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Abstract—We study reliable transmission of arbitrarily corre-  lossless fashion, and also let the relay and the destinatioe
lated sources over multiple-access relay channels (MARCsnd  side information correlated with the sources. Our objecis
multiple-access broadcast relay channels (MABRCs). In MAR'S 1, jetermine whether a given pair of sources can be losglessl
only the destination is interested in reconstructing the sorces, . LI -
while in MABRCs both the relay and the destination want to transmitted to the destmatlon fqr a specmc number of cklnn
reconstruct them. In addition to arbitrary correlation amo ng the ~Uses per source sample, which is defined asthece-channel
source signals at the users, both the relay and the destinati rate.
have side information correlated with the source signals. @r In [5] Shannon showed that a source can be reliably
objective is to determine whether a given pair of sources can transmitted over a point-to-point memoryless channelsf i

be losslessly transmitted to the destination for a given nulver - .
of channel symbols per source sample, defined as the source-_emropy is less than the capacity of the channel. Conversely

channel rate. Sufficient conditions for reliable communicsion if the source entropy is greater than the channel capacity,
based on operational separation, as well as necessary cotiaiis  reliable transmission of the source over the channel is not
on the achievable source-channel rates are characterize@ince possible. Hence, a simple comparison of the rates of the
operational separation is generally not optimal for MARCs ad  yima source code and the optimal channel code for the
MABRCs, sufficient conditions for reliable communication using fi d ch | ffi to det ine wheth
joint source-channel coding schemes based on a combination'©SPECUVE Source and channel, suflices 1o determine wnhethe
of the correlation preserving mapping technique with Slepan- reliable communication is feasible or not. This is called th
Wolf source coding are also derived. For correlated sources separation theoremAn implication of the separation theorem
transmitted over fading Gaussian MARCs and MABRCs, we s that the independent design of the source and the channel
present conditions under which separation (i.e., separat@nd 4qes js optimal. However, the optimality of source-channe
stand-alone source and channel codes) is optimal. This is gh tion d t lize t i works T

first time optimality of separation is proved for MARCs and Separa |0_n oes not generalize to multiuser netwarks ], [
MABRCs. [8], and, in general the source and the channel codes need to

Index Terms—Multiple-access relay channel, separation theo- be designed jointly for every particular combination of sms

rem, Slepian-Wolf source coding, fading, joint source andlgannel  @nd channel. _
coding, correlation preserving mapping. The fact that the MARC generalizes both the MAC and

the relay channel models reveals the difficulty of the proble
studied here. The capacity of the relay channel, which cor-
, responds to a special case of our problem, is still unknown.
The multiple-access relay channel (MARC) models a ngfyile the capacity region of a MAC is known in general, the
work in which several users communicate with a singlgniima joint source-channel code for transmission of eorr
destination with the help of a relayl[1]. The MARC is §ateq sources over the MAC remains op&h [7]. Accordingly,
fundamental .multl-termlnal channel model that generalizg,qo objective of this work is to construct lower and upper
both the multiple access channel (MAC) and the relay chanig|,;ns for the achievable source-channel rates in MARCs and
models, and has received a lot of attention in the recensyegianBrCs. We shall focus on decode-and-forward (DF) based
[11, [2], [8], [4]. If the relay terminal also wants to decode,chieyability schemes, such that the relay terminal desode
the source messages, the model is called the multiple®Cogsi source signals before sending cooperative informatio
broadcast relay channel (MABRC). to the destination. Naturally, DF-based achievable sckeme

Previous work on MARCs considered independent SOUrcgs the MARC directly apply to the MABRC model as well.
at the terminals. In the present work we allow arbitrary elaer Moreover, we characterize theptimal source-channel rate in
tion among the sources to be transmitted to the destinatian igyme special cases. Our contributions are listed below:
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obtained for MARCs applies directly to MABRCs as well. called correlation preserving mapping (CPM)n the CPM

2) We derive two sets of necessary conditions for the achigechnique the channel codewords are correlated with thesou
ability of source-channel rates for MARCs (and MABRCs). sequences, resulting in correlated channel inputs. CPM is

3) We investigate MARCs and MABRCs subject to indeperextended to source coding with side information over a MAC
dent and identically distributed (i.i.d.) fading, for bgthase in [16] and to broadcast channels with correlated sources in
fading and Rayleigh fading. We find conditions under whiciL7] (with a correction in[[18]).
informational source-channel separation (in the senseél6f [ In [10] Tuncel distinguished between two types of source-
Section 1]) is optimal for each channel modghis is the first channel separation. The first type, calliedormational sep-
time the optimality of separation is proven for some speciafation, refers to classical separation in the Shannon sense.
case of MARCs and MABRQONote that these models are nofThe second type, calledperational separation refers to
degraded in the sense of [11]. statistically independent source and channel codes, varieh

4) We derive two joint source-channel coding achievabilitgot necessarily the optimal codes for the underlying soarce
schemes for MARCs and MABRCSs for the source-channel rdfge channel, coupled with a joint decoder at the destination
x = 1. Both proposed schemes use a combination of Slepiaiuncel also showed that when broadcasting a common source
Wolf (SW) source coding [12] and joint source-channel cgdirto multiple receivers, each with its own correlated sideiinf
implemented via the correlation preserving mapping (CPMjation, operational separation is optimal while inforroal
technique[[7]. In the first scheme CPM is used for encodirggparation is not.
information to the relay and SW source coding combined with In [8] Gunduz et al. obtained necessary and sufficient
an independent channel code is used for encoding informatigonditions for the optimality of informational separatidm
to the destination. In the second scheme, SW source codM§Cs with correlated sources and side information at the
is used for encoding information to the relay and CPM ikeceiver. The work[[8] also provided necessary and sufficien
used for encoding information to the destination. These agenditions for the optimality of operational separatiorr fo
the firstjoint source-channel achievability schemes, proposéde compound MAC. Transmission of arbitrarily correlated
for a multiuser network with a relay, which take advantage sources over interference channels (ICs) was studied i [19
the CPM technique. in which Salehi and Kurtas applied the CPM technique;

however, when the sources are independent, the conditions

. derived in [19] do not specialize to the Han and Kobayashi
Prior Work (HK) region, [20], which is the largest known achievable

The MARC has been extensively studied from a channedte region for ICs. Sufficient conditions based on the CPM
coding perspective. Achievable rate regions for the MAR€&chnique, which specialize to the HK region were derived
were derived in[[2],[[3] and [13]. In_[2] Kramer et al. derivedn [21]. Transmission of independent sources over ICs with
an achievable rate region for the MARC with independerbrrelated receiver side information was studied’in [22]e T
messages. The coding scheme employed[in [2] is basedrk [22] showed that source-channel separation is optimal
on decode-and-forward relaying, and uses regular encpdiagnen each receiver has access to side information cordelate
successive decoding at the relay, and backward decodingnith its own desired source. When each receiver has access to
the destination. In[[3] it was shown that, in contrast to thside information correlated with the interfering trangsrit
classic relay channel, in a MARC different DF schemes yiekburce, [[22] provided sufficient conditions for reliablarts-
different rate regions. In particular, backward decodimm ¢ mission based on a joint source-channel coding scheme which
support a larger rate region than sliding window decodingombines Han-Kobayashi superposition encoding and partia
Another DF-based coding scheme which uses offset encodiirgerference cancellation.
successive decoding at the relay, and sliding-window degod Lossless transmission over a relay channel with correlated
at the destination was presented in [3]. Outer bounds eitle information was studied in_[23], [24], [25] and [26]. In
the capacity region of MARCs were obtained in][13]. Morg23] Giindiiz and Erkip developed a DF-based achievability
recently, capacity regions for two classes of MARCs werszheme and showed that operational separation is optimal fo
characterized in_4]. physically degraded relay channels as well as for cooperati

In [14], Shamai and Verd( considered the availability afelay-broadcast channels. The scheme of [23] was extended t
correlated side information at the receiver in a point-tanultiple relay networks in [24].
point scenario, and showed that source-channel sepasdiion Prior work on source transmission over fading channels
holds. The availability of correlated side information At is mostly limited to point-to-point channels (sele [[27] and
receiver enables transmitting the source reliably overamuohbl references therein). In this work we consider two types of
with a smaller capacity compared to the capacity neededfading models: phase fading and Rayleigh fading. Phase
the absence of side information. Inl [7] Cover et al. derivefldding models apply to high-speed microwave communica-
finite-letter sufficient conditions for communicating diste, tions where the oscillator's phase noise and the sampling
arbitrarily correlated sources over a MAC, and showed thodock jitter are the key impairments. Phase fading is also
suboptimality of source-channel separation when trangmit the major impairment in communication systems that employ
correlated sources over a MAC. These sufficient conditionsthogonal frequency division multiplexing [28]. Additially,
were later shown in[[15] not to be necessary in generghase fading can be used to model systems which employ
The transmission technique introduced by Cover et al. dithering to decorrelate signals [29]. For cooperative timul



. . . w2
user scenarios, phase-fading models have been considered f 3

MARCs [2], [13], [31], for broadcast-relay channels (BRCs) o
[2], and for interference channels [32]. Rayleigh fadingiels Relay (7.5
are very common in wireless communications and apply to X! v w

mobile communications in the presence of multiple scattere - X!
without line-of-sight [30]. Rayleigh fading models haveebe ' ’ ) MARC | v @nam)
considered for relay channels i [33], [34] and[35], andg i.p(y’yﬂxl”‘?xﬂ

for MARCs in [31]. The key similarity between the two
fading models is the uniformly distributed phase of the rﬁgdi Fig._ 1. Multiple-access broadcast rele}y channel with dated side infor-
. . . mation. (ST, S¥*) are the reconstructions 57, S&*) at the relay, and

process. The phase fading and the Rayleigh fading modgls. 5‘7”)1are t2he reconstructions at the destir%atior?.
differ in the behavior of the fading magnitude component,' '
which is fixed for the former but varies following a Rayleigh
distribution for the latter. sequences]”, for ¢ = 1,2. The receiver is interested in the

The rest of this paper is organized as follows: in SectidBssless reconstruction of the source sequences obsewed b
[ the model and notations are presented. In Sedfidn Ill aRe two transmitters. The relay has access to side infoomati
achievable source-channel rate based on operationalasep@r:”, and the receiver has access to side informafioft.
tion is presented. In Sectidn IV necessary conditions on tffée objective of the relay is to help the receiver decode the
achievable source-channel rates are derived. In SelclidreV source sequences. For the MABRC the relay is also interested
optimality of separation for correlated sources trangditiver in a lossless reconstruction of the source sequences.gfljur
fading Gaussian MARCs is studied, and in Secfiom VI twgepicts the MABRC with side information setup. The MARC
achievable schemes based on joint source-channel codingigrobtained when the reconstruction at the relay is omitted.
derived. Concluding remarks are provided in Secfionl VI, The sources and the side information sequences,
followed by the appendices. {51k, 2,1, Wi, W 1.}, , are arbitrarily correlated according
to a joint distributionp(sy, s2,w,w3) over a finite alphabet

Il. NOTATIONS AND MODEL S1 X 82 x W x W4, and independent across different sample

In the following we denote the set of real numbers Vit  indicesk. All nodes know this joint distribution.
and the set of complex numbers with We denote random  For transmission, a discrete memoryless MARC with inputs
variables (RVs) with upper-case letters, e, Y, and their x, X,. X; over finite input alphabet’’, X», X3, and outputs

realizations with lower case letters, eagy. A discrete RVX vy v, over finite output alphabetd),)s, is available. The
takes values in a sét. We use|X’| to denote the cardinality of MARC is memoryless, that is,
a finite, discrete set’, px (z) to denote the probability mass el kel ok ok ok momm m
function (p.m.f.) of a discrete R over X, and fx(z) to P Y3,k ly™ 5 Y5 100 205 315 5T S5, W, W)
denote the probability density function (p.d.f.) of a conthus = oWk, Y3.klT1k, T2k, T3 k), k=1,2,...,n. (1)
RV X on €. For brevity we may omit the subscripf when Definition1. An
it is the uppercase version of the sample symhoWe use
px|y(z|y) to denote the conditional distribution df given
Y. We denote vectors with boldface letters, exg.y; the (mom)
i'th element of a vectox is denoted byz;, and we usex’ i ST AT i=1,2, 2
. . . . . AL J .
wherei < j, to denjOte(x“xZ“’ o Ty, 25); @ 1S 2 Short 4 set of causal encoding functions at the relggy” ™7,
form notation forzy, and unless specified otherwise, = '
. such that
z™. We denote the empty set with, and the complement
of the setB by B°. We useH (-) to denote the entropy of wa = A WA wy), 1<k <n, (3)
a discrete RV, and(-;-) to denote the mutual information : ;
! P — and two decoding functions
between two RVs, as defined in_[36, Ch. 2, Ch. 9]. We use ¢
A:™(X) to denote the set of-strongly typical sequences glmm L YT WM s ST x SEY (4a)
with respect to the dlstrl_bunomx(:z:)_ on X, as defined in gém"”) LR X W S x ST (4b)
[37, Ch. 5.1]; when referring to a typical set we may omit the ) .
RVs from the notation, when these variables are clear fromAn (m,n) source-channel code for the MARC is defined as
the context. We us€\ (a,o?) to denote a proper, circularly in Definition[d with the exception that the decoding function
symmetric, complex Gaussian distribution with mearand 93~ does not exist.
varianceo” [38], andE{-} to denote stochastic expectationDefinition 2. Let 5" denote the reconstruction &f™ at the
We useX —Y — Z to denote a Markov chain formed by thereceiver, and5!™ denote the reconstruction 8f* at the relay,
RVs XY, Z as defined in[36, Ch. 2.8], and L Y to denote for ; = 1,2. The average probability of erroB{™™, of an

(m,n) source-channel code for the MABRC
with correlated side information consists of two encoding
functions,

that X is statistically independent df . (m,n) code for the MABRC is defined as
A. Problem Formulation pimn) & Pr{{(S{",SE") # (57", 85"}

The MARC consists of two transmitters (sources), a receiver cm gm m am
(destination) and a relay. Transmittenas access to the source U {(S1".55") # (5", 53 )}}’ ®)
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are constants representing the attenuation,l&ng are
circularly symmetric, complex Gaussian RMS;; , ~
CN(0,1), i.id., and independent of each other and
of the additive noisesZ; and Z. We defineU =

&™) {U11,Ua1,Us1,Usz, U3 }.

Transmitter 1

(7.8
Receiver v In both models the values af; are fixed and known at all
nodes. Observe that the magnitude of the phase-fadingggoce
is constant|Hy; | = a;;, but for Rayleigh fading the fading
gm magnitude varies between different time instances.
Transmitter 2
Fig. 2: Sources transmitted over fading Gaussian MARC wiite ;fformation  |||. A N ACHIEVABLE SOURCE-CHANNEL RATE BASED ON

at the relay and destination. OPERATIONAL SEPARATION

In this section we derive an achievable source-channel
rate for discrete memoryless (DM) MARCs and MABRCs
while for the MARC the average probability of error is definedising separate source and channel codes. The achievability
as is established by using SW source coding, a channel coding
mon) A S A " om scheme similar to the one detailed(in [3, Sections II, llfidas
P & Pr{(sl 55°) # (51,9 )}' ©6) based on DF relaying with irregular block Markov encoding,
Definition 3. A source-channel rate is said to be achievable successive decoding at the relay and backward decoding at
for the MABRC if, for everye > 0, there exist positive integersthe destination. The results are summarized in the foIIgW|n
no, mo such that for all > ng, m > mo, n < km there exists theorem:
an (m,n) code for whichP{™™ < ¢. The same definition Theoreml. For DM MARCs and DM MABRCs with relay
applies to the MARC. and receiver side information as defined in Section]ll-A,
source-channel rate is achievable if,

B. Fading Gaussian MARCs

The fading Gaussian MARC is depicted in Figlde 2. In H (1|5, Wa) < wI(X1; ¥alV1, Xy, Xs) (82)
fading Gaussian MARCSs, the received signals at tkra the H(52]81, Ws) < K1(X2; Ys|V2, X1, X) (8b)
receiver and at the relay are given by H(S1,52|Ws) < kI(X1, X2;Y3[V1, V2, X3)  (8c)

H(S1|S, W) < kI(X1, X3 Y |[Va, X 8d
Yi=Hu1: X156+ Ho1 xXo i + H31 1. X35 + Zi, (78) HESl:SQ W; _ HIEXI Xg. Y:V2 XQ; ESe;
Y3 = Hi3 X1 + Hoz g Xo g + 23k, (7b) 2t Rz, 2 bt
. H(S1, S52|W) < kI(X1, X2, X37Y), (8f)
for k = 1,...,n, whereZ and Z3 are independent of each

other, i.i.d., circularly symmetric, complex Gaussian Rvdor some joint distributionp(sy, s2, ws, w, v, va, x1, T2, 23)

CN(0,1). The channel input signals are subject to per-symbiblat factorizes as

average power constraint®&{|X,|’} < P;,i = 1,2,3. In

the following it is assumed that the destination knows the’

instantaneous channel coefficients from the transmittats a  proof: The proof is given in AppendikJA. n

the relay to itself, and the relay knows the instantaneous

channel coefficients from both transmitters to itself. Tisis ) .

referred to as receiver channel state information (Rx-CSfj- Discussion

Note that the destination does not have CSI on the linkemarkl. In Thm.[d, equationd(8aj=(8c) are constraints for

arriving at the relay, and that the relay does not have CSI ogliable decoding at the relay, while equatiohs] (dd}-(88 a

the links arriving at the destination. It is also assumed tiva reliable decoding constraints at the destination.

sources and the relay do not know the channel coefficiefgmark2. In regular encoding, the codebooks at the sources

on their outgoing links (no transmitter CSI). We represerind at the relay have the same cardinality, see for example

the CSI at the destination witti/y = (Hui,Haz1,Hz1), [3]. Now, note that the achievable source-channel rate of

the CSI at the relay withH; = (His, Ho3), and define Thm.[1 is established by using two different Slepian-Wolf

H £ {Hiy1, Hy, H3y, His, Hy3 }. We consider two types of coding schemes at different coding rates: one for the relay

fading; phase fading and Rayleigh fading: and one for the destination. The main benefit of different

1) Phase fading channels The channel coefficients areencoding rates is that it allows adapting to the differeratliqy
characterized add;;; = a;;e?®ik whereq;; € % of side information at the relay and destination. Since #tes
are constants representing the attenuation,@pg are are different, such encoding cannot be realized with regula
uniformly distributed ovef0, 2r), i.i.d., and independent encoding and requires an irregular coding scheme for the
of each other and of the additive noisgs and Z. channel code.
2) Rayleigh fading channels The channel coefficients Had we applied regular encoding, it would have led to the

are characterized a#y; , = a;;Uji, Wherea;; € )@ merger of some of the constraints {0 (8), in order to force

(51,52, w3, w)p(v1)p(z1]v1)p(v2)p(z2|ve)p(T3|V1, v2). (9)



the binning rates to the relay and destination to be equal. FRemarkd. SettingX, = S = ¢, constraints in[(1l0) specialize
example,[(8a) and_(8d) would be merged into the constrainb the converse of [23, Thm. 3.1] for the relay channel.

max {H(S1|S2, W), H(S1|Ss, W)} TheorenB3. Consider the transmission of_arb|trar|Iy_ cor_related
) sourcesS; andS; over the DM MABRC with relay side infor-
< rmin {1(X1; Ya|Vi, Xp, X3), I(X1, X35 Y [V2, Xo) }. mation W3 and receiver side informatiol. Any achievable
Hence, regular encoding puts extra constraints on tR@urce-channel rate must satisfy the constraints {10) as well
rates. Accordingly, we conclude that irregular encodingveg @S the following constraints:

higher achievable source-channel rates than regular émgod H(S1|S2, W3) < kI(X1; V3| X2, X3) (12a)
When the relay and destination have the same side informatio T ’ ’

(W =Ws) then the irregular regular encoding schemes achieve H(S:|51, W) < KI(X2; Ys] X1, Xs) (12b)
the same source-channel rate. This can be observesd mgsetti H (51, 82|Ws) < wI(X1, X2; Y3|X3), (12c)

W = Wjs in the above equation, and inh {8a) andl(8d).
Finally, consideregular encodingn the case of a MARC. Proof: Th £ foll ts similar to th ¢
Here, the relay is not required to recover the source se@senc T rO([)z. Z Eroo 0 °V_th 3rgumen S simiiar 1o the proo
Therefore, regular encoding requires the merger of the c8r](- m.Ld, and hence, omitted. u
responding right-hand sides (RHSs) of the constraintk—(8a)
(BF). For example[{8a) an@(Bd) are merged into the follgwnirA. Proof of Theorerh]2
single constraint Let P{™™ - 0 as n,)m (—> c))o (for )a sequence of en-
m,n m,n m,n (m,n)
H(S1[Ss, W) coders anq dgcodeﬁ ,f,2 _ o f3 g, such that
) k = n/m is fixed. By Fano’s inequality) [36, Thm. 2.11.1],
< kmin {I(X1;Ys|Vi, X2, X3), [(X1, X3;Y|V2, X2)}. e have
H(SP, 85|87, 83) <1+ mP™™ 1og|Sy x Sa
Lms(Pimm), (13)

for some input distributiop(z1, z2, 3).

This shows that regular encoding is more restrictive than
irregular encoding for MARCs as well.

whered(x) is a non-negative function that approachﬂ%sas
x — 0. Observe that

IV. NECESSARYCONDITIONS ON THEACHIEVABLE
SOURCE-CHANNEL RATE FORDISCRETEMEMORYLESS

MARCs AND MABRCs A (@
H(Sl 552 |Sl 552 ) Z H(

_ _ _ y ISy Y W, S, 55
In this section we derive necessary conditions for the ®)
achievability of a source-channel ratefor MARCs and for > H(S™Y™, W™, S5, (14)

MABRCs with correlated sources and side information at the

relay and at the destination. The conditions for the MARC at¥ghere () follows from the fact that conditioning reduces
summarized in the following theorem: entropy [36, Thm. 2.6.5]; and (b) follows from the fact that

Theoren®2. Consider the transmission of arbitrarily correlate((fg

™, S5) is a function of (Y™, W™).
: : . Oa) i i
sourcesS; and.S; over the DM MARC with relay side infor- 1) Proof of constraintg(I0): Constraint [(10a) is a conse
mation W3 and receiver side informatiol/’. Any achievable

guence of the following chain of inequalities:
source-channel rate must satisfy the following constraints: «—
y J Z I( X1k, X35 Yie| Xo1)

H(51|SQ,W)SIQI(Xl,Xg;Y|X2) (10a) k=1
HSIS W) SRIC V1K) 00 © ™ vy - HO4ISE SP. W W
H(S1,8:|W) <kI(X1, X2, X3;Y), (10c) k=1

for some input distributiop(z1, z2, x3), and the constraints

H(SllSQ,W, W3)§I€I(X1;Y,}/3|X2,V) (11a)
H(52|Sl,W, W3)§I€I(X2;Y,}/3|X1,V) (11b)
H(Sy, S2|W, W3) <kI(X1, X2;Y,Y3]V),  (11c)

for some input distribution(v)(z1, z2|v)p(zs|v), with |V| <
4.

Proof: The proof is given below in Subsection TV-Al

Remark3. The RHS of the constraints il (1L1) are similar to
the broadcast bouflavhen assuming that all relay information
where (a) follows from the memoryless channel assumption
(see [1)) and the Markov relatiofSy™, S5, Wi, W™) —
(XFy, X5, X5 YT YR — Y (see [40]); (b) follows
from the fact that conditioning reduces entropy; (c) follow

is available at the destination.

IHere we use the common terminology for the classic relay mélam

which the terml (X, X1;Y") is referred to as the MAC bound while the term

I(X;Y,Y1|X1) is called the broadcast bourid [39, Ch. 16].

k k k k—1 k—1
S D (IR Sy G|

—~
=
=

NIE

[H(Yk|55”, W YR Xy ) —

>
Il
—

H(Yi|ST", S5, Wi, W, y*-1)]

9 15, Wy, W
(d)
> H(S|SE, W™) — H(S"[Y™, S5, W™)

(©
> mH(S1]S2, W) — mé(Pmm™), (15)



from the fact thatX, ; is a deterministic function of3*; (d) Following arguments similar to those that led E0](18) we
follows from the non-negativity of the mutual informaticand can also show that
(e) follows from the memoryless sources and side informatio _»

assumption, and fronf (1L3J=(14). ZI(Xz,k;Yk,%,kIXl,k,Vk)
Following arguments similar to those that led [0](15) we k=1
can also show > mH (85|51, W, Ws) —mdé(P{™™)  (19a)
ZI(XQ,k,Xs,k;Yk|X1,k) ;I(Xl’k’XQ’k;Yk’Yg’k|Vk)
k=1
> mH(Ss|S1, W) — ms(Pmm™) (16a) > mH(S1, So|W, Ws) — md(P{™™).  (19b)
n Next we introduce the time-sharing RY, independent of
Z I( X1k, Xo g, X3.x5 Vi) all other RVs, and we hav@ = k with probability 1/n, k €
k=1 {1,2,...,n}. We can write
> mH(S1, So|[W) — ma(Pm™™). (16b) Lo
= I(X1k5 Ve, Ya | Xok, Vi)
We now recall that the mutual information is concave in the n.
set of joint distribution®(z1, 22, x3), [36, Thm. 2.7.4]. Thus, = I1(X1,0; Y0, Y3.0/X2.0,VQ)
taking the limit asm,n — oo and letting P™™ — 0, [@3), — [(X1;Y, Ys| Xa, V), (20)

(I63) and[(18Db) result in the constraints[inl(10). R . . .
2) Proof of constraints(LI): We begin by defining the Where X, = X, o, Xp = X5, Y = Yo, ¥3 = Y34 and

following auxiliary RV: V £ (Vg,Q). Since(X1x, X2x) and X3, are independent
given Vi, = (Y51, Wi, for o = (v, k) we have
N k—1 m .
Vk_(}/?),l ,W3 ), k—1,2,...,n. (17) Pr{Xl:$17X2:$2,X3:$3|V:'D}

Constraint[{17a) is a consequence of the following chain of — PriXi =21, X2 = 2|V = 0} Pr{Xs = 25|V =0}. (21)
inequalities: Hence, the probability distribution is of the form given in
. Thm.[2 for the constraints il (1.1). Finally, repeating thepst
ZI(X1,k;Yk,3@,,k|X2,k,Vk) leading to [2D) for [(19a) and_jlpt_)), and taking the limit

pt m,n — oo, leads to the constraints ih_(11).
(@ Z {H(y,ﬁy3 k| X2 k,}%kl—lngl) V. OPTIMALITY OF SOURCE-CHANNEL SEPARATION FOR
prt ’ FADING GAUSSIAN MARCs AND MABRCs

— H(Ys, Ya | XF, X5 XE VETE YR Wg")} In this section we study source-channel coding for fading
’ Gaussian MARCs and MABRCs. We derive conditions for
® [H(Yk Yo | X, YETL YR=1 ym pym. g the optimality of source-channel separation for the phask a
PEREEESEI TS A Rayleigh fading models. We begin by considering phase éadin
Gaussian MARCs, defined inl(7). The result is stated in the
following theorem:

Theoremd. Consider the transmission of arbitrarily correlated
sourcesS; and S, over a phase fading Gaussian MARC
{H(Yk,iﬁ,kll’glffl,yk_l,ng”, wm, S5 with receiver side informatio® and relay side information

Ws. Let the channel inputs be subject to per-symbol power
— H(Yi, Ya i |[YETL YR wm wm, s, g;n)} constraints specified by

- H(Yk7 }/3,k|X{€7X§a X§7
ViYL W W s )|

—

c

>

M-

E
Il
—

= I(ST5 Y7, Y5 (W3, W™, 57) B{IX:"} <P, i=123, (22)
> H (ST |W3", W™, S5%) — H(ST"|[Y™, W3, W™, S5")  and the channel coefficients and power constra{s}?_,
(d) satisfy
> mH (S, |Ss, W, W) — md(P{™™), (18) , , ,
CL11P1 + CL31P3 < CL13P1 (233)
where (a) follows from [(17), the fact thak’, is a de- a3, Py + a3 Py < a3 Ps (23b)
terministic function of (Y; [, W#"), and the memoryless a2\ Py + a2, Py + a2, Py < a2, Py + a2, Py, (23c)

channel assumption, (seE (1)); (b) follows from the fact tha ) . )
conditioning reduces entropy and causalify.| [40]; (c)dats * SOurce-channel rate is achievable if
from _the fact thatXs ;, is a deterministic functiqn ob3*, and H(S:1|S2, W) < rlogy(1 4 a2, P, + a2, P3) (24a)
cond|t|on|_n_g r_educes entropy; (d) follows again from thetfa H(S2]S1, W) < rlogy(1 + a2y Po + a2, P3) (24b)
that conditioning reduces entropy, the memoryless souncds 5 5 )
side information assumption, arid {13}5(14). H(S1,5:[W) < klogy(1 + a1y P + a3, Ps + a3, Ps). (24c)



Conversely, if source-channel rateis achievable, then con- constraints as if(22), and let the channel coefficients had t

ditions [24) are satisfied witk: replaced by<. power constraint§ P }?_, satisfy
Proof: The necessity part is proved in Subsecfion V-Al a2 Py
and sufficiency is shown in subsection VAA2. [ 1+a3, Py + a3 P3 < = : X (25a)
a%, P
Remark 5. To achieve the source-channel ratesstated e®1s™ By (af:;ﬂ
in Thm.[4 we use channel inputs distributed according to 9 9 a3s P>
X; ~CN(0,P;),i € {1,2,3}, all mutually independent, and L4ag Py +ag Py < — . (25)
generate the codebooks in an i.i.d. manner. The relay employ e by (a33P2)
the DF scheme. L+ ai P +a3, P+ a3 Ps <
Remark6. Note that the phase fading MARC is not degraded 2. Py — a2. P,
. 2342 — a3317
in the sense of [11], see also [2, Remark 33]. - ; , (25¢)
Remark?. The result of Thm[}4 relies on the assumptions of (6 3P By (—a§31P2) — et By (agglpl))

additive Gaussian noise, Rx-CSI, and i.i.d. fading coedfits
such that the phases of the fading coefficients are mutualereE; (z) £ [, Le—adq, seel[42, Eqn. (5.1.1)]. A source-
independent, uniformly distributed, and independent @frth channel rate: is achievable if

magnitudes. These assumptions are essential for the.result 5 5

i . H(51|SQ,W) <REU{log2(1+a11|U11| P,

Remark8. Observe that from the achievability result 6f [31, 2 2
+a5|Usi[°Ps)} (26a)

Appendix A], it follows that the optimal source code and
channel code used in the proof of Thill. 4 are separate afdS2|S1, W) < kEg{logy(1 + a3,|Uz1 > P

stand-alon(je. Thuts,t iqformatiolnal t_sepe;rati(t)r? is (:_ptinr_?yh va +a§1|U31|2P3)} (26b)
now provide an intuitive explanation for the optimality of . ¢ o 111/) < kB~ { loe. (1 + a2 U+ 2P

separation for the current scenario: Note that when seeparat( 1 52lW) < wEg 0%2( +Z”| 11|2 1t )

and stand-alone source and channel codes are used, the a3 |Ua1|" P2 + a3 [Usi | P3)}v (26¢)

channel inputs of the two transmitter¥,; and X, are be conyersely, if source-channel rateis achievable, then con-
mutually independent, i.ep(z1, 2) = p(a1)p(z2). This puts  gitions [28) are satisfied witke replaced by<.
a restriction on the feasible joint distributions for geatérg

the channel codebooks. Using a joint source-channel code_PrOOf: The proof uses [31, Corollary 1] and follows
allows generating channel inputs that are statically déeeh similar arguments to those in the proof of THm. 4. u
on the source symbols. Sincg and S, are correlated this Remark10. The source-channel ratein Thm.[8 is achieved
induces statistical dependence between the channel igputsby usingX; ~ CN(0, %), i € {1,2,3}, all i.i.d. and indepen-
and X,. This, in turn, enlarges the set of feasible joint inpudent of each other, and applying DF at the relay.
distributions which can be realized for generating the clehn

codebooks; and therefore, the set of achievable transmissy pyoof of Theorerfll4

rates over the channel may increase. However, for fading . ¢ of Th Consider th
Gaussian MARCs, due to the uniformly distributed phasesl) Necessity Proof of Theorelh €onsider the necessary

of the channel coefficients, in the absence of Tx-CSl, tﬁ:émd't'ons of ThmD_Z. We first _note that the phase fading
received signal components (from the sources and from M RC model spemfled n Sectloﬂs exactl belong.s o
relay) at the destination are uncorrelated. Thereforer,eth({he class of fading relay channels W'th Rx-LSitated in
is no advantage, from the perspective of channel coding, gl Thm. 8]. Thus, from [I2, Thm. 8] it follows that for

Tl . . . .
generating correlated channel inputs. Coupled with theopgt p'hase fading MARCs with Rx-CSI, the mutual information
maximization property of the Gaussian RVs, we conclude th

%pressions on the RHS ¢f{10) are simultaneously maximized
the optimal channel inputs are mutually independent. Flos t

by X3, X5, X5 mutually independent, zero-mean complex
discussion it follows that there is no benefit from joint sz

Gaussian RVsX; ~ CN(0,P;),i = 1,2,3. Applying this
channel coding, and source-channel separation is optimal. input p.d.f. to [1D) yields the expressions in(24). Therefo
n9 , ) parat . 'S OpH for phase fading MARCs, when conditions 123) hold, the
Remarkd. There exist examples of channels which are not fagly  yitions in [[24) coincide with the necessary conditiohs o
ing Gaussian channels, but satisfy the rest of the assunmtiGy M after replacing < ” with “ < 7.
detailed in Sectiof_II-B, for which the DF-based sufficient 2) Sl,Jfficiency Proof of Theore{ﬁh_4:

conditions of Thm[IL are not optimal. One such example is o

he G . lav ch L with fixed ch | coeffici Codebook constructionFor i = 1,2, assign every
the Gaussian relay channel with fixed channel coefficierts, % € S™ to one of 2™%: bins independently according to
also discussion in_[2, Section VII-B].

a uniform distribution oveis; £ {1,2,...,2m%}. Denote
Next, we consider source transmission over Rayleigh fadifigese assignments bf;. Set R, = 1R, i = 1,2, and let

K
MARCs. X ~ CN(0,Py), k = 1,2,3, all mutually independent.
Theorem5. Consider transmission of arbitrarily correlated i - B
; ; ; Rx-CSl is incorporated into Thriil 2 by replaciagwith (Y, H1) in Egns.
S(_)urcesS} and.S2 (_)ver a Raylelgh fading G_aus_S|an MARC@), and(Y, Ys) with (Y, Y3, H) in Egns. [I1), and then by using the fact
with receiver side informatiodl” and relay side information ' que to the absence of Tx-CSH1, H) L (X1, X2, X3), see [, Eq.

W3. Let the channel inputs be subject to per-symbol poweo)).

oo



Construct a channel code based on DF with rdteand k», thata specialized channel code must be constructed fargadi

and with blocklength, as detailed in[[31, Appendix A]. channels. The issue of channel coding for fading MARCs has
e Encoding: Consider sequences of lengfhm, s?™ € already been addressed [n[31], and we refer(td [31] for a

SPm i =1,2, wP™ e WB™_ Partition each sequence intd detailed discussion.

length+sn subsequences; ;, i = 1,2, andw;, b=1,2,..., B.

A total of Bm source samples are transmitted over+ 1 B, Fading MABRCs

blocks of n channel symbols each. Setting = xm, and

increasingB we obtain a source-channel rdt8+1)n/Bm —

n/m=x asB — oo.

At block b,0 = 1,2,...,B, source terminak,:i = 1,2,

observess; ;, and finds its corresponding bin index; € U;.

Each transmitter sends its corresponding bin index usieg

channel code described ih_[31, Appendix A]. Assume thiP

Optimality of informational separation can also be estab-
lished for MABRCs by using the results for MARCs with three
additional constraints. The result is stated in the folloyvi
theorem:

thheoremb6. For phase fading MABRCs for which the condi-
jons in [23) hold together with

at time b the relay knows(u; —1,u2,4—1). The relay sends H (S|, W3) < H(S1|S, W) (29a)
rgssn%iir:( iziiices using the encoding scheme describédlin [31 H(Ss|S1, Wa) < H(Ss|S1, W) (29b)
e Decoding and error probability analysisye apply the H(S1, 52|W3) < H(S1, 52|W), (29¢)

decoding rule of([31, Eqn. (A2)]. From the error probabilityy source-channel rate is achievable if conditiond(24) are
analysis in[[31, Appendix A], it follows that, when the chahn satisfied. Conversely, if a source-channel ratis achievable,
coefficients and the channel input power constraints gatishen conditions[{24) are satisfied with replaced by<. The
the conditions in[(23), the RHSs of the constraints[inl (24ame statement holds for Rayleigh fading MABRCs wifh (25)
characterize the ergodic capacity region (in the sens€, &q2 replacing [2B) and(26) replacing (24).

(51)]) of the phase fading Gaussian MARC (seke [2, Thm. 9],
[31, Appendix A]). Hence, when consitiorfs {23) are satisfiegiufﬁ
the transmitted bin indicegulyb,uzb}f:l can be reliably
decoded at the destination as long as

Proof: The sufficiency proof of Thni16 differs from the
ciency proof of ThmJ4 only due to decoding requirement
of the source sequences at the relay. Conditiors (23) irhply t
reliable decoding of the channel code at the destinatioti@sp
Ry < klogy(1+af P + a3, Ps3) (27a) gz)ﬂ_ale (Izlechodinhg of ;the cht?nne;)r:ode at the relay._ Comﬁtio
2 2 imply that the relay achievable source rate regionaiost

Ry < rlogy(1 +a§1P2 + a;1P3) , (270) & destination achievable source rate region, and thexefo
Ry + Ry < klogy(1+ a1, Pr + a5, Py + a3, P5). (27¢) reliable decoding of the source code at the destinationi@spl

Decoding the sources at the destinatiohhe decoded bin reliablg decoding of the source code at the relay. Hence, if
indices, denoted p,u25),b = 1,2,...,B, are given to cond|t|ons_[(ZB),[(2]4), and (29) hOIGSLb’S?vb)’b:1’2""’5' )

the source decoder at the destination. Using the bin indict&! b€ reliably decoded at both the relay and the destination
(1.4, iinp) and the side informationv,, the source decoderNecess'ty of [(2K) follqws frorn the necessary conditions .of
at the destination estimatés, ,, s ,) by looking for a unique Thm.[3, and by following similar arguments to the necessity

air of sequence;,sy) € S7* x 53" that satisfiesf; (s1) = proof of Thm [3.

21 , f2(§2()] _ ﬂil;ﬁé (51 1§2wa2) c A*(m)(glsfjg*(281lz)y) The extension to Rayleigh fading is similar to the one done

From the SlepianlWoIf theorem [B6, Thm 14.4.0; ,s2,) for MARCs (from.'.rhm.[] to Thm[]5). _ u

can be reliably decoded at the destination if Remark12. Conditions [ZP) imply that for the scenario de-

scribed in Thm[# regular and irregular encoding yield the

H(51]82, W) <Ry (28a) same source-channel achievable rates (see Rémark 2);,hence
H(S2|51,W) < Ry (28b) the channel code construction of [31, Appendix A] can be
H(S1,S5|W) < Ry + Ro. (28¢) used without any rate loss.

Combining conditiond(27) an@ (28) yields {24), and congdet VI. JOINT SOURCECHANNEL ACHIEVABLE RATES FOR
the achievability proof. DISCRETEMEMORYLESSMARCS AND MABRCs

Remarkll Note that in the sufficiency proof in Sectibn VIA2 In this section we derive two sets of sufficient conditions
we used the code construction and the decoding procedurdafthe achievability of source-channel rate= 1 for DM

[31, Appendix A], which are designed specifically for fadindMARCs and MABRCs with correlated sources and side infor-
MARCs. The reason we did not use the result of THin. rhation. Both achievability schemes are established bygusin
is that for the channel inputs to be mutually independerat, combination of SW source coding, the CPM technique,
we must setl; = Vo = ¢ in Thm.[d. But, with such an and a DF scheme with successive decoding at the relay and
assignment, the decoding rule of the channel code at thackward decoding at the destination. The techniquesrdiffe
destination given by Eqn[{A.2) does not apply, as this rula the way the source codes are combined. In the first scheme
decodes the information carried by thaxiliary RVs For the (Thm.[1), SW source coding is used for encoding information
same reason we did not simply cite [2, Thm. 9] for the channia the destination and CPM is used for encoding information
coding part of the sufficiency proof of Thial 4. We concludé the relay. In the second scheme (THr. 8), CPM is used



for encoding information to the destination while SW source
coding is used for encoding information to the relay.

Before presenting the results, we first motivate this sactio
by recalling that separate source-channel coding is stibrap
for the MAC [7]. This implies that in general, separate sedrc
channel coding is sub-optimal for the MARC and MABRC as

well.
WS

A. Joint Source-Channel Coding for MARCs and MABRCs

Thm.[7 and Th I8 below present two new sets of sufficient )

conditions for the achievability of source-channel rate- 1,

obtained by combining SW source coding and CPM. For tH. 3: (a) Diagram of the Markov chain for the joint distrilmn considered

sourcesS; andSy we define common information in the sens#:

of Gacs, Korner [44] and Witsenhausen|[45]7a$: h,(S;) =

h2(S2), whereh; andhs are deterministic functions. We now

state the theorems:

Theorem?7. For DM MARCs and MABRCs with relay and
receiver side information as defined in Secfion]I-A, andreeu

pair (S1,52) with common partT” £ hy(S;) = ha(S2), a
source-channel rate = 1 is achievable if,

H(S51|52, W3) < I(X1;Y3]S2, Vi, Xo, X3, W3,Q) (30a)
H (82|51, W3) < I(X2;Y3|S1, Va2, X1, X3, W3,Q)  (30b)
H(Sy, S2|W3,T) < I(X1,Xo; Y3|V1, Vo, X3, W3, T, Q)(30c)
H(S1, S2|W3) < I(X1,X2; Y3|Vi, Vo, X3, W3) (30d)
(Sl|S2, ) < I(X Xg,Y|Sl,V2,X2,Q) (308)
(SQ|S17 ) <I(X23X35Y|527‘/17X15Q) (30f)
(51152|W) <I(X11X21X37Y|511527Q)1 (309)
for some joint distribution that factorizes as

p(s1, 82, w3, w)p(q)p(v1)p(21]s1,v1, q) X
p(v2)p(w2]82, v2, @)p(w3]v1, v2)p(Y3, ylT1, 72, 23).  (31)
Proof: The proof is given in AppendixIB. ]

@) (b) Diagram of the Markov chain for the joint distifion considered

B. Discussion

Figure[3 illustrates the Markov chains for the joint distri-
butions considered in Thriil 7 and Thimh. 8.

Remarkl3. Conditions [[30a)£(30d) in Thri] 7 and conditions
(323){32k) in Thni.18 are constraints for decoding at theyrel
while conditions [(30e)f(30g) and_(32d)—(32g) are decoding

constraints at the destination.

Remarkl14. Each mutual information expression on the RHS
of the constraints in Thni.] 7 and Thifn. 8 represents the rate
of one of two encoding types: either source-channel engpdin
via CPM or SW encoding. Consider Thid. 7: HeVg,and V5
represent the binning information féh; and.S,, respectively.
Observe that the left-hand side (LHS) of conditibn {30ajh&s t
entropy ofS; when(Ss, W3) are known. On the RHS df (3Da),
as Sy, Vi, X, X3, W3 and @ are given, the mutual infor-
mation expressiofn(X1; Ys3|Sq, V1, Xo, X3, W3, Q) represents
the available rate that can be used for encoding information
on thesource Sy, in excess of the bin indesepresented by
Vi. The LHS of condition[(30e) is the entropy &f when
(S, W) are known. The RHS of conditiof (30e) expresses

Theorem8. For DM MARCs and MABRCs with relay and the amount obinning informationthat can be reliably trans-
receiver side information as defined in Secfion]I-A, andrseu mitted cooperatively by transmitter 1 and the relay to the

pair (S1,52) with common partT” = hy(S;) = ha(Ss), a
source-channel rate = 1 is achievable if,

H(S1]S2, W3) < I(X1;Ya|S1, X2, X3,Q) (32a)
H(S2|S1,Ws) < I(X2; Ya|S2, X1, X3,Q) (32b)
H(S1,82|W3) < I(X1, X2;Y3|81,52,X3,Q)  (32¢)
H(81]S2, W) < I(X1, X3;Y[S2, X2, W, Q) (32d)

H (82|81, W) < I(Xa, X3;Y[S1, X1, W, Q) (32e)
H(S1,S2|W,T) < I(X1, X2, X3; YW, T, Q) (32f)
H(S1,S2|W) < I(Xy, Xa, X5, Y[W), (329)

for some joint distribution that factorizes as
p(s1, 82, w3, w)p(q)p(z1]51,9) %

p(x2|s2, @)p(x3]s1, 52, Q)p(ys, y|z1, ¥2, 23).  (33)

Proof: The proof is given in AppendikIC. [ ]

destination. This can be seen by rewriting the mutual infor-
mation expression il (3De) d3 X1, X3;Y |51, Vo, X2, Q) =
I(X1, X35;Y|S1, S2, Xo, V2, W, Q). As Sy is given, this ex-
pression represents the rate at which tire indexof source

S can be transmitted to the destination in excess of the
source-channel rate for encodifg (see AppendikB). There-
fore, each mutual information expression in_(30a) dnd](30e)
representdifferent types of information sent by the source:
either source-channel codeword to the relay ad inl(30a); or
bin index to the destination as ih_(30e). This difference is
because SW source coding is used for encoding information
to the destination while CPM is used for encoding informatio
to the relay.

Similarly, consider the RHS of[(3Ra) in Thri] 8. The
mutual information expressiod(Xs;Y3|S1, Xo, X35,Q) =
I(X1;Y3|51, 52, Xo, X3, W35, Q) represents the rate that can
be used for encoding thein index of source S; to the
relay (see Appendik]C), sinc8; is given. In contrast, the
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mutual information expressiof( X1, X3;Y|Sa, X2, W, @) on
the RHS of [[32H) represents the available rate that can ik use
for cooperative source-channel encoding of Hoeirce S; to
the destination. This follows aS;, X2, W and @ are given.

Remark15. Thm.[Z and Thm[J8 establisthifferent sufficient
conditions. In[[7] it was shown that separate source and-chan s}
nel coding is generally suboptimal for transmitting coatet!
sources over MACs. It then directly follows that separat@g. 4: The cooperative relay-broadcast channel with tated side infor-
coding is also suboptimal for DM MARCs and MABRCSs. Inmation. S7* and ST* are the estimates of{" at the relay and destination,
Thm.[7 the CPM technique is used for encoding informatidRsPectively-

to the relay, while in Thni.J8 SW coding concatenated with in-

dependent channel coding is used for encoding information t . . o

the relay. Coupled with the above observation, this impigs Sfied with < replaced by< for some input distribution
the relay decoding constraints of Thim. 7 are generally Ipodd 1, w3, w)p(z1, T3).

compared to the relay decoding constraints of Thin. 8. Using Proof: The achievability follows from Thni]1 by assign-
similar reasoning we conclude that the destination degpditing X3 = V4 andS; = &> = V, = ¢. The converse follows
constraints of ThmJ8 are looser compared to the destinatis@m Thm.[3. u
decoding constraints of Thril] 7 (as long as coordination isFor source-channel rate = 1, the conditions in [(34)
possible, see Remafk]18). Considering the distributioinshacan also be obtained from Thrial 7 by lettiig = X,

in 31) and [3B) we conclude that these two theorems represén = x> = Vo = T = Q = ¢ and considering an input
different sets of sufficient conditions, and neither arecige distribution independent of the sources. Observe that Téhm.
cases of each other nor include one another. is not optimal for the CRBC: consider the conditions in Thin. 8

Remark16. Thm.[7 coincides with Thnil1 for = 1 and no With &2 = X> =7 = Q = ¢. For t.his assignment we obtain
common information: Consider the case in which the sour&e following sufficient conditions:

pair (S1,52) has no common part, _that 5 = ¢, and let H(S1|W3) < I(X1;Ys| X3, 51) (35a)
Q = ¢ as well. For an input distribution H(S,|W) < I(X1, Xa3 Y[WV), (35b)

Relay Channel

Transmitter

p(y’Y3‘XlsX3)

p(sla S92, W3, W, V1,V2,T1,T2, 1'3)
= p(s1, 52, w3, w)p(v1)p(z1 |U1)P(U2)P(€C2|U2)P($3|U17 U2)7

conditions [[(3D) specialize to conditiorid (8), and the tnaiss

sion scheme of Thni]7 (see Appendix B) specializes to aNote that the RHSs of (3ba) and (35b) are smaller than or
separation-based achievability scheme of TAm. 14for 1, equal to the RHSs iri (3#a) arld (34b), respectively. Morgover
under these assumptions. not all joint input distributions that are feasible far [23,

Remark 17. In both Thm.[T and Thm[I8 the conditions! NM- 3-1] are also feasible with (35c). Hence, the condition

stemming from the CPM technique can be specialized to tRBtained from Thm[8 for the CRBC setup with= 1 are

sufficient conditions of[[7, Thm. 1] derived for a MAC. Instricter than those obtained from Thid. 7, further illusibgt
Thm.[3, lettingV; = Vs : Xs = Wy — ¢, specializes the the fact that the two sets of sufficient conditions are not

relay conditions in [(30a)=(30d) to the ones i [7, Thm. 1 quivalent. We conclude that the downside of using CPM
with Y; as the destination. In Thril] 8, letting; — W — 0 the destination as applied in this work is that it places

specializes the destination conditions In_(82[d)—{32g) e tcog_strmglts on tg_e d|_str|ll)3ut|on char:n, thereby co(;wsr':ngrthe
ones in [7, Thm. 1] withy” as the destination. achievable coordination between the sources and the Blay.

. . . . ., to this restriction, when there is only a single source, tiet]
Remark18. Thm.[7 is optimal in some scenarios: considegisyintions of the source and the relay;(and Xs) permitted
the cooperative relay-broadcast channel (CRBC) depittedgh, e scheme of Thnfl8 do not exhaust the entire space of
Figure[3. Th_|s mo?'e' is a special case of a MARC obtaln. gintdistributions, and as a result, the source-chanrfétgant
when there is a single source termllnal._ For the_ CRBC wi nditions obtained from Thri] 8 are generally more resect
correlated relay and destination side information, we €, those obtained from Thifil 7 for the single source case.
identify exactly the optimal source-channel rate using TBM ,yever, in the case of a MARC it is not possible to determine

and Thm[3B. This result was previously obtained(inl [23]: \ nether either of the schemes is universally better than the
Corollary. ([23, Thm. 3.1]) For the CRBC with relay andother.

receiver side information, source-channel ratss achievable
if

for some input distribution that factorizes as

p(s1, ws, w)p(x1]s1)p(xs|st). (35¢)

Remark19. Note that in Thm[J7, it is not useful to generate
the relay channel input statistically dependent on the comm
H(S1|W3) < kI(X1;Y3|X3) (34a) information, thatis, on the auxiliary R@. To understand why,
H(S1|W) <kI(X1,X3:Y) (34b) recall that in Thm[17 SW source coding is used for encoding
A information to the destination, while CPM is used for enogdi
for some input distribution (s, w3, w)p(z1, z3). Conversely, information to the relay. The optimality of SW encoding/[12]
if rate x is achievable then the conditions i 134) are saimplies that letting the decoder know the common infornmatio
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will not improve the constraints for the source decoder at ththe received vector. The difference stems from the fact that
destination, as these are based on the SW decodef (se&)(B.46)Thm.[1 cooperation between the relay and the sources is
Moreover, note that even though CPM is used for encodiaghieved via auxiliary RVs which represent bin indices, levhi
information to the relay, sending common information via thin Thm.[8 the cooperation is based on the source sequences. In
relay channel input will not improve the decoding constiminthe DF scheme cooperation information is used with a delay
at the relay. This follows from the fact that in the DF schemef one block. Therefore, when cooperation is based on the
cooperation information is used with a delay of one bloclsource sequences (Thfd. 8), then the side information from
Therefore, common information at the relay channel inptite previous block is used for decoding since this is the side
corresponds to the source sequences ofpiewiousblock, information that is correlated with the source sequences.
which cannot improve the decoding of the source sequences

of the current block at the relay, in contrast to Thilnl 8. We

conclude that in ThmJ7 we cannot benefit from generating VII. CONCLUSIONS
the relay channel input statistically dependent on the comm . . o oo
informagon P y dep In this paper we considered transmission of arbitrarily

~ correlated sources over MARCs and MABRCs with correlated
Remark20. In both Thm[¥ and Thni.I8 we used a combinatiogiqe information at both the relay and the destination. We

of SW coding and CPM. Since CPM can generally SUuppQgtst derived an achievable source-channel rate for MARCs
higher source-channel rates, a natural question thatsaisseyased on operational separation, which applies directly to
whether it is possible to design a scheme based only RlhBRCs as well. This result is established by using an
CPM, namely to encode both the cooperation informatiQfegular encoding scheme for the channel code. We also
forwarded by the relay (together with the sources), and thowed that for both MABRCs and MARCs regular encoding
new information transmitted from the sources, using a sUP&S more restrictive than iregular encoding. additionatke

position CPM scheme. This approach cannot be implemeniggained necessary conditions for the achievability ofrseu
in the framework of the current paper. This follows as thgnannel rates.

current work uses decoding based on joint typicality, burttjo Then, we considered phase fading and Rayleigh fading

typicality does not apply to different blocks of the same R\{yarcs with side information and identified conditions under
For example, we cannot test t_he joint typlcallt_ys@fandst, which informational separation is optimal for these chdsine
as they belong 1o (_hfferent time blocks. Using a CPM-onlggitions for the optimality of informational separatifor
scheme would require us to carry out such tests. For exam%&jing MABRCs were also obtained. The importance of this
consider the case in which the source pef, S;) has no result lies in the fact that it supports a modular system

common part, that isT” = ¢, and also 1etQ = ¢. USiNg qagjgn (separate design of the source and channel codds) whi

the CPM technique for sending information to both the relay e\ ing the optimal end-to-end performance. We note here
and the destination would lead to the following relay dengdi 1,4t this is the first time that optimality of separation issh

rule: assume that the relay knows, ,_1,s2,—1) at the end for a MARC or a MABRC configuration.

of blPCk b— -1.~Th~e relayndeconde@,b, ngb_)’ by looking for Lastly, we considered joint source-channel coding for DM
a unique pair(s;, sz) € Si' x 53 such that. MARCs and MABRCs for source-channel rate= 1. We pre-
sented two new joint source-channel coding schemes fortwhic
(81,82, %1 (81,81.5-1),%2(82,82.61), 81,51, use a combination of SW source coding and joint source-
channel coding based on CPM. While in the first scheme CPM
is used for encoding information to the relay and SW coding
Note that(s, S2) and(s1 ,—1, s2,,—1) can not be jointly typical is used for encoding information to the destination; in the
since they correspond to different block indice$;,s;) second scheme SW coding is used for encoding information
corresponds to block, while (s ,—1,s2,-1) corresponds to to the relay and CPM is used for encoding information to
block b — 1, and hence, they are independent of each oth#re destination. The different combinations of SW coding an
Similarly, the destination would require to check typitali CPM enable flexibility in the system design by choosing one
across different blocks. of the two schemes according to the qualities of the side
We conclude that a CPM-only scheme cannot be usi@dormation sequences and received signals at the relay and
together with a joint typicality decoder. It may be possibléhe destination. In particular, the first scheme generatly h
to construct schemes based on a different decoder, orlaoser decoding constraints at the relay, and therefors it i
implement CPM through intermediate RVs to overcome thigetter when the source-relay link is the bottleneck, while t
difficulty, but these topics are left for future research. second scheme generally has looser decoding constraints at

Remark21. A comparison of the decoding rules of Thi. +he destination, and is more suitable to scenarios where the
(see AppendikB-C) and Thifll 8 (see ApperdixC-C) revealsSgurce-destination link is more limiting.

difference in the side information block indices used tdsiss

in decoding at the relay and the destination. The decodileg ru APPENDIX A

of Thm.[7 use side information block with the same index as PROOF OFTHEOREM[T

that of the received vector, while the decoding rules of Tm.

use side information block with an index earlier than that of Fix a distributionp(v1)p(21|v1)p(v2)p(z2|v2)p(23|v1, V2).

S2.b-1,X3(S1.6-1,52.6-1), W3, ¥3) € AXW.  (36)
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A. Codebook construction Decoding at the destination is done using backward decod-

Fori = 1,2, assign every; € S™ to one of2mR; pins INg. The destination node waits until the end of channellbloc
independently according to a uniform distribution ai 2 B+ L. It first tries to decodés; 5,s,,5) using the received
{1,2,...,2™R}. We refer to these two sets as tieday bins S|gpal at channel bloclB + 1 and its side mformatlonyB.
Denote these assignments f§§. Independent from the relay G0ing backwards from thg last channel block to the first, we
bin assignments, fof = 1,2, assign everg; € S™ to one of assume that the destination has estima$es,1,82,+1) of
9mi! bins independently according to a uniform distributioffS1.b+1:S2,+1), @nd consider decoding db ;, s2,4). From
onUl 2 {1,2,.. .’Qme}_ We refer to these two sets as th§ib+1:1 = 112, the destination finds the rglay bin indices
destination binsDenote these assignments . Uiy = fi(8ip+1). At block b 41 the destination channel

Next, generate a superposition channel codebook wii§coder first estimates the destination bin indices,, ug )
blocklengthn, rates ¢ = LR?, i = 1,2, auxiliary vectors Dy looking for a unique paitag, ) € Ui x Ug such that:
vi(ud),ud € U2, i = 1,2, and channel codewords (u?, ud), ~d ~d o ~d o ~d
(ug,uzi) eUr xU?, i =1,2, as detailed in[[2, App(endix)A]. (va(@), valia), 1 (i1 p, 1), X283 41, ),

xz(ad,13), ype1) € AX(V1, Vo, X1, X2, X3, V3). (A2)

B. Encoding The decoded destination bin indices, denoted,, a3 ,),
Consider the sequences and side informatigfi® < are then given to the destination source decoder, which esti

SPmi = 1,2, wBT € WE™ and wP™ ¢ WB’m, all mates the source sequenées;, s2,;). The destination source

of length Bm. Partition each sequence intB length m decoderdeclarg$;, 82) € Si* xSy as the decoded sequences

subsequences, ;, i = 1,2, ws,, andw,, b = 1,2,..., B. if it is the unique pair of sequences that satisfjggs,) =

A total of Bm source samples are transmitted B+ 1 4 ,, f5(82) = a4 , and (81,82, ws) € AF™(Sy, 85, W). The

blocks ofn channel symbols each. For any fixed, n) with decoded sequences are denotedday;, $2,5).

n < km, we can achieve a rate arbitrarily closedc=n/m

by increasingB, i.e, (B + 1)n/Bm — r as B — cc. D. Error Probability Analysis

At block 1, transmitteri,i = 1,2, observes source subse- . . . .
: . . L Using standard techniques it can be shown that decoding
guences; ; and finds its corresponding relay bin indek;, = :
’ ’ the source sequences at the relay can be done reliably as long

fi(si1) € Uy, It transmits the channel codewosd(u; ;,1). .
In blockb,b =2, ..., B, source terminal transmits the chan- as [8h)-H(8c) hold, and decoding the source sequences

nel codewordx; (u ,,uf,_ ), whereu], = f7(s;p) € U],
anduf, , = Fi(sip—1) € U In block B + 1, the source
terminal transmitsc; (1, u? ).

At block b = 1, the relay simply transmitgs(1,1). Assume  Fix a distribution p(s1, s2, w3, w)p(q)p(v1)p(x1]s1,v1,q)
that at blockb,b = 2,...,B,B + 1, the relay estimates p(v2)p(x2|s2,v2, q)p(w3|v1, v2)p(Ys, ylo1, T2, 3).
(S1,6—1,82,b—1). Let(81,5—1,82,5—1) denote the estimates. The
relay then finds the corresponding destination bin indic@s Codebook construction
ad,_, € Ui = 1,2, and transmits the channel codeword

APPENDIXB
PROOF OFTHEOREM[|

Fori = 1,2, assign every; € S" to one of2"%i bins

~d ~d
X3 (U] p15 Upp-1)- independently according to a uniform distribution o £
. {1,2,...,2"f%}, Denote this assignment bfy,i = 1,2.
C. Decoding For the channel codebook, for ea¢ch= 1,2, generate

The relay decodes the source sequences sequentially try2f§: codewordsv;(u;),u; € U;, by choosing the letters
to reconstruct source blocks,, i = 1, 2, at the end of channel v; »(u;),k = 1,2,...,n, independently according to the dis-
block b as follows: Let(s1,-1,82,5—1) be the estimates of tribution py;, (v; 1 (u;)). For eacht € 7" generate one length
(s1,0—1,82,,—1) Obtained at the end of blodk— 1. Applying n codewordq(t) by choosing the letterg;. independently
fi and f¢, the relay finds the corresponding destination biwith distribution po(gx), ¥ = 1,2,...,n. For each pair
indices(a¢, ,,ad, ). At time b the relay channel decoder(s;,u;) € S x U;,i = 1,2, find the corresponding =
decodes(uiyb,ug_by) by looking for a unique paifu’,u5) € hi(s;), and generate one length codewordx;(s;, u;, q(t)),

U7 x U3 such that: q € Q", by choosing the letters; j(s;, u;, q(t)) indepen-
_ _ U o dently with distributionpy, s, v, .0 (@i k|Si.k, vik(w;), qr(t))
d d d d X;|Si,Vi, k ks Uik y 4k ’

(Va8 p-1), val ), % (7, 85 1), Xa(85, B ), k = 1,2,...,n. Finally, g‘enera?e one llengzth-rellay code-

x3(Uf y_ 1,08 1), ¥3,) €AV, Va, X1, X2, X3,Y3). (A1) word xs(us,uz) for each pair (ui,uz) € Uy x Uy by
choosing z3 1 (u1,u2) independently with distribution

The decoded relay bin indices, denoted , , a5 ,), are then
y ted, is) P v Ve (@3, v e (u1), v2,k(u2)), k= 1,2,... 0.

given to the relay source decoder, which estimésgs, s2.5).
The relay source decoder declafés, S2) € S* x S3* as the
decoded sequences if it is the unique pair of sequences tBatEncoding

satisfies f{(81) = 4y, f3(52) = @5, and (81,82, ws5) € Consider the sequence§] € SP",i = 1,2, wf} € WP,
A:(m)(Sl,SQ,Wg). The decoded sequences are denoted apd w?" € WP, all of length Bn. Partition each sequence
(81,6, 82.,p)- into B length. subsequencess;p, ¢ = 1,2, wsy, and
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wy, b = 1,2,...,B. A total of Bn source samples areblock to the first, we assume that the destination has esti-
transmitted inB + 1 blocks of n channel symbols each. Atmates(S8; p+1,825+1) Of (S1,+1,825+1), and therefore has
block 1, source terminal, i = 1,2, findst; = h;(s;1), the estimateg, 1 = hi(81p41) = h2(82411) and q(tyr1).
and transmits the channel codewaxd(s; 1,1,q(hi(s;1))). Atblock b+ 1 the destination channel decoder first estimates
At block b,b = 2,..., B, source terminaf, ¢ = 1,2, trans- the destination bin indices; ,? = 1, 2, corresponding ts; s,
mits the channel codewor}; (s; 1, u; ,—1, a(hi(s;5))), Wwhere based on its received signgh.; and the side information
uip—1 = fi(sip—1) € U; is the bin index of source vectorw;.1, by looking for a unique paifa, i2) € Uy x Uz such
sip—1. Let (a;,a2) € S} x S be two sequences generatethat:
i.i.d according top(ai, as) = [[j_; Psi,s.(a1,k, a2,). These . . . . .
sequences are known to all nodes. At blaBk+ 1, source (Slab“’S2vb+1’tbt1’q(tb+1)"’1(“1)"’2(7f2)’
terminali transmitsx; (a;, u; 5, q(hi(a;))). X1(81,6+1, U1, A(tp+1)), X2 (82,641, U2, A(tb41)),
A;I bl?(clljllj =1, the relay transmirtIch(ll, 1). r;AssumeT that  x5(i, @2), Wot1, yor1)
at block b,b = 2,...,B,B + 1, the relay has estimates «(n
(81,b—1,82,5—1) Of (s1,p—1,824—1). It then finds the corre- EAG( )(Sl’SQ’T’Q’Vl’VQ’Xl’XQ’XB’W’ Y). (B2)
sponding bin indicesi;, 1 = fi(S15-1) € U;,i = 1,2, and  The decoded destination bin indices, denotedihys, i2.;),
transmits the channel codewosd (@ 41, d2,5—1). are then given to the destination source decoder, which esti
mates(sy », s2,5) by looking for a unique pair of sequences
(§17 ég) S S? X S;l that Satisfie@“‘l (él) = ’&1,1)7 fg(ég) = ’&2,17
and (81,82, wy) € A:(")(Sl, Sa, W). The decoded sequences
The relay decodes the source sequences sequentially tryare denoted bys; 5,81 ).
to reconstructs; ,,s2,5) at the end of channel blodkas fol-
lows: Let (81 p—1,82,5—1) be the estimates df; ,—1,82,-1)
obtained at the end of block — 1. The relay thus knows
the corresponding bin indice&i, ;1,2 1). Using this We start with the relay error probability analysis. Let
information, its received signals ;, and the side information £ (51,6, S2,6; u1,6—1, u2,,—1) denote the relay decoding error
ws, the relay decodess; ,s2), by looking for a unique €vent in blockb, assuming(ui,,—1,u2,—1) are available at
pair (51,8;) € S x Sy such that: the relay, and(s;,s2,) are the source sequences at block
o . b. Thus, this error event is the event thét ;,525) #
(81,82, %, q(t), vi(@1,p-1), va(lia,p—1), x1(81, @1 ,5-1,9(F)),  (s1.5,802.0). Let 2, denote the event théds, 4, sz, Ws.p, ty) €
Xo (82, U2p—1,q(t)), x3(T1p_1, l2,p—1), W3,b, Y3,b) A:(")(Sl, Sa, W3, T). The average decoding error probability
€ AX(8y, 85, T,Q, Vi, Vo, X1, Xo, X3, W3, Y3), (B.1) at the relay in blocl, PT(”)., is defined in[(B.B) at _the bottom.
‘ of the page. In the following we show that the inner sum in
wheret = hy(51) = hy(52). Denote the decoded sequencéB.3) can be upper bounded independentlyuafy—1, uzp—1).
(81.5,82.4)- Therefore, for anyfixed value of (uy p—1,u2,—1) We have
Decoding at the destination is done using backward decd8-4) at the bottom of the page, whefe (B.4a) follows from
ing. Let a € W" be a sequence generated i.i.d accordirfje union bound and_(B.4b) follows from the AEP [37, Ch.
t0 pwis,.s,(aklat g, asp),k = 1,2,...,n. The destination 5.1], for sufficiently largen, and ast, is a deterministic
node waits until the end of channel blogk+ 1. It first tries function of (s1 5, s25). This deterministic relationship implies
to decode(s; p,s2.5) using the received signal at channelhat (s1,82., W3,) € A:"(S,, S5, W3) if and only if
block B 4+ 1 and a. Going backwards from the last channe(s; p,s2., W35, t5) € Aﬁ(”)(Sl,SQ,Wg,T). Note also that

C. Decoding

D. Error Probability Analysis

1(”) = Z P(U1,p—1,U2,p—1) Z p(s1,6,82,8) Pr{E{;(sl_,b,527b;u17b,1,u27b,1)}. (B.3)

(w1,p—1,u2,b—1)EUL XUa (s1,b,82,5) EST XS

> p(s1e,52) Pr{E}(s1p, 82031161, u25-1) }

(s1,b,82,5)EST X SY
< Z p(S1,6,82,, W3,p)
(51,b752,baw3,b)¢AZ(n)(SlaS27W3)
+ Z p(S1,,82,0, W3,5) Pr { B} (81,6, S2,55 u1,6—1, U2,5—1)|(S1,6, 2,6, W3 ) € AXM (8, S, W)} (B.4a)
(51,5552, Wa ) EAL ™) (S1,52,W3)

<e+ > P16, 82,6, W3.6) Pr{ B} (s1,5, 82,65 w1,6-1,u2,6-1)| Zb }, (B.4b)
(51,0,52,6,Wsb,t) €A (81,82, W3, T)



(B.40) follows similarly to [7,

(S1,b,82,6, W3p), fOr any fixed value ofuy p—1, uz,p—1).

Let ¢g, €1 ande; be positive numbers such that > e; >
€1 > e andey — 0 ase — 0. Assuming correct decoding at
blockb—1 (hence(u; ,—1,u2,—1) are available at the relay),

we define the following events:

BT 2{(s1,6:52,6, b0, Q(t0), V1 (ur,5-1), Va(uzp-1),
X1 (81,65 u1,6-1, Q(t)), Xa(s2,6, u2,0-1, Q(ts)),
Xs(u1,p-1,u2,6—1), W3 p, Y3p) & AZ(”)}’
E5 £{3(8),8,) € S} x S -
(81,82) # (s1,6:52,), & = h1(81) = ha(82),
(§1=§2=E7 Q(t), Vi(u1,p-1), Va(uz,p-1),
X1 (81, u1,p-1, Q(E)),X2(§2,u1b71’ Q(b)),
X (u1p-1,U2,6-1), Wap, Yap) € A7}

From the AEP [[3F, Ch. 5.1], for sufficiently large,

Pr{E7|2,} < e. Therefore we can bound
Pr{E}(s1,5, 82,63 U1,0—1, u2,6-1)| % }
<e+Pr{E5|(E])}.
The eventEy is the union of the following events:
B3 2{38) € 8P 18 £ 515, hi(81) = ha(s2) = b,
(81,82, 65, Q(ts), Vi(u1p—1), Va(uzp-1),
X1 (81, u1,p-1, Q(tr)), Xa(s2,6, U251, Q(ts)),
X (un,p-1,u2,5-1), Wb, Yap) € AZ™M )
E3, é{ﬂég € 8% 183 # sap, hi(s1p) = ha(S2) = ty,
(s1,6,82,, b, Q(ts), Vi (u1,p-1), Va(uz,p-1),
Xi(s1,p,u1,p—1, Q(ts)), Xa (82, u2,—1, Q(ts)),
X (1 ,p-1,u2,5-1), Wb, Yap) € AZ™ )
Ejs 2{3(51,82) € ST x 8 -
§1 # S1.b, 82 # S2,p, h1(81) = ha(82) = ty,
(81,82, t5, Q(ts), Vi(u1,p—1), Va(uz,p-1),

X1 (81, u1,p—1, Q(ty)), X2(S2, u2,p—1, Q(ts)),

Xs(u1,p—1,U2,6—1), W3, Y3) € A:(")}
E3y 2{3(51,82) € ST x 8 : 81 # s15, 82 # 2,
hi(81) = ha(82) =  # t, Q(E) # Q(ts),
(81,82, ,Q(t), Vi (u1,5-1), Va(uzp-1),
X1 (81, u1,p-1, Q(F)), X2(82, uz,p—1, Q(E)),
Xs(ut,p—1,U2,p-1), W3, Y3) € A:(")}
E5s é{ﬂ(él,ég) € 81 x 83 181 # S1,4,52 7 Sap,
hi(81) = ha(S2) =t # ty, Q(t) = Q(ts),
(81,82, €, Q(t), Vi(urp-1), Va(uzp-1),
X1 (81, u1,p-1, Q(F)), X2(82, u2,p—1, Q(E)),
Xs(u1,p—1,U2,p—1), W3, Y3) € A:(")}-

Hence, by the union bound it follows th&t { E3|(E})°} =
S0 Pr{E5|(E])°}. To boundPr {Eg|(E})°} we first

=1

ET {hl Sl

(B.5)
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Eqg. (16)]. Next, we showdefine the evenE?, (S;) as follows
that for (s1 4, S2,5, W3 5, tp) € A*(”)(Sl,Sg, W3, T), the sum-
mands in [(B.4b) can be upper bounded independently 0?1

= ha(s2,) = t,
(51, s2.6, tp, Q(ts), Vi(u1,p-1), Va(uzp-1),
X1 (81, u1,p-1, Q(tp)), Xa(s2,6, U251, Q(ts)),
X (u1,p-1,U2,5-1)s Wap, Ya) € AZ™M 1. (B.6)
Recalling that forE?, thens; # s;;, we have
PY{E§1|(E1T)C} = Z

S17#81,p,
§1€AT(M (81824, w3p,ts)

Pr{E3, (81)|(E])}. (B.7)

Note that in [B.Y) we considay; € A:™ (S1ls2,6, W3, ts) },
as otherwise Pr{EJ,(s1)|(EY)°} = 0. Therefore, in
the following we upper bouncPr{Egl(él)‘(E{)c,él €
A:(n)(51|527b,W3)b,tb)} via an expression that is inde-
pendent of s;. To reduce clutter, let us denotes,,
to, a(ts), vi(uip—1), valuzp—1), x1(81,u1.—1,4d(ts)),
X2 (82,6, U2,p—1,9(ts)), X3(U1,p—1,U2,6—1), W35, Y3, DY 82,8,

q, V1, Vo, X1, X2, X3, W3, Y3, respectively. Note that the joint
distribution obeys

p(éhs?utuqa V17V275<17X2,X3,W37YB)

n
H 52J7w3jv

P(v1,5,v2,5, T35, 451515, 82,5, W3,5, ) X

P(T2,5,Y3,5182,5, W3,5, 5, V1,5, V2,5, ¥3,5, ¢5) X

5)P(31,5) %

p(T1,4]v1,5,v2,5, 735,45, 51,5)- (B.8)
Next, we use the assignments
71 = (s2,w3,t), 2z2=381, Z3=(V1,V,X3,Q),
Z,=X1, Zs5=(X3Y3). (B.9)

Equation [[B.8) shows that the assignmeiis](B.9) satisfy the
assumptions of_ [7, Lemma, Appendix A]. Using this lemma
we boundPr { E3, (31)|(E})¢,51 € AX™ (S [s0, Wa b, t5) }

as follows

Pr{E3,(81)|(E})", 8 € Ar™ (S1[s2,, Ws,p, t0) }
< 2771[]()(1;}/3'52,‘/1,Xg,Xg,W:;,Q)*éo]’ (B.lo)

whereey = 8¢, and we used the fact thdt is a function of
S, and the Markov chaing, — (S, V1, Xa, X3, W3, Q) — Y5,
and .S, — (52, Vi, X1, Xo, X35, W35, Q) — Y3. Plugging [(B.ID)
into (B.4) we have

Pr{E5, |(ET)°}
< Z 2—71[1(X1;Y3\527V1,X27X3,W3;Q)—€0]

$1781,b,
81€ AT (S1ls2,4,W3,p,t5)

< 2”[ (S1]82,W3,T)—1(X1;Y3|52,V1,X2,X35,W3,Q)+2¢0]

_ 2771[H(SlISZ;WS)_I(Xl?YSISZ;V17X2;X37W37Q)+250]7 (B.11)

which can be bounded by for large enough, as long as
H(Sl|52, W3)

< I(X1; Y382, Vi, Xo, X3, W3,Q) — 260, (B.12)



15

Following similar arguments as i (B.6)=(Bl11), we can alsdistribution obeys
show thatPr { E3,|(E7)°} can be bounded by, for large

enoughn, as |0ng as p(§’17§’27E7q=V17V27)~<175{27X37W37y3)
n
= [ p(ws )p(Gr s, 525,85, G5) %
H(S2|S1, Ws) =1
< I(X9;Y3]S1, Vo, X1, X3, W3,Q) — 260, (B.13) p(v1,5,v2,5, 23|15, 82,5, w3 5, tj, Gj) ¥
p(&1,5,T2,5]51,5, 82,5, 15, G5, V1,5, V2,5, 3,5) X
and Pr { E55|(E7)¢} can be bounded by, for large enough p(ys,j|ws,j,v1.5, V25, T3.5)- (B.18)

n, as long as ]
Moreover, note that the independencetpfrom (51,53, T),

and conditioning ons, implies that forn large enough
H(S1,5:|Ws,T) (81,82,t,q) € Aiﬁ")(sl,SQ,T,Q|W37b). Hence, we can use
< I(Xy, Xo; Y3|V1, Vo, X3, W3, T,Q) — 2¢0.  (B.14) [7, Lemma, Appendix A] with the following assignments:

To bound Pr {F5,|(Ep)} frst define th . 71 = w3, 2= (81,82,t,@), Zz= (X3, V1, Va),

0 bound Pr{E3,|(E7); we first define the even I _

E5,(51,82,t) as follows Zy = (X1, Xs), 25 = Y3, (8.19)

to bound

E5,(81,80,t) 2 P T oa . .
24(51152’) L Pr{(SlaS2at7QuVl(ul,b—l)aV2(U2,b—1)7Xl(slaul,b—DQ)u

{Q(t) # Q(ts), (51,82, £, Q(E), Vi (u1,5-1), Va(uz,-1), ) )
X1 (81, u1p-1, Q(E)), X (82, uzp—1, Q(E)), X2(S27U2,b—17Q)aX3(U1,b—17U2,b—1)7W3,b7Y3,b)

Xs(ur,p-1,u2,6-1), Wap, Y) € AZ™W}. (B.15) € AXMIED)", Q(ty) # 4,

(81,82,,d) € AX"(S1, 82,7, Q|W3,b)}
< 2*”[1(517527T7Q7X1-,X2;Y3|V1-,V2-,X3-,W3)*Eo]

Recalling thats; # s 5, $2 # s2., t # t3, We have

Pr {E&KEI)C} @ 2—"[1(X1;X2;Y3\V1,V27X3,W3)—€0], (B.20)
< Z ~Pr{E§4(§1,§2,t)|(EI)C}. (B.16) \where (a) follows from the Markov chain(Sy, S2, T, Q) —
S1781,p,827 82,87y, (X1, X2, V1, Vo, X35, W3) — V3. From [B.20) and[(B.A7) we

(81,82,8) €A™ (81,85, T|ws p) obtain
i PI‘{E54(§1,§2,E)|%,(EI)C}

Let 4 denote the event that (51,82,t) €
A (S), Sy, Tlws,). Note that if ¢ holds then <y 27 "l(XnXaslViveXs Wo)meoly=nlH(Q)=al (B 21)

Pr 3 E5, (81,80, t)|(E})%, &4t = 0. Hence, we can write  acA:"(Q)
) at the bottom of the page, where (B.17) follows . «(n) AlH(Q)+e1]

from [37, Thm. 6.7]. In the following we upper bound@nd by using the bOU”P“e (Q)‘ <2 *, [37, Thm.

the summands in{B.17) independently ®f,s,,t, and g. ©-2], we have that

To reduce clutter let us denote;(uip—1), va(uzp—1), Pr { B3, (51,5, £)] 4, (E])°}

x1(81, u1,6—1,9), X2(82, u2,6—1,4), X3(U1,b—1,U2,6—1), W3,b,

—n[I(X1,X2;Y3|V1,Va,X3,W3)—ep—2
y3. DYy vi, vo, X1, X2, X3, W3,y3, respectively. The joint < o7 Xa¥aVi Ve X, Wa) meo 2] (B.22)

Pr{E5, (51,82, )%, (E7)°}
< Z Pr {Q(E) = a| %, (EI)C} Pr {Q(tb) + |, (Elr)c}x
qeQn
Pr { (51, S2,t, &, Vi(u1p-1), Va(uzp_1), X1 (51, u1p-1,9), X2 (32, u2.5-1,d),
Xa(urp-1,uzp1), Wan Yas ) € 42|y (B, Qlte) #
< Z Pr{Q(E) = fl‘%a(EI)c}Pr{(éhéz,E,fl, Vi(up-1), Va(uzp-1), X1(81,u1,6-1,9),
qeA:™ (@)

Xo(82,u2,-1,9), X3(U1,b—17U2,b—1)7W3,b7Y3,b) € A:™ |, (BY), Q(ty) # fl}a (B.17)
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Plugging [B.22) into[(B.16) we have Then we get the following bound:
Pr {E5,|(E7)"} Pr { (517 S2,t,a, Vi(u1p-1), Val(uz,p—1), X1 (81, u1,5-1,Q),
< ’A:(”)(51752,T|W3,b) X

X (82, u2,6—1,4Q), X3 (w1,—1, U2,b—1), W35, Y3,b)
9—n[I(X1,X2;Y3|V1,Vo, X3, Wa)—eo—2e1]

*(n) T\C _ =
< 9nlH(S81,52|W3)—1(X1,X2;Y3|V1,V2,X3,Ws) +4eo] (B.23) € Ae2 (E1)Q(ts) = q
which can be bounded ky for large enough, if (51,82,t,q) € A;(’”(Sl, 527T’Q|W37b)}
H(Sl,SQ|W3)<I(X1,X2;}/3|‘/1,‘/2,X3,W3)—460. (824) (2) 2—71[ (Xl;X2§Y3|V1;V27X3aW3aQ)_€0], (B30)

Lastly, to boundPr { E5;|(ET)¢} we first define the event

E (31, 82, F) as follows where (a) follows from the Markov chain(Sy, Se,T) —

(X17X27‘/17‘/27X37W3) - }/T3 From ) and?) we

Ejs(51,80,t) = have
{Q(E) = Q(ts), (51152757 Q(E)vvl(ul,b—i)aVz(uz,bq), Pr{E§5(§17§,2,E)|%, (E{)C}
Xl(§17 U1,6—1, Q(t)), X (527 U2,6—1, Q(t)), < Z 2-”[1(X17X2;Y3\V17V2,X37W37Q)—60] X
Xs(ut,p—1,U2,p-1), W3, Y3) € A:(n)}- (B.25) GeA™ ™ (Q)
Recalling thats; # s1 4,82 # s2,t # tp,, we have Pr {Q(‘E) _ 61|~be, (EI)C}X
Pr{ ES|(ET)
(Bl (BT S Pr{Q(t) = ale. ()7} (B3D)
< > Pr{Eg(8:,8,0)|(E)°}. (B.26)
S17#81,0,82 782,82, However, forq € A;"™(Q) the following holds
(81,82,5)€Ar (M (81,82, T w3 p) ()1
Then we have PF{Q =q|h, (EY)° } <2 Y,
Pr{ B}, (51,52, 0)| 4, (EY)°} Pr{Q(ts) = alh, (Ey)°} < 27"H@-al,
) Z;(MPY{Q(t) = a| %, (EY) }X Hence, using the fact th%ﬁ*(" ‘ < 2rlH(@)+al we have
qeA;(Q) that
P{ tz-,gz,E“}x .
r Q( b) q’ b ( 1) PY{E25(81,SQ,13)|52{5,(E1) }
PY{(§1,§2,E,Q7 Vi(uip—1), Valuzp—1), < 9 lI(Xa, Xas¥s| VA, V2, X, W, Q)+ H (@) —eo=3e1] (B 3D)
X1(81,u1,-1,4), X2(82, u2,6-1,9), Finally, plugging [B.3R) into[(B.26) we have
X3 (u1,b-1,U2,6-1), W3 b, Y3.,b) Pr{E%|(ET)°}
€ AX |, (BY)°, Qty) :q}, (B.27) < ‘A:(n)(ShSQaT|W3,b) X
where [B.2¥) follows from the same argument leading to 9l (X1, X23¥5| V2, V2, X, W, Q)+ H(Q) —co—3e1]
(B.17). In the following we upper bound the summands . on[H(S1,S2|Wa)—I(X1,X2;Ya|Vi,Va, X3, Ws,Q)—H(Q)+5€0]
in (B:27) independently o§;,5,,t, and q. Let us denote - (5_373)

vi(ur,p—1), va(uzp—1), x1(81,u1,6—-1,4), X2(S2,u25—-1,9), hich be bounded by for | b I
XS(Ul,b—la'UQ,b—l)y W3 by Y3, by Vi,V2,X1,X2,X3,W3,Y3, which can be bounde b(y or large enougm, as long as

respectively. Note that the joint distribution obeys H (S, S5|Ws5)
p(éla §21 Eu Qa Vi,Va, 5(17 5(27 X3, W3, Y3) < I(Xlu X27 Yé"/lu ‘/27 X37 W37 Q) + H(Q) - 560' (B34)

However, condition[(B.34) is redundant since it is domidate

= s ’7§ ’75’77‘7’“} j) X .. . ;.
I ECEE SRS by condition [B.24), hence, we conclude that if conditions

j=1
p(’ULja V2,5, $37j|§1,j, §2Ja ws,j, fja QJ) X )- ) hOId' then forf)large enOU@h
p(xl,j7$2,j|51,j752,j7tj7ij'Ul,jaUQ,ijCS,j)x Pr{E§|(EI)C} < ZPF{E%KEI)C} < 5e. (B.35)
P(Ys,|ws 5, 01,5, V2,5, T35, G5)- (B.28) =

Similarly to the (a)nalysis forEs,(51,52,t) we have that Combining equations (Bl4)[(B.5) and (BI35) yields
(81,82,t,q) € AL (51,52, T, Q|ws;). Hence, we can use 5(n) e

[7, Lemma, Appendlx A] with the following assignments: P < Pr{E5|(E})°} + 2¢ < Te. (B.36)

21 = (W3, @), 22 = (81,8, 8,q), Zs= (X3, V1,Va), Next the destination error probablhty analysis is derived

S Channel decoder: Let E 5 (W1 ,b, U2 b3 S1,p41,82,541) de-

Zy = (X1,Xs), Zs=Y3 (B-29) note the channel decoding error event for decoding,, uz,p)
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at the destination at blodk assumings; 4+1,82,+1) is avail- - boundPr { ES(a1)|(E{)¢} we first define the evenky (i)
able at the destination, namely, the event that,, i2;,) # as follows
(ul,b, u27b). Let tb+1 = hl(sl_’bJ’,l) = h2(5275+1). The average Ed(’& ) N
probability of channel decoding error at the destination at™2'\"1/ — K
block b, P{g,’?h, is defined in [B37) at the bottom of the  {(S1b+1:82.551,tb41, Q(tor1), Vi (i), Va(uzy),
page, where in step (a) leading {0 _(B.37) we apply similar X1 (81,641, 1, Qto+1)), Xa(s2,54+1, 2,6, Qts+1)),
reasoning as [7, Eq. (16)]. In the following we show that the Xa(ii Y c Ax(m B.39
inner sum in [(B.37) can be upper bounded independently of (1, u20), Woe1, Yorr) € AT} (8:39)
(s1,+1,S2,p+1). Assuming correct decoding at blogk+ 1 Recalling thati;, # w1, we can bound
(hence(s1p+1,82,5+1) are available at the destination), we a7 mdse dn de
now define the following events: Pr{E3|(EY) } < Mz;é Pr{Ej(a1)|(EY)"}.  (B.40)
U1 €U, U1 Fu
EY 2 {(s1p41,82,541, tor1, Qlbp11), N e d“i .
Vi (u1), Va(uzy), X1 (S1041. w10, Q(6p51)), Using [36, Thm. 14.2.3]Pr { E¢(41)|(E{)°} can be bounded

b
X (82,641, U2, Q(tp41)), X (u1,p, u2p), Y

Woi1, Ypi1) & AT, Pr {E5(i1)|(BY)°}
—n[I(V1,X1,X3;Y|S1,52,T,Va,X2,W,Q)—e
B2 {30y €Uy : iy # urp, < 27l Ve X0 X3V 151,82, T V2, X, W, @) ol

(81,641,82,041, tor1, Q(toy1), w 2~ (X1, X3 151,V2, X2, Q) eol, (B.41)
Vi), Va(uz,p), Xa(s1,p41, @1, Q(ts+1)), where (a) follows from the Markov chairlg — (X1, X», X3,
Xa(s2,6+1,u2,6, Qto+1)), X3 (t1,u2,p), S1, 80, W, T,Q,Va) — Y and (Sy, T, W) — (X1, Xo, X3, S1,

Woi1, Y1) € A:(")}, Vo, X5,Q) — Y. Plugging [B.41) into[(B.40) we have
Ef £ {3ty € Uy : i # uzy, Pr{EJ|(E{)°} < 2nlfr—U(XnXa|51.X0V2.Q) =c0)l (B 42)
(81,6415 82,641, o1, Qlt11), which can be bounded by for large enough, as long as

Vi(uip), Va(tz), Xi(s1,p41, u1,, Q(tsr1)),
Xo(s2,641, U2, Q(tp41)), X (u,p, a), S _
Y € AFM Following similar arguments as in_(B39)—(Bl43), we can
PP Wt b+1)A N R also show thaPr { E{|(E{)¢} can be bounded by, for large
By = {3(U1,U2) € Uy X Uz 1 U1 # uip,, U # U,

enoughn, as long as
(S1,b+1, 52,6415 to1, Q(tp+1),
i R ’ . R RQ <I(XQ,Xg;Y|SQ,X1,‘/1,Q)—€O, (B44)
Vi(@1), Va(i2), X1 (81,041, 01, Q(ts+1)),

d d\c
Xo (82,041, fiz, Qb41)), X (@1, fi2), andPr { E{|(E¢)} can be bounded by, for large enough,
«(n) as long as
Wb+1,Yb+1) S AE }

The average probability of error for decodirig, 4, u2 ;) at Ryt Ry < 1(X1, X3, X5; Y51, 52, Q) 0. (B49)
the destination at block, for fixed (s1,+1,s2.4+1), Subjectto  Hence, if conditions[{B.43)E(B.45) hold, for large enough
the eventZ,,,, is then upper bounded by n, P\ < 5e.
Pr{E% (u1,6,u2,6;S1,6+1,82,041)| Do+1 } Source decoderFrom the SW theorem [12] it follows that,
4 given correct decoding dfus 5, u2), the average probability
< Pr {Eiil%ﬂ} + Z Pr {E;.i|(Eii)C}, (B.38) of error in decodings; 5, s2,5) at the destination can be made

Ry < I(X1, X3; Y51, X2, V2, Q) — €o. (B.43)

j=2 arbitrarily small for sufficiently large:, as long as
where [B.38) follows from the union bound. From the AEP
[37, Ch. 5.1], for sufficiently large:, Pr{E{|Z,,1} can be H(51155, W) + € < Ru, (B.463)
upper bounded by for n large enough. Let, be a positive H(S52[81, W) +e0 < Ry, (B.46b)
number such thaty > e ande¢ — 0 ase — 0. To H(Sy,52|W) + € < R1 + Ra. (B.46c¢)
pé,?h £ Z P(S1,6+41,82,6+1) Z p(urp, uzp) Pr{EY, (w1 b, uzp;81641,52.641) }
(s1,b41,52,64+1)EST XS (u1,p,u2,5)EUL XU
(a)
S e+ Z P(S1,41, 82,41, Wpy1) X
(Sl,b+1752,b+17Wb+1atb+1)€A:(n)(Sl-,S27W7T)
Z p(ut,p, uz,p) Pr{E% (u1p, u2,0381,54+1,2,641)| Dos1 }- (B.37)

(u1,p,u2,5) EUL XU2
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Combining conditiond (B.43)E(B.45) with conditiolis (B)4614; x U> such that:
yields the destination decoding constraitis_{30e)4(309) in(

Thm.[q. Sl,b—hS2,b—17fb—17C1(Eb—1),

x1 (1, 81,-1, a(tp—1)), X2 (T2, 82, p—1, a(tp—1)),
APPENDIXC

x3(81.p—1,82.p— ty_ W3 )
PROOF OFTHEOREME 3(81,6—1,82,0—1, A(tp—1)), W31, Y3,

*(n)
Fix a distributionp(s1, s2, w3, w)p(q)p(z1|s1, ¢)p(x2|s2, q) € A5, 52, T, Q)Xo X, X3, Wi, ¥5). (C.1)
p(z3|51, 2, 9)p(y3, y|21, T2, T3). The decoded bin indices, denotéd, ;, @2s), are then
given to the relay source decoder, which estimétes, sz ;)
by looking for a unique pair of sequence$;,$:) €
A. Codebook construction S7 x 8y that satisfiesf1(81) = d1p, f2(S2) = U2, and
Fori = 1,2, assign everg; € S” to one of 2" bins (51,52, Wsp) € ‘L}:(n)(shsz,Ws)- Denote the decoded se-
independently according to a uniform distribution of £ quences by(sis,820). ,
{1,2,...,27%% . Denote this assignment by, i = 1, 2. . Decoding a}t th_e destlnatlor_1 is dqne using backward decod-
ing. The destination node waits until the end of channellbloc
B+ 1. It first tries to decods; g, = 1,2, using the received
signal at channel bloclB + 1 and its side informatiorw .
Going backwards from the last channel block to the first, at
channel blockh we assume that the destination has estimates

For eacht € 7™ generate onex-length codewordg(t)
by choosing the letterg; independently with distribution
polqx), for k = 1,2,...,n. For each pairf(u;,s;) € U; x
Sti o= 1,2, sett = h;(s;), and generate one-length
codewordx;(ui,s;, q(t)),s; € S',q € Q", by choosing -, " ; i
the Ietter5xlsk(ui,si,(q)()t)) independently with distribution (81,6+1,82,541) Of (§1,b+1,§2,b+1) and consider decoding of
Px;18:,0 (@i k| sik, ar(t)) for k =1,2,... n. Finally, generate (S1,5,82,). _Fr0[n (Slﬁbfl’szb“) the destination finds the
one lengths relay codewordsxs(si, ss, q(t)) for each pair correspondanuLb_H,u27b+1). '!'hen, th_eAdeAstlnanor; deccq)ldes
(s1,82) € S} x S by choosings . (s1, sz, q(t)) indepen- (s1,6,82,5) by looking for a unique pai(s;,82) € S x S5

dently with distributionp.y, s, s, o (23.k$1.4, 2.4, gi () for  SUch that
k=1,2,...,n. (élv S2, Ev q(f:), X1 (t1,p41, 81, Q(E))v
X2 (Ti2,p41, 82, a(t)), X3(81, 82, A(t)), W, yo41)
B. Encoding € AXM(81, 9, T,Q, X1, X2, X5,W,Y).  (C.2)

Consider the sequenceg” € SP",i = 1,2, wf} € W™, wheret = h;(81) = ha(82). Denote the decoded sequences
andwB™ € WBn, all of length Bn. Partition each sequenceby §; ; andsy .
into B lengthn subsequencess;;, i = 1,2, ws;, and
wp, b = 1,2,...,B. A total of Bn source samples arep. Error probability analysis

transmltte(‘jgrinBSi-é b,JOCkS ofn channel synsb(;)I_s_ gach. Lde_t Following arguments similar to those in Appendix B-D it
t(al’aQ) € 1_X 2, € two sequences g$ﬂera edl.l.daccording,, he shown that decoding the source sequences at the relay
0 p(ar,az) = [y Psi.5: (a1, az,x). These sequences are, ., pe gone reliably as long &s (B2R)={32c) hold, and degodin

known to aII_ nod_es. At block, source tgrmmazl,z’ =1,2,0b- the source sequences at the destination can be done reliably
servess; 1, finds its corresponding bin index ; = fi(s;1) € as long as[(32d)-(3Rg) hold
U;, and transmits the channel codeweas@u; 1, a;, q(hi(a;))). '

At block b,b =2, ..., B, source terminal, i = 1, 2, transmits
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