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Abstract— Networks with multiple source-destination pairs,
involving possibly multicast, and where there are multiple nodes
that can sewe as potential relay nodes, are considered. A
multi-source multi-r elay coding schemeis developed. In this
scheme eachsource's information is sentto 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 as code-dvision multiple-access(CDMA). 1t is
found that in the generalization to multiple sources, backward
decoding achieves higher rates than sliding-window decoding
The routing structure 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
establishedfor certain geometrieswhen 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.

|. INTRODUCTION

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

Viewed more fundamentallythough,even “interference”is
a signal that can potentially be exploited. This motivatesthe
challengeof exploiting interferencerather than succumbing
to it, which necessitatean information-theoretidreatment.
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Fig. 1. A one-relaynetwork.

A. TheRelayChannel

Perhapsthe simplest context in which this arisesis the
three-nodenetwork depictedin Fig. 1. Supposenodel is the
source,which wantsto sendinformation to the destination
node3. In mary situations,the destinationnode3 may be at
a greatdistancefrom node 1 so that ary signal transmitted
directly from node 1 to node 3 suffers such a considerable
attenuatiorthatit precludesary directreliablecommunication
at a high rate. In sucha situation,one wantsto exploit the
presenceof the intermediatenode 2, so thatnodel can rst
transmitto node 2, with node 2 then transmittingto node 3.
This resultsin two shortefrangecommunicationsboth reli-
ably feasibleat a high enoughrate. The fundamentabuestion
that arisesat this point is whetherthe signal transmittedby
nodel necessarilycausesinterference”to node3? The fact
is that althoughthis signal is intendedfor node 2, it carries
exactly the sameinformation that node 3 wantsto decode
eventually

Motivated by this problem, the “relay channel” rst pro-
posedin [3], [4] almostforty yearsago, hasbecomeone of
the basictopics of multi-userinformation theory where the
interestcenterson developingcodingschemesuchthat node
3 caneffectively exploit both the signalstransmittedby node
1 andnode2. Two fundamentallydifferentcoding stratejies,
calleddecode-and-forard and compress-and-forard, differ-
ing in whetherthe relay node 2 decodegshe information or
not, were developedin [5].

Denotingthe signalstransmittedby node1 andnode?2 as
x1(t) andxz(t) respectiely, andthe signalsrecevedby node
2 andnode3 asy,(t) andy;(t) respectiely, we assumehat
they arerelatedby the probability transitionfunction

P(y2(t); ys(D)ixa(t); x2(t));  for ary time t;
which describeghe discretememorylesshannelinvolved. It
hasbeenproved in [5] that the following rate is achieable
with a decode-and-forard strateyy:

R < max minfl(Xq;Y2jX2);1(X1;X2;Y3)g:

p(X1;x2)

@)



Examiningmore closely the two constraintson R:

R < 1 (X1;Y2jX2);
R < 1 (X1;X2;Y3);

)
®3)

we obsene that (2) is what is neededfor the relay node 2
to indeed be able to decodethe information basedon the
signaltransmittedoy nodel. Thesecondtonstraini(3) applies
irrespectve of the particularschemeused,sinceit represents
the limit that at bestnode3 canonly make useof the signals
transmittedby nodesl1 and 2.

At rst sight,both(2) and(3) look quite understandabland
evenstraightforvard. This is however misleadinglf onelooks
closelyattheformula(l), it is actuallyvery surprisingthatthe
rate satisfyingonly thesetwo constraintds feasible,sincethe
maximizationis over p(x1;Xz) ratherthan over p(x1)p(x2),
which canonly beachievedby nodel andnode2 cooperating
with eachotherwhentransmittingsignals.Thatthisis feasible
is rather surprising since there is always a positve delay
before node 2 can decodethe information concerningthe
intention of node 1. But, by that time, node 1 would have
moved on to transmitnew information. Hence,node 2 can
never catch up with node 1, which raisesthe issue of how
they cancooperatgogetherto transmitto node 3.

Indeed,the coding schemedevelopedin [5] to achieve (1)
is nontrivial. The essentialtechniqueusedis what is called
block Markov encodingwhich alsohasprofoundapplications
in otherareasof multi-userinformationtheory including the
multiple-accesshannelwith feedback6].
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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 the sourcenode
1 to the destinatiomoden. A naturalquestionis whetherthe
formula (1) canbe extended.Surprisingly suchan extension
studiedin [7], [8], [9], [10], [11], [12], [13] turnedout to be
nottrivial atall. It wasnot until [9] thatit was nally realized
that the following rateis achievable:

R < max

p(x1;:Xn 1)2 k n
4)
Although (4) is still achievablewith a decode-and-forard
stratgy, it is not achiezable with the specic “irregular”
encoding/success decodingschemedevelopedin [5]. In-
steadjn [9], a“regular” encoding/“sliding-winda” decoding
schemavasshavn to achieve (4). Thesliding-window decod-

channelwith generalizedeedbackLateron, it wasdiscovered
in [11] that (4) can also be achieved with the “backward”
decodingschemewhich was inventedin [15] and hassince
been used for the one-relay channelin [16]. Recently a
modi ed successie decodingscheme(having the avor of
sliding-window decoding)was developedin [17] to achieve
(4). Among all theseschemesthe sliding-windon decoding
schemeis the simplest,while the backward decodinggives
risesto large decodingdelay andis alsothe mostinvolved.
Theformula(4) hasa similar interpretatioras(1). For each

®)

The conditional mutual information on the RHS above im-
plicitly presumeghat for the decodingat nodek, the signals

in providing the information.Let us examinethe rst issueof
why nodek shouldknow what will be transmittedby nodes
1. The reasonis that in this system,there
is only one source-destinatiomair, for which information
is passedalongtheroute1 ! 2! I n. Thus, ary
1 hasalready

thereforeknows what they will transmit.

The precedingnterpretationillustratesthe remarkablefea-
ture of formula(4): Thereis nointerferenceatall in thewhole
network! To ary node, the signal transmittedby arny other
nodeis eithera “real” signalthat canbe usedfor decoding,
or a priori known signalthat can be subtracteccompletely

Comparedto the simple practiceof regardingothertrans-
mitters as interferers,the relay schemeghereforeseemto be
obsessedvith exploiting interferenceratherthan succumbing
to it. But is it worth it? How much can be gainedby using
such“smarter”schemes? studyin [9] shavsthatin wireless
networks with low signal attenuationthe multi-relay scheme
canachieve higherorder(supetlinear) scalinglaws compared
to thoseobtainedin [2]. However, when signal attenuationis
high enough the scalinglaws cannotbe improved as proved
in [9], but it is still possibleto achieve substantiallyhigher
rates,especiallyfor small-scalenetworks.

So far, we have beenfocusedon the decode-and-forard
stratgy, which fundamentallyrelies on the relay nodesbe-
ing able to decodethe information they are transmitting.
However, the relay nodescan help even without decoding
the informationthemseles. This is the stratgyy employed in
schemesuchascompress-and-forard,amplify-and-forward,
etc. Unfortunately there is no single known relay stratgy
which is superiorto all othersin all scenariosWhich relay
stratgyy 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-

ing hadbeenusedin [14] in the contet of the multiple-access forward stratayy, sinceit is the only one where interference



completely disappearg(as in (4)). In either compress-and-
forward or amplify-and-forward, interferenceis inevitably
presentsince without decoding,hoise cannotbe Itered out
andwill alwaysbe forwarded.But it shouldbe notedthatthe
decode-and-forard stratgy may be severely suboptimalfor
somenetwork topologies.

C. Multiple Souces

When there is only one sourcein the network and all
transmitted signals are devoted to it, interferencecan be
completelyavoidedas (4) demonstrateBut whatif thereare
multiple sources?Will signals devoted to different sources
always interferewith eachother?
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Fig. 3. A multiple accessetwork.

Considerthe simple two-sourcenetwork in Fig. 3, where
nodes1 and 2 are two separatesources.Let us consider
the casewhere both sourcenode 1 and sourcenode 2 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 characterizatiorof the capacityregion for the multiple
accesschannelin [19], [20], we know that not only can
bothtransmissionsimultaneoushbe successfulbut alsothat
simultaneoustransmissionis indeed a way to achieve the
maximumrates,and canbe realizedusingthe codingscheme
of code-dvision multiple-acces§CDMA).

Denotingthe signalstransmittedby node1 andnode?2 by
x1(t) andx»(t) respectiely, andthe signalrecevedby node3
by ys(t), we considerthe discretememorylesshannelwhere
they arerelatedby the probability transitionfunction

P (ya(t)jxa(t); x2(1));
The following rate pair (R1; R2) is achievablewith CDMA:
8

for ary time t:

2 R1 < 1(X1;Y3)X2) (6)
S Rz < |(X2;Y3jxl) (7)
R+ Ry < I(X1;X2;Y3): (8)

This rate region (6)-(8) has been proved to be maximal in

[19], [20]. If only (6) and (7) were present,it would seem
thatsourcel andsource2 canbe decodedseparatelywithout
interfering with eachother However, the sum-rateconstraint
(8) makes it impossibleto achieve both (6) and (7) at the
sametime. Therefore,the two sourcesare indeed affecting
eachother Nevertheless(6)-(8) is alreadythe bestone can
do.

The main purposeof this paperis to develop a multiple
relay schemefor networks with multiple sources We will try
to presere the spirit of (4), in the sensehatall usefulsignals
areused,andall a priori known interferencesare subtracted.
We will alsotry to achieve the bestrate region in a form
similar to (6)-(8), for nodesthat have multiple sourcesto
decode.The nal schemewill accordinglyhave the avors
of both the multiple relay and multiple accesschannels.

The remainderof this paperis organizedas follows. We
rst considera simple two-sourcenetwork, and illustrate the
essentialideasof the coding schemein Sectionll. Then,in
Sectionlll, for generalnetworks, we develop a generalmulti-
sourcemulti-relay schemeandcharacterizeéhe corresponding
achievable rate region. Potentialapplicationsof this scheme
to sensometworks are discussedn SectionlV. In SectionV,
the exactcapacityfor the datadownloadingproblemin sensor
networksis obtainedfor somegeometriesunderphasefading
unknawn at the transmitter

Il. A TWO-SOURCE RELAY CHANNEL

As a starting point towards a generalmulti-sourcemulti-
relay coding scheme considerthe network depictedin Fig.
4, wheretwo sourcenodesl and 2 wantto sendindependent
informationto the samedestinatiomnode5, with nodes3 and
4 actingastherelays.

Fig. 4. A two-sourcerelay network.

Accordingto their relative locations,two relay routesare
chosenin thenetwork: 1! 3! 5and2! 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-forard strateyy in the paper
Thereforewe considerschemesvherenode3 needgo decode
the information sentby node 1, and node4 needsto decode
the information sentby node2.

Before rigorously stating the achievable ratesfor the net-
work, we needintroducesomeinformation-theoreticotation
for the network channel model. This network channelis
modeledby

X1 X 2 X 3X 4; p(Y3;Ya;Ys5) X1;X2;X3;X4); Y3 Y 4Y 5 ;

where X; andY; are nite input and output alphabetsre-
spectvely, and p(ys;VYa4;Ysj X1; X2;X3;X4) iS a probability
distribution on Yz Y4 Y5 for each (Xi;X2;X3;X4) 2



X1 Xz Xz X4 Atarytimet = 1;2;:::, eachnode
i 2 f1;2;3;4g sendsx;(t) 2 X; into the channel,and each
nodej 2 f3;4;5g recevesy; (t) 2 Y; from the channel.The
distribution of the outputs ys(t); y4(t);ys(t) only depends
on the inputsat the time t via

P y3(t);ya(t);ys(t)j xa(t); x2(t); X3(t); x4(t) :

While we consideronly the caseof nite alphabetsa contin-
uousmodelcanbe approximatedarbitrarily well by choosing
the alphabetsize large enoughasin [21, Ch. 7].

The sourcenodesl and 2 transmitsignalsx 4 (t) andxz(t)
basedon the messagethey wantto send.The relay nodes3
and4 decidewhatto transmitbasedonly on the signalsthey
have alreadyreceved:

1));
1));

wherefs(), fax(), t 1 canbe ary functions. After a
time block 1 t T, the destinationnode 5 needsto
decodeboththe messagesentby nodesl and2 basedon the

de nitions of codes,encodingfunctions,decodingfunctions,
probability of error, andachiesableratesareasis standardn
informationtheory Seee.g.,[12] for details.

Denote by R; and R, the transmissionrates of source
nodes1 and 2 respectiely. A rate pair (R1;R2) is said
to be achievable if both the messagesan be decodedat
the destinationnode 5 with an arbitrarily small probability
of error. We have the following theoremcharacterizingthe
achievablerate pairs.

Theoem2.1: For the two-sourcerelay network de ned
above, ary rate pair (R1;R2) satisfying the following ve
inequalitiesis achievable:

R1 < 1(X1;Y3)X3) 9)
R2 < 1 (X2; YajX4) (10)
and 8
2 Ri < |(x1;X3;Y5jX2;X4) (11)
o R2 < 1(X2; X4 Ys)X 15 X 3) (12)
R1+ Ry < I(X1;X3;X2;X4;Ys) (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 information sentby node2. The constraint§11)-(13)are
for the decodingat node 5, which looks like an extension
of (6)-(8), only differentin that now with the help of the
relays,thereare two inputs (X 1; X 3) for sourcel, andtwo
inputs (X 2; X 4) for source2. Therefore,the achievable rate
region (9)-(13)is a naturalcombinationof multiple relay and
multiple accessNote also the cooperatie featureembodied
in the optimizationover p(x1; X3)p(X2; X4).

Whatis the codingschemeto achieve (9)-(13)?Obviously,
it should have both the elementsof the decode-and-forard
schemeaswell asthe code-dvision multiple-accesscheme.
Amongthe severaldecode-and-forardschemesnentionedn
theintroduction,the sliding-windav decodingis the simplest,
while, as noted above, the backward decodingis the most
involved andalsoinducesexcessve delays.However, it turns
out that for the case of multiple sources,only with the
backward decodingcan the rate region (9)-(13) be achieved.
Neitherthe sliding-windov decodingschemenor the succes-
sive decodingschemecan achieve the sameregion.

The essentiateasorfor the differenceis that backward de-
codingis a one-blo&-decisionrscheme while boththe sliding-
window decodingand the successie decodingschemesare
multiple-blok-decision schemes Speci cally, for the one-
level relay network in Figure 4, both the sliding-window
decodingand the successie decodingneedtwo consecutie
blocksto make one decodingdecision.

Proof of Theoem 2.1: ConsiderB blocks of transmis-
sion,eachof T transmissiorslots. Two sequencesf messages

1;2;:::;B 1 will be sentoverin TB transmissiorslots.
(NotethatasB ! 1 ,therateTR;(B 1)=TB is arbitrarily
closeto R forary T,i = 1;2)

Considerary x edp(X1;x3) andp(x2;X4). We useregular
block Markov encodingfor both the relay routes1! 3!
5aswellas2! 4! 5 accordingto p(x1jx3)p(x3) and
p(X2jX4)p(X4) respectiely; see[12] for the detailsof regular
block Markov encoding.

The relay nodes3 and 4 decodew;(b) andw-(b) respec-
tively at the end of eachblock b = 1;2;:::;B 1. The
decodingerror can be made arbitrarily small by choosing
sufciently largeT, if

Ry < 1(X71;Y3jX3);
Ra < 1(X2; Y4)X4):

Accordingto the regular block Markov encoding,in each
block b = 1;2;:::;B, dependingon the messagen;(b) of
this block andthe messagev,(b 1) of the previous block,
nodel transmitsa vector x; (w1 (b)jwi(b 1)) of length T,
andsimilarly, node2 transmitsa vectorx,(wz(b)jwa (b 1));
andif without decodingerror, the relay nodes3 and4 would
transmitvectorsxz(wi(b 1)) andx4(w2(b 1)) respectiely.
Note that a special arrangemenis neededat block 1 and
block B, for which we setw;(0) = w»(0) = 1 andwy(B) =
WZ(B) =1

The destinationnode5 doesnot commencelecodinguntil
the end of block B, when it startsto decodebackwardly.
First, it decodesw;(B 1) andw,(B 1), basedon the
vector Y5(B) it receved in block B. It declares(w1(B
1), w2(B

X1(1jw1); X2(1jwz); X3(W1); Xa(W2); Y5(B)



is jointly typical accordingto
P(X1; X3)P(X2; X4)P(YsjX1; X2; X35 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.

edgeof (w1 (b); w2(b)), node5 decodegw (b 1);wa(b 1))
by checkingthe joint typicality of

xi(wi(B)jwi(b  1));x2(wa(b)jw2(b  1));
xz(wi(b 1));xa(w2(b 1));Ys(b) :

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

However, if insteadof backward decoding,node 5 uses
sliding-window decoding,thenit would needto rst decode
(w1(1); w2(1)) basedbnblocksl and2 asfollows: It declares
(w1(1);w2(2)) = (wi;ws), if (wg;wsy) is the unique pair
suchthatin block 1,

X1(W1j1); X2(W2j1); X3(1); X4(1); Y5(1) (14)
is jointly typical, andalsoin block 2,
x3(W1); X4(W2); Y5(2) (15)

is jointly typical. The decodingwould be successfulwith a
high pr80bability if andonly if

2 Ri < |(X1;Y5jX2;X3;X4)+ |(X3;Y5jX4) (16)
. Re< I (X2; Y5jX1; X3, X4) + 1(X4;YsjX3) (17)
R1+ Ro < 1(X1;X2;X3;X4;Ys); (18)

where (16) accountsfor the error eventswherew; is wrong
but w, is correct; (17) accountsfor the error eventswhere
wy is wrong but w; is correct; and (18) accountsfor the
error events where both w; and w, are wrong, noting that
I (X1;X2;X3;X4;Ys) follows from

I(X1;X2; Y5jX3; X4) + 1(X3; X4, Ys): (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, and X1 into the conditional part of the
second mutual information in (16) and (17) respectiely,
we will obtain the samethree boundsas (11)-(13). Since
(X 1;X3) areindependentf (X 2; X 4) for ary joint distribu-
tion p(x1; X3)p(X2; X4), this insertionwill generallyincrease
the bounds.Hence, generally the sliding-windov decoding
achieveslower rates.

In the relay structureshowvn in Fig. 4, sincenode 3 does
not decodesource?, the signalstransmittedby nodes2 and
4 causeinterferenceto it. Similarly, nodes1 and 3 cause

interferenceto node 4. Theseinterferencexan also be seen
from (9)-(10). It is possibleto changethe relay structureto
avoid such interferences.For example, we could let node
3 also decodesource?, so that nodes2 and 4 no longer
causeinterferenceto node 3. This may not be a wise choice,
however, sincedependingon the network topology it may be
even harderfor source2 to reachnode3 thanfor it to reach
the destinationnodeb.

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 decodingcan achieve higher
ratesthan either successie decodingor sliding-window de-
coding.

I1l. GENERAL NETWORKS

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

Considera network of n nodesN = f1;2;:::;ng. We
consider the multi-source multi-cast problem, where there
can be more than one sourcein the network. Each source
originatesat a singlenodeandmayhave multiple destinations.
LetM = f1;2;:::; mg denotethe setof sourcesAny source
k 2 M corresponddo a sourcenodes) 2 N and a set
of destinationnodesD) N . The communicatiortask is
to sendthe information of sourcek from the sourcenode
st to all the nodesin D) over the network. Note that the
numbem canbegreatetthann, sincemultiple sourceshaving
differentdestinationscan originatefrom the samenode.

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

s Foraryi; j 2 N theorderis de nedbyi 0 j if node
i is upstreamof nodej alongthe route. Sinceall the nodes
on the multi-relay route will obtain the sourceinformation,
the multi-casttaskis ful lled aslong asthe routeis chosen
suchthatD® N ()

Considera discrete memorylessnetwork channelmodel
describedby

X1 Yn

probability distributionon Y
At ary timet = 1;2;:::, eachnodei 2 N sendsx; (t) 2 X;
into thechannelndrecevesy;(t) 2 Y; fromthechannelThe

theinputsat the time t via



We choosea multi-relay routeN () N for eachsource
k 2 M, suchthat D& N (). Along each route, we
usethe schemeof regular block Markov encoding/backard
decoding.Thesem routescanbe unitedinto ajoint backward
decodingschemeijf

(A1) It is possibleto assigna nonngyative integerto each

nodein the network, suchthatalongary multi-relay
route excluding the sourcenode, the integers are
strictly increasing.

We notethat this assumptiorrules out two-way communi-
cation as well as other non-agclic unionsof routes,as we
note in Remark3.1 below. It should also be noted that the
condition (A1) dependson the speci ¢ relay routeschosen,
anddifferentrelay routesmay be choserfor the samenetwork
topology

For ary sourcek 2 M, introduce an auxiliary random
variable Ui(k) with cardinality equal to jX;j for eachnode
i 2 N &), Loosely speakingU*) standsfor the information
nodei hasof sourcek. Denote

(k) — (k) . & (K) -
uk = fy® :j 2 NOg
SinceN ) is an orderedsetof nodesasde ned above, UK

is an orderedlist of randomvariables.Consequentlyde ne

k
U =1y Vi 2 Nwg;

(k)
U = ij(k) i g j 2 N(Kg:

For ary nodei 2 N, denoteby M ; := fk : i 2 N K gtheset

of all the sourceswith the multi-relay route passingthrough

nodei. Forary S M, let

Ui(s) = fUi(k) s k2 Sg;
uls) = Skzs Uk
ue = Skzs U,
Ui(+s) = Skzs Ui(JI:)5

Thenwe have the following characterizatiomf the m rates
simultaneouslyachiezable along the m multi-relay routesby
a joint backward decodingscheme:

Theoem3.1: Under the assumption(Al), a rate vector

someproductdistribution

K) -
p(uj( );J 2 N‘k));
k2M
and somefunctions

Xj = fi(ui(k);kz Mi); i2N;
suchthatfor ary nodei 2 N andary S M j,

R(k) < | (U|(S)aYIJU|(S)1 U|(+S)’ U(M inS)):
k2S

(20)

Proof. Consideran extendedchannel,where for each
nodei 2 N, we setx; = fi(ui(k); k 2 M ). Thatis, instead
of x;, regard ui(k); k 2 M, asthe multiple inputs of nodei
to the channel.

Regular Block Markov Encoding:

For eachsourcek, taking ui(k) as the input of eachnode

i 2 N® generatea multi-relay codebookalong the route
N () accordingto

p(u;j 2 Ny,

in the sameway asdonein [12]. Thecodebookis generatedn
the reverseorderof the route, so thatfor ary nodei 2 N (%),
the inputs Ui(f) of the downstrearmodesare predictableand

theinputsUi(k) of the upstreamrmodesprovide the information
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 corvey the essentiaidea of this scheme.

Considera three-nodeelay network, wherenodel is the
source trying to sendinformationto node 3 via node2. The
routeis1! 2! 3.

ConsiderB blocksof transmissiongachof T transmission
slots.In eachblock b= 1;2;:::;B 1, nodel sendsnew
informationw(b) 2 f1;2;:::;2"Rg, until in the last block
B, w(B) is always setto 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 (X1;Y2jX2; X3). Thenin thenext blockb+ 1= 2;3;:::;B,
node2 sendsw(b). Hencein eachblockb= 2;3;:::;B, node
1 sendsw(b) andnode?2 sendsw(b 1). Note that node1
choosests codebookbasedon what node 2 is transmitting,
accordingto the regular encodingscheme.

For node3, the decodingdoesnot happenuntil the end of
block B. During the block B, node2 sendsw(B 1); and
nodel doesnot sendany new informationby settingw(B) =
1, but it is helpingnode?2 by choosingts codeboolkaccording
tow(B 1). Hencenode3 candecodew(B 1) with anar
bitrarily small probability of error, if R < I (X 1;X2; Y3jX3).
Now, with w(B 1) known to node 3, it appearsas if
node1l is not sendingary new information during the block
B 1, sothatw(B 2) cansimilarly be decodedbasedon
what node 3 recevved during the block B 1. This process
continuesuntil block 2, whencew(1) is nally decodedNote
1) atnode3 is
done backwardly. This is the reasonfor calling this scheme
“backward decoding”.

Notethattheactuallyachieredrateis %R. However, this
canbe arbitrarily closeto R by lettingB ! 1 .

Now, supposethereis one more node,node 4, down the
route:1! 2! 3! 4. Thenwe needaddanotherlayer of
blocks, for backward decoding.




ConsiderB 2 blocksof transmissionSequentiallyevery B
blocks are assignedinto a group. So, in total, there are B
groups.In eachgroupg = 1;2;:::;B 1, sincethereareB
blocks,nodel, node2 andnode3 can performthe functions
describedabove, so that, at the end of the group,node3 can
decodeall the information sentby node 1 at the following
rate:

R < minfl (X1;Y2jX2; X3;Xa); 1 (X1;X2; Y3jX3; X4)0:

Then,in the next groupg = 2;3;:::;B, node 3 sendsthis
pieceof informationto node4. In thelastgroupg = B, node
1 andnode?2 will notsendary new information,but just help
node3 in thetransmissiorio node4. Node4 waitstill theend
of all the groups,thenit doesall the decodingstartingfrom
the group B in the samebackward manner The decoding
succeedsvith an arbitrarily small probability of errorif R <
[ (X1;X2;X3; YajX4).

Notethatthe actuallyachievedrateis R. However,
it alsocanalsobe arbitrarily closeto R by lettingB ! 1 .

Now it is clear how to extend this backward decoding
schemeto a multi-relay route with an arbitrary number of
nodes:1! 2! I 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 B2 blocks; and,
in general)noden decodesat the endof every B" 2 blocks.
For eachnodei 2 f2;3;:::;ng, by using the backward
i 1 appearto

B 12

j2<ijs< < jn. Of course,
to minimize the decodingdelay it is thebestto setj; =i 2
asin theabove.But this e xibility of choosingdecodingimes
allows the meming of multiple multi-relay routesinto a joint
backward decodingschemeas explainedin the sequel.
Finally, we arrive at the set-up of multiple multi-relay
routes. Under the assumption(Al), eachnodei 2 N is
assigneda nonneative integer j;, and alongany multi-relay
route excluding its sourcenode,the integersarein a strictly
increasingorder Hence,by schedulingthe decodingtime of
eachnodei 2 N at the end of every Bli blocks, backward
decodingcan be performedalong eachof thesemulti-relay
routes,andfor any nodethatlies on multiple routes it decodes
multiple sourcesjointly at the sametime. This constitutes

1Correspondinglynodei 1 schedulests transmissiorin every Bii 1

blocks.

a multiple-accesshannel,and the achievable rate region is
characterizedy the CDMA bound(20).

1 2
o

3 4
O «—— (e] O

t— O +-—>

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

Remark3.1: Theassumptior{Al) is necessaryjor usto be
ableto merge multiple routesinto a joint backward decoding
scheme.To seethis, considerthe network in Fig. 5, where
therearetwo routes:1! 2! 3! 4and4! 3! 2! 1.
Obviously theassumptiorfA1) doesnothold for this network,
sinceit is impossibleto assignintegersj, to node2 andj s
to node 3, so thatbothj, < j3 andj, > j3. Sincein the
backward decodingscheme a node must decodeat a faster
frequeng than the nodeafter it, it createsa conict in that
node2 needsto decodemore frequentlythan node 3 (along
theroutel! 2! 3! 4), while node3 tooneedso decode
more frequentlythannode?2 (alongthe route4! 3! 2!
1).

IV. APPLICATION TO SENSOR NETWORKS

Somesensornetworks consistof several sensorequipped
nodes collecting independentinformation that needsto be
communicatedo a designatectollector or sink node;called
the datadownloadingproblemin [26]. Suchsensometworks
canaccordinglybe modelledas multi-sourcesingle-sinknet-
works.

Fig. 6. A multi-sourcesingle-sinksensometwork.

In the exampledepictedin Fig. 6, three sourcenodes,ss,
S, andsz, desireto sendinformationto the samedestination
noded, using,asrelays,thenodesr 1, r, andrs. By Theorem
3.1, the rate vector (R® ; R@ ; R®)) is achiezable if there
exist someproductdistribution

1 2 3
P uf? 1uf)p i u u u@)p W u® ul);
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suchthat for noder,

R® < 1Y, ju®;u)y;

rag
for noders,,
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while, for noded, theinequalities(21) at the top of this page
hold.

The set of inequalitiescharacterizingthe achievable rate
region may seemvery complicated,especiallyif there are
mary multi-relay routescrisscrossingeachotherin the net-
work. However, the rules to follow when writing down the
inequalities(20) for eachnodeare actually quite simple. For
ary node,only the routespassingit are of ary concern,and
all the otherrouteswith the correspondingourcesandinputs

appearinvisible. If a nodei is on only oneroute,say N (<)
of the sourcek;, thenonly oneinequality applies:

Rk < | (Ui(ki);YijUi(ki); Ui(-:-(i));

where Ui(k‘) and Ui(fi) are the inputs (correspondingo the
sourcek;) of the upstreamnodesand the downstreamnodes
respectiely. Actually, Ui(ki) canbe equialently replacedby
Xi, sincenodei hasno otherauxiliary inputs. On the other
hand, for a node at the intersectionof = > 1 routes, its
ervironment is similar to a multiple accesschannel with

* sources:with each source providing a set of inputs of
the correspondingupstreamnodes,while the inputs of the
downstreamnodesare known.

Remark4.1: The advantageof applying the multi-source
multi-relay schemeo suchmulti-sourcesingle-sinknetworks,
as the one showvn in Fig. 3, is obvious. Since multiple
sourcescorverge to a single sink, trafc gets concentrated
and increasesas one getscloserto 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-relay schemegachnode
malkesuseof the inputsof all theupstreammodes As onegets
closer to the sink, there are more upstreamnodesto help,
which meanshigher received signal power and thus higher
achievablerates.For the sink nodeespeciallyall theinputsof
all the othernodescan be used.Importantly andfortunately
we note that for networks with such a tree structure,the
condition (A1) does indeed hold, which meansthat joint
backward decodingcan be 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 shavn that under
the assumptiorof phasefading,with the phasenot known to
the transmitter so that transmitterscannotachieve coherent
beamformingthe capacityis indeedachieved by the decode-
and-forward relay scheme,wheneer the relays are located
closeenoughto the source.This wasthe rst capacityresult
for wirelessrelay channelsunderrealisticassumptions.

Here,we try to extendthe sameideato the caseof multiple
sourcesConsidera two-sourceone-sinkwirelessnetwork as
depictedn Fig. 4. Denotethe distancebetweenrary two nodes
i andj by d; . Let P; bethe power constraintof nodei. Let
N; be the varianceof the additive white Gaussiamoise at
nodei. Then, from (20), we have the following achiesable
rateregion (a simpli ed versionhasbeengivenin (9)-(13)):



For node3,

RY < jog 1+ : 22
g N3 + P2:d23 + P4=d43 ( )
for node4,
P,=d,
R® < log 1+ 2724 . (23
g Ny + P1=0, + P3=dy, (3)
andfor node5,
8
= + =
% R(l) < |Og 1+ Py dl5 Ps3 d35 : (24)
Ns
= + =
R® < log 1+ 2205 Pa=dis (25)
Ns
§ R® + R® < (26)
P1=0j5 + P2=0,5 + P3=Chs + P4=0;5

log 1+

Ns ’

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 leadsto the conclusionthat the inequality
(26) is actually the cut-setboundfor node5, sincethe RHS
of (26) indeedfeaturesthe maximum signal power that can
be receved by node 5. Therefore,the throughputcapacity
maximizingR® + R® | is achieved once(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 achieses
the throughput capacity (26), provided the condition (27)
holds.It canbe easilyseenthatthe condition(27) depend®n
the distancedetweenthe nodesandalsothe signal-to-noise-
ratios (SNRs) P;=N; . For x ed SNRs, obviously, a special
geometryfor (27) to hold is that node5 is far away from
the othernodes,suchthat the distanced djsg are sufciently
larger thanthe otherdistanced djj ;j 6 5g.

In a similar fashion, one can determinewhen the joint
backward decodingachieresthe throughputcapacityfor more
complicatednetworks.

Finally, anobsenationworth pointingoutis thatthe bounds
(22) for node3, and(23) for node4, aredeterminedy signal-
to-interference-plus-noise-rat{8INR) insteadof just SNR as
in theboundg(24)-(26)for node5. Thereasons thatnode3 is
not supposedo decodesource?, andnode4 is not supposed
to decodesourcel. Therefore the signalstransmittedby the
secondroute (namely node2 andnode4) causeinterference
to node3, andvice versafor node4.

VI. IMPROVEMENTSBY TIME-SHARING

The achiesable rate regions statedin Theorem2.1 and
Theorem3.1 canbe furtherimproved by introducinga time-
sharing random variable Q, as is a standardtechniquein
multi-user information theory [22, Sec. 14.3.3]. Hence the
rate region (9)-(13) canbe expandedto

R1 < 1(X1;Y3)X3; Q)
R2 < 1(X2;Y4jX4;Q)
and 8
> R1 < I(X1;X3;VY5]X2;X4;Q)
5 R2 < 1(X2:X4; Y5]X 1, X3;Q)
R1+ R2 < 1 (X1;X3;X2;X4;Ys;Q);

for somejoint distribution p(q)p(X1; X3jq)p(X2; X4jq). Simi-
larly, the rate region (20) can be expandedto

R(k) < | (UI(S) : YIJU|(S) : U|(+S)l U(M inS) : Q)
k2s

for somejoint distribution p(a) kam p(uj(k); i 2 N®jg),
and somefunctionsx; = fi(ui(k);k 2Mi;q), fori 2 N.

As we have discussedfor the generalmulti-sourcemulti-
relay networks consideredin this paper amongthe several
known decode-and-forard coding schemesthe joint back-
warddecodingprovidesthelargestachievablerateregion with
a niceandcompactformula. However, a major dravbackwith
backward decodingis the excessve delay especiallywhen
the numberof relaysis large. Therefore,it would be of great
interestto develop simpler coding schemeghat can achiee
the samerate region with lessdelay

An ideato study in this regardis inspired by the simple
multiple accesschannel,for which it is well known that the
capacityregion canalsobe achieved by time-sharingoetween
the cornerpoints. Considey for example,the capacityregion
(6)-(8) of amultiple accesshannelwith two sourcesdepicted
in Fig. 7 asa pentagonAny ratepair (R1; R2) corresponding
to a point inside this pentagoncan be achieved directly by
joint decodingof both sourcesHowever, actually insteadof
joint decodingthe cornerpoint A canalsobeachievedby rst
decodingsourcel with source? treatedaspurelyinterference
attherateR; < | (X1;Y3), andthendecodingsource? with
sourcel completelyknown, attherate R, < 1 (X2; Y3jX1).
Similarly, thereversedecodingorderleadsto the cornerpoint
B. Then,with all the cornerpointssoachieved,therestof the
pointsinside the pentagoncan be achieszed by time-sharing.

Sucha successie decodingstratgy canalsobe appliedto
the multi-sourcemulti-relay network consideredn this paper
With eachsourcetreatedindividually in a sequentiamanney
sliding-windov decodingcan be usedfor eachrelay route,
andtheresultedcodingschemecanbe muchsimplerthanthe
joint backward decoding.But unfortunately exceptfor some
simplescenariosik e the multiple accesshannein Fig. 3, the
achievablerateregion is generallysmallerif therearerelays.



RZA

I (X2:Y3)

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 shovn in Fig. 7.
With the additional constraints(22)-(23) of the relays, the
achievablerate region can be further con ned as depictedin
Fig. 8. While thepoint C is still achievable,it is notachiezable
by time-sharingbetweenA° and B which are the corner
pointsresultedfrom successie decodingnow.

A

RO

Fig. 8. An achievable rateregion of a two-sourcerelay network.

For the specialmulti-sourceone-relaynetwork studiedin
[23], [24], an offset encodingschemehasbeenproposedin
[27], [28], which, combinedwith sliding-windon decoding,
canachieve the cornerpointswith muchlessdelay compared
to backward decoding.However, dueto the reasonexempli-
ed above, sucha schemewith time-sharingcannotachiere
the samerate region as backward decodingfor the general
networks consideredn this paper

VII. CONCLUDING REMARKS

We have considerechereproblemsinvolving 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 shonvn that while in
relay channelsseveral variantsof decode-and-forardcanall
achieve the samefeasibleregion, in contrastwhenthereare
multiple sourcesandroutesthatintersectbackward decoding
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can actually achiese superiorrates. For certain specialsce-
nariosof the datadownloadingproblemin sensometworks,
suchbackwarddecodingcanindeedachieve the exactcapacity
region for somegeometrieswhenthereis phasefading that
is unknowvn at the transmitter

The main theme of this study exploiting “interference”
rather than succumbingto it, has been the motivation to
develop more sophisticatecdcoding schemedor wirelessnet-
works. Clearly, besideshe relay andmultiple-accesschemes
studiedin this paper other basicschemesn multiuserinfor-
mationtheory also have the potentialto be incorporatednto
the framework for further improvement.For example,much
researcthasbeendoneon relay broadcasthannelgsee[29]
and the referencegherein),andit is certainly of interestto
develop generalschemesvhich featurerelay, multiple-access
and broadcastltogether

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