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Where is wireless going?

Exabytes per Month 61% CAGR 2013-2018

18

il

2013 2014 2015 2016 2017 2018

M Mobile File Sharing (2.9%)
M Mobile M2M (5.7%)

M Mobile Audio (10.6%)

M Mobile Web/Data (11.7%)
M Mobile Video (69.1%)

Figures in parentheses refer to traffic share in 2018.
Source: Cisco VNI Mobile, 2014
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Where is wireless going?

Billions of Devices 8% CAGR 2013-2018

12

W Other Portable Devices (0.3%, 0.3%)
M Tablets (1.3%, 5.0%)

M Laptops (2.1%, 2.6%)

B M2M (4.9%, 19.7%)

I Smartphones (24.9%, 38.5%)
M Non-Smartphones (66.4%, 33.9%)

2013 2014 2015 2016 2017 2018

Figures in parentheses refer to device or connections share in 2013, 2018.
Source: Cisco VNI Mobile, 2014
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Where is wireless going?

Mobile data per month Number of devices

8% CAGR 201

61% CAGR 201

Exabytes per Month Billions of Devices
18 12

W Non-Smart Devices

and Connections
W Smart Devices and
Connections
10.8 EB 54%
6
9 3
9
7.0€8 e
44EB 46%
268 32%
o 26%
., I 2013 2014 2015 2016 2017 2018

2013 2014 2015 2016 2017 2018

Percentages refer to device or connections share.
Source: Cisco VNI Mobile, 2014 Source: Cisco VNI Mobile, 2014
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Where is wireless going?

Mobile data per month Number of devices

Exabytes per Month 61% CAGR 2013-2018 Billions of Devices BXICAGRI2013:2018
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Interference in cellular networks

,i/

g\ ‘ —> desired signal

- - = 3 interference
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Interference channel

Mg | X3 Y§ - | Mg
—— EncoderO > > DecoderO ———
P(Yo Yo Xo Xo)
M, \ XS Yg \ M,
—— Encodero > > Decoderdo ———
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Interference channel

Mo ] X3 2 | Mg
—— EncoderO > > DecoderO ———
P(Yo Yo Xo Xo)
Mo 1 ve M
—— > Encodero > > Decoderdo ———
* Gaussian interference channel
Zg
Xos ,é Yo
\>:’ e
. Y,
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Interference channel

Mg | X3 Y§ - | Mg
——  EncoderO » DecoderO ———
P(Yo Yo X5 Xo)
M(‘) N Xg Yg N M(‘)
—— > Encodero » Decoderdo ———»
* Gaussian interference channel * Network with one dominant interferer
ZZ‘
Iy o
Xow =) Yo L
~ ,’ fa'
/,>\\ o, /o
Xge= \? Y, o 2o
s T~
Z, oS
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Interference channel

Mg . X3
—2%  Encoder® ©

Mo X
—— > Encodero

* Capacity region Optimal tradeo between the rates

PYo Yo Xo Xo)

A | Mg

> DecoderO —
Yo M

> Decoderdo ———

Ro# ﬁolog supp(Mg
Ry # ?Iog supgMg)
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Interference channel

Mg . X3
—2%  Encoder® ©

Mo X
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* Capacity region Optimal tradeo between the rates
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PYo Yo Xo Xo)
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> DecoderO —
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Interference channel
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Interference channel

Mg R X2 Y2 R Mg
—2%  Encoder® © © »{ Decoder® —>»
P(Yo Yo X5 Xo)

MO N X(I)] Y(r)1 N Mb
——  Encodero > Decoderdo ———

* Capacity region Optimal tradeo between the rates
) R,
Ra# ﬁolog supMg Cof -

0
Ry # n log supp(M,)

P

R

* Best inner bound:Han{Kobayashi (198 Bnd Nair{Xia{Yazdanpanah (2015)
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Performance benchmark

* Highest rates achievable bpoint-to-point (P2P) random code ensembles
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Performance benchmark

* Highest rates achievable bpoint-to-point (P2P) random code ensembles

* Random code ensemble
¢ Foreachmg0 [0 : 879, generateXg(mg E Af,spx(Xo)

¢ For eachm, 0 [O: §%], generateX}(m;) E A[,spx, (X5)

X. X.
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Performance benchmark

* Highest rates achievable bpoint-to-point (P2P) random code ensembles

* Random code ensemble
¢ Foreachmg0 [0 : 879, generateXg(mg E Af,spx(Xo)

¢ For eachm, 0 [O: §%], generateX}(m;) E A[,spx, (X5)

XS' Xo”'

* Whatis the optimal (MLD) tradeo between achievabl&ksand Ry?
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Why do we care?

* Optimalwhen interference isweakor strong (Sato 1978, ..., Liu{Nair{Xia 2014)
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Why do we care?

* Optimalwhen interference isweakor strong (Sato 1978, ..., Liu{Nair{Xia 2014)

e P2P random code& COTS (commercial o -the-shelf) codes
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Why do we care?

* Optimalwhen interference isweakor strong (Sato 1978, ..., Liu{Nair{Xia 2014)
* P2P random code& COTS (commercial o -the-shelf) codes

* Han{Kobayashicoding scheme

X8 A

P(Yo Yo X6 Xo)
XD yn
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Why do we care?

* Optimalwhen interference isweakor strong (Sato 1978, ..., Liu{Nair{Xia 2014)
* P2P random code& COTS (commercial o -the-shelf) codes

* Han{Kobayashicoding scheme

P — -
n ! XO; JYO
vy | I

—‘P |

un P(Yo Yo X0 Xs) |
0 g n Ly
n ! xb‘ lYf)
Ve ! —

o] ;

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Why do we care?

* Optimalwhen interference isweakor strong (Sato 1978, ..., Liu{Nair{Xia 2014)
* P2P random code& COTS (commercial o -the-shelf) codes

* Han{Kobayashicoding scheme

M _ UR o ‘
: N 8. pocogerg) Mo MorMe
o . ] N i D
ncode ‘
M, up | POo Yo X0 %) |
X o] oMy M,
] n > — Decoderd ———»
° "

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Performance benchmark (Bandemer{El-Gamal{K 2012)

XO Y A
PYoXoXs) >

Xo P(Ys X6 Xs) F——>
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Performance benchmark (Bandemer{El-Gamal{K 2012)

\ 4

PYoXoXs)  ——

Xo
xb
Ro 1(X5YoXy),
Ro%R,  1(Xo X5 Y9
or
Ro 1(X5Y9

P(Ys X6 Xs) F——>

Ry

A
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Performance benchmark (Bandemer{El-Gamal{K 2012)

Xs

Ro 1(X5 Yo Xo),

Ro%R,  1(X6 %53 Y0

or

Ro 1(X5Y9

Young-HanKim (UCSD) P2P codes for interferencechannels

YA
P(YoXs Xo) -
Y.
PYs Xo X%5) F——>
Ry

A
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Maximum likelihood decodingE simultaneous decoding

R,
Ro 1(X5YoXo), I
Re%Ry  |(XoXo: Yd
or
Ro 1(X6Yd
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Maximum likelihood decodingE simultaneous decoding

R,
Ro 1(X6YoXs), !
Re%R,  1(XoXo: Y9
or
Ro 1(X6 Y3

* Maximum likelihood decoding arg maxH p(yg mg M)
e

6 my
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Maximum likelihood decodingE simultaneous decoding

R,
Ro 1(X5YoXo), I
Re%Ry  |(XoXo: Yd
or
Ro 1(X6Yd

* Maximum likelihood decoding arg maxH p(yg mg M)
e

o mg

* Simultaneous ML decodingarg mamaxp(yg Mg M)
Mg o
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Maximum likelihood decodingE simultaneous decoding

R,
Ro 1(X6 YoXo). !
Ro%R,  1(Xo X5 Y9
or
Ro 1(X6Yd

* Maximum likelihood decoding arg maxH p(yg mg M)
Mo m,

* Simultaneous ML decodingarg mamaxp(yg Mg M)
Mg o

* Simultaneous nonunique decoding (SNDX4(mJ, x2(ms),y2) 6 T" for somem,

Young-HanKim (UCSD) P2P codes for interferencechannels CTW 2015 12/ 2:



Maximum likelihood decodingE simultaneous decoding

R,
Ro 1(X6 YoXo). !
Ro%R,  1(Xo X5 Y9
or
Ro 1(X6Yd

* Maximum likelihood decoding arg maxH p(yg mg M)
Mo m,

* Simultaneous ML decodingarg mamaxp(yg Mg M)
Mg o

* Simultaneous nonunique decoding (SNDX4(mJ, x2(ms),y2) 6 T" for somem,

* Multiuser detection High complexity!
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Low-complexity (implementable) alternatives

PYoXo %) >

) P(Ys Xo X5)  F———>
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Low-complexity (implementable) alternatives
R,

Xo YA
"l pYoXoX) ——»

X Yo
0 P(Ys Xo X5)  F———>

* P2P decoding

Young-HanKim (UCSD) P2P codes for interferencechannels
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Low-complexity (implementable) alternatives

" PYoXoXs) |

Xo o PMoXoX) [——

* P2P decoding
¢ Treating interference as (Gaussian) nois®; 1(Xg Yo
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Low-complexity (implementable) alternatives

e — ®
PYoXo %) >

Xo P(Ys X0 Xs) F——>

* P2P decoding
¢ Treating interference as (Gaussian) nois®; 1(Xg Yo

é Successive cancellation decodin@®®; 1(Xs; Y9, Ry 1(Xg YoXs)

Young-HanKim (UCSD) P2P codes for interferencechannels CTW 2015 13/ 2:



Low-complexity (implementable) alternatives

PYoXo %) >

P(Ys X0 Xs) F——>

* P2P decoding
¢ Treating interference as (Gaussian) nois®; 1(Xg Yo
é Successive cancellation decodin@®®; 1(Xs; Y9, Ry 1(Xg YoXs)

* Yrate splitting (Zhao et al. 2011, Wang et al. 2014)
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Low-complexity (implementable) alternatives

Ry
A
Xo v
B — e
PlYoXo X))
X Yo
0 P(Ys X0 Xs) F——>

* P2P decoding
¢ Treating interference as (Gaussian) nois®; 1(Xg Yo
é Successive cancellation decodin@®®; 1(Xs; Y9, Ry 1(Xg YoXs)

* Yrate splitting (Zhao et al. 2011, Wang et al. 2014)

* Novel codes
¢ Spatially coupled codegYedla, Nguyen, P ster, and Narayanan 2011)
¢ Polar codegWang and Sasglu 2014)
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Low-complexity (implementable) alternatives

Ry
A
Xo v
B — e
PlYoXo X))
X Yo
0 P(Ys X0 Xs) F——>

* P2P decoding
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A lesson from rate splitting (Grant et al. 2001)

P(YoXo Xo) —%Yg )—»MOU Mo U Mo

0.

oy, Xo X2) Y] MgU My U Mg
o} 0.
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A lesson from rate splitting (Grant et al. 2001)

Mg u"

X3 yn

Mo v, PyoXo X)) [ |

Mo — X5 /////—>
gl

* Decoding at receiveQ)
Ry 1(U;Y9
Ry 1(Xs:YoU)
Ry 1(V;YoU,Xy)

Young-HanKim (UCSD) P2P codes for interferencechannels
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A lesson from rate splitting (Grant et al. 2001)

PYoXoXs) o o5
o X6 X Y] MgU My U Mg
o} 0.

* Decoding at receiveQ)

Ro 1(U;Y4

R, (X5 YoU)

Ry 1(ViYoU,Xy) N
* Decoding at receive:

Ro 1(U:Y,)

Ry 1(Xs: Yo U)

Ry 1(V;Ys U,Xe) R
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A lesson from rate splitting (Grant et al. 2001)

PYoXoXs) o o5
o X6 X Y] MgU My U Mg
o} 0.

* Decoding at receiveQ)

Ro 1(U;Y4

R, (X5 YoU)

Ry 1(ViYoU,Xy) N
* Decoding at receive:

Ro 1(U:Y,)

Ry 1(Xs: Yo U)

Ry 1(V;Ys U,Xe) R
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A lesson from rate splitting (Grant et al. 2001)

Y3 MeU M, U Mg

PYoXoXo) [ |

Y] MgU My U Mg

Yo Xo X)) > |——r

* Decoding atreceivel®ORy 1(U;Y9, Ry 1(Xs; YoU), Ry 1(V;YgU,Xy)
* Decoding atreceived: Ry [1(U;Yy), Ry 1(Xs; Yo U), Ry 1(V;Ys U, X;)

e Combined rate: Fjo

Rs m]_inI(U;Y-)%mjinI(V;Yj U, Xz)

~Ro
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A lesson from rate splitting (Grant et al. 2001)

Y3 MeU M, U Mg

PYoXoXo) [ |

Y] MgU My U Mg

Yo Xo X)) > |——r

* Decoding atreceivel®ORy 1(U;Y9, Ry 1(Xs; YoU), Ry 1(V;YgU,Xy)
* Decoding atreceived: Ry [1(U;Yy), Ry 1(Xs; Yo U), Ry 1(V;Ys U, X;)

* Combined rate: Fjo

Rs m]_inI(U;Y-)%mjinI(V;Yj U, Xz)

min 1(U;Y;) %I (V;Y; U, X,)
]

~Ro
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A lesson from rate splitting (Grant et al. 2001)

P(YoXe Xs) LSDM,

(0]

o X6 X Y] ] MgU My U Mg
o 0.

Decoding atreceivelORy  1(U;Y9, Ry 1(Xs: YoU), Ry 1(V;YeU, Xp)

* Decoding atreceived: Ry [1(U;Yy), Ry 1(Xs; Yo U), Ry 1(V;Ys U, X;)

Combined rate:
Ro minI(U;Y;) %minI(V;Y; U, X,
i i
min 1(U;Y;) %I (V;Y; U, X,)
J
* Key to achieving the SD performanceéwitch the order of sum and min!
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Sliding-window superposition coding (Wang et al. 2014)

Pyoxox) | oW MO U MDD
oo xox) e[ MO U M)
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Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

PyoXoXs) — S
YD Ma() U Mdj
p(yé XOXG) %M»
Block 0 0 ¢ ¥ a p
U
\%

Xo | Mo@ | M©® | My© [ Mo | Ms() | M@ | My(® |
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Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

PoXoX) o] e
Y? M.() U MKj
o o X)) |0 MDY MdD
Block 0 0 ¢ ¥ a p
U MdQ
vV | MdO

Xo | Mo@ | My©® | My© [ Mo | Ms() | M@ | My(® |

Young-HanKim (UCSD) P2P codes for interferencechannels CTW 2015 15/ 2:



Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

pyoxox) 0w | MDY N
A Mq(j) U M
o o X)) |0 MDY MdD
Block o o) C ¥ a o)

u MdO | Mdo) |

Xo | Mo@ | Ms® | Mo(©) | Mo | My() | M@ | Mo® |
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Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

pyoxox) 0w | MDY N
A Mq(j) U M
o o X)) |0 MDY MdD
Block o o) C ¥ a o)

u MO | M40 | Mdo |
V[ M9 | M9 | Md)
Xo | Mo@ | My | Mo(©) | Mo | My() | M@ | Mo® |
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Sliding-window superposition coding (Wang et al. 2014)

pysxox) | —ow[ MO U MDD
oo Xoxs) o] | M@ U M)

Block o) o c y 5 o
% [ MO [ M [ M) [ M) [ MO [ M@ [ M0 ]
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Sliding-window superposition coding (Wang et al. 2014)

Dorox) |10 MU M)
oo Xox) o] | M UMD
Block o) o c y 5 o
U Md@ Mf(ﬁ) MC(Q) MC(¥) M& ) ‘
Xs Mo(Q M(0) Me(c) Mo(¥ Mo( ) M,(a) | My(P ‘
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Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

PYoXoXo) [ |

Yo Mo(i) U M)

PYoXoXo) > f———r

Block 0 0 ¢ ¥ a p
u MdQ | Mdd) | Mdo) | Md¥ | M{) | M4a) |
V[ MO | M) | M9 | Md¥ | M{) | M4a)
Xo | Mo@ | My©® | My© [ Mo | Ms() | M@ | My(® |
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Sliding-window superposition coding (Wang et al. 2014)

P(YoXo %s) —%Yg )—»M"(D U M)
p(yé XOXG) LDM
Block o 0 G ¥ a b
u M) | Md0) | Mdo) | M9 | M) | M43 |
V| MdQ | M{o) Md9) Md¥) M) Md4@)
Xo | M@ | My© | M@ | Ms® | Mo() [ Mo® | My® |

* Block Markov coding As in relaying and feedback communication
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Sliding-window superposition coding (Wang et al. 2014)

P(YoXo %s) —%Yg )—»M"(D U M)
p(yé X()Xf)) LDM
Block o 0 G ¥ a b
u M) | Md0) | Mdo) | M9 | M) | M43 |
V| MdQ | M{o) Md9) Md¥) M) Md4@)
Xo | M@ | My© | M@ | Ms® | Mo() [ Mo® | My® |

* Block Markov coding As in relaying and feedback communication

* Superposition coding But without rate splitting
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Sliding-window superposition coding (Wang et al. 2014)

P(YoXo %) % Ms@) U Mdj)
oo Xox) o] | M UMD

Block o) o c y 5 o
U MdO | Mdd) | Mdo) | Md¥ | Md) | Mda) |

vV | M40 Md0) Mdc) Md¥ Md) M44)
Xo | Mo(Q | My(9) Mo(c) Mo(¥) Mo() M,(8) Mo(P) \

* Block Markov coding As in relaying and feedback communication
* Superposition coding But without rate splitting

* Staggered (asynchronous) transmissioof. EV-DO rev A, D-BLAST
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Sliding-window superposition coding (Wang et al. 2014)

Y5 M,(i) U Mdj)

PYoXoXo) [ |

Yo M,(i) U Mdj)

PYoXoXo) > f———r

Block 0 o c ¥ a b
u M) | Md0) | Mdo) | Md¥ | M) | M4a) |
V[ MO | Md9) | Mdg) | Md¥ | M{) | Mda)

Xo | Mo(Q | Mg M,(6) Mo (¥) M,() M, (8) Mo(P) \
\ !

¢ Sliding-window decoding
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Sliding-window superposition coding (Wang et al. 2014)
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Sliding-window superposition coding (Wang et al. 2014)
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¢ Sliding-window decoding

® Successive cancellation decoding
Ry I(Xt‘);Yj U),
Ro 1(U;Y)) %I(V;Y; U,X,)
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Sliding-window superposition coding (Wang et al. 2014)
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* Every corner pointdi erent decoding orders
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Sliding-window superposition coding (Wang et al. 2014)

Y5 ] M,(i) U Mdj)
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p(yé X()Xf)) LDM
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R

* Every corner pointdi erent decoding orders

* Every point: time sharing omore superposition layers
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Sliding-window superposition coding (Wang et al. 2014)

Mdj "

P(YoXo X5) LE Mo() U Mdj)=

p(yé XOXG) LDM

Block 0 0 ¢ ¥ a p

u M) | Md0) | Mdo) | M9 | M) | M43 |
V| MdQ | Mdo9) M) Md¥) Md ) Mda)

Xo | M@ | My© | M@ | Ms® | Mo() [ Mo® | My® |
Ry

* Every corner pointdi erent decoding orders

* Every point: time sharing omore superposition layers

* General theory for arbitrary number of users (Wang 2015)
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Towards coded modulation
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Towards coded modulation
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Multilevel coding (MLC)
R I(U;Y)
R I(V;Y U)
Short, nonuniversal
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Towards coded modulation
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Multilevel coding (MLC) Bit-interleaved coded
modulation (BICM)

R I(U;Y) R 1(U;Y)%I(V;Y)
R I(V;Y U)
Short, nonuniversal Other layers as noise
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Towards coded modulation

U M M M
\% M M M

Multilevel coding (MLC) Bit-interleaved coded Sliding-window coded

modulation (BICM) modulation (SWCM)

R I(U;Y) R 1(U;Y)%I(V;Y) R 1(U;Y)%I(V;Y U)
R I(V;Y U) #10X;Y)

Short, nonuniversal Other layers as noise Error prop., rate loss
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P2P performance
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Back to interference mitigation

Y3 M) U Md))

PVoXoXo) = |

yn M. (i) U MKij
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* Every corner pointdi erent decoding orders
* Every point: time sharing omore superposition layers

* General theory for arbitrary number of users (Wang 2015)
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Gaussian channel performance (Park{K{Wang 2014)
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OFDM/Ped-B channel performance (Kim et al. 2015)
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OFDM/Ped-B channel performance (Kim et al. 2015)

25

T T T T
—®&— SWCM (2/2-layer, bit mapping rules opt., iterative soft decoding)
—O— SWCM (2/1-layer, successive hard decoding)
IASD
-A- A
IAN
Interference-free

Sum-rate [bits/D]

-
-
-—--—

7 8 9 10 1 12 13
SNR or INR [dB]

LTE turbo code & —iteration LOG-MAP decoding &b # 0y, n # 4ay(13200 RESs), BLER.O

Young-HanKim (UCSD) P2P codes for interferencechannels CTW 2015 20/ 22



Cooper's Law

“Cooper’s law”
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¢ Spectral e ciency ¢: x 25
é System bandwidthW,¢ x 25
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What's next?

* Point-to-point codes (random coding)
® Superposition coding

® Successive cancellation decoding

* Simultaneous decoding

* Multicoding (writing on dirty paper)
Random binning (Slepian{Wolf)
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What's next?

Let's have fun building better networksﬂ

¢ Point-to-point codes (random coding) ® Network coding

® Superposition coding * Noisy network coding
® Successive cancellation decoding ¢ Distributed decode{forward
* Simultaneous decoding * Index coding

* Multicoding (writing on dirty paper) ® Distributed storage coding
* Random binning (Slepian{Wolf)
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