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Abstract—This paper discusses a new perspective for the appli-

cation of game theory to wireless relay networks, namely, he
to employ it not only as an analytical evaluation instrument
but also in constructively deriving practical network management
policies. We focus on the problem of medium sharing in wirelss

achieved introducing hierarchy in games, allowing someasuse
to move before others. In [10]-[12] this is further advanced
by considering repeated games, where cooperation is eaforc
by punishing deviating users in subsequent stages. In [13],

networks, which is often seen as a case where game theory justcOOperation stems from an agreement between players and the

proves the inefficiency of distributed access, without propsing any
remedy. Instead, we show how, by properly modeling the agest
involved in such a scenario, and enabling simple but effeate

incentives towards cooperation for the users, we obtain a source
allocation scheme which is meaningful from both perspecties of
game theory and network engineering. Such a result is achied by
introducing throughput redistribution as a way to transfer utilities,

which enables cooperation among the users. Finally, a Staelberg

formulation is proposed, involving the network access poihas a
further player. Our approach is also able to take into accoun

power consumption of the terminals, still without treating it as

an insurmountable hurdle to cooperation, and at the same tire

to drive the network allocation towards an efficient cooperdion

level.

Index Terms—Cooperative Relay, Dynamic Scheduling, Game
Theory, Stackelberg

. INTRODUCTION
Coordination of wireless access is key to efficiently expl

the available channel resources. Many formalizations & t
problem involve the use of game theory [1]. The earlier a[5)
plications of game theory to wireless networks were limite
to the formulation of wireless network problems as statfe

games of complete information, that usually lead tottagedy

of the commong2]. This problem models the inefficiencies
occurring when independent agents share a common reso
in a selfish manner. As an example, [3] shows that the IE
802.11 distributed MAC protocol can lead to an inefficien
Nash Equilibrium (NE) and [4] shows that a situation similar

to the traditional Prisoner’s Dilemma arises in slotted #lo

MAC protocols. A closely related approach is taken in [5]tth

considers the routing problem for a multi-hop wireless rekuw

To improve the network performance, incentives for th
users to cooperate may be provided. However, this requbreé

change the formulation of the game. In [6]-[9] cooperati®n
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presence of an entity enforcing such an agreement is assumed
Cooperative games can be extendeadalitional gameq14],
where users are allowed to form coalitions; a coalition play
as a single entity against other (competing) coalitionsl, e
coalition members share the coalition benefit. The stratdgy
a player consists in its decision regarding joining a cialit
Cooperative relaying is another important technique in a
wireless network to improve connectivity and throughputhia
network. The performance of relay channels has been widely
studied in the literature [15]-[17]. However, relaying @sgible
in practice only if incentives are given to the individuakusto
overcome the disadvantages of their limited energy buddrets
this spirit, [18] promotes a fair packet forwarding mectsami
balancing the relaying opportunities that each node givest
receives from other nodes. Similarly, [19] introduces duat
currency and mechanism for charging/rewarding service us-

01'jlge/provision. Both papers assume the application of agamp
hresistant module in each node to store the forwarding balanc

r the virtual currency credit. The virtual currency conicep
%Iso used in [20], while in [21] cooperation is reached bygsi
reputation mechanism. A distributed and scalable acoepta
algorithm was proposed in [22], in order for the nodes of an
ad hoc network to decide whether to accept or reject a rejayin
r %uest. Finally, [23] considers an incentive mechanismereh
nodes flexibly give transmission bandwidth in excharmge f
{)rwarding data.
In this paper we investigate cooperative relaying, not only
improving the social welfare of the network, but also insiag
the individual benefit of each single user, that is assumed

urc

to act selfishly and strategically. We first prove the potdnti
ain of cooperation through a cross-layer scheme involving
int routing and medium access, which is analyzed by means
I(% renewal process theory [24]. However, such a globally
efficient allocation may not match the allocation equilitoni

in a game theoretic sense. Thus, as a main contribution ®f thi
work, we propose an opportunistic relaying scheme invglvin
a coordinator, that triggers cooperative behaviors irginga
the access opportunities of users acting as relays. Thid kin
of approach is framed as a Stackelberg game involving the
coordinator as the leader and the users, whose strateggatec
involves whether to act collaboratively, as followers.



Differently from [18]-[21], that are based on the exchange ¢

User arrangement

a network scale of abstract notions of worth (e.g., currearay 400 PR P
reputation), our opportunistic relaying scheme represamore 3000 ',*' 8 N . i
tangible and immediate incentive mechanism. The repea R4 o6 A
game formulation considered in [22] is efficient only if a use 2000 o \\ .
asking for a relay service can return the favor in futurerinte , o2 *
actions. Our scheme can be applied in more general sitsatic 100! o5 5
even in strongly asymmetric scenarios where some users o £ ' !
ask for relay services and other users are only asked to ac ‘g or o3 ¢ el
relays. In fact, users acting as relays are immediately neeeh _1003.10 ol h
independently of the future interactions with the otherrsise N .
Our approach is closer in spirit to [23]. The main differenc 200} ot ':' ,
is that, instead of rewarding cooperative users in the £aqy N ol
domain, giving them more bandwidth, we reward cooperatih  -300r ‘*\ o7 Lot 8
users in the time domain, increasing their access oppaigani ERR JTi
Moreover, there are some different hypotheses that make %00 —300 —200 -100 0 100 200 300 400

analysis of the two schemes very different, e.g., in thisspage meters

assume that the users can select their modulation schensl whi
in turn determines the packet reception probability, wf@i@] Fig. 1. The considered scenario: an access point surrounygleser nodes
adopts a more abstract formulation based on channel cgpacit
The rest of this paper is organized as follows. We describe th
scenario under investigation and the key assumptions iticbec correctly received by and;. We denote WithZ,xs = Pprt Tkt
Il. Then, Section Il formalizes the analysis of cooperativthe energy consumed by a user for a single packet transmissio
versus non cooperative schemes by means of renewal procegsutomatic Repeat reQuest (ARQ) is used as the mechanism
theory. Section IV utilizes game theory to provide networto achieve reliable communication [25]. If the packet traits
incentives towards cooperation and defines our proposeit-Staed by uset is not correctly received by nodethe packet is re-
elberg approach. Numerical results are provided in Sedfion transmitted the next time uséis scheduled, until the packet is
We discuss possible relaxations of some hypotheses inoBectieceived or the maximum number of retransmissions is reache
VI, and Section VII concludes the paper with some remarksFor the sake of simplicity, in this paper we consider at most o
retransmission per packet, although the extension to pheilti
retransmissions would be conceptually straightforwardens
are assumed to be backlogged, i.e., they always have packets
Consider a scenario as reported in F|g 1, where d{set to transmit. In the following, we will start by Consideringal
{1,2,...,U} of U nodes, hereafter callassers are distributed retransmissions of a packet are only performed by the naate th
around a further node calledode O This may represent an has originated that packet, i.e., the node that performedirtt
access point of a wireless local area network, or a basestafiransmission attempt. We will refer to this situation as tite
of a cellular network. We focus on the uplink between eadipoperationcase and denote its corresponding quantities with
user and nod®; yet, we assume that nodeis not only the a superscriptV. Pi(") can be set as a constant/static value for
end destination, but also a resource manager, as explaitezd | all n, which makes the selection process independent and iden-
We denote the signal to noise ratio (SNR) between udgégally distributed (iid). The scheduling policy can be delsed
i and node0 as v, and the SNR between useisand j as by @vectorP = (Py, Py, ..., Py), where} "\, P; = 1, so that
~i;. Users are labeled in decreasing order of SNR to rmdePi(”) = P, for all n; for example, a fair sharing is represented
i.e.,y1>72>...>vy. We consider time invariant channels antty P = (1/U,1/U,...,1/U).
fixed transmission power®,;;, so that they; and~;; terms  We will also consider two evolutions of this scheme, where
are constant over time. We also assume perfect channel stateansmissions of faulty packets may not be carried out by
knowledge. the same node performing the first attempt. This is enabled by
A Time Division Multiple Access (TDMA) scheme is assuming that during the transmission phase of a generie nod
adopted, with a fixed slot duratidfi,,;. Node 0 controls the i the other nodes listen to the channel and stigepacket if
time shares of the users by selecting, in eachs)at specific they have correctly received it. Thus, they can retranshitt i
user that is allowed to transmit. The probability that user needed. If more than one user can retransmit the packet, node
is selected in slot. is P\". The selected user transmits d selects the one with the best channel.
single packet over the entire slot, comprising a number ofIn the first scheme, calletbrced cooperationdenoted by
bits that depends on its modulation scheig M; is chosen superscriptF), we assume that the users have no say in
over a finite setM according to the channel quality and indeciding whether or not to cooperate, but must follow node
turn determines the probabilities and ¢;; that the packet is 0’s directions when instructed to do so, hence the name. Since

Il. PROBLEM STATEMENT



the first time. Analogously, statz implies that by scheduling
useri the packet will be transmitted for the second time. S2ate

is entered if the first attempt failed. The teifn that influences

the transition probabilities results from the schedulimgcess.

The absorbing state®; and N R; represent the events that user
i's packet is eventually received or not, respectively, bget@
When either of the absorbing states is entered, the trasgmis
process of another packet of nodéas considered, restarting
Fig. 2. Non-cooperative transmission process of a packeser: again from statd;.

The time intervals of the packet transmission processes are

i . . positive, independent, identically distributed randomialales.
cooperation does not come from a free decision, there is PRese variables define a renewal process which can be studied

need fqr. rewarding t_he_ collaborative users with a higheessc exploiting renewal theory results [24]. The asymptotic mest
probability. Thus, sm;larly to the no cooperation casee tyf the network can be obtained studying the (statisticadyaye
access probabilitie#; " stay the same for eveny. However, phehayior of the Markov process. In particular, the asymgptot
their physical meaning changes: they represent the evant youghput of each user is equal to the average number of
the packet originated fromis transmitted during slat; if itis  (aceived bits divided by the average time to be absorbed in
the first transmission attempt, it will be performed Qywhile  ha Markov chain associated to that user.

this is not necessarily true for a retransmission. We denote withP)' the probability to be absorbed in state

Finally, we will consider a further cooperative case, @aller. ang withyN the average number of time slots to be absorbed
voluntary cooperation(denoted by superscrigt), where the starting from statd ;. Therefore

users freely decide whether or not they want to cooperate in

the retransmission process of other users. In this case lod sz\i =¢+(1-a)a=q¢2—a)
rewards them with a higher access probability, decreasjriyéo N_ 1 1 _2-q

> . v =5 +5 1—-q)= “4)
same amount the access probability of the users being helped P, P P,

Thus, 2™ changes over time. Suppose nadeoperates with  Thus, i's asymptotic bit rate for the no cooperation case is
nodej in slot n, retransmitting a packet originated from node PN N, N
j. We definekK;; as the number of scheduling instants, after BRY = ]fi L = Pg—— (5)
slot n, where the scheduling policy is changed, ahﬂ’igs) >0 Uit Tpnt Tpke

as the variation of the scheduling policy, with respect te thThe best modulation scheme for useris simply obtained

reference policyP = (Py, P»,..., Py), in slots, i.e., maximizing its throughput
P —p _AP® . p&) _p . Ap® 1 MY = argmax¢; N; (6)
7 J 1] ) 2 ¢ ) M;eM
s=n+1,...,n+ K;;. To compare the three cases, we definRecall that bothV; and¢; depend onM;. Finally, the asymp-
the bit rate of useti in slotn as totic bit rate of the network for the no cooperation scenario
B Rz(n) - 1's packet correctly received by in slotn N U N L
0 otherwise BRN = BRY = — > PN, ()
) i=1 Tore i

wherelV; is the number of bits in useis packet, which dependswhere the modulation scheme for each user is selected accord
on the chosen modulation schemé. Finally, we define the ing to (6).

asymptotic bit rate of useras In the forced cooperation scheme, the packet transmission
T_1 process of userfollows the Markov Chain in Fig. 3. Differently
BR; = lim — Z BRZ(") (3) from the no cooperation case, the retransmissiofisopacket
T—oo T o is performed by the best uskramong those that have received
the packet duringi's first attempt,k < i, otherwise the
I1l. RENEWAL THEORY ANALYSIS retransmission is performed hyitself. In the retransmission,

In the no cooperation scheme, the transmission process df will use the same modulation order used HyM;. In fact,
generic packet originated from usican be represented by thealthough the optimal modulatiof/;, for k may be higher;'s
Markov Chain of Fig. 2. The successful reception probaéit Packet dimension cannot be increasedie defineg;, as the
¢; andg;; depend on the modulation schemg and the SNR correct reception probabmty of a.packet transmittedkoysing
valuesy; and ;. In the following we will omit all these the same modulation schemeioBincek < i, we havey, > ¢;.
dependencies in favor of a clearer notation. 1 . _ . .

The initial state of the Markov Chain is, which means that Actually,‘noqek can even improve its amount of transmitted data by stuffing

; ’ ) ’ ) h 1's packet with its own data up t&, — IV; bits. In the present paper, we neglect
the next time usef is scheduled it will transmit the packet forthis further advantage which, however, would be immediaten¢lude.



is

i1 k-1 .

Z ik H (1—qit) (q;c_Qi)] N;
k=1 t=1 (10

]V[iF = arg max [qi +

1—gi
M;eM —qi

2

Finally, for the aggregate throughput we obtain

U i—1 k—1

BRF = % dop [Qi + ;:Z > g [ (1—air) (Q?;—qi)} N;

kt i1 p—1 =1
(11)

where the modulation scheme for each user is selected accord
ing to (10). Comparing this result with the no cooperatiosesa

if in both cases users are adopting the modulation schemes
according to (6), we obtailBR" > BRY. This relation is
further enforced if we calculates R considering the best
modulation schemes for the forced cooperation case, aogprd

to (10).

Fig. 3. Transmission process of a packet of user the forced cooperation 1IV. GAME THEORETICMODEL
scheme
To study thevoluntary cooperationscheme, we need to

introduce a game theoretic framework modeling interastion
The probability PX to be absorbed ink; and the mean among users and their decision_to c_ooperate/not to co_aq_oerat
number of steps” to absorption are We assume t_hqt users are selfish, i.e., they make decisions to
maximize their individual advantage.

p k—1 In the voluntary cooperation scheme, each user is free to
Ph=q+01-q) Z ik H (1= git) i, = choose whom to cooperate with, as well as its own modulation
k=1 t=1 scheme. For the time being, we consider that the strategyesf u

i—1 k-1 1 consists only in choosing the set of users it cooperates with
=q¢2—-—q)+ Z (1 — @) qix H (1 —qi) (¢} — @) which we denote ag; C U{. Since each user can cooperate
k=1 t=1 only with users having a worse channél,is actually a subset
F_2—q ) of {i+1,...,U}. The choice of the modulation scheme can be
! P added in a later step as a superposition to the choick, @nd
anyway it does not represent a strong interaction factorngmo
where we took]_[?:1 (1—q;) =1 andg;; = 1. In particular, users. Also, denote withl; the set of users that cooperate with
(1— ) g [17=) (1 — qit) (¢ — @) is the probability that) i, i.e., A; = {j € U : i € C;}.
has not correctly receiveils packet in the first attempt while We represent the preference of each ustrough a utility
k has received it but no user better thanhas received it, function¥;(B;, E;) which depends on the number of transmit-
multiplied by the difference between the probabilitiestttree ted bits B; and on the energy spef; per unit time. Actually,
packet is correctly retransmitted byand. It represents the for the analysis of the game we use tmeremental utility
contribution ofk to the probability that’s packet is eventually ¥:(AB;, AE;) representing the increase Wy with respect to

received by0. the no cooperation ca&ei.e.,
Considering for the ]Enome_nt that useis adopting the same (ABy, AE;) = U;(BY + AB;, EN + AE;) — W,(BN, EN)
modulation schemé\/,¥ as in the no cooperation case, we (12)

have obtainedP;; > Pg| andvf = vf'. The latter is a By definition, 1;(0,0) = 0. Also, it is reasonable to assume

consequence of pon5|der|ngFa S'Eg_le retransmission (fer (.. is a continuous and increasing (respectively, decreasing)

multiple retransmission case,” < v;" in general). function of the variation of transmitted bits (respecty&nergy
Similar_ to (5), t_he. asymptotic bit rate of useérin the consumption) per unit timeAB; (respectivelyAE;).

cooperative scenario Is Note thatAB; and AE; can be split into the contributions

due to the individual interactions with other userSB; =

Zjeb{\{i} ABij andAEi = Zjeu\{i} AEij, WhereABij and

i—1

k—1 ) N,
;‘hk 1T (1) (QZ—Qi)] f;t C)

t=1

1—q;
2—qi

BR?-H[qi+

2The game’s outcomes are invariant to this choice. In faely thepend only
] ] on the ranking of the preference of each user, which is predeif a (user-
and the best modulation schemé&!” for the cooperative case dependent) constant is subtracted from the utility of easr.u



AL;; are the variations, per unit time, of transmitted bits anithe users exploiting a collaborative relay still have a tigioput
energy expenditure af due to the interaction withi. Now, we improvement, i.e., ifj € C; then AB;; > 0; note that they
assume that the incremental utility;(AB;, AE;) can be ad- always have an energy saving, i.AF;; < 0, since: performs
ditively split as a sum of local contributions;; (AB;;, AE;;), a retransmission ifi’s stead. Moreover, as cooperation rewards
each due to the interaction betweiesndj, with +;; having the are granted by node, the transmission probability afcan be
same characteristics of; (continuity and monotonicity). Then increased according to (1) only if no@ecorrectly received the

we can write: packet retransmitted by In order to reach both objectives, we
impose the following change in the allocation conditioned o
bi(AB;, AE;) = _ Z bij(ABij, ABij) = the event that the packet retransmitted: iy correctly received
JeuN(i} by node0
= Y i;(ABy, AE;;) + Y i (ABy;, AE;;) (13) ., ; [
JEA; JEC: Z APTHIGN NN — 4 Nj —q;' N; (14)
X J P j
where we exploited the fact that jf¢ A; UC;, i.e., j has no s=1 ! q/
. . A t
interaction withi, thenv,; (AB;, AE;;) = 0. wherew;; € [0, 1] is the cooperation weighbf i with respect

~In (13), ¢ is re-arranged in two sum terms. The for.mefo j. The left hand side represents the average decrease of the

't?]VOIers the t‘r‘lsers of sellld_offetrlng their cgoApgratlon t0;  number of bits transmitted by during the followingK;; slots,
erefore, in the corresponding terndsp;; an ;; are pos- . (nts) _ (nts)

itive (as we will see in Section IV-A) andjnegative Jrespaiy given thatf =P=AP; Pis =1, Kij. Therefore,

Thi that - will al benefit f ' t'. the average (non conditioned) decrease of the number of bits
IS méans hat user will always benefit from cooperation ;o ,,aineq multiplying it by the probability that the patke

by another usej with a better channel; however, the Strategi‘r‘etransmitted by is correctly received by node and we have
choice whether to cooperate or not is left to ugeiThe latter . j N AN ;
imposed it equal tav;; (qi N;j —g;"N;* ). Sincew;; € [0, 1],

term includes instead the variation @f; due to i offering ! \ ) ol
cooperation to other nodes belonging to &gtwhich is where (e average increase in the number of bits transmitted by
during slotn, ¢/N; — ¢} N}¥, is higher than the average

the decision ofi comes into play. j

The termy;; can therefore be regarded as the specific utiliffecréase of the number of bits transmitted joyluring the
of useri in a simple2-player game betweehandj, i < j, SuPSequenk; slots, henceAB;; > 0 as we wanted.
where the only user who can make a non-trivial decision js | "€ cooperation weight;; is a tunable parameter describing
i. It will cooperate withj if and only if v;; > 0 (it is not how valuable !t is to reward c_ooperaﬂon btowardsj. If w;; is
restrictive to assume cooperation in the equality caseje Mt ©€dual o1, during thek';; + 1 time slots fromn 0 n + I;; user
i’s strategy has no influence on the utilities of lower indegras / ransmits an average number of bits equal to what it would
and, therefore, on their decision process. Hetisejecision to have transmitted during the same interval in the no coojoerat
cooperate or not withi, with i < j, can be made by maximizing €@s€- The lowei;;, the higher the throughput of usgr but
just the partial utilitys;;. In this way, the original/-player at the same time tr_le Iow_er the incentives given to dsentil
game is decoupled int¢") 2-player games whose outcomed”is = 0 where no incentives are given to user
can be easily predicted. The cooperation weightv;;, Vi,j : i < j, represents the

In particular, without any incentive mechanism, the optagn Strategy of noden, i.e., the strength of incentives given to
relaying packets for another node would never be advantageO0Perating users. We suppose thaj are fixed by node)
In fact, in this caseAB;; = 0 and AE;; > 0, hence);; is at the beginning of the communication and are transmitted to
negative. Thus, no node would ever relay a packet. This is wﬁ% users. In this way, any user knows in advance the gain it
we also include nodé that can provide incentives for coop-0Ptains by cooperating with each other user and can seect it
eration, through a reshaping of the transmission protisili best strategy. This t_ype of interaction between no@dad other
In this way, users can now get a positive utility when they aSers can be cast in the framework of the Stackelberg games

as relays, since they may have higher energy consumption bilt Where node) plays first and the users act afterwards. The
also higher throughput. player moving first can predict the behavior of other players

and optimize its own strategy.
) We can rewrite (14) as

A. Stackelberg Formulation .

In light of the above discussion, we consider nddas an iAP_(_nJrs) _ Wij q/ N; 1 (15)
active player in the game, which, to promote cooperatiomén t pot R q qJNNjV
network, can change the scheduling policies of users, veith r
spect to the reference scheduling polRy= (P, P, ..., Py), under the constrairzﬁPi(f“) <Pj,s=1,...,K;.
according to (1). We want that, after this intervention bdeo, There are infinitely many solutions

Kij, APT) g =1, .,Kl-j} that satisfy the above

SA linear v;(-,-) will satisfy (13). In particular, ifi;(-,-) is linear then . 7
Wi(-) = wij(-), Vi, j. Moreover, the converse is also true: df () €duation. However, cooperating users should be rewarded as
satisfies (13) andb; (-, ) = i; (-, ), Vi, 4, thenep; (-, -) is a linear function.  early as possible, so as to enable faster convergence to the




asymptotic throughput. Thuk;; is set as the lowest integer
such that
J
Wy i q: N;
K;;p, > —L I 1 (16)
T (%N N )
which results in the following scheduling policy variation

AI%(3-5)=P7' s os=n+1,...,n+Ky—1

J

ntKi)  Wij q; N;

APZ% i) q_7j <q].VNJN — 1) — (Kij — I)Pj a7
[ J J

%

B. User strategies

Now, we study the interaction between users considering
generic cooperation weights;; and introducing the selection
of the modulation schem#/;. i

In the voluntary cooperation scheme, the packet transomssi
process of usef follows the Markov Chain in Fig. 4, which
is conceptually similar to Fig. 3 with the difference thatlyon
users belonging to4; cooperate withi and the scheduling is .
dynamic according to (1). The access probability of usat P q, P2 (1-q)
the beginning of a slot depends on the uselas cooperated
with and on the users that have relaygésl packets in the 1(001)
preceding slots. In order to derive the exact metrics aaseati
to the voluntary cooperation scheme, the Markov chain of #ig
should be expanded to take into account thadight cooperate .
with other users when it is not scheduled. The transition .
associated to the probability — me should be divided into
a number of transitions equal to the cardinalityGfplus 1,
representing the events thigs not scheduled and it does not act
as a relay or it acts as a relay for one of the users belonglngﬁ& 4. Transmission process of a packet of userthe voluntary cooperation
C;. These transitions would end in as many chains, all of thesgheme
similar to the lower chain of Fig. 4, with the only difference
that the access probabilities of useare different. To obtain
simple analytical expressions of the asymptotic metricshef WhereAPg”) AP,S) > 0 are according to (17)AP<”) > 0 if
voluntary cooperation scheme, instead of exactly trachmg tand only ifi cooperated witly during one of the precedm@”
temporal variation of the scheduling probability we comesid s|ots. AP(") > 0 if and only if £ cooperated with during one
an approximate approach that takes into considerationthst of the precedmgK,m slots. As per (17) AP, depends ony;,
average valué; of the scheduling probability of a generic useand V; that in turn depend on the modulation schehdg This
i. This allows us to obtain the following results must be taken into account when optimizing. In particular,

v , since the access opportunity of ugeis decreased after being
Pr,=q: (2—q:) + Z (1—%‘)%1@[ H (1—qit)}(q}c—qi) helped, thenet average increase afs transmitted bits due to

ke teA; t<k the cooperation of usel is scaled by a factofl—w;). We
=(2-aq)/P; define
BR/=P [QZ La Z ae [ (- Qit)(QIic_qi):|£ D — .+1_qi S (l-wi) g T g
PREA;  tEA; <k Ton T 2= = o teA; t<k B D
U U ? i
Lyp (20)
BRY = BRE/ =7 Pi[ i+

Then, the optimal modulation scheme of usean be computed

1 i i
LY [T - qia(qk—ql-)}m— (18) 2
v keA;

teA; t<k MZ.V = argmax D; N; (21)
As per (1) MieM
P Z AP (n) _ Z AP,S) (19)  where bothD, andN; depend on\Z;. If i cooperates withj, the

S & keA; average variatiol\B;; > 0 and AE;; > 0 of i's transmitted



bits and energy consumption per unit time are equal to Moreover, if we change the strategy of udewe make uset
worse off, except for the case in which usés utility is flat

ABiquj %AP(MS)Di N; _ in its choice to cooperate with usér However, i|j this case
' — K KijTprt we have assumed thatchooses to cooperate withy hence,
; if 1 changes its strategy, the utility @fcan not increase. This
wij ( ‘sz JJ’V_ ) ; Ni procedure can be repeated for any other user. |
a; Nj KijTpkt
Ky (nts) Byt C. Access point strategy
AEU_[l +q ZAPU }m - Theorem 1 states that the sub-game between the users has
s=b ’ g only one possible outcome. Moreover, the constructive foroo
= [1 +wij< g N; _ )} Eprt (22) provides an algorithm to calculate this outcome. TheUaccess
N NY (Kij + 1) Tt point can predict, for each strategy = (wi;)i; € [0, 1)(2),

the strategies of all users. Therefore, it can choose it$ bes
ol X (¥ ;
Strategyw™ = (wj;);; to drive the network performance toward
a desired outcome.

Assume that the network performance is quantified by a

U

L54|§i|ity function ug : [0, 1](2) — R, whose argument is the
8trategy selected by node It can be thought as the compo-

where MY is chosen according to (21). Thus, the evaluati
of the partial utility«;; (AB;;, AE;;) depends (throug;) on
A;, i.e., the cooperation choices adopted towardsy users
with lower indices.

Before presenting our first result, we define the Nash Eq
librium (NE). A strategy profile is a NE if no user can increasg... . .
its own utility by unilaterally changing its own strategyhd sition of(pgvo fun[j:thnsf and g,’,"e" uo = g o f, such thgt
NE is an important solution concept in game theory. Howevel: [0:1]'2/ — %7 gives the utility of the users as a function

, et . >
in general, its existence and uniqueness are not guaranteeoOf 0's strategy andy : % — 3t gives the utility of0 as a
function of all users’ utilities. It is reasonable to assuthat g

Theorem 1. Assuming that users cooperate in case their utilitis a continuous function.
is flat with respect to this choice, the sub-game betweersuserTakew}" as the value such that;(AB;;, AE;) = 0, which
admits one and only one NE; = {C},...C}. can be derived from (22). It is the minimuma;; such that

. - . : . h
Proof: The proof follows a constructive and iterative’ cooperates withy. The only interesting case is wheu;

i th isa it i i ia0é

procedure. Let us consider userwhich can not be helped by €XISts anduij € [0, 1], otherwise it is not possible to triggés

any other nodeA; = 0, P4 = PY andD; = PY /2~ q1) cooperation with respect tpwithout decreasing the throughput
— Y AR T TRy - TRy :

Since the probability error function, varies with continuity, of j. S'nce;,/;ij are contmupus, therf IS CO”““”O‘_JS in[0, 1] ,
the set of allocation policies that optimizes (21) is a siagl ©¥CePt INw;;'. l}rl]deed, usef changes its cooperation behavior
ton, therefore uset can uniquely select its best modulatiofoWards; at w;j'. However, from a practical point of view, if

scheme M. Then userl can compute the optimal set ofij € [wi, 1] the utility of both users and;j increases. In fact,
users to cooperate with, i.e., its best strateljy depending US€rJ achieves at least the same throughput, while decreasing

on the modulation selected by each user. This can be donell§y€nergy consumption, whereas the increase in throughput

calculatingAB;; and AE;; according to (22) and evaIuatingOf_ i compensates the _additional energy spent to cooperate
P1j, Vi # 1, VM, € M. with j. That is, promoting cooperation under this scheme is

plways beneficial for both users involved. For this reasors, i

This procedure can be repeated for any other user. Fo ) ; h
reasonable to assume that is upper semi-continuous.

generic usef and for each modulation schemég;, if we know

the strategies of usels2,...,i—1, we can uniquely calculate Theorem 3. If u, is upper semi-continuous then there exists at

Ai, MY, PE, ABij, and AE;, Vj > i, YM; € M; from  |east one Stackelberg Equilibrium (SE). Moreover, all SEs a

these, we obtain;;, depending on the modulation selected bgquivalent from a network performance point of view.

the users with worse channels. In the end, we obtain the best - o )

modulation scheme for all users and the unique NE strategy Proof: The utility uo can be maximized since the sub-game

profile C*. - exists and is unique. The strategy space of ribideclosed
We say that a strategy profile is Pareto Efficient (PE) if it iand bounded, andy(-) is upper semi-continuous. An SE can

not possible, by changing the strategy profile, to increase € found by combining the best strategy of node0 and the
utility of at least one user without decreasing that of sohero 'NE Strategy profile of*the sub-game among the users when the
user. strategy of nodé is w*. There may be more than one optimal

w*, but they all achieve the same maximum utility of ndide
Corollary 2. The Nash Equilibrium is Pareto Efficient. ]
Finally, for result comparison, we consider the following

Proof: The utility of userl is the highest possible since it .
access point strategy

is not affected by other users’ strategies and it selectewts

strategy to maximize its own utility. In the same way, thdityti W — { wf;? if 0 < wf;‘ <1

of user2 is the highest possible given the strategy of uker K 0 otherwise. (23)
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We chose this strategy to promote cooperation, i.e., iserea\B;; — ¢;AE;;, Vi,j, wherec; > 0 is a measure on how
network performance while keeping a high level of fairnesmportant the throughput is for user with respect to its
(fairness metrics will be defined in the following section). qiN;
Note thatwth [0,1] means that it is impossible, with Pkt
the considered scheme, to provide an incentive for userM: are calculated with a modulation scheme according to (6),
to cooperate withj. In this case the system functionality is-€- ¢i is equal to halfi’s energy efficiency (rate divided by

independent ofv};, and we have arbitrarily choser;; = 0.~ POWer consumption) in the non cooperative case. In this way,
users having a low non cooperative rate are more inclined to

cooperate with other users, consuming their energy to latai

higher throughput, with respect to users having alreadyga hi
Prior to comparing thé cooperation schemes, we introduc@on cooperative rate. We obtain
some performance metrics.

power expenditure. We considey =

where ¢; and

lj’

V. PERFORMANCEEVALUATION

For any vector ofU real numbersx = (x1,...,2y), we w;_fh _ _ Cilpkt (25)
define a fairness metrig¢(x) overx, called Jain index [26], as ! q/N;
]\Z] N 1 (DzNz — CiEpkt)
U 2 q;' N;
(Zi:l wi)
JX) = ——= (24) We first present some results for a specific topology with

U
U io @7 U = 10, which is actually the one in Fig. 1. Fig. 6 shows the
We will evaluate this index for the vectors of throughpB = evolution of throughput over time for uséf (the one with
(BRy,...BRy)) and utility values ¥ = (¥4,...¥y)). We lowest SNR), for the3 different schemes. The dashed lines
use superscriptsv, F, and V to relate these metrics to therepresent the average throughput of no cooperation anddorc
no cooperation, forced cooperation and voluntary coojmrat cooperation schemes according to (5) and (11). The cumelati
schemes, respectively. throughput asymptotically converges to these averageesalu
A scenario withU users uniformly placed within a00 This convergence is quite fast, as the curves are alreatliesta
meters radius from an access point has been simulatedafter few iterations and become practically indistingaisle
Matlab. We consider a time sldf,,; = 1 ms and a symbol from the asymptotic value within0 seconds.
period of Ty, = 1 us, that is, each packet is made of Fig. 7 compares the asymptotic throughput reached by each
1000 symbols. The number of bits per packet for a generigser. Roughly speaking, this specific topology includes esom
user depends on the number of bits per symbol, i.e., osers (with indicesl-3) that are able to reach a maximal
the modulation scheme selected by that user. We consittlaoughput of 600 kb/s already under the no cooperation
= {BPSK, QPSK, 16 — QAM, 64 — QAM}, that scheme, by using the highest modulatigd-(Q AM) without
correspond to the rates represented in Fig. 5. ever incurring in packet retransmission. Conversely, 315€i0
Each user transmits with a fixed power &f,; = 100 have very poor channel conditions (lower modulation scheme
mW. The time invariant channel attenuation coefficient i&gi and possibly frequent retransmissions), and ugdfsare in an
by the superposition of two effects: a power law decay witintermediate condition. Interestingly, in the forced cergiion
exponent equal td3 and a Rayleigh distributed coefficient.scheme the users with the highest indices obtain the gteates
The signal to noise ratio obtained at a reference distancebanefit. They know that users 2 and 3 are forced to act
10 m considering a unit-power Rayleigh coefficientli® We as relays. Thus, since they have a good channel towards at
consider the initial allocation policl? = (1/U,1/U,...,1/U). least one of these relays, they select the highest modnlatio
We take V;(B;, E;) = B; — ¢;F;, i.e., ¥;(AB;,AE;) = and their packets are transmitted in two hops exploiting the
AB; — ¢;AE;, which satisfies (13) with);;(AB;;, AE;;) = relays, allowing them to reach a bit-rate of ab800 kb/s. On
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the contrary, the cooperating users do not obtain any ingro»
ment. Instead, the voluntary cooperation scheme increagses
throughput of cooperating users as well. Especially, usarsd

8 are not helped since none of the users with good quality fin
a worthwhile incremental advantage in doing so.

Fig. 8 represents the incremental utiligy of each user and
emphasizes even more the differences between the forced
voluntary cooperation schemes. For the forced cooperatiea, .
the utility of high index users considerably increasesutio 0% 5 10 15 20 25 30 8 40 45 50
at the expense of low index users which have no reward u. rmeretusers
their cooperating behavior. When cooperation is forceddgen
0, users7-10 significantly increase their own throughput and
at the same time cut in half the transmission power because

retransmissions are performed by uset$ which in turn only  tained in the no cooperation scenario. Both forced and ahyn
suffer higher power expenditures. The voluntary coopenaticooperation schemes obtain a significant gain; Forusers,
scheme improves this situation, since no user worsensate-in they improve the total throughput by more thzs% and35%,
mental utility «>. The highest index users improve their utilityrespectively. Remarkably, voluntary cooperation perfohmtter
even though by a smaller extent than with forced cooperatiaAan forced cooperation; this is due to the better redistion
and no user is worse off than before. Indeed, this happestsadditional resources gained through cooperation, wirich
because cooperation is offered even in the marginal caseewh@e forced cooperation scheme are given just to the usefs wit
the incremental utility is equal t0; however, setting a higher had channel quality, while in the voluntary cooperationesuk
requirement for cooperation would yield similar results,,ia are distributed more evenly. It is also worth noting that the
utility value which is higher for some users, lower for nofre. cooperation gain increases in the number of users, whichés d
this sense, the voluntary cooperation sché?aeeto dominates to multi-user diversity, i.e., with more users it is just radikely
the no cooperation scheme [1]. Moreover, the figure suggegsfind a suitable relay. However, the voluntary cooperation
that the voluntary cooperation scheme achieves a more f@éheme does better in this sense, i.e., it increases madcéyrap
distribution of the utility function among the users. Figal in the number of users, in fact it is more likely to find a suiéab
Flg 8 validates the analysis carried out in Section IV. Icrt,fa re|ay which is also W||||ng to Cooperative|y participate iine
even though the incentives to cooperative users are ctdculaetransmissions.
using the approximate equations (18), teal throughput gain  Fig. 10 shows the Jain index related to the throughput vector
for cooperative users is just enough to compensater¢aé je., .J(BR). Clearly, the no cooperation case just reports
additional energy consumption to relay the packets of therot what is the average situation for what concerns fairnesken t
users, as we wanted. considered scenario if no cooperation is applied. Appareghe

To obtain general results, not constrained over a particufarced cooperation scheme achieves the best value of $girne
network topologies and channel realization, we ran a sitiula for throughput. In fact, users with lower throughput arepkel
campaign over many network topologies drawn at random willy collaborative relays which have no other choice, theeefo
a variable number of users, and averaged the results. FigthBoughput gaps are smoothed out. After an initial decrease
represents the average throughputincrease of the wheleriet the Jain index becomes even larger as the number of users
thanks to cooperation, for both forced and voluntary coafien increases. In fact, the higher the number of users, the highe
schemes. The values are normalized to the total throughput the probability of finding a suitable relay (not necessasdly
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Average normalized throughput gain for network

g. 9. Average throughput gain normalized to the no codjmrascenario
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willing one, since cooperation is forced). The fairnessrdases regarded as a theoretical upper bound, as it implies a dizetta
quite rapidly for the voluntary cooperation scheme. Thidie scheduling determined a priori with full system knowledtye,
to the fact that users with good channel conditions, whickhich all the users adhere. Conversely, the voluntary c@epe
already have a higher throughput than others, are rewardi&oh scheme may be applied dynamically (based on transmnissi
by the access point if they cooperate, which means that theytcomes) and in a distributed manner, since each useregecid
further increase their throughput. This pulls fairnessndyelow freely whether to cooperate or not. The goal of the coordinat
the no cooperation case. However, it is worth noting thédg just to set the system in an NE, for which the exchange
although fairness is decreased, throughput is never demaleaof information required is rather limited and the convergen
for anybody. Moreover, evaluating fairness over throudhpis pretty fast. Note also that the forced cooperation scheme
just gives a very partial picture. Even though users withdgyoa@oes not operate in a stable point, i.e., at a NE. Thus, with
channel increase their throughput, they also have to pay ttiie same system conditions of rational decision and digit
gain in terms of power consumption, since they retransnattion the forced cooperation scheme will become identical
packets on behalf of bad users (which in turn can save enerdg) the no cooperation scheme. On the contrary, the voluntary
even their reward in terms of increased scheduling proitiaisil cooperation scheme is robust toward strategic and s&lfésted
also implies more transmissions and therefore higher gnergsers. Moreover, the performance of the voluntary coojmerat
consumption. scheme can be regarded as an improvement not only over
Fig. 11 shows the Jain index related to the utility vecter, i. the basic case without cooperation, but even over the forced
J(¥). The situation is inverted with respect to the precedingpoperation scheme, especially since it achieves a highelr t
case. As the number of users increases, the fairness rapitiipughput and a more fair overall utility distribution.
decreases for the forced cooperation scheme. This is due to
the fact that a small subset of users, i.e., those having w ver
good channel quality and able to act as relays for a large area
are more and more forced to cooperatively relay packets Thi The results obtained in this paper have been derived canside
pulls their utility much more below the utility of users thate ing a simplified model of a wireless communication network. |
exploiting them as relays, decreasing the total fairnesghef this section we discuss possible relaxations of some hggeth
network to values even below the no cooperation case. On the have made.
other hand, in the voluntary cooperation scheme usersgaain  First, we consider the time invariant channels and the perfe
relays do not experience a decrease in their utility whilpé@ channel state knowledge hypotheses, that allow to caketitat
users can increase their own utility, which results in srhept performance of each user and of the system by means of an
utility gaps. Note that, if the utility fairness is considdras the analysis based on renewal process theory. If channelsraee ti
social welfare metric, Fig. 11 gives a representation ofliee varying, the asymptotic performance is not longer equivaie
of Anarchy, defined as the ratio between the overall systetre statistical mean. However, for slowly varying chanpitlsre
welfare in the worst Nash equilibrium and in the best Parei® enough time for the physical quantities under invesiigat
efficient case. In fact, the highest value of the utility fieiss is (i.e., throughput and energy consumption) to approach the
1, obtained when the users’ utilities are equal, while thesivorstatistical means, as Fig. 6 confirms. Hence, our formuiatio
Nash equilibrium coincides with the unique equilibrium bét can be applied to the slowly varying channels scenario as
game under consideration. well, by considering adaptive estimates. This work can also
To sum up, the comparison between the three schemes shba®xtended to highly varying channels and imperfect cHanne
that voluntary cooperation is able to significantly imprdalie state knowledge, assuming that the entities involved aim at
network performance over the case without cooperation. tmaximizing the statistical mean of their performance, \whic
all the comparisons, the forced cooperation scheme is to inégght not coincide with their asymptotic performance. liisth

VI. DISCUSSIONS ANDFUTURE WORKS
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case, the statistics of the channel evolution and of theraanthis case another option should be considered to inform flode
estimates are needed. about relay opportunities, e.g., a short contention winaewv

As frequently considered in many game theoretic studigs added after the ACK.
we assumed thatveryuser is self-interested and strategic. In The additional overhead introduced in the considered MAC
a network there might be some users that act individually protocol can be easily quantified. Consider a time 8l = 1
cooperatively independently of their personal advant&ye. ms, a symbol period df,,, = 1 ps and a network o030 users.
framework and results can be easily extended assuming thance, the additional number of bits needed in the scheglulin
a mix of no cooperation and forced cooperation nodes gracket is equal t6é while the additional number of bits needed
present in the network of voluntary cooperation nodes. Tlethe data packet is equal . Assuming, in the worst case,
former might receive the cooperation of the other users, bwtBPSK modulation, the additional overhead is equalst
never offer their cooperation. Thus, the indices of suchesodus over1 ms, i.e., about%, that is very low compared to
do not belong to se#; and do not appear in the summatiorthe throughput gain of the forced cooperation and voluntary
and multiplication of Eq. (18). The latter always offer theicooperation scheme that are equalt¥s and35% in such a
cooperation, hence, there is no need to give them incentigesnario (see Fig. 9).
by increasing their access opportunities, i.e., their eoaibon Finally, in this paper we have not considered the cost ircurr
weights can be set t@. Thus, the indices of such nodes belon@y every node to listen and store the transmission of all thero
to setA; and appear in the summation and multiplication of Eqpnodes. Even though the power spent in reception is typically
(18). It is straightforward to demonstrate that Theoremsd alower than the transmission power, such an effect mightimeco
3 and Corollary 2 are still valid, excluding the no cooperati predominant for a high number of users. Moreover, in the tvors
and forced cooperation nodes from the sub-game (they do nase each user might have to store uplio- 1 additional
play a game since their actions are fixed). packets, requiring a large buffer. These problems might be

Another aspect which may be worth looking at is the evatounteracted considering a simplified version of the pregos
uation of the overhead introduced by the forced and volyntaschemes, where we limit, for each user, the number of users to
cooperation schemes with respect to the no cooperatiomseheask for a relay service and to cooperate with. Such a simglifie
This point is key to translate the theoretical frameworkgmsed version is motivated by the high gain that the voluntary coop
in this paper into an effective and realistic MAC protocobwt eration scheme is able to obtain for a high number of users, as
ever, it can be shown through simple computations that snchshown in Fig. 9. Such a potential gain might not be completely
additional overhead is minimal and can be neglected. We tlo eaxploited if we limit the relay opportunities, but at the sam
consider the overhead for the estimation and communicatitime the scheme becomes more practical as the number of users
of the channel states (which is needed in every scheme) ancreases. We will take into consideration the study of sach
the computation of the cooperation weights (which is needsdheme in our future work.
for the voluntary cooperation scheme), as these operatiomns
performed sparsely since channels are slowly varyingeaust VII. CONCLUSIONS

we ipvest_ig_ate the overhead to schedule different users, tQue tackled the problem of promoting cooperative relaying
identify eligible relays and to select one of them. in a wireless network with coordinated time-division acésy
For the no cooperation scheme, at the beginning of each tigiging the following contributions. First, we outlined rhat
slot, we assume that nodebroadcasts a short packet indicating,atical models. based on Markov chains and renewal theory
the user scheduled in that slot. Such a user, after a shagt tifg quantify the achievable throughput. Moreover, we modlele
@nterval“, sends the data packet. Finally, af_te_r another s_hort tig&e cooperation option of the single users through gameyheo
interval, node) sends an ACK to the user if it has received thg,q we proposed an incentive scheme for voluntary cooperati
packet correctly. . that gives transmission resources to cooperating users whe
We modify such a simple MAC protocol to support the forceghay retransmit a packet on behalf of other users. We modeled
coqperauon and vc_>|untary cooperation sc_her_nes. In thie,cagis access scheme as2estage Stackelberg game, where a
during the scheduling phase, nodehas to indicate not only petwork unit plays the role of access coordinator. We priegen
the packet to transmit, but also who has to perform suchaaconstructive approach to determine the NE of the sub-
transmission, in case a relay service is required. Moreder game, proven to be unique. We also proved the existence of
user that transmits the packet adds, at the end of the paci%tackelberg equilibrium, which results in the best inivent
data, a series of bits, one for each node, to communicatesfthreqy that the coordinator can adopt.
node 0 the users for which it is available to act as a relay. finally, we numerically compared the three schemes of no
This MAC protocol is not suitable if there are some usefgoperation, forced cooperation, and voluntary coopemath
that are scheduled rarely, as in this case nodgight not be  carefyl analysis of these results justifies the voluntaxypeoa-
updated about the relay opportunities offered by such usrsijon scheme as a valid solution to increase the network perfo
“4In the 802.11 g/n/ac standards the SIFS (short inter-frame space), definertrj]ance in a viable manner from an implementation standpoint.

as the sum of the RX/TX turnaround time, MAC processing delagl total Such an_approach may lead to framing the prOblem under
receive delay from the antenna, is equall s study here in the more general context of coalitional ganigs w



transferable utility. As a matter of fact, the entire apafion of
rewarding collaborative relay intervention may be seenwaya
of transferring (although partially) the individual thighput
terms among the users. The results of the present paper for in mobile ad hoc networksProc. ACM MobiCompp. 255-265, 2000.
cooperation at the physical/access/network |ayer app):ablet [22] V. Srinivasan, P. Nuggehalli, C. F. Chiasserini, andRRRao, “Coopera-
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