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Abstract— This paper addresses the issue of stimulating coop- then be used for transmitting one’s own data in the future.
erative diversity among selfish nodes in commercial wireless ad Buttayan and Hubaux [7] and Zhorgal. [8] develop pricing-
hoc networks. For the relay, cooperation represents both a rda based protocols where the amount charged per packet is

cost of energy expenditure and an opportunity cost of possible . . .
delays for its own data. Since nodes are selfish, we propose adetermlned exogenously and is the same for each node in

pricing game that stimulates cooperation via reimbursements to the network. Crowcroftet al. [9] propose a scheme where
the relay. Specifically, given the price per channel use, the sowec the nodes determine the price per packet forwarded allowing

and relay interact through reimbursement prices, transmitter them to dynamically update their price for resources based
power control and forwarding/protocol preferences such that o, their handwidth and battery level. Marbach and Qiu [10]
their utilities are maximized. Our pricing game is shown to . . . . .
converge to a Nash equilibrium where cooperative diversity is prgwde a formal anf"}lysls for the above setting, 'm_:lu_d'hg t
induced at intuitively reasonable network geometries. existence of an equilibrium, the degree of cooperatiorireita
under equilibrium and successful convergence to equilibri
strategies. The drawback with the above approaches is the

A wireless ad hoc network consists of a set of nodes thassumption of a simplified channel model - the energy reduire
are organized and maintained in a distributed manner. Appid forward a packet is assumed to be constant regardless of
cations of such networks include battlefield communicajontransmission distance.
disaster relief, extension of access point (AP) proviséata, In lleri et al. were the first to develop a stimulation mech-
such networks, node cooperation significantly increasstesy anism that takes into account the fading channel [11]. The
performance. “Cooperation” refers to a node’s willingnéss authors study the interaction between multiple nodes and a
sacrifice resources (e.g., energy, bandwidth) for the keneéivenue seeking access point (AP). The AP and nodes use a
of other nodes in the network. In applications of ad hgoint maximization approach. Their analytical and simiglat
networks for military and disaster relief, cooperation ago results show that cooperation is highly dependent on nétwor
nodes can be assumed since the nodes belong to a simglemetry. Their cooperation scheme works best in two-hop
authority and thus voluntarily cooperate to achieve a commahains where both nodes are relatively close to each other.
goal. However, in commercial applications there is no good One important drawback with the work in [11] is that, in
reason to assume that nodes will cooperate. In fact, giv@n tsome network scenarios, a relay node’s utility with forvagd
nodes are independent entities, nodes salfish i.e., nodes is lower than that achieved in a non-forwarding system. This
consume their resources solely to maximize their own benefé because the stimulation mechanism is dominated by the

This paper focuses on stimulating nodes to participate ievenue maximizing AP. Thus in certain network settings, th
cooperative diversity transmissions in commercial wselad pricing mechanism benefits only the AP, not the nodes.
hoc networks. Cooperative diversity has been been shown tdrhis paper extends the work in [11] to packet forwarding
significantly enhance system performance in comparison with cooperative diversity. The goal in our mechanism is to
both direct and multi-hop transmissions [1], [2]. Typigalh not only induce forwarding at reasonable network geongtrie
ad hoc networks, nodes are battery powered and bandwibtit to ensure that both the AP and users (the terms “node”
constrained and cooperation implies both a real, in powand “user” are used interchangeably) benefit from cooperati
expended, and opportunity cost, in lost transmissionsIffsbe Specifically, we design a pricing scheme in which the AP
node therefore needs an incentive to cooperate [3]. Rés&arc charges users for transmitting data packets and usersusimb
have developed several approaches to stimulate packet faeh other for forwarding. Initially, the AP declares a skt o
warding (multi hop transmission) in these networks. Theservice prices, one for each source-relay pair in the nétwor
approaches can be classified as either reputation-based [Bhese prices are chosen such that the AP’s revenue is maxi-
[6] or pricing-based systems [7]-[11]. We focus on the lattenized for the non-forwarding network. Note that the concept
approach. To our knowledge, this is the first paper to analyaé “service” is related to the amount of data transmitted by
pricing in the context of cooperative diversity. the user. The effective network therefore reduces to twesod

In pricing-based systems, a node receives payment ((ene source, one potential relay) and an AP. Figure 1 ibtistr
imbursements) for forwarding packets for others which cahe pricing scheme. Given the AP’s service price and the
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Users return forwarding

preferences and power levels AP A. Communication Satisfaction Metric
) . The first step in developing the game theoretic framework
Determines non-forwarding . . , . . . L .

revenue maximizing service is to quantify a user's satisfaction in transmitting its own

price dataindependenbf the pricing mechanism. Any function that

correctly characterizes a user’s preferences is an apatepr
AP sets service price measure. In an ad hoc network, a user's communication merit

Users reach Nash Equilibrium depends on two factors: throughput and battery life. A delfis

w.r.t. forwarding preferences and

Source chooses transmit power levels

reimbursement <
price that
maximizes utility

user would want to achieve the greatest throughput possible
while expending the least amount of energy. Clearly, a trade
off exists between achieving high throughput and low energy
consumption. Saraydaet al. propose a utility function that

guantifies the above trade off:
— T
‘ ‘ U(p) = i) bits/joule, Q)
Source declares forwarding p

rembursement price Users interact in a strategic game where T'(p) and p are the user's throughput and transmit

power respectively. The throughput is related to the povier v

Fig. 1. lllustration of Pricing Scheme for a 2 user one AP nekwo  the signal-to-noise ratioy) which determines an efficiency
function, borrowed from [13], defined below:

source’s reimbursement price for forwarding, the intecact T(p) = Wxf(v), \ (2
) : : . »

between users is a strategic game, i.e., a simultaneous move f(y) = [1-2BERMM, ~= 7 3)

game where players chose actions without knowing the curren N,W

actions of the other players [12]. Specifically in our cabe, twhereh, N, and W are the user's channel path gain, noise
users are responsible for choosing their transmit powesl leyjensity and bandwidth respectively. The efficiency functio
and deciding on whether to cooperate. The game between yirqe;) approximateshe true frame success rate (FSR)
users reaches a Nash equilibrium when no user can unilgter@i — BER(y)]™. Using this function allows for an accurate
deviate from its strategy and still increase its utility€l$ource reflection of the user’s preferences. In particularpas: oo,
node executes an optimization algorithm to maximize it$(p) — 0 and asp — 0, U(p) — 0.
utility. The pricing mechanism converges at the reimbuesgm N )
price that maximizes the source node’s utility. The schenfe User and AP Utility Functions
proposed here is simple, distributed and scalable. In the proposed pricing mechanism, a user's utility is
This paper is organized as follows. Section Il presents thased on the role (relay or source) it plays in the network.
system model used and defines the utility functions usethe utility functions used here account for the satisfactio
Section Il analyzes the game set up in Section Il. Section IMceived in transmitting data and the associated AP charges
presents simulations illustrating the performance of the p Depending on the user’s role, the functions also include the
posed scheme. The paper ends with conclusions in Sectionr&al and opportunity costs with forwarding data along wité t
respective pricing rewards.
Before developing the utility functions, we first describe t
The network here comprises a fixed set of users (nodeg}ion sets for each user in the game. For the potential,relay
communicating with a single AP, the final destination for alts action set is given byp,, k}, wherep, is the transmit
user transmissions. Each user is assumed to have data opawer level (bound by a maximum available pow&¥*) and
own to transmit, organized in a packet &f bits. Each user’s k is the forwarding preference. Therefoys, € [0, p™**] and
transmission is assumed to be interference free. The nletwéris a binary indicator witht = 0 the non-forwarding case
is assumed static in the sense that the convergence time ofahd k = 1 the case where the relay wants to cooperate with
pricing mechanism is shorter than both the coherence timetb& source. The source’s action set is specifiedtyl, 1},
the channel and variations in user mobility. wherep; € [0, p™*] is its transmit power level, is a binary
The functionality of the proposed scheme is dependent owicator describing its choice in transmission protoaud &
the initial routing assignments in the network. We assunigthe reimbursement price that the source is willing to gy t
very simple routes, where users are clustered in groups®f tvelay for forwarding its data. Finally, a paramegerepresents
according to their proximity. For each cluster, the nodeseto the AP’s service charge per unit of data in the network.
to the AP is designated as the “potential relay”. The other us Denote the path gains from the source to the AP, the source
in the group is labelled as the “source”. Despite these rathte the relay, and the relay to the AP as,, h,. and h,,
simplistic assumptions regarding routing, the model ptesi respectively. The channel throughputs from the source ¢o th
significant insight towards the implementation of coopeeat AP, the source to the relay, and the relay to the AP are
diversity transmission in pricing based systems. Tso = Wf(¥sa) Tsr = Wf(vsr) and Ty = W f(7,q) With
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the index indicating the SNR of the corresponding channéd.the relay prefers to forward data & 1), the AF protocol
The throughput of the amplify-and-forward protocollisz = requires that the amount of data to be forwarded'jg.. The
W f(var), Wherev,p is the received SNR that the sourceelay’s utility function is therefore expressed as

experiences over the AF channel. To simplify the analyses, w 1
approximate this received SNR as 2w | (o= A) 0 B kA Gar)| - @

YAF = Ysa + MiN{Yer, Vra }- (4)  Within the pricing framework, the AP’s level of satisfagtio
is determined by the revenue it generates from the network.
The user’s utility is dependent on the type of forwardingve allow the AP to charge each user proportionally for the
protocol used in the network. This main theme of this papgimount data transmitted over the network. We express the AP’
is cooperative diversity using the amplify-and-forwarcpr revenue as the sum of the data transmitted by the source and

tocol [2]. However, for completeness, we also develop thglay of groupi multiplied by the price per unit of data;.
theory for the case where the relay forwards the sourceathematically, the utility function is given by

data using multi-hop transmission. This is the only cas¢ tha ; ;
has been addressed earlier [11], though with some limitatio Uap = Z AT + T7). ©)
Section IV compares the two situations. This approach also !
helps understand the development of the utility functioseu . ANALYSIS OF PRICING MECHANISM

With multi-hop transmission as the forwarding protocol We now analyze our scheme to show the existence of Nash
for the network, the source’s end-to-end throughput (i.eequilibria and develop an iterative algorithm to converge t
effective throughput) is limited by the amount of bandwidtthe most desirable equilibrium.
that the relay devotes to forwarding. As a result the sosrcel. User Optimizations

throughput ismin{Ts.., kT, }. The source’s utility function is Recall, that given the charge per unit of serviagand the

given by reimbursement price for forwarding, the users engage in a
mh 1 strategic game to maximize their utilities unilaterally.
" =w [(1 -1 (p_s - /\> F(sa) = AL () Given that the forwarding protocol is multi-hop transmis-
1 sion, the source and relay seek to maximize their utilitie®)
+ (— - M) min {If(vs), kf(vra)} |- (B) and (6) respectively. Thmin{} terms can be eliminated from

both maximization problems by imposing the same additional
The first term in (5) corresponds to the non-forwarding casenstraints as in [11]. The optimization problem for therseu

(I = 0) and the other terms to the case where the sourard relay are as follows:

transmits cooperatively & 1). The amount charged by the AP U™ (s, 1) (10)

is proportional (via\) to the amount of data transmitted by the s S’
source (eithefl,, for direct transmission of, for multi-hop S t- 0<ps <p™** 1€(0,1) 1f(vsr) < kf(ra),
transmission). Our pricing mechanism provides forwarding m

incentives through the reimbursemeninin{kT},, Ts: }. max Uz (pr, k) (1)

The relay is reimbursed at a price proportional to thes: t- 0<pr <p™* ke (0,1) kf(yra) <1f(vsr)-
effective throughput received by the source. The relaylgyut ~ On the other hand, given that the forwarding uses the AF
function is expressed as follows protocol, the source’s optimization problem correspondiie

- 1 maximization of the utility function in (7),

vt =w {(1 — k) (; - /\) f(vra) = Ak f(ra) max U;lf(ps, 1) (12)

+pmin{kf(yra), Lf (vsr)}] . (6) subject to 0<ps <p™™ 1€(0,1), I<k

Note, the relay pays service charges to the AP even wherln the context of the AF protocol, the relay’s optimization
forwarding data for others. This is because the AP providesoblem can be simplified by replacing the argument of the
resources for radio links regardless of traffic charadiesis ~min{} term in (8) withv,,, with the added constraint that
Cooperative diversity is implemented here via the amplify¥ra < Ysr- This is because iy, > s, we can reducey,,
and-forward protocol. Since the AF protocol uses repetitidVia reduction inp,) and increase the relay’s utility.

coding, the source reimburses the relay by the ampint..  USing the utility function in (8), the optimization problem
Note that this reimbursement amount is proportional of tHer the relay is
effective throughput experienced by the source. The s&urce max U (p,, k) (13)
utility function is given by: subject to 0< pr < P ke(0,1), k <1, Yra < Yor
vl = w {(1 —1) (1 _ >\> F(Vsa) To summarize, we model our strategic game as the simulta-
° s o neous executions of user problems (12) and (13). This game is

1 a function of the price per unit servicg, and for cooperation,
+1 (p— A ”) f(VAF)] Y 1. Both prices areexogenous
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B. Nash Equilibria of the Strategic Game 5. Performstep 2

Given \ and y, if the individual nodes result in an action 6 T ((¥s, 0%, pr, k") does not change)

profile where each user's action is a best response to the /- Preak

other user’s action, a Nash equilibrium is reached. In other8 €nd

words, a Nash equilibrium is the action profilgt, I*, p:, k*) end _ _ o _
where no user has an incentive to deviate by choosing anothef NS algorithm converges in exactly two iterations. This
action given that the other user's action is fixed. The Nadh due to the restriction of discrete choices on forward-

equilibrium action profiles represent steady states in tregg Ng/Protocol preferences. To summarize, in this section we
Formally, the Nash equilibria are the following action plesi analyzed the strategic game component of our pricing mecha-
nism. The strategic game is the major component of the pricin

For MH : mechanism, depicted in Fig. 1.

. C. Convergence of the Pricing Mechanism
(ps, ") = arg max U (ps, 1) s t. 0 < ps <p™*, Recall that our pricing mechanism consists of not only the
1€ (0,1), If(ver) < K" f(7)0) source-relay strategic game, but also the utility maxingzi
source. Given the price per unit of service, the entire gece

« i i imi the
f ) = U™ (py k) . t. 0 < p, < pmas converges at the reimbursement price _that maximizes
(pr k%) arg max U™ (pr k) s . v Pr=Pp utility of the source. We propose an algorithm that iterliiv
ke (0,1), kf(vra) <V f(vsr) determines this price. Initially, the source seis= 0 and
For AF : the users engage in a strategic game. The algorithm from
the previous section determines the users’ best respooses f
(P, 0") = arg max U (p,,1) s.t. 0 < p, < p™ae, this game. The source finds its resulting utility and thers set

u = pu+Ap. The process repeats until either the source reaches
its maximum value of: (i.e., the algorithm converges to the
non-forwarding case) or to a source utility value that igc8{r
(pf,k*) = arg max Uff(pr, k) s t.0<p, <pmee, less than the value of the previous iteration (i.e., the ritlgm

ke (0,1), k<I*, e < (14) converges to the cooperative case).

le(0,1),1 <k*

. o . i LT
From (14), for multi-hop transmission, it is clear the equi- IV. NUMERICAL RESULTS

librium action profile must satisfy the opposing throughput- Example 1: Two User and Single AP Network
constraints of the users’ individual maximization probem Consider a network in which the AP is fixed at the origin
This opposing throughput constraintlisf(v;,.) = k* f(v;,)- and the potential relay is fixed 4 meters north of the AP.
Clearly, the non-forwarding action profilgp},0,p;,0) sat- We compare the multi-hop and AF forwarding behavior of
isfies the above constraint and always exists in the ganagw pricing algorithm for different locations of the sourdes
We shall see in subsection IV that in certain network seis [11], the pricing game induces cooperation depending on
tings, a forwarding equilibrium also exists in our game.sThithe relative locations of the source and relay. The parasete
equilibrium corresponds to the action profil@?,1,p},1) for this simulation are borrowed from [11]: number of bits
that satisfies the throughput constrajfity;.) = f(v;,). We per frameM = 80, bandwidthiW = 105 Hz, noise variance
presents below an algorithm that converges to the forwgrdiovolw = 5 x 10715 Watts, BER{)=1/2 exp(—~/2) for non-
equilibrium (if it exists). coherent frequency shift keyed (FSK), and a path gain faamul
For the amplify-and-forward protocol, the opposing corgiven by h = 1/d?, whered is the distance between the
straints! < k and k < [ imposed on the source and relayransmitter and receiver in meters.
respectively result in Nash equilibria with the propetty= Figures 2 and 3 show the forwarding regions induced by
k. Again, the non-forwarding action profilep*,0,p},0) is pricing for multi-hop and AF transmission respectively.eTh
always a Nash equilibrium. As with the multi-hop setting, ihot applicable (NA) region in both figures is a result of
is possible for a forwarding equilibrium to exist. This @rr the initial routing assignments in the network - the relay
sponds to the situation where the action profiléps 1,p*,1) node is always the node closer to the AP. The source node,
and satisfies the constraint, = v therefore, is never located inside the NA region. We observe
In situations here both non-forwarding and forwardinfom Figs. 2 and 3 that the pricing algorithm stimulates
equilibriums exist, the following algorithm converges teet cooperation at intuitively reasonable network geometffiies,

forwarding equilibrium: geometries where the users are located relatively closadio e
The Strategic Game Al gorithm other). The explanation for this is that if the inter-usethpa

1. Naxinize Us(ps,l) without constraints gain, h,., is large enough relative tb,,, the source has a

2. Maxinize U.(pr,k) as in (14) strong willingness to pay the relay to forward its data. As

3. While(true) a result, the relay has a stronger tendency to forward data.

4. Maximze Us(ps,l) as in (14) The forwarding region is slightly larger for AF transmissjo
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Fig. 3. Network Forwarding Behavior with AF cooperation

in the non-forwarding system. Thus it is clear all parties

despite reducing its performance through the received SNire., AP, source and relay) benefit from the use of the pgicin
approximationyar = vsq + min{~s,, v« }. This is expected mechanism.
since AF transmission is by far the more energy efficient From Fig. 5, in the context of our pricing algorithm, we
alternative. Users receive a higher utility using AF sinoeyt see the source’s utility is only slightly improved when gin
can transmit a larger amount of data for a given energy cotite AF protocol compared to multi-hop transmission. This

We next compare the AP revenue, source utility and relds because when using the AF protocol the received SNR is
utility of our pricing system to a non-forwarding system. lrapproximated to equalsr = 7ysq +min{vys,, vro }. From this
the non-forwarding systeny is identically set to zero (i.e., expression, when the source is close to the relay relative to
there exists no forwarding incentives for the relay). As the AP, the termy,, dominatesy,,. Consequently, the source
result, the relay and the source chodse= 0 and! = 0 receives similar levels of satisfaction in using both the akfel
respectively. The Nash equilibrium of this strategic garas hmulti-hop protocols. However, there is a gain in the overall
the action profile(p?, 0, p*,0). The AP chooses the value ofsystem performance (not evaluated here) because AF peovide
A such that its revenu@W|[f(v%,) + f(v-.)*], is maximized. significantly greater energy efficiency.
Consider the vertical line passing through the origin in. Rig
Figures [4-6] plot the revenue, source utility and relayityti
respectively of both systems along this line, north of tHaye  Consider a network in which users are randomly and
The revenuel/, andU,. are higher in the pricing system thanuniformly distributed in a 10mx 10m region with the AP

B. Example 2: Single AP with Multiple Users
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located at its center. We simulate the AP’s average revenue
as a function of the number of nodes in the network usiri!
our pricing mechanism and the non-forwarding system. All

simulations average over 100 network realizations. Theesami] o.

parameters are used as in the previous subsection.

V. CONCLUSIONS

This paper has presented a pricing mechanism that induces
cooperation in commercial wireless ad hoc networks. We have
considered cooperation by means of multi-hop transmission
and cooperative diversity. We have shown that all parties
benefit from our pricing mechanism when compared to a non-
forwarding system. To our knowledge, we are the first to
consider cooperative diversity in such a framework.

The analysis here showed that cooperative Nash equilibria
only exist at network geometries where users are located
relatively close to each other. Consequently, the impacuof
pricing scheme is beneficial in networks of high densities, o
in sparse networks where users are clustered in local groups
Also, despite degrading the performance of the AF protocol
via the received SNR approximation, we have shown that it
still outperforms both direct and multi-hop transmission.
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