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Scope

0  Sales pitch
0 Frame format

0 Frame synchronization algorithm and state
machines

0 Mean time to false packet acceptance

IEEE 802.3ah, Edinburgh, May 2002



Motivation

0 Higher line rate in EFM PON causes split
deficiency vs. APON

— Shuts out FTTH market

0 FEC is the cost effective method to meet
reach/split targets maintaining low-cost optics

— Increase splits — when power limited
— Increase distance — when MPN-limited

O Improve Business Case

IEEE 802.3ah, Edinburgh, May 2002
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FEC Compatibility

0 Compatibility with legacy Ethernet format
— Network shared by FEC and non-FEC devices
— FEC coding only for devices requiring it

— Stream of an FEC coded data should be
understood by current non FEC devices without
undue errors

0 Ability to add FEC functionality externally
U

0 Optional and transparent use of FEC

IEEE 802.3ah, Edinburgh, May 2002



Basic Principles of Operation

0 Maintaining the frame structure
— Parity check bytes added at the end of the frame
0 FEC is coded before the 8B/10B code
U
0 Legacy devices observe a normal Ethernet frame

— False Carrier_detect mode of PCS Rx when
parity bytes received (RX_ER is asserted)

IEEE 802.3ah, Edinburgh, May 2002



FEC Layering in P2MP Ethernet

i Higher Layers i
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Encoding

0 Parity check bytes added at the end of the packet

0 All of the packet is encoded including preamble,
address and FCS

0 Shortened last frame — virtual zero padding
O Idles not protected

START| PREAMBLE FCS | PARITY | STOP

9 IEEE 802.3ah, Edinburgh, May 2002



Frame Markers

0 Special start and stop symbols added
0 Symbols are immune to high noise

0 Symbols are actually sequences detectable with a
correlator

0 60 bit long for noise Immunity

START| PREAMBLE FCS | PARITY | STOP

10
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Protection Sequence Selection

0 Sequence is long enough to be detected with very
high probability

0 Sequence can flow through non-FEC PCS
transparently

0 Examples

— /[K28.5/ - comma is in the idle word and is
duplicated many times — remains the same

— /S _fec/ - Start_of Packet - ex: /R/R/K28.5/D5.6/S/

— /T _fec/ - End_of Packet - ex:
[TIR/IK28.5/D21.2/T/R/

11 IEEE 802.3ah, Edinburgh, May 2002
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FEC Rate Adaptation

0 Additional idles inserted in FEC packet reception
Instead of additional data

O In transmission rate adaptation can be achieved
In 2 ways

— Open loop - IPG stretching adapting MAC rate

— Close loop — exporting a signal from PHY to the
reconciliation layer

« CRS or COL lines existing in half duplex mode

IEEE 802.3ah, Edinburgh, May 2002
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Data Flow for FEC Sublayer
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Rx Sync State Machine

power_on=TRUE + mr_main_reset=TRUE +
(signal_detectCHANGE=TRUE *
A 4

mr_loopback=FALSE * PUDI)

LOSS _OF SYNC
Sync_status <= FAIL
rx_even <= Irx_even

(PUDI * signal_detect=FAIL|* SUD|

mr_loopback=FALSE) + (signal_detect=OK + mr_loopback=TRUE) *
PUDI(![/COMMA/]) s PUDI([/COMMA/])

COMMA _DETECTL

rx_even <= TRUE
suDI

PUDI(![/D]]) | lFUD\([/D/])
AQUIRE _SYNC 1
rx_even <= Irx_even PUDI(I[/COMMA/] & O[/INVALID/])
suDI
cgbad |

rx_even=FALSE * PUDI([/COMMA/])
COMMA _DETECTZ

rx_even <= TRUE
suDI

PUDI(![/DI]) | lpum([/n/])
AQUIRE _SYNC_2
x_even <= Irx_even PUDI({[/COMMA/] & O[/INVALID/])
suDI
cgbad |

b x_even=FALSE * PUDI(/COMMA/])
COMMA_DETECTS

rx_even <= TRUE
suDI

PUDI([/D/]) good_cgs =7 * cggood

A 4 i

SYNC_AQUIRED 1

Sync.status <= OK

rx_even <= Irx_even
SuDI

cggood
¥ cggood

SYNC_AQUIRED 2

TX_even <= Irx_even

PUDI(I[/D/])

sup!

good cgs <=0

cgbad | —

TGgo0d 3
SYNC _AQUIRED 3 SYNC _AQUIRED 3A .
TXeven <= i even — cggood
TX_even <= irx_even
suDI sup! good_cgs O7

good_cgs <=0 good_cgs <= good_cgs+1

C)—j cgbad cgbad |

00d_cgs =7 * cggood

T3go0d
SYNC_AQUIRED 4

TX_even <= ITx_even SYNC_AQUIRED 4A cggood *

SuDI TX_even <= X even good_cgs O7
good cgs <=0 supl
Cobad g0od_cgs <= good cgs+i
| m—
cgbad | 00d_cgs =7 * cggood

Tggood

4
UIRED_5

TTx_even

cggood *

SYNC AQUIRED _5A
Tven s good_cgs O7

0od_cgs =7 * cggood

T9900d
UIRED 6
SYNC_AQUIRED_GA cggood *
TR good_cgs O7
]
good_c good cgs+i
cgbs
L9“‘“] ood_cgs =7 * cggood
Tggo0od

UIRED 7

cggood *
good_cgs O7

0d cgs+l

good ¢ 1
SIE | m—
b
L9““’] good_cgs =7
cggood

cggood

A
SYNC_AQUIRED_8

cggood *
good_cgs O7

cgbad —

cgbad

*cggood
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Probability for Lock Errors

0 Acquisition is performed following 3 commas

detection. Acquisition error probability is reduced
from 3e-11 to 3e-3

0 De-acquisition — following 3 sequential bad words

—reduced from (1e-11)"3 to (1e-3)*3 — once every
1sec

0 7 step state machines reduce the probability to
(1e-3)*7 —one in every 31,700 years

IEEE 802.3ah, Edinburgh, May 2002



FEC Rx PCS State Machine Part a

S B S

WAIT_FOR_K

receiving <= FALSE
RX_DV <= FALSE
RX_ER <= FALSE

SUDI([/K28.5/]*EVEN) ¢

RX_K (xmitZDATA *
receiving <= FALSE | SUDI(Q[/D/]*![/D21.5/] * I[/D2.2/])) +
RX_DV <= FALSE (Xmit=DATA *
RX_ER <= FALSE SUDI(I[/D21.5/] * I[/D2.2/]))
SUDI([/D21.5/]+[/D2. 2] I v
RX CB suDI(O[/D) ¥ IDLE_D
— xmitZDATA
receiving <= FALSE receiving <= FALSE
RX_DV <= FALSE RX_DV <= FALSE
RX_ER <= FALSE RX_ER <= FALSE
supiopdn) SUDI(O[/D/ RUDI(I)
1 SUDI(I[/K28.5/]) *
xmit#zDATA SUDI *xmit= DATA *
RX_CC carrier_detect=FALSE
rx_config_Reg<D7:D0> SUDI *xmit= DATA * + SUDI([/K28.51])
<= DECODE([/X]]) carrier_detect=TRUE
suDI(O[/D/
SUD'(D[/t/D I QoD | CARRIER_DETECT
RX_CD receiving <= TRUE
- [/sn correlate(
rx_config_Reg<D15:D8> icorrelate([/R/R/K 28.5/ é [/R/R/K 28.5/D5.6/S/])
<= DECODE([/X1]) D5.6/S/] )* ![/S/]
RUDI(/C/)
| SUDI(![/K28.5/]+pDD) FALSE_CARRIER
. \ A \ 4 RX_ER <= TRUE
SUDI([/K28.5/I"EVEN) RX_INVALID RX<7:0> <= 0000 1110
IF xmit = CONFIGURATION I SUDI[/K28.5/]*EVEN)

THEN RUDI(INVALID)
IF xmit = DATA THEN
receiving <= TRUE

SUDI([/K 28.5/]*EVEN) I
SUDI(I[/K28.5/]*EVEN)

IEEE 802.3ah, Edinburgh, May 2002



FEC Rx PCS State Machi@? Part b

DECODE =8B/10B DECODE START OF PACKET
RS DECODE = FEC DECODE RX DV <= TRUE
RX_ER <= FALSE
RXD<7:0> <= 0101 0101
SUD| |-=
4
RECEIVE
EVEN * I ELSE
check_end= correlate(/T/R/K28.5/ v
D21.2/T/RL RX DATA ERROR
RX ER <= FLASE
save FEC_RX<7:0> <=
A 4 DECODE([/X/]) or /D21.5/
DATA_END gd[/D/] [ SUDI
receiving <= FALSE ‘
RX_DV <= TRUE RX_DATA
RX_ER <= FALSE RX ER <= FLASE
FRAME_NO=0 FEC_RX<7:0> <=
- DECODE([/X/])
I SUDI
subl &
RECEIVE
FRAME_NO=FRAME_NO+1
[/R/IR/K28.5/D21.2/S/] | |_!FRAME_NO=16 *ELSE
EVEN *check_end = RX PAR ERROR
v correlate(/T/IR/K28.5/ RXiER <; FLASE
EARLY _END 21.2/TIR/) PAR_RX<7:0> <=
RX_ER <= TRUE DECODE([/X/]) or /D21.5/
g[/D/] * SUDI -
A 4 !FRAME_NO:lG*
DATA_END
— RX _PAR
receiving <= FALSE
RX_DV <= TRUE RX_ER <= FLASE
RX_ER <= FALSE PAR_RX<7:0> <=
SUDI([/K28.5/]) DECODE(/X/)
ELSE ‘ ' [ suol _
{ & 4
RX DATA_ERROR DECODEfDATSA
RX ER <= FLASE
RX_ER <= TRUE RX<7:0> <= RS _DECODE([/
FEC_RXI/],[/IPAR_RXI/])
FRAME NO=0
[ SUDI
correlate([/R/R/K28.5/D21.2/S/])
IEEE 802.3ah, Edinburgh, May 2002
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PCS RX State Machine

0 Only Frame boundary detection is added to
current PCS Rx State Machine

0 FEC detection is independent and performed
above the current PCS Rx State Machine

IEEE 802.3ah, Edinburgh, May 2002



FEC PCS Transmi

power_on=TRUE +
mr_main_reset=TRUE +
xmitCHANGE=TRUE *
TX_OSET.indicat; *tx_even=FALSE

Machine

19

TX_EN=FALSE
TE_ER=FALSE

rdered set State

Xmit=DATA

TX_TEST_XMIT

transmitting <= FALSE

COL <= FALSE

X_OSET.indicate
l L 2

TX_EN=FALSE *

xmit=IDLE +
(TX_EN=TRUE

TE_ER=FAUSE *

]

TX_EN=TRUE *
TE_ER=TRUE

[ ALIGN_ERR_START |
| ]

TX_OSET.indicatel *

xmit= | |
CONFlGURATlONl I XMIT_data I START_ERROR
I tx_o_set <= /I/ | transmitting <= TRUE
[ conFiGurRATION ] COL <= receiving
| tx_o_set <= /C/ | | tx_o_set <= /S/
_ B
TX_EN=TRYE TX_OSET.indicate

(xmit=DATA *
2 TX—ER=TRUE))‘ TX_OSET.indicate
[ IDLE | A 4
| tx_o_set <= /I/ | START_OF_PACKET
transmitting <= TRUE

TX_EN=FALSE

mit=DATA + TX_OSET.indicate*

*TX_ER=FALSE

TX_DATA

tx_o_set <= VOID(/D/)

COL <=receiving

|X OSET.indicate

L

COL <=

tx_o0_set <= /R/R/I/S/

receiving

TX_OSET.indicate

\ 4
TX_DATA_ERROR

COL <=receiving
tx_o_set <= /V/

TX_PACKE
Parit

T, Genetrate
Bytes

save p

arity (/D/)

TX _EN=TRUE

TX_OSET.indicate

TX_EN=FLASE *
| TE_ER=TRUE

¥ TX EN=FAL

END_OF_PACKET_NOEXT

IF (tx_even=FALSE)
THEN
transmitting <= FALSE
COL <= FALSE
tx_o_set <= /T/

SE+TX_ER=FALSE

TE_ER=FALSE *

TX_OSET.in

v

END_OF_PACKET_EXT

COL <=receiving
tx_o_set <= VOID(/T/)

dicate T
TE_ER=TRUE *

v 4

TX_OSET.indicate
TX_EN=FALSE *

EXTEND_BY_1

TE_ER=TRUE *

TX_OSET.indicate l

D21.2 may bgreplace in
D5 LE

6 fofiD

EPD2_NOEXT

transmitting <= FALSE

tx_o_set <= /R/K28.5/D21.2/

T/R

IF (tx_even=FALSE)
THEN

transmitting <= FALSE
COL <= FALSE
tx_o_set <= /R/

TX_OSET.indicate

A 4
CARRIER_EXTEND

COL <=receiving

TX_OSET.indicate I

TX_OSET.indicate

—

EPD3

tx_o_set <= /R/

TX_OSET.indicate |

tx_o_set <= VOID(/R/)

L

TX_EN=TRUE *
TE_ER=FALSE *
TX_OSET.indicate

TX_EN=FALSE *
TE_ER=FALSE *
TX_OSET.indicate

TX_EN=TRUE *
TE_ER=TRUE *
TX_OSET.indicate

A 4
TX_PARITY_BYTES
transmitting <= TRUE

COL <=receiving
tx_o_set <= parity(/D/)

TX_O

SET.indicate

A 4

END_OF_PARITY_NOEXT

IF (tx_even=FALSE)
THEN
transmitting <= FALSE
COL <= FALSE
tx_o_set <= /T/

TX_

OSETY\ndmalel

EPD2_NOEXT

transmitting <= FALSE

T/R

tx_even=TRUE *

tx_o_set <= /R/K28.5/D21.2/

@

tx_even=FALSE*
TX_OSET.indicate

IEEE 802.3ah, Edinburgh, May 2002



Mean Time to False Packet Acceptance

0 Bit error probability before FEC is Pe=1e-4
0 Bit error probability After FEC is Pcu=1e-12
0 The probability for an FCS error in Ethernet:

32
P, =2 P0dewhl) —14e-2
255 10 (2

0 Most code-words are not 17 bytes distant The
number of 17 bytes neighbors:

NE ) e

R, = (235) o5y - (255] o5y

9
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Mean Time to False Packet Acceptance
— Cont’

0 Total probability of undetected errors for Ethernet
with FEC — 1e-29

0 For 1GE this means an error in 4el6 years

IEEE 802.3ah, Edinburgh, May 2002



Miss detect in Start & Stop Markers

0 Length of correlation sequence — 6 bytes that are
60 bits — detected with bit correlators

O Probability of miss-detect from IDLE pattern

— The minimal distance of a sequence from an IDLE

pattern is 15 bits — 15
P.<|_ |P/=1e-24

C

O Probability of miss-detect from IDLE pattern
— The nearest data sequence Is 6 bits distant -

6
P <£[E ij’zZe—ZS
3

ce (28)6

IEEE 802.3ah, Edinburgh, May 2002
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Conclusion

O O O O

FEC framing compatible with legacy Ethernet
Introduced

Layering proposed above PCS with PCS
extensions

Frame format uses IPG for code words
Low probability of error propagation shown
60 bit patterns used as markers

Two minimally intrusive schemes for MAC
Integration shown

IEEE 802.3ah, Edinburgh, May 2002



