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SUMMIT

 Information is stored in a NAND flash cell by inducing a certain voltage
to its floating gate.

« To read the stored bit(s), the cell voltage is compared with a set of
threshold voltages and a hard-decision bit is sent out.
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o — 7 Threshold Voltage Distribution with
ashMemory .
Increasing Number of P/E Cycles

. Cell voltages change randomly over time and with memory wear out. So read
voltage is a random variable.

. As the number of P/E cycles increases, the threshold voltage distributions
widen and shift.
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. - Threshold Voltage Distribution with
ashMemory .
Increasing Number of P/E Cycles

. Cell voltages change randomly over time and with memory wear out. So read
voltage is a random variable.

. As the number of P/E cycles increases, the threshold voltage distributions
widen and shift.

No of cells

Voltage

Threshold Voltage Distribution
. Read errors occur when distributions overlap.
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« Linear Block codes: (uq, ...
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 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
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 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code
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RashMemory Error Correction Codes

 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits

« Example:k=4n=7m=3- A(7,4) block code

€1 = U
C2 = Uy
€3 = U3
Cp = Uy

Cg = Uy +Uy; +Ug
C6=UZ+U3+U4
C7=u1+u2+u4

Flash Memory Summit 2016
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 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

€1 = U
C2 = Uy
€3 = U3
Cqa = Uy

Cg = Uy +Uy; +Ug
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RashMemory Error Correction Codes

 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

1 = U

Co=Uu . .
2 e Information bits

C3 = U3

Cyp = Uy

Cg = Uy +Uy; +Ug
C6=UZ+U3+U4
C7=u1+u2+u4
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RashMemory Error Correction Codes

 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

1= U

cCh=UuU . . .
27 Information bits |:> Systematic code

€3 = U3

Cq = Uy
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RashMemory Error Correction Codes

 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

1= U

cCh=UuU . . .
27 Information bits |:> Systematic code

€3 = U3

Cq = Uy

Cg = Uy +Uy; +uUg
Ce = Uz + U3z T Uy } Parity bits

C7=u1+u2+u4
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 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

€1 = U

cCh=UuU . . .
27 Information bits |:> Systematic code

€3 = U3

Cq = Uy

Cs = Uy + Uy + U3 cqt+cy+c3+c5=0

Co = Uz + Uz + Uy } Parity bits |:> Cp+c3tcp+ce=0

C7=u1+u2+u4 C1+C2+C4+C7=O
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 Linear Block codes: (uy, ..., ux) = (cq, ..., cp),n >k

k: Data block size n: Codeword size m = n — k: Number of parity bits
« Example:k=4n=7m=3- A(7,4) block code

€1 = U

cCh=UuU . . .
27 Information bits |:> Systematic code

€3 = U3

Cq = Uy

Cs = Uy + Uy + U3 cqt+cy+c3+c5=0

Co = Uz + Uz + Uy } Parity bits |:> Cp+c3tcp+ce=0

C7=u1+u2+u4 C1+C2+C4+C7=O

Parity check equations

Flash Memory Summit 2016
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FlashMemory Error Correction Codes

(1 =U
€2 = Uy
€3 = U3
Cqa = Uy

C5:u1+u2+U3
C6=u2+U3+u4
C7=u1+u2+U4
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€1 =U
C2 = U
€3 = U3
Cs = Uy
C5=u1+u2+U3
C6=u2+u3+u4
C7=u1+u2+u4
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Flash Memory Summit 2016
Santa Clara, CA

o o= O

o O O

OO O

O R R

_ O

_ O

Generator Matrix

27



\ 4

RashMemory Error Correction Codes

(1 =U
€2 = Uy
€3 = U3
Cqa = Uy

C5=u1+u2+U3
C6=u2+U3+u4
C7=u1+u2+U4
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RashMemory Error Correction Codes

(1 =U
€2 = Uy
€3 = U3
Cqa = Uy
C5=u1+u2+U3
C6=u2+u3+u4
C7 = Uy + Uy + Uy

i t+cy+c3+c5=0
C2+C3+C4+C6=O
C1+C2+C4+C7=0
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RashMemory Error Correction Codes

€L =U

Ezfi‘f 1 0 0 0 1
3 = Us 101 0 0 1
Cq = Uy - ) G- 00 1 0 1
Cs = Uy + Uy T U3 00 0 1 0
Cr = Uy + Uy + Uy - G = [Ixicr Piescn—o]

i t+cy+c3+c5=0

C2+C3+C4+C6=O } :> H =10 1

C1+C2+C4+C7=0

Flash Memory Summit 2016
Santa Clara, CA
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RashMemory Error Correction Codes

€1 =U
C2 = U
€3 = U3
Cs = Uy
C5=u1+u2+U3
C6=u2+u3+u4
C7=u1+u2+u4

i t+cy+c3+c5=0
C2+C3+C4+C6=O
C1+C2+C4+C7=0
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RashMemory Error Correction Codes

€1 =U
gziZZ (1 0 0 0 1 0 1
3778 o1 0 0 1 1 1 :
c4:u4 |:> G = 00 1 0 1 1 0 Generator Matrix
€5 — U1+ Uz T U 000 10 1 1
C6=u2+u3+u4 -
C7 =W+ Uy +Uy - G = :Ikxk; ka(n—k)]
ci+cy+c3+c5=0 1 1 1 0 1 0 O
C+c3+cy+ce=0 \J’ |:> H=|0 1.1 1 0 1 0 Parity-Check Matrix
G +ete,+c,=0 1 1.0 1 0 0 1

H = [P, I ix(n-io |

Flash Memory Summit 2016
Santa Clara, CA 32



\

RashMemory Error Correction Codes

€1 =U
gzi;jz 1 0 0 0 1 0 1
S8 o100 11 1 |
c4:u4 |:> G = 0010 1 1 0 Generator Matrix
€5 — U1+ Uz T U 0001011
C6=u2+u3+u4 -
€7 =Up+Up + Uy - G = :Ikxk;ka(n—k)]
ci+e+c3+cs=0 1 1101 00
C+c3+cy+ce=0 |:> H=|0 1.1 1 0 1 0 Parity-Check Matrix
L 4+cy+cat+c; =0 1 101 0 0 1

H = [P, Iix(n-io |

c =uG = [u,p]
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€1 =U
C2 = U
€3 = U3
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i t+cy+c3+c5=0
C2+C3+C4+C6=O
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RashMemory Error Correction Codes

€1 =U
EZfZZ 100010 1
S8 o100 11 1 |
c4:u4 |:> G = 0010 1 1 0 Generator Matrix
€5 — U1+ Uz T U 00010 1 1
C6=u2+u3+u4
€7 =Up+Up + Uy - G = :Ikxk;ka(n—k)]
ci+cy+c3+c5=0 1 1 1 0 1 0 O
C+c3+cy+ce=0 |:> H=|0 1.1 1 0 1 0 Parity-Check Matrix
G +c+ci+c, =0 1 1.0 10 0 1

H = [P, Iix(n-io |

c =uG = [u,p] cHt =0 GH' =0
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Low-Density Parity-Check (LDPC) Codes
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Tanner Graph Representation of
Block Codes
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"as;me@ry Tanner Graph Representation of
=== Block Codes

Parity-check matrix:

H =

=

1 1.0 1 0 0
1 11 0 1 0
1 01 0 0 1

Flash Memory Summit 2016
Santa Clara, CA
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,,asnﬁemory Tanner Graph Representation of
Block Codes

Parity-check matrix:

H =

_ O =

1 1.0 1 0 0
1 1.1 0 1 O
1 01 0 0 1
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,,asnﬁemory Tanner Graph Representation of

Block Codes
Parity-check matrix: (2]
(%
1 11 0 1 0 O
H=|0 1 1 1 0 1 0 Vs
1 1 01 0 0 1 Vg
. Us
Variable nodes: Left nodes
Vg
vy

Flash Memory Summit 2016
Santa Clara, CA
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,,asnﬁemory Tanner Graph Representation of
Block Codes

Parity-check matrix: (2]
172 Cl
1 11 0 1 0 0
H=|0 1 1 1 0 1 0 Vs
1 1 01 0 0 1 Uy Cy
. Us
Variable nodes: Left nodes
1% C
Check nodes: Right nodes ° ’
vy
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,,asmemory Tanner Graph Representation of
Block Codes

Parity-check matrix: (2]
172 Cl
1 11 0 1 0 0
H=|0 1 1 1 0 1 0 Vs
1 1 01 0 0 1 Uy Cy
. Us
Variable nodes: Left nodes
1% C
Check nodes: Right nodes ° ’
U7

Edges connect variable
nodes and check nodes
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HashMemory | ANNET Graph Representation of
===== " Block Codes

Parity-check matrix: (2]
vZ Cl
1 11 0 1 0 0
H=|0 1 1 1 0 1 0 Vs
1 1 01 0 0 1 Uy Cy
. Us
Variable nodes: Left nodes
1% C
Check nodes: Right nodes ° ’
U7

Edges connect variable
nodes and check nodes

Each edge represents a ‘1’
in the H matrix

Flash Memory Summit 2016
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HashMemory | 21NET Graph Representation of
===== " Block Codes

Parity-check matrix: (2]
(% 1
111 0 1 0 0
H=[0 1 1 1 0 1 0 Vs
11 0 1 0 0 1 Uy Cy
: Us
Variable nodes: Left nodes
% Cc
Check nodes: Right nodes ° ’
v
Edges connect variable !
nodes and check nodes
Each edge represents a ‘1’ Degree of a node is the number
in the H matrix of edges connected to it

Flash Memory Summit 2016
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HashMemory | 21NET Graph Representation of
===== " Block Codes

Parity-check matrix: (2]
v v+ v, v+ =0
1110 1 0 0 2 €1 1 2 3 5
H=[0 1 1 1 0 1 0 Vs
11 0 1 0 0 1 Uy Cy
: Us
Variable nodes: Left nodes
% Cc
Check nodes: Right nodes ° ’
v
Edges connect variable !
nodes and check nodes
Each edge represents a ‘1’ Degree of a node is the number
in the H matrix of edges connected to it

Flash Memory Summit 2016
Santa Clara, CA
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Tanner Graph Representation of

=@ Block Codes

Parity-check matrix:

111 0 1 0 0
H=|]0 1 1 1 0 1 0
1 1.0 1 0 0 1

Variable nodes: Left nodes
Check nodes: Right nodes

Edges connect variable
nodes and check nodes

Each edge represents a ‘1’
in the H matrix

Flash Memory Summit 2016
Santa Clara, CA

Cl: U1+v2+v3+v5:0

Cy . Vy+U3+1,+v5=0

Degree of a node is the number
of edges connected to it
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HashMemory | 21NET Graph Representation of
===== " Block Codes

Parity-check matrix: (2]
Uy C1: V1 +vy,+v3+vs=0
1110100 E
H=[0 1 1 1 0 1 0 Vs
110 1 0 0 1 Uy Copi: Vy+ U3+, +V5=0
: Us
Variable nodes: Left nodes
_ Vg C3 .V +Vy+v,+v;, =0
Check nodes: Right nodes
v
Edges connect variable !
nodes and check nodes
Each edge represents a ‘1’ Degree of a node is the number
in the H matrix of edges connected to it

Flash Memory Summit 2016
Santa Clara, CA
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Tanner Graph Representation of

=@ Block Codes

Parity-check matrix:

1 1.1 0 1 0 0
H=]0 1 1 1 0 1 0
1 1.0 1 0 0 1

Variable nodes: Left nodes
Check nodes: Right nodes

Edges connect variable
nodes and check nodes

Each edge represents a ‘1’
in the H matrix

Flash Memory Summit 2016
Santa Clara, CA

Length-4 Cycle
Uy ¢ Cliv1+v2+v3+v5=O

Cy . Vy+U3+1,+v5=0

Degree of a node is the number
of edges connected to it
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Parity-check matrix:

1110 1 0 0
H=]0 1 1 1 0 1 0
1 1.0 1 0 0 1

Variable nodes: Left nodes
Check nodes: Right nodes

Edges connect variable
nodes and check nodes

Each edge represents a ‘1’
in the H matrix

Flash Memory Summit 2016
Santa Clara, CA

Tanner Graph Representation of
Block Codes

/ Length-6 Cycle

C1: V1 +v,+v3+v5=0

Cz: U2+v3+v4+v6=0

C3:v1+v2+v4+v7=0

Degree of a node is the number
of edges connected to it
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Tanner Graph Representation of

Block Codes

Parity-check matrix:

1110 1 0 0
H=]0 1 1 1 0 1 0
1 1.0 1 0 0 1

Variable nodes: Left nodes
Check nodes: Right nodes

Edges connect variable
nodes and check nodes

Each edge represents a ‘1’
in the H matrix

Flash Memory Summit 2016
Santa Clara, CA

/ A (2, 1) Trapping Set (TS)

(% Cl:v1+U2+U3+v5:O
CZ:U2+173+U4+U6=0
C3:v1+v2+v4+v7=0

Degree of a node is the number
of edges connected to it
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« Linear block codes with low-density parity-check matrices

 Number of nonzeros increases linearly with the block length
(sparseness)

« lterative message passing decoders

 Decoding complexity depends linearly on the number of
nonzeros and on block length

 The generator matrix is constructed from a sparse parity-check
matrix

Flash Memory Summit 2016
Santa Clara, CA 51



Gallager's LDPC Code

The example used by R. G. Gallager:

oy Example:
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FlashMemory QC-LDPC Matrix: Example 1

SUMMIT

nz =3165

Example H Matrix

(2 3 110 142 165
S3><5 = 5 64 96 113 144 c/column degree = 3
7 50 75 116 174_ Sc/circulant size = 211

Flash Memory Summit 2016 N=ScXr = 1055
Santa Clara, CA

r/row degree =5




FlashMemory

SUMMIT
0 T T T
* * * * *
* * * *
L L L * *
- - - - -
Ak - * * *
* * * * *
- - - - -
* * * * *
* * * *
10F * * * * * -
- - LR
- * LR -
* * & *
* & * *
15+ - - L }
* * * * *
* * *
* * - -
L - L - L
20+ * @ * * -
* * * * *
0 5 10 15 20 25 30 35
nz =105
2 r-1
| o o} o}
2 4 2(r-1)
H=|l o o o
c-1 (c-1)2 (c-1)(r-1)
| o o o

Flash Memory Summit 2016
Santa Clara, CA

QC-LDPC Matrix: Example 2

0 01
1 0
o= 1 00
00 .. .1 0

Example H Matrix: Array LDPC code

rrow/ checknode degree =5
¢ column/variable node degree =3
Sc circulant size =7

N=ScXr =35
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 LDPC Encoding and Decoding Methods
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FlashMemory LDPC Encoding

SUMMIT

. For Systematic codes: ¢ = [u, p].

Suppose H = [H,, H,|, where H, is (n — m) x (n — m) and invertible. Then

cHt =0
Hy,
= uH}, + pH;,
pH}, = uH;

p = uH,(H;")

Flash Memory Summit 2016
Santa Clara, CA
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FlashMemory LDPC Encoding

SUMMIT

. For Systematic codes: ¢ = [u, p].

Suppose H = [H,, H,|, where H, is (n — m) x (n — m) and invertible. Then

cHt =0
Hy,
= uH}, + pH;,
pH}, = uH;

p = uH,(H;")

Flash Memory Summit 2016
Santa Clara, CA

57



~ A\

FIaéhMej;ﬁory LDPC _Dec_odi_ng |
(The Bit-Flipping Algorithm), 1/2
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nasnMemory LDPC Decoding |
(The Bit-Flipping Algorithm), 1/2

+ Bit flipping is a hard decision (HD) decoding method
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rlaéhMeﬁlow LDPC Decoding |
(The Bit-Flipping Algorithm), 1/2

+ Bit flipping is a hard decision (HD) decoding method
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rlaghMeﬁlory LDPC Decoding
(The Bit-Flipping Algorithm), 1/2
+ Bit flipping is a hard decision (HD) decoding method

0+0+1=1 0+1+0=1 1+0+0=1

Flash Memory Summit 2016
Santa Clara, CA
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rlaéhMeﬁlow LDPC Decoding |
(The Bit-Flipping Algorithm), 1/2

+ Bit flipping is a hard decision (HD) decoding method

0+0+1=1 0+1+0=1 1+0+0=1

Flip Flip Flip

Flash Memory Summit 2016
Santa Clara, CA
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"as”weﬁm LDPC Decoding
(The Bit-Flipping Algorithm), 1/2
+ Bit flipping is a hard decision (HD) decoding method

0+0+1=1 0+1+0=1 1+0+0=1

n=1 n=2 n=3 n=4 n

=0 =5
Yo to to t1 %o Yo to

Flip Flip Flip Flip Flip
Flip

Flash Memory Summit 2016
Santa Clara, CA
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rlaéhMeﬁlow LDPC Decoding |
(The Bit-Flipping Algorithm), 1/2

+ Bit flipping is a hard decision (HD) decoding method

0+0+1=1 0+1+0=1 1+0+0=1

m=0 m=1 m=2

=0 n=1 n=2 n=3 n=4 n=>5 n==6
Yo to to t1 to Yo to
Flip Flip Flip Flip Flip Flip Flip
Flip
Flip
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Santa Clara, CA

64



rlaghMeIﬁow LDPC Decoding |
(The Bit-Flipping Algorithm), 1/2

+ Bit flipping is a hard decision (HD) decoding method

0+0+1=1 0+1+0=1 1+0+0=1

m=0 m=1 m=2

=0 n=1 n=2 n=3 n=4 n=>5 n==6
Yo to to t1 to Yo to
Flip Flip Flip Flip Flip Flip Flip
Flip
Flip
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rlaéhMeﬁlow LDPC Decoding |
(The Bit-Flipping Algorithm), 2/2

+ Bit flipping is a hard decision (HD) decoding method

Flash Memory Summit 2016
Santa Clara, CA
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rlaghMeﬁlory LDPC Decoding
(The Bit-Flipping Algorithm), 2/2
+ Bit flipping is a hard decision (HD) decoding method

0+0+0=0 0+0+0=0 0+0+0=0

Flash Memory Summit 2016
Santa Clara, CA

67



rlaghMeﬁlory LDPC Decoding
(The Bit-Flipping Algorithm), 2/2
+ Bit flipping is a hard decision (HD) decoding method

0+0+0=0 0+0+0=0 0+0+0=0
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LDPC Decoding

Flas;hMeﬁlory _ . : :
(The Bit-Flipping Algorithm), 2/2

+ Bit flipping is a hard decision (HD) decoding method

Flash Memory Summit 2016
Santa Clara, CA

0+0+0=0 0+0+0=0 0+0+0=0

m=0 m=1 m=2

Stay Stay Stay Stay
Stay

Stay
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FlashMemory

Message Passing Decoding of LDPC

=== Codes, 1/2
check TS > e N
nodes

H= 1001001007 Sy
010010010 sz
001001001 | S3
100001010 | S«
010100001 | Ss
001010100 Ss

V VoVaV VeV VgV
variable check nodes . bit nodes
" —_—
nodes ///’ update update —~

—_— iteraton

» The decoding is successful when all the parity checks are satisfied (i.e. zero).

Flash Memory Summit 2016
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Codes, 2/2

There are four types of LLR messages

Channel Detector
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rlaéhMeIﬁory Message Passing Decoding of LDPC
Codes, 2/2

*  There are four types of LLR messages
o Message from the channel to the n-th bit node, Ln

Channel Detector
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HashMemory VI€SSageE Passing Decoding of LDPC
Codes, 2/2

*  There are four types of LLR messages
o Message from the channel to the n-th bit node, Ln _ _
o Message from n-th bit node to the m-th check node Qrflmor simply Qr(]:%

Channel Detector
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HashMemory VI€SSageE Passing Decoding of LDPC
Codes, 2/2

*  There are four types of LLR messages
o Message from the channel to the n-th bit node, Ln _ _
o Message from n-th bit node to the m-th check node Qrflmor simply Qé:ﬂ

o Message from the m-th check node to the n-th bit node R __or simply R

n=0 n=1 n=2 n=3 n=4 n

Channel Detector
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HashMemory VI€SSageE Passing Decoding of LDPC
Codes, 2/2

*  There are four types of LLR messages
o Message from the channel to the n-th bit node, Ln _ _
o Message from n-th bit node to the m-th check node Qrflmor simply Qé:ﬂ

o Message from the m-th check node to the n-th bit node R __or simply R
o Overall reliability information for n-th bit-node P,

Channel Detector
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HashMemory The Min-Sum Algorithm, 1/3

| SUMMIT

Notation used in the equations
X, is the transmitted bit N,

L, is the initial LLR message for a bit node (also called as variable node) N,
received from channel/detector

P, is the overall LLR message for a bit node N,

X is the decoded bit N (hard decision based on P, ),
[Frequency of P and hard decision update depends on decoding schedule]
M(n) is the set of the neighboring check nodes for variable node N,
N(m) is the set of the neighboring bit nodes for check node M.

For the i" iteration,

Qrgi) is the LLR message from bit node N to check node M

m

R,E:r)] is the LLR message from check node M to bit node N

Flash Memory Summit 2016
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rlashMemory The Min-Sum Algorithm, 2/3

SUMMIT

(A) check node processing: for each mandn € N(m),

Rin = Sk @
AV RO = min Q(il—l) (2)
U0 neN(mjyn| MM

Flash Memory Summit 2016
Santa Clara, CA
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HashMemory The Min-Sum Algorithm, 2/3

| SUMMIT

(A) check node processing: for each mandn € N(m),

Rin = Ok o)
) =‘R(” —  min Q(i'_l) (2)
TP e N(m)vn[ MM

The sign of check node message Rr(r:r)l is defined as

0= T1 son(et) ®
n'eN(m)\n

where 5&',)1 takes value of +1 or -1

Flash Memory Summit 2016
Santa Clara, CA
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FlaShMeniow The Min-Sum Algorithm, 3/3

SUMMIT

(B) Variable-node processing: for each n and me M (n) :

Q=L+ > R @)

m'eM(n)\m

Flash Memory Summit 2016
Santa Clara, CA
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FlashMeihory The Min-Sum Algorithm, 3/3

SUMMIT

(B) Variable-node processing: for each N and me M (n):

Q=L+ > R (4)
m'eM(n)\m

(C) P Update and Hard Decision

P=L+ > RY (5)

meM (n)

Flash Memory Summit 2016
Santa Clara, CA
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rlashMemory The Min-Sum Algorithm, 3/3

(B) Variable-node processing: for each n and me M (n) :

Q=L+ > Rn (4)
m'eM(n)\m
(C) P Update and Hard Decision
P=L+ > RO ®
meM (n)

A hard decision is taken where 8 =0 if P, >0,and % =1if P, <0.

Flash Memory Summit 2016
Santa Clara, CA
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HashMemory The Min-Sum Algorithm, 3/3

| SUMMIT

(B) Variable-node processing: for each n and me M (n) :

Q=L+ > R @)

m'eM(n)\m

(C) P Update and Hard Decision
P=L+ > RY (5)

meM (n)

A hard decision is taken where X =0 if P, >0,and & =1if P, <0,

If )?n H' =0, the decoding process is finished with )?n as the decoder output;
otherwise, repeat steps (A) to (C).

Flash Memory Summit 2016
Santa Clara, CA
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HashMemory The Min-Sum Algorithm, 3/3

| SUMMIT

(B) Variable-node processing: for each N and me M (n):

QW L+ZR (4)

meM

(C) P Update and Hard Decision
P=L+ > RY (5)
meM (n)

A hard decision is taken where & =0 if P, >0,and & =1if P, <0.

If X H T =0, the decoding process is finished with X_ as the decoder output;

otherwise, repeat steps (A) to (C).
If the decoding process doesn’t end within some maximum iteration, stop and
output error message.

Flash Memory Summit 2016
Santa Clara, CA
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HashMemory The Min-Sum Algorithm, 3/3

| SUMMIT

(B) Variable-node processing: for each N and me M (n) :

L+ZR (4)

meM

(C) P Update and Hard Decision
R=l+ > RO ®
meM (n)

A hard decision is taken where 8 =0 if P, >20,and % =1if P, <0.

If X H T=0,the decoding process is finished with Xn as the decoder output;

otherwise, repeat steps (A) to (C).

If the decoding process doesn’t end within some maximum iteration, stop and
output error message.

Scaling or offset can be applied on R messages and/or Q messages for better
performance.

Flash Memory Summit 2016
Santa Clara, CA
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FlashMemory The Min-Sum Algorithm, 3/3

| SUMMIT

(B) Variable-node processing: for each N and me M (n):

Qu=L+ > Ru )

m'eM(n)\m

(C) P Update and Hard Decision
P=L+ > RO (5)
meM (n)
A hard decision is taken where 8 =0 if P, >20,and % =1if P, <0.

If X H T =0,the decoding process is finished with X_ as the decoder output;
otherwise, repeat steps (A) to (C).
If the decoding process doesn’t end within some maximum iteration, stop and

output error message.
Scaling or offset can be applied on R messages and/or Q messages for better

performance.
The Min-Sum algorithm can be used in both hard-decision (HD) and soft-decision (SD) modes. In HD mode, LLRs have
same magnitude with lower bit resolution

Flash Memory Summit 2016
Santa Clara, CA
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SUMMIT
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rlai-Meihory LDPC Decoding Example, 1/3

UvViviIT

m=0 m=1 m=2

Flash Memory Summit 2016
Santa Clara, CA



rlai-Meihory LDPC Decoding Example, 1/3

UvViviIT

m=0 m=1 m=2
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FlashMemory | DPC Decoding Example, 1/3

SUMMIT

Variable node M=0 m=1 m=2
processing:
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FlashMemory | DPC Decoding Example, 1/3

SUMMIT

Variable node M=0 m=1 m=2
processing:

Check node
processing:

n=0 n=1 n=2 n=3 n=4 n=>5 n=6

f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2

Flash Memory Summit 2016
Santa Clara, CA
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rlaory LDPC Decoding Example, 1/3

Variable node M=0 m=1 m=2
processing:

Check node m=0 m=1 m=2
processing:

n=0 n=1 n=2 n=3 n=4 n=>5 =6

tis Ao tes ottt

Flash Memory Summit 2016
Santa Clara, CA

P and HD
update:

m=0

m=1

n=0 n=1 n=2 n=3 n=4 n=5 n=6
?+3 ¢+9 ¢+5 f77 ¢+3 f+8 ?+2
—4 +6 +2 +1 -3 +1 -5
\ J

|

P
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rlaory LDPC Decoding Example, 1/3

Variable node M=0 m=1 m=2 PandHD M=0 m=1 m=2
processing: update:

n=0 n=1 n=2 n=3 n=4 n=>5 n==6 n=0 n=1 n=2 n=3 n=4 n=>5 n==6

?+3 ¢+9 ¢+5 ¢77 ¢+3 ?+8 ?+2 ?+3 ¢+9 ¢+5 ¢77 ¢+3 f+8 ?+2

—4 +6 +2 +1 -3 +1 -5

Check node m=0 m=1 m=2 \ Y }

processing:

P

n=0 n=1 n=2 n=3 n=4 n=>5 n=6 \1 0 0 0 1 0 1}
f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2 Y
HD
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SUMMIT

Variable node M=0 m=1 m=2
processing:
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FlashMemory | DPC Decoding Example, 2/3

SUMMIT

Variable node M=0 m=1 m=2
processing:

Check node
processing:

n=0 n=1 n=2 n=3 n=4 n=>5 n=6

f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2

Flash Memory Summit 2016
Santa Clara, CA

94



\ 4

rlaory LDPC Decoding Example, 2/3

Variable node M=0 m=1 m=2

PandHD M=0 m=1 m =2
processing:

update:

n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=0 n=1 n=2 n=3 n=4 n=5 n=6

?+3 ¢+9 ¢+5 ¢77 ¢+3 ?+8 ?+2 ?+3 ¢+9 ¢+5 ¢77 ¢+3 f+8 ?+2

-1 +6 +4 +1 +2 +7 +1

Check node m =0 m=1 m=2 \ }

processing:

n=0 n=1 n=2 n=3 n=4 n=>5 =6

n=
f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2
Flash Memory Summit 2016
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FlashMemory

Variable node M=0

processing:

Check node
processing:

n=0 n=1 n=2 n=3 n=4 n=>5 =6

tis Ao tes ottt

Flash Memory Summit 2016
Santa Clara, CA

LDPC Decoding Example, 2/3

PandHD M=0

update:

m=1

n=0 n=1 n=2 n=3 n=4 n=>5 n=6
?+3 ¢+9 ¢+5 ¢77 ¢+3 ?+8 ?+2
-1 +6 +4 +1 +2 +7 +1
\ J
|
P
1 0 0 0 0 0 0
\ J
|
HD
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FlashMemory | DPC Decoding Example, 3/3

SUMMIT

Variable node M=0 m=1 m=2
processing:
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FlashMemory | DPC Decoding Example, 3/3

SUMMIT

Variable node M=0 m=1 m=2
processing:

Check node
processing:

n=0 n=1 n=2 n=3 n=4 n=>5 n=6

f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2

Flash Memory Summit 2016
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rlaory LDPC Decoding Example, 3/3

Variable node M=0 m=1 m=2

PandHD M=0 m=1 m =2
processing:

update:

n=0 n=1 n=2 n=3 n=4 n=5 n=6 n=0 n=1 n=2 n=3 n=4 n=5 n=6

?+3 ¢+9 ¢+5 ¢77 ¢+3 ?+8 ?+2 ?+3 ¢+9 ¢+5 ¢77 ¢+3 f+8 ?+2

+1 +7 +3 +1 +1 +7 +1

Check node m =0 m=1 m=2 \ }

processing:

n=0 n=1 n=2 n=3 n=4 n=>5 =6

n=
f+3 ¢+9 f+5 f—7 ¢+3 f+8 f+2
Flash Memory Summit 2016
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[ SUMMIT |

Variable node M=0

processing:

n=0 n=1 n=2 n=3 n=4 n=>5 n==6

?+3 ¢+9 ¢+5 f77 ¢+3 ?+8 ?+2
Check node m =0 m=1 m=2
processing:

n=1

t 4o

n=2

s

Flash Memory Summit 2016
Santa Clara, CA

LDPC Decoding Example, 3/3

PandHD M=0

update:

m=1

n=0

n=1

n=2

n=3 n=4 n=>5 n==6

?+3 ¢+9 ¢+5 ¢77 ¢+3 ?+8 ?+2

+1 +7 +3 +1 +1 +7 +1

\ J
|
P

0 0 0 0 0 0 0

\ J
|
HD
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« Decoder Architectures for LDPC Codes

Flash Memory Summit 2016
Santa Clara, CA
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RashMemory Decoder Architectures

« Parallelization is good-but comes at a steep cost for LDPC decoders.

* Fully Parallel Architecture:

- All the check updates in one clock cycle and all the bit updates in one more
clock cycle.
- Huge Hardware resources and routing congestion.

« Serial Architecture:
- Check updates and bit updates in a serial fashion.
- Huge memory requirement. Memory in critical path.
- Very low throughput

Flash Memory Summit 2016
Santa Clara, CA

102



RashMemory  Semi-parallel Architectures

« Check updates and bit updates using several units.

« Partitioned memory by imposing structure on H matrix.
» Practical solution for most of the applications.

« There are several semi-parallel architectures proposed.

« Complexity differs based on architecture and scheduling.

Flash Memory Summit 2016
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mashMemory |_ayered Decoder Architecture

SUMMIT

» Optimized Layered Decoding with algorithm transformations for reduced memory and computations

R @ =0,P, =1, [ Initialization for each new received data frame |
Vi=12,...,tmax [ Iteration loop ]
vi=12,...,j [ Layer loop ]
vn=12,...,k [ Block column loop ]
~N1S(ln)
[Ql,nm] = [Pn]s(l'n) - l (=1) (Qnew = Prew — Rold)

i ~qS(Lnr) ,
Rl,n(l) =f ([Ql,n/(l)] ),Vn = 1'2""’dCl -1
(Rnew = f(Qnew) = R_Select(FS, Qsign))

nSn)
[p,]5Cm) = [Ql,n(l)] "

P,ew IS then computed by applying delta shift on P

+ Rl,n(i) v (P =0Qo1d + Rnew)

* (Q and R messages are computed for each p x p block of H where p is the parallelization
f(-) is the check node processing unit

S(1,n") is the upward (right) shift for block row (layer) [ and block column n’

d., is the degree of layer [

Flash Memory Summit 2016
Santa Clara, CA
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SUMMIT

Block Serial Layered Decoder

Architecture with On-the-Fly Computation

HD (1 bit)
HD °
MEMORY > Q
P SuM SUBTRACTER
LLR ADDER ARRAY ARRAY
—»
Q QOoLD _ P | | cviuc |PNEW + -
MEMORY > > SHIFTER o
A ROLD
RNEW QNEW
SCALING/ | .
OFFseT [
FS NEW
CNU o FS > RNEW
ARRAY > MEMORY ™ seecT
FS oL
.| asiGN ™ RoOLD
> MEMORY > SELECT

See [8, P1-P6] and references therein for more

details on features and implementation.

Flash Memory Summit 2016
Santa Clara, CA

Proposed for irregular H matrices

Goal: minimize memory and re-computations by employing
just in-time scheduling

Advantages compared to other architectures:

1) Q (or L/P/Q) memory can be used to store L/Q/P
instead of 3 separate memories- memory is managed
at circulant level as at any time for a given circulant we
need only L or Q or P.

2) Only one shifter.
3) Value-reuse is effectively used for both Rnew and Rold

4) Low complexity data path design-with no redundant
data path operations.

5) Low complexity CNU design.

6) Out-of-order processing at both layer and circulant
level for all the processing steps such as Rnew and PS
processing to eliminate the pipeline and memory
access stall cycles.
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AashMemory Data Flow Diagram

FIG. 6B
CNUPS oz
CNUFS w2
R SELECTION| | |

PUPDATE Wz EESEREEERESEEEEEREEEE
Q UPDATE 0000000 R

] PREVIOUSLAYER WZZZ CURRENT LAYER HHHH NEXT LAYER

R Selection for R NEW operates out of order to
feed the data for PS processing of the next layer.

Flash Memory Summit 2016
Santa Clara, CA
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lllustration for out-of-order

processing

a 2 3 4 5 6 7 8 9 10 (11 |12 |13 |14 |15 |16 |17 |18 |19 |20 [21 [22 |23
1 2 4 7 9
21 | 22 23 24 25 26 27 | 28 30

31 |32 33 |34 35 36 37 | 38 39 | 40
41 42 43 | 44 45 46 a7 48 49 | 50
51 52 |53 54 55 56 57 59 | 60
61 |62 63 64 65 66 67 | 68 69 |70
71 [ 73 74 |75 76 |l 79 80
Rate 2/3 code. 8 Layers, 24 block columns. dv, column weight varies from 2 to 6. dc, row weight is 10 for all

the layers.

Non-zero circulants are numbered from 1 to 80. No layer re-ordering in processing. Out-of-order processing
for Rnew. Out-of-order processing for Partial state processing.

llustration for 2nd iteration with focus on PS processing of 2nd layer.

Rold processing is based on the circulantorder 11 16 17 18 20 12 13 14 15 19 andis
indicated in green.

Rnew is based on the circulant order 72 77 78 58 29 3 5 6 8 10 and is indicated in blue.

Q memory, HD memory access addresses are based on the block column index to which the green
circulants are connected to.

Q sign memory access address is based on green circulant number.

Superscript indicates the clock cycle number counted from 1 at the beginning of layer 2 processing.

Flash Memory Summit 2016
Santa Clara, CA
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FlasnMemory

Selection

20 |21 |22 |23

21 26 27 |28
Sl EF 33 |34 35 36 37 |38 39 |40
a1 42 a3 |44 45 6 47 48 49 |50
51 52 |53 54 55 56 57 59 | 60
61 |62 63 64 65 66 67 | 68 69 |70
71 [ 73 74 |75 76 |l 79 80

Normal practice is to compute Rnew messages for each layer after CNU PS processing.

Here the execution of R new messages of each layer is decoupled from the execution of corresponding layer's CNU
PS processing. Rather than simply generating Rnew messages per layer, they are computed on basis of circulant
dependencies.

R selection is out-of-order so that it can feed the data required for the PS processing of the second layer. For
instance Rnew messages for circulant 29 which belong to layer 3 are not generated immediately after layer 3 CNU
PS processing .

Rather, Rnew for circulant 29 is computed when PS processing of circulant 20 is done as circulant 29 is a dependent
circulant of circulant of 20.

Similarly, Rnew for circulant 72 is computed when PS processing of circulant 11 is done as circulant 72 is a
dependent circulant of circulant of 11.

Here the instruction/computation is computed at precise moment when the result is needed!!!

Flash Memory Summit 2016

Santa Clara, CA

Out-of-order layer processing for R
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FlasnMemory

Out-of-order block processing for

S Partial State
0 [1 J2 [3 [4 [5 |6 |7 [8 [9 [10 11 [12 [13 |14 [15 |16 [17 |18 |19 |20 [21 |22 [23
1 |2 4 7 9
2 |22 23 24 25 26 27 |28 30
Sl EF 33 |34 35 36 37 |38 39 |40
a1 42 a3 |44 45 6 47 48 49 |50
51 52 |53 54 55 56 57 59 | 60
61 |62 63 64 65 66 67 | 68 69 |70
71 [ 73 74 |75 76 |l 79 80

» Re-ordering of block processing . While processing layer 2, the blocks which depend on layer 1
will be processed last to allow for the pipeline latency.

* In the above example, the pipeline latency can be 5.

» The vector pipeline depth is 5. So no stall cycles are needed while processing the layer 2 due to
the pipelining. In other implementations, the stall cycles are introduced — which will effectively
reduce the throughput by a huge margin.

* The operations in one layer are sequenced such that the block that has dependent data available

for the longest time is processed first.

Flash Memory Summit 2016
Santa Clara, CA
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RashMemory \lemory organization

Q memory width is equal to circulant size * 8 bits and depth is number of block columns.
«  HD memory width is equal to circulant size * 1 bits and depth is number of block columns.

«  Qsign memory width is equal to circulant size * 1 bits and depth is number of non-zero
circulants in H-matrix.

* FS memory width is equal to circulant size * (15 bits (= 4 bits for Min1 + 4 bits for Min2 index
+ 1 bit + 6 bits for Minl index).

« FS memory access is expensive and number of accesses can be reduced with scheduling.

*  For the case of decoder for regular mother matrices (no 0 blocks and no OOP): FS access is
needed one time for Rold for each layer; is needed one time for R new for each layer.

»  For the case of decoder for irregular mother matrices: FS access is needed one time for
Rold for each layer; is needed one time for R new for each non-zero circulant in each layer.

Flash Memory Summit 2016
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===~ Design Specification

Requirements

- Throughput in bits per sec.
- BER

- Latency

« BER would dictate Number of Iterations and degree profile (check node degrees and
variable node degrees).

« Circulant Size (Sc)
*  Number of Circulants processed in one clock (NSc)
*  Number of bits processed per clock = Throughput/clock frequency
« Sc*NSc = Nb * Iterations * Average Variable Node degree
- Sc is usually set to less than 128 for smaller router.

Flash Memory Summit 2016
Santa Clara, CA 111



N
1N

Y|

FashMemory References

SUMMIT

1.

no

o0k W

~

Y. Cai, E. F. Haratsch, et al., “Threshold Voltage Distribution in MLC NAND Flash Memory:
Characterization, Analysis, and Modeling,” Proceedings of the Conference on Design, Automation and Test
in Europe. EDA Consortium, 2013.

R. Tanner, “A recursive approach to low-complexity codes,” IEEE Trans. on info. Theory, 27.5, pp. 533-
547,1981.

R. G. Gallager, “Low density parity check codes,” IRE Trans. Info. Theory, IT-8:21-28, Jan 1962.
R. G. Gallager, Low-Density Parity-Check Codes. Cambridge, MA: MIT Press, 1963.
W. Ryan and S. Lin, Channel codes: classical and modern, Cambridge University Press, 2009.

Levine, et. al.,, “Implementation of near Shannon limit error-correcting codes using reconfigurable
hardware,” IEEE Field-Programmable Custom Computing Machine, 2000.

E. Yeo, “VLSI architectures for iterative decoders in magnetic recording channels,” IEEE Trans. Magnetics,
vol. 37, no.2, pp. 748-55, March 2001.

K. K. Gunnam, “LDPC Decoding: VLSI Architectures and Implementations,” Flash Memory Summit, 2013.

Some of these slides are used from other references with permission.

Flash Memory Summit 2016
Santa Clara, CA

112



RashMemory References

Several features presented in this tutorial are covered by the following
patents by Texas A&M University System (TAMUS):

[P1] U.S. Patent 8359522, Low density parity check decoder for regular LDPC codes.
[P2] U.S. Patent 8418023, Low density parity check decoder for irregular LDPC codes.
[P3] U.S. Patent 8555140, Low density parity check decoder for irregular LDPC codes.
[P4] U.S. Patent 8656250,Low density parity check decoder for regular LDPC codes.
[P5] U.S. Patent 9112530, Low density parity check decoder.

[P6] U.S. Patent 20150311917, Low density parity check decoder.

Some of these slides are used from other references with permission.
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