l'i
f.l‘-.l.l.l.l.liu
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t-'q-.'-'--r'-‘i
7 e B = | = 8§ =
i--.-....-..-.'..i
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128-DSQ bit-mapping(1,/2)

K

!

?oao@nnn
o000
oo0oCco0O0n
o600 000
"X EEEEEEEEY
Y EEEEEEY
T XX SRR
[ TERT IR
[ N N NN N N

0.0

101 \u

g1 111 100

o1 010 110

ooo

Uy Us Uy
3 uncoded bits
pseudo-Gray
mapped
{dy; =10r2)

15,15

IR
FERE BB
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0000 0100 1100 1000
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128-DSQ bit-mapping(2,/2)

7-bit label

u;
Uy

].13_;.

X

X

1
X

X

X

X

X

X

i_—
=0, &uy
I_

[ =u,;@Du;

159

i
p =¢, Do,

5= (us&uy)vin &u,)
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P P o

L3

(=N

s=c; Doy

two 16-PAM symbols

a € E1.43,.-- 215}
ay € {t1+3,...£15}
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‘ 128-DSQ Soft De-mapping for 4-coded

bits

= Using two received 16-PAM symbol (One DSQ symbol ) to generate

four initial values for 4-coded bits used in LDPC decoding

Em;p:—};—{-lkHiJ" 26" :|+¢};p:—};—{-1k+lj" 6° | w08 D€yg)s
llrbix) = In 1‘1 | —_— — _.': | 5=x : 05£x22]
:)_'cx}n—};—{-lkﬂj' la” ,|-|-~:};p|—};—{-1k+ﬁj' g” | | ox-15 25¢v<d
k
R
(0.5 —0.5] (g, +15) 2] -
[“-5 0.5 ]Lﬂ:ﬂﬂ 2 logPr(L] ) = lib(x; mod4) ogpm il =lib(x, +1 mod 4)
P(L]-l \]) Pl‘(bg-l \])
=> =)y
. gP( Ulh) lib(x, mod 4) logpm‘l 0'.}‘3)=1]1‘0(xa..+111m£|4)
=[11} Prie,=1/x,) Pr(e; =1/x,) ]
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Coding and framing for 128-DSQ

128-DSQ modulation with LDPC (2048.1723) code

512 128-D3SQ symbols = 1024 PAM symbaols
- -

3 . _ : ‘
bits 3°512=1536 unceded info bits Code Block: 1723 + 1536 = 3259 info bits
(3.1826 bit/dim )

PCS Frame = one code block

Framing and Clocks

3
bits
4 |
XGMIl Framing |bits |
2x (32TXD + 4 TXC) bits | g4+4/65 | 65bit blocks +
TX_CLK coding 10 GHz / 64 v Maodulation rate
10 GHz / B4 = 156.25 MHz =156 25 MHz Modulation 800 Mbaud = 10GHz2/64/50 x 1024/4
=25 MHz x 254 =25 MHz x 32
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Framing details :
128DSO + LDPC(2048.,1723)

|Syncbit| | Ethernetdata 50 x 65 bit |

| Aux channel bit |

» CRC-7

™1 uncoded bits

. coded hits

Fl .
L] LOPC check hits

| LDPC check bits |

I E 3 a5 4
1. 2. 511. 512,
DSQ DSsQ DSQ DsQ
. 3 [] 1 |
Pair1 , IF1,0sQ | 5/DsQ 509,1DSQ)
3 : l"f : ! J.r-l‘I :
Pair 2 -2/DsQ Y 6/DsQ VY 510. DSQ
4 /] Y’ /
P . |:=m A ?EI) 3 511 D:
air 3 - 3, . DS
4 |.r$ |J§O_ I
Pair 4 i - 4Lbsa B,,-If)SQ /7 512.DS0Q)
1 1 |
1. 2. 3. 4. 255, 256.
PAM PAM PAM PAM FPAM PAM

(Alternatively, use symbol interleavings ofvarious kinds)
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128DSQ + LDPC(2048,1723)

BEH

performance

107

107

10

10~

System require SNR 23.4 dB

' —— Shannon imit 1280S0-1D 3 183b/sHz 11 -BER = 1012 at
e ae sibe w by e pe e il L A 1 — - Shannon limit 12PAM 3.21b/s/Hz . —
: 49 (2048 1723) and DSQ, 3 18b/sHz, 5 bits LUT : SNR =23.32dB
(1024 833) and 12PAMT 3 21b/sHZ, 5 bits LUT (Seki) | )
~ - Uncoded 3 183b/s/Hz . - 5-bit look up table
AREERE RSB L (R Uncoded 3.21bi/s/Hz E
. - 41  ~-Final point at
¥
[ o— - - ‘.1 SNR=23.32dB:
5 PRt Friiid 2.184e13 bits
e s simulated with 1
I - 128DSQ mapping
;ZZ:Z'Z:Z'ZZZ"""Z:Z'Z:ZZZ:ZZZ:""' i TR Tolaln el g oo s B g iR D St~ e SO T N T T B R i e I I|III """" _- asdescrihed in
,'*i =i ungerboeck_1_1104.pdf
Lo i reae i s i s B o S e S e S R e el e Gl and
.......................... ungerboeek. 2_080A-peit
\
l N ... 1 -GandH matrices
rissrmatand b st = S A :-: LA RS FEnodbtiimint e Ll 25 ' as dEfinEd il"l
i _ : 802.3an public
T et e SO T e sal
20 22 24 26 28 30
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Equalization

Channel equalization via DFE ?
Decoupling FEC from equalization ( THP )
Tx-based equalization

Fundamental benefits of precoding
Precoder adaptation ?

Precoder architecture (IR or FIR ) ?

40



Channel equalization via DFE ?

DFE cannot separate from

channel coding
o Error propagation substantially

7

reduces coding gain

o Zero delay decisions
irreconcilable with basic idea

16-64" Tap

FIR Filter

of channel coding

Usually require placing some portion of
decoder inside the feedback loop ( DFSE)
o DFSE =» combine Viterbi decoder with slicer to reduce decision

error ( Used in 1000Base-T )
o Introduces a critical timing path

=>» limits max baud rate
o Incompatible with high performance block
or iterative codes

— e — — — —

Decoder 4—
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Decoupling FEC from equalization

Precoding is a well-known technique for decoupling
channel equalization from channel coding

o Move DFE from RX to TX
o Necessary for LDPC or concatenated coding schemes

Discrete Gaussian

distributed
{ jI MEC) } :
[ i i e— I i
(1) —{’“—’ Channel Aé_% F aim) aln) —(L\ %—-, Channel —{—af a(n) +Mk(n)

| HED | J t J | H@ | :|

{ I oo H(z) - 1 :r\ i

I Cabletfilters+ | DFE Precoder ' I

TDHEETSI-H Uniformly distributed

between =M
Spectrally White
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Tx-Based Equalization

Moveing postcusor equalization from receiver to the transmitter

Achieveing similar performance as DFE with correct decision

2M

Precoding feedback symbols are known , not estimated

Equalization is independent of channel coding performance

45
L
L 23
L

.5

Forces filter to

be stable
/ Choose k(n) such that
2M k() -M<x(n)<M
* Flat transmit spectrum
a(n) —~ + ; (+) x(n) §2m
\ a(n) : * Does not preclude
Data Effgctive H(z) - 1 further filtering for EMI
Symbols Data or capacity reasons

A

Symbols * v
Overall Transfer

Function = 1/H(z)
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Fundamental benetits of Precoding

Permits more powerful channel codes required to meet
10Gbps

o Decouples equalization from channel coding

Retains asymptotic optimality of decision feedback
equalization without error propagation

Does not affect transmitted spectrum (EMI)
o Does not preclude any form of transmit filtering

Removes DFSE timing loop — simplifies timing closure
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Precoder adaptation not necessary ?

Programmable precoding
o Precoder coefficients chosen at start-up to
approximately match channel response

o Adaptive linear RX removes residual ISl

X | | RX
Mi(n) i i P
a(n) ! Channel | 1 | FFE s a(n) +Mk(n)
{a J : H(z) : (
o | : 7
Fixed | I Adaptive Linear
Precoder Equalizer

Coefficients are a function of cable length
o Pre-store in a small cable-length



Number of Precoder coetficients reduced
over 10x with IIR model

= Over all channel is accurately modeled by
2nd order IIR

(1_ Z_l)(l-l_ 52_1) Only 3

-1 -2 coefficients
1-az™ + [z
This instead of this

H(z) =

: N
el
. S 1P e

IR Precoder 7

FIR Precoder



Timing recovery

Loop Timing
Multiphase VCO approach
Digital interpolation approach
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Loop Timing

Echo & NEXT cancellation generally require
the transmitter and receiver to be clocked

from the same source

Slave Master
DACH2 X ___pAC
i 3
d - = iwed frec 3
o ‘% jgm/@l:”&imﬁ% =~
E [ E a l 8
4—¢HADCH—=, — —ADC &1
‘ Timing PR hase Oy Timing
recovery s recovery
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‘ Traditional Analog/Digital Phase

Compensation Concept

PHY must

Tx signals Rx mgnals accurativ re-align

(conceptual)
e t ADC FFE

: t e g, |
L—mj@cﬂq‘ — tié __[apc FFE
|

Phase delays differ
\ on each wire

— X T : x_,f 1t ADC FFE

, i
L_,.f e s o S . ] ﬂu — —/—-ADC FFE

= optimal baud spaced samples are at pulse peak

= independently adjust phase for each channel




4-channel sampling approaches

Appro. 1 : independent PLL per channel
Appro. 2 : single VCO with phase selector
Appro. 3 : Digital interpolator instead of
analog VCO or phase selector ( Free running
clock for ADC)
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Independent PLL per channel

'C'

e —\ADC L FFE |/
I :
c:::c::::»:::*-::—f;s;I}r2 —/—ADC FFE J-IF
SRS =717y - (NE— .
c::@ﬁéa//i%c::—}—ﬂ‘l]c FFE fl
PR [T | IS 3
c::x::x::a;;/;f;c::—/—mc FFE | /

— Each PLL independently adapts
to optimal frequency/phase

Theoretically possible but has implementation challenges

Difficulties with multiple VCOs on the same die — interactions almost inevitable

Injection locking has been shown to be the root cause failure mechanism in

previous product
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‘ Single VCO with phase selector (1/2)

ﬂwpug

c@::cé;a,yzi_—;@J—-ADC FHE _,lf
- g _{%ﬂ,_
/c.‘::::—/—ADC FFE I — /
- SRS .[%}i
c::x:x:x:;:»//cf:x::a—/—ADC FFE — /
Pair 4 . - i
c:::x::::c::::c:;//c:c::—/—-ADC FFE — /

— Single PLL generates N phases
of a single recovered clock

— Mux on each channel
iIndependently selects optimal
phase

= Phase-step cause echo cancellation errors

= 50-60 dB echo cancellation requires very large number of phases
=>»Number of 10G >> Number of 1G
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Single VCO with phase selector (2/2)

Implementation challenge
o High precision phase selector el PLL

VCO1

{—l-

ADC || FFE —| /

o Latency (ADC+FFE) in PLL loop

o Low jitter requirement may constrain design options for
ADC ,FFE , Slicer

o Trade off between jitter tolerance and latency
=>» Jitter tolerance requires PLL bandwidth to
be increased
=>»Latency requires PLL bandwidth to be reduced
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‘ Free running clock / Digital interpolation

(1/3)

Free running

——|ADC

= ADC / FFE clock at the same free running clock

= Moving timing recovery after FFE

FFE

-{DPLL

Fbe ey

intem
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Free running clock / Digital interpolation
(2/3) [ Advantage of this way |

Remove latency restriction on ADC and FFE
-- open opportunity for design innovation

Free running clock removes requirement for high precision phase
selector — —

R — ——
B0

TXpair3 S
gk DAC
4 channels
[ —
SHDPLL &

FFE %ﬁ;interp B _/_ u

Analog PLL per channel not required , single clock for 4 channel

ADC , DAC, FFE,

Echo canceller all on

the same clock

-- remove need for FIFOs

% Echo Canc.i' -
T E-G("—
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Free running clock / Digital interpolation
(3/3) | Implementation challenge |

Baud rate sampling with zero excess bandwidth

o When ADC samples with free running clock, we need Nyquist rate
sampling or oversampling to recover the signal
=>» Limits transmitted BW <= (1/2T) when samples at baud rate .

Slave optionally transmits with recovered clock
o Permits single free running clock at both end .

Master Slave

X - RX

Free unning Recover
Q Clock

RX X
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Transmitter front-end solutions

Linearity specification
SNR margin vs TX voltage

TX bandwidth -- Zero excess bandwidth is
desired

TX PSD proposal

Transmitter front-end

=>» Digital oversampling(2X) filter vs.
Analog transmitting filter
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Linearity specification

Two measurement index
o SFDR (dB) (Signal to Distortion Ration with single tone test)

o IMD (dB) (Signal to Intermodulation Distortion Ratio with two tone
test)

Local transmitter’s nonlinearity can limit the capacity of local
receiver , in absence of nonlinear echo cancellation

Two spec

o “Recommended” spec (compliance not required) :
essentially a spec on nonlinearity of local transmitter

o “Normative” spec (compliance required) :

ensure that the nonlinearity of a far end transmitter does not cause
the receiver to lose “much SNR margin”
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‘ SFDR & IMD linearity measurement

The SFDE of the transnutter when 5L1b_'iec'r to single tone wputs pruducing output with peak to peak transmut
amplitude shall be:

better than X iy 9B 1 the frequency range, f& (0.1, f;] MHz, {; 15 1n MHz
and better than [X .y 3n-Xpgepe log10(£))] dB. for f& (f). 800/6] MHz.

The Signal to Intermodulation distortion ratio of the transmutter, for dual tone mputs, producing output with
peak to peak transmit amplitude. shall be better than:

[Xomin +2.5- Xaistope*10g 10(£/f;)] dB for f & (800/6, 800/2]MHz

—4 o 4

g g

R

x g

0 —

w

i

X Xnoniin + 2.5- Knistepetlog i
e e Slope= X g0
Xmslnpa

3 800/6  Freq (MHz)  800/6 7 80072 Freq (MHz)



Two linearity spec

= NORMATIVE SPEC PROPOSAL (compliance required): X__ . =50dB,
Kisope=20dB, f,=50MHz, for equations represented as generalin clause 55.4, and

repeated in slide 9

& SFOR (da)
MO (@A)

Slope= 20

41.5 i .................... : F4 5

50 B006  FreqMHz 8OO f §00/2
Frog (WHz)

=  For the “recommended” spec: Similarly, the SNR margin loss due to local

transmitter linearity
— BB8dB causes 0.5dB SNR margin loss
— B65dB causes ~1dB SNR margin loss.
= RECOMMENDED SPEC PROPOSAL (Compliance not required, just
recommended): Keep the “recommended” spec X_, . =65dB, as this is much
harder to meet, especially since here X, =0, f1=don’t care(=400MHz)
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‘ TX voltage vs. Recetver SNR margin

ENR mamin forrecener (05

1.8

1.5

SMAE margin s transmittca voltage

SNR loss due to
nonlinear distortion

SNR gain due to improve resitance to
noise

a

i
P Z.4

1 i
1.4 2
FPoak to poak differential transmt voltage (W)

i i
T.4 1.5

Optimal choose transmit voltage (peak to peak) 2V +/- 5 %

Corresponding to 3.2dbm-5.2dbm with 4.2dbm center




TX Bandwidth

Because of insertion loss , channel gain
approaches zero when f > (1/2T) , so excess
bandwidth wastes signal energy .

With zero excess bandwidth , we can use
digital interpolation to recover timing with
free running clock for ADC .

= Phase insensitive sampling at baud rate

Zero excess bandwidth with spectrum null at DC and
(1/2T) is desired
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TX PSD(1/3) [Some assumptions for PSD

mask]
= PSD mask assumptions

Transformer 15t pole at ~100kHz
Transformer pole f1 with substantial tolerance of 750MHz +/-33%

Transmitter pole f2, “simple filter pole” contributed by the total
capacitance at transmitter and 50ohms. This is modeled as 750MHz +/-
33% tolerance

Transmitter and board “parasitic” pole f3 with substantial tolerance for
different implementations, 1200MHz +/- 33%.

Sinc roll-off, contributing majority of the band limitation.

= Assume that the voltage on the line side of the transformer,
after going in through the transformer Insertion loss (in
addition to its bandwidth loss) is 2V +/-6%.

= 2V+/-6% peak to peak differential at the MD|

meets the power spec

2V+/-6% spec is better for transmit and echo cancellation linearity.
Linearity limits SNR margin.
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TX PSD (2/3) [ PSD in draft 2.1 |

FSD (dEmHz)

-42

.................................. PSD uppercurvein. .. . |
............. “‘aﬂx—
I el

: F-'Sﬁ ."Uwe;" curvé : : ot
..... ot drafl AT e s NG SR
E E E E E : : )

i i | | | | | |
200 250 300 350 400
Frequency(MHz)

Note:

» With 2V +/~ 6% at the
transformer output, the lower
PSD curve has smaller margin at
lower end.

» 2V +/- 6% with the filter
tolerances as specified meets the
power spec

» Upper PSD has a larger margin,
especially the lower 0-FOMHz

range.
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TX PSD (3/3) [Teranetics’ Proposal |

FSD (dBm/Hz)

-34

.............................................................................................

Frequency(MHz)

Recommendation:

Reduce the upper PSD by 1dB in 0-
TOMHz.

0.5dB reduction on upper and lower
curves everywhere else w.r.t. draft
2.1, would make it better centered.

P5SD upper curve:

-79 dBm/Hz, 0<f<=70

-79.5 dBm/Hz, 70<f<=150
-79.5-(1-150)/58 dBm/Hz, 150<f<=730
-79.5-(1-330)/40 dBm/Hz, T30<f<=1810
-116 dBm/Hz, 1810<f<3000

PSD lower curve:

-83.5 dBm/Hz, 5<f<=50
-83.5-(-50)/50 dBm/Hz, 50<f<=200
-86.5 -(f-200)/25 dBm/Hz, 200<f<=400

Where I and the ranges are in MHz
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Transmitter front end — only analog TX

filter ( baseline approach )

No digital filtering , T-spaced DAC ,TX filter with
frequency-dependent input impedance Zi and constant
output impedance R

800 Mbaud
DAC

TH
precoder
;,f".
Adaptive
digital echo
CCCCC 1ler
/

FEF [me—end filter)
R'=L/C

lﬁfﬁ

EI—} — B
\“m—

> OO -—-—--

ENES

Hyvbrid function

800 Mbaud
ADC

1
1
|
|
|
|
1
|
|
______________________
RF M
{Receive filter)

—_

YN



Transmitter front end — Digital TX filter
with analog filter (1/3) (oversampled
approach )

= Digital TX filtering & T/2-interpolation ( Upsampling of 2X) ,

(T/2) overlapping DAC-trivial front-end analog filter
800 Mbaud [
DACs Trivial FEF :
% I 1:1

(n-025)T 3 m v IO_|? g -
TH T-spaced Inter- 7 ol sptc -r:II:T ! 20 7ap
precoder T filter :i polator : T {‘FI _5 Lo

$ | (@=025)T y 0D )
i - o
i i
Fa
Adaptive I !
digital echo ' .
u:ga.ucelles i i i O ne 1 . 6G DAC
. | P!

Proposed by broadcom

7 i b
l T | in 2005/05

. 00 }.-Iha'.1d>; RF :

S ADC (Receive filter) i
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Transmitter front end — Digital TX filter
with analog filter (2/3)=>Effect of (1/2)

interpolation

1-D? —
s B e Bl o Upsampling of 2X
- To reduce high frequency
™ component
filter

__________________________

20 feommodeco oo b -] (1-DY) /(- 0.5 D7) |- -
i | = Interpolator

————————————————————————————————————————————————————————————————

________________________________________________________
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Transmitter front end — Digital TX filter

with analog filter (3/3)=>Interpolation
coetticients

ik B pulse, a=0.2,

Ti2-sampledat : | : \
(N 0d0 O - \ :

N
truncated I{;
T % |

T ) Y IV P Moy

DL LI I O I

1 [} A .

5 Raised-cosine
. pulse with a=0.2

=]




‘ Transmitted PSD : Baseline approach

B LT : L B P T

spectral uhnit-ayn'hnl respﬁrse: DAC current (scaled)
R e ARG ey e

-
s

r
.
r
freramrrrrrrressrrrerere FirrrrrrrrrrrsrrrTrTrTERR fewrrrrrrrsesrrrrrrereraY =,
fh S
i ®
.......

‘‘‘‘‘‘‘
bl
-

U S
P,  transfer function: DAC cument to line voltage (scaled) |
A0 T AT A P e, !'“"1.‘..'"" ........................
8 e : .
' o~ 1. Substantial
PN
20

[dE]

T I RN Rt Rccininos excess bandwidth
Xy 2. No controlled
;;rﬂt;?;i:':ﬁ; \ : spectrum null at
componerts and transformer (1/2T) and D.C

-
—1
rRrmamany
-

.
e L L LT LT

rrrrrrrrrrrrrrrrrrrrrrr

ke,

FEESITIANT

.
-----------------------
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Transmitted PSD : Oversampled approach

1p=rasssassrsnnnansasasnns : ............................: ........................ : ............................: .................... nrees
spectral mﬂ-symbnl response: DAC cumrent {sc:afed) :
---------- __—______.___________I
"""""" "'a""_:_ cereecoe] transfer function: DAC current to line voltage (scaled)
'--H.lﬁ!-ﬂw—'-!—h-—Hn—-h---——ﬁF—'-l—'—i‘-r-'—H'-'I
. - Ny
- b :
SRR S 5, AP,
: p N :
; ; W "
: : -
iy : :
= H
.m R e e e T B A FersssrrraRsEEEEETIRE R RS RS

Transmit PSD (scaled)

Insensitive to analog filter |:
components and transformg:

B R T T P T P LS Pty T T T T e T T = P T P P TP
1 I {
LE] 200 400 530 200 1000
Freguency [MHz]
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Compare of two approaches

“Baseline” “Oversampled”
solution solution
Digital filters none (1-D2)/(1-0.75 D?) + interpolator
DAC 800 Ms/s 1600 Ms/s
AFE filter 1-st order RLC LPF, f,,z=300 MHz Trivial R//C
rms and peak voltage higher rms, lower s,

at DAC output

peak similar to “oversampled”

peak similar to “baseline”

Excess bandwidth

substantial (- sampling phase
dependency in receiver)

sharp bandwidth limitation
(EMI advantage)

Controlled spectral
nulls

none

dcand 12T

Return loss

OK

OK

Transmit PSD shape

depends on analeg components

digitally defined

AN

Higher PAR for “oversampled” is compensated by lower rms of

“oversampled”
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Startup Protocols
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‘Three Operating Modes

Auto-neg. Start-up
mode mode

Data
mode

v

10GBASE-T
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Sequenced Startup

Auto-nego

Select THP and

PMA Traning
Based on 1000BASE-T

power backoff coef.

PCS Traning

Link Fault signaling(LFS)
Based on 10GBASE-R

Normal operation

: , phase 1 phase 2 | phase 3 :

i > | >

E E detect local/remote PMA OK E

E E (loc/rmt_revr_status=0K) | E

E i ECINC | EQIFC/PR ! 5

E Master | i LDPCF(Payload= LDPCF{Payload=

; { PMA trainning;signal(2PAM) IDLE w LFS) IDLE or Data)

' 1 i ] '

{ THP input | LH-T i Hﬂ-? \ H-ﬂmﬂ ; H.muﬂ

i | | \ i

| | ' P " )

' Slave | PMA trainning LDPCF(Payload= | LDPCF({Payload=

] I 1

E ' EQFCICR signal(2P AM) IDLE w LFS) IDLE or Data)
EC/NC/CR N
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PMA Training Signals(1/2)

Objective:
o Recover timing and adaptive filter coefficients

o Establish polarity correction, pair swap, pair
deskew

o Master and slave use different sequences

Side-stream scramblar amployed by the MASTER PHY

sergl0l Serdd1] Serpf12]  Serd13) Seral31] Seral32)

T T - — T T -—37T T
s i3 i3
|_' —‘ g,.(x)=1+tx"+x
wLF

Side-stream scramblar employed by the SLAVE PHY

Serll]  Serf] Scral19]  Serqf20) Sen(31] Serf3d]

TPF—»T —»- = —p{ T T - = A T
B /& | st
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‘ Unambiguous generation of PAM training

sequences

L -bit InfoField added wwhen
16384-Lyp £ mmod16384)<160383

Sa /|\
+

0 +a TA,
py 1:-9 ?

: Generation of Sh, 0 +9 B,
e n Main PN Sequence 1:-9 E

symboaol - .
counter e Sy ova ] 16,
Derived Sequences 1:-9

5:":In 0:+59 TD].

1:-9 3

Main PN sequence

n mod 16384 =0: Ser [0:32]=33sbs of Ox13979A422  (penodic mtializa tion)

n mod 16384 # 0 Sery[l:33]=Ser,_,[0:32]

| Ber [20] € Ser [33] af PMA CONIG = MASTER

Ser [0] =
=101 Sery, [13)% Ser, [33]  if PMA COXNPIG =S5SLAVE

Derived sequences

S = Ser, [0]€ 1 of nmod 256 =10
" Ser, [0]  otherwise
Sby = Ser, [ 3] Ser, [8]
Se, =S [6]@ Ser, [16]
Sd, = Ser, [V] € Ser, [14] @ Ser, [19]€P Ser, [24]

I
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PMA Training Signals(2/2)

There Is only one pair combination which
satisfy all equations become 0

Polarity correction
0 (polarity = OK) _

1 o L b X PLLXL = A= Uy -.2-.3
Ry, [x1" Ry, s [¥] Ry, %] {1 otarity ~NGy = 12

Ry [x]:PAM2 demapping data of Lane x

Pair swap, deskew

0 (skew = OK)
Ry |x]" Ry _[x—11"Ry |x—1]= N (x=12)

if (remote side PMA status =NG)
= ) ) 0 (skew = OK)
Ry 131" Ry 121" Ry, 2] Ry, [0]= _,
0/1 (skew =NG)

else
0 (skew = OK)

Ry [31"Ry 2] "Ry 21" Ry |1]=
v, 131" Ry, [21" Ry, [2]" Ry, [1] {0 | (ekew = NG)

(]

78



References

[1] M. Hatamian et al. , “Design considerations
for gigabit Ethernet 1000Base-T twisted pair
transceivers , “ Proc 1998 IEEE Custom Integrated
Circuits Conf . ,pp. 335-342 , May 1998.

[2] Kamran Azadet , “Gigabit Ethernet over Unshielded

Twisted Pair Cables ,“ in Proc. Int. Symp . VLSI Technology ,
Systems , and Applications , Taipei, Taiwan , Jun. 1999 , pp. 167-
170 .

[3] Jingyu Huang and Richard R. Spencer “ The Design of Analog

Front Ends for 1000BASE-T Receivers “ IEEE TRANSCATIONS ON
CIRCUITS AND SYSTEMS —Il : ANALOG AND DIGITAL SIGNAL
PROCESSING , VOL. 50 ,NO. 10, OCTOBER 2003

[4] http://www.ieee802.org/3/an/ (Mainly from Vendor : Broadcom)

79



Back slides




Concept of excess bandwidth

From sampling theorem, no info. Is lost
with baud-rate sampling

all sampling phase convey the same
amount of timing information (interpolator)

Excess Bandwidth

Nyqu.
: : : . Nyqu.
freq. . baud ' rate
' . rate :
> freq

1/2T Fc 1/T 2*Fc
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‘ THP coefficients calculate

a(D)

Channel optimal
Precoder TN front end PSD N(f) RX front end mmse FFF
I z2(D)=x(IHh(D)+e(1))
LR BN | | A YD) | =aM2MKD)+e(D)
& Al Hy(t) G ) G(h) [P 3 glD)
mod 2M i C T
| |
E. =E{ Xy |_J; E ks E where {ct.{f }]‘ =Zc:.{1'+m T

L (F )G ()i (F) =11, (1)

: ’ 'D‘:_a{[]'r
NG ) =N ()

CSNR(£12T)=0

o g . I "
PSD 5 }=%|”-] (1 'bi H?q{_‘.\{f}=l__1—"_{ l_II_...{l-}L:I'th

T‘.H'II‘-I cHsg

Decision -pomt SNR for given H , (f), N, (f). T. and precoding response h(D)

= -1
1/21 T . L
SNR. . =|T j ‘h(D=e_-'3m) ASNR @) +1)df | . h@D)=1+h,D’
o

2
mmse ‘
~1/2 #=()

For given SI\JE‘.T;L ()+1., determimne (arg) max SNR ...
: hyhy.o--hy s
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