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ObjectivesObjectives
FEC to provide additional gainFEC to provide additional gain

–– BER objective of  10BER objective of  10--1212 or better on broader set of channels (green/gray)or better on broader set of channels (green/gray)
–– Achieve 10Achieve 10--1212 in a 10in a 10--77 channel with error propagation as discussed in channel with error propagation as discussed in 

szczepanek_05_0505.pdfszczepanek_05_0505.pdf
–– Meet Mean Time to False Packet Acceptance (MTTFPA) requirements Meet Mean Time to False Packet Acceptance (MTTFPA) requirements 

for 10GbEfor 10GbE

Minimum changes to existing Minimum changes to existing sublayerssublayers
–– Locate between PCS & PMA and be compatible with existing PCS Locate between PCS & PMA and be compatible with existing PCS 

(clause 49) & PMA (clause 51)(clause 49) & PMA (clause 51)
–– No  increase in baud rate or decrease in payload rateNo  increase in baud rate or decrease in payload rate
–– Low overhead (latency/area/power)Low overhead (latency/area/power)

Leverage previous work presented to the 802.3ap task force Leverage previous work presented to the 802.3ap task force 
–– FEC proposal made by Szczepanek in Mar FEC proposal made by Szczepanek in Mar ’’05 interim (Reference: 05 interim (Reference: 

szczepanek_01_0305.pdf)szczepanek_01_0305.pdf)
–– Error Propagation results by Belogolovy & Szczepanek in May Error Propagation results by Belogolovy & Szczepanek in May ’’05 interim 05 interim 

(Reference: szczepanek_05_0505.pdf)(Reference: szczepanek_05_0505.pdf)

Negotiate FEC capability through ANNegotiate FEC capability through AN
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OverviewOverview

Main parameters of PHY proposalMain parameters of PHY proposal
FEC code descriptionFEC code description
Performance and comparisonPerformance and comparison
FramingFraming
FEC FEC sublayersublayer synchronizationsynchronization
AutoAuto--NegotiationNegotiation
ImplementationImplementation
ConclusionsConclusions
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Parameters of PHY proposalParameters of PHY proposal

Binary burst error correction code (2112, 2080)Binary burst error correction code (2112, 2080)
Modulation: BPSK{+1,Modulation: BPSK{+1,--1} (NRZ)1} (NRZ)
Equalization: from 802.3ap D2.0 specEqualization: from 802.3ap D2.0 spec
Symbol rate: 10.3125GSymbol rate: 10.3125G
Compression and usage of 32 sync bits from Compression and usage of 32 sync bits from 
64B/66B blocks64B/66B blocks
Compatibility with Clause 49 & Clause 51 (use of Compatibility with Clause 49 & Clause 51 (use of 
1616--bit data path as in XSBI)bit data path as in XSBI)
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FEC descriptionFEC description
QC(2112, 2080) burst error correction code isQC(2112, 2080) burst error correction code is аа shortened shortened 
cyclic code with 32 redundant bitscyclic code with 32 redundant bits
Generator polynomial Generator polynomial 

–– g(xg(x)=x)=x3232+x+x2323+x+x2121+x+x1111+x+x22+1+1

For (2112, 2080) codeFor (2112, 2080) code
–– encoder: systematic, represented by LFSR of length 32encoder: systematic, represented by LFSR of length 32
–– decoder: decoder: MeggittMeggitt decoder for shortened cyclic codesdecoder for shortened cyclic codes
–– detector: syndrome calculationdetector: syndrome calculation
–– Performance: able to correct error burst of length up to 16  (bPerformance: able to correct error burst of length up to 16  (based ased 

on simulations)on simulations)

PNPN--2112 bit sequence2112 bit sequence
–– Generated by scrambler polynomial from Clause 49 Generated by scrambler polynomial from Clause 49 r(xr(x)= x)= x5858+x+x3939+1 +1 

with initial state of xwith initial state of x5757=1 and x=1 and xii--11=x=xii(XOR)(XOR)1 or binary 1010101 or binary 101010……..
–– For every codeword PNFor every codeword PN--2112 sequence is returned to its initial state2112 sequence is returned to its initial state
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Gains of FECGains of FEC

Considering bit error rate, FEC with 32 redundant bits Considering bit error rate, FEC with 32 redundant bits 
give:give:

–– 2dB coding gain at BER=102dB coding gain at BER=10--88, 2.5dB gain at BER=10, 2.5dB gain at BER=10--1212

–– BER goes from ~ 10BER goes from ~ 10--77 to 10to 10--1212 with same SNRwith same SNR
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Codes comparisonCodes comparison
Codes with 32 parity check bits were Codes with 32 parity check bits were 
comparedcompared

–– QC(2112,2080), binary burst error QC(2112,2080), binary burst error 
correction code with correction code with MeggittMeggitt decoderdecoder

–– RS(255,251) over GF(2RS(255,251) over GF(288) with ) with 
BerlekampBerlekamp decoderdecoder

Coding gain of binary code is betterCoding gain of binary code is better
–– For the same coding gain (or better) For the same coding gain (or better) 

RS codes should have 40 redundant RS codes should have 40 redundant 
bits bits 

–– RS over GF(2RS over GF(21010) with 2 parity check ) with 2 parity check 
symbolssymbols

Implementation of Implementation of MeggittMeggitt decoder is decoder is 
significantly simpler than significantly simpler than BerlekampBerlekamp
decoderdecoder
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FEC Gain Vs SNR for test channelsFEC Gain Vs SNR for test channels
Gain of 2.5dB allows Gain of 2.5dB allows 
channels listed in the graph channels listed in the graph 
to meet the target SNR of to meet the target SNR of 
17dB17dB

SNR difference between SNR difference between 
worst and best case worst and best case 
channels is ~5dBchannels is ~5dB

In relative terms 2.5dB gain In relative terms 2.5dB gain 
provides ~50% provides ~50% 
improvement for worst improvement for worst 
case channelscase channels

Reference: slide from healey_01_0505.pdf

Target SNR 17dB 
for BER 10-12
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FEC functional block FEC functional block 
Relationship to PCS/PMA Relationship to PCS/PMA sublayerssublayers

ENCODEENCODE

SCRAMBLESCRAMBLE

QC(2112,2080) encodeQC(2112,2080) encode

BLOCK SYNCBLOCK SYNC

QC(2112,2080) decode and block syncQC(2112,2080) decode and block sync

DESCRAMBLEDESCRAMBLE

DECODEDECODE

PMA SUBLAYERPMA SUBLAYER

PCS PCS 
transmittransmit

PCS PCS 
receivereceive

MDIMDI

PMA service PMA service 
interfaceinterface

XGMIIXGMII

PCSPCS
Clause 49Clause 49

PMAPMA
Clause 51Clause 51

GEARBOXGEARBOX BER & SYNC BER & SYNC 
HEADER MONITORHEADER MONITOR

CRCCRC--8 INSERT8 INSERT CRCCRC--8 REMOVE8 REMOVE

-- All from Clause 49, Figure 49All from Clause 49, Figure 49--44

-- New blocksNew blocks

FEC FEC 
modulesmodules

XSBIXSBI
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FEC modules FEC modules sublayersublayer
Transparent to PCS and PMA (clauses 49 & 51)Transparent to PCS and PMA (clauses 49 & 51)

–– 1616--bit input and 16bit input and 16--bit output interfacebit output interface
–– Operates on 64b/66b block boundariesOperates on 64b/66b block boundaries

Uses Quasi Cyclic QC(2112, 2080) burst error correction Uses Quasi Cyclic QC(2112, 2080) burst error correction 
code code 

–– For 32 parity check bits 1 of the 2 sync bits from 32 64B/66B For 32 parity check bits 1 of the 2 sync bits from 32 64B/66B 
blocks is used blocks is used 

–– Encoding latency is 32 bitsEncoding latency is 32 bits

Establishes synchronization at FEC block boundaries (32 Establishes synchronization at FEC block boundaries (32 
64B/66B blocks)64B/66B blocks)

–– Scrambling with PNScrambling with PN--2112 sequence is necessary to maintain DC 2112 sequence is necessary to maintain DC 
balance and to ensure FEC block sync (any shift in code word is balance and to ensure FEC block sync (any shift in code word is 
not equal to another)not equal to another)

Provides 2.5dB energy gainProvides 2.5dB energy gain
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FEC Block FormatFEC Block Format

Payload words carry the 10GBASEPayload words carry the 10GBASE--R scrambled payload wordsR scrambled payload words
TnTn = = TranscodeTranscode bit carries the state of the 10GBASEbit carries the state of the 10GBASE--R sync bits for the R sync bits for the 

associated payload wordassociated payload word
–– Sync bits are compressed toSync bits are compressed to аа single bit then scrambled to ensure DC balancesingle bit then scrambled to ensure DC balance
––64b/66b sync bits are either 10 or 01 hence can be reconstructed64b/66b sync bits are either 10 or 01 hence can be reconstructed from the T bitfrom the T bit
–– Synchronization is achieved at FEC block levelSynchronization is achieved at FEC block level

Block has the same overhead as 64B/66B encodingBlock has the same overhead as 64B/66B encoding

TT00 64 Bit Payload Word 064 Bit Payload Word 0 TT11 64 Bit Payload Word 164 Bit Payload Word 1 TT22 64 Bit Payload Word 264 Bit Payload Word 2 TT33 64 Bit Payload Word 364 Bit Payload Word 3

TT44 64 Bit Payload Word 464 Bit Payload Word 4 TT55 64 Bit Payload Word 564 Bit Payload Word 5 TT66 64 Bit Payload Word 664 Bit Payload Word 6 TT77 64 Bit Payload Word 764 Bit Payload Word 7

TT88 64 Bit Payload Word 864 Bit Payload Word 8 TT99 64 Bit Payload Word 964 Bit Payload Word 9 TT1010 64 Bit Payload Word 1064 Bit Payload Word 10 TT1111 64 Bit Payload Word 1164 Bit Payload Word 11

TT1212 64 Bit Payload Word 1264 Bit Payload Word 12 TT1313 64 Bit Payload Word 1364 Bit Payload Word 13 TT1414 64 Bit Payload Word 1464 Bit Payload Word 14 TT1515 64 Bit Payload Word 1564 Bit Payload Word 15

TT1616 64 Bit Payload Word 1664 Bit Payload Word 16 TT1717 64 Bit Payload Word 1764 Bit Payload Word 17 TT1818 64 Bit Payload Word 1864 Bit Payload Word 18 TT1919 64 Bit Payload Word 1964 Bit Payload Word 19

TT2020 64 Bit Payload Word 2064 Bit Payload Word 20 TT2121 64 Bit Payload Word 2164 Bit Payload Word 21 TT2222 64 Bit Payload Word 2264 Bit Payload Word 22 TT2323 64 Bit Payload Word 2364 Bit Payload Word 23

TT2424 64 Bit Payload Word 2464 Bit Payload Word 24 TT2525 64 Bit Payload Word 2564 Bit Payload Word 25 TT2626 64 Bit Payload Word 2664 Bit Payload Word 26 TT2727 64 Bit Payload Word 2764 Bit Payload Word 27

TT2828 64 Bit Payload Word 2864 Bit Payload Word 28 TT2929 64 Bit Payload Word 2964 Bit Payload Word 29 TT3030 64 Bit Payload Word 3064 Bit Payload Word 30 TT3131 64 Bit Payload Word 3164 Bit Payload Word 31

32 parity bits32 parity bits
Total Block length = (32 x 65) + 32 = 2112 bits 
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QC(2112,2080) encodingQC(2112,2080) encoding
Input bit Input bit 
streamstream

LFSR with LFSR with g(xg(x), streaming ), streaming 
32 parity bits calculation32 parity bits calculation

66B blocks 66B blocks 
countercounter

Output bit Output bit 
streamstream

•• Output is streamingOutput is streaming
•• Operation latency is 2 16Operation latency is 2 16--bit blocksbit blocks

QC(2112,2080) QC(2112,2080) 
encodeencode

Input: 16Input: 16--bit blocksbit blocks

Remove everyRemove every
6666--th bit th bit 

Output: 16Output: 16--bit blocksbit blocks

PNPN--2112 generator 2112 generator r(xr(x))
(generates or stores bit (generates or stores bit 
sequence of length 2112)sequence of length 2112)

XORXOR
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QC(2112,2080) decodingQC(2112,2080) decoding
Input bit Input bit 
streamstream

MeggittMeggitt decoder (2112 bits) decoder (2112 bits) 

66B blocks 66B blocks 
countercounter

Output bit Output bit 
streamstream

QC(2112,2080) QC(2112,2080) 
decodedecode

Input: 16Input: 16--bit blocksbit blocks

ReconstructReconstruct
everyevery
6565--th and th and 
6666--th bit:th bit:

Output: 16Output: 16--bit blocksbit blocks

PNPN--2112 generator 2112 generator r(xr(x))
(generates or stores bit (generates or stores bit 
sequence of length 2112)sequence of length 2112)

XORXOR

10 10 –– if x[65]==1if x[65]==1
01 01 –– if x[65]==0if x[65]==0
00 00 –– detection error (optional)detection error (optional)
11 11 –– decoding error (optional)decoding error (optional)

•• Output is streamingOutput is streaming
•• Operation latency is 132 16Operation latency is 132 16--bit blocks (approx 200ns at 10.3125G) bit blocks (approx 200ns at 10.3125G) 

Operation mode flagOperation mode flag
(from initialization)(from initialization)
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Decoding & Error CorrectionDecoding & Error Correction
After the entire codeword After the entire codeword 
is in bufferis in buffer the decoder the decoder 
knows if there were errorsknows if there were errors

To correct errors the To correct errors the 
decoder should delay 1decoder should delay 1stst

input bit until the entire input bit until the entire 
codeword is received codeword is received 
(plus delay for correction)(plus delay for correction)

After processing the After processing the 
decoder knows if there decoder knows if there 
was an unrecoverable was an unrecoverable 
error and can indicate it.error and can indicate it.

DecoderDecoder
Input bit Input bit 
streamstream

Output bit Output bit 
streamstream

decoding errordecoding error

bitstreambitstream

Output bitsOutput bits

Input bitsInput bits11
11

Decoding errorDecoding error
timetime

PossiblePossible
Detection errorDetection error

timetime

Decoding and Error CorrectionDecoding and Error Correction

FEC parity FEC parity 
bits mismatchbits mismatch
informationinformation

21122112
21122112

1616--bit blocksbit blocks
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Use conventional Use conventional n/mn/m serial serial 
locking techniqueslocking techniques
Similar to 64B/66B word sync Similar to 64B/66B word sync 
State MachineState Machine
Requires up to 2112 bit shifts to Requires up to 2112 bit shifts to 
establish synchronizationestablish synchronization
Uses error detection properties Uses error detection properties 
of QC(2112,2080) decoder and of QC(2112,2080) decoder and 
PNPN--2112 sequence for frame 2112 sequence for frame 
delineationdelineation
Wrong synchronization Wrong synchronization 
probability is lower than 10probability is lower than 10--88

Loss of sync is reported if parity Loss of sync is reported if parity 
check failed for m >= 8 check failed for m >= 8 
consecutive framesconsecutive frames

Sync is reported if parity check Sync is reported if parity check 
passed for n >= 2 consecutive passed for n >= 2 consecutive 
framesframes

QC(2112,2080) decodeQC(2112,2080) decode

Input bit Input bit 
streamstream

Block sync bufferBlock sync buffer

2112 bits2112 bits

Decoding successful? Decoding successful? 

YesYes

Load next input bitLoad next input bit
and shift sync buffer, and shift sync buffer, 
increase shift counterincrease shift counter

Synchronization Synchronization 
has been establishedhas been established

Number of shifts >2112?Number of shifts >2112?
NoNo

Synchronization Synchronization 
error, bad channel error, bad channel 

YesYes

Number of shifts >2112?Number of shifts >2112?

YesYes

NoNo

FEC FEC sublayersublayer
synchronizationsynchronization

N>=2N>=2 M>=8M>=8
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Block synchronization Block synchronization 
algorithmalgorithm
1.1. Test a candidate block start positionTest a candidate block start position

–– FEC decoder decodes block (or evaluates parity) for FEC decoder decodes block (or evaluates parity) for 
potential blockpotential block
–– If it fails shifts candidate start one bit position and tries agIf it fails shifts candidate start one bit position and tries againain

2.2. Valid potential block start position has good parity for Valid potential block start position has good parity for 
““nn”” consecutive blocksconsecutive blocks

–– If any fails shift candidate start one bit position and start agIf any fails shift candidate start one bit position and start againain

3.3. Block Sync is establishedBlock Sync is established
4.4. If If ““mm”” consecutive blocks are received with bad consecutive blocks are received with bad 

parity, drop Block Sync and restart again at 1parity, drop Block Sync and restart again at 1
5.5. If If ““nn”” consecutive blocks are received with good consecutive blocks are received with good 

parity, report parity, report ““Block SyncBlock Sync””
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Transmit bits orderingTransmit bits ordering

QC(2112,2080) encodeQC(2112,2080) encode QC(2112,2080) decode and block syncQC(2112,2080) decode and block syncFEC FEC 
modulesmodules

tx_datatx_data--group<0>(PMA)group<0>(PMA)tx_datatx_data--group<15>(PMA)group<15>(PMA)

66B blocks66B blocks66B blocks66B blocks Sync headersSync headers

112233445566……

11

tx_datatx_data--group<0>(PMA)group<0>(PMA)tx_datatx_data--group<15>(PMA)group<15>(PMA)

55

……

44……2229 29 …… 66

……

3030131131132132

32 QC(2112,2080) parity check bits32 QC(2112,2080) parity check bits
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AutoAuto--negotiationnegotiation
Parameters that should be negotiated during ANParameters that should be negotiated during AN

–– Enable FEC  (Yes/No)Enable FEC  (Yes/No)
–– Affects transmit bits ordering and receive decodingAffects transmit bits ordering and receive decoding
–– No additional Latency when FEC is disabledNo additional Latency when FEC is disabled

Parameters may be defined in RXParameters may be defined in RX
–– Return additional info in 64B/66B sync bits in Decoding mode (YeReturn additional info in 64B/66B sync bits in Decoding mode (Yes/No)s/No)

–– Affects 64B/66B decoder compatibilityAffects 64B/66B decoder compatibility
–– Configuration through Management register in Clause 45 (1.150.3)Configuration through Management register in Clause 45 (1.150.3)

Make changes to Clause 73.6 to include FEC capability bitsMake changes to Clause 73.6 to include FEC capability bits
–– Bit F0 [D46] to indicate FEC enabled for 10GBASEBit F0 [D46] to indicate FEC enabled for 10GBASE--KR PHYKR PHY
–– Make corresponding changes to Clause 45 Tech Ability field regisMake corresponding changes to Clause 45 Tech Ability field registersters
–– 10GBASE10GBASE--KR control register (1.150.2) to indicate FEC enabled for PHYKR control register (1.150.2) to indicate FEC enabled for PHY



Communication and Interconnect Technology Lab

802.3ap FEC Proposal                         IEEE802.3ap Interim Meeting Nashua NH, Sep 2005                Page 21

FEC ImplementationFEC Implementation

QC(2112, 2080) encoder:QC(2112, 2080) encoder:
–– systematic code, no intrinsic latencysystematic code, no intrinsic latency
–– encoded via single LSR of length 32encoded via single LSR of length 32

QC(2112, 2080) decoder:QC(2112, 2080) decoder:
–– allows decoding with only 1 codeword latencyallows decoding with only 1 codeword latency
–– uses 3 uses 3 LFSRsLFSRs for decoding, requires less than 5K for decoding, requires less than 5K 

gates in consecutive implementation, power and gates in consecutive implementation, power and 
gate count tradegate count trade--offs are possible. Other offs are possible. Other 
implementations possible implementations possible 
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FEC Implementation FEC Implementation 
complexity estimatecomplexity estimate
Block code protected frames can be corrected using simple error Block code protected frames can be corrected using simple error 
trappingtrapping..

–– Parallel implementations are practical and efficient at 10G dataParallel implementations are practical and efficient at 10G data ratesrates

Area will be comparable to that of a CEIArea will be comparable to that of a CEI--P implementationP implementation
–– Polynomial is longer, but synchronization is much easierPolynomial is longer, but synchronization is much easier
–– See szczepanek_01_0305.pdf for CEISee szczepanek_01_0305.pdf for CEI--P detailsP details

–– Total Rx/Total Rx/TxTx ~= 14K gates + 64x33 dual port RAM @ 312.5Mhz ~= 14K gates + 64x33 dual port RAM @ 312.5Mhz 
Operation LatencyOperation Latency

–– 2112+  bits of latency (~ 200ns during normal operation)2112+  bits of latency (~ 200ns during normal operation)
Sync timeSync time

–– ~450us worst case during Loss of Sync or Link Start up ~450us worst case during Loss of Sync or Link Start up 
–– To parse at all 2112 possible FEC block startsTo parse at all 2112 possible FEC block starts

–– Parallel Implementations will reduce sync latencyParallel Implementations will reduce sync latency



Communication and Interconnect Technology Lab

802.3ap FEC Proposal                         IEEE802.3ap Interim Meeting Nashua NH, Sep 2005                Page 23

ConclusionsConclusions
QC(2112, 2080) allows: QC(2112, 2080) allows: 

–– to have 2.5 dB TX energy gainto have 2.5 dB TX energy gain
–– the BER to go from ~10the BER to go from ~10--88 to 10to 10--1212 or better with same SNRor better with same SNR

Low latencyLow latency
–– Encoder latency is 32 bitsEncoder latency is 32 bits
–– Decoder latency is 2112+ bits (approx 200ns at 10G)Decoder latency is 2112+ bits (approx 200ns at 10G)

Synchronization establishingSynchronization establishing
–– 2112 bits block shifts2112 bits block shifts will find lost sync, continuous sync monitoring will find lost sync, continuous sync monitoring 

during normal operation modeduring normal operation mode
–– Required only at link start or in case of loss of connectionRequired only at link start or in case of loss of connection
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ProposalProposal

Include Forward Error Correction (FEC) Include Forward Error Correction (FEC) 
for 10GBASEfor 10GBASE--KR PHYKR PHY
––FEC FEC sublayersublayer between PCS & PMA (similar between PCS & PMA (similar 

to WIS and compatible to clause 49 & 51)to WIS and compatible to clause 49 & 51)
Use QC(2112,2080) code for FECUse QC(2112,2080) code for FEC
Changes to AutoChanges to Auto--negotiation to advertise negotiation to advertise 
FEC Enabled in PHYFEC Enabled in PHY
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