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Problem setup - A system of distributed terminals wishing
to communicate information with each other.

Persians - used system of relay messengers 2 thousand years ago
Cooperation - Yes but how? And with whom?

What 1s relaying? - Multi-hop routing? Richer interaction?
Competition - Why should I help?

Cross-layer design - Can we separate physical layer and routing?

Three body problem - Van der Meulen 1971, Cover & El Gamal
1979
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General Relay Channel [VDM 1971]

Decode-and-Forward, Compress-and-Forward, and
Combination [CE 1979]

Simultaneous backward decoding [CMG 2003]

Improved simultaneous backward decoding [CMG
2006]
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Model of the Relay Channel
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Modédl of the Relay Channel

Relay

T I

W—> EnCOder —> p(Yz Y3|X1 Xz) —> DeCOder —>
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Relay

T I

W—»Encoder p(Y,Y X, X,) F»|Decoder > W

X7q; 1s a function of W
Xo9; 1s a function of the relay’s past outputs Yg_l

Memoryless and time-invariant network
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Receiver decodes all information from transmitter.

Rpr = sup {min{l (X1;Y5|X5), I (X1X5;Y3)}}

p(ajl 7332)
Irregular Markov Encoding/Successive Decoding

[Cover & El Gamal 1979]

Regular Encoding/Backward Decoding [Willems 1992]

Regular Encoding/Sliding Window Decoding
[ Xie & Kumar 2002]
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Regular Encoding/Backward Decoding

[1,2"]x[1,2™]

Block 1 Block 2 Block N
X’f(lawl) Xﬁwsz) XT(wN—1)1>
X;(l) X§<w\1) Xg<wN—1)

[1,2"]
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Regular Encoding/Backward Decoding

[1,2"]x[1,2™]

Block 1 Block 2/4
X1(1,w,) Xﬁwl,wz)
X X

N\

[1,2"]

Block N

XT(wN—1)1>

XZ<wN—1)

Relay can decode each block if R < [ (X7; Y| X))

Mehul Motani, National University of Singapore

MSRI, April 12, 2006
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Block 1 Block 2 Block N
er(l’wl) XT(“)l,wz) XT(‘”N—IJl)
XZ(U Xg<w\1) XZ(wN—l)

[1,2"]

Relay can decode each block if R < [ (X7; Y| X))
Destination can decode each block if R < I (X7 X5;Y5)
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Relay helps by forwarding quantized version of what it
hears.
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Relay helps by forwarding quantized version of what it
hears.

’@ »@—> Decoder 1

A

Y2
Decoder 2

\

W
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Relay helps by forwarding quantized version of what it
hears.

Y, 2 3.
> —» — Decoder 1
- : Y,
Destination can always decode each block i1f Decoder 2
Rer < 1 (X1 Y2Y3) "

subject to the constraint

[(X9;Y3) > 1 (Y2;Y2|X2Y3)
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[Cover & El Gamal 1979]
Irregular Block Markov Encoding & Succesive Decoding

I(Xu V2Vl XoU ) + 1 (Us Vol XaV),

R = sup { min X
I(X1X0;V3) — 1 (Ya; Vol U X1 X5V

subject to the constraint

I (YQ;B!UXzYs) < I(Xo; Y3]V)
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[Chong, Motani & Garg ISIT 2005]
Regular Encoding & Simultaneous Backward Decoding

T (Xl; %ng@U) (U Ya| XoV)

R = sup { min X
I(X1X0;V3) — 1 (Ya; Vol U X1 X5V

subject to the constraint

I (YQ;YQ\UXzYs) < I(Xy; ¥3|UV)
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I(X0; VY3l UXa ) + 1 (U; Y|V Xo),
(X1 Y3) = 1 (Yo Vo U X1 X53)

R = sup { min
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I(X0; VY3l UXa ) + 1 (U; Y|V Xo),
(X1 Y3) = 1 (Yo Vo U X1 X53)

R = sup { min

Reoprg = 'R
subject to : [ (YQ;Yg\UXQY?)) < I (Xy; Y3|V)
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I(X0; VY3l UXa ) + 1 (U; Y|V Xo),
(X1 Y3) = 1 (Yo Vo U X1 X53)

R = sup { min

Roprg =R

subject to : [ (YQ;Yg\UXQY3> < I(X5;Y3]V)
Remcos = R

subject to : 1 (Yg;Yg\UXQYS) < I (Xy: V3|UV)
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I(X0; VY3l UXa ) + 1 (U; Y|V Xo),
(X1 Y3) = 1 (Yo Vo U X1 X53)

R = sup { min

Roprg =R

subject to : [ (YQ;Yg\UXQY3> < I(X5;Y3]V)
Remcos = R

subject to : 1 (Yg;Yg\UXQYS) < I (Xy: V3|UV)

—> Rcrrg € Revaos
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Regular Encoding/Backward Decoding

Regular Encoding/Sequential Backward Decoding [CMG 2003,
ISITOS]

Wip—1 — <fp—1 — W9y

Regular Encoding/Simultaneous Backward Decoding [CMG
2003, ISITOS]

(w1p_1, 2p—1) simultaneously — woy,

Regular Encoding/Improved Simultaneous Backward Decoding
[CMG 2006]

(w1p_1, 2p—1, Wop) simultaneously
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b=1

X1 (1,w11,w21)

h=2. ..

B2

X1 (w1b—1, W1ip, w2b)
b= DB —

1

X1 (wlB—27 17 1)

b=D

X1 (17 17 1)
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al University of Singapore

X2 (171) y? (17@1171721)
Xo (W1p—1, 2p—1) Y2 (W1p—1, Wip, 261, 2b)
Xy (W1B_2,2B-2) Yo (Wip_o,1,25 92,25-1)

X2 (1723—1) S’Q (171723—171)
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Determine wyqy

Recall we know w1 and z,_; from the previous
block.

(0" (wip—1,W1p) , V" (W1p-1) , X5 (W1p-1,26-1) , Y3 (b)) € Aj(”)

‘wlb’ < 2”1(U5Y2|VX2)
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Determine z;

Recall we have now decoded wy, correctly.

4

\ u” (w1b—1, ww) ; Xg’ (wlb—la Zb—1) 737727’ (wlb—la W1, 2b—15 Zb)

v (b)) € AL

2| > 2nI(YQ;Y2|UX2)
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Determine (w11, 251, Wop) simultaneously for block

.

(v (W1p—1) , u (Wrp_1, w1p) , X1 (W1p_1, Wip, Wap) , X2 (W1p—_1, 2p—1)

yQ (wlb—lpwlba 26—17 Zb) y Y3 (b) ) ~ A:(n) (V7 U7 X17X27}>27}/E3) .
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The conditions below imply that the probability of error

may be driven to zero as n — oQ.

lw| + |wo

Mehul Motani, National University of Singapore

_I_
_|_

<

<

<

< on(I(UVX1X2Yo:Ys )+ (X1 X V5|UV ) )

< (I(XXeVoXa|UV) +1(X13XYa|UV) )

< 277,](X2}A/2,X1Y3|UV)

MSRI, April 12, 2006
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I (UVX1X2Y2; Yg) ) (Xl; X, Yo|U v)
1 (Y V3| U X )

R = sup { min

I (U;Y2|VXs) +1 (Xl; 3/35>2‘UX2>
subject to the constraint

I (%;YHUXQ) </ (XQ?Q;)QYS‘UV)
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Set U = ¢ and VV = ¢. We obtain the following

R <I (X1 Va¥3]Xs ) (1)
R<I (X1 X9 Y3)+1 (f/z, 3/:3X1’X2) (2)

.y (Yg;i%\Xg)

I(X9;Y3) > 1 (YQ;Y/QIYSXQ) — I (Xszz;Xl\Ys) (3)
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R <1 (X0 VaY/Xs) )
I (Xo;Y3) > 1 (Yz;ffz\Yst) (5)

Compare (3) with (5):

I(X5;Ys) > 1 (Ve Val¥3Xo ) = 1 (Xa¥3; Xu[Y3)

CMG constraint more relaxed than CE constraint.
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(1) < (2) iff (5) holds.
<@ = [(XnYs) =1 (Y Val¥sXo)
So improved backward decoding 1s better when

I(Yai Vol VX5 ) — 1 (Xa¥a; Xa[Y3)
< I (Xy;Y3)
<1/ (Y2;Y2‘Y3X2>
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For the general relay channel, CMG 2006 contains all
the rate regions known to date (including CE 1979
and CMG 2005).

Lessons learned - Simultaneous decoding 1s good!
Food for thought - Is backward decoding critical?
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