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Abstract- This paper establishes necessary and sufficient con- 2
ditions for reliable transmission of a source over a relay channel
when source side information is available non-causally (a) only at V3
the receiver, (b) only at the relay, or (c) at both the relay and the
receiver. For the cases of side information only at the receiver and U Si
at both the relay and the receiver, we establish tight necessary and 4
sufficient conditions that apply to any relay channel and show
that source-channel separation is optimal. When side information
is available only at the relay, we establish a necessary condition
for reliable transmission and show that it is tight for the class
of degraded relay channels and that source-channel separation
is optimal in this case.

Fig. 1. Sensor network with correlated measuf
I. INTRODUCTION

V6

rements.

The general problem of multiple user information theory
is that of reliable transmission of correlated sources over
noisy channels. In [1], Shannon showed that source-channel
separation is optimal for sending a source over a channel.
This is not in general the case for multiple user scenarios.
In [2], it was shown that source-channel separation is not in
general optimal for sending correlated sources over a multiple
access channel. The paper also proposed a joint source-channel
coding scheme, which was later shown not to be optimal in
general [3]. In [4], the problem of sending a source over a
broadcast channel with receiver side information is studied,
where a sufficient condition is proved using a joint source-
channel approach [4].

In this paper we study the problem of sending a source
over a relay channel with source side information available
non-causally at the relay and/or at the receiver. This problem
is motivated by the sensor network setting depicted in Fig.
1 in which a sensor Si is queried about its measurement by
a data collection center D. To send Sl's measurement to D,
other nodes in the network can be used as relays. In many
applications the nodes, including the collection center, may
have measurements V2,..., V6 that are correlated with that
of Sl. How should these measurements be used to help in
transmitting Sl's measurement to D?
The problem of sending a source over a relay channel with

side information available only at the relay was studied in
[5]. The paper established a sufficient condition for reliable
transmission of a source that uses block-Markov and list-
decoding and showed that the correlated source at the relay
can increase the transmission rate. This sufficient condition
was proved using a joint source-channel scheme.
The remainder of this paper is organized as follows. In

Section II, we provide the needed definitions and review

the main results in the paper. In Section III, we study the
case when side information is available only at the receiver.
In Section IV, we study the case when side information is
available at both the relay and the receiver and in Section V,
we study the case when the side information is available only
at the relay.

II. DEFINITIONS AND MAIN RESULTS

Let (U, V) - p(u, v) be a pair of correlated i.i.d. sources
and (X, Xi, p(y, yx|x, xi), Y, Y1) be a discrete-memoryless
relay channel. We wish to send U reliably from X to Y at a
rate of one symbol per transmission in the presence of side
information V available non-causally (a) only at the receiver
Y, (b) only at the relay (X1, Y1), or (c) at both the receiver
and the relay as illustrated in Fig. 2.
More precisely, we define a (2nR, n) code for the relay-

with-side-information to consist of:
1) An encoder that maps each sequence u' C [' into a

codeword x' (u).
2) A set of relaying functions defined as xi= fi(Y- ),

= 1, 2, 3. for scenario (a), and as x1,
fi(V yl- 1), i= 1, 2, 3,..., for scenarios (b) and (c).

3) A decoder that maps each received sequence pair
(yn, vn) into an estimate in in scenarios (a) and (c)
and maps each received sequence yn to an estimate in
in scenario (b).

The average probability of decoding error is defined as

p(n) = p{Un t Un}.
The source U can be sent reliably over the relay channel if
there exists a sequence of (2nR, n) codes with p (n) -> 0 as

-> oc. We seek to find necessary and sufficient conditions
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(a), (c)

Fig. 2. Relay channels with source side information Vn.

for reliable transmission of U over the relay channel for each
of the aforementioned side information scenarios. We also seek
to answer the question of whether source-channel separation
is optimal for each of these scenarios.

In the following, we shall denote the capacity of the relay
channel (X,Xi,p(y,y1x,xi),Y,Yj) by C and recall the
multi-letter expression for C in [6]

C= lim Cn,n--oo

where

Cn =
I

max I(X; Y').
n P(X-), {fi(Y-1))}

Note that without side information, U can be reliably transmit-
ted over the relay channel iff H(U) < C, i.e., if H(U) < C,
then there exists a sequence of (2nR, n) codes with pin) - 0
as n -> oc, and H(U) < C for any sequence of (2nR, n)
codes with p(n) -> 0 as n -*> oc. The proof of this result is
straightforward and therefore will not be included.

Main Results

The main results of this paper are as follows:

. For scenario (a) discussed in Section III, we show that a
source can be transmitted over a general relay channel iff
H(U V) < C. This shows that source-channel separation
is optimal in general for this case.

. For scenario (c) discussed in Section IV, we again show
that a source can be sent over a general relay channel
iff H(U V) < C and that source-channel separation is
optimal in general.

. For scenario (b) discussed in Section V, we show that for
a source U to be reliably transmitted over a general relay
channel, it is necessary that

H(U) < max min{I(X,Xi;Y),
p(X,Xl)

I(X; Yi Xi) + I(U, V)} (1)

We show that this condition is sufficient for the class
of degraded relay channels. The proof of sufficiency
follows from the result in [5]. We provide a proof, which
uses separate source and channel coding that shows the
optimality of source-channel separation for this class.

III. SIDE INFORMATION ONLY AT THE RECEIVER

We establish a necessary and sufficient condition for sce-
nario (a), that is, when the side information V' is available
only at the receiver Y.

Theorem 1: A necessary and sufficient condition for U to
be reliably sent over the discrete-memoryless relay channel
(X,X1,P(y,yi x,xi),Y,Yj) with capacity C is given by
H(UIV) < C.

Proof: To establish sufficiency we use separate source
and channel coding. The encoder performs Slepian-Wolf en-
coding followed by optimal channel encoding of the bin index,
and the relay uses its optimal set of functions. The decoder first
decodes the bin index, then performs Slepian-Wolf decoding.
Clearly this can be performed reliably if H(U V) < C.

To show the necessity of the condition, we first apply Fano's
inequality to obtain

H(Un Un) < nuni
for some en -> 0 as n -> oc. Next consider

nH(U) I(Un; Un) + H( UnIn)
<I(Un; U(n) +nEn
< _(Un; yn, Vn) +nEn

TI(Un; yn) + I(Un; Vn Yn) + nEn
I(Un; yn) + H(Vn) H(Vn Yn, Un) + nEn

(a) I(Un; yn) + H(Vn) H(V Un) + re
(b)
< I(Xn; yn) + nI(U; V) + niEn
(c)
< n(C+I(U;V)+ 60

Step (a) follows from the fact that Vn -> Un > yn form
a Markov chain, step (b) follows from the fact that Un >

Xn __> yn form a Markov chain, and (c) follows by the
multi-letter definition of relay channel capacity in Section II.
Thus as n -> oc, H(U V) < C. This completes the proof of
the theorem. U
Note that proof of the above theorem also shows that source-
channel separation is optimal for this scenario.

IV. SIDE INFORMATION AT BOTH THE RELAY AND
THE RECEIVER

We now consider scenario (c), where the side information
is available at both the relay and the receiver.

Theorem 2: A necessary and sufficient condition for send-
ing U reliably over a discrete-memoryless relay channel when
the side information V is available at both the relay and the
receiver is given by

H(UIV)<C. (2)
Proof: To establish sufficiency we use the same scheme

as in scenario (a). Because the condition is same as that of
scenario (a), H(U V) < C is achievable.
To show the necessity of the condition, we first apply Fano's

inequality to obtain inequality

H(Un Vn, yn) < nn
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where En -> 0 as n -> oc. Now consider

nH(U V) < I(Un; Yn V) + nEc
< I(Xn; Y Vn) + nE

= S p(v')I(Xn; Yn vn) + n,
Vn

(a)
< Ep(v') max

vn p(xnlvn), ffi(yi ,vn)}
I(X'; Y Uvn)

for some En -> 0 as n --> oc. To show the first inequality,
consider

nH(U) < I(U'; U&) + nEn
<I(U'; Yf) + nEn

n

= EI(U;Yi-Y ) + nlEn
i=l

+ nEn

= nCn + nEn,

where the last step follows by the fact that the
max term in the previous step is the same as

maxp(Xn) ffi(Yi-l)}I(Xn; yn) = nCn. To see this note

that the mutual information term in (a) is a function of the
conditional pmf

n n

p(xn vn) J7p(xi yi -1 vn) fJp(yy1x,li, x1l).
i=l i=l

Thus vn is simply a label and does not change the range of
p(xn n), { fi(yQ- 1 0n) } in the maximization. Hence as n -
Co, H(U V) <C. U
The above theorem shows that source-channel separation is
also optimal for scenario (c).

V. SIDE INFORMATION ONLY AT THE RELAY

Here we consider scenario (b), where side information V
is available only at the relay. In the following subsection we
establish a general necessary condition for reliable transmis-
sion of U over the relay channel. In Subsection V-B, we show
that this necessary condition is also sufficient for degraded
channels and that source-channel separation is optimal in this
case.

A. Necessary condition

We establish the following necessary condition for scenario
(b).

Theorem 3: A necessary condition for the source U to
be sent reliably over a discrete-memoryless relay channel
(X,X1,P(y,y |x,xj),Y,Y1) with side information V avail-
able non-causally only at the relay is given by

H(U) < max min{I(X, X1; Y), I(X; Y1, Y Xl)+I(U, V)}.
p(x,xi1)

(3)
Proof: By Fano's inequality

H
H(UnpUn) < n6n,

n

= 1:(H(Yi)
i=l
n

< ,:(H(Yi)
i=l
n

= 1:(H(Yi)
i=1

H(YiUn, yi- 1)) + nEn

H(Yj Xj, Xii, Un, yi-1)) + nlEn

H(Yi lXj, Xii)) + nlEn

n

Z I(Xi, Xii; Yi) + nEn
i=l

To show the second inequality, consider

nH(U V) < I(un; un Vn) + niEn
< I(Xn; yn yn Vn) + nEn

n

TIx(Xn; Yi, nYliy1V,Y 1,Y )+
1

En
i=l(a)5(xn; YiVn i 1,i~,Y 1) liEn
n

-~~~~1,V(i lln, Yli-1: Xlii Y'-1) + n'E

n

< (H(Yi, Yli Xii)- H(Yi, Yli Xii, Xi)) + nEn
i=l
n

Z I(Xi; Yi, Y1i X1ii) + nEn,
i=l

where (a) follows from the fact that Xli f(Vn, y1 ) *

B. Degraded Relay
We show that the necessary condition in the previous

subsection is tight for the degraded relay channel, that is, when
the channel conditional pmf is given by

P(Y,yi X,xi) = P(Yi 1X, l)P(Yyl, xl),
for all (x, xi, y, Yi). Note that for the degraded relay, the
necessary condition in Theorem 3 reduces to

H(U) < max min{I(X, X1; Y), I(X; Yi |X1) + I(U, V)}.
p(x,x1)

(4)
We now show that this condition is also sufficient.

Proposition 1: The necessary condition in Theorem 3 is
tight for the degraded relay channel.

Proof: The achievability of the above necessary condi-
tion was proved using a joint source-channel scheme in [5].
We show that it can also be achieved using separate source and
channel coding scheme. This is acheived by a combination of
Slepian-Wolf source coding and decode-and-forward [7]. The
set of un sequences is partitioned into roughly 2n(H(UIV)+±)

608

Authorized licensed use limited to: Stanford University. Downloaded on March 02,2010 at 14:53:44 EST from IEEE Xplore.  Restrictions apply. 



ISIT2007, Nice, France, June 24 - June 29, 2007

Encoder/Decoder

Fig. 3. Source-channel separation for the degraded relay channels with source side information V' at the relay.

bins. Each typical sequence Un C A, , where A. ) refers to
the set of weakly E-jointly typical sequences as defined in [8]
is then assigned a unique pair of indices, its bin number w
and its index number k in the bin (non-typical Un sequences
are assigned k = 1). In block j, the sender sends the bin
number of the sequence Un and additional partial information
about the bin number of Un1 to cooperate with the relay to
resolve the receiver's uncertainty about Una i1. The relay first
decodes the bin number of Un, then finds Un by using the side
information Vn. Simultaneously, the relay cooperates with the
sender to resolve receiver's uncertainty about Ufn 1 in block
j. This scheme is illustrated in Fig. 3.
We now provide a more detailed outline of the proof.

Generation of codebooks: For the source codebook, randomly
partition the set Un into 2n(H(UIV)+E) bins. In each bin, there
are almost 2n(I(U;V)±+) Un typical sequences. Assign a unique
index w C [1, 2n(H(UIV)+E)] to each bin and assign a unique
index k C [1, 2n(I(U;V)+E)] to each typical Un sequence in each
bin. Assign the index k = 1 to non-typical Un sequences.

For the channel codebook, fix P(xi)p(x x1). Generate at
random 2n(Ro+I(U;V)+E) i.i.d XCn(s, k), s C [1, 2nRo] accord-
ing to Hi=1 p(xji). For each x(s, k), generate 2n(H(UlV)±c)
conditionally independent Xn (w s, k) sequences according to

H=1 p(xi x1). For each bin number w, assign an index s(w)
at random from [1, 2nR0]. The set of bin numbers with the
same index s forms a bin Ss C [1, 2n(H(UV)+±e)].
Encoding: In block j, the source encoder at the sender finds
the bin number for the new source sequence Un and the index
of Un in that bin. Let wj be the source message bin number to
be sent in block j, and kj be the index of Un 1 in block 1.
The sender source encoder outputs (wj, kj+,) to the channel
encoder. Assume that wj 1 C Ssj. The channel encoder at the
sender sends Xn (Wj sj, kj).
The source decoder at the relay has an estimate of Ujn 1 and

outputs ifnf to the source encoder at the relay. The source

encoder at the relay estimates (w_ 1, kj) of (wj 1, kj) and

sends (wj1, kj) to the channel encoder at the relay. Assume
that wj-, C S5j, then the channel encoder at the relay sends

xn(s j, kj) in block j.

Decoding : Assume that at the end of block j 1, the
channel decoder at the receiver knows (w, W2, ..., wj2),
(S2, ..., Sji1), and (k2, ..., kj i), and the channel decoder
at the relay knows (W1, W2, ..., Wj-1), (S2, ..., sj), and
(k2, .., kj). The decoding procedures at the end of block j
are as follows.

1) Upon receiving ypi(j), the channel decoder at the relay
declares that Wj was sent if it is the unique index

such that (Xn(wj~ ijkj), ekj n C ACn)
otherwise an error is declared. The source decoder
at the relay then finds the unique index kj+l such

(an(wj, kj±i), vn) C A(n). It can be shown that w=
wj and a unique index kj+l is found with an arbitrarily
small probability of error if n is sufficiently large and

H(UIV) < I(X; Yl lX, )

Adding I(U; V) to both sides gives

H(U) < I(X; Yi X1) + I(U; V).

2) The channel decoder at the receiver declares that
I

(sj, kj) was sent if it is the unique index such that
(Jl (j: kj ) Jj))C A(n), otherwise an error is de-
clared. The indices (sj, kj) can be decoded with arbi-
trarily small probability of error if n is sufficiently large
and

Ro + I(U; V) < I(Xi; Y).

3) Assuming that sj is decoded correctly at the receiver,
it constructs the list L(yn(j 1)) of message indices
whose codewords are jointly typical with yn (j1) in
block j-1. The channel decoder at the receiver then
declares that wj 1 is sent in block j-1 if it is the unique
bin number in S5 n L(yn(j 1)), otherwise an error
is declared. It can be shown that wj_1 = wj_ with an
arbitrarily small probability of error if n is sufficiently
large and

H(U V) < I(X; Y|Xi) + Ro
< I(X; Y|X1) + I(Xi; Y) I(U; V).
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Thus
H(U) < I(X, Xi; Y).

Now, given kj and wj_ , the u-j1 sequence can be
decoded with arbitrarily small probability of error at the
source decoder of the receiver.

The above result shows that source-channel separation is
optimal for the degraded relay channel as shown in Fig. 3.

VI. CONCLUSION

We showed that a source U can be reliably transmitted
over a discrete-memoryless channel with capacity C in the
presence of side information V only at the receiver or at
both the relay and the receiver iff H(U V) < C. This also
shows that source-channel separation is optimal for these
cases. When the side information is available only at the relay,
we established a necessary condition for reliable transmission
of U. We showed that it is tight when the channel is degraded
by using a combination of Slepian-Wolf coding and decode-
and-forward. A tighter sufficient condition can be found by
using a combination of lossless source coding with side
information [9] and partial decode-and-forward. We do not
believe, however, that separate source-channel coding is in
general optimal when side information is available only to
the relay.
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