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Heterogeneity in Networks
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Heterogeneity in Networks

Coding

Media file:

Server

Application layer

U

Divide & Schedule

4 4

Client

Application layer

Media
player

il

Combine

Pi-1234567891011 12131415 Decoded gy, r—d>th

packets —

(1-2/4)-1/3>0
(1-2/5)-1/3>0
-2/6)-1/4

,,,,,,, - | ACK(6) |(1-2/7)-0/1>0
s IS ACK(7) | (1-3/8)=0/1>0
- eo0o0 NACK(8)
fb-fec @000 .| NACK(9)
fee 0000 f[;:(;(B)
,,,,,, sEREE | | NACK(10)
. BEmmEE Ps P9 | ACK(11)
fb-fec _ @00000 [ . . NACK(12)
000 ACK(13) |(1-6/15)-0/1>0
fb-fec 00 | NACK(16)|(1-7/16) —1/2 <0
fec 1 S I | FEC(4) |(1-8/17)-1/3

P14 P15




Mesh networks

A. Cohen, D. Malak, V. B. Bracha and M. Médard, IEEE Transactions on Communications, 2020

Singlepath hop by hop protocols : rtt = 12 [Slots], Number of paths = 4

[ Theoretical Capacity
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Coded adaptive feedback can outperform

hop by hop or end-to-end coded approaches
= Delay sensitivity d(p)
= p = 1: only throughput matters
= p =< onlyin order delay matters
= Other sensitivities for other applications
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Using Feedback

7.00
6.00

5.00
4.00
3.00
2.00
1.00

Turn off HARQ and traditional ARQ, turn on RLNC

Throughput

0.00
Baseline HAI.D_—AII.Q MIC-Bast
H54 OAM 1/2 at 13 dB 10z
M54 OAM 2/3 at 17 dB 5.26 2.B6 133 5.99
54 OAM 3/4 at 1B dB 513 318 132 5.09
M 64 OAM 5/6 at 20 dB 411 3.66 3493 5.87
25000
A00.00
. 350.00
Network Coding 200.00
" Encoding
) A A A g @ zmm
200.00
BS 150.00
100.00
200 i
0.00
Baseline HARC-ARC, | MC-Baest
- M54 OAM 1/2 at 13 dB B3.75 210.18 408.37 7401
— Y -y e — time, 54 OAM 2/3 at 17 dB 7B.BE 150.03 315.82 70.03
Decoding ~% 654 OAM 3/ at 1BdB | 11684 13363 333.71 702
Hea0AMS/6at20d8 | 141.99 164 68 13934 7606

S. Teerapittayanon, Fouli, K., Médard, M., Montpetit, M.-J., Shi, X., Seskar, |., and Gosain, A., MACOM 2012.

File transfer delay
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Error Correction

To enable recovery of the original data, all systems use error-correcting codes
Input of k bits is turned into n bits, resulting in n-k redundant bits
The rate of the code is R=k/n, as there are k bits of information per each n bits
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 When the data is read back or received decoding occurs
« Soft information improves accuracy but typically with extra complexity



Existing Paradigm: Co-design of Codes & Decoders

Distinct software or hardware algorithm required to

decode each code type.

Requires standardization to ensure all devices
have a decoder for the code being used.

i
~ LDPC - 1960s
CA-Polar — 2010s

E.g: 5G technology mandates two
types of codes be used.

Decoder Code
Majority Logic - RM
Berlekamp-Massey <&— BCH
CA-SCL — CA-Polar
No decoder RLC

Block

Convolutional

“Modern”

Rateless

Network Codes




Universal Decoding
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GRAND™ enable optimally accurate decoding of an enormous class of codes in an algorithm
proven to be efficient implementation in software or hardware.




Guessing Random Additive Noise Decoding

Channel output is input plus noise

Standard decoder: identify X" using structure of code-book
GRAND: identify N" using structure of the noise yp-mitispect

p=0.01, Target BLER=0.01 7 p=0.001, Target BLER=0.001

Inputs: code-book membership test, Y”
Output: ¢*", @
d—0, @« 0.
while ¢ = 0 do
z" «— next most likely noise effect
Q—Q+1
if Y7 < z"isin the code-book then
cH Yn o ZNn

d«—1

return ¢, @

end if

end while

0.95

06l = =Capacity C: i
L = = Capacity
nverse -
055 —RCU achievability —_ ggnl}eaz:sr:evabmty
. = =DT achievability 0.55 = =DT achievability
@ ?by GRAND @ ?by GRAND
T

05 ‘ ‘ ‘ ‘ ‘ |
60 70 80 nge Ieng:f?on 110 120 130 60 70 80 90 100 110 120 130
' Code length, n

GRAND - hard detection
ORBGRAND - relative reliability soft info
Other variants

GRAND Duffy, Li & Medard, IEEE ISIT, 18; IEEE Trans Inf Theory, 19. GRAND-MO An, Medard, Duffy, IEEE Trans Commun, 22.
SRGRAND Duffy & Medard, IEEE ISIT, 19; Duffy, Medard & An, IEEE Trans Commun, 21. ORBGRAND Duffy, Médard, An, IEEE Trans.

Signal Proc., 21. SGRAND Solomon, Duffy & Medard, IEEE ICC, 20.



Decoding with Soft Information
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ORBGRAND in Hardware

higher . . . -~
31 02 | ; ~ lower _ throughput - Riaz, Yasar, Ercan, An, Ngo, Galligan, Médard, Duffy, Yazicigil, [EEE ISSCC, 23.
Fo! 8] BN i) Synthesized designs
= A o better 2 3
— 144X . energy [l 3]
e; 6] 41 - efficiency
— [4] ISk Node: 65nm  7nm
-C_) 101 ] I Phef 4.6X 1 Target FER: 107 1078
(- " T —— o
(D) PR 1 7X 3 \;4x [3] “ Fabricated designs —
Q 18x | & e Thiswork [4]  [5] 6] T —
>\ : ‘ —— ; [ ORBGRAN‘D [l ] —
c) . : ] * * . * ‘ Chip 18 v
— 0 : ; \ Node: 40nm  40nm 28nm 40nm TSFRGA = ORBGRAND’
®1O - e e amn --T T M - e ] _ ) ) 5 e Chip
- 3 This - Target FER: 107 1077 10° 10 N.R.
LL S ;work i Reference This Work [2] [3] [4] [5] [6]
o \ Sythesis/Fabricated Fabricated Synthesis Synthesis | Fabricated | Fabricated | Fabricated
L L : L Technology (nm) 40 65 7 40 28 40
0 1 2 CA-Polar/CRC CA-Polar BCH
1 O 1 0 1 O Code (Universal) (Universal) (Universal) Polar Polar Polar
Algorithm ORBGRAND ORBGRAND | ORBGRAND SCL SCL RNN-BP
ThroughPUt (GbpS) Code Length Up to 256 128 127 Up to 1024 1024 Up to 256
Supply (V) 1.0 0.9 0.5 0.9 1.05 0.9
Quantization (bits) 6 5 N.R. 6 6 5
Chip implemented in TSMC Frequency (MHz) 90 454 616 430 413 225
40 nm CMOS operating at 90 Core Area (mm?) 0.4 225 5.16 0.64 0.59 0.18
H . 5 7 -7 6 5 5
- MHz clock frequency using a Target FER 10 10 10 10 10 10 NR.
inal | Power (mW) 4.8 4.9 133 277.6 42.8 101.4 12.8
1V nominal power supply Energy per bit (pJbit) | 1.14 | 0.76 257 3.52 132 1095 136
Latency (ns) 61.3 40.0 2.47 40.6 N.R. 1100 310
Throughput (Gbps) 43 6.5 51.8 78.85 3.25 0.93 0.82




Does Performance Depend on Code?

Coffey, Goodman, IEEE Trans. Infio™
Theory, 90

Koopman,
https://users.ece.cmu.edu/~koopmif F
/crc/ CRCs @

m

Cohen, D’Oliveira, Duffy, Woo,

BLER

CA-SCL L=16, CA-Polar [128,116]
ORBGRAND, CAPOLAR [128,116]
—— ORBGRAND, RLC [128,116]
—e— ORBGRAND 0x813, CRC [128,116]
ORBGRAND, AES ECB [128,116]

—=— ORBGRAND, PAC [128,116]
1 1 1 1

. -3 L
Médard, IEEE Coms Letters 23 10
Arikan, arXiv, 2019, PAC codes

104 F
10°®
-1
0.3
--—-ORBGRAND CRC [64,52]
—-—-ORBGRAND CRC [128,116]
0.25 || =~~~ ORBGRAND CRC [256,244] P

—-—-ORBGRAND PAC [64,52]
—-—-ORBGRAND PAC [128,116]
—-—-ORBGRAND PAC [256,244]

é 0.2 [-|—-—- ORBGRAND RLC [128,116]
a -ORBGRAND RLC [256,244]
< ORBGRAND RLC [512,500]
:: 015 = Geometric approximation, n-k=12
2
o
[e)
A 04
0.05

0 1

Performance and complexity
with ORBGRAND for different
codes depends on (n,k)

8 10
log2(Query number)

12

Papadopoulou, Hashemipour-Nazari, Balatsoukas-Stimming, SiPS 2021.

ORBGRAND, CAPOLAR [128,112]
—8— ORBGRAND, RLC [128,112]
—6— ORBGRAND 0x9eb2, CRC [128,112]
—s— ORBGRAND, AES-IPCTR [128,112]
—=—ORBGRAND, PAC [128,112]
—=— ORBGRAND, POLAR [128,112]
L L

FER

1 2 3 4 5

Eb/NO

100

101

1072

10~3

1074

—l— GA-aided (ORBGRAND)
—&— Random (ORBGRAND) \
- — = MC Bound \

T I il

2 3 4
E,/Ny dB

-5 |
10 0 1


https://users.ece.cmu.edu/~koopman/crc/
https://users.ece.cmu.edu/~koopman/crc/

Confident Decoding — Forney 1968

Can you determine the likelihood a decoding is correct?

For Forney’s approach, need at least two decodings for approximation. p(C*’n \Yn)

For GRAND:

Galligan, Medard, Duffy, CISS, 23

Galligan, Yuan, Medard, Duffy, Arxiv 2023

Only GRAND
provides this
reliability
estimate

BLER

Forney, IEEE Trans. Info. Theory, 68.

Prob. decoding correct =

Do DY)

Prob. noise effect found

Prob noise effect found + prob incorrect found

1

0.8

0.6
0.4
Forney, L = 2, 2 dB
Forney, L = 2, 4 dB
0.2

Forney, L = 4, 2 dB
Forney, L = 4, 4 dB
—o— ORBGRAND, L = 1, 2 dB
—x— ORBGRAND, L =1, 4 dB

0 0.2 0.4 0.6 0.8
Predicted block error probability

list-BLER

1

0.8

0.6 [~

0.4

0.2

—6— RLC, L =2,2dB
—o— RLC, L =4, 2dB
—=— RLC, L = 2,4 dB
—x— RLC, L =4,4dB
-©- eBCH, L =2,2dB
- eBCH, L =4,2dB
- eBCH, L =2,4dB
- eBCH, L =4,4dB

[
X x O

|
0.4 0.6 0.8 1
Predicted list error probability



Reliability - Product Codes to Outperform 5G LDPCs

GRAND as —o— (484,169) 5G LDPC, Inax = 50 —o— (625,225) 5G LDPC, Imax =50
—o— (484,169) 5G LDPC, Imax = 50, norm min-sum —©— (625,225) 5G LDPC, Inax = 58’ norm min-sum
component decoder 4 Duffy, L = 4, I = 20, p" = 0999, = 0.5 B G
e (484, 169) 3G LDPC, Imax = 50 - o- o ‘(]15;5_2275)m;)((}_LDP7Cp Toas 5(;a o
Uq | U2 | U3z | P1| P2 - O (484,169) 5G LDPC, Jnax = 50, norm min-sum o~ (625,225) 5G LDPC, Ijax = 50, norm min-sum
100 - D“f‘fy’ Lmax - 4, max - 20,p —‘0'999’ o 05] o~ Duffy, Liay = 4, Inay = 20,p* = 1,0 = 0.5
Ug | Us | Ug | P3 | P4 & - St Duffy, Limax = 4, Imax = 20, p* = 0.999, a = 0.5
B ] 10 T T T T T =
uz | Ug | Ug | P5 | P ¥ l - :
10~ 16 - Y S |
P7 | P9 |P11|P13|P15 i . =
- — B 3 +\\\\\ ~ o VN |
P8 |P10(P12|P14|P16 102 |- . 4 102k e Y e
- 1 - ®\\ S = N -
i ] 0 U |
Long, low-rate codes are mac@ = NS |, 1070 == =
H - a R 4 = I S N @ ]
from short, high-rate codes. = - = 1 2 i RN ]
. B N N —4 | L .
- Single component decoder f < 1 = =
; = s - RS §
for reduced footprint. - f A
. . . B 10~° = \\\\\ \\® )
 Allow parallelization with i T z S
multiple decoders for 1077 - S NN, &N
reduced latency. - e B
Galligan, Médard, Duffy, CISS 2023 6 | | | | | S | | | | | | ]
Riaz, Médard, Duffy, Yazicigil, COMSNETS 202¥ o 0.5 1 15 2 2.5 3 1077, 05 1 15 2 25 3
Galligan, Solomon, Riaz, Médard, Yazicigil, Duffy, Globecom 2021 Ey /Ny in dB Ey/No in dB

Hager, Pfister, IEEE Trans. Commun., 18. Justesen IEEE Trans. Commun., 11. Al-Dweik, Sharif, IEEE Trans. Commun., 09. P.

Elias, Trans. IRE Prof. Group Inf. Theory, 54



BLER / BER

Revisiting Old Codes with GRAND

(1024, 441) 5G LDPC, norm min-sum, o = 50
(1024, 441) 5G LDPC, i = 50
(32,21)? eBCH, ORBGRAND, I = 20
5G LDPC, norm min-sum, BER
5G LDPC, BER
ORBGRAND, BER

&
_e_
49;
—_ @_
— e,
109 £
10! E
1072
1073
10-1
107°% =
10—6 -
-7
U

0 0.5 1 1.5 2 2.5
E, /Ny in dB

BLER

100

10—1

Ey/No in dB

—o— (1024, 640) 5G LDPC, Iax = 50

—O— (1024, 640) GLDPC, ORBGRAND, In.x = 20

E ~ \ \ E
i | | | |
0 1 2 3



Pi-12345678910111213 1415
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6 000
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8 [ fb-fec wom
9 nues P3.P4.P5
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11] L)
12 B8
13| 0000
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15| fec 0000
16 SEERE
17, RIS Ps P9
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21|fec )
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23 0000
2 R
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27
28| P14.P1s5

Decoded

Feedback __ r—d>th
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ACK(1) | (1-0/1)-0/1>0
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NACK(3)
NACK(4)
ACK(5)
FEC(2)
ACK(6)
ACK(7)
NACK(8)
NACK(9)
FEC(3)
NACK(10)
ACK(11
NACK(12)
ACK(13)
NACK(16)
FEC(4)
NACK(17)
ACK(18)

ACK(23)

(1-0/2)-0/1>0
(1-1/3)-1/2>0
(1-2/4)-1/3>0
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(1-2/6)-1/4
(1-2/7)-0/1>0
(1-3/8)-0/1>0
(1-4/9)-0/1>0

(1-5/10)-1/2<0

(1-5/11)-1/3

(1-6/12)-1/3>0

(1-6/13)-1/3>0

(1-6/14) -2/4>0

(1-6/15)-0/1>0

(1-7/16)-1/2<0

(1-8/17)-1/3

(1-8/18)-2/4>0

(1-8/19)-2/4>0

(1-8/200-0>0

(1-9/21)-0>0

(1-10/22)-0/1>0
(1-10/23) - 0/1 > 0|

User 1 @

Imaginary Signal

0 1
Real Signal

ary Signal

n:

- 1

0
Real Signal

Unity gain Non-unity gain

i y optimal MUD
User1 User1



Multiple Access

User 1

= Consider multiple access as a larger constellation

= |In that constellation, users share the symbols
= A short (8,4) CRC can give each user half the bandwidth

x1[K]

x,[k]
Unity)MNnity gain

Individually optimal MUD Individually optimal MUD
User 1 User 1

Jointly optimal MUD
Aggregate constellation

Jointly optimal MUD
Aggregate constellation

[ )
° ° ° ° °
Y ® s = No code, jointly optimal MUD 10 £ | =% No code, jointly optimal MUD e
° 107 F |=—©=— No code, individually optimal MUD ==6— No code, individually optimal MUD
° Coded, GRAND-AM Coded, GRAND-AM
® ® L ° = @ :Coded, individual GRAND = @ :Coded, individual GRAND
106 L— | | | | | . . . . . 108 L— | | | | | . . . . .
[ ]
-2 0 2 4 6 8 10 12 14 16 18 -2 0 2 4 6 8 10 12 14 16 18

User 1 E,/N, (dB)

User 1 E,/N, (dB)




Interleaving

Interleaving can only increase noise entropy

Cij= (72p|z_‘7| Correlation matrix

Collect data as rows:

0.014

oc.o12

0
0

i1 €12 €13 - Cin-1 Cin

o.cos

B ermor frequency

o.coe

0.004

C2;1 C22 C23 -+ Canpn-1 C2n

o.0co2

o
o

nnnnnnnnnnnnnnnnnn

(a) Before interleaving ) ) ) i .
Cn,l1 Cn2 Cnp3 - Cnin—1 Cn.n

X
0
]

Transmit as columns:

Bit error frequency
N O MO0 ND
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Optimized Modulation

We use length as a check and GRAND to manage insertions/
deletions in variable length codes

6D_istribution over 128-Point Tailored Constellation
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Real Signal GRAND-assisted Optimal Modulation , Ozaydin, Medard, Duffy, IEEE GLOBECOM, 22.



Modularity

= Standards currently lead to costly inefficiencies

= Complexity requires modularity to enable compatibility with adaptability
= Role of standards can move to creating APls instead of monolithic systems
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