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Abstract— The framework of coalitional game theory is used Il. OVERVIEW OF COALITIONAL GAME THEORY
to study the formation of coalitions in an M-link wireless
interference channel when either the transmitters or the reeivers | this section we briefly review aspects of coalitional game
cooperate. It is shown that the stable coalition structure,i.e., theory [1] in the context of our problem. We consider coali-
the coalition structure for which users have no incentivesa . . . iy : - .
defect, depends upon the apportioning scheme chosen to dis-ional games in which every coalition is ascribed a single
tribute the cooperative rate gains between the coalition mmbers. number, interpreted as the total payoff available to théitima
Under both a flexible (ransferable) and fixed (hon-transferable) or thevalueof the coalition. The share of the payoff received
apportioning scheme, the stable coalitions formed by coopating by players in a coalition is called payoff vector When there
receivers are presented. The problem of determining stable are no restrictions on how this payoff may be apportioned
coalitions for the case of cooperating transmitters is diagssed. . . .
between members, the game is said to hemesferable utility

(TU).

Definition 1: A coalitional game with transferable utility
User-cooperation in wireless networks promises to Ie\eragg,@ is defined through

the broadcast nature of the wireless medium to provide im-

proved sharing of power and bandwidth resources. Howeveres 2 finite set of playerss,

when rational users are allowed to cooperate it is necessary ¢ a functionv that associates with every non-empty subset
examine whether the participation of all users in a cooperat ¢ (a coalition) ofS, a real number(g) (the value ofg)
protocol can be taken for granted. Users may be unwilling With v({¢}) =0

to spend their limited resources in aiding cooperation in g general, the value of a coaliton may not lend itself to
wireless network. A further disincentive to cooperationymaghitrary apportioning and the nature of the game may place
result from the rules by which the gains from cooperatiopstrictions on the ways that value can be apportioned. The
are distributed to participating users. If users can doeb®¥ game is then said to haven-transferable utilit(NTU).
cooperating only selectively, they may foeuoalitionsthat are o - ) _
closed to cooperation for users outside the group. Defl_n!tlon 2: A_coallthnal game in which t_he value of a
o ) ) ) coalition v(G) is not influenced by the actions of players
We address this issue by studying two essential questions #fside that coalition is referred to as a coalitional game i
lated to cooperative communications: Does cooperatioay#w -haracteristic function form

result in optimal use of the power and bandwidth resources of

the network? Further, if users are allowed to form coal'stion'” the following sections we show that receiver cooperation
does it always result in a stable coalition structure? Wethise in an interference channel results in coalitional games in
interference channel model to study receiver and transmiteharacteristic function form while transmitter coopesatioes
cooperation. We find that the emergent cooperative behavititt- The advantage of having a game in this form is that
depends upon the way in which the gains from cooperation 4h& behavior of any coalition of players can be completely
apportioned between cooperating users and that the m}um:haractenzed without having to worry about the responses

conflicts of users’ interests can be quantified using thesto&f Players outside the coalition. The number of possible
of coalitional game theory. coalition structures (partition of players into coalit&)nin

] ) ) ) - a coalitional game with TU grows exponentially with the
In Section Il we provide a brief overview of coalitional gasne ,,mper of players. In fact, finding the optimal (bptimalwe

In S(_ecnon Il we des_,crlbe the m?erference ch_annel model. ean that coalition structure which maximizes the sum of the
Section _IV we describe the receiver cooperation problem a gyoffs of all players) coalition structure is aiP-complete

we provide a summary of our results. In Section V we S',[U(g/roblem [2]. However, this search can be greatly simpliffed i
receiver cooperation in a multiaccess channel using I|ne[ﬂ|;3 game has the following properties.

multiuser detection. In Section VI, we use the interference

channel model to describe the transmitter cooperation@nob Definition 3: A coalitional game with transferable utility is
We conclude in Section V along with some future direction®aid to besuperadditiveif for any two disjoint coalitions

of interest. G1,G2 € S, v(G1 UGa) > v(G1) + v(Ga).

I. INTRODUCTION



Definition 4: A coalitional game with transferable utility is ‘
said to becohesivef the value of the coalition formed by the 5 D Tx
set of all playersS (the grand coalitior) is at least as large as
the sum of the values of any partition &f i.e.

Rx ]g
K Ul
(S) = D v(Sk) (1) A

k=1 ‘%‘ ]‘Rx
for every partition{S;, ..., Sk} of S. |Rx sﬁtm L]
A superadditive coalitional game is cohesive but not vice- g t .
verse. A transferable utility game that is cohesive has thed) ™
coalition as the optimal coalition structure [1]. A cohesivU L
game therefore lends I.t.self to S|mpler analy_s_ls since wy Oruig. 1. An interference channel with/ transmit-receive links. Receiver
need to study the stability of the grand coalition. cooperation turns the channel into a SIMO-MAC.

Definition 5: For any coalitionG, a vectorzg = (m)meg
of real numbers is gj-feasible payoff vectoif z(G)

> meg Tm = v(G). The S-feasible payoff vector is referred
to as afeasible payoff profile

constant known to all transmitters and receivers. The noise
entriesZ; ~ CN(0, 1), are independent, circularly symmetric,
complex Gaussian random variables with zero mean and unit

variance, for alli. The power constraint at th&" transmitter
Of all possible coalition structures that can form, the itmeds s

that are stable, that is, those in which no set of playerké€eit EIX{?<P i€S (3)
from within or from across coalitions) have incentives to ) ] ) )
defect, are of most interest. The set of such stable caaditioVé assume that the transmitters employ Gaussian signaling

comprises aore, defined formally below. subject to the power constraint in (3). The capacity region
of the interference channel that results when links do not

Definition 6: The core,C(v), of a coalitional game with cooperate is, in general, unknown.

transferable payoff(S, v), is the set of feasible payoff profiles

zs for which there is no coalitioy C S and a corresponding IV. RECEIVER COOPERATION IN ANIC: TU
G-feasible payoff vectoyg = (ym)meg such thaty,, > z,,
forall m € G. h Here, we study the formation of stable coalitions when re-

We are interested in determining whether cooperation lmlwecem?rs dlgc?:j'Ir?te:;eer'(renrceig'hzgng izsa”\(/)vv;eg;g cr:‘r?gptﬁzt?he
users communicating on wireless channels results in Obtir{}%cei)\//ers tha’lt Cghoosle to col\(; eraltge caﬁ communl}lcate with one
coalition structures that are also stable. Such solutieps r P

resent a win-win situation for all the users in the system %oégfgg'f 2r2$gt$Lip;<;t;téE saer\;?.;?ngfth?;é?sérirgsétrtk
well as from the point of view of efficient use of the share P - variety of practi

spectrum. With these goals in mind, we next describe yQperating in the unlicensed bands where the receivers can

interference channel model that we use for studying recei\;:ommunlcate via a backbone network while the wireless

e . . . . .
cooperation and transmitter cooperation under the framwéransmltters, in general, cannot. For the input signaliog-c
of TU coalitional games.

sidered, a coalition of cooperating receivers treats sginam

transmitters outside the coalition as additive white Giamss
. | NTERFERENCECHANNEL MODEL noise. Such a coalition can be modeled as a single-input,

multiple-output multiple access channel (SIMO-MAC), the

We consider an interference channel &f communication capacity region of which is known [4] and is achieved by

links, each formed by a single transmitter-receiver paigxe the Gaussian input signaling chosen.

isting in the same shared spectrum _[3]. We assume that eVEIN define the value

transmitter has a single antenn&, is the transmit signal

of link 7 andY; is the received signal at the correspondintlgeCeiverS inG. For the channel model consideredg) is then

;en%e'\\//v?irt'evj\ée d_ergtf b$€: g{}l ’fi’r' 'é’"]\é} Cthg saent d(gcags“?rlm(z the maximum mutual information between the transmitteds an
g — 1ait = receivers inG given as

complement ofj in S. We consider an additive white Gaussian
noise channel with fixed channel gains. The received signal a v(G) = max R; = maxI(Xg;Yg), (4)

(G) of a coalition of receiverg as the
maximum sum-rate achievable by the links corresponding to

the receiver of linki is given by BoeCo i3 Pxg
M where R; = (R;)icg is the vector of rates for links iy
Y; = Z hi o Xy + Zs, (2) and(g is the capacity region of the SIMO-MAC formed by
k=1 the users inG. Depending on its allocated share @fG), a

where h; ;; is the channel gain between the transmitter a&ceiver may decide to break away from the coalitiand
link & and the receiver of linki and is assumed to be ajoin another coalition where it achieves a greater rate. We



model the problem of determining the stable coalitions and
the resulting rate allocations for the interference chhaeea

coalitional game with transferable utility and refer tostiame L
as thereceiver cooperation interference channel gajsie We () BANK OF
now state our main results (see [5] for detailed proofs). —»| MATCHED =

o

Theorem 7:The grand coalition maximizes spectrum utiliza- FILTERS
tion in the receiver cooperation interference channel game

\/

\J

Theorem 8:The receiver cooperation interference channel G°
game with transferable utility has a non-empty core.

The core of the receiver cooperation interference channel Fig. 2. A coalitiong of users formed by a multiuser detectbg

game being non-unique, a natural question that arises i wha ] ] ] o
allocation of rates must be chosen from all the payoff prefil¥2riance. The received signal in (5) is filtered through akban

in the core and whether there are dajr means of arriving of filters match_ed to _theM signature sequences resulting in
at such an allocation. We address this question by treatifity M < 1 received signal vectoy < R [10]
rate allocation as a ba_\rgaining problem between M users. We y = RAb +n, (6)
propose a Nash bargaining solution NBS [6] and a proportiona
fair solution [7] as a means to choose two specific ratavhere R € RM*M s the cross correlation matrixA is
allocations that belong to the core. The NBS maximizes tlediagonal matrix of size\/ x M containing the received
product of the rate gains via cooperation achieved by eash uamplitudes of theM users,b is an M x 1 vector containing
over their interference channel performance [5]. Thisvedlo their transmitted bits and € RY is a Gaussian random vector
the apportioning of the sum-rate achieved in a manner thaith zero mean and covariance matriXR.. In a traditional
gives users credit for their individual worth, where eachriss linear MUD, the received vectoy is put through a linear
individual worth is simply the rate it can achieve when it dogransformationL. and the resulting vectoLy is used for
not participate in cooperation at all. decoding the bits of the users. For the decorreldios R™*
and for the MMSE detectod. = (R + 0?A~2)7L. In the
V. RECEIVER COOPERATION USINAINEAR MULTIUSER  coalitional game formulated here, we assume that users form
DETECTORS NTU coalitions of multiuser detectors as shown in figure 2.1. Let

_ _ _ G C S be such a coalition. Then the received signal vector
We consider receiver cooperation under a non-transfetditle for this coalition can be written as

ity allocation for a multiaccess channel using linear nugkir _

detection. We assume that the transmitters do not cooperate ¥¢ = RgAgbg + RgeAgebg- + ng, (7)

while the receivers decide to form linear multiuser detecto : . .
hereRg € RI9/XI91 is the cross correlation matrix of the

coalitions to maximize their payoffs. We model the payo . . : : .
hay PayOllisers ing, Ag € RI9*I9] is a diagonal matrix containing

achieved by each user by its achieved SINR. We obserye ; . . :
y . y : o the received amplitudes of usersgn bg is the vector of bits
that the rate achieved by a user is a monotonic increasin

. Ig‘ . .
function of the SINR and thus, maximizing the SINR isjv %;]t:’grgSrﬁgsalngaigd;%;i;Rnce';zt;?%nfgomTﬁ:er:t'ﬁQﬁvecmr
equivalent to maximizing the rate. In particular, we cossid . g g°

; . . X .

the decorrelating receiver [8] and the MMSE receiver [9] ifés of dimensiong| ~ |G°| and contains the cross _correlatlons
etween the the signature sequences of use¢s amd those

the context of the MAC. ~

of users inG¢, i.e., (Rge)ij = p, Vi = 1,...,|G| and j =

We consider a MAC channel witd/ users communicating 1,..., M —|G|, Ag. is a|G¢| x |G°| diagonal matrix containing
with one base staftion (BS) in a BPSK modulated, synchronizgfk amplitudes of users not frandbg. is the|G¢| x 1 vector
CDMA system with no power control. We denote the set @ontaining their transmitted bits. The linear MUD for thess
all users byS = {1,..., M }. Users are assumed to have beein G puts the vectoy in (7) through the linear transformation
assigned signature sequences such that the correlativedret L, whereLg = Rgl for the decorrelating detector aiig, =
the sequences of any two userspisThe received signal at (Rg+02A;2)~! for the linear MMSE detector. Users within
the BS is given by a coalition benefit from the interference suppression etfer

M by their MUD. Since the SINR achieved by a user in a MUD

y(t) = Z \/Fhibisi(t) +on(t), tel0,T] (5) cannot be shared with other users in the coalition, we model
i—1 this scenario as a coalitional game with non-transferatiilgu

where P is the common transmit power of each uskr,is 1) Decorrelating ReceiverWe know that the decorrelating
channel gain from usei to the BS and is assumed knowrreceiver will nullify all interference from users that ararpof

at the BS,b; € {+1,—1} is the bit transmitted by userin the same coalition, at the price of enhancing the noise amd th
the bit interval[0, T, s;(¢) is the signature sequence of user interference from users outside the coalition. It can bevsho
andn(t) is an additive white Gaussian noise process with urthiat the SINR of user in a decorrelating detector coalitigh



is given by [11]

zi(G) = SINRI“"(G) 8
P
= 5 R
o2 14+p(lG]—2) )
155 Ta(el D) T+ [1+p<\pg|71>} 2jege b
Vieg,

where P, = h%P is the received power of usérat the BS.

Theorem 9:In the decorrelating detector MAC game, the
grand coalition is stable and sum-rate maximizing in thénhig *
SNR regime.

Proof: See [12] ]

-
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Fig. 3. Transmitter cooperation viewed as a coalitional gam

In general, however, there is no guarantee that the grancsmption of transferable utility, we seek to determire th

coalition of users should form or that the stable coalitiogtame sum-rate maximizing coalition structures formed.
structure should be the one that maximizes sum-rate

. . ] ] ~ The M x 1 vector of received signals at th¥ receivers is
2) Linear MMSE Receivertnlike the decorrelating receiver, given py

the linear MMSE receiver attacks both the noise and the-inter Y -—HX+7Z (10)
ference and for a coalitio@, applies the linear transformation
Lg = [Rg + 0?A2]~1. It can be shown that the SINR () whereX is the M x 1 vector containing the channel inputs
of a user in a linear MMSE detector coalitighis given by Of the M/ transmittersH is an M x M matrix whose(i, j)""
[11] element is the channel gain from transmitfeio receiver; as

) defined in Section Ill, and is a vector of sizel/ x 1 whose

[(LgRg)ul"F; . (9 ith entry is the noise at receivéras described in Section II1.

0*(LgRgLg)ii+p°[(LgUg)i)® 3 ag P )

+ X e0,;2i[(LeRg) ;] P

We define the value of a coalitio§ of transmitters as the
maximum sum-rate achieved by the transmittersjinThus,
where the second and third terms in the denominator of tfer Gaussian signaling at the transmitters, we write

above expression represent the effective interferenceeoiu

from users outside the coalitighand that from other users in v(g) = QoG <P, I(Xg;Ys) (11)
the MMSE coalition respectively. Hef@g is the|G| x 1 vector

Ug = [1...1]7. Since minimizing the mean square error is

quuival[ent to]maximizing the SINR [9], it is straightforvdar Qo =FE [XQXTQ] (12)
to show that the grand coalition is always stable and is algpthe covariance matrix of transmitters ghsubject to (3).
sum-rate maximizing, as long as the mapping of SINR to ra.ﬁ1e valuew
is monotonically increasing (non decreasing).

7i(G) = (

(G) in (11) is maximized over the input covariance
matrix Qg; however, the users ig suffer interference from
those inG© and thus the value(G) depends on the signaling
of those users. This implies that the transmitter coopamati
We use the interference channel model described in sectﬁﬂ?"tional game cannot be analyzed |n characteristic -func
Il and consider the case when the transmitters cooperzﬂg.r? form because th_e value of a _coaI|t|0n depends on _the
For this case, we assume that the receivers of all links #elons of users outside that coalition. Hence, any coalii
connected by a side channel or a spectrum server and joirﬂlfytransmlttersg cannot make a decision about rejecting a
decode their received signals. We therefore view the receivP .oposed .apportlonlng of.value becau_se 't, cgnnot determine
as an array of distributed antennas. Cooperating trarezmittw'th cgrtalnty, the payoff it would _achleve 'f_'t broke away.
are assumed to have non-causal knowledge of the desifélf‘ly_z'_ng the transmitter cooperation game in such a ggttin
transmit signals of all other transmitters. For the Gaussi® & difficult problem.

channel model considered, this implies that the transmitte It is possible, however, to convert the above game to charac-
a coalition cooperate by jointly choosing their transmitad-  teristic function form. This could be done, for example, by
ance matrices. Transmitters belonging to different coaig do altering the definition of the value of a coalition to mean the
not share information and transmit statistically indepartd maximum sum-rate it can achieve when it faces the worst
signals. We assume that each transmitter has an individpabksible interference from users outside it. A similar apph
power constraint given by (3). The transmitters are fre@ito j has been adopted in [13] where the authors study the formatio
a coalition of their choice. The channel resulting from tigigze  of coalitions in the Gaussian multi-access channel when the
of cooperation can be modeled as a MIMO-MAC (multipleinterfering transmitters bargain for rates by threateniag
input multiple-output, multiple access channel). Undee thiransmit worst case jamming noise. This approach makés

VI. TRANSMITTER COOPERATION



independent of the true actions of players outsidejoby [14] S.Mathur, L. Sankaranarayanan, and N. Mandayam, ‘iGual games

assuming that whenever any group of transmitters atteropts t Eorzon?ﬁﬁrzt(i]\gee networks,'Journal paper, to be submitted to Trans.
break away as a coalitiof it will be deterred by the threat of (15, A "sendonaris, E. Erkip, and B. Aazhang, “User cooperadiversity -

all users inG¢ to collectively transmit a signal that provides  part I: System description/EEE Trans. Communvol. 51, no. 11, pp.
worst case jamming to the coalitigh We use this approach ~ 1927-1938, Nov. 2003.
to further analyze the transmitter cooperation game in.[14]

VII. CONCLUSIONS ANDFUTURE WORK

In this paper, we have proposed a convenient framework for
analyzing whether cooperation in a given wireless netwsrk i
likely to succeed. The ideas behind cohesiveness and tlee cor
of a coalitional game relate directly to efficiency and dtgbi

of cooperation respectively.

It is of particular interest to study the transmitter coatien
game that would result [14] if users in a multiaccess channel
were allowed to cooperate using the user-cooperationsityer
model [15] proposed by Sendonarit al In this model,
transmitters can help each other by partially decoding each
others’ messages and using part of their limited power budge
to transmit these messages after re-encoding them. Siigce th
type of cooperation does not permit arbitrary sharing of the
sum-rate achieved by a group of users, we must model this as
a game with non-transferable utility wherein the value aftea
coalition is represented by a set functiefG) representing
the set of all possible rate vectors achievable by that thoali
Finally, we remark that coalitional game theory can be used
to analyze cooperation in a variety of other network models
and specific cooperative schemes.
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