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Theorem 1
history of communication# history of wireless




Japanese scientists dug 50 meters underground and
discovered small pieces of copper. After studying these
pieces for a long time, Japan announced that the ancient
Japanese 20,000 years ago had a nationwide telephone
network.
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Naturally, the Chinese government was not that easily
impressed. They ordered their own scientists to dig even

and they soon announced that the ancient China 30,000
years ago already had a nationwide ber network.




Japanese scientists dug 50 meters underground and
discovered small pieces of copper. After studying these
pieces for a long time, Japan announced that the ancient
Japanese 20,000 years ago had a nationwide telephone

. network.
Z]

Naturally, the Chinese government was not that easily

impressed. They ordered their own scientists to dig even
deeper. 100 meters down, they found small pieces of gla
and they soon announced that the ancient China 30,000 f§
years ago already had a nationwide ber network.

American scientists were outraged. They dug 50, 100 anc
: 200 meters underground, but found nothing. They

/= concluded that the ancient United States 40,000 years
| ago had cellular telephones.
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history of wireless# history of relaying
















Fig. 19, — Télégraphe de Chappe.
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New skyway spans nation with words and pictures

BELL SYSTEM Rerclio-Felzyy BULT FOR LONG DISTANCE CALLS AND TELEVISION

There's something new on the national horizon!
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 the air from tower

were carried across the United States by another means
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New skyway spans nation with words and pictures

BELL SYSTEM Rerclio-Felzyy BULT FOR LONG DISTANCE CALLS AND TELEVISION

The
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unique in all the world. Tods

horizon!

s something new on the nation
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system that
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And it could
hardly happen at a better time. The demands of defense
are heavy and urgent.

BELL TELEPHONE SYSTEM
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with wireless, and they pay 65%
higher wages than the national
average.

Source: Larry Summers, “Technalogical Opportunities, Job Creation,
&nd Economic Grcrmh Remarks at the New America Foundation,
June 28, 2010, af
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WAGE
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BILLION

Wireless Jobs,
Good Pay

Nearly four million U.S. jobs are
directly or indirectly associated
with wireless, and they pay 65%
higher wages than the national
average.

Source: Larry Summers, *Technalogical Opportunities, Job Creation,
and Economic Growth," Remarks at the New America Foundation,
June 28, 2010, at http:

job » jic-grawth,

U.S. Wireless Major Industry

The U.S. wireless industry is

valued at nearly $196 billion,

which is larger than publishing,
agriculture, hotels and lodging,

air transportation, and motor vehicle
manufacturing segments.

Source: Roger Entner, The Wire less Industry: The Essential Engine
of US Economic Growth, Recon Analytics, April 2012, available

athtp P

Wireless-The-Ubiquitous-Engine-by-R Analytics-1.pdf. [at p.1]
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It is a bit. freaky with this w5
wireless technology
T

COPYRIGHT : MORTEN INGEMANN

What the hell, Samuel!

You’re so old fashioned

Nowadays everything is
\ wireless!




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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About this tutorial

) ) @ &
. ()
. ))) (((o))) ‘

.. ) (@)

* Information theoryfor relay networks
¢ What is thelimit on the amount of reliable communicatior?
¢ What are thecoding schemeshat achieve this limit?
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About this tutorial

) ) @ .
. ()
. ))) (((o))) ‘
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. ) (®)

* Information theoryfor relay networks
¢ What is thelimit on the amount of reliable communicatior
¢ What are thecoding schemeshat achieve this limit?

* Personakngle on the topic (not a comprehensive survey of the literatre)
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Organization

* Single-hop communication
¢ Multiple accesymany-to-one)
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Organization

* Single-hop communication
¢ Multiple accesymany-to-one)

¢ Broadcast(one-to-many) \_\1\ // E
* Basic relaying techniques

¢ Partial decode{forward(PDF)

¢ Compress{forward(CF) E)Ej
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Organization

* Single-hop communication
¢ Multiple accesymany-to-one)
¢ Broadcastone-to-many) .

* Basicrelaying techniques ((w))
¢ Partial decode{forward(PDF) ) (&)
¢ Compress{forward(CF)

* Multihop communication ) (x))
¢ Noisy network coding(NNC)
¢ Distributed decode{forward (DDF)

* |imit on communication

¢ Cutset bound

é Directed cutset (cutlet) bound Co. GV J
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Multiple access channel

Mg R X2
—2+ Encoder® o
P(Y X5 X5)
M, X
—— Encodero

Yn

Decoder

Young-HanKim (UCSD) Wireless Relay Networks

ESIT 2015

18/ 6¢



Multiple access channel

——» Encoder®

X3

—— Encodero

xn

0

* A(0™0, 0" n)code:

¢ Message set§0 : 89 and [0 : §¢]

¢ Encoderj # O, ox(m)

¢ Decoder (mdy"), my(y"))

P(Y Xo X5)

Yn

Decoder
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Multiple access channel

Mg R X2
—22» Encoder® 2

M, X
—— Encodero

P(Y Xo X5)

Yn

* A(0™0, 0" n)code:
¢ Message set§0 : 89 and [0 : §¢]
¢ Encoderj # O, ox(m)

¢ Decoder (mdy"), my(y"))

o (MgMy) EUnif([O: 879, [ 6: %)

Decoder

Young-HanKim (UCSD) Wireless Relay Networks

ESIT 2015

18/ 6¢



Multiple access channel

Mg -1 X3
—— 1 EncoderO >
Y" Mg M,
P(Y X6 X5) » Decoder —2>—2+
M, X
—— Encodero >

* A(0™0, 0" n)code:
¢ Message set§0 : 89 and [0 : §¢]
¢ Encoderj # O, ox(m)
¢ Decoder (mdy"), my(y"))
o (Mg M,) E Unif (O: 8%, [ O: 8%))
* Average probability of error P& # P{(M¢g M) O#M o M)}
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Multiple access channel

Mg -1 X3
—— 1 EncoderO >
Y" Mg M,
P(Y X6 X5) » Decoder —2>—2+
M, X
—— Encodero >

* A(0™0, 0" n)code:
¢ Message set§0 : 89 and [0 : §¢]
¢ Encoderj # O, ox(m)
¢ Decoder (mdy"), my(y"))
o (Mg M,) E Unif (O: 8%, [ O: 8%))
* Average probability of error P& # P{(M¢g M) O#M o M)}

* (RyR,) achievableif ; ( 9", &', n) codes such thatim,,; P #y
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Multiple access channel

Mg -1 X3
—— 1 EncoderO >
Y" Mg M,
P(Y X6 X5) » Decoder —2>—2+
Mq X
—— Encodero >

* A(0™0, 0" n)code:
¢ Message set§0 : 89 and [0 : §¢]
¢ Encoderj # O, ox(m)
¢ Decoder (mdy"), my(y"))
o (MgM,) E Unif ([0 : 8%, [ O: &%)
* Average probability of error P& # P{(M¢g M) O#M o M)}
* (RyR,) achievableif ; ( 9", &', n) codes such thatim,,; P #y

® Capacity regionC: Closure of the set of achievable rate pai{®Rs R;)
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Random coding and simultaneous decoding

® Codebook generation
¢ Independently generated" ™ sequences(mg E A [, spy (Xa), Ma0 [O : B

¢ Independently generated”™ sequences<)(ms) E A, opy, (X5), M, 0 [O 1 %]
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Random coding and simultaneous decoding

® Codebook generation
¢ Independently generated" ™ sequences(mg E A [, spy (Xa), Ma0 [O : B

¢ Independently generated”™ sequences<)(ms) E A, opy, (X5), M, 0 [O 1 %]

* Decoding
¢ Find unique (mg m,) such that(x3(mg, x3(m,), y") © T
Ry
A
1(Xy: Y X9
[(Xs:Y)

Ro

X5 Y) 1(XgY Xy)
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Random coding and simultaneous decoding

® Codebook generation
¢ Independently generated" ™ sequences(mg E A [, spy (Xa), Ma0 [O : B
¢ Independently generated”™ sequences<)(ms) E A, opy, (X5), M, 0 [O 1 %]
* Decoding
¢ Find unique (mg m,) such that(x3(mg, x3(m,), y") © T

* Capacity region (Ahlswede 1971, Liao 1972)
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Broadcast channel

—— | Encoder

xn

v

* (0", g™, n) code,P", achievability,C: Same as before

Y3 N Mo
» DecoderO—
P(Yo Yo X)
Y3 . M,
» Decoderd6 ———
ESIT 2015
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Broadcast channel

—— | Encoder

xn

v

Y3 N Mo
» DecoderO—
P(Yo Yo X)
Y3 . M,
» Decoderd6 ———

* (0", "R n) code,P", achievability,C: Same as before

® Capacity region is not known in general
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Superposition coding

X(Ug Up)

xn

Young-HanKim (UCSD) Wireless Relay Networks
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Superposition coding

Us

—

X(Ug Up)
U
—

xn

P(Yo Yo X)

* IndependentU§(mg and UZ(m;) (as in MAC)
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Superposition coding

uy V3
xn
X(Uo Us) P(Yo Yo X)

us

A
—

* IndependentU3(mg and UJ(m;) (as in MAC)
¢ Asimple inner bound:(Ry R;) is achievable if

Rs 1(Us Y9,
Ry 1(Us; Vo)

for somep(ugp(u,) and function x(ug Us)
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Marton coding

X(Ug Up)

xn

* Canwe makeJ§ and Ug dependent?

Young-HanKim (UCSD) Wireless Relay Networks
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Marton coding

n n
xn
X(Uo Ug) (Y6 Yo X)
ug N

* Canwe makeJ§ and Ug dependent?

Marton (1979)
(Ry Ry) is achievable if

Rs 1(Us Yo,
Ry 1(Us; o),
Ro%Rs  1(Ug Yg %l (Us; Yo) " 1(Ug Us)

for somep(ug Ug) and function x(ug Ug)
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Multicoding and joint typicality encoding

* For eachm;, generate asubcodebookG(my;) consisting ofu}‘(lj) E A{;Opuj (uz)

* For each(mg m;y), nd jointly typical (ud(1g, us(ls)) © CdMga, Gy(ms)

C{O C{0) --- C{mY ... GO
ud(lg oMo
ug(lo) ....‘.... 0000 0000 0000 0000
GO s
GO e
G@E™) 3
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Multicoding and joint typicality encoding

* For eachm;, generate asubcodebookG(my;) consisting ofu}‘(lj) E Ai",@,t@pUj (uz)

* For each(mg m;y), nd jointly typical (ud(1g, us(ls)) © CdMga, Gy(ms)

>jointly typical

C{O CHO) .- C{mY ... CHo™9
ud(lg

US(IC)) 0000 0000 0000 0000 0000 0000

SCHN SR
N E N
G(9) e o o~
§ [ ] ) ¢ [ ] .‘

GE™) e . . .
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Multicoding and joint typicality encoding

* For eachm;, generate asubcodebookG(my;) consisting ofu}‘(lj) E Ai",@,t@pUj (uz)

* For each(mg m;y), nd jointly typical (ud(1g, us(ls)) © CdMga, Gy(ms)

C{O CHO) .- C{mY ... CHo™9
ud(lg
US(IC)) 0000 0000 0000 0000 0000 0000
SCHN SR
(:D(b) E [ ] L] . .
GE™) e . . .

Young-HanKim (UCSD) Wireless Relay Networks

ESIT 2015 23/ 6(



Marton coding

xn

X(Ug Up)

* Canwe makeJ§ and Ug dependent?
Marton (1979)
(Ry Ry) is achievable if

Rs 1(Us Y9,
Ry 1(Us; Vo),

Ro%R;  1(Ug Yg %l (Uy; Yo) ™ 1(Ug U)

for somep(ug Ug) and function x(ug Ug)

A\

P(Yo Yo X)

Yo

A

* Essentially thebest known scheme for broadcastdirty paper coding)
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ESIT 2015

24/6C



Relay channel

Relay encoder
A
Y3 X3
Y
M X8 A M
—— Encoder > P(Yor Ye X6 Xs) » Decoder ——>

* A(0"R n) code:
¢ Message seffO: B
¢ Encoder x3(m),m 6 [0 : &
¢ Decoder m(y;)
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Relay channel

Relay encoder

A

n n
Y() XL‘)
Y

P(Yo: Vs Xo X5) ¢

—— Encoder

\ 4

Decoder ———

Y

* A(0"%,n) code:
¢ Message seffO: B
¢ Encoder x3(m),m 6 [0 : &
¢ Decoder m(y;)
¢ Relay encoderx,(ys 9,i 6 [On]
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Relay channel

Relay encoder

A

n n
Y X}
Y

P(Yo: Ye X6 Xo) 5

\ 4

Y

—— Encoder Decoder ———

* A(0"R n) code:
¢ Message set[O :
¢ Encoder x3(m),m 6 [0 : &
¢ Decoder m(y;)
¢ Relay encoderxs(yh 9,i 0 [On]

* Average probability errorP" # P{M O#1}
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Relay channel

Relay encoder

A

n n
Y X}
Y

P(Yo: Ye X6 Xo) 5

\ 4

Decoder ———

—— Encoder

Y

* A(0"R n) code:
¢ Message set[O :
¢ Encoder x3(m),m 6 [0 : &
¢ Decoder m(y;)
¢ Relay encoderxs(yh 9,i 0 [On]

* Average probability errorP" # P{M O#1}

* Achievable rateR: a sequence ofo"?, n) codes such thatim,;, P #y
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Relay channel

Relay encoder

A

n n
Y X}
Y

P(Yo: Ye X6 Xo) 5

—— Encoder

\ 4

Decoder ———

Y

* A(0"R n) code:
¢ Message set[O :
¢ Encoder x3(m),m 6 [0 : &
¢ Decoder m(y;)
¢ Relay encoderxs(yh 9,i 0 [On]

* Average probability errorP" # P{M O#1}
* Achievable rateR: a sequence ofo"?, n) codes such thatim,;, P #y

® CapacityC: the supremum of all achievable rates (not known in general)
ESIT2015  25/6(



Dictionary of relaying schemes

¢ Standard parlancedecode{forward, amplify{forward, compress{forward

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 26/6C



Dictionary of relaying schemes
¢ Standard parlancedecode{forward, amplify{forward, compress{forward

¢ Extended vocabularypartial decode{forward, noncoherent decode{forward,
coherent compress{forward, generalized amplify{forward

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 26/6C



Dictionary of relaying schemes

¢ Standard parlancedecode{forward, amplify{forward, compress{forward

¢ Extended vocabularypartial decode{forward, noncoherent decode{forward,
coherent compress{forward, generalized amplify{forward

* Recent coinageshash{forward, compute{forward, quantize{map{forward,
rematch{forward

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 26/6C



Dictionary of relaying schemes

¢ Standard parlancedecode{forward, amplify{forward, compress{forward

¢ Extended vocabularypartial decode{forward, noncoherent decode{forward,
coherent compress{forward, generalized amplify{forward

* Recent coinageshash{forward, compute{forward, quantize{map{forward,
rematch{forward

* Loanwords network coding, analog network coding

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 26/6C



Dictionary of relaying schemes

¢ Standard parlancedecode{forward, amplify{forward, compress{forward

¢ Extended vocabularypartial decode{forward, noncoherent decode{forward,
coherent compress{forward, generalized amplify{forward

* Recent coinageshash{forward, compute{forward, quantize{map{forward,
rematch{forward

* Loanwords network coding, analog network coding

* Dialects calculate{forward, clean{forward,
combine{forward, demodulate{forward,
denoise{forward, detect{forward,
estimate{forward, ip{forward,
mix{forward, quantize{forward,
rotate{forward, scale{forward,

(randomly) select{forward,
sum{forward, truncate{forward

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 26/6C



Dictionary of relaying schemes

¢ Standard parlancedecode{forward, amplify{forward, compress{forward

¢ Extended vocabularypartial decode{forward, noncoherent decode{forward,
coherent compress{forward, generalized amplify{forward

* Recent coinageshash{forward, compute{forward, quantize{map{forward,
rematch{forward

* Loanwords network coding, analog network coding
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Dictionary of relaying schemes

http://circuit.ucsd.edu/ ~yhk/relaying.html
ESIT2015  26/6C



Cutset upper bound

Cover{El Gamal (1979)

C ¢ Res# max min 1(Xg Xs; Ye), (X6 Yo, Y Xo)
P(XoXs)
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Cutset upper bound

Cover{El Gamal (1979)

C ¢ Res# max min 1(Xg Xs; Ye), (X6 Yo, Y Xo)

P(XoX5)
X(‘)
Xo Yg YQ
| (Xo Xo: Yo) 1(X6 Yo, Ve Xo)
Cooperative MAC bound Cooperative BC bound
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Direct transmission

M —» Xp > Y, — M

P(Xd), Xo

CE£ max (X5 Y, X, #Xs) J
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Multihop

* Block Markov coding Sendb" Gmessages oveb ntransmission blocks

n
[ Mo [ m | m [ oo [myo[ O |
BlockO 0 c b" O b
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Multihop

* Block Markov coding Sendb" Gmessages oveb ntransmission blocks

n
[ Mo [ m | m [ oo [myo[ O |
BlockO 0 c b" O b

M;-o

!

/ ‘:XO\
Mj—>x© YQ—>

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 29/6C



Multihop

* Block Markov coding Sendb" Gmessages oveb ntransmission blocks

n
[ Mo [ m | m [ oo [myo[ O |
BlockO 0 c b" O b
M, Mo
!
Y. X,

/ o:Xo\
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Multihop

* Block Markov coding Sendb" Gmessages oveb ntransmission blocks

n
[mo [ m [ m [ --- [mof O |
BlockO 0 c .. b" O b
M, Mg
/ o \
CE£ max min I(Xy;Y.), 1(Xg Yo Xp)
P(XaP(X5)
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Coherent multihop

* Since sender knows what relay knows, they caoherently cooperate
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Coherent multihop

* Since sender knows what relay knows, they caoherently cooperate

Mo

/ o xo\
(Mj--() Mj) — X() YG—> Mj"O

* Codebook structurexg(m; m;. 9, xg(m 9

<— =

]
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Coherent multihop
* Since sender knows what relay knows, they caoherently cooperate

Mo

<— =

]
/ o \
(Mj"() Mj) — Xp Yg—> Mj..o
* Codebook structurexg(m; m;. 9, xg(m 9

C£ max min 1(Xy; Y), (X5 Yo Xo) J

P(X6Xa)
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Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

Mo

!

/ o o\
Mo M) —> Xo — Y. —> Mo

<—

J
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Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

/ 0" a\
Mo M) —> Xo — Y. —> Mo

=
o

< — <
4—

X

Block (o] o) ¢ b" O b
Xo | xxmeQ x3Mmemd xFmemy) ... XMy oMys) X OMg 9
Yo

X

Ye

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 31/6(



Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

/ o
Mo M) —> Xo — Y. —> Mo

=
o

< — <
4—

X
S

Block (o] o) ¢ b" O b
Xo | x¥meQ xdmemgd  xAmeme) ... XYMy oMyo)  XFOMy 9
Ye meU my U m; U e My 6
Xa
Yo
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Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

/ o
Mo M) —> Xo — Y. —> Mo

=
o

< — <
4—

X

Block (o] o) ¢ b" O b
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Ye meU my U m; U e My 6
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Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

'\;i M;-o
Yo i X
Mo M) —> Xo — Y. —> Mo
Block (o] o) ¢ b" O b
Xo | x¥meQ xdmemgd  xAmeme) ... XYMy oMyo)  XFOMy 9
Ye meU my U m; U e My 6
Xa () x3(mg x(Me) .o xg(My) X5 (My: 9
Y(; mp (%) my (%) My o [%] My o
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Decode{forward

¢ Also utilize the direct path via more sophisticated decodm

i Mo

/ o XO\
Mo M) —> Xo — Y. —> Mo

Cover{El-Gamal (1979)
CE max min 1(Xg Xy; Ye), 1(X5 Yo Xp)

P(X6Xo)

<—
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Decode{forward

i Mo

v

/ a:Xa\
My o M) —> Xo > Y. —» M

¢ i"0

< — Z

* Decodefforward:C £ max,,x,) Min 1(Xg Xg; Y), 1(Xg Yo Xo)
Cutsetbound:  C ¢ maxy,, .., Min 1(Xg Xs; Yo), 1(Xg Yo, Y¢ X5)
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Decode{forward

i Mo

v

/ a:Xa\
(Mj"OMj) —> Xo > Y§—> M o)

* Decodefforward:C £ max,,x,) Min 1(Xg Xg; Y), 1(Xg Yo Xo)
Cutsetbound:  C ¢ maxy,, .., Min 1(Xg Xs; Yo), 1(Xg Yo, Y¢ X5)

< — Z

* Performs well when the relay istrongerthan the receiver
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Decode{forward

Mo

v

/ a:Xa\
My o M) —> Xo

* Decodefforward:C £ max,,x,) Min 1(Xg Xg; Y), 1(Xg Yo Xo)
Cutsetbound:  C ¢ maxy,, .., Min 1(Xg Xs; Yo), 1(Xg Yo, Y¢ X5)

< — <

> Y. —» M.g

* Performs well when the relay istrongerthan the receiver

* Butworse than even direct transmissioif the relay isweaker
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Decode{forward

(Mo M) —> Xo / \

* Decodefforward:C £ max,,x,) Min 1(Xg Xg; Y), 1(Xg Yo Xo)
Cutsetbound:  C ¢ maxy,, .., Min 1(Xg Xs; Yo), 1(Xg Yo, Y¢ X5)

=
5

< — <
4—

X

> Y. —» M; o

* Performs well when the relay istrongerthan the receiver
* Butworse than even direct transmissioif the relay isweaker

® Solutions:
¢ Partial decode{forward Recover only part of the message
¢ Compress{forward Do not recover the message at all
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Partial decode{forward

j MJ” o]

P

/ o:Xo\
(Mo Mj, M) — Xo > Y. —> (Mo M.

* Codebook structureu"(m; m;. 9, xa(m;, m; m;. 9, xg(m;. 9)
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Partial decode{forward

j MJ” o]

P

/ a:Xa\
(Mo Mj, M) — Xo > Y. —> (Mo M.

* Codebook structureu"(m; m;. 9, xa(m;, m; m;. 9, xg(m;. 9)

* Decode{forward ofMj overp(Ys, Ye U, Xp)
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Partial decode{forward

j MJ” o]

M
/ h \
M oM, M) — Xo > Y. —> (Mo M.

* Codebook structureu"(m; m;. 9, xa(m;, m; m;. 9, xg(m;. 9)

* Decode{forward of M; overp(Ys, Ye U, Xp)

® Direct transmission otV overp(Ye Xa U, X5)
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Partial decode{forward

j MJ” o]

M
/YO:XO\
(MJOJM-)—>XC~, ~Y—>(MJOJC)

Cover{El Gamal (1979)
CERppe# max min 1(Xg X5 Ye), 1(U; Yy Xp) %I (X5 Y Xa, U)

p(u.X6Xs)
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Partial decode{forward

j MJ” o]

M
/ h \
(Mo Mj, M) — Xo > Y. —> (Mo M.

Cover{El Gamal (1979)
CERppe# max min 1(Xg X5 Ye), 1(U; Yy Xp) %I (X5 Y Xa, U)

p(u.X6Xs)

® DirecttransmissionU # M # ):

# max|(Xg Y,
RDT (o ( O g)
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Partial decode{forward

j MJ” o]

i,

/ B \
M oM, M) — Xo > Y. —> (Mo M.
Cover{El Gamal (1979)

CERppe# max min 1(Xg X5 Ye), 1(U; Yy Xp) %I (X5 Y Xa, U)

p(u.X6Xs)

® DirecttransmissionU # M # ):
# 1(XgY,
RDT [g(])%x( O g)
* Decodef{forward(U # XogM # ):
Ror # max min 1(Xg Xg; Ye), 1(Xg Yo X)

P(X6Xa)
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Partial decode{forward

j MJ” o]

M
/ h \
M oM, M) — Xo > Y. —> (Mo M.

Cover{El Gamal (1979)
CERppe# max min 1(Xg X5 Ye), 1(U; Yy Xp) %I (X5 Y Xa, U)

p(u.X6Xs)

¢ Alternative representation(El Gamal{Aref 1982):

Repe # p(umxgz(()min 1 (Xo Xo: Yo)s 1(Xg U, Ye Xp) " 1(U; Xg X5, Yo)
AO70.
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Partial decode{forward

j MJ” o]

i,

/ azxa\
M oM, M) — Xo > Y. —> (Mo M.

Cover{El Gamal (1979)
CERppe# max min 1(Xg X5 Ye), 1(U; Yy Xp) %I (X5 Y Xa, U)

p(u.X6Xs)

¢ Alternative representation(El Gamal{Aref 1982):
Repe # p(um’)(glz((b)min 1 (Xo Xo: Yo)s 1(Xg U, Ye Xp) " 1(U; Xg X5, Yo)
* Comparison to the cutset bound
Ros# max)min 1(Xo Xo: Ye), 1(X6 Yo, Yo Xo)

P(XoXo
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Compress{forward

(@]

X «+—8&3

< —5

T
A
/

> Y. —> Mj,.o
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Compress{forward

N

* Codebook structure(xj(m;), x5 (i 9, Yo (K I+ 9)

-3

< —»<
X

Mj—>X0

> Y. —> M; o
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Compress{forward

Yn YQJ "

/YO:XO\
> Y,

* Codebook structure(xj(m;), x5 (i 9, Yo (K I+ 9)

Mj—>X0

¢ — Mj"O

Block 0 o) ¢ ... b" O b
X6 x§(Mg x3(Me) x3(mg) . XMy 9 x0
A\

X
Ye
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Compress{forward

Yn YQJ "

/YO:XO\
> Y. —» M

Mj —> Xo "o
* Codebook structure(xj(m;), x5 (i 9, Yo (K I+ 9)
Block 0 o) ¢ b" O b
X6 x§(Mg x3(Me) x3(mg) . XMy 9 x0
Yo | YokoQ.lo Yo(ko1d.lo Yolkelo)le o Yolkyolbro)ilbro
Xa
Ye
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Compress{forward

Yn YQJ "

/YO:XO\
> Y. —» M

Mj —> Xo "o
* Codebook structure(xj(m;), x5 (i 9, Yo (K I+ 9)
Block 0 o) ¢ b" O b
X6 x§(Mg x3(Me) x3(mg) s XMy 9 x0
Yo | YokoQ.lo Yo(ko1d.lo Yolkelo)le o Yolkyolbro)ilbro
Xa x5(9 x5(19 x5 (1) - %3 (I o) x5(Iy 9
YC
ESIT 2015
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Compress{forward

=<
=]
<

< >
-—=>

x

o\
> Y. —» M

Mj —> XO "o
* Codebook structure(xj(m;), x5 (i 9, Yo (K I+ 9)
Block 0 o) ¢ ... b" O b
X6 x§(Mg x3(Me) x3(mg) . XMy 9 x0
Yo | YokoQ.lo Yo(ko1d.lo Yolkelo)le o Yolkyolbro)ilbro
Xo x5(9 x5(19 xg(le) ... %3 (I o) x5(Iy 9
Ye lokomo  lokoMy ... lyokyoMys  lyokyoMyo
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Compress{forward

Mj—>X0

Cover{El Gamal (1979)

CER e # max 1(Xg Yo, Yg Xs)
P(XAP(X)P(Ya Yo Xo):l (Xo:Y)EN(Y5:Ys Xo,Ye)
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Compress{forward

Yo i Xs \
M; —» Xo / > Y, —> Mo
Cover{El Gamal (1979)
CER# max (X5 Yo, Yo Xo)

PXAP(X6)P(Yo YoXo):! (X5 YC)EN(Yo:Ye Xo,Ye)

* Alternative representation(El-Gamal{Mohseni{Zahedi 2006):

Rer # ax min 1(Xe Xa; Ye) " 1(Yer Yo Xo Xo: Yo)u 1(Xg Yo, Yo Xo)

m
P(xaP(Xa)P(Yo Yo:Xa)
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Compress{forward

Yo i Xs \
M; —» Xo / > Y, —> Mo
Cover{El Gamal (1979)
CER# max (X5 Yo, Yo Xo)

P(XP(Xa)P(Yo YorXa):I (Xa;Y)EI(Ye:Ys Xs,Ye)

* Alternative representation(El-Gamal{Mohseni{Zahedi 2006):

Rer # ax min 1(Xe Xa; Ye) " 1(Yer Yo Xo Xo: Yo)u 1(Xg Yo, Yo Xo)

m
P(xaP(Xa)P(Yo Yo:Xa)

* Comparison to the cutset bound

Res# max min 1(Xo Xo: Ye). 1046 Yo, Y X

P(XoXs
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Partial decode{forward vs. compress{forward

Repr # maxmin 1(Xe Xs; Y), "1(U; Xe X, Yo) %l (X5 U, Ye Xp)
Rer # maxmin 1(Xg X5; Ye) " 1(Ye: Yo Xo Xar Ye),  1(X6 Yo Yo Xa)
Res# maxmin 1(Xg X5 Ye), (X6 Yo, Y¢ X5)
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Partial decode{forward vs. compress{forward

Repr # maxmin 1(Xg X,; Y¢), "1(U; X X, Yo) %I (Xg U, Ye Xo)
Rep # maxmin 1(Xg X5; Ye) " 1(Ye: Yo Xo Xar Ye),  1(X6 Yo, Yo Xa)
Res# maxmin 1(Xe X; Y), (X6 Yo Y Xo)

Zy

i

Z
Xo %o \;@ﬂY@
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Partial decode{forward vs. compress{forward

Repr # maxmin 1(Xg X,; Y¢), "1(U; X X, Yo) %I (Xg U, Ye Xo)
Rep # maxmin 1(Xg X5; Ye) " 1(Ye: Yo Xo Xar Ye),  1(X6 Yo, Yo Xa)
Res# maxmin 1(Xe X; Y), (X6 Yo Y Xo)

Zy

i

Z
Xo %o \;@ﬂ%

* . ooe# Res" Rope ¢ @0and, o # Reg" Rep ¢ @0 (cf. Jin{Kim 2014)
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Partial decode{forward vs. compress{forward

Repe # maxmin | (Xg Xs; Y¢), "1(U; Xp X5, Yo) %l (X U, Ye Xs)
Rer # maxmin 1(Xe Xoi Yo) " 1(Yor Yo X6 Xo, o), 1(X6 You Y Xo)
Res# maxmin 1(Xg Xa; Ye), (X6 Yo, Y¢ Xo)

Zf‘)

/@»Y X\{lﬂ%

* . ooe# Res" Rope ¢ @0and, o # Reg" Rep ¢ @0 (cf. Jin{Kim 2014)

* Choice ofU
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Partial decode{forward vs. compress{forward

Repe # maxmin | (Xg Xs; Y¢), "1(U; Xp X5, Yo) %l (X U, Ye Xs)
Rer # maxmin 1(Xe Xoi Yo) " 1(Yor Yo X6 Xo, o), 1(X6 You Y Xo)
Res# maxmin 1(Xg Xa; Ye), (X6 Yo, Y¢ Xo)

Zf‘)

/@»Y X\{lﬂ%

* , por# Res" Repr ¢ @0and, o # Reg" Rop ¢ @0 (cf. Jin{Kim 2014)
* Choice ofU: U # g, g{a%N(y, DE Y, (cf. Lim{Kim{Kim 2014a)
* Choice ofY;
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Partial decode{forward vs. compress{forward

Repe # maxmin | (Xg Xs; Y¢), "1(U; Xp X5, Yo) %l (X U, Ye Xs)
Rer # maxmin 1(Xe Xoi Yo) " 1(Yor Yo X6 Xo, o), 1(X6 You Y Xo)
Res# maxmin 1(Xg Xa; Ye), (X6 Yo, Y¢ Xo)

Zf‘)

/@»Y X\{lﬂ%

* . opr# Rog” Rope ¢ @oand, o # Reg" Rep ¢ @0 (cf. Jin{Kim 2014)
* Choice ofU: U # g, g{a%N(y, DE Y, (cf. Lim{Kim{Kim 2014a)
* Choice ofYy: Y, # Y, %N(y, @ (cf. Avestimehr{Diggavi{Tse 2011)
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Comparison of coding schemes

2.5
2 Res /
o
1 / R
' // Repr
1 //
O. %
% 2 a6 § 10
%k
%ot %o %o # 0G0
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Comparison of coding schemes

3
2,
Ree ——
/S
2 Ropr
R
1. /
1 //
0.5
% 2 a6 § 10
&P
Gott 006 %o # %o
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Relaying for networks

* Simultaneous decoding
® Superposition coding
Multicoding

Block Markov coding
Decode{forward
Compress{forward
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Relaying for networks

* Simultaneous decoding * Noisy network coding

® Superposition coding * Distributed decode{forward
Multicoding

Block Markov coding

Decode{forward

Compress{forward
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Putting things together

¢ Oftenvanilla extensiongdo not work
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Putting things together

¢ Oftenvanilla extensiongdo not work

* Building blocks should bere ned
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Multiple access relay network

() ’>

=

())

j ’))M» ‘\
PN /

- ()
. ))W ())/"Jj
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Multiple access relay network
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Multiple access relay network

* Multihop uplink communication
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Multiple access relay network

* Multihop uplink communication

* A(0", ..., RV o n)code:
é Messageset[():b?q,---,[ O: v
¢ Encoderx;(m;,y 9),j o [ON" @,i 0 [On]
¢ Decoder (Mg ... ,My-(Yn)
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Multiple access relay network

* Multihop uplink communication
* A(0", ..., RV o n)code:
é Messageset[é:b?‘?,---,[ O: v
¢ Encoderx;(m;,y 9),j o [ON" @,i 0 [On]
¢ Decoder (Mg ... ,My-(Yn)
® Capacity region? Optimal coding scheme?
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Cutset outer bound

El Gamal (1981)

R(S) # H R ¢ 1(X(S); Y(S°) X(§%)), :S
jos

for somep(x")
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Noisy network coding# CF for networks
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Noisy network coding# CF for networks
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Noisy network coding# CF for networks

* Block Markov coding:
* Relay compression:
* Auxiliary index:

* Simultaneous decoding:
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Noisy network coding# CF for networks

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Relay compression:
* Auxiliary index:

* Simultaneous decoding:
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Noisy network coding# CF for networks

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Relay compressiorRelayk describesY, with Y, (L)
* Auxiliary index:

* Simultaneous decoding:
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Noisy network coding# CF for networks

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Relay compressiorRelayk describesY, with Y, (L)
* Auxiliary index:X, conveys(L,, M,)

* Simultaneous decoding:
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Noisy network coding# CF for networks

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Relay compressiorRelayk describesY, with Y, (L)
* Auxiliary index:X, conveys(L,, M,)

* Simultaneous decodingY) recovers(M., L.)
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Noisy network coding# CF for networks

Yassaee{Aref, Lim{Kim{El Gamal{Chung (2011), Hou{Krarf&€12)
R(S) ¢ 1(X(S); Y(S% X(S)" 1(Y(S);Y(S) XN, Y(SY), :S

for someA |, (X )P(Yik Vi Xi)
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Noisy network coding# CF for networks

Yassaee{Aref, Lim{Kim{El Gamal{Chung (2011), Hou{Krarf&€12)
R(S) ¢ 1(X(S); Y(S% X(S)" 1(Y(S);Y(S) XN, Y(SY), :S

for someA |, (X )P(Yik Vi Xi)
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Deterministic network (Avestimehr{Diggavi{Tse 2011)

XO—>

Xo!
Xy

Xy —*]

Xo—]

N AYO

Xy —*]

b Y,

Xo!
Xy

X!
Xy—»

Xy —]

Xy —*]

4'Yk
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Deterministic network (Avestimehr{Diggavi{Tse 2011)

Xo—»l
X() —

Xy —*]

Xo—»l
Xﬁ —

Cutset

R(S) ¢ 1(X(S); Y(S%) X(S9))

XO—>
X §
A AYO S — ¢}
Xy —*]
X!
Xé"
Xy —]

Xy —*]

O Y,

Noisy network coding

R(S) ¢ 1(X(S); Y(S% X(S9)
"1(Y(S); Y(S) X", Y(S%)

Young-HanKim (UCSD) Wireless Relay Networks

ESIT 2015

43/ 6C



Deterministic network (Avestimehr{Diggavi{Tse 2011)

Xo—»l
X() —

Xy —*]

Xo—»l
Xﬁ —

Cutset

R(S) ¢ 1(X(S); Y(S%) X(S9))

#H(Y(S%) X(S)),

for somep(x")

1S

XO—>
Xy §
R AYO S — o]
Xy —*]
X!
Xé"

Xy —]

Xy —*]

=Y}

Noisy network coding

R(S) ¢ 1(X(S); Y(S°) X(S9)

" IY(S); Y(S) XN, Y(S9)
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Deterministic network (Avestimehr{Diggavi{Tse 2011)

Xo— >><(§ Xo—
Xs—+ o % [V, Xo—]
| %Yo Sl Yy
Xy — Xn— Xg ol Xy —>
Xo—
g« 4>Yk
XN—V
Cutset Noisy network coding
R(S) ¢ 1(X(S); Y(S°) X(S%) R(S) ¢ 1(X(S); Y(S%) X(S%)
#HY(S) XS, @S " 1(Y(S): Y(S) X", Y(SY)
for Somep(XN) # H(Y(S% X(S%), 'S

for someA . p(x,)
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Deterministic network (Avestimehr{Diggavi{Tse 2011)

;(04 >><(;Z' >>(<04
N B Y % Y, i B Y
Xy — Xn— Xg ol Xy —>
Xy
g« 4>Yk
XN —
Cutset Noisy network coding
R(S) ¢ 1(X(S); Y(S%) X(S%) R(S) ¢ 1(X(S); Y(S%) X(SY)
#H(Y(SY) X(S%), :S " 1(Y(S); Y(S) XN, Y(SY)
for Somep(XN) # H(Y(S% X(S%), 'S
for someA . p(x,)

¢ Tight for graphicalnetworks and deterministic networkswith no interference
ESIT2015  43/6(



Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i
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Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(S) ¢ 1(X(S); Y(S%) X(S%)
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Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(S) ¢ 1(X(S); Y(S%) X(S%)

* Noisy network coding bound

R(S) ¢ 1(X(S); Y(S%) X(SY)" 1(Y(S); Y(S) X", Y(S)
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Gaussian network

Channel modei A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(S) ¢ 1(X(S); Y(S%) X(S%)

* Noisy network coding bound
R(S) ¢ 1(X(S); Y(S%) X(S) " 1(Y(S);Y(8) X", Y(S9))
SetY, # Y, %Z,, wherez, EN(y, ®
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Gaussian network

Channel modei A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(S) ¢ 1(X(S); Y(S%) X(S%)

* Noisy network coding bound
R(S) ¢ 1(X(S); Y(S%) X(S)" 1(Y(S); Y(S) X", Y(S9))

* SetY, # Y, %Z,, whereZ, EN(y, ®

Avestimehr{Diggavi{Tse (2011), Lim{Kim{EI Gamal{Churig011)
If(Rs ---Ry) 0 Rcg then(Ry" ¥V.4N, ... ,Ry " ¥.40N) 0 Ryne J
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Broadcast relay network

)=~—(())

Young-HanKim (UCSD) Wireless Relay Networks
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Broadcast relay network

Young-HanKim (UCSD) Wireless Relay Networks ESIT 2015 45/ 6C



Broadcast relay network

* Multihop downlink communication
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Broadcast relay network

* Multihop downlink communication
e A", ..., 8™ n)code:
¢ Message seffO: 8], ---, [ O: ]
¢ Encoder Xg(Ms, . .. My, y59,i 0 [On]
¢ Relay encoderx; (y]O)J 0[6:N],io[On]
¢ Decoder m;(y}),j 0 [0:N]
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Broadcast relay network

* Multihop downlink communication
e A", ..., 8™ n)code:
¢ Message seffO: &%), --- A O: W]
é Encoder xg(m;, ... ,mN,y'SO),i o[On]
¢ Relay encoderx;(y| 9,j 0 [0:N],i 0 [On]
¢ Decoder m;(y}),j 0 [0:N]
* Capacity region? Optimal coding scheme?
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Cutset outer bound

El Gamal (1981)

R(S% ¢ 1(X(S); Y(S°) X(S%), :S

for somep(x")
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Distributed decode{forward# PDF for networks
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Distributed decode{forward# PDF for networks

Us(Ls)
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Distributed decode{forward# PDF for networks

Us(Ls)

* Block Markov coding:
* Backward encoding:
* Partial decoding:

* Auxiliary index:
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Distributed decode{forward# PDF for networks

Us(Ls)

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Backward encoding:
* Partial decoding:

* Auxiliary index:
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Distributed decode{forward# PDF for networks

Us(Ls)

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Backward encodingMulticoding of X. (M. ) and Ug(Ls), - . . ,Un(Ly)
* Partial decoding:

* Auxiliary index:
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Distributed decode{forward# PDF for networks

Us(Ls)

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Backward encodingMulticoding of X. (M. ) and Ug(Ls), - . . ,Un(Ly)
* Partial decodingRelayk decodesY, to recoverU, (L)

* Auxiliary index:
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Distributed decode{forward# PDF for networks

Us(Ls)

* Block Markov codingSplitting of M. overb blocks ofn transmissions
* Backward encodingMulticoding of X. (M. ) and Ug(Ls), - . . ,Un(Ly)
* Partial decodingRelayk decodesY, to recoverU, (L)

* Auxiliary index:(Ug(Ly), - - -, Uy (Ly)) conveys the messagesnplicitly
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Distributed decode{forward# PDF for networks

Us(Ls)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block 0 ) c --- b
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Distributed decode{forward# PDF for networks

Us(Ls)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block 0 ) c b
% l, @ s Bly, - Blyo
Xk
Yk
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Distributed decode{forward# PDF for networks

Us(Ls)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block ¢ 0 G b
« ly 1y Bl, - Bl
6
x3(Malo ly)  Xx3(My 1o, 19 xg(me I, 1e) === x§(My 1y, 1y 9
Xy
Yie
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Distributed decode{forward# PDF for networks

Us(Ls)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block o] o) c b
ly 3 o @l, - Dl
Xo
x3(Malo ly)  Xx3(My 1o, 19 xg(me I, 1e) === x§(My 1y, 1y 9
Xy XE(lky)
Yie
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Distributed decode{forward# PDF for networks

Us(Ls)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block ¢ 0 G b
Xg ly D lg a --- Dl o
x3(Malo ly)  Xx3(My 1o, 19 xg(me I, 1e) === x§(My 1y, 1y 9
Xy X () Xe(ld
Yi Mo lko
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Distributed decode{forward# PDF for networks

Mg, ... My
Us(Lo), - - Un(Ly)

* Codebook structurexg(m; I;, 1 9, X (I j+ 9 Ug (Mg, Ly I+ 0

Block 0 ) c
y ly 3 lg 3 1,
T XBmelo 1) XM, 1,19 X3Mg I, ) -+ X3(My 1y, 19
Xy XE(lky) X (ld Xe (o)
Yk Mo o Mo, Lo My, li
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Distributed decode{forward# PDF for networks

Us(Ls)

Lim{Kim{Kim (2014)

R(S%) ¢ I(X(S);U(S%) X(SH " H 1(U;UESH, XN X, Yy, :S
koS¢

for some(A ;5 P(X))P(Xo Uy X3)
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Deterministic network (Kannan{Raja{Viswanath 2012)

XO—>

Xo—+
Xy

Xy —*]

Xo—]

N AYO

Xy —*]

b =Y,

Xo—+
Xy

Xo—*
Xo—>

(¢]

Xy —]

Xy —*

4'Yk
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Deterministic network (Kannan{Raja{Viswanath 2012)

XO—>

Xo—+
Xo—>

Xy —*]

Xo—»

N AYO

Xy —*]

O —»Y@

Xo—+
Xo—>

Cutset

R(S®) ¢ 1(X(S); Y(S°) X(S%)

Xo—*
Xo—>

(¢]

Xy —]

Xy —*

=Y}

Distributed decode{forward

R(S) ¢ 1(X(S); U(SY) X(S9)

"H O 1UGUESH XN X V)

kos©
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Deterministic network (Kannan{Raja{Viswanath 2012)

Xo—+
Xo—>

Xy —*]

Xo—+
Xo—>

Cutset

R(S®) ¢ 1(X(S); Y(S°) X(S%)

#H(Y(S%) X(S)),

for somep(x")

Xo—>
Xo—» y
A AYO G — (o]
Xy —*]
Xo—>
X —»

(¢]

Xy —]

Xy —*

=Y}

Distributed decode{forward

R(S) ¢ 1(X(S); U(SY) X(S9)

1S

"H O 1UGUESH XN X V)

kos©
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Deterministic network (Kannan{Raja{Viswanath 2012)

Xo—+
Xo—>

Xy —*]

Xo—+
Xo—>

Cutset

R(S®) ¢ 1(X(S); Y(S°) X(S%)

#H(Y(S%) X(S)),

for somep(x")

Xo—>
Xo—» y
A AYO G — (o]
Xy —*]
Xo—>
X —»

(¢]

Xy —]

Xy —*

=Y}

Distributed decode{forward

R(S) ¢ 1(X(S); U(SY) X(S9)

1S

"H O 1UGUESH XN X V)

kos©

#H(Y(SY X(S9), :S

for some (A 1, P(X))P(XeXY)
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Deterministic network (Kannan{Raja{Viswanath 2012)

XO—>

Xo—+ Xs—» Xo—
Xo—* < G Y Xo—*
L B ~Yo ° G Yy
Xy —»]
Xy —] N X! Xy —]
Xg—»
G Y,
Xy —
Cutset Distributed decode{forward
R(S®) ¢ 1(X(S); Y(S) X(S9) R(S%) ¢ 1(X(S); U(S°) X(S9)
#H(Y(SY) X(S%), :S "H O 1UGUESH XN X V)
koSs¢©
for somep(x") # H(Y(S X(SY), :S
for some(A ., P(Xi))P(xoxy)

* Tight for graphicalnetworks and deterministic networkswith no interference
ESIT2015  48/60



Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i
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Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(SY) ¢ 1(X(S); Y(S°) X(S9)
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Gaussian network

® Channel model A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(SY) ¢ 1(X(S); Y(S°) X(S9)

* Distributed decode{forward bound:

R(S°) ¢ 1(X(S); U(S) X(SH)" H (U U(SH, X" X, Yy)

kos®
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Gaussian network

Channel modei
Y #H giX; %Z,, ko[ON]
i
® Cutset bound
R(S%) ¢ 1(X(S); Y(S°) X(S%)

Distributed decode{forward bound:

R(S°) ¢ 1(X(S); U(S) X(SH)" H (U U(SH, X" X, Yy)
koS¢©

SetU # @ g4X; %Zy E Y, whereZ, EN(Y, §
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Gaussian network

Channel modei A
Y #H ggX %z, ko [ON]
i

* Cutset bound
R(SY) ¢ 1(X(S); Y(S°) X(S9)

Distributed decode{forward bound:

R(S°) ¢ 1(X(S); U(S) X(SH)" H (U U(SH, X" X, Yy)
koS¢©

SetU # @ g4X; %Zy E Y, whereZ, EN(Y, §

Kannan{Raja{Viswanath (2012), Lim{Kim{Kim (2014)
If(Ry...,Ry) O Rcg then(Ry" V. N,...,Ry" V. N) 0 Rppr J
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Distributed decode{forward (DDF) Noisy network coding (NNC)

Broadcast Multiple access
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Broadcast Multiple access
Simple decoder Simple encoder



Distributed decode{forward (DDF) Noisy network coding (NNC)
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Marton's inner bound MAC capacity region
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Broadcast Multiple access
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Distributed decode{forward (DDF) Noisy network coding (NNC)

Broadcast Multiple access
Simple decoder Simple encoder
Marton's inner bound MAC capacity region
Partial decode{forward Compress{forward

y. N y.aN



Multiple unicast network
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Multiple unicast network

* Capacity regionC: Closure of the set of achievable rate tuples

(Ray v Rwa Ru R v Rom R Ry
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Cutset outer bound

El Gamal (1981), Cover{Thomas (2006)

H Ry ¢ 1IX(S):Y(S) X(SY), :S+[0:}
jkijoS kose

for somep(x")
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Cutset outer bound

El Gamal (1981), Cover{Thomas (2006)

H  Ryy ¢ IXS)Y(S) X(SY), :S+[0:}
jkijoS kose

for somep(x")
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Cutset outer bound

Ray ¥ YRoo %R € 1(Xg Xo, X , Xa; Yo, Yy, Y, Y_X

— Q1X¥1Xb1 X_)
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Cutset outer bound

Ray ¥ YRoo %R € 1(Xg Xo, X , Xa; Yo, Yy, Y, Y_X

— (;!X¥!Xb! X_)

Ray v Y0Rs 3 Y0Rs ¢ 1(Xo Xo Yei Yy, Y, Ya, Vi, Y_ X

— (;!X¥!X 1Xé!Xb! X_).
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Directed information

* Mutual information

I(AO...,AN;BO...,BN)
N A
#ZOI(A“:B, B9
J
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Directed information

* Mutual information

I(Ag .- AN:Bg ... ,By)
N
N.
#H I8 8 EEEEE
j

* Directed information
(Marko 1973, Massey 1990)

[(Ag....Ay U Bg...,By)

N ) A
#HI(A;B B9
#0
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Directed information

* Mutual information

I(Ag .- AN:Bg ... ,By)
N
N.
#H I8 8 EEEEE
j

* Directed information
(Marko 1973, Massey 1990)

[(Ag....Ay U Bg...,By)

N . A
#HI(A;B B9
#0

* Amount of information AN causally provides abouB" (Permuter et al. 2011)
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Directed cutset outer bound

Kamath{Kim (2014)

H o Rk ¢ HY(V),...Y(V 9 U X(V), ...,
J,K:jOV g KOV

for somep(x")

1V,

y
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Directed cutset outer bound

Kamath{Kim (2014)

H o RorC YY), o YOV U XV, - XV X)), Vg, Vi
J K:jOV o KOV
for somep(x")
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Directed cutset outer bound

Ray y R0 a Y0Ro %071 5 %Ry n %R ¢
C1(Yp Y (Yo, Y Y, Ya) U (X, X X, X5), (X Xa) (Xp, X
#IY(P:IX(G:8 X(P: RN%I(Y(c:8,Y(P::XO:pX(c:8,X(P:H
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Finer partition (cutlet)
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Finer partition (cutlet)

Roum € 1 Y(Vy), Y(V9, Y(Ve), Y (Vo)
U X(Va. X(Va), X(Ve), X(V) X(Vy)
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Finer partition (cutlet)

Roum € 1 Y(V), Y(V4, Y(Vo), Y(V,)
U XV, X(Vo), X(Ve), X(V&) X(Vy)
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Finer partition (cutlet)

Rsum € 1 Y(Vy), Y(VA, Y(Vy), Y(Ve) Roum ¢ 1(Y(Vg) U X(V9 X(Vy))
U X(Va, X(Ve), X(Ve), X(Vy) X(Vy) #1(X(VQ: Y(Vy) X(Vy))

Wireless Relay Networks



Example: 3-node \not-relay” channed(y,, Y, Xa Xs)

©
g ©
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Example: 3-node \not-relay” channgi(y;, Y. Xs X,)

* Cutset bound

Rayo ¢ 1(Xg Yo Xp)

for somep(xg X3)
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Example: 3-node \not-relay” channgi(y;, Y. Xs X,)

* Cutset bound

Rayo ¢ 1(Xg Yo Xp)
Ry e € 1(Xe: Yo X9

for somep(xg X3)
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Example: 3-node \not-relay” channel(y;, Y, Xa Xs)

* Cutset bound * Cutlet bound
Rayo ¢ 1(Xg Yo Xp) Rayo ¢ 1(Xg Yo Xp)
¢ 1(Xa: Y X9 ¢ 1(Xs Ye X9
for somep(xg X;) Ray o % ¢ 1(Ye, Yo U X5, X9
#1(X5; Ye) %1 (X6 Yo, Ye Xo)
for somep(xg Xg)
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Coding for wireless relay networks

* Simultaneous decoding
® Superposition coding
Multicoding

Block Markov coding
Decode{forward
Compress{forward
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Coding for wireless relay networks

* Simultaneous decoding * Multiple access (NNC)
® Superposition coding * Broadcast (DDF)
Multicoding

Block Markov coding

Decode{forward

Compress{forward
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Coding for wireless relay networks

* Simultaneous decoding * Multiple access (NNC)
® Superposition coding * Broadcast (DDF)
* Multicoding

* Block Markov coding

* Decode{forward

* Compress{forward

* Practical codes??? (Thursday)
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Coding for wireless relay networks

* Simultaneous decoding * Multiple access (NNC)

® Superposition coding * Broadcast (DDF)

* Multicoding ¢ Directed cutset bound

* Block Markov coding ® Coding for multiple unicast???

* Decode{forward (Tomorrow)
* Compress{forward
* Practical codes??? (Thursday)
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To learn more

® ElGamal, A. and Kim, Y.-H. (20Efwork Information Theory
Cambridge University Press, New York

¢ Jin, X. and Kim, Y.-H. (2014pproximate capacity of the MIMO relay channel.
InProc. IEEE Int. Symp. Inf. Thebignolulu, HI

® Lim, S.H., Kim, Y.-H., El Gamal, A., and Chung, S.-Y. (26i%)network coding.
IEEE Trans. Inf. Thedsy(5), 3132{3152

® Lim, S.H., Kim, K. T., and Kim, Y.-H. (2@idgfibuted decode{forward for
broadcast.
InProc. IEEE Inf. Theory Workshdgbart, Australia

® Permuter, H. H., Kim, Y.-H., and Weissman, T. (201dipretations of directed
information in portfolio theory, data compression, and hypthesis testing.
IEEE Trans. Inf. Thedsy(3), 3248{3259

e Kamath, S. and Kim, Y.-H. (20X2hop and roll: Improving the cutset bound.
In Proc. 52nd Ann. Allerton Conf. Comm. Control Complanticello, IL
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