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Abstract—In this work we consider a Wireless Sensor Network ~ Despite its promise, the employment of VAAs poses several
(WSN), where nodes cooperate to send data to a remote sink. Intechnical challenges mainly because of the large amount of
particular, we assume that sensor nodes form Virtual AntenR  giqnaiing packets required to establish the cooperatioongm
Arrrays (VAAS) and use cooperative beamforming to transmit different nodes. Coalition formation has been investigate
toward the sink. The VAA formation problem is formulated as | ) i . ’

a noncooperative game with complete information. In fact, a in [5], where the choice of the nodes is made on the basis of

one hand cooperation greatly increases link capacity, but @ the overall energy consumption. The impact of the coalition

the .other, it introduceg a certain overhead. The latter tractej size on the overall performance is investigated in [6]

off is analyzed resorting to a game theoretical approach in A theoretical tool for studying and designing complex

which sensor nodes aim at forming VAAs to maximise their . - - " LT L

own successful transmission rate, while keeping under corul |nteract|(_)ns among rational entities operating in a disted

the energy consumed for the signaling within VAAs. Based Manneris game theory. A huge number of works can be found

on this analysis, we then introduce a communication protodo in the literature where non-cooperative games are applied

for VAA formation. Numerical results shqw the advanta.ges. of to model problems in communications (see, e.g., [7], [8]).

cooperation among nodes as well as the impact of consideri®y 9] and [10] introduce a non-cooperative game, in order to

rgallstlc communication protocol, accounting for packetslosses, desi I fi lgorith imising th

with respect to the ideal case achieved through the game. esign a resource allocation aigorithm, maximising thegne
efficiency of the system, evaluated in terms of bits coryectl

|. INTRODUCTION transmitted per Joule consumed.

Wireless sensor networks (WSNs) have recently gainedThe scope of this work is to design a communication pro-
increasing attention as practical technology being intoedl tocol wherein sensors selfishly trade off the costs of fognin
to different applications. Most of these applications iiegito VAAs and exploiting the energy left available in their own
transmit the acquired data over long distances using trsasnbattery. In particular, inspired by [11], a non-cooperatame
sion resources available only at sensor nodes. In thistisitya is applied to derive the best VAA organization. Numerical
direct transmission from a source node to a destination nossults, derived through simulations, show the advantafes
over long distances often presents harsh obstacles maiely dooperation among nodes as well as the impact of considering
to the large amount of energy required to establish a r@iala realistic communication protocol.
transmission, thus fostering an inefficient use of the biate

Multiple-input multiple-output (MIMO) systems are well
known for their capability to obtain high spectral efficignc The WSN under consideration is composedfsensor
in the presence of fading channels [1] [2]. However, theodes, equipped with a single ideal isotropic antenna and
need to install multiple antennas in portable devices can ndomly distributed over a given area (see Fig. 1). The
problematic for economic and practical reasons. To extead tenvironmental parameters measured by sensors are sait to
advantages of MIMO systems to devices characterized bysiaks through a query-based communication protocol, where
reduced number of antennas, the idea of deploying a virtisaihks periodically send guery to the nodes and each node
MIMO (V-MIMO) architecture appears to be very promisingtransmits the data to the sink from which it receives thedsatg
Cooperation among nodes is a fundamental aspect of V-MIM@&ceived power. Compared to sensor nodes, sinks may use a
systems, since nodes cooperate to create virtual anteraysarlarger transmit power, so that each of them may trigger nodes
(VAASs) [3]. In particular, one of the V-MIMO cooperation in a large geographic area. Due to the limited transmit power
schemes is cooperative beamforming [4]. and constraints in terms of energy consumption, sensorsnode
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U > Sensor nodes selfishly trade off the costs of forming VAAs and exploitirngpt
o ske energy left available in their own battery [11]. The outceme
A o of the strategic interactions among agents will be invastid
° as a Nash equilibrium (NE) problem which may lead to
© of 0 e alternative distributed algorithms that present advastain
o’ term of robustness of convergence, scalability, and requir
omore ° ® guantity of message passing [12]. It is important to note tha
© o g, 8 oo sensor nodes are not really playing a game; rather the game
° theoretical analysis is used to study the possible outcomes
o ©0 p . of the strategic interactions among nodes and implement
o o algorithms that achieve suitable steady solutions.
e °o o ° %%, 0 Before introducing the strategic game that models the in-
teractions among the nodes, let us introduce the veg;;pé
SR S — (gm_’g)l-ej\/l#m, whereg,, , = 1 if nodem wishes to form a
tm) VAA with node ¢, andg,, , = 0 otherwise. Analogously to
Fig. 1: Reference scenario. what is proposed in [11], we assume that the cooperatingmnode
cannot refuse a VAA formation request and that cooperation
is always reciprocal. In other words, cooperation between t
may need to cooperate to reach the final sink with a givéensors can be unilaterally established at the conditiah th
reliability. Towards this goal, sensors are organized istelrs the sensor requesting cooperation will afford the entireual
to send data to the relevant sink, with up A clusters of cost to maintain this relationship. Thanks to this mechanis
nodes formed at a time, one per sink. We assume that nog@sh node can impose the collaboration to the other nodes at
will autonomously decide to act as sources if the measurtw condition that the benefit it obtains is greater than ths c
data is sufficiently different from the one previously séfdach per cooperating node established by the designer. Uncdgr thi
source node takes advantages of a subset of nodes belongiagsumption, the cooperation status between nodesid/ is
to the same cluster, calledoperating nodes, acting as a VAA
gm,l - {

150

100

-150

max{gm,éa gé,m} m 7é 14 (2)

together with the associated source. Accordingly, degotin 1 m=1

with A;, i = 1,.., N, the set of nodes belonging to the
th cluster, and withM;, i = 1, .., N5, the set of source nodeswhere nodesn and/ are calledheighborsif g, . = 1. Signal

in clusteri, we have thaEf’;l | N; |[< N and M; C N;. to Noise Ratio (SNR) can be expressed by
The considered node-to-sink channel model can be repre- b2
sented by the following channel transfer function Y (Ps 8m) = U—gPtot,m(p, gm), 3)
hyp = éf, n=1,..,N (1) whereb? is the mean pathloss within a cluster? is the
Vkod=Ps noise power andP. ., IS the total power of cooperative
wherek is the reference pathloss,is the distance betweentransmission defined as
the transmitter and the receivét,is the pathloss exponert, _
gris the p P Potm®gn) 2 S (@)

is the log-normally distributed shadowing component ghd
is the fading component which follows circularly-symmetri
complex normal distribution. For the sake of simplicityethWe can now highlight the following.

non-cooperative game considers only pathloss componeht,Each node in the WSN is considered as a player of the
because shadowing and fading components are less inflienW¥AA formation game playing strategl,, = (pm, &m)-

Lel,U{m}

but complicate the formulation of the game. 2) Each sensor, can form a VAA with the nodes that are only
one hop away from it in the connectivity graph (neighbors).
lll. GAME DESCRIPTION 3) The benefit obtained by generic sensaris a strictly

In this section, the main objective is to derive a nhoncooparencave and monotonically increasing function of the SNR
ative game model for the WSN described in Sec. I, in whiclevel ~,,,. A convenient choice for the benefit function is
the sensor nodes aim at forming VAAs to maximize their own b2
successful transmission rate. To this end, sensor nodes are Um (P, g) = log <1 + —%Ptot,m(p,gm)) ; (5)
coerced to behave as self-interested agents in a sociabrietw g
(SN) in which users can create relationships to share ctmteire., themth VAAs achievable information rate.
or services. More in details, we treat sensors’ transmitggows) Since each node should prevent the adoption of a too high
as the contents that can be shared among users in an SN, wihdasmit power, due to the battery limitation, a linear coist
the relationships established to share those contents Imode T per unit of energy a node produces is introduced.
the VAAs structure within the cluster. The final scope of thi§) Finally, the bigger the coalitions size, the higher thenber
work is to design a communication protocol wherein sensoo§ signaling packets, introducing collisions and excessiv



overheads that may increase waste of energy. Thus, each nméght be fostered via a modified benefit function that models

is assumed to incur in a VAA formation coktfor each VAA the users’ interest in taking advantages fromadety of power

formation request he produces. sources. Hence, instead of assuming the perfect subbtlityta
Based on the above-mentioned observations, the VAA fast the power, we use thBixit-Siglitz preference model [13],

mation game is defined by the tugle= {N,tm,un}, where which enables the possibility of appreciating the varidtthe

players are the WSNs i/, the strategy profile of thenth power sources, yielding the concepteffective power

player ist,, = (pm,gmn) and its utility function is 1/p

um(tmat—m) = Um(tmat—m) - /\pm - k”gm”la (6) Pcﬁ',m(tmatfm) = pfn + Z Pf ) (8)

. . . LELp, (8m
wheret_,, is the vector collecting the strategies played by S (&m)

all the players but thenth. Note that the proposed game isvhereL,,(g..) is the set of neighbors of node andp <1

equivalent to the one originally analyzed in [11] for SNsepresents the node’s appreciation for the variety of power

The solution concept for this game is the well-known Nasspurces. This appreciation increases @s— 0, whereas

equilibrium (NE), i.e., a strategy profile* = (p*,g*) such disappears fop = 1, where (8) is equal to (4) indeed.

that Based on the above-mentioned observations, a modified
Un(65,6%,) > up(tn,t*,), VnenN. (7) version of the VAA formation game is introduced, with

In [11], the authors discovered that, when the size of the (¢t ) =1log (1+ ﬁpeffm(tmat—m)> (9)
population is sufficiently high, every strict noncooperati o

equilibrium of this game can produce either a symmetrigeing the new players’s benefit which replace (5) in (6). We

topology where all users produce the same amount of conteféy discuss the properties of the equilibrium points oletdin
and have the same number of neighbors or a hierarchigghnks to the Dixit-Stiglitz preference model.

structure with only two possible levels of contents prodct

i.e., a high level and a low level. Moreover, the only symiicetr B. Analysis of the Equilibrium Point

profiles that could emerge at the NE are either only composedrhe proposed game is a particular case of the IPLF frame-

by singletons or with all nodes cooperating between them.work investigated in [11]. Here, it is worth recalling the
Though, the case of symmetric profile at the equilibriurfollowing two major results.

does not satisfy the desired features of the VAA formation 1) Existence of the NE [11, Th. 1]: Pure Nash equilibria of

strategy. In fact, the complete graph would cause excesgjve the game always exist and each equilibrium belongs to one of

naling to form the VAAs, while the solution of only single®n the following types:i) a symmetric strategy profile in which

would require an excessive power to those nodes with pasich node personally consumes an amount of pdigr =

battery status. On the other side, equilibria with asymmetr%_(g_j, and no one forms any VAAj) an asymmetric strategy

profiles fits with the requirement of having different trarismprofile in which each node personally consumes an amount of

powers due to the heterogeneous levels of energy left M"apowerp:n strictly smaller thanP,,. and forms a VAA with at

at the sensor nodes. At the equilibrium point, a node with lojast one other player. Moreover, at the equilibrium we have
transmit power can only cooperate with a node presenting

a high transmit power [11], which is suitable for our VAA 1 o2 . .
structure where the sensor nodes with high energy avaiiabil Prnax = X < |\ Pt Z De | - (10)
can help the sensors with a poor battery status. Hence, from teL o (Bm)

now on, we will refer to the sensors with low transmit poweHence, if the cost\ is chosen so thaP,,.. respects some
and high transmit power aseak nodes (WNs) andpotential minimum performance requirements, the resulting equilior
helpers (PHs), respectively. Unfortunately, all these appealingoint will guarantee those requirements too.

features are frustrated by the so-callegv of the few [11]. 2) Core-periphery structure of the NE [11, Th. 2-3]: In an
According to this, if the user's benefit depends only on thgsymmetric equilibrium, wheiv = IN| = oo and given\, ,
total quantity of acquired contents (i.e. contents arequélif andp, we can classify the nodes into two categories: PHs and
substitutable), the number of potential helpers will vardsN  WNs. PHs transmit with a powe,;, and ask for collaboration
tends to infinity. Consequently, the proposed game themtletionly to othern, ,(t*) PHs while WNs transmit with a power
model will produce an useless structure for large VAAs.  p, and ask for collaboration t&/,, ,(t*) PHs. Moreover, the

A. Dixit-Siglitz Preference Model number of PHSN,,;, (t*) is such thati) Npp(t*) < Ny (t*),

where the latter is the number of WN§), it grows at the same
A viable solution to this problem is to modify the benefiprder as the entire population, i.e.

function of the sensors. In fact, the information rate indé- N

siders the transmit power shared by different nodes of th& VA lim inf NL(':) =1 (11)
as perfectly substitutable, i.e., only the total amount @fer Noootredy N

(4) used for transmitting signal,, determines the benefit of wheren is a constant and  is the set of Nash equilibria for
the mth node. The main idea is that cooperation among nodaegopulation of sizeV. As apparent from (11), the law of the



few is not valid when the Dixit-Stiglitz model is accountedhould cooperate with, in case the number of replies from PH
for, thus making the game theoretical model appealing forislarger thanNyy,, or number of replies from WNs is larger
cooperative WSN scenario. than N,,,, nodes are selected according to the largest power
received. Once the set of cooperating noflg, is defined by
sourcem, it sends to such nodes an acknowledge (ACK), to
Relying on the design guidelines obtained with the gantet them know they belongs to its VAA and to provide a time
theoretical analysis of Section lll, this section desaillee scheduling that will be used in the VAA to avoid collisions
different steps of the communication protocol required éd gamong nodes of the same VAA. Cooperation request and reply
the cooperative beamforming transmission. For what carscerare sent using CSMA/CA.
the access to the channel, a contention-based protocol, as ) i
the Carrier Sense Multiple Access with Collision Avoidanc§- Cooperative Beamforming
(CSMA/CA) protocol defined by the IEEE 802.15.4 standard, Once the VAA formation is done, each source performs
is used for data transmissions, if not otherwise specified. CSMA/CA to transmit its data. When the channel is found
. free, sources broadcast their data so that each node in their
A. Cluster Formation VAA has a copy. This transmission is also exploited as a
Each sink sends a query, using a power much higher witigger for the next phase in which the cooperating nodes
respect to the maximum power at which nodes may transmiansmit pilots towards their sink using a scheduled time
All nodes triggered by a given sink join its cluster. If mohan division scheme (each node has an assigned time slot) defined
one query is received by a node, the latter selects the sink frduring the VAA formation. These pilot packets are used for
which it receives the highest power. Every nodec \V sends channel estimation. Upon the reception of these pilot packe
a short packet, including its battery levg},, towards the sink. the sink replies with an ACK packet containing the channel
In turn, the sink collects all the battery levels in the vectestimation. Immediately after the ACK packet is received by
e 2 [e1,...,en]T, whose elements are sorted in increasinigle VAA members, they calculate their transmission weight
order. Since at this stage lots of nodes will attempt to trina  and the cooperative data transmission occurs.
packet, a high maximum number of retransmissions is allpwed
to avoid packets loss. This step makes each sink aware of the
number of nodes belonging to its cluster and of their battery
levels. The latter are used as input to run the game at the sinklumerical results are obtained through simulation and the
and compute the VAA formation parameters according to tt@osen metrics are SNR and energy consumption of coop-
following procedure. erative transmissionN = 100 sensor nodes are uniformly
1) The sink computes the vector of maximum powers at whighstributed overl30m x 130m observation area, surrounded
each sensor may transmit & = ePp.x, Where P, is by Ns = 4 sinks located0m from the edges. Channel param-
expressed by (10). eters aréy = 1260, 8 = 3, the noise powes> = —110dBm
2) A minimum number of WNs is selected 8§, = N/2. and the duration of packet transmissiop,.xe: = 0.8ms.
3) According to the value ofV,.,, the two levels of power Given that all the nodes in a VAA set their transmit
must satisfy the following requirement#,, < p(0) and weight in a proper wayw, = e—dargthe}) the overall SNR
P(0) < Pon < P(Nym). of the cooperative transmission is defined 5, g.,) =
4) The sink checks if there exists an equilibrium point of thes Zeeﬁmu{m}pzlthQ, whereas the energy consumption of
gameg that satisfies the requirements of Step 3 (for the sake@fcooperative transmission is = Tpqcket deﬂmu{m} De.
brevity we omit the details of the algorithm). If the equililom We compare the case where no cooperation is present with
exists, the sink broadcast0), p(Nwn) andP,1, together with the NE of the game, and the case in which the presented
the valuesN,, , and N, ,, that guarantee the existence of theommunication protocol is employed. In this way we show
equilibrium, and the procedure ends. If the equilibrium slodoth the advantages of cooperative transmission and teatext
not exist,Ny, is increased by 1 and steps 3 and 4 are repeatéal which the NE can be achieved in a realistic environment.
_ Fig. 2 showsy as a function of parameter. First, we can
B. VAA Formation observe that the case where there is no cooperation achieves
Once the clusters are established, a subset of the triggetfeelworst performance by far. This is of course expectedgsin
nodes will act as source nodes. For the sake of simplicity wlee transmission power of a source is always lower than the
consider the sources to be WN. To form its VAA, each sourgetal transmit power of the VAA which includes the source.
transmits in broadcast a cooperation request packet. Noded ooking at the ideal case, represented by the black line,
sources or not, receiving such a packet, reply with an uhicétscan be observed that the average SNR decreases pwith
cooperation reply packet to the source, including the statAccording to Dixit-Stiglitz model, increasing will decrease
of its battery, i.e., if it is a WN or a PH. At this point eachthe source interest for cooperation, leading to smaller ¥AA
source selects its cooperating nodes, among those fronhwhicus further leading to lower average SNR.
the cooperation reply has been received. Since each sourcéhe communication protocol is evaluated in different set-
knows the optimum number of PH3/,;,, and WNs,Ny,, it tings. Considering nodes with two levels of receiver seérisit

IV. COMMUNICATION PrROTOCOL

V. NUMERICAL RESULTS
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Fig. 3: Energy consumed by cooperative transmission.

higher receiver sensitivity is practically not affectedysince

the number of cooperating nodes is mostly limited by the
connectivity. In fact, the curves representing lower reeei
sensitivity have steeper slope because the communication
protocol is following the game solution.

VI. CONCLUSIONS

We presented a cooperative communication scheme for
WSN in which game theory is employed to derive VAA
organization. A non-cooperative game is balancing theoperf
mance gain achieved through cooperative beamforming with
the increase in energy consumption due to required overhead
We show that by setting paramejeof the Dixit-Stiglitz pref-
erence model, this trade-off can be tuned. Namely, decrgasi
p increases the SNR at a cost of energy consumption, and vice-
versa. We also introduced a communication protocol which
aims at realizing the VAA structure suggested by the game.
It is shown that by properly setting the parameters of the
protocol, such as the maximum number of retransmissions of
cooperation request packet, game solution can be reached.

ACKNOWLEDGEMENT

This work is supported by the European Commission in
the framework of the FP7 Network of Excellence in Wireless
COMmunications NEWCOWM(Grant agreement no. 318306).

REFERENCES

[1] G. J. Foschini, “Layered space-time architecture foreleiss commu-
nication in a fading environment when using multi-elementeanas,”
Bell Labs Technical Journal, vol. 1, no. 2, pp. 41-59, Autumn 1996.

[2] E. Telatar, “Capacity of Multi-antenna Gaussian Chdsj\eEuropean
Trans. on Telecommun., 1999.

[3] M. Dohler, A. Gkelias, and H. Aghvami, “A resource allticen strategy
for distributed MIMO multi-hop communication system$EEE Com-
mun. Letters, vol. 8, no. 2, pp. 99-101, Feb. 2004.

[4] G. Barriac, R. Mudumbai, and U. Madhow, “Distributed b&arming
for information transfer in sensor networks,” ird Intern. Symp. on
Information Processing in Sensor Networks, Apr. 2004, pp. 81-88.

[5] Y. Yuan, Z. He, and M. Chen, “Virtual MIMO-based cross#a design
for wireless sensor networks/EEE Trans. on Vehic. Tech., vol. 55,
no. 3, pp. 856-864, May 2006.

[6] Q. Gao, J. Zhang, B. Larish, and S. Shen, “Coalition-didata transport
in wireless sensor networks: data compression, cooperaimsmission
and optimal coalition size,” INEEE Radio and Wireless Symp., Jan.
2006.

one h?-nd lower recei\{er sensitivity, RS, means higher num_b?l] W. Yu, G. Ginis, and J. Cioffi, “Distributed multiuser pew control for
of neighbors, thus higher number of potential cooperating digital subscriber lines,TEEE Jour. on Sei. Areas in Commun., vol. 20,
nodes, but, on the other hand, it also increases the callisig_, "0 5 PP- 1105-1115, Jun. 2002.

8] G. Scutari, D. Palomar, and S. Barbarossa, “Competifdesign of

probability. Obserying the _reSUItS it can be Con_CIUded tha Multiuser MIMO Systems Based on Game Theory: A Unified View,”
the former effect is more important as decreasing receiver 1EEE Jour. on Sdl. Areas in Commun., vol. 26, no. 7, pp. 1089-1103,
sensitivity leads to better performance. 9
There are several protocol parameters which can be moc;" control via pricing in wireless data network$EEE Trans. on Commun.,
fied in order to trade off between the generated overhead and vol. 50, no. 2, pp. 291-303, Feb. 2002.

the proximity to the ideal case. For example, by setting i)

Sept. 2008.
C. Saraydar, N. B. Mandayam, and D. Goodman, “Efficientvgio

F. Meshkati, H. Poor, S. Schwartz, and N. B. Mandayam ‘&ergy-
efficient approach to power control and receiver design ieless data

maximum number of retransmissions of cooperation request networks,” IEEE Trans. on Commun., vol. 53, no. 11, pp. 1885-1894,
to 3, the protocol achieves almost the same performance as in Nov. 2005.

the ideal case. We can conclude that at cost of certain amollft Y- Zhang and M. van der Schaar, “Information productiand link
of overhead, the solution of the game can be replicated.
Fig. 3 shows the energy consumed by the cooperati@] Z.Han, D. Niyato, W. Sad, and T. H. A. Basar, “Game tlyeiorwireless

transmission as a function of parametedt can be observed
that having highep decreases the energy consumption, sin

formation in social computing systemdEEE Jour. on Sal. Areas in
Commun., vol. 30, no. 11, pp. 2136-2145, Dec. 2012.

and communication networksCambridge University Press, 2012.

é]é?;] A. Dixit and J. Stiglitz, “Monopolistic competition @hoptimum product

diversity,” The American Economic Review, vol. 67, no. 3, pp. 297-308,

less nodes are involved in the VAA. The curve representing Dec. 1977.



