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Abstract— In this paper, we address the incentive-based relay-
selection problem over multi-source and multi-relay wireless
networks. A two-side market game approach is employed to
jointly consider the benefits of all sources and relays. The
equilibrium concept in such games is called core. The outcomes
in the core of the game cannot be improved upon by any subset
of players. These outcomes correspond exactly to the price-lists
that competitively balance the benefits of all sources and relays.
When the price assumes only discrete values, the core of the
game is defined as discrete core. The Distributed Source-Relay
Assignment (DSRA) algorithm is proposed for competitive price
adjustment and converges to the discrete core of the game. With
small enough measurement of price, the algorithm can achieve
the optimal performance compared with centralized one in terms
of total profit of the system.

I. INTRODUCTION

Extensive researches in recent years have shown that the
users’ cooperative relaying transmissions [1]- [3] play impor-
tant roles in wireless networks. Efficient schemes for coordi-
nating such transmissions and designing incentive mechanisms
are fundamental problems, and have attracted a lot of interests.
The idea of pricing as an incentive mechanism to encourage
selfish users to provide cooperation has been studied in many
peer to peer scenarios. For example, in the virtual currency
systems [4] [5], each node was associated with a certain
amount of virtual currency to construct protocols that rewarded
packet forwarding in wireless ad hoc networks.

Wang et al. [6] proposed a distributed algorithm for relay
selection and price updating based on a buyer/seller game
for one source scenario. Shastry et al. proposed a pricing
non-cooperative game framework to stimulate the cooperative
diversity in WLAN for the situation with one user and one
certain relay in [7]. A distribute relay selection without pricing
scheme was proposed in [8] which just considered the scenario
of single user with multiple relays. Based on coalitional and
repeated game theory, in [9], Han and Poor proposed a scheme
to form stable cooperative coalition for AF protocol. Mathur et
al. [10] investigated the stability of the grand coalition, i.e., the
coalition of all users in an interference channel to transmit and
receive cooperatively. However, the above two works do not
consider relay selection and are only suitable for the scenario
where each node has traffic to send.

The focus of this paper is to study the networks with some
transmit-receive links and some idle nodes (i.e., nodes with-
out traffic) in frequency divisible channels (e.g., orthogonal

frequency-division multiple access (OFDMA) networks). The
wireless devices communicate in half-duplex mode (either
transmit or receive, but not both). The source in each link can
request cooperation from the idle nodes. Due to the different
channel conditions, the sources may evaluate the same relay
differently. In other words, multiple sources will compete with
each other to get help from multiple relays. And, the multiple
relays complete with each other to ask price. There are two
questions to be answered for such an environment: the first one
is how to select the relays for each source; the second one is
how to decide the competitive prices for the multiple sources
and multiple relays. To address these problems, we propose a
source-relay assignment game framework to to jointly consider
the benefits of all sources and relays. The assignment game
[11] is a model for a two-sided market in which indivisible
units are exchanged for money.

The remainder of the paper is organized as follows: Section
II describes the system model and formulates the problems.
In Section III, the source-relay assignment game approach is
proposed to analysis the problems. In Section III, we design
DSRA algorithm. Several simulation results are shown in
Section IV. Finally, we conclude the paper in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

The system model is shown in Figure 1. The sources provide
payment to the relays for getting cooperation. The idle users
serve as relays for the busy users by getting the reward. We
shall refer to idle users and busy users simply as relays and
sources respectively. The transmitted energy of the sources for
each symbol is Ps = E.
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Fig. 1. System model.

There are N busy users forming the source set S =
{s1, . . . , si . . . , sN}. Denote the set D = {d1, . . . , di . . . , dN}
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as the destinations corresponding to the sources. The available
M idle users form the relay set R = {r1, . . . , rj , . . . , rM}.
In this paper, the nonorthogonal amplify-and-forward (NAF)
transmission pattern [3] is used. Other protocols can be
considered in a similar way. The nonorthogonal protocols lead
to higher spectral efficiency than orthogonal AF (amplify-and-
forward) protocol. we assume that each source select at most
one relay.

In NAF protocol, the data is transmitted by the cooperation
frame where a cooperation frame is defined as two consecu-
tive symbol intervals. The source transmits on every symbol
interval in a cooperation frame. The relay, on the other hand,
transmits only once per cooperation frame. It simply repeats
the noise and signal it observed during the previous symbol
interval. The channel between the source i and its destination
is denoted as gsi,di

. Source i has the bandwidth Wi. Thus the
maximum data rate of direct transmission is:

Isi,di
= Wi · log(1 +

Ps ∗ |gsi,di
|2

δ2
v

) (1)

where δ2
v is the noise power at the destination.

Let βsi,rj
denote the amplify gain of the relay j to source

i. The relay maintains a constant energy of E at the output,
thus βsi,rj

is [3]:

βsi,rj
=

√
E

E|hsi,rj
|2 + δ2

w

(2)

where hsi,rj
is the channel gain between source i and relay

j. δ2
w is the noise power at the relay.

Note that a source-relay pair occupies a certain spectrum.
We assume that the channels do not change during the pro-
cess of relay-source assignment. The signals received by the
destination of si with the cooperation of rj in two symbol
intervals are:

yi
1 = gsi,di

xi
1 + vi (3)

yi
2 = gsi,di

xi
2 + gr,dβsi,rj

(hsi,rj
xi

1 + wj) + vi (4)

In above equations (3) and (4), xi
1 is the information symbol

in first half of a cooperation frame, xi
2 is the information

symbol in second half of a cooperation frame. vi represents
the noise observed by the destination. wj is the noise sample
observed by the relay j. In order to decode the message, the
destination needs to know the relay repetition gain βsi,rj

, the
source-relay channel hsi,rj

, and the relay-destination channel
grj ,di

.
The maximum data rate of source si by the two-slot NAF

protocol with the cooperation of rj , is given by [3]:

Isi,rj ,d = Wi · log
(

1 +
|gsi,di

|2E
δ2
v

+

(|gsi,di
|2 + |grj ,di

|2|hsi,rj
|2β2)E

δ2
v + |grj ,di

|2β2δ2
w

+
|gsi,di

|4E2

δ2
v(δ2

v + |grj ,di
|2β2δ2

w

)
(5)

Then, the gross utility values (without payment) of data
rate’s increasing for the source i with relay j is:

ξi,j = ai(Isi,rj ,di
− Isi,di

) (6)

where ai represents the gain per unit of rate increasing. In this
paper, we set ai = 1. The net utility (with payment) of source
i with relay j is:

vi,j = ξi,j − pi,j (7)

On the other hand, the relays are in different energy con-
ditions and have different self-evaluations of the basic costs
(cj) to provide cooperation. For example, a idle device being
in charging evaluates its basic energy cost to be a relay is
c = 0. However, it also wants to earn as much reward as
possible. The net revenue of relay j serving for source i can
be defined as:

ui,j = pi,j − cj · Pj (8)

where pi,j is the price of source i paying for relay j. Pj is the
transmission energy on the relay rj . In this paper, the amplify
factor is set to its maximum value according to equation (2) ,
so Pj = Ps = E.

Assume that, the idle users who are willing to be relays
broadcast flag packets to inform all sources. The sources
with its destinations can obtain the channel conditions to the
different relays. Thus, the sources have complete information
of all relays. However, the relays have no information about
each source’s utility.

III. GAME THEORY ANALYSIS

In our model, each relay rj can be seen as a seller and
aims to earn the payment which not only covers its basic
cost, but also gains as much extra revenue as possible. About
the multi-source and multi-relay system, two fundamental
problems need to be addressed: first, how to assign the source-
relay pairs; second, what is the suitable competitive prices for
sources to pay for the relays. A two-sided assignment game
framework is proposed to address these problems.

A. The source-relay assignment game

Definition 1: The source-relay assignment game consists
of:
� Players: The group of nodes (sources and relays).
� Allocation: A set of source-relay matching and the price
scheduling.
� Preference: Each player prefers one allocation to another
according to the matching partner it is assigned and the price
between them.

The basic game problem is to decide how the inherent
profitability of the total pairs, arising from the differences in
subjective valuation, is to be shared among the sources-relay
pairs. We have no way at present of ascertaining the price pi,j ,
but we can postpone the question and focus on the outcome
of the game. Firstly, Let us investigate the maximum profit
of the system. The game consists of mixed source-relay pairs.
Each pair contains the profit:

bi,j = max(0, uj + vi) = max(0, ξi − cj ∗ Pj) (9)
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The assignment of relay j with source i is called as coalition
īj. It is impossible for the coalition īj has minus benefit,
because no player was enforced to match with another and
no player can affect a profitable transaction independently.

Consider the maximum total profits of all coalition pairs.
Obviously, there exist an optimal set of pairs maximizing the
coalitions’ total gain. There are N sources and M relays.
Therefore, we introduce MN nonnegative real variables xij =
0, 1, i ∈ S,j ∈ R and impose on them the M +N constraints.
Mathematically, the optimal sets of pairs (in term of total
profits) are the solution of the following optimization problem:

max
xij

zmax =
∑
j∈R

∑
i∈S

bijxij (10)

s.t.
∑
j∈R

xij ≤ 1,
∑
i∈S

xij ≤ 1 (11)

where zmax is the potential maximum profit in the multiple
source and multiple relay systems. Equation (11) means one
relay helps at most one source, and one source chooses at
most one relay. In general, the maximum value is attained
with xij = 0 or 1 [13]. The prices between all pairs form a
price vector to allocate the total profit. For a core allocation,
the price vector should be constructed to support it.

The game has a set of global outcomes named allocations.
An allocation is defined to a set of source-relay matching and
a price vector. The exact definition of the core is given in the
following.

B. The “core” of the game

In the game, for each relay, due to the competition from
other relays, it will reduce its price to attract the sources. To
avoid the long duration of price-adjustment process, we restrict
the price to discrete values. The distinguish between the core
in discrete markets and in the continuous markets motive the
definitions of “discrete core” and “core”.
Definition 2: An rational allocation is an assignment of relays
to sources together with a price vector p such that, if a :
{1, ..., N} → {1, ...,M} is the function that represents the
assignment (so that a(i) is the relay to which the source i is
assigned, and a−1(j) ≡ g(j) is the source matched with relay
j), satisfy:

pi,a(i) − ca(i) > 0 (12)

ξg(j),j − pg(j),j > 0 (13)

This definition means that any individual will not accept a
price which makes its utility value be less than 0.
Definition 3: A (discrete) core allocation is an rational alloca-
tion (a; p1f(1), ..., pNf(N)) such that there is no source-relay
combination (i, j) and (discrete) price p that satisfy:

p − cj > pi,a(i) − ca(i) (14)

ξi,j − p > ξg(j),j − pg(j),j (15)

Definition 3 implies that: (a) The (discrete) core allocations
are stable; (b) The core allocations are Pareto efficient in terms

of total profit of the system (bring together the net utility
values of all players). Property (a) is obvious. Due to the page
limit, the Property (b) is shown in simulations in this paper.
Note that, in the discrete core, the allocation outcome is stable
under the permitted prices. However, the achieved total profit
will be affected.

IV. DISTRIBUTED SOURCES-RELAY ASSIGNMENT

ALGORITHM

We have identified the (discrete) core allocations of the
game. In this section, a distributed algorithm is proposed
to make the outcome of the game converge to the discrete
core allocation. After a user getting flag information from the
relays, it can calculate its potential highest benefit by setting
the lowest prices to the relays. Then, it sends a request to its
favorite relay. Each relay which received the requests, rejects
all but its favorite source according to the bidding price. The
algorithm proceeds iteratively and terminates when a complete
matching is obtained.

A. Algorithm design

There are two phases in each iteration, the requesting phas-
ing (for each source to send request), and the selection phase
(for each relay to select source) as described in Algorithm 1.
We assume that the minimum unit of price is β. Hence, the
prices for the transaction between sources and relays are n
times more than β. The initial price is β. This is the permitted
minimum initial price.

Algorithm 1 DSRA Algorithm
1: Initialization: For each source i

a). Set prices pi,j(0) = β for j = 1, . . . , M .
b). Calculates the utility values according to: ξi,j(0)−pi,j .
Make offer to its favorite relay.

2: Selection phase: For each relay j, who received requests,
a). Calculates the utility value according to: pi,j − ci,j .
b). Rejects all but its favorite. (The relays do not allow
the minus utility value.)

3: Requesting phase: For each source i whose request is
rejected by the relay,
a). If source i’s request is rejected by relay j in step t−1,
pi,j(t) = pi,j(t − 1) − e, if not pij(t) = pij(t − 1). The
price is not allowed to exceed ξi,j . {The total payment is
not allowed to exceed ξi,Gi

.}.
b). Calculates the current utility values to each relay by :
vij(t) = ξi, j − pi,j(t) Find the best value made by the
relay and send request to it. (Due to the random channel
gain, the probability have the same evaluation to the relays
is 0)
c). Send request with new bidding prices to the selected
relays.

Algorithm ends: Repeat steps 2 and 3 until no rejects and
requests are issued.

It is worth noting that DSRA is totally distributed. But,
the traditional auction methods require a central auctioneer.
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We do not consider the possible “manipulative” behaviors in
which a source at some stages may choose a relay that is not
its most preferred. Theorem 1 illustrates the convergence of
DSRA. The whole proof is in appendix.
Theorem 1: DSRA algorithm will converge in a finite number
of iterations to the discrete core allocation.

V. SIMULATION RESULTS AND ANALYSIS

To evaluate the performance of the proposed scheme , we
perform simulations for the system. The channels between the
nodes are modeled as flat Rayleigh fading. The noise powers
are δ2

v = δ2
w = 0.01. Wi of each source is uniformly selected

from {1, 2, 3}. We assume that the basic energy cost of each
node is randomly set to 0 or 0.1. The first value is for the node
being in charge. The seconde value is for the mobile node.

A. The case with two users and two relays

We first give a simple example to show the the equilibrium
outcome of the game. There are two users and two relays in
the network. The bandwidths of the users 1 and 2 are set to
2 and 3 respectively. The basic energy costs for relays 1 and
2 are 0 and 0.3. And Let E = 1, β = 1. The following table
shows the outcome of the DSRA algorithm.

TABLE I

THE OUTCOME OF THE GAME WITH 2 SOURCES AND 2 RELAYS

Relay 1 Relay 2 v
Source 1 7.5667 6.6375 v1 = 6.6375 − 1.1 + 0.6
Source 2 10.8214 7.5907 v2 = 10.8214 − 1.1

u u1 = 1.1 u2 = 1.1 − 0.6

The unique optimal assignment is shown by overstriking.
Each item in the Table I is calculated according to equation (9).
We can verify that the DSRA converge to the utility vector
u, v shown in Table I. This outcome is in the “core” of the
game. No player can change the outcome unilaterally. In this
example, the “discrete core allocation” with β = 1 is also in
the “core” allocation. In general case, there are gaps between
these two outcomes. In the following, we consider the case
with multiple users and multiple relays.

B. The case with multiple users and multiple relays

We first plot the prices of some sources with N = 10,M =
10, β = 1 in Figure 2. We can see from the result that the
prices changed with the iterations, then converge to the stable
values. This is due to the fact that, initially, each user set its
price as lower as possible. Then, the users being reject will
increase their prices or find another relay. In fact, if there are
more relays than the sources, the prices will shrink for the
sources to get more utility value, and vice versa.

By theorem 1, DSRA will converge to the discrete core
allocation. However, there is a gap in terms of total profit
(bring together the net utility of all sources and relays) between
the discrete core allocation and the core allocation. To compare
the total profit of the proposed distributed algorithm with
the optimal value, the simulation is set up in Figure 4. In
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the centralized situation, it is no meaningful to consider the
price adjust process. The total profit with the optimal value is
given by equation 10. By varying the number of source-relay
pairs, we can observe from Figure 4 that the DSRA algorithm
can approximately achieve the same total utility value as the
centralized optimal algorithm. The average iterations to the
convergence of DSRA with different β are shown in Figure 5.

VI. CONCLUSION

In this paper, we proposed a game theoretic approach for the
assignment of sources and relays in wireless cooperative net-
works. The relays are selfish, the sources should pay “virtual
currency” for getting cooperation. Each relay consumes its en-
ergy as well as earns “currency”. The same relay has different
values to different sources by different channel conditions. We

2 4 6 8 10 12 14 16 18 20 22 24
0

50

100

150

200

250

300

The number of source−relay pairs

T
he

 to
ta

l p
ro

fis

The centrilized optimal algorithm

DSRA with β = 2

DSRA with β = 3

DSRA with β = 4

Fig. 4. The total profitability of all source-relay pairs.

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2009 proceedings.
978-1-4244-4148-8/09/$25.00 ©2009



2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

80

The number of source−relay pairs

T
he

 a
ve

ra
ge

 it
er

at
io

ns
 

to
 c

on
ve

rg
en

ce
β = 2

β = 3

β = 4

Fig. 5. The average number of iterations to convergency.

targeted to address two questions: which relay the source will
select, and what is the prices. The source-relay assignment
game model was employed to address the problems. The
proposed distributed algorithm not only helps the sources to
select the relay, but also forces the relays set reasonable prices.
The algorithm is proven to converge to the “discrete core”
allocation which is favorable to all sources and relays. It’s also
shown that the distributed algorithm can achieve comparable
performance with the centralized algorithm in terms of total
profits.
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APPENDIX

In order to establish the theorem 1, we firstly proof serval
Lemmas.
Lemma 1:After a finite number of iterations, no requests send
by sources, each relay serves no more than one source, and
the algorithm stops.
Proof: Firstly, we can immediately get that if a relay received
at least one request at step t, it always has at least one source
at any step t′ > t. Suppose relay j, received more than two
requests, it will reject all but its favorite. On the other hand,
as long as the request was reject, the source will increase its
price. Due to the price is a certain discrete value, so after a
finite number iterations, the source even being rejected will
not increase its price. Then no requests are issue, each relay
serves no more than one source, the algorithm stops.

Lemma 2: The algorithm converges to an individually rational
allocation (see definition 2).
Proof: Suppose t∗ is the step at which the process stops.
Then pi,j(t∗)− c(j) > 0 is hold for all īj at step t∗, since the
price paid for the relay will nerve less than relay’s basic cost.
Following from the initialization in Table I and the fact that

the user is not required to set the price larger than its basic
utility, then we get ξi,j − pi,j(t∗) ≥ 0 immediately.

Theorem 1:DSRA algorithm will converge in a finite number
of iterations to the discrete core allocation.
Proof: By Lemma 1, the algorithm stops in a infinite
number of steps. Denote the result of allocation and the
prices when the algorithm stops as {φ; p1φ(1)...pNφ(N)} ,
where φ : {1 . . . N} → {1 . . . M} is the matching function
defined in definition 3. Suppose by way of contradiction that
{φ; p1φ(1)...pNφ(N)} is not a discrete core allocation.

Then by Lemma 2, {φ; p1φ(1)...pNφ(N)} is individually
rational allocation. So there must be exist source i, a relay
j, and an discrete price p holding:

p − cj > pi,a(i) − ca(i), and (16)

ξi,j − p > ξg(j),j − pg(j),j (17)

For any discrete p satisfying the above equations, by Lemma
2, we can get ξi,j − p > 0. By the process of the algorithm,
Source i must at one step have made an request to relay j at
price p. On the other hand, due to the algorithm have been
stopped, hence, pi,a(i)−ca(i) > p−ci,j . This contradicts (16),
completing the proof.
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