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Motivation

Statistical Analysis of End-to-End RS FEC [1-2]
Statistical Analysis of Concatenated FEC

Modeling Inner-FEC Interleaving in Concatenated FEC
Conclusion
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= We want to confirm post-FEC BERSs in simulation down

to 1015 — 10-2% quickly and accurately . S— —
= Time-Domain Simulation
50Gbps SerDes
» Verifying the post-FEC BERs at these levels using 1E+0 _;gggggz e
time-domain simulations can become prohibitively long —_
g
. . . — 1E-2
» Instead, statistical analysis can be used. To be accurate, @ on avg 1.39#6 hours to observe
the method must capture the statistics of errors = 1randgpfenrorat 1£-15 BER
1E-4

= Bit or symbol error occurrences are correlated; they
sometimes occur in bursts due to DFE error propagation, 1E-6

low-frequency clock jitter, supply noise, etc. 1E+06 1E+08 1E+10 1E+12 1E+14 1E+16 1E+18
Number of Bits Transmitted

= Error statistics strongly affect the performance of FEC
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Concatenated FEC is a popular candidate FEC architecture for 200 Gb/s wireline links

AUI (Attachment Unit Interface) is a MR or VSR link with a DFE that may introduce burst errors

PMD (Physical Media Dependent Layer) can be an optical link dominated by random errors

For 200Gb/s applications, BER in AUI < 10-° and BER in PMD < 1073 [3-4]

A stronger concatenated FEC code is needed for raw BER at 102 level!

No statistical model available for modeling concatenated FEC
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1. Motivation
2. Statistical Analysis of End-to-End RS FEC [1-2]
a. System Overview
PAM-Symbol Trellis Model
Trellis Dynamic Programming
Time-Aggregation Generating FEC-Symbol Trellis
Post-FEC BER Calculation
f. Applications
3. Statistical Analysis of Concatenated FEC
Modeling Inner-FEC Interleaving in Concatenated FEC

5. Conclusion
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: T E = Equalized pulse response a(z) is generated by convolving
;?hT L I : the physical channel’s pulse with the impulse response of
_________T:Ffiff-llgz?_a_ﬁf\_sg_ﬁf;_ﬁjﬁ_s-e_:: ________________________ other components in the link, such as the TX FFE, TX
b >y o[ - [ driver, CTLE and RX FFE
‘~-—--.-..-.-..-:__'.'_.‘_'..'_'_l;'_:______._.i_.::::;—;-_:‘_:'_::'_':'_"_'_"_'_' ::: = Additive white Gaussian noise (AWGN) assumed at CTLE
iy I g KT "™ input, creating correlated noise samples after CTLE
T T “““““ e filtering
S B - '
i__r_ﬁ%f"_;liT_R_f*__j | §' = End-to-end RS KP4 (544,514,15) FEC encodes and
o decodes bit streams in GF(219)
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Prl(i)
= probability of all trellis paths visiting state i at the
kth stage of the trellis having exactly j bit errors

+2 NS
+4 X

6X (t2
v v
10 7 (1 R
X X R
VX &
DT

= Example of a 2-tap DFE represented by a simplified 4-state Markov model

+
X

Steady-State 1t 4PAM 2" 4PAM 3 4PAM 4% 4pAM
I.C. k=1 k=2 k=3 k=4

» Time-unrolling the Markov DFE model to generate PAM-symbol trellis

= Apply trellis dynamic programming to the PAM-symbol trellis to efficiently collect all error patterns
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» Example: 2-tap DFE, 8-bit codeword, 4-PAM, j =1

= Case 1: error at 15t stage

*  Pri(1) = mpP,PaPanPy
*M,023P32P21P 11
730340 42P21P 11
140 44P 42P21P 11

w
]
2
=
IS

Steady-State 15t 4PAM 2" 4PAM
1.C. k:

=
i
w

= Case 2: error at 2"d stage
*  Pri(1)=mPyP:5PaPa

()
150210 13P 2P 21
® 730350230 32P 21
74P 40P 23P 32P 21

&

Steady-State 1% 4PAM 4
1.C. k=1 k=2 k=3 k=4

DesicnCon eza

JAN. 31 - FEB. 2, 2023

WHERE THE CHIP MEETS THE BOARD

-
3
>
=
~N
T e
=
=
w
S
T e
=
=
s
]
>
2

1.C. k=1

=

[
e e s
|}

Steady-State 15 4PAM 2" 4PAM
1.C. k=1 k=
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Case 3: error at 3 stage

Pri(2)= m,P11P13P13P3,
7P 21P11P13P32
*+73P 3P 210 13P 32
74P 40P 21P 13P 32

Case 4: error at 4t stage

Pri(3)= T1P11P11P11P 13
1,010 11P11P 13
3P 35021011013
74P 42P21P11P 13
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Y Pry(D=
Case 1. mP13P3P21P 11+ 7P23P 32P 21P 1130340 420 210 11 ¥ 4P 24P 42P 21P 11+
Case 2:  mP11P13P32P 2110 21P13P32P 21730 320 23P 320 21 ¥ 74P 420 23P 32P 21+
Case 3:  mP11P11P13P321 TP 21P11P13P32F 7120320 21P13P 32T P13P3t
Case 4.  mP11P11P11P13TmP21P11P11P 1317720 32P21P11P 13t P11P13

Assuming each erred 4-PAM symbol contain only 1 bit error, computations are required to repeat
the analysis for Pr2(i), Pri (i), Prst (i)

=  Pre-FEC BER = Y;(Pri (i) + 2Pr? (i) + 3Pr (i) + 4Pr;(i))/8
= Not practical to enumerate all error patterns for a long codeword
»  Some multiplications are performed twice

=  Trellis dynamic programming systematically stores these intermediate results so that the same
multiplication is only performed once
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[g]

i=1- .

i

PAM
Trellis

i=2- -

I+
N

I
L

Py

==

al, i€{0, 1, ..., m/2-1}

i=1-

FEC
Trellis

=2 -

al, i€{1,2, .., m/

al, j€{0, 1, ..., m/2-1

ke FEC
k=kr-m/2

al, {1, 2, ..., m/2} | |

(k1) FEC
k=(ke+1)-m/2

Example above: 1-tap DFE
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Construct a new trellis where each
stage corresponds to an entire FEC
symbol over GF(2™) rather than a
PAM symbol
“Time aggregation” of a Markov model
v" Much shorter “FEC-symbol trellis”

Branch probabilities in the
FEC-symbol trellis can be found by
analysis of the short length-m/2 trellis
above
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FEC Branch Equiv. PAM Paths

a%z=Pr;.ﬂ(2]

_ » The FEC-symbol trellis has a higher
radix if we need to keep track of the

i=2

ke FEC  ke+1™ FEC IC. TTAPAM — o aPAM 34 aPAM number of pl’e-FEC bit errors
k=0 k=3 k=0 k=1 k=2 k=3
a3,=Pri(2)

i=1 o
i=2 e

ket FEC  ke+ 1 FEC
k=0 k=3

i=1 o

3
az

i=z e

ke'" FEC  kr+1™ FEC
k=0 k=3

=  Example:

ai, = Pr%n/z
= probability of going from state 1 (no
error in DFE) to state 2 (error in DFE)
traversing a FEC symbol (duration 3
PAM-4 symbols in this case)
experiencing exactly one bit error

Example above: 1-tap DFE, m = 6
Thus, each FEC symbol is 3 4-PAM symbols
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We wish to find the BER at the output of a FEC decoder operating over GF(2M), m > 1

o e.g. many of the standard wireline codes are Reed Solomon codes of this type

Example: RS(544, 514, 15) KP4 FEC over GF(219)
o Each block is 5440 bits (544 FEC symbols) long

o Can correct up to 15 FEC symbol errors

In FEC-symbol trellis, we use Pr_FEC{:’j” (i) to track the probability of all trellis paths at the
kth stage having exactly j, FEC-symbol errors and j, bit errors

Then, we can calculate the post-FEC BER over a n-symbol codeword

Post — FEC BER = n Jsm/2(5 S Pr_FECI® (1))

nom Ss=t+1 &jp=jg
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PMA Sublayer On-Chip DSP Analog Front End
2:1 bit X[ X %
MUX FIR l/ |
%)
(From Point Xto Y: Case A CaseB\ o) § E
FEC (Main) h 1.56-3 1.5E-2 c |-
ho FFE taps = s e c ol
Encoder h Thl (Post-Cursor) g obE 113,802 T Ol
h20 i G| h-3| 4.6t o =
1 5 | T ...... s 2| ha| 1161 23 O
SE—— ] \h 2F 5.0F
PRBS31 e L5 ho| 1 1
DFETaps §8rh1| a6e1 2461 V
{Post-Cursor) “.S‘E h2 [-1.9e-1 -7.56-2
BERT € rh3 | -1.36-1 1.2E-1
= ha| 1661 8.4E2 A
1 §§ hs | -8.0E-2 -4.9E-2
w@f{ he | 1.6E-2 -2.0E-2
FEC L8| h7 [ 604 1362 2y
~| hs | -8.0E-4 0.0E-0
Decoder ho | 1.46-2 1.1E-2 / V
1:2 bit DFE RX Y ><_
DEMUX hih2 [ FFE AR St
60Gb/s SerDes in Temperature Chamber

Board

Post-FEC BER

Measured and statistical pre-FEC vs post-FEC
BER plot for RS(528, 514, 7) and RS(544, 514, 15)

code
Case A: Theory KR4
% Case A: Measure KR4
1E-02 Case A: Theory KP4
i Case A: Measure KP4
1E-04 Case B: Theory KR4
1E-06 + Case B: Measure KR4
Case B: Theory KP4
1E-08 ¢ Case B: Measure KP4
1E-10
1E-12
1E-14
1E-16
1E-18
1E-9 1E-8 1E-7 1E-6 1E-5 1E4 1E-3 1E-2
Pre-FEC BER
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1E-2
= ° 1E-4
e« 1E-6
w
i=2 8
& 1E-8
IC. 1% FEC 4™ FEC - I No Interleave
k=0 ke=1 ke=4 2 I PPN A IRETITTIN Burst Off
a 1E-10 [ .-~ == - .=+ =1:2Interleave
= T A /_:' - = = = 1:3 Interleave
- ) | _--~ | i — -+ — L4 Interleave
» Analysis of a 1:3 interleaved code of length 1€-12 L X 1:2Simulation
. . Lt Ml + 13 S!mulat!on
n requires analysis of a length-3n 1614 LU 4 1:4simulation
FEC-symbol trellis 1E8  1E7 1E-6  1E5  1E-4  1E3  1E-2
Pre-FEC BER

Pre-FEC vs post-FEC BER plot for interleaved
RS(1000,992,4) codes with

h=0.5+0.2521-0.25z2

» Results confirm the improved burst-error
tolerance offered by interleaving
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Example below corresponds to a 2-tap DFE;
hence, 4-state PAM trellis

» Statistical analysis method allows us to »
identify probability of all error patterns

= 1/(1+D) precoding maps each error pattern to a =2
different error patterns

i=3

......... KP4
1€-2 KP4 MOD4 i
1E-4 o Simulation KP4 MOD4 -
= — —KR4 ez M 1*4PAM 2" 4PAM  374PAM  4"4PAM  5M4PAM 6" 4PAM
e 1E-6 KR4 MOD4 T k=0 k=1 k=2 k=3 k=4 k=5 k=6
w
o * Simulation KR4 MOD4
o 1E-8 - % \\ \ f //
= Precoderinputtk 0 2 3 1 1 0 2
2110 [ _ - - P
cLlE_lz L PrecoderOutputbk 0O 2 1 0 1 3 3
1E-14 | DFE Output dx 03 010 33
1616 LD Error Value dx-bx 01 -11-1 0020
1E-6 1E-5 1E-4 1E-3 1E-2 DecoderOutputy« 0 3 3 1 1 3 2
Pre-FEC BER

DesicnCon eza
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1. Motivation

2. Statistical Analysis of End-to-End RS FEC

3. Statistical Analysis of Concatenated FEC
a. System Overview
b. Trellis Model for Concatenated FEC Codes
c. Modeling Decoding Errors (Miscorrections)
d. Simulation Results

4. Modeling Inner-FEC Interleaving in Concatenated FEC
5. Conclusion
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NOISE

(a b
OUTER FEC )| INNERFEC O 1 channeL | INNERFEC | ouTerFeC
ENCODER (no,ks,ts) ENCODER (n; ki t) DECODER (ni ki ti) DECODER (N, ko,to)
Outer code: strong non-binary linear block
COde At Pointa 120 bits KP4 message bits : KP4 parity bits KP4 overhead
o RS-KP4 (544,514,15) [ Payload 1 | Payload2 | -eeee | Payload 43 | Payload 44 | Payload 45 | Payload 46 | f o overhead
o RS-KR4 (528,514,7) 5140 bits/514 FEC symbols f 300bits/30 FEC symbols
Inner code: weaker binary linear block code aroints s800bits
o Hamming (127,120,1) | Payload 1 I Payload 2 I ----- | Payload AIB:I PayloadMI Payload 45 l?ayload 46.
o Extended Hamming (128,120,1) %1—‘—:\”4 N P Kpaoverhcad 324 bis
o BCH (144,136,1) Ham. codeword 1
Concatenated FEC results in effectively Encoding an outer codeword into inner codewords using a KP4 +

S : : Hamming (128,120,1 tenated FEC
multiplying inner and outer FEC coding gain amming ) concatenate

DesicnCon eza
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1E-02

= With more than one error in an inner-FEC codeword —e—Decoding Error On
that can correct 1 bit error, the inner-FEC decoder may 103 |~ Decoding Emor OFf
decode a codeword incorrectly, introducing an additional
bit error (miscorrection)

1E-04

1E-05

Post-FEC BER

= This is a significant source of error for inner-FEC codes 16-06
having a small Hamming distance
1E-07 AWGN
. 1F-08 No IL
= The Hamming (127,120,1) code can be enhanced by 163 orerC BER 1E-2
adding one additional parity bit: the extended Hamming
(128 120 1) Pre-FEC vs. Post-FEC BER curve for KP4 + BCH

(144,136,1) concatenated FEC with and without
inner-FEC miscorrections

DesicnConeza WM

JAN. 31 - FEB. 2, 2023 #DesignCon 20 @ informamarkets

WHERE THE CHIP MEETS THE BOARD




Pr_O(ko=2, jb={0,1,...,8}, j5={0,1,2}, i={1,2})

I I -‘| 1 Outer-FEC :
=1 ! 1 S
. . | | codeword :
= Builds on trgllls model fgr end-to-end owerrse | 1 |
FEC by adding two additional layers of L (DY, O} !
. . ! !
abstraction to model inner-FEC and i i A — o :
| e = [ !
outer-FEC codeword Sl Hfaieieieieieieiefeieiuieialets i Neleuiuiuiutuieistuiuviai

lalelele] — [alG]

—_—
OH

= Dynamic programming applied at 4
levels of time aggregation:
o PAM-symbol trellis

e—
M5G

T 2
1

£ bpepec b 1 astprec !
1 I'msg | 1 k=1 |

l-_..-J bm ==

I 'y [

o FEC-symbol trellis L i !
FEC-Symbol | : !

o Inner-FEC trellis Trellis | : - !
I of & I

o Outer-FEC trellis S l ! :
poore : g : :z" FEC : I

i Lkt Q- V21 e FECTKR=2, jo={0,1,...4}, j={0,1,2], i={1,2})

* In this example:
o Inner binary FEC code: (10,8,1) PAM-Symbol

Trellis

o Outer non-binary FEC code in GF(2%): (2,1,1)

DesicnCon eza
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T
(=

* PAM-symbol trellis and

1

l P
FEC-symbol Trellis remain the i [cl]o]d] — [El<]

. [ WG o

same as with end-to-end FEC 2| T

1 Lc : 'l”lFEC' '1 1-Frec !

I k=0 | Fmsg 10 k=1 o

- — — l__I_J | S |

S 1ttt

» FEC symbols are aggregated to
find transition probability ‘a;, ’ for N
inner-FEC payload Tells

W
-

1 Outer-FEC Symbol in GF(2%)

o
N

o Biterrors and FEC-symbol errors are
tracked in the payload

» PAM symbols are aggregated to
find transition probability ‘ag,’ for o™
inner-FEC overhead

k=1 ' k=2 |

o Only bit errors are tracked in the
overhead

DesicnConeza W
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» Decoding is applied to each b Okt (0L 80, e(0.1.2), (1.2]
inner-FEC codeword

1 Outer-FEC
codeword

o Correctable trellis paths are assigned 0 bit

QOuter-FEC
errors and 0 FEC-symbol errors Trellis [clc] [clclclal

o Uncorrectable trellis paths keep their bit

errors and FEC-symbol errors I” ko=y I Inner-FEC decoding ko=2

L]
1

(K 11+t o-fc! 2 0-FEC
|

R R i S g

= After decoding, transition
probabilities ‘a,’ are used in the
outer-FEC trellis to reach the end of
an outer-FEC codeword

o
[a]c]d]ed] — [alc]
e

MSG OH

| e
» Post-FEC BER is computed with the
same technique used for the

end-to-end FEC

DesicnConeza W
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_______________________________________________

[}
1 |

* |n this example: :
Outer-FEC |

o Inner binary FEC code: (10,8,1) rells |

[}

o Outer non-binary FEC code in GF(2%): (2,1,1) !

m
’,"
-
3
~

» First inner-FEC codeword contains
one bit error in the payload

o Correctable

= Second inner-FEC codeword contains
one bit error in the payload, and one
in the overhead

o Not Correctable

PAM-Symbol
Trellis

» How many post-FEC bit errors in this
trellis path?

DesicnCon Eza
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* |n this example:
Quter-FEC
o Inner binary FEC code: (10,8,1) Trellis
o Outer non-binary FEC code in GF(2%):(2,1,1)

= First inner-FEC codeword contains
one bit error in the payload

o Correctable

= Second inner-FEC codeword contains
one bit error in the payload, and one
in the overhead

o Not Correctable

PAM-Symbol
Trellis

How many post-FEC bit errors in this
trellis path?

DesicnCon eza
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js=0,j6=0

= |f an inner-FEC codeword is not correctable, ijbonca| COTECtable Jao” i
a miscorrection may occur adding one bit =~ _jsjsioor Miscorrection | ;o
di i jstjponsb]  Impossible | Ao i
error to the codeword
= |f a miscorrection occurs, the additional bit S by N
. Jot]b-0H> . 3 s, )b+l
error may appear in an already corrupted Miscorrection | go”""i-Py
FEC symbol with probability Py P2
_ Miscorrection jstLjort
o No FEC-symbol error added b added |30 i+ Pz

» The additional bit error can also appear in an
error-free FEC symbol with probability P,

o FEC symbol error added

All Possible scenarios for inner-FEC decoding with correctability of 1

» Hybrid approach:
o Probability of miscorrections determined from a short time-domain simulation

o Used during correction (inner-FEC decoding) step of statistical model

DES’GNCONM 17 e ‘- #DesignCon 26 @informamarkets
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» The Hamming (128,120,1) inner-FEC code outperforms BCH (144,136,1)
» Hamming code is also less impacted by decoding errors

1E-02 — 1E-02
. Statistical Model Dec Err On AWGN e Statistical Model Dec Err On AWGN -
= = = Statistical Model Dec Err Off AWGN = = = Statistical Model Dec Err Off AWGN
1E-04 Statistical Model Dec Err On DFE=0.5 1E-04 | = Statistical Model Dec Err On DFE=0.5
= = = Statistical Model Dec Err Off DFE=0.5
®  Time-Domain Model Dec Err On
1E-06 &  Time-Domain Model Dec Err Off 1E-06
. -
@ @
U (¥
W 1E-08 o 1E-08
i g
o [#]
a a
1E-10 1E-10
1E-12 1E-12
1E-14 1E-14
1E-4 1E-3 1E-2 1E-4 1E-3 1E-2
Pre-FEC BER Pre-FEC BER
Simulation results of a KP4 + Hamming (128,120,1) Simulation results of a KP4 + BCH (144,136,1)
Concatenated FEC Concatenated FEC
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Motivation
Statistical Analysis of End-to-End RS FEC
Statistical Analysis of Concatenated FEC
Modeling Inner-FEC Interleaving in Concatenated FEC
a. System Overview
b. Trellis Model for 1:2 interleaving
c. Trellis Model for 1:4 interleaving
d. Simulation Results

5. Conclusion

W
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KP4 encoded

OUTERFEC | (a) [ 1:xPam INNER FEC 1xpam | (D) codeward € ) I_l
: - [ eam e ] d EXT. Ham, | ..
ENCODER (no,ko,to) INTERLEAVER ENCODER (ni,ki,ti) DEINTERLEAVER (a) L] |d-|c€|c!|c?|ci|r:1 ENCODERL |***
KPd encoder—h-lc“m '--"I C;I I C
NOISE — E— EXT. Ham
FEC symbal Cs .m--. ..... I I I I IGIC{IQIC}UP
CHANNEL m 120-bits Hamming msg
symbol
: 4-PAM
€ 1:xPam INNER FEC Lxpam | (d) OUTER FEC T =T symbel
X » > X I b Bk cilch PR I P P A - - - —— .
INTERLEAVER DECODER (n, k1) DEINTERLEAVER DECODER (o, e,to) EXT. Ham. : STeiaTotaTal Y e,
ENCODER Y htshl [ el all Rl il B
S e (= (5 I I I 5 2 N

128-hits Hamming codeword

» Inner-FEC interleaving protects
coding gain in the presence of woan
burst errors S

——

PHY Layer T

= PAM symbols are splitinto S N g B 3 G ) i . B - 05 |-
H 128-bits Hamming codeword

different streams and separately

KP4 encoded

encoded and decoded ) mca —_— codenord C
- EXT. Ham. H — B o ) KP4 decader
* The order of PAM symbols in the N prees . . ooy — _
encoded KP4 codeword is the ETT rotidmeems o ~
symbal

same as the PAM symbols in PHY
Bit-stream example of a KP4 + Hamming (128,120,1) concatenated FEC with

1:2 inner interleaving
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» The same 4-layer trellis model is used for inner-FEC interleaving, with some modifications

= With 1:2 interleaving on inner FEC, consecutive PAM symbols in the PHY layer are distributed to
different inner-FEC codewords

o Probability of miscorrection is minimized in the presence of burst errors

» The FEC-symbol transition probabilities track the number of bit errors in each of the two inner-FEC
codewords simultaneously

1
——— —

I I I (= 1 1 e e 3 5 5 6 5 G G 5 G

D Ham. Codeword 2 (payload)
bit 0 bit 10 bit 20
ke=0 kr=1 kr=2

Order of bit transmission in PHY

Example of PAM-symbol distribution between 1:2 interleaved inner codewords

DesicnCon Eza
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» Every 2 interleaved codewords are now traversed in the Inner-FEC trellis

= Tracking the following errors allows us to decode both interleaved codewords

O

O

O

Number of bit errors in codeword 1
Number of bit errors in codeword 2
Number of FEC symbol errors corrupted by only errors in codeword 1
Number of FEC symbol errors corrupted by only errors in codeword 2

Number of FEC symbol errors corrupted by errors appearing in both codewords

2 Interleaved Inner-FEC Payloads 2 Interleaved Inner-FEC Overheads
——— e —— e, ————— — —_—
D Ham. Codeword 1 (payload) T 21 3 >T~21~51~100 o T o2 o3 ~Tos
talaglala] ----------- |cfca|cafcid] P| Pt | PE) P2 - --- | PR) 5] P2) PEY -----

D Ham. Codeword 2 (payload) : : :

bit 0 bit 240 bit 256
D Parity Bit of Both Codewords ke=0 k=24

ki=0 ki=1

Order of bit transmission in PHY

Example of 1:2 interleaved Hamming(128,120,1) codewords

» Quter-FEC trellis and post-FEC BER calculation are the same as with no interleaving

DesicnCon eza
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= Computational complexity of the statistical model
quickly grows with higher-order interleaving such
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Inner-FEC Trellis Path Probabilities

Error-free Paths

= Considering all these error indices jointly produces
too many different trellis paths to track

. . Paths with correctable
= Correctable inner-FEC trellis paths have exactly errors

one of the following indices that is non-zero: u Paths with uncorrectable

- - . . . . . . - - errors
O Js11 Js21 Js3s Jsa, Js12y Js130 Js14s Vs230 Ds24, Vs34

j5123’ j5124’ jsl34’ j5234’ j51234
» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= Computational complexity of the statistical model
quickly grows with higher-order interleaving such
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Inner-FEC Trellis Path Probabilities

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track
Paths with correctable
errors

= Correctable inner-FEC trellis paths have exactly
one of the following indices that is non-zero:

® Paths with uncorrectable
errors

o !31’js%ast’js4,js%2’jslq’jsl4’j523’j524,js34’
Js123) Js1241 Js134) V52341 Js1234
» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesicnCon eza
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= Computational complexity of the statistical model
quickly grows with higher-order interleaving such
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Inner-FEC Trellis Path Probabilities

Error-free Paths

= Considering all these error indices jointly produces
too many different trellis paths to track

Paths with correctable

= Correctable inner-FEC trellis paths have exactly errors
one of the following indices that is non-zero: u Paths with uncorrectable

- - - - - - errors
. . 154, Js12 Js13 Js141 Js23s Js24, Js3as
Js123) Js1241 Js134) V52341 Js1234
» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= Computational complexity of the statistical model
quickly grows with higher-order interleaving such
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Inner-FEC Trellis Path Probabilities

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track
Paths with correctable
arrors

= Correctable inner-FEC trellis paths have exactly
one of the following indices that is non-zero:

® Paths with uncorrectable
errors

J ’ ! ,js%21j31§1jsl41j3231j324,js34’
Js123) Js1241 Js134) V52341 Js1234
» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesicnCon eza
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= Computational complexity of the statistical model . .
quickly grows with higher-order interleaving such Inner-FEC Trellis Path Probabilities
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track
Paths with correctable

= Correctable inner-FEC trellis paths have exactly errors
one of the following indices that is non-zero: = Paths with uncorrectable

arrors

Js1231 Js1241 Js134r Js2341 Js1234

» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= Computational complexity of the statistical model . .
quickly grows with higher-order interleaving such Inner-FEC Trellis Path Probabilities
as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track
Paths with correctable

= Correctable inner-FEC trellis paths have exactly errors
one of the following indices that is non-zero: = Paths with uncorrectable

arrors

j3123’ j31241 jsl34v j32341 j51234
» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesicnCon eza
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= Computational complexity of the statistical model . .
quickly grows with higher-order interleaving such Inner-FEC Trellis Path Probabilities

as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track
Paths with correctable

= Correctable inner-FEC trellis paths have exactly errors
one of the following indices that is non-zero: u Paths with uncorrectable
arrors
j31234

» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= Computational complexity of the statistical model . .
quickly grows with higher-order interleaving such Inner-FEC Trellis Path Probabilities

as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

= Considering all these error indices jointly produces Error-free Paths
too many different trellis paths to track \
. . hs with correctable
= Correctable inner-FEC trellis paths have exactly :,a:m ‘ “
one of the following indices that is non-zero: u Paths with uncorrectable

errors

Js1234

» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= Computational complexity of the statistical model . .
quickly grows with higher-order interleaving such Inner-FEC Trellis Path Probabilities

as 1:4

o The number of error patterns that must be tracked for 1:x
interleaving : 2¥-1

Error-free Paths

= Considering all these error indices jointly produces

too many different trellis paths to track

. . Paths with tabl
= Correctable inner-FEC trellis paths have exactly Paths with correctable

one of the following indices that is non-zero: = Paths with uncorrectable

arrors

» Instead of tracking all error indices, we partition
the correctable trellis paths into mutually exclusive
cases resulting in much lower computational
complexity

DesiGnConeza |
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= In the presence of burst errors, both Hamming and BCH codes show improvement with
interleaving at low BER

o These plots both have channel with AGWN + 0.5 DFE tap weight

= With the BCH code, higher interleaving results in reaching the error floor at a higher BER
due to inner-FEC miscorrections introducing more FEC symbol errors

1E-02 1E-02

No Inner Interleaving No Inner Interleaving
=12 Interleaving = 1:2 Interleaving
1E-04 | =———1:4Interleaving 1E-04 | =—1:4 Interleaving
% Time-Domain Model % Time-Domain Model
o -5
S 1E-06 Y 1E-06
] ]
i g
8 108 E 1E-08
1E-10 1E-10
1E-12 1E-12
1E-4 1E-3 1E-2
Pre-FEC BER 1E-4 1E-3 1E-2
Pre-FEC BER
Simulation results of a KP4 + Hamming (128,120,1) Simulation results of a KP4 + BCH (144,136,1)
Concatenated FEC with different interleaving schemes Concatenated FEC with different interleaving schemes
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Motivation

Statistical Analysis of End-to-End RS FEC

Statistical Analysis of Concatenated FEC

Modeling Inner-FEC Interleaving in Concatenated FEC
Conclusion

A\ S

DesicnCon Eza
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= We presented a statistical model for concatenated FEC architectures considered for 200+ Gbps
applications

= Using this approach, we can accurately predict post-FEC BER and observe:

o Good correlation between time-domain and statistical model for both BCH(144,136,1) and Hamming(128,120,1) inner FEC codes
o The “error floor” imposed by burst errors

o The impact of inner FEC interleaving on post-FEC BER for 1:2 and 1:4 interleaving schemes.

= The model was validated using a time-domain simulation with DFE error propagation

DesicnCon Eza
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» [ntegrated Systems Laboratory
» Principal Investigator: Prof. Tony Chan Carusone
» jsl.utoronto.ca/

=  tony.chan.carusone@isl.utoronto.ca

*  ming.yang@isl.utoronto.ca

=» richard.barrie@isl.utoronto.ca
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Thank you for attending !

Join us again for Advanced Manufacturing Minneapolis

October 10-11, 2023
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