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1-¢ < PrlA®(X,Y)l= Y plky)-
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yeAM(Y)  xeAM(X1y) fmm

property
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< ZP(Y) Zz—n[H(X/Y)—Zs]z

yeAM(Y)  xeA" (X 1Y)
_on n[H(X/Y)-2¢]

AP (X 1y
y'eAM(Y)

1NN aonn oenm 21 "1791K y' 2270 TIN7 109X
‘A(n) (X y.l > onlH (X /Y)-2¢]
A, Y=

IRAN NIRRT 1177300 190NN N17791R0 NMIX1APN 172 00N 22 IR 1RN7 N7
y=y"

A
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distribute
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A1R3AN 1M"200 1Ay A
1112377 707N P11D
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TP 1210 M =2™ 07210 193, p(x) 1779 "97 "RIPR TIp 11
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ATI0 X IR TR P71 PTIX MIVani 1221, 11101910 12Nl

Ly 0D qmuna neIR x(i) 720 2 IMRY , E; 1K 1774
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:R1i1 197X MR MIAN0N NR RVA? 117

P, = Pr{EwaE }} PriES | +(M -1) PrE,} <
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union =g, according doesritdepend
bound toJAEP onidueto
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4 - N
Multiple Access Channel (MAC)

I171"212 11 D U210

MAC-7 Y792 52 13997 oy

A1XRAN N30 "U10°T 2- O'N'IN

RAZV 1172°T 701 P17V
nRy _
{1,2,...,2 }Wl pp— x, = f,(W,) . ( )
Y =(Y1, Voo ¥,y i
PLY /%, %,) (— U S| Twan > 0:(Y) VYl
X, = To(Wh) > 0,(y) =W,

022w, o] %= B,

RSP

P™ = Pr{W, =w, or W, #w, } :1X00 N172N017

£, £,,0,,0, T1"¥PNT 4 D MTAM N2TWUNN 722 19182

M37Un 770 M0 R Mawn 12 ®10 (R, R,) TIT'P "2%p 110 TR
() : ) M £y oM

P 50:013 (R,R,) mmagp ov (£, £, g™, g{)

n=1,2,...

12"0791R7 212°PN 01N
C = closurg{ConvexHulK(R,, R, ): achievableratesf}

TI1PRN11917RI1 2127Ri TINN

C” =closuresconvexhal{ [ JC"(P(X1),P(X2))}
P(X1),P(X2)
S TXRAN 0NN 20 X1 TIN'R UKD
RL+R2 < 1(X1, X 2:Y)
C*(P(X1),P(X2))={ (RLR2): RI<I(XLY/X2)
R2 < 1(X2;Y I X1)

where
"P(x1,x2,y) = P(x1)- P(x2)- P(y/x1,x2)

212"pPi1 vgwn

I2WIIIRN 212707 110 ITRNTI9IRA 212790
c=C"
:0"p2MN WA 121 BIWN NK
(R, R, )0a%p 411 23 2"WN? N1 ("2 0PTTO0IP AN W7 P20
X110 C 10X, n=12,.. ™M m237wn 1170 v (R,,R,)eC” 0™ pnil
nown ®?7 C* onnn
.C" = C 1m? 7pw
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™™mn m31wn 1170 v mwn? 17 (R, R, )072%pin 211 OR ;11900 p200
(R,R,)eC” mana R (P ———01m?2) n=12,...
.C" > C Im? 7pw

menantT
272PN10"N1A 0'X17D e

MAC - 1 P11V
v v
X1 Y1 U‘?PTJ
177171 R P(yl/x1) i
—>
X2 }Y
2 T R P(y2/x2) - >
Y2

R2<I1(X2;Y2) mmT21 Y=(Y1,Y2) 1uRd RL< I (XLY / X2)=1(XLY1) a1n nipna
2007 TN NI RLI+R2<1(XL, X2Y) = 1(XLYD) + 1(X2;,Y2) 1?22an71 1371
Amunin TTIPNN 20N 71w an R °on MAC — 1 1m?2

€1
R

Binary Multiplier e

N2 A1 20 223non? 02 1N, XL, X2 {0} 1uRd Y = X1& X2 D 111 8790
XL X2e{-11} 1uxd Y = X1- X2
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H(EY /X1, X2)=0 11?2 ,9011 WU11XRI "R "3 17 0°W? W"

221 ,(INT 223 1 717TWY) MW JUN? MRY 2R TNR P1IY OXRW 127 17 0J 0°W)
— 0 27 0°WI OXR1 (2121707 U1 1 20 2XP TN122) "IWN PIIUA 20 717P1 11200
1171731 .0%P MTIPI 112272 03D TR R1+R2 < I(X1L X2;Y) <H(Y) <1bit

R N¥PN N1T1P1 12 12070 100 221 ,ConvexHull D79 VIWNN 2w XND1AW
212'pin 2122 p1'T2

R

21779 1'% 12 0W? 7T NP1707 ®77 01 R1+R2=1 90 17 X 1°W077 11070 X7
H(Y)=1 181 Pr(X1=1)=P1, Pr(X2=1)=0.5/P1 1111371n ®11n
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12712727 1121 ®10 112'MimM X4, X2 e{0,1} 1uR3Y = X1+ X2 D 11M1 U290
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CH(Y /X1, X2)=0 07pnni ,wp1 ®?27 2019 A1 P170 02

A(XL X2Y)<H(Y) <log(3) o™pnnw mx1? 1N

211 ,(07N21) T'T'MR 1073 1779 NP1 OR

RI+R2LI(XL X2,Y)=H(Y) = H(%,%,%) =1.5bit

077N "N?221 X1, X2 112 Y — 20 179170181 20 117?70 00N &1 1.5bit ,nwun?
017N N1'n? X1,X2 — 2 N oKk ,137 7122 .MAC - i1 00N 1R 11171 1271
H(Y)=log3 ™1 Pr(1,1)=Pr(0,1)=Pr(0,0)=1/3 nnp? 1111 ,(QMwn TIT'Pi1 1WXRI1)
71N WA PIID2 wIntwl , MR P17Y 177 (0.5, 0.5) 7w 7D M?22pnn nXpn mTipl
Y=X1+X2 — 0 1721011 2D T?23N0NU 712 "D 20N NP NN P10 .10 NN 1D P11Y

o a1l
E 11E)
1 Zi11

?22pnm ™1, (0.5, 0.5) 229101 VI 11°R X2 TWKRI

0°712102) NINR 1M%2 PV 20 M?22n10i1 ,0.5 11 712una N1"112N0i 22 10K
417NN P1ID W27 R (711782

31



nmun TTIEN oon

log:
- 9

R

0IRI MAC e

20 P90 mM22an wr X1, X220 1uKR3 .Y = X1+ X2+Z NT'WN N0 R 71'I1N
m?21nin. Z ~ N(O,O'ZZ) 0'pPN1 "0IRA K11 WM ,MMKnna P1, P2

-1R1< C(P_b oM oPn M722an NN R2<1(X2,Y /X1 -1RL<I(XLY/X2)
o

z

P2
1172200 1w ITWNN 112D 070NN TR 20 NXR?1 0279010 ND2NnR2 < C(_z)
z

- U 17712 07120 "M22 070NN N7210M RL+ R2 < 1(X1, X2;Y)

P1+ P2
2¥p1 07¥1IW7 TR 20 NT'UN MU A%pa MTIR] 10R3. R1+ R2 < c(———)
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P10 172 2N V2N 2190 WY 0D NT'0 107 P1IDAT,IWIRT 10172 1N
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i M)

N™J0 NI'NAN N0 X7 0020 11709700 X170 "0IRANT 711902 7127910 11711 20 11700
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NP121 7D RN N'912010 7730, joint detection ™1 &N N9W MTIRI NAWNA? N*22230

NIN" ®?1271,0M170N7 172 111210 20 210 N2 NN R IR ,(time sharing) 101
7272717 1721 20 0MIDONT 0V TTpna Unty Y nawn?

7172 o 0Ny MAC — 2 (Rate splitting approach) — 75 n17)23 1327
:(Urbanke-Rimoldi 1996)

O701RI1 07N 01TWN 102 TNXR 1901 17N 1R P21
.R1=RI+R1"; P1= P1+P1"
((M'N?) MT 0N TINJ0

.N 21970 wp1 ,P1' p90ina ,R1' %P2 ITWN 1 ITWN A1

P1' + N 2190 wp1 ,P2 #90n21 ,R2 1Xp1 1TWN 2 1TWN .2
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0DV 9 1TUN X271 ,170 071211 "NMN 01230 N 170N 1 770N 2V191 "2 17 0°w? w°
: TINIV9N NNJ0
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.R1' ARPASNTI91'R MIvgn .3
L DTTITTWN "ARP
P2 ) Rri=o P
N + P1 N + P1+P2
P1+ P2

D217 0'WNRL= c(—) R2=c(

)

R2 2317 0'w1 1RO < A <1, PI'=AP1 1mu1 &1, (011 MAC — i1 00TN D2113i)

ATW? X177 OXR 127 . DINXRIT TP IR 017N 009X0 072700 223 IR 22p°
TIT'W "2ARP TX17 N2, (172X 1111%713 217P IR) 212Ri1 N9W 2D IN™0N ATIRIn

0M 0PN NKR 712°0N 1T 1170 NN*20 M1?3 R1+ R2 = RI'+R1I"'+R2 = ¢(

0PN
P1 P1 o P2 P2
Rlzc(ﬁ)-a+c(N I32)-(1—05),R2—c(|\I Pl)-oc+c(W)-(1—o:)
P2 P2
R2=clGpp @ (_) A-a)= (N P1')=C(N /1P1) 23pmm 18
(*)— (=)
o= N + ngl mi?2
(*)— ( 1)

SPST VOWAT NiTANT

(i.i.d) m"MITIT 71X 21, TR M2 2™ YA L1 TR 190 -TIpn 1t A
97 0712 27210 TP N2 2232 1727 22 170 ,P(X1) 117°9n 97

TP M 2™2 %pa ntnm P(X2) 97 971 2 TP 190 ImiTa .P(X1)
1279000 0°TIPN IR 00T 82PN 101 170NN 1N

TP N?2M IR 1TWN 1 1TUNL<W1<2"™1<W2 <2 1mna-nTo .2

W1, muminn "2 217 w~.W2 20 Tpin 7?0 NX 1701 2 170n1 W1 2w
O"MW9R N1a1Tn 23 1221,07N2 101 W2
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.P(X2)-P(X2) 2177971 1120 Ngmwn m"gix "9? nwul n1ug -nvg .3
qmIwnNa M I"91R T2 MMRING TR M?00 i, j 0°0pTI"R 0°WINN

P10 OR . Aén) (Xl; X Z/X) X127 M2™W 1?2 ,P11Dn v?29 0D

(A1 R ,TNXR 1 M) NINRKR .NIV9Na ¥293 172D 0°1771010 — TNXR 21T
mumxn 1"7a11 ,W1=W2=1 "3 3”121 N1 .IR" AW D1IXRN 2D 0°T"712IN
NRW. y 0D 9Mwna "1"91R i,j 20 TR0 1120 2170 D1IRNN 000 Ei'j

127 .TNRN 00 j IR i TWRI E; ; T0RI IR E11 IRWI 00NN

2nR1 2nR2 2an‘2nR2
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0T 1721021, TN &l 0072 WIN"Un D211 117100 "R 10KR3
0N™2 021 P10 T'RAPR? UN"2 T2 N2AWINM N112N0i1 .U7N21 T7RIPR

: 1] P90N 2172 N 112D 0PI . TIPn MPRIPR?
0D 710N 191X 717717 ®? P10 {10 MI1AN00 Pr(Ef) <& o
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LRXMMN 0D
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mgr A T X2-w nanon PR(E,,) < 27 3]

.x_l,anJ
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mgr A 0T X1-w nanon PR(E,,) < 27" )]

.X2,y 0D
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07 90112 .09R? NIRIWA IRAW NN 22P7 9101°RY7 100 N111D
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TP 190W "190 ,NKXT 121717 28110 &7 11 MAC -1,Q19M "o
TP 190 "W 20 NP 179210 M™2 27
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Pe nxw manon ov ,R1, R2 o axp narwnn f1,f2 n21un nnp "2 "l
0l MYTIaw 1M, mianon nmo mpTina 121mma Nl

1 0731702 0ITI0NN 07 RIPRN 0INUNA NR W1e{l.2"}hW2 e {1..2"%*}
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: X1,X2,(X1,X2) 1120 Fanovawn NX X1 12NN
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WA 0TI T2 11w 'R21 W1, W2 20 m1tuntItniuT N1tkpIg
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8-9 mNxTT

The Broadcast Channel

Summarized by Zak Levi.

The Broadcast Channel an Overview

The Broadcast Channel (BCC) scenario occurs when a single transmitter wishes to
transmit information to several distinct users. For simplicity we shall introduce some
limiting assumptions:

e The broadcast transmitter can transmit a single stream of information
(a scalar transmitter)

e Only two distinct scalar receivers are assumed
In the sequel we shall introduce several more limiting assumptions since

unfortunately (or fortunately) the general BCC problem remains unsolved till this day.
Figure 1gives an illustration of the BCC

Figure 1

The Broadcast Channel

Wl,wo,l
.| Decoder —> gO,lQl): Wp 1
> 1 .
—> ngl) =W
¥,
Wos Wy, W, x=f(wy,w,,w,)
— | Encoder » BCC
VAV2,VAVO’2
. (1)1
le’Xzb—() Decoder I 302V2/=%2

\ 4

2

—> 926’2):‘”2

Where:
w, eil..., 2" {— common message
0

W, € {1 L, 2" }— private message for user 1
w, e {1 L 2m }— private message for user 2

R Ry R, —rates [bi%hannel use]
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We define the probability of error as
P, = Pr{v‘vo‘1 ZW,UW, 2W, UW,, #W UW, # WZ}
Let us consider two examples before going on with the analysis

Example 1 Gaussian BCC with power constraint
Figure 2

Z,~N(0,N1)
X \£!
+ >
\_/

»
>

Z,~N(0,N2)

IX|F <P

The noise terms Z1 and Z2 may or may not be independent (only the marginal
distributions are of interest since the receivers cannot cooperate). With no loss of
generality N2>N1 and assume Z2=Z1+7’2, where Z1 and Z’2 are independent. Since
the two receivers cannot cooperate one may consider the following statistically
equivalent communication scenario:

Figure 3
lZfN(O,Nl) lz;N(o,Nz')
X b(+) () .’
>+ > +) >
) Yl
N2=N2'+N1

The above scenario is referred to as a Physically Degraded BCC since Y2 is a
degraded version of Y1
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Example 2 The Binary BCC

Figure 4
0 1-p, 0
P,
_ Y,
1 1
X -
0 1-p, 0
P,
Y2
1 1
P1<P2<1/2

Once again whether or not the two BSC’s are independent, since the rwo receivers
cannot cooperate, we can consider a physically degraded model depicted in Figure 5,
which is statistically equivalent to the channel in Figure 4.

Figure 5
1 1-p'
0 Ps 0 P2 0
pl plz
1 1 1
X Y1 Y2
P, =P, ® plz

Operative Capacity Region

Let us define the probability of error to be:

P: = Pr{\ivu1 ZW,UW, 2W, UW,, W UW, # W2}

A rate triplet (RO,R1,R2) is said to be achievable if there exist a series of systems

(f,90,1,01,90.2,02) with a dimension (block length) going to infinity such that
P ———0. The operative capacity region Cg is defined as the closure of all

achievable rate triplets.
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Figure 6: Capacity Region Illustration

R2
A

RO R1

Let’s highlight some problematic issues that arise due to the nature of the BCC

e The channels between X and Y1 and between X and Y2 can be
completely different thus their optimal codebooks can be completely
different. The common codebook must then make a compromise
between the two channels.

¢ If both channels are of the same type and one has a higher capacity
then the other. If one wishes to transmit common information only,
then the channel with the higher capacity will not be able to benefit
from his superiority.

One may think of time-sharing as a logical solution, such that the transmitter transmits
information to receiver 1 and 2 in a TDMA fashion. This approach turns out to be
sub-optimal since it does not span the entire capacity region. It turns out that for
degraded channels one can span the entire capacity region using superposition coding.
In the general non-degraded scenario superposition coding although superior to
TDMA still is only sub-optimal. To give a notion of what superposition coding is
about consider the following example.

Spanish and Dutch speaker Example (Cover&Thomas Ex 14.6.4)

Consider a speaker who can speak both Spanish and Dutch. There are two listeners:
one understands only Spanish and the other understands only Dutch. We assume that
a Dutch listener, even though he does not understand Spanish, can recognize when the
word is Spanish. Similarly, the Spanish speaker can recognize when the word is in
Dutch. The speaker can then convey extra information intelligible to both listeners by
the timing of the use of Spanish or Dutch in each word.
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The Degraded BCC
The channel transition probability law defines the BCC and is given by

P(y,, yi|x)

If the channel transition probability can be written as

(1) P(y2|x): P(yl|x)- P(y2|y1)

Then the channel is said to be statistically degraded. Note that the fact that a channel
is statistically degraded does not mean that it is physically degraded. To illustrate the
difference the reader is referred to Figure 2 and Figure 3. Figure 3 depicts a non-
degraded physical channel, however since (1) holds, figure 2 is statistically equivalent
to figure 3, which is degraded. Thus the channel in figure 2 is statistically degraded
where the one in figure 3 is physically degraded.

It turns out that one can prove the following theorem: The capacity region of a
statistically degraded channel and its physically degraded equivalent is identical given
that receivers at each end cannot cooperate.

This implies that only the marginal pdf’s

P(y1|x): Z P(yv y2|x)

Y2

P(y2|x)= Z P(yl’ y2|X)
Y1
Have effect on the capacity region.

Coding Theorem for the statistically Degraded BCC

Define the information capacity region such that:

* R, <1(ULY,)
CoeelU)= {(Rl’ R.): R <1U;Y,u )}

Cho = closureconvexhall{u C,..(U )}
U:UoXoMY,)
U] < min {X|, VY,

Where with no loss of generality receiver 1 is assumed to be the better receiver and
any common message is encoded with the codebook intended for receiver 2, and so
can be decoded by both receivers.
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Theorem: For a Statistically Degraded BCC
Ce. =Cp

Bce Bce

And thus
e Converse: Any achievable rate pair (R,,R,)e Cr,,

o Direct: Any (R,,R,)eCy,.. where Cy_ is Cy. without the boundary points.

Description of an achieving system

Assume P(u,x), we need to show that there exists a scheme that can achieve any rate
pair in C*g..(U) for any random variable U satisfying the conditions stated in the
theorem. The proof was not given in class however a description of a system that
achieves the capacity region is given in the sequel

Codebook Construction

Generate 2" words such that each word is generated randomly in an i.i.d fashion
from the probability law P(u). The resulting codebook shall be denoted by U(1),U(2),
... U(M,) where M,=2"*?

For each codeword U(i) in the codebook generate an individual codebook in a random
i.i.d fashion using the probability law P( x|U(i) ). The resulting codebook shall be
denoted by X(i,1),X(i,2), . . .,X(i,M1) where M,=2""*

The above encoding is termed Superposition Coding illustrated in the following
figure.

Figure 7

w aP
—» CodeBoook 1

l X
BCC > Y,
:W2
—» CodeBoook 2

(1-o)P

\ 4

Y1

The encoder employs two separate codebooks that sum up together at the encoder
output

Transmission of the (i = W5, j =W, ) message
Transmit x = X(i,j).

Decoding
Receiver 2 (The bad receiver)

The receiver searches for the codeword U(i) which is jointly typical with y2 according
to the probability law P(u,y2). The decoding will succeed if R2<I(U;Y?2)
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Receiver 1 (The good receiver)

The receiver searches for the pair (U(i),X]) that are jointly typical with y1 according
to the probability law P(y1,x,u). This is equivalent to searching for the codeword U(i)
which is jointly typical with y1 according to the probability law P(u,y1) and then
searching for for X] that is jointly typical with y1 with respect to the probability law
P(x,y1|U(i)). The first step will succeed since R2<I(U,Y2) implies that R1<I(U,Y1)
the second step will succeed if R1<I(x;y1|U).

Achievability Proof

Without loss of generality assume that the message pair (W1,W,)=(1,1) was sent. We
denote as P(.) the conditional probability of an event given that (1,1) was sent. Since
that channel from U to Y is essentially a single user channel we will be able to
decode the U code words with high probability as n-

>0 if Ro<I(U;Y2). To prove this define the events

EY, = {U(i)'Yz € Ain)}

The probability of error at receiver 2 is given by

PM(2)=P(ES LU, E, )

e i#l

W <P(ES)+ Y E,

i#l

(2)<g+2nR22 1U5Y;))-2¢ =g4 2 n(1(U:Y2)-Ry)-2¢
3)<2¢

Where
1. Follows from the union bound
2. Since the probability that a wrong message be jointly typical with the
channel output is uniform and given by 2228 (AEP)
3. Since Rx<I(U;Y>) and n is large enough

Similarly, for decoding of receiver 1, we define the following events

E, ={uv)e A}

E, ={U@) X, 1) v)e A"}

ij

The error probability is given by

PM@)=P(ES LULE, LU LE, )

e i#l j#1l
D)< P( Ey, )+Z ( Ey )+Z ( By, )
i#l j#1
Where (1) follows from the union bound. By the same arguments as for receiver 2, we can bound
P(EYi )S 27 M1UM}32)  And 5o the second term goes to 0 if R2<1(U;Y1). But by the data processing

inequality and the degraded nature of the channel I(U;Y 1)>I(U;Y2), and hence the conditions of the
theorem imply that the second term goes to 0.
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The third term in the error probability can be bounded by

PE,, )=P(L@. XQ i)¥,)e A”)
= Y P(U@X@i)Y,)

(U, XY, )eA?

= YP(LOXE DV PHY®)
(U, XY, )eA]

< o-n(H(U)-e)p-n(H (XU )-2) (i (0)-2)
(U,X%EAQ

< 2n(H(U X ,Y1)+s)2—n(H(U )—g)z—n(H(X\U )75)27n(H(Y1\u Fe)
_ an(l(x;vl\u Y-45)

Thus if R1<I(X;Y1|U), the third term in the probability of error goes to zero. Thus error probability can
be bounded by:

pm W <e+ 2*n(|(U Y1)-R,—3¢) + 2*”('(X?Y1\U )R —42)

And so if n is large enough and R2<I(U;Y 1) and RI<I(X;Y 1|U) then the probability
of error goes to zero. Thus the conditions on R1 and R2 following from the above is
that the R2<I(U;Y2) and R1<I(X;Y1|U).

To get a better understanding of superposition encoding it is instructive to look at a
geometric interpretation of the two codebooks.

Geometric Interpretation to superposition coding

For the Gaussian channel with power constraint P the capacity achieving codebook
can be thought of as made up of 2" code words. Each code word can be thought of as
a point in the n dimensional vector space. These points that make up the codebook are
distributed uniformly inside an n dimensional sphere with a radius of V\nP. When a
codeword/point is transmitted through the channel it is corrupted by the AWGN. The
AWGN displaces the transmitted point. With high probability the corrupted point will
be found inside an n dimensional sphere with radius VnN (N is the noise variance)
centered on the original codeword. The following figure illustrates the above
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Figure 8: point to point signal after AWGN corruption

nN

In superposition coding the picture gets a little more complicated as there are two
codebooks. One codebook has a total of 2"** code words while the other has 2" code
words where R1 rate of the ‘good’ receiver and R2 of the ‘bad’ receiver. The *bad’
codebook has code words distributed uniformly in an n dimensional sphere with a
radius of Vn(1-a)P while the ¢ good’ codebook is uniformly distributed in an n
dimensional sphere with a radius of YnaP. Now these two codebooks are summed up.
This forms a ‘cloud’ of ‘good’ code words surrounding each one of the ‘bad’ code

words. The ‘could’ is of course the n dimensional sphere with radius of YnaP centered
on the ‘bad’ codeword. The following figure illustrates the above

Figure 9: Signal after superposition encoder
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Now each receiver sees a corrupted version of the transmitted code words. The ‘bad’
receiver can only decode the ‘bad’ code words and cannot distinguish between the
AWGN and the ‘good’ code words and thus sees that the ‘bad’ code words are
corrupted by a spherical noise with a radius of Vn(aP+N2). This is illustrated in the
following figure

Figure 10:Superposition signal at the ‘bad’ receiver

The ‘good’ receiver first decodes the ‘bad’ codeword and then subtracts it from the
signal. This centers the sphere surrounding the ‘bad’ codeword around the origin.
Once this is done the receiver decodes the ‘good’ codeword in the presence of the
AWGN. This is illustrated in the following figure

Figure 11: Superposition signal at the ‘good’ receiver

Decoded ‘'good'

Code Word

Decoded\bad'
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Revisiting Example 1 The Degraded Gaussian BCC with power constraint
Cover solved this problem in 1972. It was proved that U that achieves capacity is
Gaussian.

The capacity achieving scheme is given by:

X=U+Zx
Ul zy
U~N(0,(1-a)P)
Zx~N(0,0P)
Figure 12
lzxm(o,a) l Z,~N(0,N2)
- o) o) NG
_/ N
iw(o,a) l Z,~N(0,N1)
Y
() >
O<=a<=1
And so
1IU;Y,)=C (-a)p
aP+N2

(X YU) = 12,5, ~UU) = 1(Z,:2, +Zl>=c(ﬁ—i)

The following figure plots the capacity region for several SNR; and SNR, values where

SNR; = P/N1 > SNR;, = P/N2



Degraded BCC Rate Pairs [Bits/fChannelllse]

18 ________________ P P y - - - - - -{- - -----{- - - ----4{- - -----S - =3
: — SMR, = 10 [dBISMR, = 9 [dE]
1.6 S S S N SMR, = 10 [dB]SMR, = 7 [dB]
— SNR, = 10 [dB]SNR, = 5 [dB]
T T e SMR, = 10 [dB]SNR, = 3 [dB]
, = 10 [dBISNR, = 1 [dB]

Revisiting Example 2 The Degraded Binary BCC

Figure 13
1- 1- 1-p'
0 P 0 0 Py 0 P2 0
B P, p,
1 1 1 1 1
U X Y, Y,
P, =P, ® plz
0<=P<=1/2
Z, ~B(p) Z, ~B(p,) Z',~B(p',)
modZ/L modZ/L mod2/L
N N N
U X Y, Y,

R, < I(U;Yz):l_HB(ﬂ® pz)
R<I(X;Y,U)=lU®ZU®Z,®ZU)=1(Z,;Z,©2)
= HB(IB® pl)_HB(pl)

The following figure plots the capacity region for several p; and p, values where
p2>pl
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Degraded Binary BCC Rate Pairs [Bits/Channelllse]
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Alternative Interpretation For the BCC

An alternative interpretation for the BCC is unequal error protection. Such a scenario
occurs when the noise level of the channel is not known. The transmitter partitions the
data stream into two streams a low rate stream that makes pessimistic assumptions on
the channel noise, and a refinement stream that makes optimistic assumptions on the
channel noise. The low rate stream is received with high probability while the
refinement stream is received correctly only if channel conditions allow it. One may
think of transmitting audio or video in such a fashion. When the noise is strong only a
low-resolution version of the video or audio is received while the high-resolution
video or audio is received only when channel conditions are good enough allowing
the correct decoding of both streams.

Converse for the Gaussian Degraded BCC

Although the converse can be proved for the degraded BCC the proof for the
Gaussian degraded BCC s less general but gives some more insight and shall be
presented in the sequel. The proof uses the Entropy Power Inequality that is hereby
presented

The converse coding theorem for the Gaussian Degraded BCC

Figure 14
z z'
W=W,, =1 =2
X d \;\\I _V/\\I
Encoder Decoder o~ W2
W, flwp.wy) Y 9,(W,)
— 2
N
1 2 Decoder Wy
x| <P > —>
Y, g,(w,)
z,~N(O,N,)
2',~N(0,N,-N,)
N,_>N,

The Capacity region for the degraded Gaussian BCC is given by:
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Cag. = convex hall {closure(R,, R, )}

aP
R, < I(X;Y1|U)=C[mj

aP + N2

(Ri,R,)=1R, < I(U;Yz)zc[MJ

0<a<l

We need to show that any rate pair (R1,R2) that result in an error probability that goes
to zero as the block length goes to infinity belong to Cgcc,

Proof of the Converse coding theorem
We need to show that any other codebook generated using a non-Gaussian probability
law is worst then the Gaussian one.

Let x= f(w,,w,) denote the encoder and assume that W, and W are statistically
independent. Let us assume that the decoders result in Pe<e were Pg is defined to be

P: = Pr{wo’l =W, UW, #W, UW,, ;two}

We shall proof that for any arbitrary x = f(w,,w,) obeying the power constraint P the
following inequalities hold

R, SC(a—Pj+5'
N1

R, < C(Mj+5

oP +N2

wheres — 0=> (5" —0,6" - 0)
Proof

@ nR=HW,)

(2)=Hw,w,)

(3) = HWW, )— H (W, W, Y, )+ H (W, W, Y,)
4)=1 (\/V1;Y1NV0)+ H (WlI\NO’Yl)

(5) = 1W,; Y, W, )+ no’

Where
(1) - Since Wy is transmitted using nR; bits
(2) - Since W1 and W are statistically independent
(3) - Adding and subtracting the same term
(4) - From the properties of mutual information
(5) - Using the Fano inequality (since an arbitrary small probability of
error is assumed the uncertainty in W; given Yy and Wy is small)
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(6) = h(Y, W, )— h(Y,W,,W, )+ n&’
(7) = h(Y,W, )-h(Y,|X )+ ns
®)= h(Ytho) h(z,)+ns

9)= g(27zeP(Y [\/VO))——Iog(ZneN )+ns’

10) = > Iog( YJW%J +ns
U
= % Iog(P(Yl[W%J +5

Where:
(6) random variable
(7) — From the data processing inequality since (Wo,W1)—>X< Y;
(8) — Since y1= x+z;
(9) — By defining h(Y1|W,) to be n/2-log(2reP(Y1|Wo))

(10) — Algebra
(11) — Algebra
Similarly

(L) nR, =H(W,)

(2) =H (Wo)_ H (W0|Y2)+ H (W0|Y2)
(3) = |(W0;Yz)+ H (W0|Y2)

(4) = 1(W,;Y,)+ns’

Where
(1) - Since Wy is transmitted using nR; bits
(2) - Adding and subtracting the same term
(3) - From the properties of mutual information
(4) - Using the Fano inequality (since an arbitrary small probability of
error is assumed the uncertainty in Wy given Y is small)

(5) = h(Y,)-h(Y,W, )+ ns’
(6) <— Iog(2;ze(P+ N, ))—h(Y,W, )+ ns’

(5) — From the properties of mutual information and since y- is a continues
random variable

(6) — Since the entropy of a random variable with a given variance is

always smaller than the entropy of a Gaussian random variable with
the same variance

Now we shall use the vector Entropy Power Inequality
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(Y, )= hY, + Z,w, )= Iog{ °)+22h(z;)j

Substituting the above into (6)
n Zh(v,w,) ,
) SEIog (27e(P+N ))——Iog( ' 22h(22)]+n5"

©®="log| Nz | s
2 Pin[\NO )+ N,
U

% <lo H’Wy] vo

Where

(7) — Using the Vector EPI. Equality holds if Y1|Wj is Gaussian i.i.d
(8) —Again since h(Y1|W,) is defined to be n/2:-log(2reP(Y1|Wy)) +

Algebra

Now foIIowing our definition that h(Y1|Wo) =n/2-log(2neP(Y1|Wy)) it follows that

(Yl‘WO)
P(Y, [vvo) = 2
U
N, <P(Y,W,) <N, +P
) 0
holdsif all the holdsif W isnot transmitted

uncertinty in Y1 and X is Gaussiani.i.d

given W is

duetoN
1

Now define

P(Yl[\NO)_ Nl
P
U

0<a<l

(04

Substituting the above into the inequalities developed for R1 and R2 we obtain

+EE1QEJ+§

aP+N2



This concludes the proof and thus any system achieving an error probability arbitrary
small is contained in Cpgcc.

Entropy Power Inequality (EPI
Let X be a continues real random variable such that:

Var(X)=o?

h(X)=E{-log(f,(x))}=—[ f(x)log f (x)ox

Let X" be a continues real Gaussian random variable such that;
X" ~N(0,0?)

h(X*)zé log (27e5?)
Consider the relative entropy between X and X

D(f,]£;)=[ f (x)log T o

7 (x)

It can be shown that in this case
f,)=h(x")-n(x)

Since the relative entropy is non negative

D(f

X

h(x*)-h(x)=D(f
U
h(X*)=h(X) v f,(x)

Let us define X to be a continues real Gaussian random variable such that its entropy
equals that of X thus

X

£7)>0

~N(0,P(X))
h(X )=h(x)

U
P(x)zi

22h(X) < 2
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Where P(X) is defined as the entropy power of X which is simply the variance of a
gaussian random variable with an entropy equal to that of X. Consider a continues
real random variable Y such that that:

X andY areindependent.

Thus

Var(X +Y)=Var(X )+Var(Y)
now we are intereseta in

P(X +Y)=2

Theorem (Shannon 1948)

P(X +Y)>P(X)+P(Y)
T

equality holds < X, Y are Gaussian

Some insight into this theorem may be gained by recalling the Central Limit Theorem
(CLT) that states that: Given a series of i.i.d random variables x;

E{X;}=0
Var{X,}=o

then

n—oo
indistributin

izn:x X" ~N(0,0?)

And so for i.i.d random variables X; one can intuitively imagine that

Xi |—=—PX
5% frt)
This gives intuition into why the entropy power of the sum is greater than the sum of
entropy powers.

The sum of 1.i.d random variables tends to be ‘more’ Gaussian and thus has larger
entropy power. The proof was not given in class. The interested reader is referred to
[1].

The EPI can also be stated for the random vector case and the random process case.
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For the random vector case:
Consider a continues random vector, X =[X, X, ... X, ] with a covariance matrix K.

We define the entropy power of X as:

P(X)=—— !

22h( )
0 (2me)

It can beproved tha
P(X+Y)2P(X)+P(Y)

The Conditional EPI

Let X,U,Y be continues time real random variables such that (X,U) are independent of
Y. since

1 _ _ 1 o
2Iog(27zeP(X))_h(X) :>P(X)_27ZEZ

Now using the EIP one has the following

L ooy 5 1 oanig 1 Hon)
2me 2me 2me

nowsince y L (X, U)

izzh(xw\u)>i22h(x\u)+i22h(v)

27 27e 27
T
equality holds < x | uandy are gaussian
Where
h(X|U)= —E{Iog f } J'J' x|u log f,,, (x, u)oxou

Similarly for the vector case:

1 ooneevw)y 1 pantxw) 1 Hongy)
(27e)’ (27e) (27e)"

equality holds <> x | uandy are gaussian
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Mrs Gerber’s Lemma (Wyner-Ziv 1973)

A similar role played by the EPI in proving the converse of the degraded Gaussian
BCC coding theorem is played by Mrs Gerber’s lemma in proving the converse of the
degraded binary BCC coding theorem. The theorem is hereby given.

Consider a binary random vector X =[X, X, ... X, ] and the following BSC

e<=1/2

Where Y can be written as:

Y=X®&N
where

N =[N, N,...N, ]
N. ~ Bernulli(e)

Denote the average probability for a coordinate in X to equal 1:
1 n
p(X)=1 > Pr(X, =1)
i=1

And thus

P(Y)=P(X)®P(N)=P(X)®¢

Tx, iid
Define
X=X X5 ... X ] where x; ~ Bernulli(p(x))
and
X:[il X,... X, ] where X, ~ Bernulli(g(x))

al)= g TH00)|

n

i.e, X has the same entropy as X
It can be proved that using the Jensen Inequality that

H)2 S HE)=HE)
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Mrs. Gerber’s lemma

H(Y)=nH (g(X)® )= H(X +N)
-

equality < x; ~ Bernullii.id

An intuitive interpretation on the lemma is that if a binary random vector X that is not
Bernullii.i.d is passed through a BSC, the BSC output y will tend to be ‘more’
Bernulli like.

Conditional version of Mrs. Gerber’s lemma

Given a binary random vector X , a random variable u and binary random vectorY that
is the outcome of passing X through a BSC then
if (X,U)LN

H(Y|U)>nH,(q(xu)® &)

q(x|u )= HG H(x U )]
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10 — NS

Joint Source / Channel coding over the Gaussian BCC
Channel

Summarized by Ori Finkelman.

The degraded Broadcast Channel - analog transmission vs. digital
transmission

Following is an example for a case where the source / channel coding separation
principle does not work for an information network.

BCC (Z: and Zz are Gaussian)

le Zzi
. X Y2 ("bad") . ~
S— > Transmitter —»4@—%@»% Receiver2 — S2
Yi¢good) || Receiver 1 |—» S
2
S~ N(O, o)
1
ZE|X|P<P
n

The individual capacities of the cannels are:

1 P 1 P
C,=—log(l+—) C,==log(l+
175 9( Nl) 2 =3 o(

N, +N,
D, = E(S, - §)? D, = E(S, -5)’

)

1 o’
The rate distortion function of S is: R(D) = > log ES’O <D < &?, hence the optimal

distortion we can reach for each of the cannels individually is:

Dlolot = R_l(cl) = O_s,z 27 Dgpt = R_l(Cz) = 052 275

The Analog case:

In the analog case the optimal distortion can be achieved simply by using MSE
estimator.

Given the output Y, we can give an optimal estimation of X in the MSE sense. Since
we have a power limitation on the transmitted signal, we can amplify S up to the
allowed power P.
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1. Multiply the signal S by a constant a to get X such that %E I X |P=P

: : . T~ 1 P
2. Use an optimal Wiener estimator R, to get the estimation S =Y - —-

a P+N’

Following is a proof for the optimality of the coefficients used by the Wiener filter.

X =a5

S=(X+2)B=(c5+2)p

E[e’]=E[S - S)*1=E[(S - (a5 +2)B)’] =...= E[S*(L-ap)] - E[Z° °] =
Assuming x, =0 u, =0 (the means do not change the mse)

=20 (1-af)? +20,°p

: - . 1 .
It is clear that the minimum value will be when « —ocand £ =— — 0 but since we
a

o P . .
have power limitation we know that o can be no more than —-. For this maximal a

Oy

we calculate the optimal f.
8 2 a 2 2 2
—E[e“]=—[20.,"Q1—apf) +20 =0
55 Ele’= 55120, W-ap)* +20.°4)
2 2 2 2
ao, 1 a‘o, 1 o, 1 P
ﬂ: = — = — =

2 2 2 2 2 2~
a’c +o,” aa’c +o0,” ao, +o,” aP+N

It is clear that in the analog case, since the transmitter behaves the same for both
individual receivers and that there are no mutual dependencies between the receivers,
they could both achieve the optimal distortion for their channel capacity rates.

The digital case:

Now let us see what are the achievable distortions for the digital case, using a
source/channel separation scheme.

Our system may be described by the following drawing:
BCC (Z: and Z2 are Gaussian)

Wo oc le Zzi
S source Channel X Y2 (bad) Channel A~ Source
—— Y, S —> —»———»| Decoder —>»\\o> | Decoder
encoder | Y1 =
——»| encoder 2 2

A
Channel |—> Wo1 | Source
»| Decoder ~ Decoder
1 — W11 1

Y1 ("good”)

Trying to solve the same problem as we did in the analog case with this scheme, we
would like to think of S, and S, as two estimators of S, where S, is finer than S, .

74



Thus W, is a coarse description of the source S and W, is a refinement for W, ,
aIIowin_g receiver 1 to decode a finer description of t@source than receiver 2.

If it is possible to divide S to W, and W, such that the sum rate would be no higher
than the rate it would take to encode S in a single word, achieving the same distortion
for receiver 1, we would say that S is successive refinable.

Assuming S is successive refinable (further discussion on successive refinement is in

the last section of this lecture notes), what would be the capacity and distortion
regions of this solution?

We have seen Cover’s solution for the degraded BCC channel problem from 1972

(see lecture notes from 28/4/2004).
The capacity region is described by the following drawing:

P ‘-:RH R2= C (N—l)

- p > R
C(=)
Nl
The blue line is the solution for the degraded broadcast channel in the Gaussian case;
the black dashed line is the solution using TDM, and the red dashed line is the line

R, +R, = C(Ni)' It is clear that the maximum achievable rate for receiver 1 is
1

C(Ni) , Which can only be achieved when R, = C(Ni) and R, =0. Trying to set

1 1

R, >0 reduces Ry in more than Ry, thatis R, + R, < C(Ni)'
1

From this we can draw the achievable distortion graphs of the two cases (digital vs.
analog).
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Analog system distortion region Digital system distortion region

opt

opt
D2

D2 [~ s B

In the digital case, trying to reduce the distortion of message W, below the variance

of the noise of the “bad” channel raises the distortion of W, in more than the reduction
of the W , distortion.
Achieving the bounds for the digital case using a successive refinement scheme:

Successive refinement:
We are given a source X and two descriptions of X, a coarse description X, and a
finer description X, , and distortion values D, =d (X, X,),D, =d (X, X,) where
D, = D, for some distortion measure D.
We know that in order to transmit X, we will need a rate of R, = R(D,), and the
same, for X, we will need a rate of R, = R(D, ), obviously R, <R, .
Instead of choosing either X, or X, , we would like to send the information in two
phases. In the first phase we would like to send X, in a rate of Ry, such that at the end
of the first phase the receiver may decode X, with no error (in the Shannon sense).
In the second phase, we would like to send some encoded data in a rate of (R;-R2) and

that the receiver, once getting this data may now decode X, .
This process is called successive refinement.

I will describe the basic ideas of successive refinement and the conditions for a
successive refinable source, with no proof. For further reading, please refer to [1].

Example:
Let us take a simple case of X drawn from a standard normal distribution where the
distortion measure is taken as the mean square error.
We would like to minimize the error resulting from describing X~N(0,1) using a finite
number of bits.
It is obvious that if we have only one bit of description the optimal description would

be to specify whether X is positive or negative. The reconstruction of X, at the
receiver would be the centroid of the partition. Thus, X =—/2/7, if X<0, and
X =217z, if X>0.
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The resulting squared error distortion is D = E(X — X,)? = (x - 2)/ = ~ 0.3634
If there are 2 bits of description then there is an optimal quantization of the interval
(-00,00). The interval is quantized into 4 regions and X, is given as the centroid of the

bin in which X happens to fall. Here it is clear that the 2-bit description is a refinement
of the 1 bit description.

However, trying to add another bit we find that the optimal description for 3 bits is
not a refinement of the 2-bit description, since it requires a different quantization then
the one we used for X, .

The following drawing shows the optimal descriptions for 1, 2, and 3 bits, and it is
clear from it that the single Gaussian variable case is not successive refinable. The

results are given here in a sketch. The calculations were omitted, but are
straightforward.

o} 1
X,
ol o1 1
. ol 1o 1
X2
0.98 0.98
A o|o|olof1]|2l2]| 1
X, o|o|1]|1]|ofo|l 1|1
ol1]ol1]lo]ilo ]| 1
-1.75-1.05 -0.5 0.5 1.05 1.75

When can we use successive refinement?

It is clear from the previous example that successive refinement cannot be always
achieved.
So, when can we use successive refinement?

In [1], it was shown that that successive refinement from a coarse description X, to a
fine description X, is possible if and only if the individual rate distortion solutions

p(X, | x) and p(X, | x) for D, > D, are such that we can write X — X, — X,asa
Markov chain.
Specifically it is proven in [1] that:
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Successive refinement with distortions D; and D, (D, > D,) can be achieved if and
only if there exist a conditional distribution p(X;, X, | X) with

Ed(X,X,) <D, (1)
and

Ed(X,X,) <D, 2)
such that

1(X;X,) =R(D,) ©)

1(X;X,)=R(D,) (4)
and

p()A(l’ )A(z | X) = p()A(z I X) p()’zl | )A(z)

Note that although we have seen an example where successive refinement fails, and in
[1] another counterexample is provided, however, in many cases, when taking X to be
a vector of i.i.d variables, successive refinement is asymptotically achievable.

Applying successive refinement to our problem:

As described above, the problem of the degraded BCC source encoder is to encode
the input signal S into the words W, and W3, where W is a public message for both
receivers and Wi is a private message for receiver 1 which is that “good” receiver.

In this case we may apply successive refinement in the following way:

Wy will be the coarse description )ZZ of the source S transmitted in a rate R, and
achieving the distortion D, = D(R,).

W, together with Wo will be the finer description X,, where W, is transmitted in a rate
R1=Ro-R2 and the achieved rate distortion in the “good” receiver is

D, = D(Rl + Rz) = D(Ro)-

As we’ve seen in class, transmitting W as a public message to both receivers and W,

as a private messages to receiver 1, concurrently, is possible in the degraded BCC
within the distortion / rate regions as described above.

References:
[1] W.H.R Eqiutz and T.M. Cover. Successive Refinement of Information. IEEE
Trans. Information Theory, Vol.37, No.2, March 1991
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720 R®? MUY N712121, AWGN P10 112D 219 Tpa

1"RU 1MWR1 27w 171 (Interleaving) N7 TWA WIN W MUXNKRA 11"N0N NR NV 1)
21 UXIN® TIT'Pi .2°2pN1 07121 N2 078170 19010 X?2& , TN TT12 "11U2X P17D 17
1137 MNINN 210 TIPN TR NTA 1'% 19 2D ®?21,071270 "M220 01700 19

TTN 170N 128 NPTTAN 1°¥NT9°RM MPN° W27PN1 1201 212070 NU™T™ d, M"01RA
12 1%™UN 1121 .17 WNNWA? N7 27202 07%170 1901 1°R 10X . NT'00 3P

2172 790N 171X TP 22P°2 10710 12 2172 MMWn 79001, TP N?2'0 &1 171D 230
J11ID392 2°NN1 82PN 1X™10Ni1 23 22NN TUXR3T 00 77110 N%*770N0 NX 1701

. AWGN P17D 112D 219 TN 11210 "7N170 1717210 .1110XR170 ATIMUN NR NIV9 N'UXR1
MR MY9? 0°R1 TUXRI NV .P"1TN MMV, i.i.d. 0012 217°P2 07 072120701
22 MIVIN ANIT 17132 70N .ANwR10 ATMun ISI 0 R 28217 11 1700 AT

R 1T W2 N1'N02AN0 .0 TIR MTnun IS0 Nk 072020 1UKRd 71912 ATINY

210 17T TIRW T2 2172 N2 7178 1060 190100 111701, 0810 A217a0 000
X' 2171 M2 778 TITINUA ‘0N 0J0 12'0i.21T2 1112 7713 D171 1901 01
RN 17102 1TWRTN 2120707 IN"0N 17102 11INKR0 21207000 1S122p] X270 "T21W
19 171 AXP2 TO0INW "T32 .P1IUN NN 77182 009X 1110 2232 1TW?21 07 TRin? 0°
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223 2¥pA 7091 ®? qI01°R? qR1W NITMD ‘TN TWKRIT, 2174 TINY ‘00 1707 0
AW 2127pM

First Second
codeword codeword

Transmit first ——M——

Transmit second ———

Transmit third ——

Transmit fourth ——

Decode first. Decode

No ISl second.

Cancel ISI
from first
codeword.

mT* NN 11Mn d 1170 21200 20 71UWn K11 22pnnw FFE/DFE i 1mwn
N1P2N"09IRN TAXR? 2100 ,NIXRIN? 1N N12112107IR0 117902 0w 71N .{yf’w ,dn_}
{yi"w}m'r"rnrl NWRIN 2702 >.07270 0 P02 7IWONI IR A7R07 110, 7I0001

11DW NR™W N11%1M,d , MTWN 2120°0 20, dn T2NT0IIR TIVW? Munwn

~

PITNA DT d,N1700 W 12000 NN TWN ,Iun 2701 Nud LA, =d, —d,
7700 IR MM? *T32 12 WNNWA? 10" 827PN2 V1T A, 17700 20 1200 0 ,17pN2
. d,?W TMVLA NRIWN MNW DR 1°0PN7 131, A, 20 NI

1MWNN P1779 20 N300 AT 0171%2 IN2M NIMKR 720N Levinson — Durbin 0n™1278 Mol s
J1"2 2722 1IN
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;713 IR N22pTINN 127000

Decision Device
(slicer) d,

Ja Equalizer
Junc(yZ,)

A, Predictor
JSune(d,)

MW RNW AR YN0 DTN 119 2D NYTTAN 1°¥N7191°R? 011910 M0 NV NN9)

21 WNW M2 1T Shannon TONW 11PN 112D X7 1110230 P10 2127797
0 11231 21717900 TINK 712D

qUKRI ,(T272) {yf’w} 1NN d, 20 "?NM9IRN 111000 R0 0179290 NR SA(f) 1 1Mol
,22P1 11711 NNTN 20 NIVWN NXRAW 0178p90?2 0"an "9?2 .y, =h, *g, *d, + z,

oz S:(D)
s () BOVIHON _ 0i-Siu() _0f-Siu(f) _0i-Sun(h)
Al ., S.() CP(f)+S,,(f) ) ~ P+o?

GO
Szyeq(f)=|H(f)|_2 -8, (f) womwn 121 wn 11NN, S, ()=o) 10K

2170 Shannon TON 1WXRD 01131 "B "W ?wn mamwm , P(f)=o} -|G(f)|2 1

nRJW KR e, =A, —An U2 IN10N 120 12D 71 A, 717700 20 7' NXR0

901 7D 111N 17 R0 .{yi‘; ,dn‘} mT N 22 71NN d, 71UWwa N22130 117000
79170IRI
/2221 . P,(A,) 1m1onin , A, 2w (entropy power)

o’ =Var(e,)=P,(A,) :exp( 1j’zlog S, (f) dfj

-1/2

0_2 1/2
= _exp j|og S, () df
P+o B ’
R 0?00 DTN "19 2D N22PNN0 NTIR?2P00 NPT P3N T11917°Ri0

z
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I(dn;dn)=h(dn)—h(en)=%|ng(2ﬂ9~(7§)—%|ng(27ze-0'ez)

1/2 2 1/2
1 1 0
- J' “log, S 94 df = j —Iog{—J f=C
_1/22 Gd S (f) —1/22 Sz,eq(f)
Prol
07270 "IW? P1717900 "0 P1IDN 21272 NIR 123000 111721 217N Shannon 00N 10X
noun 20

J11771N'91R 2D Tmw 1Iu3nw FFE/DFE n

2IVIY SOINI NP DWW SV MY BY 01T

. Auto — regressive (AR) 1101 "11D21X "0IRJ 1PN? RAN T°T2 10T 271N 210D]

. 2
w, ~N(0,0,) o -

A(2)

ORI s, ™D IXRINM NP0

NNW1 DIR N?MN 202 127 "01X2 7200 R10 W, T'R21°R) O'WIT N 77200 e

2
w

. ZTINNNi1 N?D21 N"N2°07 1012 AD12R NYIRMY? 111010 7D 1121 PN e

.A(z):iai -z

.O

2
0PN 0PI 12 M2 . S (f) = ) 11N PN 0170pP90 e

- A’

ol =P,/(s,) :exp{ 1j'zlog S.(f) df}

-1/2
.8, TIPNN 20 1"9110IR PI0N NR NON P, (s,) T0XRD

D' Nartn 773 197 — NIy axp NS NX'YN

1/2
1 S, ()
R=R(D)=_ljlzzlogz(
1/2
: jD(f)df =D w72 vaPI TN 222 MIUNT 700N 12127 X116 10K

-1/2

)df = 5 log, ( )df ( )

D(f) Y 0 sample

i 1 S.(f) bits
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S MN2N 2*w90 2°92%

D 1111 'Y 2Ry 11°XP119 0'52 MmN 7pPn? 10X — 127 "0IRI 11PN e

R(D) = 1og (%) ( bits _,

sample

_% },5 f
— Shannon 20 NNNINN 00NN e
R(D) > j > 100, (5

1 o2
df ==log, (—~
) ) > g, ( D)

Oonil . 1PNa 20 N*9170IRN 900 7D NN TUITNA 77207 N0 K140 O'\,zv U3

1WA 2P0
omin A oxy A

1/21 Ss(f)

NNNN ®3N] 5,(5)
0170790 NTIPI7
sl /

11777, 077070
937 S.(f)>0

nrasm) |f[<1/2 0

3772 22pTn

10 NN 10KR3
( —

i o
W 111"IN - ?NTU9IRA PV e
R(D)=inf T({s, }; {8, )

0RIPR 0727200 0% p({§, s, }) 0212790 23 113 20 NP1 1IN 9IRN T0RD
E(§, —s,)’ <D 7M1 PI7°R IR DMTPNW {§, | 070178R0T

1%p N"¥PNY IR 0'Wann , {8, j— {s, } 11901 PIIUNW D213 TN DA 11IN9N
120 PO0UNN O1VPI0T, §, 102 01X e, TWRI, s, =§, +e, W OPN NN™D
S (f)=S(f)+D(f) w1d, D(f) v 11

MTP 0°WIN PITU 02 22p7 1N 1120 NIpna
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z, ~ N(0,0), iid.

\J

u" l vn y
A »(+) H()

1 111313 TII0NN TURI
~S.(f)
D(f)
H,(f)=H ()
(s, 58, D =Ty, {v, ) =R(D) &N M 11NN N"¥N1191°RN 13RW ®TN? N1,

H, ()" =1

MTTAN NP¥NN91R NR'SN D, E(§, —s,)* <D w1 N1"Di P17°R 10X
.T1912 170 2232 NN"Di

2IV33 S0INI AR 292 D0°TTD 13

] RN 11N 0D 10INP 20 12701

“Quantizer”
Z?!
u, d, d,., v, =u +2,
><? > ................ + .@ »
A
Yu
oo
Uy = sz Vi

=

u, Predictor

P(z)

127 "TIRI WU RIN z, ORI XD “WUIA7T, v, TN U, 7 R R10P(z) 13001
Av,} 17nnn pw1asn, v, 21 {u, } 177nna 07na
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N110 "NVIART 1PN 20 NI1°D AP N°8PI19 120 2302 DAN? RN N270N0 170N
11T TR0 19 2D NMIR?P0N NP TTN 178N71191°R7

. R(D)=inf I({s, ;15, )=1(d,;d,)
1191 P1ID 71792 112D 11100 |7‘?TI:1 nimn'g? niTa

@) _ (2) o _ © N N n-1 ) -
R(D) =1 ({un};{vn }) = I(Vn yU_, |Vn ) = I(Vn —u,su, —u,,u Uy, |Vn )
(4)

(5)
= 1(dgid,, U5 U7, V) =h(d,, [V,) ~h(d, |d, U2 uz, ,v,)

qn?~n? -0 ? n+l? " n

(6) (7) (8)
=h(dq,n |V;)_h(zn) =h(dq,n)_h(zn) = I(dn 1dn +Zn)= I(dn ;dq,n)
R3]

CH,(f) 1H,(f) 0'10na o wnnwn WX 1121 NURIN NN -
1MIMR N9 IR0 11PN? MWW 2230 D111 D00 11700 -
7272 v, MTNN 20 1°¥pN9 K10 4, "R 17°310 2200 0200 1on - -

TI27DN 711200 22pN0 U0 1Ton - -
TT910IR W19717 NPTTA A°¥N1191°RA 171790 2200 "0™Mnn 1M°on— -

VA {un} 1?NN207N2 z, W11"dN 22pnn "UTLa NMren . -
.V, 10"N2 dq,n WX 22pNN "DMAWA N0 -

TIPTTA 17¥N7191°R7 N91T0IR W19 1710 7D 22pNN 1Mun 11M°en - -
T127UNA 711200 "D ONN 117100 INR? N22pNN NUR1ana IRYIN

127 "0IRA WD R Z, 1V, =Uu, +2Z, 011730 "D 1171700 T7PNN TN 1727 0137
2100 RN RV, NI v, 2 101" 2700 RO 70, v, 2l {Un} 7?NN107Na
17P"D N 1NN dq’n XRWWV, 2 NN RV 13?21, v, TN u, ? 1N1"2

7011 ,070IRA Til 0220000 111°310 . v, MTTN? Na%™ 10707, 1121107100
1212 2N 091X RN R P(z) 10X 1271 ,11"W0000 N17N "R? 2190 X271
v, 10"N1 dq‘n W ?2p1, v, 1IN (v, 2 011327) u, ? NUXINN N'D12™71 NXR"I0

N™MIR?P0N TN 71780 71917°R? 7110 1WA 1PN 20 011°D %P 17°8PI119 11 2802
10PN "9 2D

M"I12%2 2197011 172 771907 117 "1UAY TIP1N 112V 01,1023 PIIUn N*"0a2 aniTa
,H, () 0monn muxnxa 29100 1pni N1PDaR 18T 219701 1717 TN

T221127 "0IRI 1PN 0RAA? 7% IreImpnt , P(z) R H, ()

1T210i1 1°27 ,"N77T0 19182 ATIN N237UNAW AT2A101 1°2 17"N0i1 IR 1°20i17 117112 M3
0"212°0nN ,( "N2'0 11"RW ) TP WINW 1307 73712 1221 01X X171 i1°I1T"0I111R11 WU10
1R 272pN1 TTIP? 03110 11PN 7901 20 Nl — P10 1702 20 07219707 0'MT
TN 71PN 20 07PN ol uinto
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2 — NS

Writing on Dirty Paper - 73 nvInTpdR oy "0INI PIW 7I7°P

(Costa)

TI?R 1TV "D 0010

TITP? TR I'SNT91°RT 11PN TITP? TX N'X71191°R 1" TR NI'SNT191°R 20 N12XRIT 1X1]
2?0 12™N3 N™D2 NATDA RWU1IN NR TATI . TTUTIR™T 17702 AR 1T0 AXR7 IN1?I P11

.(Writing on dirty paper) 772171 1"

177 N7 M AMKNW - 13 1770 21N37 078171 722121 17 107 07 210 DT 170
TMIWIR "MW L .2IN31 IR X112

JPIN 17N 2D 2IN27 TR R 170 10 77231700 1IN NR pInn? e

137 . 0NN UNTA? N1%11 1271 17K NUNT 0P ®0 10 MPTI N2 T 111 e

NR™PN 11T 20 RPN 0D 02077 021X K110 NN 7221707 170 20 21272 107
R1TP7 172D 2970 12

MR .1'80T191°R 172X ®?27 17700 11132 wnnwin? 11" "2 COSTA 121 1983 NiwA

NxX9i1 0™1%1" N1M271 20 n1an ®'n1 COSTA 20 1My W1 wIN w? 01" N3P 29xil
221 NMTDAW T N'XN7191™R NINT IR IR U170 M2 . NI IRTM LR 1N

Digital Water Marking &1 11T 2710 . 227 112 R0 71"¥N7191"°R1N IR 12172/179°7
:R1i1 191X 1121 N27UNA 27m (DWM)

[Usually this noise
is premeditated]

Host signal S,

_ i Zn ~ AWGN
The “dirty paper
Message ‘m’ S 5
g Sn Yn Decoder to m
——p» Encoder #w message ‘m’ T

"D 1172200 ON'P IN?3 TN O1UN 117 TTIPNN INKR? NIXi

(0.1) E@(&éHSD

ILs nU1viN1 "20"0pPN M1"D U7 1RIN . D12 111D T X1 d() 272 77172 10KRD
17721 .NANJIN AUTIN 20 N*910 177IX 1°912N°7

(0.2) x[1S-S§
' 221 (0.2)n7Tan 97
0.3) y=S+X+12

:DWM 1 nepna p7 a0w XIM, 78 DOXNTI00KR OV 717V T17R 811 COSTA Hw 77
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Host signal Sy,
The interference The “dirty paper” Zn ~ AWGN

is known to the
encoder

. -
message ‘m X S Yn Decoder to

m
E— > ‘
Encoder r\u V\u » message ‘m —»

R 121200 29010 12210

(0.4) E{x*|<P
‘X’ NITaN "97 11720 TR N'8N7191°R 0D P1700 TIT'R? 1021 DWM  npa nno
D nuawvna Imnm "2 NNTU2 AW P P1Iun p9un 1uKR3 m21pw 10 (0.3) nR1wna
TIT'% N1™'02 20 Tn?21 1 COSTA 20 11"°DAN 2D DIT* N NY 22101 .D=P 1m*?2
COSTA vgwn nk n'211 COSTA 1221 P70 II™'D2A X1 1T 17"D2 AWYNY? 1120 1PN
N'21NW vIwnn .1980 Miwn Gelfand Pinsker 2 IM&N 2D 1002N702 1983 M2
:R11 COSTA

1 P
(05) CS.I @Tx — CSI @both — Czero interference — E ’ IOgZ [1-’_ ?j

z

TR

1222 TTIPN? S NDI9NN AUIT 10K P1IUA 2122 Cgigtx @

N 02 MIIn?1 TTpN? S U719 av1T 10X PV 2122 Csigeoth @

773 S D791 ]1N JUXR3I F77.U/7 77_77/7—Czer0 interference °

INI1?72 . 293 0P R7 XRINWM 2A¥N? 2190 171271 17007 117 02PN2 D17 S 10X 1wun?
N IR TID9? 1111 17TV 172D 112120 771770 2D 7172727 1 IR DT1" ®? NID9Ni1 OXR 01

NXR PINN? 11X 22 'R IN1?3 . "1PNi1 7122720 077 1N V3N DT 123 12'R3 ANJ™1IW
J127UN21 12711 W12 0N 12123710 70T 290112 27 127 1°¥011917Ri1 212721 17041

"2 X1 IM1?2 COSTA 1112 72100 1M1 P27 IR NY 1XR1)

(1-1) CSI @Tx — CSI @Both
JN"M?8p0 Modulo NP uny™ xR NI1U2 U191 2192 T 2D 7132 21pNN7 1N "2 KR
:modulo 7w 12191 NR 1°TA
error in rounding x
(2.1) x modulo A = x—A-[i} =min{[x—i-A| :i el }=1to the nearest
multiple of A

TTIPnn JuxRd COSTA 271N 97 TX NI"¥N1191°R TV P11V T1T°P 11719 2D ND 2?2101
2W 1107120 NATTAT qUINN "3 DT RINW0 710797071 11010 INKR? modulo N?109 1Xan
.modulo M7109 NMXR NN Muani
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Host signal Sp,
The “dirty paper”

\ y mod y'

/ A

Zn ~ AWGN

v N T x
|/

Vany

N2 22 TWNN 900 27NN 97 17T

(1.3) E{x*}<P

ML n27un nmivani w* 183N MAT INR? .V -1y’ 172 NTTili 178071917k 72D 220]
R? 22AR ITWUN? VIT S “71?277Nn COSTA N™U2 NITAN 920 1212 .V’ IR N2 1DWNW
2Z 7V MJID2y’ 21 ?IN01 .07pn?

(14) y'=ymod A= x +s+zmod A=[(v—s) mod A +s+z ] mod A

(v—s) mod A

TR 01"02 NNXR modulo  N71w9 N?0977 17190 1192 modulo  M7109 N7V90W 111"
227

(1.5) y'=(v+2z) mod A
3 X' (1.5) - n mponn
(1.6) L(v;y')=1[v; (v+2z) mod A]
12N WY1 P1IDA 212°P0 "3 1TN? "0°0270 U1PA . modulo 112N w7 P10 110

1PN . TR 12°71 107232 00N 12797 1R TR XR120 11279 *T* 2D 22pnn modulo
12 R 17790 /A N2 A/2 -2 -A/21°2 T'IIR TIA2901 10730 IN122 112

+ fuv)

1/A

_A2 A2 v

R TNWNT 09K R 120110

A

2.1 Eivil=—
(2.1) {v?} 5
IRINT . TMRID 0 X=Vv-S mod A 07PN ( "RIPR IR D1AP) ‘s’ 2270 27 2°W]
2

2 22p1 IR E{X*} =P 172 221M N0"130 pI0AW 113 .12 0 E{xz}:f—z

(2.2) A=\12-P
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NR N01 . TR R1ANT 21779 1WRI "210°0pN X171 modulo 112N WUT P1ID 20 212p0
77D 1M1 21272 A - 1 TR 212730 20 79n19i

(2.3) C,, =h(out)—h(equivalent noise) =log (A)—h(Z mod A)
1221 (2.3) 11M7 (2.2) NR 1'X)

1
(2.4) C., :E-Iog (12-P)—h(Z mod A)
11271 "9110IRN NIKX 11"8PN mod — 1 N?109 "01XRA U911 Z "RIPR 1INWN 727
(2.5) h(Z mod A)<h(Z)

PV 21277 11MNN 0oN (2.4) - 1 22PN (2.5) — 1 wnnw)

(2.6) C.. 2%~Iog (12-P)-h(2)
:0pnn mMaar SNR—-211"2 217 o'

(2.7) All o, > Zmod A =Z

20 N"910IR? MUTAN IR (2.6) - 1 2"%1 1T R10 (2.6) 00NN M23 SNR — 20 18IN1
12211 "R MINWN

1 1 1 P 1 2-7-¢€
(2.8) Ceq2E-Iog(lz-P)—E-Iog(z-ﬁ-e-af):E-Iog(—fj—?log( T )

A B
vunNd 1M?I ‘17— XR?? AWGN  P1Ip 2w 21290 12710 (2.8) axRMwn1 A M9l
:IN122 072177 01 1122 SNR 20 2¥1n21 "21N"091R

1 P 1 P

o
2 J High SNR - 01 z
o7

X1 [P wINw? v"1] ~0.254 N1nn1 Shaping  11°0WD ®R?W 111"3 TO9N RN B "M0"2
TI . TRNTI9R TTAR 17 2222 Nwun?1 modulo 1107 T N2109 17UX"2W0 731 D11)
N2 1WNN2 NN 17 2770 2D 21270 1TW? 71X Shaping Gain — i1 X 17102 N"1111°7
‘I =N NRNIMA NMIA? *T2 . ITWNA 212700 IR 1907 117 TR X711 00 2D
1170 DX27 7% xRN0 7N (2.9) -2 ‘A’ M9an Map? 1m?3(2.9) 212w nnoia
.dither 2w 111%2 (common randomness) N9YIWN N"XT"NTI12 1TVN?1 V2pPn1 MMSE

WU RIT A2 7 -A2 172 2070 R 2D TR 229000 "RIPKR 11nwn K10 dither: 07710
ARIPR 1TIRD9 220N 20 00120 J7721 N1V9n? 01 TTIPn? 0J D11

;72 N"®711 lattice pre-coding N1l dither — 1 0D NMNJON

v Co .
Ly mod Y'| wmmse |
J T a A > Decoder [ .
Y co _ .

Host signial Sy,
The “dirty paper” .
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D12P 1R 1179311 121 TTIPNi 107132 171212 NXRNT MR 20 D122 179230 1190111
0727921 1WRIW IR 21PWN WYIN 2D NNY 22101 .muana dither - 1 nionn 192

dither — 1 m1onn 97 . 210N WU OXR T2 117 TR W12 21200 NIR (o) D12p2
:21pP1 07PN

(3.1) a-y=a-(x+s+z)=x+a-s+[(l-a)-x+a-7]

Zy,

TR TN, NATIR TINIM? (Zeg) 11T 2713 R1AN? o0 1170 T D N7
_Po;
P 2
ool P+o;
12109k N?NINM 0V Z- 1 N"U0"u0 07170 "M?21 01 Z -1 X 12112 11KXD

(3.3) E{x*}=P , E{z%}=0?

z

(3.2) Var(Z,)=(1-a) -P+a’ o’

Qopt =

— 1 MR "R N"NMPNi NAn30?7 TI1nN 1?2 (o7 =1 ™1 PO O'Z2 M2 SNR 111D

N1 MV 11779 202 IN1?72) ~P2M P17 K11 ‘s’ OR 071R NXRT 1R K7 .dither
.0<1 12y 01 dither — 2 711¥ 1"® TR (‘x” 20 N1wn? on"a

. . A A .
17D 227 "R dither ~ Unif (_E’EJ 1?72 dither T"NXR NINWN 1120 71108

:07PAN ‘@’ "uuTInIuT

(4.3) (a+dither) mod A ~ Unif (—%%}

dither noo1n 2w 21097 dither - 1 171 11°QRW W TR 1INWN 2237 "3 D211 MID0NN
1170 0" 1IN"02 W — 1 11M171 ®? mod A D1X1 J7NIKX1

(3.5) (w-+dither) mod A [ w
'R 12"TTRA P1IU? N2190 lattice pre-coding — 1 MMJU :B9WN
Zeq
v mod y'

A '

‘0PN ,10"102 07N R Zeg TWRI
41) Z.=a-Z+(1-a)-dither ; Z~N(0,0%) ; dither ~Unif [-2 2
41) Z,=a-Z+(1-a)-dither ; Z~N(0,07) ; dither ~Uni ~55
3 RN lattice pre-coding 11 IN172 NIM1IPNN N21UNN 20 (RS 20 23N0) N1
'R N NPNA IN202 ML ©2pn? N0™on 21900 "2 "0 TR P1IU? 91027 10T *'
y'=(a-y+dither) mod A=(a-[x+Z +S]—-dither) mod A=...
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oy TnR 290nn v’ 3 i Llattice pre-coding — i1 naayn Sw 20PNk 2wnh 73 pre-coding
297 DY PN APWI NOYAN W D120 TR RITWHI Um0
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7727 T°IX POON CXIR WA T2, PODT CXIPR KDY 1200 1wn 110°122 TR M2%D 03 9 27 W
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. 1
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6 (z)=30[2 e %
X7 212002 Innnn oon 0 (4.9) natva Hapn (5.1) - 2 (5.3) nR 0%
1 P.o?
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:22p1 (5.4) -2 (2.2) Nk ¥

118



(5.5)
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5y MR 010 oMY

1 P 1 2-7w-e
CIattice pre—coding 2 E ' |Og [14_ ?j - E ’ |0g ( 12 j
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1'9111722"2

IS1 pre-coding from the books of Gitlin, or Proakis, or Lee-Messerschmidt

Chen, B. Wornell, G.W./ Quantization index modulation: a class of provably
good methods fordigital watermarking and information embedding, IEEE
Transactions on Information Theory, May 2001 vol. 47, issue 4, pg. 1423-1443.
Erez, U. Shamai, S. Zamir, R “Capacity and lattice strategies for canceling
known interference”, IEEE Transactions on Information Theory, Nov. 2005
vol 51, Issue: 11 pg. 3820- 3833.
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A broadcast channel Overview may be found in the 2004 Lecture notes by Zak Levi.

Marton bounds for the broadcast channel

Inner bound for the achievable rates — 1° version of 2:

For every BCC the achievable rate region meets the following:

*

R
CBcc = (Rl’ RZ): R
R

+R, <TU;Y)+1(V;Y,)-1U;V)

UV:UV)e X oY)

A coding/decoding system for given (U,V,X)
For given U,V and X the region looks as shown in figure 7.

Figure 15
R2

A

1(V;Y2)

v

1(U;Y1)-1(U;V) I(U;Y31) R1
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The way to obtain the corner point A: (1(U;Y31), 1(V;Y>)-1(U;V)) is as follows:

Building code books:
a. Randomize 2"*! words as u that are iid with distribution of P(U).

b. Randomize 2"%* words as v that are iid with distribution of P(V).
c. Random binning: Distribute the v words randomly and uniformly between 2"

cells (where Ro<R3 ).

d. Share the code books and cells distribution with the coder and decoder.

Transmission given w;=i and w2=j

a. Select the u word with index i from the U coed book.

b. Search in the j cell the word v that is jointly typical with u (considering
P(U,V))

C. Marton’s solution can be expressed by: x=¢(u,V)

d. Transmission would be of x;=@(u;,vi) where i=1,...n

Reception:

a. Given y; receiver 1 finds u in the code book that is jointly typical with that
y1. This provides wj.

b. Given y, receiver 2 finds u in the code book of w; that is jointly typical
with that y,. This provides w;. Than receiver 2 finds v in the code book of
w; that is jointly typical with it and with u in the cell fit for derived ws.

The Gelfand — Pinsker capacity may be viewed as:

R, <1(U:Y,)
CllawczinonZ (Rl’Rz): R12 < |(V;Yz)

RL+R2< 1(U;Y,)+ 1(V;Y,)—1(U;V)

UV:UV)e X (YY)
vV ="s"
CeP =1(U;Y)-1(;S)

Error events analysis:
a. According to the AEP, with probability 1-¢ for sufficiently large n:
(u, v, X, y1, y2) are jointly typical with respect to the true distributions.
b. Coding error: There’s no V that is jointly typical with u in the j cell. For
combating this we need: Ry’>I(U;V)+R; (1).
c. Decoding error in the 1% receiver (point A in figure 7 above):
> R1<|(U,Y1)
d. Decoding error in the 2" receiver:
» For combating cases of 2 jointly typical v with y2 and with u we
require that: Ry’<I(V;Y>) (I1)
» For combating cases of impersonation and as derived from (1) and
(1), we require that:
R2<I(V;Y2)-1(U;V)
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<

y, bounds v within a set of 2" u bounds v within a set of 2"

Inner bound for the achievable rates —2" version and a
generalization of 1%

For every BCC the achievable rate region meets the following:

R, < 1(W,U;Y,)
crerenw,U,V) 24 (R,,R, ): R, < TW,V5Y,)
R1+R2<min(1(W;Y,), I(W;Y,))+
L(U;YL/W) + 1(V;Y2/W) =1 UV /W)
Cm"°"= CloseConvexhull(CLE”°
W,UV:W,UV)e X o (YY)

R2

l(vv;vz)I

I(V;Y2)

A

I(W;Yy)

v

1(U:Y1)-1(U;V) I(U;Y1) R1
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The special case of degraded channel

X LY 1LY,

Let V= ¢ an empty set
Marton’s U=X
Marton’s W=U

Therefore, according to the bounds from the previous paragraph:

R <1(U,X;Y,)
marton, .
CBcE:: (\N,U,V)Z (Rl’RZ)'R2S|(U;Y2)

R1+R2 < I(U;Y,)+I(X;Y1/U)

C marton — C|oseC0nve(hU”(C|r3nggo

We can define:

R2:R0

AR1=R, —R,

The derived C™"™" js:

Cmarton .

R, <= 1(U;Y,)
ARL<=1(X:Y,/U)

For Gaussian BC:
Y1=X+Z;
Yo=X+Z,=Y1+Z,’

The capacity region:
U~N(0,aP), V~N(O,(1-a)P)

(ReRe)=(Zlog , 1+ (1‘“)P),%Iogz(1+“—P)

(1-a)P + N2
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Larger circle represents words for the bad receiver. Radi
Jn(@-a)P+N,)

Smaller circle represents words for the good receiver. Radius=
All code words are with same power P.

Capacity outer bound for the general BC

R, < 1(X:Y,)

COperative(V) < (Rl, Rz): Rg < I(X,YZ)
R1+R2<
1(V;Y2)+1(X;Y1/V)

ViV o Xo(,Y,)
Where V is side information that is known only to the decoder.

Marton’s inner and outer bounds coincide in the following cases:
1. Degraded BC
2. Deterministic BC. This channel is of the type:
lefl(X), Y2:f2(X), H(YI/X):O
for 2 deterministic functions f; and f,. For example: Blackwell channel:
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RiR.) g < HY,)
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D (PN TITP) MY -28p NP9 1R (PTIU TIT'R) - P10 21270 2°0A2 &0 17000
"9101°R R111 2710710 X7 P1ID/ 1PN TITP 111X7 17102 0In°02 1702 . 037102 0N
12°R1, PA0AN N122a0 27221 P TIT'P2 "9101°R 11021 WNNWA? 11" ®? N1TA0 08D
UIN'? "I 2710 NTIp] 23 11877 0791 20 N'9101°R N3 U1TI0 27212 TP T2
0IN'W ** D RT AWLI . 2NIN2 07100 TR 1M1 “27107 TP 190 IR TINNI 17 172N
Am® 2727 2710 20 "0701 KN2

D'2I7N D'ANO
LA, © A, DTPIINOR DNPNA,1 A, 02710 00 TNK]
XelA, = XeA; :IRIM?D
.04/ 2770 R A, 7707 27707 R1p1 A,
0D J A%™00 T TRG, MR 187N 202 A, 1 G, NN AXM0N U1 A, OR
.G, = G, -J :w 12 det(J)>1n7w11 0"N2W 02731
TUA,? 10T A, TR , 070 1900 k1 17017 nxun U oxa, J=kU 21m37 107 o8
. “Self Similar” ®121 NT 079 11PN 112701 (scaling) 2T12 "11°W *T3
27D A1 A, 07707 DURANA N TR 20 TIpn 190 NR 17T

VoronoiCodebook = A, Nv,, = A, mod A, [ {xmod A, : x e A, }
LA, 20 (x =07 0'RMM) 070271 "IN KA KRIN v, TWRI
170N 20 TR RN2 001230 A, 1°TUN 27700 "10R1 1900 7D 1101 0109 TP 271
tA, DI
Vv, ‘det(Gz)‘

VoronoiCodebook| = v w = ‘det (J)‘

R :%Iogz(|VoronoiCodebook|):%Iog2 (‘det(J)‘) 7D 1M TIPN 281

\ det(J)\ >0 11210 (Nesting Ratio) /77777 on”
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266



o770 17700 71IX7777 01 W7, 7127271 JIX 121077 ]IXW 71187777 "72 12107 17Ui7
W’ ,071% . 712777 X100 137 77 X721 0 7 712717 AN AW 711’00 (0°7770i71 71770) 771i1

Jin Pe 727 . 177173 1307 AX W 7717173770/7 737 [1713] [170107 1713270 27 0°W7

nN—oo 0
71770 X1307 1777 ,]37 . Rate — Cpyon & 77 {Al‘”’,Az(“)} | 00770 71770 X1807 TWIX
n=.

n—o0 nN—o

.Pe — 0 07 Rate — C, o DJW 73 07710

TOIRAN NpNN — TX N'XNMIIDI'X DY YINY

07PN V1T TR NI78¥N1191°R 0D P1ID 2W NY2231 i17DAi

'

M o tmpn X p(Y1X.5) Y won M0,

A A

S

09PN YT X NPRATIDIR OV IV 18 TR
:“Dirty Paper Channel” 1130 N30 "01RJi 11pN2

]
: ZIIN(O,N)

.Dirty Paper Channel :9 2vx

X =X,—S TW? BIWI 213" 17 ITWNN . P1IV? 107D PI0N N22IN0 AN K27 OX
X A1 Mo Nw 12n° ,071® AAWGN Y1707 219 TP 790 71NN TP 2™ &1 X; 10X

1 2
N172 X170 1T 1"DA? 11IN97 .107127 PI0N 220 NR 1900 71N —E{||§|| }> P 112%n
n

AWUN? . TN 2171 UXINN P900 NTW NVIMW 12170 N9 ,727271”7 AWGN p1p?
107900 TIT'R 21 P90 11212 010 1RO 11X1]

NN TP Y'Y ne

21 NUDANM NNIVIM TITPi N30 , 10190 K72 AWGN  P11D 20 2127p0 NA0N1 I
TR A, TRINEAR? AW NN 1R A, 0TI N3 LA, © A, TUNPN 00 U
TRTUINP? 210 MY

1IRAN NT'WN NMNJ02 1212131 11122 SNR 1711 NtuX1
u

267



9 )
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Y =3 71959 AN IV 38D 189919

Rs.@Enc(D)={P{QXIQ) H(x,y;%) = min  1(X;X) = Ryo_s (D)
Ed(x,X)<D Ed(x,X)<D

910 TR0 ITUYINR 112D 0a N7 Nt *

Y =3 79959 SV 387 189999

R D)= min I(XV;X
SI@Enc( ) {Egél;(‘)%/)yKD ( y )

(Wyner-Ziv 1976) 1120 B ,mng A .4

Rsigoec(D) = minmin 10ufy)=1(xu)=~I(y;u)=H(uly)-H(Uu[x)

Y Xou
P (u[x)
Ed(x,g9(u,y))<D

TP nwtw X, Y,U e
Yy <> X <> U
P(y,x,u) =P(y)-P(x|y) - P(u|x)

J1I" 11PN 1"U22 0P R?20 7TV mnwn U o
bl <[] +1

TN/ 8D VIDIINI 9557 5IMY T OY 3 19995 NIONT

-1 07121 Bernoulli(p) "wi1ma Y , X ~unif (0,1...,q-1)

Lx#Xy=1
O.x=Xy=Ld(x%y)=
0,y=0
7019 .
I:{SI@Enc(D = 0) = P(E({](il;/]) I (X’ y’ )2)
{Ed(x,’k,y)zo

2107 0P 0T MY 1D 1K)
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’

MRV NPN?7 TIP2 0IM*L "D .1

1N 22371 TP N'2™ 227 OX — “n 710 Mpnn e 1pn? C Tip”
0D NTI7NNW 777 NNKR TP 0270 1IN TP NN e 20 (pattern)

JpTNI X720 0721an°0n0 N—e€
P790N” 71NN V10 22210 NIR 20 178219701 <> PN NP1

‘C‘ <q"™*® *y mon Tpn 270 112

0'2120°0 N—€ 20 9178 72 &7 IR ,PIN 11117 00-"R TRW 17 070
TWIR R 701702 112D70

C‘ =0"" or (MDS — Maximum Distance Separable) “n7wn Tip”

AT TP 120 W T'PINN K2 0721200 N—€ 2w q17°% 722 172
OMIR N 20N0

TPN e NP N7 T2WIN TP ®11 170 801R 72 TR "IR"1"? C TIpi IR

ImnhaT

22PN TTIPN

X = X0, Xgpeony X,
don't care-0 , X = 1111011101"'11

N—€-2 MXINw TP N?™M k¥ ,y=0 17120 MTIPIN € NR PN TT1PNi
N—€ 7Tun) TP 0?0 NX 1"TNW TpTIR 1TUN1 TIMIN 07212001
:221 .(0?2W0M TP T'N™IN 1R 11771 0721100

RSI@Enc(D) = RSI@Both(D) = %(n - e) IOg(Q)
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N1YSna TX N*''¥NIISY'X DY NIy oy pn Timp — Wyner-Ziv nnya

— wel,... 2" nivan
O — >
/ Xpgn — F(x) g(w) ]
P(Z,X)=HP(Xi’yi)
i=1
y TR TIMXNT1917R
WZ vown

Riy (D)= minmin  1(Guly)=1(;u)-I(uy)=H(uly)-H(ulx)

U>XEY
{Ed(xyw(U,Y))SD

Iculy)=H@uly)-H(u|xy)= *
=(HW-HU[X)-(HW)-Huly)=1(u)-1(u;y)

TP AWPW U, X, Y -0 1TAI0A NONNON 0 1102 TURI
Ed(X, 0(u,y),y) <D -SImonnmmy 1m map *
S0P TIT'R BIWN 1171 (“"NITTIA TIR” "1872) WZ 0900 NKR 172110 "19%7

n-R (D)= min min [I(x;w)= min min 1(x;w|y)
w=f(x) g() - w=f(x) g() =

{iEZd (%9 (y,w))<D
i=1

U
R, (D)= inf R,(D)

71121 1N

(a) (b) (c)
n- R =log(|w) > H(W) > 1(x;w) > 1(x;w] y)

1,..,2" 2D TR 279MM W WK 117110 (@)
X 20 NU0TIMauT 1vkpng , w=f(x) 1uR3d 1111w (b)
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0D9 &) w-2 0N Yy 10KR3 117"177°0 .071M42 1°TTil 1'3N7191°R (C)

1M1 "2 v17* Slepian wolf 1IN X ,P1°T2 0PN K2
(T101°R7 qRIW TP TN TWKRI 111107 27IPNn°

91 PENA PN

:0MPIM "D 27 0°WI LU, = (W, Y, S, y0,) 17TA1 191 MMM IwIw W, X, Y -0 17 070

POy X U) = POV X Wy Yin) = POV XD - POWL Y i Y %) =
= P(Yi ) Xi) : P(W’ ylifl’ Yitl1 | Xi) = P(yi1xi) : P(ui | Xi)

TN MWW U, <> X, <> Y, 19D
PN TIT'P 2¥p NR 112

(a) (G N (O ML . , (d)
R 16w Y) = 10w Y ) =D H (Y. ) ) = H (% |y, 67 w) =
i=1 i=1

=S HX ) -HO X W Y H O y) - H O o) =

i=1 i=1

(;)iH(Xi lyi)—H(X |ui7yi):il(xi;ui | yi)(i)

n

(9) (h) n (i)
>n -EZ RY#(D,)>n- RWZ(EZ D,)>n-RY)*(D)
n )

Xy Xy Xy
i=1

OTIPN TIND2 11°R71 (@)
Jwiwn 272 (b)
A179170IR WA9N? TPTT 178N 71191°R 217179 (C)
J11a°17on P(x,y) ()
A1797170IR 111°0PN 17NN (e)
i-1
U =(wy Ly ()

.g(),u M 23 19 2D TN N7 Ry” (Q)

Xo=9g(w y)=9(u;,y;) twxd D; =Ed(x;, %) 171

(MMp WZ n'x¥p119) 101k 11M1°0-"R (h)

13 .
.—Z Di <D -27120 n11un "R ()
N

IV DOV NI

SMrandom binning™ 0D "RpR T N2
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«(offline) Mp ™2 (1
MIN'W N'8PI19 N2 .U < X< Y "R 0P 1IN P(u|x) 11279 1N23 1.1

X=g(u,y)

R, > 1(x;u)-0 12 u “Mm™R197TM” Tip M2 2™ P(u) ~ iid 171mm 27121 2.1
TP 190 C,

-0 IRTN ATMR MIAN0NA 0’1 2™ 172 C, TIpin 1902 0°-u-n 2™ NR 1193 3.1
R, <R+ 1(y;u)

u;,u,,...

]2 ] e |

0PN R, X302 107 TR R > 1(x;u) —1(y;u) ORW 17 0°W)
A(y;u)+R >R, > 1(x;u)

TIDINM TTPNA NUTT? T'RNN N21NN NXR 1°2D7 .41

L(x;u) - 1(u;y) = RA(D) & D=Ed(x,g(u,y)) 08 — WZ N"¥png nimann :1wn *

TITP (2
97 x O qMIWNa "191RW u € C, ®¥N1 £ >0 N2, x 1PN 1R NINA 1.2

.(x,u) € AV (x,u) (,M172) P(u|Xx)
TIT'P NRIW 17131 1IREN R? TR .U IR 27300 RN 20 j OpTIRA IR 170 .2.2

MUY (3
y 0D qrion ImgRo 4 110711 -1 RN RS0 Lj-1 Y T 078071917 11772

P(y,u) =D PUIX)-P(y[x)-P(x) 2272 0°w1 . (y,d) € A" (y,u) - P(y,u) 97

T1I079 NIR™AW 17121 T'N° U 1IR¥N X7 OX
Vi=1..,n X =9(G,,y;) -0 1Mo TR IN?7%0 0K

o-U e Cl
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|

TP 1902 U 70 XM 19010 — VAR
JY IR X TD qniwna 0°1"91RkW 0°-u -l 73 — 0210n2 01NN

2"y Sw mnnn 2T

2™y om mnnn 271

TITP NIR™MW - X 20 DINNA V13X U 'R TR

12100 MDY MRV - Y 20 DINN2 1R 10K U DR

A 10n NIp g R0 - y 20 DINA2 VAR RN U 1M1 1R 070 007 OR

TIR™AW TDTIRN 1N
X TD 1M9IR U R¥NIR? — TITR NIRID e
Pr=2""% _ ('"m1Imnn M12707) X 0D N"™91R "N NNKR T 1700 13700
NgxRIW N171ANTNA NMAA 1700 ,AN73%0 90 V1119008 790 < R, > I(X;u)
(MOIR? qRIW N TORI) TNR?
LY 0D IM9IR IR TR U - | T NRUD e

Markov Lemmma

PIID IIT Yy TINM DRIz 17700 OR (AP 11MT9IR) (X, Y) € A" (x,y) TR

JWRI 17123 M1ANoNAa (x,z) € A™(x,z) "1 P(y|z) 117127 70N
Q1P MWW X<y <> 2

u "12°011 ,Markov Lemma "9% 1371 U <> X <> Y 0"pNnn 131 x 0D "1™9IR U
L£N18P Y 0D 1M9IR MR TR
.Y TD 9Muna "IM9IR0 j XN TR U-0 1M 079 — 1 T 9 NRID - e
: P(y,u)-? 0N MIMNA? 21pW 17 R0 112707
Pr=2""Y - »qmn 2721m u-u "12°00
Pr=2""-j&N2 219" 270M u -0 "13°07
- X171 Y 0D 91X 021 j ’M2 02 717707 27470 U -0 127071 27710 <

Pr= 2—n(|(u;y)+R)

(4
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NN RINW?I U -W 123707 ,AN?XN 90 VINGUIR "92 1271 R, <R+ 1(U;y)
(9101"R? ORIW N TWRI) TIR? qRIW ,AR™AW? 0114 oInxin (2" -1)
1D RN 0P NPT (5

.Ed(x,g(u,y))ig=12d(xi,g(ui,yi)) < PIMi12M2 x 0D 191X U OX
N

TPTN MMM 91X 1377 MIMS0N NM9IR0 22 :01n*
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O 'on NI

TY DOBI¥NNDIN DY 33 10N DXV

20 0D *”D 0210

NIRRT

17N YYD 2¥N 17D ,Ya0n [n X7 0'axn — 178 0Npna (1M X7) yny .0

(MTIYNA ayTINa n'Vorvvo
(FIR) N0 17naxn oy yny e

z, [ AWGN

X K
1Twn n %\/
TTIipn Z hi "Xz » Yn

AXNN DX Valy

\

(IIR) Xxim 19N a¥n oy yny e

Xn—b@ ¢ o0 yn

| 11om

n'na'o

(Writing on Dirty Paper - WDP) :1'217n 2 2y namd .1

Y=X+S+Z, Z 1 AWGN

T yim (ny1on) S avnn
E[Xz] <P %wn%—-n02 y17') € 0'9'¥) DINWN

.(Mi7n-'x 11 TAn o'n'n) (X,S) ama o"ma Z
‘WDP -2 nixxin

1 P
Csi@en =Csionee = Csi@pon = 2 log (“ W)

(Fading Channel) :nip'wT Dy yny .

Y=S-X+Z
TNIR? Ny npWwT NT0 - slow fading < :"nowT" - 2 nanwn NN - S
1727 71720 nanwn (TIgn IR) 7172
71an'on nanwn nR'WT NOT0 - fast fading <
1an'oY
.0'9'¥1 DINWUNN
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oion'x yny .3
Y=X+S-Z

(W7n/pTn wyn) MR DMYD NN WD IR PTN WYIN DR VAR - S
NN1N1) D™7IPY DN 2'07I19N'K YNVI NDWT YNY TR 0777 VIT S DX DN
.(0 -2 n'P7Nn X7
:x12 WDP 4

BSC-S BSC-Z

X, Y
Encoder —————» E— —» I,

Qi7'n 'Nwr - S

Y, =X, @S, ®Z,
%-WH (X)<w :("7o0n") N0 YI7'R NNN

N2 WDP -7 nixxin
S, U Bernoulli(L/2) -1 Z, =0 :n"p X7 2w ynyn 12 nzna
2 XM 290NN N72ana Nind 7230

C A
1 4 B
H, (W)
non-causal —
~—_ Causal
(time sharing)
f >
A 1/2 W

N'YNIIDIR NT'Y 'K - A

AWND IT'WUN 0 1907 YWONN "poon"n yINIVvIT' S - B
.S=1

,(72vnI) YIT 'NdIIN 2A¥NN 71 12 'NA'oN NZnn 2 Tan v
.D"TNYN DAXNN NX DA D'YTI 12 'N2'0 K70 Njpnin |17

(Memory with Defective Cells) :n'7197 0'8n DY [N2'T .5
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X, S="Normal"
Y=:0 S="stuck@0"
1, S="stuck@1"

.D'PI9T O'RN NINT?ND'TA DX 7N0Y7 710! MI7d < KNP 2md7 y11r TTIn
.D'PI9T O'RN I7'R YTI* K7 NIWON NI7 € RNpY 1 YT N1yon
NI NN NPNA 7270 TR 0719 T 0'RN 7' 0TI I'N DNIY DX

C D2'7N O'RN 'on
SI @89 9112 2"no

CS| @Enc — CS| @Both ' NIXIN7 N1

(B.C.C nxon yiny 7w a10) :Blackwell yny .6

0 Y1 1 wnnwn
0 1
W1—> X
Encoder ——» 1
W2 2 0

Y2 2 ynnun
N7 Nj7n1) Broadcast

NIYTING RPHT XD NAdN
(wnnwn 227 nrro1o

Lpivsymbol 7¥ 2¥72 1 wnnwn? Ywn? 117 Ina
< X=0 NT1un? yiITy 2 wnnwn 1y "axn" nnn 1 vnnnw? imy
.stuck@0

BT DWW NORRTD T

YNy
T X Y nayon
, | o P(Yy/xs) . Yy
nv\!r\lln f (W ’D) ( ) g (y’D) W
p(s)
f %
S
A B

.0"mxon S -1 Wwxd
(ynyn n yan S axnn)

SI@TX
[Gelfand, Pinsker 1980] :"ma'o X7" [9IK2 NYIT TX NU¥NIIDI'N .X
nnndT) [ Koznitsov, Tsibokov 70's]
(D191
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x = f,(W,s/), i=12..n
[Shannon 1958] :n'm2a'o nyIT TX¥ N"¥NII9I'N .2
x = f,(W,s}), i=1,2,..n
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Ta%2 V7PN NNIYY? DFTTYN YA TY NUYNIDAX

Coi oo =Max 1 (X;y/s) mapr(s) 1 (x;y/s=s")

p(x/s) p(x/s)

CS,@RX—m{';l;(I(x y,s)= m(a;d(x s)+|(x yls)= m(ag(l(x y/s)
px p(x p(x

.0"Na X -1 S -¥ 721 yan [NNXN [MI'YN TYURD

avma 17N R P (X/S=5s") D'wann A17'90 DX 1 DR Cg e = Cqgre MY DN

(wyma nitn 877 TAR P L0002 YITR 'RY nnInal mon'o DMC ynya YwunY) s'

? Csi@Both IR Cgigrx 7127 7V Y'O9wUn 2ax¥na [INd'T DXN

NN [9IXA |N2'T 0N YI'\U'\ i Liid KN YNV DAXNN NOTO [N1'N2 ‘nNln

(y/x s) Hp Yi 1 %,5;)

™M) p( X) H PLYi /XI’SI 217w [9INA IN

( p(x 8)=p(s)-p(x/s)=p(s) p(_) 17>, Cqgre 7¥ M7NA YO

("N 9182 [1ND'T Y0N yy) N7 oy 0faxn 1y Cgigrx 71247

Mfmap X
1 1
(n) — . . — _ . - =
Colon =MaxX I(X,1/§)(a)rp(§>)<n ES p(s)-1(X;Y/S=5)
5 Zp Z.:ll XIS =) (C>nzp Z|1C @ p

NINM NITTN DYYNIISYIR NNTANN ()
NI'NLIK WIoN7 7' (b)

H(Y /S =35)-H(Y /S =5, X)< TH (/5 =5)~ D H (1 /S, =5,X,)

.'119n DI1>07 max Nnodn (C)
:(D¥nux¥n n 1011 AIRWT? NNT) i=1 1y 7wn? — omido 110 N97nn (d)
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2 ZP(5)C, = XX p(s) p(s/5) C, =
%;p(sl)-CslsZ"'szp(szn’sl)zﬁzp(sl)'c%

n
N7, p(x)=]]p(x) :1n>7 00 xian a0 "y rrwa awm (b) -1 NI :nagon
i=1
71270 7V y'own 11'K 0'a¥na
N71 ya1D "210" Ix ya1d "ya" ynyn axn oKX 71 07707 2wn "1 IDNIRIVIR
D'210/0'YIN DRAXYAN TINKY NNV NIATOIX NN 2172 112Y) NNIV0'NN NAIYN
.Q¥nn ¥ n'71wn nnanon? okNNa Y

NX'AY VIR

E(R)=max max[EO(p, p(x), p(y,s/x))—pR]

p(x) 0<p<1

Pe <e N AXRAYN NIN2NOoN TWUKD
o'T D'a¥ny |'RY NN1N2a

E,(p)=-log Zs:p(s Z[Zp p(y/x, s)1+1pjl+p

:0"N2 |DIN2 NINWN TXI D'71an'0 M 19 7Y yiIap axnn (2172-]n0'7 N

—

7I7W S=Sp XN NINIM LIDOPNN L7171 ‘D7 &
M [ E,(p. p(X), p(y/X5,))-pR]

:DTIPN NN 19 7y &

E(R)=—log| 3 p(s,)-¢ =200 | g

N'NynNnYn nwaTnnl ,0'vY 0'XNya V1ISOoXRN 7v nwaTn IXD NOXNY nhay) N1

max(x;
(%Iog{Ze“"}%{ _ () +J 1'Pnn o'pInwd N

min(x) -
D'A¥NN W N NYWATH NIXD (pD 0) 20'pnn 1IN0 TR 1A M awnd i

lim E(R) = msin E(R, p(y/X,S)) N1 VIIDOPRN DN

M —

NKR'AYUN V1IIOONXR 7y D'ax¥na |27 7v nyown ! npyon
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2TYNA N'NA'O X7 VIT A¥n Dy YNyY7 TIT'j7 VOSUN
(nmaro X7 nim) X = (W, S)
P =Pr(W=w) W=g(Y)

(P,—22>0 nnwoxnw nawn M2 nayp 7w nmopn = Cg g ry

:GP (1983) 2701'9 11972

p(x,uls)
U<>(X,5)«>y

Cyianx :{ max | I(u;y)-1(u;s)|=

=0 Max [H(u/s)-H(u;y)]

assuming [ p(x,u/s
finite
alphabet ue(x,s)ey

‘U‘ < ‘XH‘S‘ 277122 N'297R DY U UON7 7'90N TWUKD

:DNYN

— 17w 2"XN 7TIA DX DIONYT N1 7aKR) NNIEnn a7 ' X7 UaTvn manwn L1
.('210 'K WI9'NN DINN DX N'¥TA'OPN Y¥A7 N'wa NN 2IK NNNX

NI ;S -2l U -2 N'UO'MIVT MNY X -1 p(U/S) 7y nxTopn y¥a? p'oon .2

1 x=¢(u,s
p(X/U,S)Z{ (0( ) :w13§0(U,S) "9 N"XPI9 NN'y?

0 o.W

wI9nN (S -2 *Tn TN 17N U) DA X7 U NN Y i Larg(G.P)<0 ik .3
NP1 TNNY N1N7 CYWOKR) '77¢-'R ' TN DIM'opnn 72X ."7"7w nirn'? 1o
.(0marn oy

(Shannon 1958) :'na'o Sl oy 72y 4

x=p(0,s), @:5->X, |g|=|X"
Coron = mgx{ max }[I (u;y)]
x=p(U,s)

0" s -1 u-w YI7'R oy GP 727 ipw "0 apn

WO WEWRT D217

random ) 'xpx Tip N1a1 .(arg(GP)>0 -wi) X = (p(U,S) -l p(u/s) MNaw N1 e

.(binning
(Offline) n'aa e
p(u) o7 i.id joixa 2™ 72 C ={u} anwn T <

R < (u;y) (Nn% qwnna NRT1) N (p(u):z p(s)- D(U/S)j

S

TR e o’kn 2™ 2 U pniopin Nkt <
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AN = nyTinn <
TTIZn e
: £>0 -1 S T nuynoaR ,\W=i marna

é(L_T,§) € Aé”)*(u,s) S oy qniwna (nprn) namoir i kna U nnTo xyn <

1=L2,...,n X =g0(l]i,8i) ATy <

AN XIXxn? "nim) S oy (7tN) qniwna ok U nxyn X7 ox .| pray - <
("Tnxn

9(y) maon

nnW ayTinn .Y oy qnivna amoikw U o C animn Tipa wonn <

.U e 1'9% XN 190N
NNy <
(nmxn U oy 1"9Ix X7 ,n'9'¥90) U qx 0y "1'9INX X7 Y Al
(XN MIx2 DN DX PTXIY NNNY D'A'09 Nf) TRX 19Xk U-nanir LI
NAY DIWIINA NN e

27" [ s py (prn) qniwna ameik e AR U-w ron |
27" [0 ;i xn7 Y1om NN U-w nd'on

DX NN7¥N [0 LIILoFX o Yy & Pr(1) = g HsIR]

.1 nmanona aweix U i xna xym i R > 1(u;s)+R
Y oy ok X7 nmxn U -wpon LI

:(Aunn 1T Yavn) Markov Lemma 'o 7y
(Gs)e A —>= p(y/xs) — Y

qnn

Q17NN A7'97 onn n"J"Dm(g,§,>_(,X) mx prn ommeix (U,S) ox
.MNmn

Pr(ll)<¢e ¢«
("mirnnn") 27" Y oy auoik a mmr K7 U -wpon LI

.0 -7 qniw nitnniny 'on 'k R < (u ; y) oX €&
:nvpnw R, xixn? ma ik R<| (u;y)— I (u ;S) oN L+
I(u;s)+R<R <I(u;y)

.0 -7 NONIY NINANONA DN AXAYN NIVIINND DY 12
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:NNJIn% '9172 1200

3N TI7N 190
qOIX NN
U o017 nimmwerin

2nR= NIVTIN = 0'XNN 190N = 0'YaXn 190n

IT N9 JINn
NN N TTERN
TR

S

YIX 71 NIKNT7 nxX
(TR XN) TNX

g IT N9'IN2

(DPC) nvolp n"ya? |INNO :XNAIT

E[xzjsP, zON(O,N)  y=x+S+z

U=a-S+ X :GP jnno o4
4S 20 X wno
x=p(u,s)=u-a-s
P SNR

a = = Cyiener = 7 anim
P+N 1+ SNR

2IAIMDY WP
(10 n"ya) 210 VPN TP € 03 207 DYMIPY D'RN
(NT™IX N"Ya) 210 YNY TIZ € [TV 207 1Y {g} TI7n NI7'N qOIX
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2% Ay YIS nonavwn SI@TX nvpa b wsp

Alvn

X YNy yn

W-—» Enc —» p(y/x) >

yn—l

delay —

Yo 2 W -2wn nnw? ,0'ma W -1 S,GP -2 .1 :p"%71an

,'N21N Y212 YYD NIRNINN 72V NYOUN NNYONRN NIT'W 197 a¥nn ny'T .2
.TAV' T N7 (DMy9Y7) TWONN 2IwnY TIya

(Memory with Defective Cells) 2>»1pn 278n 2y 317257

A¥'"M S' -1 N7 IN VIPN NNN DX 7000 S"WK) S =(S',S") “X2N [9IXQ A¥NN NIX 1'TA
AN17 ,VIPNN KN X¥NIY VN DX
% M X, s"=0 (normal)
1 y = ] n
s, s"=1(stuck)
Pr(s"=1) = p = 7717n kN7 'D'ON

:GP hno
u=y==X-(1-s")+s"s"
%0 Unif (X)

X=X

(NP 'RIn DI) U YW NI NP
12¥NN NN '00MNVT YNNI Nifd otpnn U (—)(X, S) oy

apnnn avpnl Y = funC(X,S) - func(x,s',s")
I(usy)=1(uis)=H(u/s)=H(u/y)=H(u/s"s")=
T

= (1_ p)-log\x\ = CSI@Both

P25 (MDS) 05U 1pa umdsw 7y 75Uy’ 1991799
My

X7 0'721n'0 n-e 7w (pattern) nnan 2% € nip'nn e |pn? y11r MDS Nt
QNN P11 NNR NN7WUN MY 0'7INN

n T X0 §7° 9T voip 9 ,n0tvoiy (g E‘X‘) q° mw' ,AK1Y7 TIip Ny €
.0%7vum nip'nn
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D'pIinn X7 0'720'00 07771 o'’kN? ontma (771 NoT) GP nwa iy e
(n-e = np)

JNwTin9on =q0° =q 0017 DM 'Y NNV YT e

AN DYV N'971 (NNX 211) NNK NN7WUN MY 0977170 0O'RN 79 NDan 707 e

NYTINN 7Y VOIPN YN TIPN N7M DX TTIAN
RIY R 2TIV V017 NT'R NINT? 712! Nlyon <

n(1-p)
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10 'on N3

(Broadcast Channel) 73577 Y17%

MYIx "U"AXR "D 0310

B.C. 5317y nIRnMT

M ™28 MUTIN — N72IR 7 TN20\ 17771 NT'0

m ™79 MUTI NT'0 - 0TI 0102070 78 N"12170 0°02 TINON 711" NT'0
m ™19 MuTIN — router WiFi

M ™ 12781 M"0879 MUTIA 20 27100 170 — 077223 077270

NSRSV

B.C. vy b2 9> a2vwan

1 myon
gy oW ha®)

niwn 171N Ny 34 - A
- 9 | Y Yolgw iy oW W, =gu(,)
' M
X
(O PR UURTRES G p TR
W, — y 2 myen
=2

oy W =20,

LY _)M%ﬁ\’wyoz =g02(22)
RN MX12PN 7IM manaw , W, namuwn nvTim W,,W, n1"u1s mumn w-
W, e{L,...,2"%}
W, e{l,...,Zan}

W, e{L,... 2"}

72 TN XMW 112100

P, =Pr{W, =W, UW,, #W, UW, =W, UW,, =W,}

(R0 D17"RI 20N 12TNW T3 ,TNXR P11V NNXR DTN 20 R0 1P90N)

DNOWIADIN FTATAT — TART-%12 QO2ARP 2NN

{f " 01 9o 92,932} nM127uN 0170 Nn™p ok mawn n1 (R,,R;,R,) 0"axpn nww
P, ——=-50 w12 (R,,R;,R,) 1"1%p2
17702 WITI 11" 11MP) NIAWN 12 0'A%P  0IR 7130 K11 P10 20 C, 212" 01NN

(MI10 NIVI1 TITP N1"8¥PI19 172 time-sharing ™ 22pNn7? 21271 ,71"1"0191R
;07019 07PN
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1212 0NN 20 AN20 — Namuwn AT 'R - A1

R,
@R, =0

R

G

\ ‘D17 ®? P1ID’ 271N TJ ATN 719100 MKR1? 1100 — N9mun auTin g1 u* .2

NwITI — (UIT* ®? 78N19 TV P17Y) 'Compound Channel' \ '0°%17D 2w nnawn’
W 1%12P 172N TR N7 2127 "MK P00 10X TR U2PN? DTN 171200
07817010 TNR 222 ARV M12AN0NW 13 AUTINN NXR 17201 TR0, 078170
TR 0IMOPN? R'ANW 107D 1?79 RI¥N? R0 19°RWIA AT 17PN .0-7 qRUN
1279 1MIR 112D D172 "3 P1IDA R¥INNT 1020 1" 2 DTN 1730711917Ri0

nMAY QYTIN N - R1 = R2 =0

Coorrwond = SUPR >
meend "Oifwo}»o p(y | x) DEC. 1 Wo,
X P.(y; [ x) DEC. 2 Woz
W —— EnNC ’
Pa (Va1 %) DEC. M WOM

1" N"80"010N N12N2 ®?1,72100 0'X1701 217792 1 ™20 Cg 2129 01NN B9wn
A1071001 TR 117112, X110 IR

0°XRWU1 TR ,T1912 P11V 223 20 NIRAWIT 11172100 01201 119P AR0 1112100 dn31il
0D TN ,09XR? qRW™ N1"112N0i0 0130 0J 113112 ,09K7 NT19] NXR™0 1111210 22
Q1221211 xR WN MI2anon

max Pr(W, =W,) <P, sZPr(\/\?i =W.,)
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(full receiver cooperation) oy wopn - 9 WIIN

L

—)Wo,l
WO ; Y niyon %Hﬂ/l
- TTIM X ( | )< qniwn
H ) x -~
1 P\ Vs 7 W,
Wy 2 .

Ceommon = Max{R, + R, + R, | = max 1(X;Y;,Y,)  [P2P capacity]
p(x
o°R=IN 20 gmenn 17791 170 Senmen n1pa

N1"XP119 TR ,gN1WN N1I09 20 819 N7pn K10 (BC P11021 1M23) I112an n1vg 22
— 127 .0N™MWl k71 TNXR ®XNA P71 11120 TNIDIN

max {R,+R, +R,}<C

(ROIRIIRZ )ECBC common

SATO v
max {Ry+R+RJ< min  {Ceommol PV Y2 X))}

(Ro:Ru.Ry JCec B(y1.y, 100
p(ys|x)=p(yilx)
P(Y2lx)=p(y2IX)
MMM 217791 (P2P) qmiwn N1IY9 0D P17V 20 2129 22N 1UP 1AW 12 0°2%pPi1 0100
JIMIN NX907 P10 2100 NN 217797 00T 210
na 2an*
"1 '%?pamend Satononn Y, = X +Z,, Y,=X+Z, -'01x1 BC 2w n17pna

?2,,Z,
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(DEGRADED BROAD-CAST CHANNEL) 211N nxon yiny

(physically degraded) n»p19p 97772 7179

P(YL Y2 [X) =PV, 1) P(Y, [Y:) < X Y, <Y, 29l 10pil 07pnn

Yy Yy

nl. .
X—— p %) Py, n) i Ui

b

"o u'7m”

(stochastically degraded) n'vox>00 Y TYT'n YNy

N™2RP9 17170 P1IV 07, N72RP 9 17T 1890 P10 0212790 NINaN 2190
1ININ PIIUN 20 02100 07417797 0T 077210 0741779 2021 72°2p0’

- PCY; %), P(Y, [X)
-0 73 Py, %), Py, |y,) 0IMNN 012790 D IRINN 272p00 P

PCy, [ X) = Py, | X)
PY, 1) =D p(y, [X)B(Y, | y,)

Y1
1nn

N"yuud1yuo 1T1T™M P10 2129 0INNW D21 2100 17792 P71 01271 '1237 9uniam .1
L2100 2RPITIN P12 OaT

212" ‘2197 V2PN 0J ,MIVI? 2137 ‘DT U2PN0 AUTIi 220 D21 "21pINa 10pan - .2
AWN™? 1213 ‘D710 U2PN? NN201W NUTIN 23W 13 ,(11M122 N112N0i12) NIvg?
02pPN? N1"YI9N MUTINN 172 2XP 11118713 7720117 709X L1221 .17 112°X% 0TI
12N MDT 1721 "D

{(0’ R, Rz)e CBC}:> {(Rm Ri,R, - Ro)e CBC}’ VR, €[0,R,]
1WN VAN N1911WN0 N1UT1N7? AP N901N0 ,ATI7T™N P11D {P11T 1R?) 2730 n1pna
OMwWnNn ARP? QUL 110702 N1 237 — N1"U190 NMUTIN? 0M23pP0N

{(O, R, Rz)e CBC}:> {(Ro’ R -RyR, - Ro) € CBC}’ VR, €[0,min{R;,R,}]
TITITI? N17222 NTan .3

vp(x), 1(X;Y,) < 1(X;Y,) - "less capable™ / "more noisy"
1"902100 ITIT™M 01X P10 729719 ITIT™ 01X P17 172 RNWA .4
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/Physicallydegraded \ 6ochasticallydegradem

A b 1 #Yz /&_”’1

. J

N7 RO TIPS 2% unwn

UoXoY, oY, 01PN X Y, <Y, 10pi 12 07pnnw P17y 112D
: p(x,u) 10713 11779 12V 7A0N7N 12 0°2¥P0

(RuR,):
C(p(x,u)) =1(R, =)R, < 1({U;Y,)
R < 1(X;Y,|U)
P(U, X, Yy, Y,) = p(u) p(x [u) pCy, | X) P(Y, [ Y1)
U X oY, oY,
R 7R 912007 2wn
Cac :convexhull( UC(p(x,u))]

p(x,u)U X oY oY,

2710 U 10 MINWna wim e " 212790 TN R 2°0n°7 2231 700,770 n1pna
U <min ﬂ)(||Y||Y|} - T1I27UN2 0INWNA IRW 172N 2NN 27800 21T R2 170 1780
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Symmetric Binary B.C. —an17
N™2P1"9 ITIT™ PV 0712 1I0N1 1803100 17170 IR P1ID 1171

/ Stochastically degraded \

1-
X 0
r
0
1
1
0
YZ
\_ %
/ Physically degraded P, =D ®a\

X ¥ Y.
0 1-p, - 0 . -« .
= e
20 R¥INT R1AN 12 TWP? AMT X 121 1372 0pnw 12 U I1un mInwn nNx 071710
: f 19179 Pv1 BSC 10

U 1 X
0 — 0
1 1

:09Wwnn 92 212Pn 01NN
LOXY [U) =H(Y, [U)=H(Y, [ X)=H(8®p,)-Hg(p,)
1(Y;;U)=1-Hg(B®Pp,®a)=1-Hy(®p,)
(RiR,):
C(p(x,u))=C(B) =R <Hz(B®p,)-Hg(p.)
Rz Sl_HB(ﬁ® pz)

Coc= convexhull( UC(,B)}

0<p<t
JIPTN™W 17V2RIW 0*UN19 TV 1T 2701 P1IDA 212R0 01NN 20 972
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Capacity Region for Binary Degraded B.C.C

1 1
09F [pl :E’ P :%j ]
X=Uef=0 % :
C,=1-H,(p,) °7} ]

06 ('n'0oIx) Sato non
max{R, +R,}=C,
e 05 / i
04+ .
03} i
02+ _
0.1+ _
0 .

0 02 04 06 08  C)1

R, 1

X1lUep= 5

Cl =1 _HB (p1)

U VOYNA PN
. p(x,u) 21279 2W 13113 177N2 112V 27210 "RIPR TP N1UXNXRA
TP N2 A
- U 2w "21wn 112790 7o C, ={U(i), i =1...2”R2} o™rm 2™ gon a
JU(), ~ p(u),iid. [t=1...,n]
Cl(i)z{X(k), k :1...2”R1} 0" Mvp1 2™ 9711 UG) TP n?m 22 Mav b
: U(@i) 2mnm X 2w a12°9n 9?7

X(i,K) ~ pOx|U(1),) = X(i, k) ~ H p(x[U(D),)

nmp .2
- X(LK) 1Tw W =k, W, =W, =i 1mna

nipg .3
VT 07PN A

Y, ou 1mair U(i)eC, wann Y, p1ip v2g mitia
(UM, Y,)e AU Y,) =W, =F
‘219° u7pn b
Y, 0D "1M91R U(i*) €eC, wann Y, Y110 0?29 1M1 i

(U@, Y;)e AP (U,Y))
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190) ’8MIW U(G*) -2 RN X 20 TP 1901 wann - i
.Y, 0D 9muna n°Ig1R Tip N7 (C,(i%)

(X% K), Y, )e AP (X,Y)) =W, =K

TIR? R™W M1AN07N 277 T3 0"2%p NUap
mp19° ‘mmxin U@i) .09x? ngxiw amnn U -2 n11anoin <R, < 1U;Y,) 1

(21811 B2PN1 00 71727) DI 82PN1A 11122 MI12nona

n1angna Y, 1M X NR 191 mwg? na U nriaeR < (XY, | U ) 2
Sl@both

A(09R? Nariw Omnn X -2 M112noia) 11122

VI N5 807 YIIY
:P1IDN 17791 T'DA1N 02100 TUIMNN 07412792 P71 00T

/ py,|x) 1,

Oy x) | -y

1

X

(inner bound) NNNIN 0ON — 11X911 P17V 21297 (Marton 79" 11981 "NoN
11PN TWPN NR 0™ pnw (U,V) RN 11T 22 112V

Y,

1

Uy)<——x
Y.

2

p(U, V. X, Y1, Y,) = p(u,v) p(x |u,v) p(y, [ X) p(Y, | X)
:DIMNN NIR 2730 P10 20 21270 0107

(RiR,):
R, <1(U;Y,)
BC —
R, <1(V}Y,)
R +R, <1(U;Y)+1(V;Y,)—1(V;U)

, W, =¢ -nocommon message

TR NM¥NTI9R AU V =Y, P10 212972 0T [1(V;Y,) - 1(V;U)] ?Tuno 17 oo

.(Gelfand Pinsker 212p) 7Twn? nuiTt "S"=U

AX¥N”I NTPINM 192pn? nTu1nn U nuTinn 1uxd YV nuTiin NKR 207pn? 0Twn
ATWN? ApITT IR ATITM R? P10 1WRI) 2079107 U117 111°R1 “P1ID

- (‘TNDI9NY) TX NMXNT191°R 22 TNKXR U?2PN7 1TW? 1WIRW 1XP? 110 T'AXPi 0130

NURIT B2PN7 AUTINN TWRI 07 W2pn? 1TW? 10IRw 1n T, C, . = 1(U;Y))
'CZSI@TX = I(V;Yz)— I(V;U) 'nu19n’ &M
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m?

11 'on ANXA7

(MIMO) 2°8327 M0%10 277 2°¥)7Y

We{l...ZNR} )

TX

P2P nvoixa oo nxiny

17T0WITIR ?R1IND "D 0I10

-

EHXZH <P

CPZD

P

1" m?

m

Ex

P(y/X)

=
—

RX

Memoryless
N7 1'% 77IR?

: %, (W)...x,, (W) D™ ™ m o' Mup1 0T &' TR 077 0T TR TR
S+ < P
We {l 2R }

= max
p(;):EHxZHSP

W TX;

o 7ian onTwn MAC

w N X

P(y/X)

-

)

—

CONVEX-HULL-CLOSURE

MIMO-MAC

Z<p;i=1.m

RX

=R=R,..R, 1 D R <I(x;y/x,) Vs < {l...m}

ies

p(x,)...

p(x,,) ®1an 1179 MwrR 712U
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EERE) [ W ey FSpR ey I g

AR P177'R 07PN R? 11912 TN TNXR 2230 T'NINN 20 N7IXR™MY? 1°%172N19 NP2 10
OMPTIN P127°Ri 1NPn N2109 INK?

D"TIAN D'V qniwn YTwn B.C.C.

Wo,s Xen > Yn > RXn

Degraded .1
XY, oY, <.y, IRUDIT G, . 112D
R, <I(u;y,)
=1972 Cover 20 © —{R,R, =R 2 2
C.c =1972 Cove nn VEZ{ R, =R, R <100 y/u)

Inner, outer ]7197IRN "Non .2
A0 "1 0 axyp

JOXR0 "NON .3

Cown= 2R < min sz{b(z/xﬂ
[ReCoc | {p(ylz)p(y;z);p(y;z)}

=507 PITOR DAN 2IINOIH VBT XY
y :ﬂ.)—(t+zt t=1,2...N ZIH)_([

=t

y *Nx1 H:Nxm, X :mxl Z,:Nx1

el |

H
N1 D132 137789N =

N7 1°%1 117277 107
Z~N(0,K,)
White ~ N(0,521)
CSI@BOTH 10173 (H,K, ) Pinn nx 0wT1* 170m1 2P0 :Anii
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P2P asp

N"7R'2179°T N1°9110IR? | p179
c Re: 1/ -log(27e)' [HK H' +K,|
20 KK o log (27¢)"|H K,H" + omplex:1-log(27¢)"|[H K, H" + K, |

| [HK,H' + K, |
Cozp= Kx:tnrlakxxkp od K, |

I
Cror = Mo

}— log (27ze)”|Kz|

—HK H' +1| VZ —white

Z

(11D
nITam N™2720 "R W90 NX*UN

cov(x)< K
cov(x)= K

X

X

Elxf =tr(K,)=3 K,

i=1

:11"D2N 20 0"V 19007 (Insight 21p7) 1"2N? X1
.M=n NMD? m=n 71PN A1

.S.V.D. (Waterfilling Solution) o™nn na'm 222

(111" TN) "91WITR 1ITW NNV N1 Beamforming Mni?R 1180
.(0"27w2 Mmv9) Succesive Decoding = G.D.F.E. nmp? "2n"191xr "17"]
.(SIMO,MISO) MIMO 1111

.B.C. 21 MAC 27 P2P n n?2722n

o NS TN NSV NS

MIMO 2y

(B.F.) Mn17x 2180 1M
(Diversity) 1172 1
(Multiplexing) 2121 m1

mnaT
n=3
m=2
Y1 hy, hy, Z,
Xy
(Y2 =|hy (X ]"' Z,
Y3 hs, ’ Z,
Yi =hyX +hpX, +2Z,
“MISO” n11¥n 12M2J .X
yi:<hi,ﬁ>+zi i=1..n
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vy =l ]-cose
(9:1800 1R 6 =0 N2 noaxrnn

“SIMO” NMxn N17Td .2

< I<
|
X
2
0
N

e

®

H><

i}

o

I

»SISO” N11¥N N2™d .J

<
I
—
<
=
~
I><
I
>
<

< !
I
[f=
—
jus
< 1
<
+
IN
L 1

':1x N, H:Nxm, v:mx1

P10 *227 NIRRT 'R 20 0°RINA AXRTAWN N1IANTI 1190 <= 11172 M1

wam manT

rank H - N27unn 20 W91 0177 1900 110
m?o

o
X770 12 NY2P2 B N300 1R1 11702 A 13190 MNP "TR,127 Z WD OX.2
21PWN P1IDA N°¥N1191"R TOIi1

"W 0PNN 1122 W77 MR oN° 20 21222 C = (rankH)~Iog( P j R

i/:B.[H.A.i(Jr;}

B:ﬁxN, H:Nxm, A:mxﬁ, X:nx1, Z Nx1

<
>
X
-

>
I
>
>

AN
(M0?2p N1VIR qT1I0) N > m = rankH
H-x= Xl[bl]+"'+ Xm[hm] eR"
€ MTINDA AN NN = m 00 "RI™2 an nnc RY
(mxN) mmmpn anm nn 20 0°01 - B
(N—m)xN ©*2wnn ann nn 2w 001 - B,

I y)=1xBy:B,Yy)
1(x;y)=1(x;BHx+BZ;B,Z) B,Hx=0
"Y1 1" 231071 B, Z BZIIB,Z "8 127 Z OR

1(x;y)=1(xBHx+BZ;)
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y=Hx+W =HYy=x+Z Z=H"W
K, =(H*H )2

A=T'K,T K, =TAT!
TT=TT'=
y=T'y
X=Tx

A Water level

\

QoA NAYA B9
naRn a1 NxN H or

diaRilvepid

0"MXUN 0 710P10 ANIN? 0NN

0727210 07817

Water Level = 8, Total amount of water = p

N p
C,op = Zlog(1+ 7‘]
i=1 i

P :[g_ﬂ,l]t

|
N  Eign Modes

D> p,=pwidmu 6
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nnonl nx 1unw KT 11Ten RM1p nR 022pn T4,T,B,A 10 3700 .1
2120

K
C=C,s=N Iog(%mj—logmz WO, OR .2

Yi=«

X AW, i=1. N W ~ N(O,O'Z) 21p? H 2w 1w 11027 U N .3
1
o, =—
VA

127 X~("111"2 272) 191T0ITR NT'0

o)—o0
C=log|— HH'[+0(1)  OR C:Nlog( p2j+log(HHt)
no, D> o No;
K, =21 »uom
N=

(SNR 227 1121) "2R072"1R 0ON

: log(e) _ :
C — I(White_ Input)< N P ~N- 1/ bit VSNR

Successive Refinement = GDFE

01w Y7pPN
07T X,...Xy 0N

Decision

Y=Wy MMSE Estimation v MMSE | e x=xW.h.p
—|of from (. k) B >

i MOIRT IRIT JNYY

|\

Past Des. ...,

=wh.p=X X,
.0XMM vapIw *N1w i=1...N 770 979D

(MR*AWN 1112107 NI'NAN 7091 M1IN7?) ! 21272 7°091n 11°® GDFE n1ipg :7ivw

N3l
1D IMIDY

A
e=x—x"Hy)=ely And any function of y .1
(E(e)=0 1 m1n m2n 707 N2910 MAg™) 0K 1PN .2
qrmona 00IRA X,y OR .3
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I (3_/;)_(): I(x; X MMSE(y)j = I(?( MMSEL g: X MMSE) = IOg(\I\//IaI\;I(SXI)EJ

T30

A

I( ;xi/xli‘l)z I()?i,fﬁei/x{‘1j+I()_/,)?ﬁei/)a,xl“lj & =X —X

I(y; X, /xli*l)z I(Qi MMSE ¢ MMSE, ) /xl”j+o.m‘|m < MMSE 710Wn

Suff. Statistics = 0
1(yix, /)= h(x, /)= h(e,) = h(x, )= h(e,) = |(;( nse Xj

|(y;xi/x;1)=|og(LJ i=1..N

J MMSE,
0°T191 0"270WN "IW? 2x L "IXR1720 710WNNA NR 2197 117

Decision

G.F.FUE, u, . : x, s ] ’: _________

I
I'<

G.DFE X)X,

0"T1 X,...X, OR 1M1 G.F.E.E. 1120 :mapw

N ~
U =D a;X, +Z,
j=1
i—1
Vi = aX, RN3IRN G.D.F.E.
j=1
Gram schmidt < QR Decomposition 1121 SNR 1 G.D.F.E. 2 m1111n9
H =QR=n"¥N1M90110 X172 10"y, =h;X, +  WD]
Y, =X, + X+ WD
Y3 = F33X3, 35X, + 130X + woA
R 2w Off Diagonal 1 11" nr 11pn G.D.F.E. «
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MIMO MAC

(S

T191 10 NT'W MYIR 22 20 TITP
MIMO MAC 7127p 1'win? G.D.K.E <

[HH' +K, |
C=maxlog—
Kz
MIMO BC Channel
Decision
Hy | G.F.F.E, uo ® x, MMSE N N
V; —
N11027x FFE Y781 MIMO B.C. W12y
G.D.FE XXy

Side info.

F.F.E, — Y

Y

FFE, ——= W

DPC

CMIMOB.C. =

C _ maXx
sunMIMCB.C. — p: p1+.“+ pN < p

CMIMO_MAC(HI) K tl’( j plog

0°2Xp 0120 00PN - N "1 0°axyp

max
H' K+I

Z
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12'om N7

My ay man Mpn TR

aniT 221" "V 0010

N2YRT DR

ENC1 JOINT DEC
icfl2,.2™}
X——— (¥ > —X
NG g(i, j)
jefl2,.2™| .
Y — f(y) > —>Y

NPT PP

E{d(x, y; %, 9) rral

D= E{d(f(x y); )} ML 18P0 "7 e

—E{(x-%)?} 0"¥17'R 1900 e
=E{(y-9)?)

:1AWNN 12 02PN 0INN NIR RI1X¥N? U7T]

07"1"UN 0°"V19 01PN
Wiener-Zivn™pl e
mpan? p"MmamTmTyY o
p(y=y)—0 nmu &?27 1rmoum R, >H(Y) ,"07p0 T Y :M127221 o
CEO-nn™pa e
(WAK) 0/aMun n™pa e
Korner-Marton n"'ua e

N
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CEO-n nmwya

Berger-Zhang-Viswanathan

TPNN 20 1IN NIV IMX? MU MT M 20 IMAN TIT'R - e

Hé—V ENC 1 i1 c {112,.__2an }:
N i n
4’6—’ ENC 2 I, € {1,2,...2 RZ}:

X— > JOINTDEC > ¥
NK nR
A I, el2,...27x
> » ENCK >
777777777777777777777 R -0
—————————————————— > ENCK+l — — &7 3

P(X, Y1, Yo Yi ) = P(X)P(Y, [ %) (Y [ X)

D =E{d(x,%)}
remote/noisy/indirect TITP) NO9PR 10NA
source coding CEO-n %2 (nnmwn
ENC DEC
X Py s () > i) X
D =d(x,X)
RXviaY (D) = 9

_ :Dobrushin-Tsybakov .1
XviaY(d' D)= Ry (d,D)

R
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:(1970) Wolf-Ziv .2
d(x,%) =(x=%)* V1AM RIN NNV TN OR e

7 S
X——» p(y/x) Yo wwse XM,

ENC

DEC > X

Y
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