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Multi-source,multi-destination,multi-relay wireless
networks

Liang-LiangXie, Member, IEEE, andP. R. Kumar, Fellow, IEEE

Abstract— Networks with multiple source-destination pairs,
involving possibly multicast, and where there are multiple nodes
that can serve as potential relay nodes, are considered. A
multi-source multi-r elay coding scheme is developed. In this
scheme,eachsource's information is sent to its destination nodes
via a multi-r elay route, with the multiple multi-r elay routes
operating concurrently even when they intersect with eachother,
in the samespirit ascode-division multiple-access(CDMA). It is
found that in the generalization to multiple sources,backward
decoding achieves higher rates than sliding-window decoding.
The routing structur e where a joint backward decoding can
be performed is characterized. The achievable rate region is
found to combine aspectsof both multiple-r elay and multiple-
access.Potential applications of this coding schemeto sensor
networks are discussed.In particular , the exact capacity for
the data downloading problem in sensornetworks, where there
are multiple sensor sources and one sink or collector node, is
established for certain geometries when there is phase fading
that is unknown to the transmitter.

Index Terms— Backward decoding, multiple-accesschannel,
multiple-r elay channel, network information theory, sensornet-
works, wir elessnetworks.

I . INTRODUCTION

In currentprotocolsfor wirelessnetworks, interferenceis
often regardedas undesirable,and a common tactic is to
avoid it at least locally by silencing other transmittersin
the neighborhood.An example is the RTS-CTS handshake
in IEEE 802.11[1]. However, this practicelimits the number
of concurrenttransmissionsin a network, so that the total
throughputis reduced[2].

Viewed morefundamentallythough,even “interference”is
a signal that can potentiallybe exploited. This motivatesthe
challengeof exploiting interferencerather than succumbing
to it, which necessitatesan information-theoretictreatment.
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Fig. 1. A one-relaynetwork.

A. TheRelayChannel

Perhapsthe simplest context in which this arisesis the
three-nodenetwork depictedin Fig. 1. Supposenode1 is the
source,which wants to send information to the destination
node3. In many situations,the destinationnode3 may be at
a great distancefrom node 1 so that any signal transmitted
directly from node 1 to node 3 suffers such a considerable
attenuationthatit precludesany directreliablecommunication
at a high rate. In sucha situation,one wants to exploit the
presenceof the intermediatenode2, so that node1 can �rst
transmitto node2, with node2 then transmittingto node3.
This resultsin two shorter-rangecommunications,both reli-
ably feasibleat a high enoughrate.Thefundamentalquestion
that arisesat this point is whetherthe signal transmittedby
node1 necessarilycauses“interference”to node3? The fact
is that althoughthis signal is intendedfor node2, it carries
exactly the sameinformation that node 3 wants to decode
eventually.

Motivatedby this problem, the “relay channel” �rst pro-
posedin [3], [4] almostforty yearsago,hasbecomeone of
the basic topics of multi-user information theory, where the
interestcenterson developingcodingschemessuchthatnode
3 caneffectively exploit both the signalstransmittedby node
1 andnode2. Two fundamentallydifferentcodingstrategies,
calleddecode-and-forwardandcompress-and-forward,differ-
ing in whetherthe relay node2 decodesthe information or
not, weredevelopedin [5].

Denotingthe signalstransmittedby node1 andnode2 as
x1(t) andx2(t) respectively, andthesignalsreceivedby node
2 andnode3 asy2(t) andy3(t) respectively, we assumethat
they arerelatedby the probability transitionfunction

p(y2(t); y3(t)jx1(t); x2(t)) ; for any time t;

which describesthe discretememorylesschannelinvolved.It
hasbeenproved in [5] that the following rate is achievable
with a decode-and-forwardstrategy:

R < max
p(x 1 ;x 2 )

minf I (X 1; Y2jX 2); I (X 1; X 2; Y3)g: (1)
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Examiningmoreclosely the two constraintson R:

R < I (X 1; Y2jX 2); (2)

R < I (X 1; X 2; Y3); (3)

we observe that (2) is what is neededfor the relay node 2
to indeed be able to decodethe information basedon the
signaltransmittedby node1. Thesecondconstraint(3) applies
irrespective of the particularschemeused,sinceit represents
the limit that at bestnode3 canonly make useof the signals
transmittedby nodes1 and2.

At �rst sight,both(2) and(3) look quiteunderstandableand
evenstraightforward.This is howevermisleading.If onelooks
closelyat theformula(1), it is actuallyverysurprisingthatthe
ratesatisfyingonly thesetwo constraintsis feasible,sincethe
maximizationis over p(x1; x2) ratherthan over p(x1)p(x2),
which canonly beachievedby node1 andnode2 cooperating
with eachotherwhentransmittingsignals.Thatthis is feasible
is rather surprising since there is always a positive delay
before node 2 can decodethe information concerningthe
intention of node 1. But, by that time, node 1 would have
moved on to transmit new information. Hence,node 2 can
never catch up with node 1, which raisesthe issueof how
they cancooperatetogetherto transmitto node3.

Indeed,the codingschemedevelopedin [5] to achieve (1)
is nontrivial. The essentialtechniqueusedis what is called
block Markov encoding,which alsohasprofoundapplications
in otherareasof multi-userinformationtheory, including the
multiple-accesschannelwith feedback[6].

…

Fig. 2. A multiple relay network.

B. Multiple Relays

A naturalextensionof the one-relaynetwork in Fig. 1 is
to the caseof multiple relays, depictedin Fig. 2, where it
takesmultiple hopsto sendinformationfrom thesourcenode
1 to thedestinationnoden. A naturalquestionis whetherthe
formula (1) canbe extended.Surprisingly, suchan extension
studiedin [7], [8], [9], [10], [11], [12], [13] turnedout to be
not trivial at all. It wasnot until [9] that it was�nally realized
that the following rate is achievable:

R < max
p(x 1 ;::: ;x n � 1 )

min
2� k � n

I (X 1; : : : ; X k � 1; Yk jX k ; : : : ; X n � 1):

(4)
Although (4) is still achievablewith a decode-and-forward

strategy, it is not achievable with the speci�c “irregular”
encoding/successive decodingschemedevelopedin [5]. In-
stead,in [9], a “regular” encoding/“sliding-window” decoding
schemewasshown to achieve (4). Thesliding-window decod-
ing hadbeenusedin [14] in thecontext of themultiple-access

channelwith generalizedfeedback.Lateron,it wasdiscovered
in [11] that (4) can also be achieved with the “backward”
decodingscheme,which was inventedin [15] and hassince
been used for the one-relay channel in [16]. Recently, a
modi�ed successive decodingscheme(having the �a vor of
sliding-window decoding)was developedin [17] to achieve
(4). Among all theseschemes,the sliding-window decoding
schemeis the simplest,while the backward decodinggives
risesto large decodingdelayand is also the most involved.

Theformula(4) hasa similar interpretationas(1). For each
nodek 2 f 2; : : : ; ng, the correspondingconstraintis

R < I (X 1; : : : ; X k � 1; Yk jX k ; : : : ; X n � 1): (5)

The conditional mutual information on the RHS above im-
plicitly presumesthat for the decodingat nodek, the signals
transmittedby nodesk; : : : ; n � 1 areknown a priori , andthat
the signalstransmittedby nodes1; : : : ; k � 1 arecooperating
in providing the information.Let usexaminethe �rst issueof
why nodek shouldknow what will be transmittedby nodes
k + 1; : : : ; n � 1. The reasonis that in this system,there
is only one source-destinationpair, for which information
is passedalong the route 1 ! 2 ! � � � ! n. Thus, any
information obtainedby nodesk + 1; : : : ; n � 1 hasalready
beenobtainedby nodek. Hencenodek doesindeedalready
know completely what nodesk + 1; : : : ; n � 1 know, and
thereforeknows what they will transmit.

The precedinginterpretationillustratesthe remarkablefea-
tureof formula(4): Thereis no interferenceat all in thewhole
network! To any node, the signal transmittedby any other
nodeis either a “real” signal that can be usedfor decoding,
or a priori known signal that canbe subtractedcompletely.

Comparedto the simple practiceof regardingother trans-
mittersas interferers,the relay schemesthereforeseemto be
obsessedwith exploiting interferenceratherthansuccumbing
to it. But is it worth it? How much can be gainedby using
such“smarter”schemes?A studyin [9] shows thatin wireless
networks with low signalattenuation,the multi-relay scheme
canachieve higher-order(super-linear)scalinglaws compared
to thoseobtainedin [2]. However, whensignalattenuationis
high enough,the scalinglaws cannotbe improved asproved
in [9], but it is still possibleto achieve substantiallyhigher
rates,especiallyfor small-scalenetworks.

So far, we have beenfocusedon the decode-and-forward
strategy, which fundamentallyrelies on the relay nodesbe-
ing able to decodethe information they are transmitting.
However, the relay nodescan help even without decoding
the information themselves.This is the strategy employed in
schemessuchascompress-and-forward,amplify-and-forward,
etc. Unfortunately, there is no single known relay strategy
which is superiorto all othersin all scenarios.Which relay
strategy is better really dependson the network topology,
power distribution, etc. (see [18], [11]). For our study in
this paper, we prefer and concentrateon the decode-and-
forward strategy, sinceit is the only one where interference
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completely disappears(as in (4)). In either compress-and-
forward or amplify-and-forward, interferenceis inevitably
present,sincewithout decoding,noisecannotbe �ltered out
andwill alwaysbe forwarded.But it shouldbe notedthat the
decode-and-forward strategy may be severely suboptimalfor
somenetwork topologies.

C. Multiple Sources

When there is only one source in the network and all
transmittedsignals are devoted to it, interferencecan be
completelyavoidedas(4) demonstrates.But what if thereare
multiple sources?Will signals devoted to different sources
always interferewith eachother?

Fig. 3. A multiple accessnetwork.

Considerthe simple two-sourcenetwork in Fig. 3, where
nodes1 and 2 are two separatesources.Let us consider
the casewhereboth sourcenode1 and sourcenode2 want
to send information to the same destinationnode 3. Can
they transmit at the same time and be both successful?
The answeractually is yes, and is now well known. From
the characterizationof the capacity region for the multiple
accesschannel in [19], [20], we know that not only can
both transmissionssimultaneouslybesuccessful,but alsothat
simultaneoustransmissionis indeed a way to achieve the
maximumrates,andcanbe realizedusingthecodingscheme
of code-division multiple-access(CDMA).

Denotingthe signalstransmittedby node1 andnode2 by
x1(t) andx2(t) respectively, andthesignalreceivedby node3
by y3(t), we considerthediscretememorylesschannelwhere
they arerelatedby the probability transitionfunction

p(y3(t)jx1(t); x2(t)) ; for any time t:

The following ratepair (R1; R2) is achievablewith CDMA:
8
><

>:

R1 < I (X 1; Y3 jX 2) (6)

R2 < I (X 2; Y3 jX 1) (7)

R1 + R2 < I (X 1; X 2; Y3): (8)

This rate region (6)-(8) has beenproved to be maximal in
[19], [20]. If only (6) and (7) were present,it would seem
that source1 andsource2 canbe decodedseparatelywithout
interferingwith eachother. However, the sum-rateconstraint
(8) makes it impossibleto achieve both (6) and (7) at the
sametime. Therefore,the two sourcesare indeedaffecting
eachother. Nevertheless,(6)-(8) is alreadythe bestone can
do.

The main purposeof this paper is to develop a multiple
relay schemefor networks with multiple sources. We will try
to preserve thespirit of (4), in thesensethatall usefulsignals
areused,andall a priori known interferencesaresubtracted.
We will also try to achieve the best rate region in a form
similar to (6)-(8), for nodesthat have multiple sourcesto
decode.The �nal schemewill accordinglyhave the �a vors
of both the multiple relay andmultiple accesschannels.

The remainderof this paper is organizedas follows. We
�rst considera simple two-sourcenetwork, and illustrate the
essentialideasof the coding schemein SectionII. Then, in
SectionIII, for generalnetworks,we developa generalmulti-
sourcemulti-relayscheme,andcharacterizethecorresponding
achievable rate region. Potentialapplicationsof this scheme
to sensornetworks arediscussedin SectionIV. In SectionV,
theexactcapacityfor thedatadownloadingproblemin sensor
networksis obtainedfor somegeometries,underphasefading
unknown at the transmitter.

I I . A TWO-SOURCE RELAY CHANNEL

As a startingpoint towardsa generalmulti-sourcemulti-
relay coding scheme,considerthe network depictedin Fig.
4, wheretwo sourcenodes1 and2 want to sendindependent
informationto thesamedestinationnode5, with nodes3 and
4 actingas the relays.

Fig. 4. A two-sourcerelay network.

According to their relative locations,two relay routesare
chosenin the network: 1 ! 3 ! 5 and 2 ! 4 ! 5. That
is, node 3 helps sourcenode 1, and node 4 helps source
node 2. For the reasonsdiscussedin the introduction, we
only considerthe decode-and-forward strategy in the paper.
Therefore,weconsiderschemeswherenode3 needsto decode
the informationsentby node1, andnode4 needsto decode
the informationsentby node2.

Before rigorously stating the achievable ratesfor the net-
work, we needintroducesomeinformation-theoreticnotation
for the network channel model. This network channel is
modeledby
�
X1�X 2�X 3�X 4; p (y3; y4; y5j x1; x2; x3; x4); Y3�Y 4�Y 5

�
;

where X i and Yj are �nite input and output alphabetsre-
spectively, and p(y3; y4; y5j x1; x2; x3; x4) is a probability
distribution on Y3 � Y4 � Y5 for each (x1; x2; x3; x4) 2
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X1 � X2 � X3 � X4. At any time t = 1; 2; : : :, eachnode
i 2 f 1; 2; 3; 4g sendsx i (t) 2 Xi into the channel,and each
nodej 2 f 3; 4; 5g receivesyj (t) 2 Yj from the channel.The
distribution of the outputs

�
y3(t); y4(t); y5(t)

�
only depends

on the inputsat the time t via

p
�
y3(t); y4(t); y5(t)j x1(t); x2(t); x3(t); x4(t)

�
:

While we consideronly the caseof �nite alphabets,a contin-
uousmodelcanbe approximatedarbitrarily well by choosing
the alphabetsize large enoughas in [21, Ch. 7].

The sourcenodes1 and2 transmitsignalsx1(t) andx2(t)
basedon the messagesthey want to send.The relay nodes3
and4 decidewhat to transmitbasedonly on the signalsthey
have alreadyreceived:

x3(t) = f 3;t (y3(1); : : : ; y3(t � 1));

x4(t) = f 4;t (y4(1); : : : ; y4(t � 1));

where f 3;t (�), f 4;t (�), t � 1 can be any functions. After a
time block 1 � t � T , the destinationnode 5 needsto
decodeboth themessagessentby nodes1 and2 basedon the
signalsf y5(1); y5(2); : : : ; y5(T )g it has received. The strict
de�nitions of codes,encodingfunctions,decodingfunctions,
probability of error, andachievableratesareasis standardin
information theory. Seee.g.,[12] for details.

Denote by R1 and R2 the transmissionrates of source
nodes 1 and 2 respectively. A rate pair (R1; R2) is said
to be achievable if both the messagescan be decodedat
the destinationnode 5 with an arbitrarily small probability
of error. We have the following theoremcharacterizingthe
achievableratepairs.

Theorem2.1: For the two-sourcerelay network de�ned
above, any rate pair (R1; R2) satisfying the following � ve
inequalitiesis achievable:

R1 < I (X 1; Y3 jX 3) (9)

R2 < I (X 2; Y4 jX 4) (10)

and
8
><

>:

R1 < I (X 1; X 3; Y5jX 2; X 4) (11)

R2 < I (X 2; X 4; Y5jX 1; X 3) (12)

R1 + R2 < I (X 1; X 3; X 2; X 4; Y5) (13)

for somejoint distribution p(x1; x3)p(x2; x4).
The constraints(9) and (10) can be understoodsimilarly

to (2), since in our schemenode 3 needsto decodethe
information sent by node 1, and node 4 needsto decode
the informationsentby node2. The constraints(11)-(13)are
for the decodingat node 5, which looks like an extension
of (6)-(8), only different in that now with the help of the
relays,thereare two inputs (X 1; X 3) for source1, and two
inputs (X 2; X 4) for source2. Therefore,the achievable rate
region (9)-(13) is a naturalcombinationof multiple relay and
multiple access.Note also the cooperative featureembodied
in the optimizationover p(x1; x3)p(x2; x4).

What is thecodingschemeto achieve (9)-(13)?Obviously,
it shouldhave both the elementsof the decode-and-forward
schemeaswell as the code-division multiple-accessscheme.
Amongtheseveraldecode-and-forwardschemesmentionedin
the introduction,thesliding-window decodingis thesimplest,
while, as noted above, the backward decodingis the most
involvedandalsoinducesexcessive delays.However, it turns
out that for the case of multiple sources,only with the
backward decodingcan the rate region (9)-(13) be achieved.
Neither the sliding-window decodingschemenor the succes-
sive decodingschemecanachieve the sameregion.

Theessentialreasonfor thedifferenceis thatbackwardde-
codingis a one-block-decisionscheme, while boththesliding-
window decodingand the successive decodingschemesare
multiple-block-decision schemes. Speci�cally, for the one-
level relay network in Figure 4, both the sliding-window
decodingand the successive decodingneedtwo consecutive
blocks to make onedecodingdecision.

Proof of Theorem 2.1: ConsiderB blocks of transmis-
sion,eachof T transmissionslots.Two sequencesof messages
w1(b) 2 f 1; : : : ; 2T R 1 g, and w2(b) 2 f 1; : : : ; 2T R 2 g, b =
1; 2; : : : ; B � 1 will be sent over in TB transmissionslots.
(Note thatasB ! 1 , the rateTR i (B � 1)=TB is arbitrarily
closeto Ri for any T, i = 1; 2.)

Considerany �x edp(x1; x3) andp(x2; x4). We useregular
block Markov encodingfor both the relay routes1 ! 3 !
5 as well as 2 ! 4 ! 5, accordingto p(x1jx3)p(x3) and
p(x2 jx4)p(x4) respectively; see[12] for thedetailsof regular
block Markov encoding.

The relay nodes3 and 4 decodew1(b) and w2(b) respec-
tively at the end of each block b = 1; 2; : : : ; B � 1. The
decodingerror can be made arbitrarily small by choosing
suf�ciently large T, if

R1 < I (X 1; Y3jX 3);

R2 < I (X 2; Y4jX 4):

According to the regular block Markov encoding,in each
block b = 1; 2; : : : ; B , dependingon the messagew1(b) of
this block and the messagew1(b � 1) of the previous block,
node1 transmitsa vector x1(w1(b)jw1(b � 1)) of length T ,
andsimilarly, node2 transmitsa vectorx 2(w2(b)jw2(b� 1));
andif without decodingerror, the relay nodes3 and4 would
transmitvectorsx3(w1(b� 1)) andx4(w2(b� 1)) respectively.
Note that a special arrangementis neededat block 1 and
block B , for which we setw1(0) = w2(0) = 1 andw1(B ) =
w2(B ) = 1.

The destinationnode5 doesnot commencedecodinguntil
the end of block B , when it starts to decodebackwardly.
First, it decodesw1(B � 1) and w2(B � 1), basedon the
vector ~Y5(B ) it received in block B . It declares(w1(B �
1); w2(B � 1)) = (w1; w2) if w1 2 f 1; : : : ; 2T R 1 g andw2 2
f 1; : : : ; 2T R 2 g is the uniquepair suchthat

�
x1(1jw1); x2(1jw2); x3(w1); x4(w2); ~Y5(B )

�
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is jointly typical accordingto

p(x1; x3)p(x2; x4)p(y5 jx1; x2; x3; x4):

This is a two-sourcedecodingprocesswith eachsource
having two inputs. According to the resultsof the multiple
accesschannel[22, Sec.14.3], the decodingwould be suc-
cessfulwith a high probability, if (11)-(13)hold.

Thenrecursively for b = B � 1; : : : ; 2, basedon theknowl-
edgeof (w1(b); w2(b)) , node5 decodes(w1(b� 1); w2(b� 1))
by checkingthe joint typicality of
�
x1(w1(b)jw1(b� 1)); x2(w2(b)jw2(b� 1));

x3(w1(b� 1)); x4(w2(b� 1)); ~Y5(b)
�
:

Similarly, this would be successfulwith a high probability, if
(11)-(13)hold. �

However, if insteadof backward decoding,node 5 uses
sliding-window decoding,then it would needto �rst decode
(w1(1); w2(1)) basedon blocks1 and2 asfollows: It declares
(w1(1); w2(1)) = (w1; w2), if (w1; w2) is the unique pair
suchthat in block 1,

�
x1(w1 j1); x2(w2 j1); x3(1); x4(1); ~Y5(1)

�
(14)

is jointly typical, andalso in block 2,
�
x3(w1); x4(w2); ~Y5(2)

�
(15)

is jointly typical. The decodingwould be successfulwith a
high probability if andonly if

8
><

>:

R1 < I (X 1; Y5 jX 2; X 3; X 4) + I (X 3; Y5jX 4) (16)

R2 < I (X 2; Y5 jX 1; X 3; X 4) + I (X 4; Y5jX 3) (17)

R1 + R2 < I (X 1; X 2; X 3; X 4; Y5); (18)

where(16) accountsfor the error eventswherew1 is wrong
but w2 is correct; (17) accountsfor the error events where
w2 is wrong but w1 is correct; and (18) accountsfor the
error events where both w1 and w2 are wrong, noting that
I (X 1; X 2; X 3; X 4; Y5) follows from

I (X 1; X 2; Y5 jX 3; X 4) + I (X 3; X 4; Y5): (19)

Obviously, in all thethreebounds(16)-(19),the�rst mutual
information comesfrom the typicality check (14), and the
secondmutual information comesfrom the typicality check
(15).

If we insert X 2 and X 1 into the conditional part of the
second mutual information in (16) and (17) respectively,
we will obtain the samethree boundsas (11)-(13). Since
(X 1; X 3) are independentof (X 2; X 4) for any joint distribu-
tion p(x1; x3)p(x2; x4), this insertionwill generallyincrease
the bounds.Hence,generally, the sliding-window decoding
achieves lower rates.

In the relay structureshown in Fig. 4, sincenode3 does
not decodesource2, the signalstransmittedby nodes2 and
4 causeinterferenceto it. Similarly, nodes1 and 3 cause

interferenceto node4. Theseinterferencescan also be seen
from (9)-(10). It is possibleto changethe relay structureto
avoid such interferences.For example, we could let node
3 also decodesource2, so that nodes2 and 4 no longer
causeinterferenceto node3. This may not be a wise choice,
however, sincedependingon thenetwork topology, it may be
even harderfor source2 to reachnode3 than for it to reach
the destinationnode5.

A specialmulti-sourceone-relaynetwork hasbeenconsid-
eredin [23], [24], wheremultiple sourcestry to sendto the
samedestinationvia the samerelay node,andthe relay node
needsto decodeall the sources.An achievable rate region
using backward decodingwas obtainedin [24], where both
the constraintsfor the relay and for the destinationare like
multiple-access.

It is worth noting that in the context of multiple-access
channelwith generalizedfeedback,it has been discovered
([15], [16], [25]) that backward decodingcanachieve higher
ratesthan either successive decodingor sliding-window de-
coding.

I I I . GENERAL NETWORKS

In this section,we develop a generalmulti-source,multi-
destination,multi-relay schemefor generalnetworks.

Considera network of n nodesN = f 1; 2; : : : ; ng. We
consider the multi-source multi-cast problem, where there
can be more than one sourcein the network. Each source
originatesatasinglenodeandmayhavemultipledestinations.
Let M = f 1; 2; : : : ; mg denotethesetof sources.Any source
k 2 M correspondsto a sourcenode s(k ) 2 N and a set
of destinationnodesD (k ) � N . The communicationtask is
to send the information of sourcek from the sourcenode
s(k ) to all the nodesin D (k ) over the network. Note that the
numberm canbegreaterthann, sincemultiplesourceshaving
differentdestinationscanoriginatefrom the samenode.

Considera multi-relay route N (k ) � N for eachsource
k 2 M , where,N (k ) is an orderedsetof nodesstartingwith

s(k ) . For any i; j 2 N (k ) , theorderis de�ned by i
(k )
� j if node

i is upstreamof nodej along the route.Sinceall the nodes
on the multi-relay route will obtain the sourceinformation,
the multi-casttask is ful�lled as long as the route is chosen
suchthat D (k ) � N (k ) .

Considera discretememorylessnetwork channelmodel
describedby
�
X1 � � � � � Xn ; p (y1; : : : ; yn j x1; : : : ; xn ); Y1 � � � � � Yn

�

where X i and Yi , i = 1; : : : ; n are �nite input and out-
put alphabetsrespectively, andp(y1; : : : ; yn j x1; : : : ; xn ) is a
probabilitydistributiononY1 � � � �� Yn for each(x1; : : : ; xn ).
At any time t = 1; 2; : : :, eachnodei 2 N sendsx i (t) 2 Xi

into thechannelandreceivesyi (t) 2 Yi from thechannel.The
distribution of theoutputs

�
y1(t); : : : ; yn (t)

�
dependsonly on

the inputsat the time t via

p
�
y1(t); : : : ; yn (t)j x1(t); : : : ; xn (t)

�
:
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We choosea multi-relay route N (k ) � N for eachsource
k 2 M , such that D (k ) � N (k ) . Along each route, we
usethe schemeof regular block Markov encoding/backward
decoding.Thesem routescanbeunitedinto a joint backward
decodingscheme,if

(A1) It is possibleto assigna nonnegative integer to each
nodein thenetwork, suchthatalongany multi-relay
route excluding the sourcenode, the integers are
strictly increasing.

We notethat this assumptionrulesout two-way communi-
cation as well as other non-acyclic unions of routes,as we
note in Remark3.1 below. It should also be noted that the
condition (A1) dependson the speci�c relay routeschosen,
anddifferentrelayroutesmaybechosenfor thesamenetwork
topology.

For any sourcek 2 M , introduce an auxiliary random
variable U (k )

i with cardinality equal to jX i j for each node
i 2 N (k ) . Looselyspeaking,U (k )

i standsfor the information
nodei hasof sourcek. Denote

U(k ) = f U (k )
j : j 2 N (k ) g:

SinceN (k ) is an orderedsetof nodesasde�ned above, U(k )

is an orderedlist of randomvariables.Consequently, de�ne

U(k )
i � = f U (k )

j : j
(k )
� i; j 2 N (k ) g;

U(k )
i + = f U (k )

j : i
(k )
� j; j 2 N (k ) g:

For any nodei 2 N , denoteby M i := f k : i 2 N (k ) g theset
of all the sourceswith the multi-relay route passingthrough
nodei . For any S � M i , let

U(S)
i = f U (k )

i : k 2 Sg;

U(S) =
S

k2S U(k ) ;

U(S)
i � =

S
k2S U(k )

i � ;

U(S)
i + =

S
k2S U(k )

i + :

Thenwe have the following characterizationof them rates
simultaneouslyachievablealong the m multi-relay routesby
a joint backward decodingscheme:

Theorem3.1: Under the assumption(A1), a rate vector
R(M ) = (R(1) ; R(2) ; : : : ; R(m ) ) is achievable if there exist
someproductdistribution

Y

k2M

p(u(k )
j ; j 2 N (k ) );

andsomefunctions

x i = f i (u
(k )
i ; k 2 M i ); i 2 N ;

suchthat for any nodei 2 N andany S � M i ,
X

k2S

R(k ) < I (U(S)
i � ; Yi jU

(S)
i ; U(S)

i + ; U(M i nS) ): (20)

Proof: Consideran extendedchannel,where for each
nodei 2 N , we set x i = f i (u

(k )
i ; k 2 M i ). That is, instead

of x i , regard u(k )
i ; k 2 M i , as the multiple inputs of nodei

to the channel.
Regular Block Markov Encoding:
For eachsourcek, taking u(k )

i as the input of eachnode
i 2 N (k ) , generatea multi-relay codebookalong the route
N (k ) , accordingto

p(u(k )
j ; j 2 N (k ) );

in thesamewayasdonein [12]. Thecodebookis generatedin
the reverseorderof the route,so that for any nodei 2 N (k ) ,
the inputsU(k )

i + of the downstreamnodesarepredictable,and
theinputsU(k )

i � of theupstreamnodesprovide theinformation
of sourcek.

Joint Backward Decoding:
The idea of backward decodingwas introducedin [15]. It

was appliedto the three-noderelay network in [16]. Before
we develop a joint backward decodingschemefor multiple
sourceswith multiple routes,we �rst examinethe three-node
relay channelto convey the essentialideaof this scheme.

Considera three-noderelay network, wherenode1 is the
source,trying to sendinformationto node3 via node2. The
route is 1 ! 2 ! 3.

ConsiderB blocksof transmission,eachof T transmission
slots. In eachblock b = 1; 2; : : : ; B � 1, node1 sendsnew
information w(b) 2 f 1; 2; : : : ; 2T R g, until in the last block
B , w(B ) is always set to be 1. At the end of eachblock
b = 1; 2; : : : ; B � 1, node 2 can decodethe information
w(b) with an arbitrarily small probability of error if R <
I (X 1; Y2jX 2; X 3). Thenin thenext block b+ 1 = 2; 3; : : : ; B ,
node2 sendsw(b). Hencein eachblockb = 2; 3; : : : ; B , node
1 sendsw(b) and node2 sendsw(b � 1). Note that node1
choosesits codebookbasedon what node2 is transmitting,
accordingto the regular encodingscheme.

For node3, the decodingdoesnot happenuntil the endof
block B . During the block B , node2 sendsw(B � 1); and
node1 doesnot sendany new informationby settingw(B ) =
1, but it is helpingnode2 by choosingits codebookaccording
to w(B � 1). Hencenode3 candecodew(B � 1) with an ar-
bitrarily small probability of error, if R < I (X 1; X 2; Y3 jX 3).
Now, with w(B � 1) known to node 3, it appearsas if
node1 is not sendingany new informationduring the block
B � 1, so that w(B � 2) cansimilarly be decoded,basedon
what node3 received during the block B � 1. This process
continuesuntil block 2, whencew(1) is �nally decoded.Note
that the decodingof w(1); w(2); : : : ; w(B � 1) at node3 is
donebackwardly. This is the reasonfor calling this scheme
“backward decoding”.

Notethattheactuallyachievedrateis B � 1
B R. However, this

canbe arbitrarily closeto R by letting B ! 1 .
Now, supposethere is one more node,node4, down the

route: 1 ! 2 ! 3 ! 4. Then we needadd anotherlayer of
blocks,for backward decoding.
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ConsiderB 2 blocksof transmission.Sequentially, every B
blocks are assignedinto a group. So, in total, there are B
groups.In eachgroupg = 1; 2; : : : ; B � 1, sincethereareB
blocks,node1, node2 andnode3 canperformthe functions
describedabove, so that, at the endof the group,node3 can
decodeall the information sent by node 1 at the following
rate:

R < minf I (X 1; Y2jX 2; X 3; X 4); I (X 1; X 2; Y3jX 3; X 4)g:

Then, in the next group g = 2; 3; : : : ; B , node3 sendsthis
pieceof informationto node4. In the lastgroupg = B , node
1 andnode2 will not sendany new information,but just help
node3 in thetransmissionto node4. Node4 waits till theend
of all the groups,then it doesall the decodingstartingfrom
the group B in the samebackward manner. The decoding
succeedswith an arbitrarily small probability of error if R <
I (X 1; X 2; X 3; Y4 jX 4).

Note that theactuallyachievedrateis
�

B � 1
B

� 2
R. However,

it alsocanalsobe arbitrarily closeto R by letting B ! 1 .
Now it is clear how to extend this backward decoding

schemeto a multi-relay route with an arbitrary numberof
nodes:1 ! 2 ! � � � ! n. For eachadditionalnode,we only
needto add anotherlayer of blocks. Node 2 decodesat the
end of every block; node 3 decodesat the end of every B
blocks; node4 decodesat the end of every B 2 blocks; and,
in general,noden decodesat the endof every B n � 2 blocks.
For each node i 2 f 2; 3; : : : ; ng, by using the backward
decodingscheme,the upstreamnodes1; : : : ; i � 1 appearto
be cooperatingin sendinginformation to it, while the inputs
by the downstreamnodesi + 1; : : : ; n aretotally predictable.
Hencethe following rate is achievable:

R < min
2� i � n

I (X 1; : : : ; X i � 1; Yi jX i ; : : : ; X n ):

Actually, insteadof every 1; B ; B 2; : : : ; B n � 2 blocks, the
decodingtime of eachnodei 2 f 2; : : : ; ng canbe scheduled
at the end of every B j i blocks,1 as long as theseintegers
f j i ; i = 2; : : : ; ng satisfy0 � j 2 < j 3 < � � � < j n . Of course,
to minimize thedecodingdelay, it is thebestto setj i = i � 2
asin theabove.But this �e xibility of choosingdecodingtimes
allows the merging of multiple multi-relay routesinto a joint
backward decodingscheme,asexplainedin the sequel.

Finally, we arrive at the set-up of multiple multi-relay
routes. Under the assumption(A1), each node i 2 N is
assigneda nonnegative integer j i , and along any multi-relay
route excluding its sourcenode,the integersare in a strictly
increasingorder. Hence,by schedulingthe decodingtime of
eachnodei 2 N at the end of every B j i blocks,backward
decodingcan be performedalong eachof thesemulti-relay
routes,andfor any nodethatliesonmultiple routes,it decodes
multiple sourcesjointly at the sametime. This constitutes

1Correspondingly, nodei � 1 schedulesits transmissionin every B j i � 1

blocks.

a multiple-accesschannel,and the achievable rate region is
characterizedby the CDMA bound(20). �

Fig. 5. A two-way multi-relay network.

Remark3.1: Theassumption(A1) is necessaryfor usto be
ableto merge multiple routesinto a joint backward decoding
scheme.To seethis, considerthe network in Fig. 5, where
thereare two routes:1 ! 2 ! 3 ! 4 and4 ! 3 ! 2 ! 1.
Obviously theassumption(A1) doesnothold for thisnetwork,
sinceit is impossibleto assignintegersj 2 to node2 and j 3

to node 3, so that both j 2 < j 3 and j 2 > j 3. Since in the
backward decodingscheme,a nodemust decodeat a faster
frequency than the nodeafter it, it createsa con�ict in that
node2 needsto decodemore frequentlythan node3 (along
theroute1 ! 2 ! 3 ! 4), while node3 too needsto decode
more frequentlythannode2 (alongthe route4 ! 3 ! 2 !
1).

IV. APPLICATION TO SENSOR NETWORKS

Somesensornetworks consistof several sensorequipped
nodescollecting independentinformation that needsto be
communicatedto a designatedcollector or sink node;called
the datadownloadingproblemin [26]. Suchsensornetworks
canaccordinglybe modelledasmulti-sourcesingle-sinknet-
works.

Fig. 6. A multi-sourcesingle-sinksensornetwork.

In the exampledepictedin Fig. 6, threesourcenodes,s1,
s2 ands3, desireto sendinformationto the samedestination
noded, using,asrelays,thenodesr 1, r2 andr3. By Theorem
3.1, the rate vector (R(1) ; R(2) ; R(3) ) is achievable if there
exist someproductdistribution

p(u(1)
s1

; u(1)
r 1

; u(1)
d )p (u(2)

s2
; u(2)

r 2
; u(2)

r 3
; u(2)

d )p (u(3)
s3

; u(3)
r 3

; u(3)
d );
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8
>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>:

R(1) < I (U (1)
s1 ; U (1)

r 1 ; Yd jU (1)
d ; U (2)

s2 ; U (2)
r 2 ; U (2)

r 3 ; U (2)
d ; U (3)

s3 ; U (3)
r 3 ; U (3)

d )

R(2) < I (U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; Yd jU (2)

d ; U (1)
s1 ; U (1)

r 1 ; U (1)
d ; U (3)

s3 ; U (3)
r 3 ; U (3)

d )

R(3) < I (U (3)
s3 ; U (3)

r 3 ; Yd jU (3)
d ; U (1)

s1 ; U (1)
r 1 ; U (1)

d ; U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; U (2)

d )

R(1) + R(2) < I (U (1)
s1 ; U (1)

r 1 ; U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; Yd jU (1)

d ; U (2)
d ; U (3)

s3 ; U (3)
r 3 ; U (3)

d )

R(1) + R(3) < I (U (1)
s1 ; U (1)

r 1 ; U (3)
s3 ; U (3)

r 3 ; Yd jU (1)
d ; U (3)

d ; U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; U (2)

d )

R(2) + R(3) < I (U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; U (3)

s3 ; U (3)
r 3 ; Yd jU (2)

d ; U (3)
d ; U (1)

s1 ; U (1)
r 1 ; U (1)

d )

R(1) + R(2) + R(3) < I (U (1)
s1 ; U (1)

r 1 ; U (2)
s2 ; U (2)

r 2 ; U (2)
r 3 ; U (3)

s3 ; U (3)
r 3 ; Yd jU (1)

d ; U (2)
d ; U (3)

d )

(21)

andsomefunctions

xs1 = f s1 (u(1)
s1 ); xs2 = f s2 (u(2)

s2 ); xs3 = f s3 (u(3)
s3 );

xr 1 = f r 1 (u(1)
r 1 ); xr 2 = f r 2 (u(2)

r 2 );

xr 3 = f r 3 (u(2)
r 3 ; u(3)

r 3 );

xd = f d(u(1)
d ; u(2)

d ; u(3)
d );

suchthat for noder 1,

R(1) < I (U (1)
s1

; Yr 1 jU (1)
r 1

; U (1)
d );

for noder 2,

R(2) < I (U (2)
s2

; Yr 2 jU (2)
r 2

; U (2)
r 3

; U (2)
d );

for noder 3,
8
>>>>><

>>>>>:

R(2) < I (U (2)
s2 ; U (2)

r 2 ; Yr 3 jU (2)
r 3 ; U (2)

d ; U (3)
s3 ; U (3)

r 3 ; U (3)
d )

R(3) < I (U (3)
s3 ; Yr 3 jU (3)

r 3 ; U (3)
d ; U (2)

s2 ; U (2)
r 2 ; U (2)

r 3 ; U (2)
d )

R(2) + R(3) <
I (U (2)

s2 ; U (2)
r 2 ; U (3)

s3 ; Yr 3 jU (2)
r 3 ; U (2)

d ; U (3)
r 3 ; U (3)

d );

while, for noded, the inequalities(21) at the top of this page
hold.

The set of inequalitiescharacterizingthe achievable rate
region may seemvery complicated,especially if there are
many multi-relay routescrisscrossingeachother in the net-
work. However, the rules to follow when writing down the
inequalities(20) for eachnodeareactuallyquite simple.For
any node,only the routespassingit areof any concern,and
all theotherrouteswith thecorrespondingsourcesandinputs
appearinvisible. If a nodei is on only oneroute,say, N (k i )

of the sourceki , thenonly one inequalityapplies:

R(k i ) < I (U(k i )
i � ; Yi jU

(k i )
i ; U(k i )

i + );

where U(k i )
i � and U(k i )

i + are the inputs (correspondingto the
sourceki ) of the upstreamnodesand the downstreamnodes
respectively. Actually, U (k i )

i canbe equivalently replacedby
X i , sincenodei hasno other auxiliary inputs.On the other
hand, for a node at the intersectionof ` > 1 routes, its
environment is similar to a multiple accesschannel with

` sources:with each source providing a set of inputs of
the correspondingupstreamnodes,while the inputs of the
downstreamnodesareknown.

Remark4.1: The advantageof applying the multi-source
multi-relayschemeto suchmulti-sourcesingle-sinknetworks,
as the one shown in Fig. 3, is obvious. Since multiple
sourcesconverge to a single sink, traf�c gets concentrated
and increasesas one getscloser to the sink. If a traditional
multi-hop schemethat does not exploit information theory
is used,then the bottleneckof the whole network would be
the areaaroundthe sink where the links carry the heaviest
traf�c. However, by utilizing a multi-relayscheme,eachnode
makesuseof theinputsof all theupstreamnodes.As onegets
closer to the sink, there are more upstreamnodesto help,
which meanshigher received signal power and thus higher
achievablerates.For thesink nodeespecially, all theinputsof
all the othernodescanbe used.Importantly, andfortunately,
we note that for networks with such a tree structure, the
condition (A1) does indeed hold, which meansthat joint
backward decodingcanbe used.

V. SOME CAPACITY RESULTS

In this section,we considera special caseof the above
mentioneddata downloading problem with AWGN channel
models, where the exact capacity can be determined.Our
motivation comesfrom [11], whereit was shown that under
the assumptionof phasefading,with the phasenot known to
the transmitter, so that transmitterscannotachieve coherent
beamforming,the capacityis indeedachievedby the decode-
and-forward relay scheme,whenever the relays are located
closeenoughto the source.This was the �rst capacityresult
for wirelessrelay channelsunderrealisticassumptions.

Here,we try to extendthesameideato thecaseof multiple
sources.Considera two-sourceone-sinkwirelessnetwork as
depictedin Fig. 4. Denotethedistancebetweenany two nodes
i andj by dij . Let Pi be the power constraintof nodei . Let
N i be the varianceof the additive white Gaussiannoise at
node i . Then, from (20), we have the following achievable
rateregion (a simpli�ed versionhasbeengiven in (9)-(13)):
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For node3,

R(1) < log
�

1 +
P1=d�

13

N3 + P2=d�
23 + P4=d�

43

�
; (22)

for node4,

R(2) < log
�

1 +
P2=d�

24

N4 + P1=d�
14 + P3=d�

34

�
; (23)

and for node5,
8
>>>>>>>>><

>>>>>>>>>:

R(1) < log
�

1 +
P1=d�

15 + P3=d�
35

N5

�
; (24)

R(2) < log
�

1 +
P2=d�

25 + P4=d�
45

N5

�
; (25)

R(1) + R(2) < (26)

log
�

1 +
P1=d�

15 + P2=d�
25 + P3=d�

35 + P4=d�
45

N5

�
;

where � denotesthe path-lossexponent.We assumephase
fading, with the phaseunknown to the transmitter, so that
no coherentbeamformingcan be or is exploited, as can be
seenfrom the above. On the other hand, the phasefading
assumptionalso leads to the conclusionthat the inequality
(26) is actually the cut-setboundfor node5, sincethe RHS
of (26) indeedfeaturesthe maximumsignal power that can
be received by node 5. Therefore,the throughputcapacity,
maximizingR(1) + R(2) , is achievedonce(26) is tight among
these� ve inequalities,i.e.,

minf The RHS of (22); The RHS of (24)g

+ minf The RHS of (23); The RHS of (25)g

� The RHS of (26): (27)

Therefore,the joint backward decodingactually achieves
the throughput capacity (26), provided the condition (27)
holds.It canbeeasilyseenthat thecondition(27) dependson
thedistancesbetweenthenodes,andalsothesignal-to-noise-
ratios (SNRs) Pi =N j . For �x ed SNRs, obviously, a special
geometryfor (27) to hold is that node 5 is far away from
the othernodes,suchthat the distancesf di 5g aresuf�ciently
larger than the otherdistancesf dij ; j 6= 5g.

In a similar fashion, one can determinewhen the joint
backwarddecodingachievesthethroughputcapacityfor more
complicatednetworks.

Finally, anobservationworthpointingout is thatthebounds
(22) for node3, and(23) for node4, aredeterminedby signal-
to-interference-plus-noise-ratio(SINR) insteadof just SNRas
in thebounds(24)-(26)for node5. Thereasonis thatnode3 is
not supposedto decodesource2, andnode4 is not supposed
to decodesource1. Therefore,the signalstransmittedby the
secondroute(namely, node2 andnode4) causeinterference
to node3, andvice versafor node4.

VI . IMPROVEMENTS BY TIME-SHARING

The achievable rate regions stated in Theorem 2.1 and
Theorem3.1 canbe further improved by introducinga time-
sharing random variable Q, as is a standardtechniquein
multi-user information theory [22, Sec. 14.3.3]. Hence the
rateregion (9)-(13) canbe expandedto

R1 < I (X 1; Y3jX 3; Q)

R2 < I (X 2; Y4jX 4; Q)

and
8
><

>:

R1 < I (X 1; X 3; Y5jX 2; X 4; Q)

R2 < I (X 2; X 4; Y5jX 1; X 3; Q)

R1 + R2 < I (X 1; X 3; X 2; X 4; Y5; Q);

for somejoint distribution p(q)p(x1; x3 jq)p(x2; x4 jq). Simi-
larly, the rateregion (20) canbe expandedto

X

k2S

R(k ) < I (U(S)
i � ; Yi jU

(S)
i ; U(S)

i + ; U(M i nS) ; Q)

for somejoint distribution p(q)
Q

k2M p(u(k )
j ; j 2 N (k ) jq),

andsomefunctionsx i = f i (u
(k )
i ; k 2 M i ; q), for i 2 N .

As we have discussed,for the generalmulti-sourcemulti-
relay networks consideredin this paper, amongthe several
known decode-and-forward coding schemes,the joint back-
warddecodingprovidesthelargestachievablerateregionwith
a niceandcompactformula.However, a majordrawbackwith
backward decodingis the excessive delay, especiallywhen
the numberof relaysis large.Therefore,it would be of great
interestto develop simpler coding schemesthat can achieve
the samerateregion with lessdelay.

An idea to study in this regard is inspiredby the simple
multiple accesschannel,for which it is well known that the
capacityregion canalsobeachievedby time-sharingbetween
the cornerpoints.Consider, for example,the capacityregion
(6)-(8)of amultipleaccesschannelwith two sources,depicted
in Fig. 7 asa pentagon.Any ratepair (R1; R2) corresponding
to a point inside this pentagoncan be achieved directly by
joint decodingof both sources.However, actually, insteadof
joint decoding,thecornerpointA canalsobeachievedby �rst
decodingsource1 with source2 treatedaspurely interference
at the rateR1 < I (X 1; Y3), andthendecodingsource2 with
source1 completelyknown, at the rate R2 < I (X 2; Y3 jX 1).
Similarly, thereversedecodingorderleadsto thecornerpoint
B . Then,with all thecornerpointssoachieved,therestof the
points inside the pentagoncanbe achieved by time-sharing.

Sucha successive decodingstrategy canalsobe appliedto
themulti-sourcemulti-relaynetwork consideredin this paper.
With eachsourcetreatedindividually in a sequentialmanner,
sliding-window decodingcan be usedfor eachrelay route,
andtheresultedcodingschemecanbemuchsimplerthanthe
joint backward decoding.But unfortunately, except for some
simplescenarioslike themultiple accesschannelin Fig. 3, the
achievablerateregion is generallysmallerif therearerelays.
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R2

R1

A

B

I (X ;Y )1 3

I (X ;Y )2 3

Fig. 7. The capacityregion of a multiple accesschannel.

For example,considerthe two-sourcerelay network with
the achievablerateregion givenby (22)-(26).The constraints
(24)-(26) de�ne a pentagonlike the one shown in Fig. 7.
With the additional constraints(22)-(23) of the relays, the
achievablerate region canbe further con�ned asdepictedin
Fig. 8. While thepointC is still achievable,it is notachievable
by time-sharingbetweenA0 and B 0, which are the corner
points resultedfrom successive decodingnow.

R(1)

A

C

B

R(2)

(22)

(23)
A’

B’

Fig. 8. An achievable rate region of a two-sourcerelay network.

For the specialmulti-sourceone-relaynetwork studiedin
[23], [24], an offset encodingschemehasbeenproposedin
[27], [28], which, combinedwith sliding-window decoding,
canachieve thecornerpointswith muchlessdelaycompared
to backward decoding.However, due to the reasonexempli-
�ed above, sucha schemewith time-sharingcannotachieve
the samerate region as backward decodingfor the general
networks consideredin this paper.

VI I . CONCLUDING REMARKS

We have consideredhereproblemsinvolving wirelessnet-
works with multiple sources,each with perhapsmultiple
destinationsas in multicast,and multiple relay nodes.These
problems feature aspectsof both relay channelsas well
as multiple accesschannels.We have shown that while in
relaychannels,severalvariantsof decode-and-forwardcanall
achieve the samefeasibleregion, in contrast,when thereare
multiple sourcesandroutesthat intersect,backwarddecoding

can actually achieve superiorrates.For certain specialsce-
nariosof the datadownloadingproblemin sensornetworks,
suchbackwarddecodingcanindeedachievetheexactcapacity
region for somegeometrieswhen there is phasefading that
is unknown at the transmitter.

The main theme of this study, exploiting “interference”
rather than succumbingto it, has been the motivation to
develop moresophisticatedcodingschemesfor wirelessnet-
works.Clearly, besidestherelayandmultiple-accessschemes
studiedin this paper, otherbasicschemesin multiuserinfor-
mation theoryalsohave the potentialto be incorporatedinto
the framework for further improvement.For example,much
researchhasbeendoneon relay broadcastchannels(see[29]
and the referencestherein),and it is certainly of interestto
developgeneralschemeswhich featurerelay, multiple-access
andbroadcastaltogether.

Another potential improvementmay come from network
coding.For example,the two-way multi-relaynetwork shown
in Fig. 5 is not a structurewhere joint backward decoding
canbeapplied,but it is well suitedfor network codingwhere
information �o ws of differentdirectionscan be combinedat
the intermediatenodes(seee.g., [30]).
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