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Abstract—Using relays in wireless networks can potentially A counterpart of MIMO systems has been recently proposed
lead to signi cant capacity increases. However, within an asyn- in which the capacity and diversity gain of MIMO systems
chronous multi-user communication setting, relaying might cause are obtained via distributed antennas. This scheme, called

more interference in the network, and signicant sum-rate . . o
deterioration may be observed. In this work the effect of cooperative diversity, is proposed as a means to combat fad-

cooperation in an interference limited, narrow-band wireless INg. It is an interesting concept in multi-user communicati
network is investigated. It is crucial to determine the optimal introduced mainly by Lanemaet al [4][5] and Sendonarigt
trade-off between the amount of throughput gain obtained via g [6]. This problem has its roots in the two-hop relay problem
cooperation and the amount of interference introduced to the which has been an open problem in information theory. Under

network. We quantify the amount of cooperation using the notion - . .
of a cooperative regiorior each active node. The nodes which lie in this setting, the relay channel is used to forward the data

such a region are allowed to cooperate with the source. We adopt CQusing an increase in the capacity speci cally for the sase
the decode-and-forwardscheme at the relays and use the physical where the source-destination channel experiences deep.fad
interference model to determine the probability that a relay node  Nabaret al [7] further evaluate the performance of cooperative
correctly decodes its corresponding source. Through numerical schemes in the case of single source, single relay, andesing|

analysis and simulation, we study the optimal cooperative region L ) . .
size to maximize the network sum-rate and energy ef ciency, destination and prove that full diversity can be obtained8l

based on network size, relay availability, node decoding threshold, Sankaranarayanan, Kramer and Mandayam further consider
and destination reception capability. It is shown that optimized the case where multiple sources send their message to a relay

system performance in terms of the network sum-rate and the and the relay either simply forwards the data or rst decodes
power ef ciency is signi cantly improved compared with cases and then forwards
where relay nodes are not exploited or where the cooperative :

region size is suboptimal. Although relay problem remains unsolved in terms of the

optimal communication scheme, the studies above have taken
Index Terms—Cooperative diversity, sum-rate, interference, signi cant steps in quantifying the performance gains otee

cooperation gain, cooperative region. from cooperation. However, research in this subject has bee
mainly concentrated on information theoretic considerst]
. INTRODUCTION and only a few studies have focused on the system level

. . . . . erformance of cooperation such as [9], in which Mergen
Spatial multiplexing gain as a means to increase the capaci .

: - : et al study the problem of cooperative broadcast under a
has been extensively studied in the context of multiplesinp

multiple-output (MIMO) systems [1]. Although the use 0fsmgle-so_urce single-destination setup with mullt|pleelev.of
. . o . " cooperation, where the broadcast performance is quanktiyed
multiple-antennas is appealing in theory, in some appdioat

such as wireless sensor networks, it might not be feasible ?glmg a S|gr_1al decoding threshold above which a message is
ropagated in the network.

bene t from this degree of freedom in system design due to the he f . ks which id il d
limited size and computing capability of an individual node The EW prior works which consiaer multiple sources do
no% quantify the interference within the network and usuall

However, in such dense environments, using the resources 0
9 assume there are a set of rules (such as TDM or FDM

other peer nodes can help improve the network pencorman%%heduling), which lead to interference removal. Howefaar,

In this context, relay nodes can be exploited as a means_to .
the general non-orthogonal case where multiple sources and

increase the capacity in a wireless network. The relay oflann . o X
pacity Y relay nodes use the same channel, their transmissions will

rst introduced by van der Meulen leads to a communica- : .
y interfere with each other. In a narrow-band wireless nétwor

tion scheme where instead of point-to-point communicaticwith multiple sources, interference greatly affects th I

between the source and destination, relays are exploited Ircl,apacity and has to be considered. In this work, we study the

two-hop communication. The key capacity results for theecagﬁect of relaying strategies and cooperation in such aipiedt

of a single rela}y were introduced by Cover and EI Gamal Cource network, where the nodes employ un-synchronized
[2]. The capacity region for the relay channel with relays

transmission. We ask the basic question “How should the

is not known to date. However, Gastpar and Vetterli [3] haveodes optimally balance cooperation and interference to ma

obtained upper and lower bounds on the capacity scallngrunclrj]ne].kze the network capacity?” Extending our preliminary wor

Gaussian noise and show that these bounds meet in the limi 10], we address this question more thoroughly and cansid

in
of large number of nodes. : . . o
a wider range of important metrics for node communication
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quantifying the trade-off between cooperation and interiee A. Network Model and Data Dissemination

in the literature. The closest work to ours is perhaps [11], \we consider a collection oN nodes placed randomly,
where Quek et al study a dense wireless sensor network,iformly and independently in a disk. For illustration, we
which the nodes send one information bit about the existeng&sme a communication setting similar to SENMA [13], in
of a Phenomenon of Interest (Pol) to a fusion center. Thghich the nodes on the disk need to communication with a
authors compare the performance metrics such as the Bghpile access pointvhich may be the data sink if the network
work energy consumption and correct decoding probabilifyjodel represents a sensor network. We call itAbeess Point

at the fusion center of garallel fusion architecturewith (AP) throughout this paper. The AP is a powerful unit both in
the cooperative fusion architectuflCFA). The authors show jig processing capability and its ability to traverse thewuoek
trade-offs exist between spatial diversity gain, avera¥®® and is located at a variable height0 < h< 1 above the
consumption, delivery ratio of the consensus ooding peot9 center of the disk.

network connectivity, node density, and Pol intensity ilPACF  Time is assumed to be slotted to intervals of lenigtequal
Speci cally, CFA is advantageous in cases with weak P@h the length of a data packet. Each node in the disk incurs
intensity. In our work, although we study the potential @yer an activity event at each slot. In a sensors network, thigdcou
gain resulting from cooperation, our focus is on a netwoliean that the node measures a physical phenomenon in case
with multiple sources and relays. By quantifying the addefl senses activity. The activity event of a node at any slot is

interference in the network resulting from Cooperation, Wﬁode'ed by an independent Bernoulli random Variab'éor
address the question of “Whether or not to cooperate?” froggei,

a different view point. Dardaet al consider a wireless sensor N — ps; if u=1
network in [12] and study the interdependent aspects of WSN pui) = 1 ps; if u=0"
communication protocol and signal processing. They stu . .
the trade-off between energy conservation and the amoun%‘fhﬂgﬂgirﬁﬁi!%éhrz:(?;iqp;gg;zieg :g’szfnd:; tgat?:i?i.f q

. . . . . C
error in the estimation of a scalar eld by using approprlatg : S .
distributed signal processing methods, which is diffef among the source nodes. This assumption is motivated by the

our focus on the added interference as a result of COOpBratﬁea?;ggﬁpsg?x\éir:e?r:gn:otgrs: ﬁ)ézlsénzg Iflhtztr’ tvr\:gilfr;glil\(/)itie
and its effect on the network energy gain. P

) o . may be independent.
The main contributions of this work are three folrst, Tyhe AP isp assumed to have receive antennas. while
. . . T H
we present a general network architecture for localizetbreg he regular nodes each has only one antenna. Since the AP
based cooperation in a large wireless network with multip

S Wtical f Ko i as the capability of interference mitigation using muéip
sources.Secondwe propose an analytical framework to 'n.'antennas, our focus of interference analysis is on noddin t

vestigate the relation between the cooperative regiorusad|disk. Figure 1 gives a simple illustration for a possiblesdir

the interference level, and the relay decoding prObabi”tMglink communication scheme and our proposed cooperative

atnotlhwe dde?ve t_the network s_um-re}{tg gflven mthpIi:_ ame”?‘é‘ unterpart, which will be discussed in the next sectiomhPa
at ne destination as a main metric for- cooperative Tegigllss ang channel variations are both considered in the ehann

optimization, in a MIMO multiple access settinghird, we odel. When nodd transmits with powerP;[n], node j

. . . . . | ’
demonstrate the power savings obtained via cooperatloeruna;ceiveS the transmission with powRiin] ; [n]. The channel
a wide range of activity levels at the nodes, and we evalu?’igin can be represented as )

the effect of different decoding thresholds on the netwo
performance. Our numerical and simulation studies provide ~_ hy jz_
general design guidelines for optimal relaying in an irgerf L ry

ence limited network. . . .
The rest of this paper is organized as follows. Section yfherery is the distance between nodeandj andh; models
: the fading channel from nodeto j and is the path loss

explains the network model and presents a practical redayin . . :
algorithm. Section Il explains the details of our analgtic roliing factor. Throughout the paper a block Rayleigh fagin

framework to study the interaction between relaying and ir(]:_hannel is considered for which the channel gain is constant

terference, which is re ected in the derivation of the deogd over a block of lengtfL.. In our simulation results, we also

probability for each node. In Section IV we compute the neg_onsmer the effect of increasing the line of sight compdnen

work sum-rate with relaying, based on the results of Sestio 3lgusmg a Rician fading model between the nodes and the
[1l, on deriving an estimate for the number of successfldys) '
which cooperate with each source node. Section V presegts

the numerical and experimental results. Finally, concigdi Cooperative Scheme
remarks are given in Section VI. Under the proposed scheme, the nodes are divided to three

groups in terms of their operation. The rst group are the
active source nodesvhich are the nodes that have a packet to
Il. WIRELESSNETWORK MODEL AND RELAYING ScHEME Send at the beginning of a slot. The actual set of permissible
sources will be chosen among these nodes by the scheduling
In this section, we explain the network model under coralgorithm, which is explained in detail in the next sectidhe
sideration and present a generic relaying architecture. second group, chosen among the remaining nodes, comprise

)

)



the set ofpotential relays which try to cooperate with the

sources. These potential relays try to implemedeaode and SINRy, =

forward scheme. The main goal of our work is to nd the PiK] | [lﬂ

optimal set of the potential relays and permissible soyrces—P e > ;
which result in the maximum network sum-rate from the'© "  I2sKkliei PiKT im KT+ jacpe 2 Py KT jm K]

source nodes towards the AP. We further quantify rdlay @)
nodes a sub-set of the potential relays, which are indeeghere the interference at the potential relay nodes dutieg t
successful in the decoding of their intended message. Bte lelay reception phase is either due to other permitted sourc
set of the nodes comprise the ones not chosen among the agiyges comprising the set of the active sour@k], at time
sources and potential relays. These nodes should not atterjpor the relays which have completed their reception in slot
to relay and must remain silent during the communication.k 1 and are forwarding their correspgnding message to AP

. . “UONpIk 1] ~

We de ne theith cooperative regionC;, as the area in in slotk comprising the seClk 1] = (,:' [k 1l
which nodei acts as a source and its potential relays at¥'ere Np[K] represents the number of permitted sources
contained. We denote its radius by (Fig. 1). The optimal (COOPerative regions) at tim&. The noise is assumed to
value for this radius will be determined by the value which® @ complex Gaussian random variable with variaNge
maximizes the network sum-rate. Relay nodes in each syeHE 1O operation in the high interference regime resulting

region usually do not have the capability of simultaneod&°m multiple simultaneous communications, we neglect the
transmission and reception. Therefore, their transmissiaye "0iS€ effect and base our analysis on SIR at the relays. The
assumed to be half-duplex. parameter is a design parameter and depends on the level of

tolerated interference by the nodes. Since we considendadi

The communication of a message from the source nogeour model, the relays within each region are still proketbl
is divided into two steps. The sourde after sensing the go under deep fades. Therefore, some of the relays may not be
environment, rst broadcasts the messagelk] to the AP capable of decoding successfully. However, the closerayrel
and the potential relays in itsooperative regionA potential node is to its corresponding source the higher the decoding
relay node can estimate its membership in the cooperatiy@bability is.
region of active source nodes in its vicinity by estimatit®y i we de ne two states for each potential relagceiveand
relative distance to the source, possibly by using the vedei transmit During the receive state the signal received at a
signal power. In the second phase, the potential relaystwhigotential relay is decoded correctly if (3) holds. If a pdieh
have successfully decoded the message will forward it to thgay is in the cooperative region of a source, and it has
destination. As we will show later, to maximize the sumsyccessfully decoded the message from the source, it titsnsm
rate, the optimal cooperative region will not cover the veholthe message to the AP in the transmit state. During the relay

network but is limited to a small area around each permitteghnsmission state we have the following expression
source. Since the successful decoding relays deliver tine sa Nk

messageX [k], they act as a multi-antenna system sending a . _ o )
common message towards the AP. Ym[K]=0: Yalk]= - HiXilk]+ Z; )
1=

The two-phase communication is depicted in Fig. 1. Duringherey, [k] is the received message at a relay when it is in
each slot a different set of sources are activated. The&efofe transmit statey [k] is the received vector of dimension
_thelr_correspondmg relays are different. For mstancesm:s_vn n, 1 at the destination, which is a superposition of the
in Fig. 1, suppose the relays from nogé cooperative messages sent by all zonds; is the channel vector from
region were in their reception phase during the last time slye set of relays in regionwhich have successfully decoded
and are now in the cooperative phase. Then they are g message to the AP in addition to souiciself, X; [k]
rst cause of interference to the potential relays in not® represents the message vector sent out synchronously by the
cooperative region. The source nodes which have startéd th@lays of region and source, andZ is zero-mean complex

transmission synchronously with souiicare the second causeg g ssian noise with independent, equal-variance real and
of interference. Sourckin Fig.1 represents such an exampl‘%maginary parts

Using the same physical model as the one introduced in [14],
a relaym is assumed to successfully decode the message
sent from the source if the SINR atm is above a required C. Source Scheduling
threshold. The physical model requirement for the decoding
at relaym can be written as

In the proposed scheme, within each cooperative region only
one source is allowed to transmit during each communication
cycle. We focus on a snapshot of the network at tikneAt

time k 1, the potential relays have tried to decode their
intended message, and among them, the set of the successful
10ne of the key challenges to implementing relay-based cotperaroto-  decoding relaysD[k 1], forward their messages towards the

cols is block and symbol synchronization of the cooperatergiinals. Such Ap during the slok. The timing of these two slots has been
synchronization might be obtained through periodic transimis of known

synchronization pre xes [4]. A detailed study involvingettsynchronization depictgd in Fig. 2. Clearly, in sldt, the sources a_llowed to
issue is beyond the scope of this work. transmit should be chosen among the nodes which were not



Coop. regi "le ioR | at time Cooperative Region i

attime n

Transition to
Cooperative Phase

Fig. 1. Network layout. Transition from direct transmissiphase to cooperative communication: the relays that havedddctheir message in time slot
n 1 are interfering with the relays which are in their receivatetin timen.

intoriarme Source T st to interference ratio at the relay, for a given size of the
Tt cooperative region. Clearly, the amount of interference at
A potential relay is a function of the number of interferers and their
RX slot TX slot f P
‘ ‘ l'meﬁe””g relay relative location to the relay. These interferers eithdotg to
]—‘ 'rf;‘lg';‘j‘fgg:p?i’(‘}: the setClk 1] or the setSk] as we explained in Section II-
TX slot . . .
| - C. During the source transmission phase, a raelag C;[k]

decodes the corresponding source if and only if (3) holde. Th

Relav‘ RX slot ‘ TX slot .
Source | and its » overall interference amn can then be expressed as
corresponding X X
relay transmission Im[k] = P im[k]+ P jm K]
timing Source TX slot . 125k];I6i j2Clk 1]
t Ko % ©)
= P m[K]+ P im [K];
Fig. 2. Timing for a source and its corresponding relayCinas well as 1=1 j=1
possible interferer source and relays. . .
whereD; is the number of nodes VY-_hICh have been successful
in decoding withinCij[k] andD = ,'\‘:‘_?L D; represents the
chosen in the prior slot among the sourcg&, 1], or relays, total number of interfering relays, and we have simpli ed
Dk 1] the problem of relay selection by assuming that the nodes

Assuming that we know the optimal cooperative region areeansmit with the same powe?, = P. We next formulate
a = r 2, to be determined as a result of our optimizatiorthe cooperative region maximization problem and analffica
we can characterize the ultimate number of sources that atd the expected number of successful decoding relays withi
permitted to simultaneously transmit aé‘;’c, wherejAj is each region.
the coverage area. In practice this number strongly depamds
the network topology. Two sourcésindj can simultaneously A. Expected Number of Successful Decoding Relays

sen_d their messages if the_y do not lie in _the same cooperatiVy,e denote the number of relays in regibby the random
region. The problem of nding the set of simultaneous So8rcgariable N.. Nodes are uniformly distributed over the disk
can therefore be translated into the maximal independefba. Therefore, the evemt 2 C; has a Bernoulli distribution
set (MIS) problem by f:on5|der|ng a graph where the Vertein Pim 2 C] = &, wherea; = r c2. Ni follows a
set represents the active source nodes and there is an exﬂlqgmial distribution ]a]s BNL = ]= N ()i 2N |
between two vertice$ andj if and only if their distance , ¢ , A IA]
dij < 2rc. In our experiments, we have implemented thwith meanE[Nt] = NG = N & In the following we
parallel algorithm presented in [15] to solve the MIS prable quantify the expected number of successful decoding relays
and found the maximal packing number. During each iteration Proposition 1: In ghe given wireless network within re-
of this algorithm, the active source nodes can communicat®n i, E[Di] = ¢ PISIR(r) > ]2rdr , where
locally to determine if their distance from the source nodd¥[SIR(r) > ]represents the successful decoding probability
already chosen in the previous iteration is smaller tBgg. for a relay located at distanaerelative to its source.
Under this setting the communication scheme within each Proof: The proof is similar to the proof of Theorem I in
cooperative region can be modeled as a single source &h@] (with the slight difference that we have to repldegN ]
multiple relays. by E[NL]= N J.’TC]. in (9) of [10]). [ ]
We can further compute the expected number of total
I1l. CHARACTERIZATION OF THE INTERFERENCE AND successful decoding relays within the network.
DECODING RELAYS IN COOPERATIVEREGIONS Proposition 2: In the given wireless network the expected
In this section we quantify the interference and the correastimber of total successful decoding nodes during each time
decoding probability at a relay as a function of the signalot satis esE[D] = E[N,]E[D;].



Proof: Refer to Appendix | for the proof. |

B. Expected Number of Interfering Nodes

Since the nodes are randomly distributed on the disk, the
number of interferer nodes is a random variable. In timelslot
the relays which have been successful in their receptiosgha
in slotk 1 interfere with the relays receiving in the current
slot. The total number of interfering relays can therefoee b
formulated as

N,,)E(] 1 '
N1 [K] = N{ . [Kl; (6)

| relay
j=1

WhereNJ [K] represents the number of successful decodlr?:g
| thlyn cooperative regign(which have been successful 0. 3. Snapshot of a disk and a cooperative region. A soundeita relay

relays wi p g1q m is shown. Differential elements of the disk area have beersidered to

in receive mode during sldt  1). Due to the symmetry of nd the overall interference an by integrating over this area.

the communication structure in different slots, the numidfer

interferers is stationary and we remove the time dependence

in the expectation. An upper bound for the number of circulgs interference, we use a continuum type approach similar to

cooperatlve regions that can be packed in the disk areaqygk one used in [16] in crux.

b+"-c as explained in Section II-C. Furthermore, the event rigire 3 demonstrates a possible cooperative region (the

of being an active source is Bernoulli with probability and  smal| circle). The area outside this circle is the potential

the expected number of active sources eqpallé. Since this interference region. For each interfering ndgethe amount

number can not exceed the above limit, we concli@dp] =  of interference to nodem equalsly, = 7JhImJ
min(psN; bJAJ c). Using the conditional expected value lawgonsider Rayleigh fading. Therefoilym j2 has exponentlal
we can write’ distribution with parameter 1, and henggl |, ] = | = ri
Nyg 1 _ We consider a wireless network with high node densntyn
E[Ni el = En, EINiiNp = np] = En, E[N/_1: such acontinuummodel we can use a differential approach
i=1 to evaluate the expected value of interferencemat Since

Based on our interference analysis in Section 1lI-C it wifhere are a total oN, [k] interfering nodes, in the limit of

be Shown that the geograph|c |0cat|on of the Coopera“@elarge number Of nOdeS |n eaCh d|ﬁerent|a| element we haVe
region only slightly affects the amount of interference at/rrdrd nodes. Therefore, an elemehtas depicted in Fig. 3
each relay. However, the relative location of the relay o iPh average causes the following amount of interference
corresponding source is the main factor which affects the P Nyrdrd = P N,
amount of interference. Using this symmetry and the fact 4 = r o JA] 1Wdrd = drd: (8)
that the interferer relays are the relays that are tranismitt
a message which has been successfully decoded during
previous time slot, we can conclude that the expected num
of interferer relays in any region equals to that of another
regionj. We therefore can write

EINi..J= En, (Ny 1)E[N|

g overgll expected interference at nodeis, therefore,
m] = ¢ dlI, where the integration is performed ov@r,
the potentlal interferer region.

For a differential element located at anglewith respect

_ to x_ in Fig. 3, the segmeninh represents the distance of
1 =(EINp] DE[N/_ I the maximum interfererima( ). Here,x’ is the axis in the
(7) directioncm. The segmentnj is the distance om from the

Finally, the total numbeN, [k] of interfering nodes is the minimum possible interferer, and itis representedia(! ),

. |
sum of N, ., and the number of sources in the current slé’i’here is the angle ofnj with x" de ned in the direction of
which are interfering with relaym's reception. Since the sm (these coordinates are used to nd the equations for the two

source corresponding to the relay has to be removed fr(?rllrldes)', The derivation Oﬁm'“(_! ) and dmay( ) is explained
the set of interfering sources, we haéN,] = E[N, ]+ in Section 1lI-C [10] for the interested reader. The overall
relay.

E[N,] 1 expected interference at can be formulated as
p .
Z 2 Z g )

relay] relay

C. Interference Analysis: A Continuum Approach Ellm]=

In this section we explain the details for deriving an
approximation to the amount of interference at each relay= ]d:
The channel from each interfering notido the relaym is ©)
assumed to undergo Rayleigh fading. We further assume that
the magnitude of fading is constant for each packet (quasi-In general, numerical integration is needed to solve the
static fading). To nd a closed from expression for the amourabove integral. However, in our analysis we have considered

) 0y O r
£ dmin( +\ X mx 09
2 [ 1 1
2 o dmin( +\VX°mx%9 2 dpad ) 2




then be computed and the details are given in Appendix II.
The main result of this section therefore can be stated as

Corollary 1: We can formulate the outage probability for
each relay as

(62
a
o

ol
o
o

1
PISIR 1=F()=1 W: (12)

Here ¢ = di is a function of the nodes's relative distance
d with its corresponding source. The expected number of
decoding nodes within each cooperative region can therefor
be formulated by the result of Proposition 1 and is a function
its radius.

In the next section we use this result to nd the optimal area

N
a
o

N
o
o

w
a1
o

w
o
o

250

Interference power magnitude at the relay

I
~

02 _ ' for the cooperative region, in which the relays are alloned t
decode and forward. To simplify the analysis we assume that
Relay-disk center distance 0o source relay distance this area is a circle and the radius of this circle is the same

for all active nodes. The latter is justi ed by the fact thhet
Fig. 4. The amount of interference (normalized by the numbentefierers) average.amount_Of interference at ?aCh rglay 'S. npt seastv
at a relay versus relay's location in disk and its locatiolatiee to its source. the relative location of the cooperative region within ttenar
re =0:05andjAj=1. disk, while the distance of the relay from its corresponding
source is the determining factor. The metric of interestis t

] . _ case is the network sum-rate.
= 4. For this case it can be shown that (more detailed

explanation is given in [10], p.g. 5) IV. NETWORK SUM-RATE OPTIMIZATION
Ellm] =2 P jAj 2 In Section Il we introduced an analytical framework to
mi 2 2d%c;m) 2 jAjd%(c;m)+ jAj2 quantify the number of successful decoding relays. To deriv
r the overall network sum-rate, we consider the followingtwo
di(s;m)  2d2(s;m)r2 + ra : part contribution of data ow toward the AP. In the rst part,

(10) the set of active sources scheduled to transmit send their
message towards the destination. This phase can be modeled
Figure 4 represents the normalized valu't:é\,'lm—], of the as multiple-access communication. In the second part,ghe s

expected interference within the disk of unit area, as atfanc of successful decoding relays forward the decoded message
of the distance between the disk certand the relayn. Also, to the AP as depicted in Fig. 1. In this phase, the successful
the effect of the relay location relative to its correspogdi decoding relays constitute @operative MIMOsystem. The
source, within each cooperative region, has been considenmelay nodes within each cooperative regiGn serve as the
Note that interestingly the change of the distance relatithe multiple antennas sending a common message synchronously.
disk center does not cause substantial change in the edpedtbe network sum-rate during these two phases can be written
interference value. However, within each region, a posesiths 1
relay that is closer to the region boundaries undergoesteehig Rotal = E(RF,hl+ Rph2); (13)

amount of interference as expected. _ _ _
where Rpy; is the sum rate during the rst non-cooperative

) N phase andRpy; is the sum-rate during the second phase when
D. Successful Decoding Probability cooperation is in effect.

In this section we will give an approximation for The cooperative region radius optimization can be written
PiSIR, > ]. We consider equal powdP = 1 for all as

des. The interference at relaycan be formulated as, = NG
_jN:'_l I}n_, Whe_re each interference ele_ment_has an_exponential lopt = @rg mrax E[Rpng = arg Wax E[Ri(Dj)]
distribution with mean | as we explained in Section IlI-C. ¢ e (14)
We replaceN, by its expected value as an approximation, and subjectto m2 D;, SIRy, > and
aslc,uEnEat]hat individual interference elements have equahsne 8irj d(ij)> 2reps

- Then, we have the sum &[N, ] i.i.d exponential Py

random variables with mean, which has Erlang distribution where we use the notatioRpn, = i1 Ri(Dj) to clarify

with parameteilE[N,] and meanE [N,]= E[l]. Hence, thatR;(D;), the data rate corresponding to regigrs based

YEINIT 1 . on having D;j nodes in this region. This optimization is
fi,,(X)= TENTC ~; for x 0. (11) constrained by the fact that any relay within a region has
(ENi] 1)t ' to satisfy the SIR requirements to correctly decode. Also,

The distribution of the signal power received at nade the distance requirement imposed by scheduling has to be

located at distancel from the corresponding source can satis ed.




The above optimization problem is non-convexrig, so elementsH; = ,%H? with P normalized to 1. We can now
we use the following approximation apply Theorem 2 in [1] to nd an analytical expression for
the network sum-rate. This theorem states that the capacity
(15) of a single-user MIMO channel witm; transmit andn,
receive antennas with power constraifi on the transmit
ggie and under Ra¥Jefigr11 fading equal{n,;n¢; Piota) =
o log(l + Fua) eyt TP 2 Te d;

Ko
ropt' argmax  Ri(E[D;]):
© ix
This approximation arises since the expected value of
concave functiorf (x) obeysE[f (x)] f[E[x]] based on , s=0 (s+a f)!
Jensen's inequality. The inequality becomes tight as the cd’l’her? fa = m|rl( nr ;frlts)' a = max(n;;m), L§ 1 (x) =
cavity decreases and the comparison between our resuits fr@exx _dxs(e X ) is the associated Lagugrre
analysis and simulation suggest that the bound is indeéd ti olynomial of orders [1]. The author furt_her gene_rahze;
Therefore, the choice of the cooperative region which tesu he proof and show '_[hat under the multiuser settln_g with
in the maximum expected number of decoding rel&g;], M ,SENders each having pow, the sum-rate satis es
will maximize the network sum-rate. The problem in this case i=1 Ri(nt)_ C(nr;Mn; MPota). , i i
is easier to solve sinc&[D;] can be computed using the In our setting, the number of transmitter virtual antenmas i

result of Proposition 1 and (12) in terms pf§ (noting that each region isi, = E[D;], the number of rece_iver antennas s
N, is a function ofrc). We solve this optimization problem n,, and the power constraint for the transmitters within each

numerically. E%ifm]is?“’ta' = nt.P. Thus, the. achievablg s;m—rate satis es
-1~ Ri C(n;E[Np]E[Di]; E[Np]E[Di]#-).

The capacity of a MIMO channel has been derived in the
landmark work of Telatar [1]. Next, we further clarify the NUMERICAL ANALYSIS AND SIMULATION RESULTS
multiuser MIMO model and show that our setting follows the . . .
same scheme, assuming that the AP has access to the chanHBl this section we present numerical results based on the

state information. The number of transmit antennas in eaehOp(I)S_ed analy|t|caIT1:ameworI§ and C.O ”_‘pafe themblwnh r;the
regioni equals to the number of successful decoding nod ér’nu ation results. The capacily maximization problem has

approximated bye [D;]. Then, the uplink of a MIMO channel €en solved ngme_rically_by changing the cooperative region
with multiple users can be modeled using (4), whefeis radius and nding its optimum valug. .We have assu.med the
then, E[D;] matrix representing the channel response frof?{“ﬂ_1 lOS,S roll-off fac;tor to be =4 W'th,'n the plgnar disk as

the cooperating nodes of regioro the AP, andk; represents justi ed in [13] for wireless networks with low-lying anteras.

the E[D;] 1 vector of the cooperative message sent fror_%he free space p_ath loss factor between the nodes and the AP
regioni. Note that since the nodes are located close to edghhﬁwever, cons'lderefd. to be= ? hi . h

other and at each instance we only consider the nodes WhinT € two metrics of Interest for this setting are the sum-

have successfully decoded the message, we can assume’ i and the power efciency. To avoid the event_of very
cooperation and consider them as multiple-antennas sgnd ose nodes, which causes the strength of the receivedl signa

the same message. Given the channel state informationt0|sbe unlimited in our model, a minimum distanceis

known at the receiver, the capacity region with multiplecsiee ilssuszdlggtxveler? the n(;)ddest. For the tunlttﬂlstk lelllthoc(jjes,
antennas can be expressed as [17] JAI = 1 1S needed lo guarantee that afl nodes can

be located within the disk. We assumed: psl—T For the

P H simulation, the capacity results have been averaged over 25
_ Ri(E(Di)) Enllogdet(En, + Zo HiH")l different network topologies. In all cases, the AP is asslime
=1 _ _ =1 to be located at height = 1 above the network andg = 1
8M;1 M Nyp; has been considered.
(16)

where En, is the np  n, identity matrix andZ = A. Effect of Cooperative Region Radius and Number of Re-
[z1;:: :;zﬂr]T is the noise vector at the receiver, where weejve Antennas
assumez, to be a Gaussian RV with varian@®. Replacing g6 5 presents log-scaled plots of the sum rate for
M = Np results in the expression giving the maximum, nenvork withN = 1000 nodes. The effect of different

achievable sum-rate. numbers of receive antennas based on the capacity results

It is shown in [1] that for the case of Gaussian sources witlf the previous section is also shown. As we expect, the total
and channel matriceld; with i.i.d complex Gaussian entriesnumber of successful nodes in decoding determines the capac
with mean zero, the above sum can be analytically expressgdWe observe that the curves for different numbers of ikece
in terms of Laguerre polynomials. In our system model, sin@tennas have the same characteristic in terms of the point
it is assumed that the AP is located at a heifgtiar enough where the maximum sum-rate occurs. The determining factor
from the nodes, the expected power received at the AP fromfalt the network sum-rate is the total number of cooperative
sensing nodes approximately equ#s Assuming Rayleigh regions and the number of decoding nodes within each region.
fading, the elements of each matrkt; have a Gaussian Therefore, the optimum region radius is the same for differe
distribution and are scaled by the above expected powealues ofn,. However, the increase in the number of antennas
factor. Hence, for our modeHkl; can be written as a scaledwill result in spatial multiplexing which causes the capgaci
version of a matrixH; with zero mean complex Gaussiarincrease shown in the curves. Furthermore, this gure ssigge
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that the choice of the optimal region radius is crucial fdr a ‘ \_,_.—""'+
values ofn; . or -

The main reasons for the difference between the analy ¥ ol \,
and simulation are the edge effect, the approximations us 5 /«‘.
in calculating the average sum-rate, and the fact thatibts r 3 A o
possible in general to quantify the number of active sourc ;3 »” B
chosen by the scheduling scheme analytically. Since noc g ol * —
are randomly located, the actual number of sources chosen 3 PR '=0- P;=0.02 (Simulation)
the MIS algorithm is less than the number determined by tl & < —6— 002 (Analysis) | |
theoretical results. g o == P70.05 (Simulation)

We also consider a Rician fading model between the noc 427, T RT005 (Bnalis) )
and the AP. The parameter (so-called K-factor) is the mem R0 (Simulaton
ratio of the energy in the specular path to the energy P02 (nabyee) | |

3 ‘ ‘ ‘ ‘
. . 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
the scattered paths ([17], Section 2.4.2). The largas the Number of nodes in the network

more deterministic the channel is. Figure 6 demonstrates
existence of an optimal cooperative region radius for t#fé Fig 7. Maximum Network sum rate for different number of nodestie
values of , assuming equal channel power for all values ofetwork and different activity probabilities

. By increasing the deterministic component of the channel
gain, the overall sum-rate decreases since the MIMO channel
no longer benets from a rich scattering environment. Ththe optimal radius with the increase in activity probabilit
effect of deterministic part of the channel on MIMO capacitps. For the cooperative region of node choosing a large
is explained in more detail in [18]. value for the radius results in shutting down many sources

In Figure 7, the maximum network sum-rate is depicted féhat lie in the cooperative region. The capacity loss due to
different number of nodes within the network and differerthis overcomes the gain obtained by cooperation. This fact
activity probabilities at the nodes. It can be seen in ttiggests that in networks with high data arrival rates, simgp
gure that increasing the activity probability leads to sumdirect transmission is the optimal strategy compared to the
rate increase as expected. Also, having more nodes in g@@perative strategy.
network results in more sources and, therefore, more caeper In Figure 9 the probability of successful decoding at a relay
tive regions to be scheduled during each transmission.r&igwersus the relay's distance from the source is given, fazehr
8 gives more precise intuition of how the scheme workdifferent values of ¢ with roy = 0:05. As the gure suggests,
For each activity probabilityps, increasing the number of increasing the region radius above the optimum value does no
nodes results in cooperative regions with smaller radii ¢o Burther improve the system performance.
optimal. This is expected since our scheduling algorithdy on  As an example, consider a relay located at the distance 0.02
allows non overlapping cooperative regions. As the numberom its corresponding source. For the region radiyg =
nodes increases we have to pack more cooperative regiorib, the probability of successful decoding at this relay egjual
and it makes intuitive sense for the optimal regions to &51. This value is almost the same for a region with radius
smaller. Another interesting observation is the decrease rip = 0:11 and increases to 0.85 faog, = 0:19. However,



@+ p=0.02 (Simulation) 75 . . . :

—— p_=0.02 (Analysis) B = B - B--- = " et
0.07 s 1 . =O= p_=0.02 (Simulation)
/1 P_=0.05 (Simulation) 7t s
—©— p_=0.02 (Analysi
0.06 —t— p_=0.05 (Analysis) J s (Analysio)

o
o1
T

. == P_=0.05 (Simulation
.@.. p,=0.2 (Simulation) 4= 7005 )

——p— p_=0.05 (Analysi
0.05 it~ ps:OAZ (Analysis) b Ps (Analysis)

=@~ - p,=0.2 (Simulation)

(=2}
T

p,=0.2 (Analysis)

ol
T

Optimal cooperative region radius
Network sum rate (bits/sec/hertz)
(9]
(%))

>
2
T

I
T

0 | | | | | | | \ J

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 35 I . . I I

Number of the nodes within the network 0 5 10 15 20 25 30
Decoding threshold (b)

F_ig. 8. Op‘.‘”.‘a' cooper_a}t!ve region radius for different numbenodes and Fig. 10. Optimal network sum-rate versus different values efadiing
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decoding threshold will result in the case where coopenatio
cannot bene t the network by increasing its capacity or powe
ef ciency, and direct transmission in both slots will be the
optimal transmission strategy.

Figure 10 illustrates the capacity decrease as a result of
increases in the decoding threshold As we expect, the
change in the sum-rate is small in cases where we have a
higher activity probability s = 0:2), which is due to the fact
that the optimal solution either does not involve cooperatr
the amount of cooperation is negligible. Therefore, thengea
in the threshold does not signi cantly affect the perforroan
However, the decrease is apparent in the low activity regime
(ps = 0:02). We have studied the change of optimal cooper-

0 0.05 01 0.15 02 ative region in Figure 11. For lower decoding thresholds, th
Relay distance r from source cooperation performance is not signi cantly affected by th

amount of interference. This fact results in large radiuarin

Fig. 9. Probability of successful decoding versus relajadise from source. optimal cooperative region. However, increasing the thoks
causes the relays to be more sensitive to interference. This

for the region with a higher radius of 0.19, as we can sé@ads to ineffectiveness of the relays that are close to the

from the gure, there is a very small probability of corrgctl boundaries of a large cooperative region, which suggests th

decoding for the relays located further thag: = 0:05 from choice of smaller regions as the optimal solution in coopera

the source. In this case, by allowing a bigger cooperati@@mmunication.

region we have allowed the amount of interference in the

petwork_to ir_wcrease dlue to more interfering rglays, whibmh. C. Cooperative Gain

is only little increase in the number of decoding relays Mahic

are close to the source. This results in the overall decrefise We evaluate the power efciency by using the notion of

the sum-rate compared to the case of relaying with optim@Poperation gain. To de ne this notion more precisely, we
cooperative region radius. assume that there afs active sources within the network

each transmitting with powd?P under the direct transmission
) setting. We call the achievable rate under this setfitg.
B. Effect of Node Decoding Threshold We compute the overall required power under the cooperative
The decoding threshold,, of potential relay nodes can leadsetting to achieve the same sum-rate (i.e., we Hayg =
to noticeable change of the sum-rate and energy savingswitR 4;). Under the optimal cooperative setting, a totaNgf+ D
the network. In this section we study this effect for a widaodes are active (wheid, represents the number of sources
range of changes in the decoding threshold. Having a smafd D represents the number of successful decoding relays),
threshold leads to the idealized scenario where the nodes each sending with powé?o to achieve an overall throughput
tolerate a high level of interference. On the other hand,ga bdf R 1ot = R 4. The cooperation gain of the network is de ned

PISIR(N)>b]
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and power savings that can be obtained via cooperation.
The performance gain obtained via cooperation is limited by
the inherent increase in the amount of interference that the
relays can cause. We study the optimal amount of cooperation
by evaluating the trade-off between exploiting the nodes as
relays and the increase of interference caused by asyrmison
transmission of the relays in a dense wireless network. We
introduce the notion of cooperative regions, whose radius
can be optimized to maximize the overall network sum-rate.
The power ef ciency obtained via the choice of the optimal
cooperative regions is evaluated. Numerical results based
the proposed analysis provide design guidelines for optima
relaying in interference limited wireless networks andstrate

the potential performance gains obtained by cooperation.

APPENDIX |
PROOF OFPROPOSITIONII

Note thatD;s are not independent frofd, and the con-
ditional probability results do not apply. Wald's equalit}9]
states that iff Dijj1 < i < N pg are i.i.d random variables
each with meanE[D;] and Ny is a stopping rule forD;
andD = Dy + :::+ Dy,, thenE[D] = E[D;]E[Np]. We
rst show that N is a stopping rule foD;. For any source
1<i< N, ifitis allowed to transmit it means that the
scheduling algorithm permits regidérto be added to the set of
cooperative regions. Therefore, for a new source chosengmo
the network nodes, it has to satisfy this distance criterTdris
criterion is only dependent on the location of other sources
1, which have been selected by the scheduler prior
to choosing. ThereforeN, is a stopping rule, and by Wald's
equalityE[D] = E[N,]E[D;].

APPENDIXII
DERIVATION OF THE CDF OF SIR AT THE RELAYS

The received signal frons at m has the average power

s = di, and therefore, the distribution of the received power
z in a Rayleigh environment follows; (z) = Le “.Ina
large network with interference, we assume that the angaitu
of noise at each relay is small relative to the interference.

- . ) ... Therefore, it suf ces to nd the distribution of SIRY = Z-.
As shown in Figure 12, the simulation results show S'gn'tarbincez and1,, are positive, the distribution of the érIﬂR is

power savings for low arrival networks with low deCOdin%om uted as
threshold. The power saving effect decreases with theasere P

. . y4 1 Z z=xy
in t_he threshold or activity. In order to compare the pOV\_/erFY (y) = f2(2)f,. (x)dzdx
savings as a function of the number of nodes, we consider 7 7x=0 220
networks with the same total transmission power. Figure 12 1 =z=x% 9, xEIN:IT 1 «
shows that despite increasing the number of nodes when using o 1m0 te s (EN,] 1) EN ] C dzdx
cooperation, which results in each node having a smallgesha 27" *~ CEIN 1 (18)
of power, the network cooperation gain increases. = 1 e s e “dx
P PN 9 = ENT D Em
1
VI. CONCLUSION =1

1+ YELm] EINIT
This work presents an analytical framework to study the ef- s
fect of cooperation in large wireless networks with integfece where we have used the table of integrals [20] to obtain the
mitigation. We have evaluated the potential sum-rate am@e last equality.
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