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Two Ingredients

® Packet Erasure Channels:

@—> Broadcast PEC s
s Input: X € GF(2Y) for largeb. T

» A packetX either arrives perfectly (with the help of CRC), or
IS considered as erasure and discarded. (No hybrid ARQ).
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s Input: X € GF(2Y) for largeb. T

» A packetX either arrives perfectly (with the help of CRC), or
IS considered as erasure and discarded. (No hybrid ARQ).

#® The COPE protocol — 2-hop relay networks [Kadtial. 06]

4 transmissions w/o codings. 3 transmissions w. coding
» rsendsX + Y]|; d; decodesX by subtraction.

o Empirically, 40—-200% throughput improvement.
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Two Ingredients

® Packet Erasure Channels:

@—> Broadcast PEC s
s Input: X € GF(2Y) for largeb. T

» A packetX either arrives perfectly (with the help of CRC), or
IS considered as erasure and discarded. (No hybrid ARQ).

#® The COPE protocol — 2-hop relay networks [Kadtial. 06]

4 transmissions w/o codings. 3 transmissions w. coding
» rsendsX + Y]|; d; decodesX by subtraction.

o Empirically, 40—-200% throughput improvement.

#® Our goal: Finding the Shannon capacity of COPE-like protocols
— Non-trivial for random broadcast PE@radM > 2 sessions
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Our Setting

® Memoryless broadcast PECs: Ex: A 12d2EC is governed by
thesuccess probabilitiegs 12, ps—12¢, Ps— 12, Ps—1e0c.
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Our Setting

® Memoryless broadcast PECs: Ex: A 12&2EC is governed by
thesuccess probabilitiegs .12, ps—12¢, Ps—1c2, Ps—s1c0c-

o Two-hop relay networks:
Xl' . .Xan Yl' . .YnR2 Zl' . 'ZnR3

2GS Q" e

PEC PEC PEC PEC PEC
/PEC
@y dy dy) dy Uy
Vi Youn, X1 Xur, Z1- - Zun, Yi---Yor, Xi1--Xug,

#® Sequentiallysy to sy, andr each can send packets.

# Ourgoal: Find the largegtR;, Ry, - - - , Ryy) vector one can
achieve, given that the PEC parameters are knowp to all nos ol



Our Setting

® Memoryless broadcast PECs: Ex: A 12&2EC is governed by
thesuccess probabilitiegs .12, ps—12¢, Ps—1c2, Ps—s1c0c-

# Two-hop relay networks:

Xq-- .Xan

M =2 @

Yi-- 'YnR2

PEC

PEC

o

PEC

@

}71. “Yor,

XX

PEC parameters favl = 2:

Joint Prob.:
Psi—2rr Ps;—2r¢s Psy—2¢rs Ps;—2¢r¢,
Psy—1rs Psy—1r¢s Psy—1¢rs Psy—1¢r¢,
Pr—12, Pr—12¢, Pr—1c2, Pr—1c2c.

Marginal Prob.:

nR1
A
Pri1 = Pr—12 + Pr—12¢

#® Sequentiallysy to sy, andr each can send packets.

# Our goal: Find the largegiRy, Ry, - - - , Rpy) vector one can
achieve, given that the PEC parameters are known to all nol
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Formal Definition of Feasiblility

A network code is defined by five functions:

Wi = f5,(X), W = f5,(Y), sequential txs; ands; first

overhearing status
A N feedback before’s tx
X = fa,(Z-1,Z2-1), Y = f4,(Zr—2,Z1-2). joint decoding

Wi = fr(Zi—r, Zo—r Yz, ()=} Yzp g ()=}

nR1 YTLRz
@\Wl - ,@

PEC
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Formal Definition of Feasiblility

A network code is defined by five functions:

Wi = f5,(X), W = f5,(Y), sequential txs; ands; first
overhearing status
A . feedback before’s tx
X = fa,(Zr—1,Z21), Y = f3,(Zr—2,Z1-2). joint decoding

W = fr(Z1—r, Zo—, Lz, s )=+ 1{Zz—>1(')=*})’

v Definition 1 (Rq,R,) is achievable if
nRo

an . ..
@\W Ve > 0, there exist a sufficiently large
PEC pEC n, a sufficiently large finite fielGF(2%),
Z\\%{j and a corresponding network code, such
g that for independently and uniformly dis-
Z19f - [ppc] -
tributedX andY:

Vi Vg, X1 Xon, PX#X)+P(Y#Y) <e
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Feature by Feature Comparison

Xq-- .Xan Yi-- 'YnRg

Vi Yog, X1 Xun,
COPE Our Setting
Listening/Overhearing

XOR coding
Opportunistic

Learning neighbors'
states

Periodic feedback
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Feature by Feature Comparison

Xq-- .Xan Yi-- 'YnRg

Vi Yon, X Xom
COPE Our Setting
Listening/Overhearing = Memoryless Broadcast Packet Erasure
Channels
XOR coding
Opportunistic
Learning neighbors'
states
Periodic feedback

Wane ISIT 2010 — . 5/17




Feature by Feature Comparison

Xq-- .Xan Yi-- 'YnRg

Vi Yon, X Xom
COPE Our Setting
Listening/Overhearing = Memoryless Broadcast Packet Erasure
Channels
XOR coding < Arbitrary ENC/DEC functions, GF(2°)
Opportunistic
Learning neighbors'
states
Periodic feedback

Wane ISIT 2010 — . 5/17
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Vi Yon, X Xom
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Feature by Feature Comparison

V1= Yor, X1 Xun,
COPE Our Setting
Listening/Overhearing = Memoryless Broadcast Packet Erasure
Channels
XOR coding < Arbitrary ENC/DEC functions, GF(2°)
Opportunistic < Sufficiently large n
Learning neighbors' | < Knowledge about the exact overhearing
states patterns

Periodic feedback
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Feature by Feature Comparison

Xq-- .Xan Yi-- 'YnRg

V1= Yor, X1 Xun,
COPE Our Setting
Listening/Overhearing = Memoryless Broadcast Packet Erasure
Channels
XOR coding < Arbitrary ENC/DEC functions, GF(2°)
Opportunistic < Sufficiently large n
Learning neighbors' | < Knowledge about the exact overhearing
states patterns

Periodic feedback > One-time feedback before tx of the relay

Remark 1. Feedback increases the capacity
[Ozarow et al. 84], [Xue et al. 08], [Georgiadis et al. 09].

Remark 2: Improvement is small when the
number of receivers is small [w, Allerton 10].
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Comparison to Existing Litera-

tures

# of sessions

COPE-like Protocols
(Broadcast PECs
w. MSI)

Gaussian broadcast
channels w. MSI

M=2 Full capacity region | Full capacity region
[Wu 07]
M=3 Full capacity region ?
General M Outer and inner
bounds that are ?

numerically close
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Comparison to Existing Litera-
tures

# of sessions | COPE-like Protocols | Gaussian broadcast

(Broadcast PECs channels w. MSI
w. MSI)
M=2 Full capacity region | Full capacity region
[Wu 07]
M=3 Full capacity region ?
General M Outer and inner
bounds that are ?

numerically close

#® Otherachievability analysisf the COPE protocol:

# Random overhearing, rate-adaptationfer {d;}: [Chaporkaret al.07].
Random overhearing, deterministie—~ {d; }: [Rayanchuet al. 08].
Range-based deterministic channels @tal. 08].

Network wide resource allocation [Senguptaal. 07], [Cui et al. 08].
Example-based MAC+Coding exploration [Zheioal. 10].

o o o ©
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Comparison to EXxisting Litera-

tures

# of sessions | COPE-like Protocols | Gaussian broadcast

(Broadcast PECs channels w. MSI
w. MSI)
M=2 Full capacity region | Full capacity region
[Wu 07]
M=3 Full capacity region ?
General M Outer and inner
bounds that are ?

numerically close

#® Otherachievability analysisf the COPE protocol:

>

>
N
>
N

Random overhearing, rate-adaptation#fer {d;}: [Chaporkaret al.07].
Random overhearing, deterministie—~ {d; }: [Rayanchuet al. 08].
Range-based deterministic channels @tal. 08].

Network wide resource allocation [Senguptaal. 07], [Cui et al. 08].
Example-based MAC+Coding exploration [Zheioal. 10].

® Index codingBar-Yossefet al. 06], [Alon et al.08], [Chaudhryet al. 08]. k.
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Round-Based Policies

# Each rounds; to sy, first and therr. Totally (M + 1) - n pkts.

M=2 X1 X, Vi -Yon,

PEC| |PEC

5

Yi-- 'YnRQ Xy .Xan
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# Each rounds; to sy, first and therr. Totally (M + 1) - n pkts.

#® Batch-reception report before relay’s transmission.
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Round-Based Policies

# Each rounds; to sy, first and therr. Totally (M + 1) - n pkts.
#® Batch-reception report before relay’s transmission.

#® From the relay’s perspective, it becomes a broadcast PEC
problem with side information (SI).

Moo XX YooY X XE ] [

X[fcl. L x 12 y[llc]. oyt

PEC PEC TLRl;Qc ’I’LRQ 1¢

A

P X2 pec| Y[

", ~a
Yi---Yag, X1 Xy,

N
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Round-Based Policies

# Each rounds; to sy, first and therr. Totally (M + 1) - n pkts.
#® Batch-reception report before relay’s transmission.

#® From the relay’s perspective, it becomes a broadcast PEC
problem with side information (SI).

M:2 Xl. . .Xan Yl. . .YnRQ X:[E]. ) .X7[’L2]R1;2 Ygl]. . .}/[’I’Ll]RZl
[20] [20] 1c 10
PEC| |PEC Xl o 'Xan;QcA Y[l = 'Y[nR]mc
o] D)
PEC X 2 PEC y!

) ~a
Yi---Yag, X1 Xy,

#® No feedback is allowed during the transmission of the#dast
packets by relay.
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The Capacity Regions for M =2

ce - 2 2 1 1
M=2 Xv - Xur,  YiYag, X[l I.. XHQ ﬂl I, y[n]]%
[20] [20] 1¢ 1¢
Xl o -X’an;Qc Yg ] ) .Y[n.R]QJC
&
X2 PEC Y

Y- .YnR2 X .)(an

# Without loss of generality: assume.;, > py.q, > 0.
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The Capacity Regions for M =2

ce - 2 2 1 1
M=2 X1 Xop, Y1 Yag, X XH; vl ﬁml%
2¢ 2¢ 1¢ 1¢
X[l ] ) -XL_R]]_;QC Yg ] ) .Y[n.R]Q;lc
D
X2 PEC Yl

Y- 'YnRz X .)(an

# Without loss of generality: assume.;, > py.q, > 0.

#® The capacity region foM = 2, [W, Asilomar 09]:
Ry < min (Psmr pr1— (R — PSz;l)+)

R> < min (Psz;r/ Pr2 — Pr2 (Rl o p51)2)+)
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The Capacity Regions for M =2

ce - 2 2 1 1
M=2 X1 Xop, Y1 Yag, X XH; vl ﬁml%
2¢ 2¢ 1¢ 1¢
X[l ] ) -XL_R]]_;QC Yg ] ) .Y[n.R]Q;lc
D
X2 PEC Yl

Vi Yog, X1 Xnur, \@

# Without loss of generality: assume.;, > py.q, > 0.
#® The capacity region foM = 2, [W, Asilomar 09]:

S —7T

Rl S min (Psl;r/ Pri1 — (RZ o p52}1)+)

R> < min (Psz,’rl Pr2 — Pr2 (Rl o p51)2)+)

o Ensure transmission fromtor.
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The Capacity Regions for M =2

ce - 2 2 1 1
M=2 X1 Xop, Y1 Yag, X XH% vl ﬁml%
2¢ 2¢ 1¢ 1¢
X[l ] ) -XLR]LQC Yg ] ) .Y[TL.R]Q.JC
D
X2 PEC Yl

Y- Yor, X1 -Xug, \@

# Without loss of generality: assume.;, > py.q, > 0.
#® The capacity region foM = 2, [W, Asilomar 09]:

s — r avall. slots min inter.
R < min (Psl;rr Pri1 — (Ro — P82;1)+)

Rz < min (Psz;r/ Pr2 — Pr2 (Rl o p51)2)+)

r;1

o Ensure transmission fromtor.

» Paying the price of carrying the information for the other
session. "

"'{.‘EJ"-:.-'-"
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The Capacity Regions for M =2

- .. 2 1 1
M=2 Xv - Xur,  YiYag, X[l I.. XH% ;Al I ﬁml%
20 28 16 1C
X[l ] ) -XLR]LQC Yg ] ) .Y[TL.R]Q.JC
&
X2 PEC Yl

Y- Yor, X1 -Xug, \@

# Without loss of generality: assume.;, > py.q, > 0.
#® The capacity region foM = 2, [W, Asilomar 09]:

s — r avalil. slots min inter.

. + nR1 nRQ
R1 < min (Psl;r/ Pri1 — (RZ - P32;1) ) Rg@dom Ram@)m
. 2
Ry < min (Psz;r/ Pr2 — Pr, : (Rl P51,2)+)
r/
o Ensure transmission fI'OE@ for. Vi Yo, X1 Xor,

» Paying the price of carrying the information for the other
session. "
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An lllustrative Exampleof M =3

X [23]

7[12]
900 Y13
240 630

| &eon
Car S

[]

%

Py
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An lllustrative Exampleof M =3

I 17 How many time slots to finish transmission?
900
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An lllustrative Exampleof M =3

117 How many time slots to finish transmission?
9ooI v 113 Solution 1— Time sharing:
24 630
ol 900 | 240 4 630 _ 37

573 T 12173
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An lllustrative Exampleof M =3

X [23]

How many time slots to finish transmission?

Solution 1— Time sharing:

900 |, 240 | 630
53 T 15t 153 = 3720

Solution 2— Random mixing'
X2y slz2l Rxi Rx3

900 900+240+630 630 \ __
max (599, 0+240+630, 630) — 3540
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An lllustrative Exampleof M =3

X [23]

117 How many time slots to finish transmission?
9ooI v Solution 1— Time sharing:
240 630

2/3 1/2 1/3 —

Solution 2— Random mixing'
X2y slz2l Rxi Rx3

| max (900 90042404630 630) — 3540

2/37 1/2 71/3

Solution 3— A 2-staged scheme:
X[§3] Y[l3]z[1§]
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An lllustrative Example of

Solution 3— A 2-staged scheme:soo

M=3

How many time slots to finish transmission?

Solution 1— Time sharing:

480

KR
e p &
240 900 630 \ _
240+ max (3%, 33 ) = 2370

900 240

2/3 1/2

X [23] [13]
270 630§2401 630

ziz Totally

= 3720

Solution 4— Code Alignment

2280 time slots

Code Alignment
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An lllustrative Example of

Solution 3— A 2-staged scheme:soo

M=3

How many time slots to finish transmission?
Solution 1— Time sharing:

900 240

2/3 1/2

= 3720

Solution 4— Code Alignment

X [23] [13]
270 630§2401 630

480

Rx1
270 630

z2 Totally 2280 time slots

Code Alignment
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An lllustrative Exampleof M =3

X [23] : . C
iz MOW many time slots to finish transmission?
900 y1i3) Solution 1— Time sharing:
240088 630 900 , 240 | 630 _
© 273 T izt 13 =372
2 { 1
Solution 4— Code Alignment
x® ey ziz  Totally 2280 time slots
— 270 630]240] 630
D 480 Code Alignment
Solution 3— A 2-staged scheme:soo Instead of decodingl andZ
X (23] 3 [13] 7 [12] we decode onl + Z.
n n < 240 Rx1 Rx2
=1 270 630 270 630]240] 630
3

1/2
000 n < 630 240
2402/3 900 63_01 3 . 200 X
240 | max ( /3) — 2370 %
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An lllustrative Example of

Solution 3— A 2-staged scheme:soo

M=3

How many time slots to finish transmission?
Solution 1— Time sharing:

900 240

2/3 1/2

630

1/3

= 3720

Solution 4— Code Alignment

X [23] [13]
270 630§2401 630

480

Rx1
270 630

240

ziz Totally

2280 time slots

Code Alignment

Rx2

Rx3

270 630]240] 630 630

760

0
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Solution 5: A Hybrid Scheme

720
Totally 2010 time slots.

Code Alignment
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Solution 5: A Hybrid Scheme

7 [12]

480
720
Totally 2010 time slots. Code Alignment
Rxl X[
270 270 360

il

800 |
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Solution 5: A Hybrid Scheme

720

Totally 2010 time slots.

540

800

270 270 360

__

405
240

360

Instead of decoding andZ
we decode onlyX + Z.

Code Alignment
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Solution 5: A Hybrid Scheme

Rx2
vy 13
240 630I 810 405
240
480 360
Instead of decoding andZ
720 we decode onlyX + Z.
Totally 2010 time slots. [ SIS A
Rxl1 X 23] Rx3 7[12]
270 270 360 970 360

400 0

800 |
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Is The Hybrid Scheme Optimal?

< Can we finish tx in2010 slots?
7112|
900 Y
240. 630.
2 O 1
3 2 3
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Is The Hybrid Scheme Optimal?

< Can we finish tx in2010 slots?

The cut-set bounds do not wor
We need new outer bounding argumer




Information Concavity Property

#® Rank-concauvity:

2l np - A(p)
PEC(p)
Rank(A) Rank(A(p))
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Information Concavity Property

#® Rank-concauvity:

At leastp fraction of Rank(A) ba-
sis vectorsof A will be passed to » | 4 " Alp)
PEC(p)

= Rank(A(p)) > p - Rank(A). Rank(A) Rank(A(p))
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Information Concavity Property

#® Rank-concauvity:

At leastp fraction of Rank(A) ba- go_:
sis vectorsof A will be passed to » | 4 " Alp) 2o
PEC(p) %0.4—

A(p). > %o |

. ) —Rgnk(A(p))/Rank(A)\

:> Rank(A(p)) 2 p Rank(A). R‘ank(A) R&Ilk(A(p)) 00 SuccegéSProb.p !
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Information Concavity Property

#® Rank-concauvity:

At leastp fraction of Rank(A) ba- go_:
sis vectorsof A will be passed to | 4 " Alp) 2o
PEC(p) 20.4—

A(p). > %o 7

. e —Rgnk(A(p))/Rank(A)\

:> Rank(A(p)) 2 p Rank(A). R&Ilk(A) Rank(A(p)) 00 SuccegéSProb.p !

® When focusing on thenutual info.instead, the info. concavity
argument can be generalized farn-linear codes.
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Is The Hybrid Scheme Optimal?

< Can we finish tx in2010 slots?
7112|
900 Y
240. 630.
2 O 1
3 2 3
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Is The Hybrid Scheme Optimal?

< Can we finish tx in2010 slots?
7112|
900 YU
240. 630.
2 0 1
3 5 3

Any network code.

X [53] Y [13] 7 [15]
dim = 900 240 630

L

f!- -~
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Is The Hybrid Scheme Optimal?

Any network code.

XEB i3 i
dim =900 240 630

L

x 23]
dim = 900

7 12|
630

Can we finish tx ink2010 =

X

10001

8001

& 600f
04
400+
200t 1
=——rank(A(p))
o n n T
0 0.2 0.4 0.6 0.8
S s Prob. p

f!- -~
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630

A :
L 1 4
—_— 1
— 1
1
L 1 4
1
1
1
L . i
= rank(A(p))
0 0.2 0.4 0.6 0.8
Success Prob. p

Decodability at{; = Rank(A(2/3)) > 900.

Any network code.

X [53] Y [13] 7 [15]
dim = 900 240 630

L

f!- -~
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630

1
A , A v
—_— [} [}
— [} [}
[} [}
- [} ] 4
[} [}
[} [}
[} [}
L . . ]
[}
! = rank(A(p))
0 0.2 0.4 0.6 0.8
Success Prob. p

Decodability at{; = Rank(A(2/3)) > 900.
Decodability atl; = Rank(A( /3)) > 630.

Any network code.

X [53] Y [13] 7 [15]
dim = 900 240 630

L
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630

1
L ' ]
1
A :
1
L - : ]
— ] 1
1 1
L ] ] 4
1 1
1 1
1 1
L : : ]
]
' — rank(A(p))
n | | n T
0 0.2 0.4 0.6 0.8
Success Prob. p

Decodability at{; = Rank(A(2/3)) > 900.
Decodability atl; = Rank( (1/3)) > 630.
Concavity of information transmission.

Any network code.

X [53] Y [13] 7 [15]
dim = 900 240 630

L

%

Py
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630

[]
L ' i
1
A '
1
L - : i
— [} [}
[} [}
- [} ] 4
[} [}
[} [}
[} [}
L . . i
[}
! ——rank(A(p))
0 0.2 0.4 0.6 0.8
Success Prob. p

Decodability at{; = Rank(A(2/3)) > 900.
Decodability atl; = Rank( (1/3)) > 630.
Concavity of information transmission.

Any network code.

X [53] Y [13] 7 [15]
dim = 900 240 630

X [53] Y [13] 7 [15]

dim =900 240 630

L A

B

f!- -~
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630 — info.:

A , : D
— 7 . Interference
| : — k(A(p)) |
‘ v — rank(B(p))
0 0.2 0.4 0 6 0.8
Success Prob. p

Decodability at{; = Rank(A(2/3)) > 900.
Decodability atl; = Rank( (1/3)) > 630.
Concavity of information transmission.

Any network code.

vl 712

dim = 900 240 630
dim = 900 240 630

é III
Info. Interference.

Decodability atd, = Rank(B(1/2)) > 240 + Rank(A(1/2)) = 1005‘

Wane ISIT 2010 = . 13/17
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Is The Hybrid Scheme Optimal?

Can we finish tx in<2010

10001

dim = 900 630 800] info.:

A S 600} 7 . 1
— o [} . . N
ool . Interference
2007 : m——rl]
. v | —rankEE)
0 0.2 0.4 06 0.8
Success Prob. p

Decodability atl; = Rank(A(2/3)) > 900.
I Decodability atd; = Rank(A(1/3)) > 630.
dim — 900 240 ﬁgo Concavity of information transmission.
7,12]
dim = 900 240 630

Info. Interference.
Decodability atd, = Rank(B(1/2)) > 240 + Rank(A(1/2)) = 1005‘

Wane ISIT 2010 -v.13/17
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Total time slots atl5:

L% > Rank(B(1/2)) >
1005

= [, > 2010.




Is The Hybrid Scheme Optimal?

Can we finish tx ink2010 =
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| : —rank(A(p)) ||
: = rank(B(p))
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Success Prob. p

The same arguments hold

Any network code, ~ Decodability ady =- Ranl to non.linear codes as wel
Decodability atis = Rank(A(1/3)) > 630.

Concavity of information transmission.
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Info. Interference.
Decodability atd, = Rank(B(1/2)) > 240 + Rank(A(1/2)) = 1005‘

Wane ISIT 2010 -v.13/17

Total time slots atl5:
L% > Rank(B(1/2)) >
1005

= L > 2010.




M-Session Cap. Region

® Outer boundinterference quantification + information concavity
® Inner boundHybrid schemes with stage-based approaches + code alighmen
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M-Session Cap. Region

°

Outer boundinterference quantification + information concavity
Inner bound:Hybrid schemes with stage-based approaches + code alighmen
M = 3: It is proven that the outer and inner bounds always meaapacity.
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M-Session Cap. Region

Outer boundinterference quantification + information concavity

Inner bound:Hybrid schemes with stage-based approaches + code alighmen
M = 3: It is proven that the outer and inner bounds always meaapacity.

M > 4: Empirically, they meet within 1% for 99.4% of time.
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M-Session Cap. Region

Outer boundinterference quantification + information concavity

Inner bound:Hybrid schemes with stage-based approaches + code alighmen
M = 3: It is proven that the outer and inner bounds always meaapacity.

$ M > 4. Empirically, they meet within 1% for 99.4% of time.

L I I

Ry < min(ps,;r, Pra, — max ((Ra — Py, )" + (R3 = Psgiayudy) T+ (R2 = Poysayuas) T 4 (R3 = Pogiay ) 7)),

. Pr.d
RZ S mln(PSz,'?’/ P?’,’dz — max <pr d2 ((Rl T psl;d2>+ + (R3 T PS3}d1Ud2>+> ’
r, 1

(Pr;dz _ Prid, = Prid;
Pridy Pridy — Prid;

+ | Pridy, = Prid; +
) (Rl - Psl,-dzud3> + Drd: — Prs (Rl o PS1;d2)

Pridy — P r;dz) +  Prdy — Pridy -
T 1- R3 o d+Ud + R3 — d ,
( Prid; — Prids ( Psg;dqU 2) Prdy — Prads ( Pss; 2)

(Rl _ Psl;d2Ud3>+ + (R3 o pS3;d2)+) )’

<(R1 o Psl;d3)+ + (Rz o pSZ;d1Ud3)+> ’
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M-Session Cap. Region

Outer boundinterference quantification + information concavity

Inner bound:Hybrid schemes with stage-based approaches + code alighmen
M = 3: It is proven that the outer and inner bounds always meaapacity.

$ M > 4. Empirically, they meet within 1% for 99.4% of time.

L I I

Ry < min(ps,;r, Pra, — max ((Ra — Py, )" + (R3 = Psgiayudy) T+ (R2 = Poysayuas) T 4 (R3 = Pogiay ) 7)),

. Pr.d
RZ S mln(PSz,'?’/ Pr;dz — max <pr d2 ((Rl T psl;d2>+ + (R3 T PS3}d1Ud2>+> ’
r, 1

The capacity region is governed byearinequalities.

Pridy — P r;d2> +  Prdy — Pridy -
T 1- R3 o d+Ud + R3 — d ,
( Prid; — Prids ( Psg;dqU 2) Prdy — Prads ( Pss; 2)

(Rl _ Psl;d2Ud3>+ + (R3 o pS3;d2)+) )’

. Pr;d
R3 < min(ps,yr, pr,a, — max < "= ((R1 = Poyias) T+ (Ro = psyayuas) )
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A 3-User Cap. lllustration




The Throughput Improvements

. . Xl' - XuR, Yi-- Yo,
Competing technologies: @\ /@% Cross-layer (time allocation).

PEC| |PEC

Opp. Routing (direct-jump
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The Throughput Improvements

Competing technologies.):(lgﬁfan et

2-hop random networks, Raylel

Opp. Routing (direct-jump

Intersession NC (Mixing at).

fading, proportional fairness.

PEC
&y @,
Y YnRz X1 XuR,
—— (INC,OpR,CL)
0.6 __ 1| —6—(OpR,CL)
g ———
Y (INC,OpR)
S —p—(CL)
N 0-4&>§<—F
< —<—(OpR)
€ 03 [|—=—0noy
S N o - - =baseline
@ 02 “~..~
| V| SECHOSISIFICER AR S
R1
O ! ! !
2 3 4 5 6

@% Cross-layer (time allocation).
PEC PEC

No. of sessions (M)
Wane. ISIT 2010 = 1. 16/17
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Conclusion + Future Directions

#® Exact capacity characterization fdf = 3. Xueon - Yo

#® Numerically tight outer/inner bounds fad > 4.

#® The promised throughput of the COPE principles

Yi--Yog, X1 Xom
‘ ‘ ‘ COPE Our Setting
— (INC,0pR,CL) Listening/Overhearing | = Memoryless Broadcast Packet Erasure
0.6 ’ || ——(OpR,CL) Channels
- 0.5 % ~ ¢ ¢ E:Egg'{-}g) XOR coding < Arbitrary ENC/DEC functions, GF(2°)
s T 0 h\l\g (CL)’ Opportunistic < Sufficiently large n
% ' —<—(OpR) Learning neighbors' | < Knowledge about the exact overhearing
8 03 : : {|—==(INC) states patterns
c ~ - - -baseline . .
3 ool R Periodic feedback > One-time feedback before tx of the relay
A A e Remark 1: Feedback increases the capacity
) [Ozarow et al. 84], [Xue et al. 08], [Georgiadis et al. 09].
0, 3 4 5 6 Remark 2: Improvement is small when the
No. of sessions (M) number of receivers is small [w, Allerton 10].
#® Thecode-alignmenbased achievability scheme sheds insights ot

how toimprove the COPE protocol.
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