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Abstract— The current trend in wireless communication
networks involves the integration of different wireless access
technologies into a single operator network. The possible lever-
aging of high deployment costs, and the possibility to increase
revenue have also introduced the concept of network sharing
between different operators. The problem of optimal allocation
of bandwidth to multimedia applications over different wireless
access networks, is augmented with the possibility of using
the bandwidth of other operators who are willing to share
bandwidth. We formulate the allocation of bandwidth within the
operator network and distribution of excess bandwidth among
operators as cooperative bargaining games. We provide distri-
bution and allocation rules based on the Kalai-Smorodinsky
Solution, and provide bandwidth offer algorithms based on
these rules. We compare this integrated approach with the
service and capacity based approaches in the literature.

I. INTRODUCTION

The current trend in wireless networking involves different
radio access technologies, which are specialized for different
environments and user contexts. The development as well
as the business cycles of these technologies can assure us
that they will be available simultaneously for the years to
come. Common Radio Resource Management (CRRM) [1]
is the concept that multiple such radio access technologies
(RAT) can be combined in an operator network to diversify
the service offer, as well as make use of trunking gains.
The CRRM problem, which involves the allocation of call
requests of different service types to the different Radio
Access Networks (RANs), has been approached mostly from
a single operator perspective, where different Radio Access
Technologies (RATs) deployed as radio access networks
belong to the same operator.

Within this framework, one can discern two approaches.
On the one hand it was shown by Fruskär et al. [2] that the
optimal policy to maximize the combined utilized bandwidth
on the RANs is to associate individual RANs to a certain
service type, such as video and voice, that they support
better than the others, and then to mix traffic only when
a certain RAN is full. We call this approach the service-
based. On the other hand, the work of Tolli [3] concentrates
on the trunking gain that is obtainable by balancing the
load between different RANs. This approach relies on a
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periodic measurement of the load situations on the RANs
and allocating the service requests to the RAN with the most
capacity, which we term capacity-based. Finally in [4] Son
et. al. derive numerically the optimum traffic mix for that
minimizes the weighted outage probability for a user that
is able to connect simultaneously connect to OFDMA and
CDMA based RANs.

As in many areas of the networking field, application of
game theory concepts to CRRM problem has been consid-
ered using both cooperative ([5], [6]) and non-cooperative
/ competitive ([7], [8], [9]) game models to obtain effi-
cient resource allocation schemes. Badia et al. provided a
comparison between non-cooperative and cooperative models
in resource allocation and demonstrated that collaborative
strategies are able to improve the overall system performance
[10]. A bankruptcy game is used in [5] to model the problem,
but within a limiting scenario regarding the composition of
available access technologies. All these studies that apply
game theory to CRRM are confined to a single network
operator scenario.

A parallel development in the communications industry
is the emergence of the concept of network sharing [11],
[12], where operators share RANs to leverage investment,
and to improve utilization of their investments. This however
necessitates the extension of the concepts of CRRM to multi-
operator scenarios, as well as coming up with techniques that
deal with the interaction between the operators themselves.

In this paper we present such an integrated solution to
CRRM management in a multi-operator scenario where the
operators are in a network sharing agreement. We formulate
the interaction in terms of two games, the intra-operator and
the inter-operator games. In the former, the RANs belonging
to an operator play a bargaining game to share the bandwidth
of an incoming application bandwidth request. If an operator
needs extra bandwidth to support the service request, it does
so by playing the second game with other operators, who
have excess bandwidth and and are willing to share.

The rest of the paper is organized as follows. First we
describe the model and assumptions used to formulate the
problem. Then basic game theoretic concepts that are rel-
evant to our formulation are summarized. After providing
game theoretic solutions to the inter-operator and intra-
operator games and strategies for the players are presented,
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Fig. 1. Different coverage cases in a multi-operator multi-technology
scenario

we conclude with the discussion of simulation results that
compare our solution to service and capacity based ap-
proaches.

II. MODEL AND ASSUMPTIONS

We consider a coverage region R covered by various RANs
owned by different operators. The region R is divided into
coverage areas a. An area is defined to be the geographical
region which is covered by element(s) from the set of
RANs. An area may be covered by a single RAN, by
multiple RANs belonging to a single operator, or by multiple
RANs belonging to multiple operators. We assume there
are n different RAT which are combined into RANs by the
network operators, and m different operators. This topology
is depicted in Fig. 1.

A consequence of this hierarchy is the different definition
of load and congestion for the RAN and area that is covered
by different RANs:

1) RAN congestion: A RAN is said to be in RAN conges-
tion region if its available bandwidth falls below some
pre-defined threshold value.

2) Aggregated Congestion: An operator network is said
to be in the aggregated congestion region in an area
a if the aggregated available bandwidth of the RANs
belonging to the operator in this area falls below some
threshold value.

We assume that users have contractual agreements with a
home operator and generate application bandwidth requests
of different QoS classes. The bandwidth requests of appli-
cations are assumed to be divisible among different RANs.
Upon initial access selection, which is not a part of this
work, a user connects to the home network using some RAN
belonging to its home operator first, and generates bandwidth
requests for applications of different service classes. The
home operator first allocates this bandwidth request to differ-
ent home RANs in the area. We assume there is a functional
CRRM entity that coordinates RANs of an operator in the
area. If the operator is experiencing aggregated congestion
in the area where the user is located, it will not allocate the
bandwidth right away, but will request additional bandwidth
from foreign operators which have RANs in the area, and
are willing to share bandwidth. We assume that operators are

in contractual agreements with each other to share resources,
in terms of service level agreements (SLA). The interaction
between operators is monitored by a SLA broker, which
is an independent neutral entity. After the interaction, the
requested bandwidth is distributed among those operators
who are willing to share bandwidth and their RANs are
present in the area. Each operator treats its share of the
bandwidth as a new bandwidth request.

The first step in which the requested bandwidth is shared
between the RANs of the same operator is called the intra-
operator resource allocation, and the second allocation step
is called the inter-operator resource distribution. In this
paper we extend our previous work [13], in which we
formulated the intra-operator step as an bankruptcy problem
and find the estate allocation to creditors using Kalai-
Smorodinsky bargaining solution (KSBS). The inter-operator
game is solved on the same lines and the suitable utility
distribution rule is found using KSBS. We also provide
strategies for the players of the individual games.

III. GAME THEORY BACKGROUND

Let us start by reviewing several basic definitions and
concepts related to the bankruptcy problem and bargaining
solution of cooperative games.

A. Bankruptcy Problem

Bankruptcy is a distribution problem, which involves the
allocation of a given amount of good among a group of
agents, when this amount is insufficient to satisfy the de-
mands of all agents. The available quantity of the good to
be divided is usually called estate and the agents are called
creditors. The question is: How to distribute estate amongst
creditors? A number of distribution rules have been proposed
to deal with such problems. The solution to a bankruptcy
problem can be interpreted as the application of an allocation
rule that gives sensible distribution of estates as a function
of agents’ claims. Formally bankruptcy is the pair (E;C),
where E represents the estate to be distributed among a set
C of the claims of n creditors, such that

C = (c1; : : : ; cn) ≥ 0 and 0 ≤ E ≤
n∑
i=1

ci: (1)

An allocation xi of the estate among creditors should satisfy
n∑
i=1

xi = E given that 0 ≤ xi ≤ ci: (2)

In our case creditors correspond to the access networks
belonging to a single or multiple cooperating operators and
estate correspond to the required bandwidth by applications.

B. Bargaining Solutions of Cooperative Games

Bargaining [14], [15] refers to the negotiation process
(which is modeled using game theory tools) to resolve the
conflict that occurs when there are more than one course
of actions for all the players in a situation, where players
involved in the games may try to resolve the conflict by
committing themselves voluntarily to a course of action that
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Fig. 2. Illustration of axiom of individual monotonicity

is beneficial to all of them. Application of bargaining solution
to bankruptcy problem is natural in that bankruptcy problems
create the situation of conflict over distribution of estate and
to resolve the conflict the creditors (players) negotiate to get
to the point of agreement. Such negotiations are best framed
using bargaining solutions.

C. Kalai-Smorodinsky Bargaining Solution

Given a pair (S; d) that defines the general bargaining
problem, with S denoting the set of feasible utilities and
d ∈ S representing the disagreement point, the unique Kalai-
Smorodinsky bargaining solution X ⁄ = F (S; d) fulfills the
following axioms:

1) Individual Rationality: Xi ≥ di for all i
2) Feasibility: X ⁄ ∈ S
3) Pareto Optimality: X ⁄ should be Pareto optimal. A

solution is Pareto optimal if it is not possible to
find another solution that leads to a strictly superior
advantage for all players simultaneously [16].

4) Translation Invariance: ∀(S; d);∀h ∈ n : F (S +
h; d+ h) = F (S; d) + h

5) Individual Monotonicity: Consider two bargaining
problems (S1; d) and (S2; d) such that S1 ⊂ S2, and
the range of attainable utility by any player j is same in
both (S1; d) and (S2; d). Then individual monotonicity
implies that utility of player i 6= j is higher in (S2; d).
In other words, an expansion of the bargaining set in
a direction favorable to player i always benefits i.
KSBS suits our problem formulation because of its in-
dividual monotonicity axiom, which is further detailed
in the later sections.

This can be illustrated in the Fig. 2, which is plotted for
two players. Keeping utility of one player fixed and increas-
ing the utility of second player results in two feasibility sets
S1 and S2 such that S1 ⊂ S2. In this case player 1 will
attain the same utility in both sets however player-2 will
attain more utility in set S2 than in set S1, therefore as a
consequence of individual monotonicity axiom KSBS will
always allocate more utility to player 2.

IV. COOPERATIVE GAME THEORETIC RESOURCE
ALLOCATION

We use cooperative games to formulate the resource allo-
cation management problem in multi-operator heterogeneous
wireless networks at two levels. At the intra-operator level
operator’s RANs in an area bargain over the requests coming
from users that belong to the operator. Intra-operator game
is played in order to find an optimal distribution of divisible
application bandwidth among RANS, and is based on our
previous work [13]. The request is allocated to different
RANs, and the utility function of different RANs is set
to be the amount of allocated bandwidth above a certain
disagreement point.

If a bandwidth request cannot be fulfilled by the RANs of
a home operator, then the inter-operator game is played. The
inter-operator resource distribution problem is formulated
such that each operator present in a coverage area bargain
over the additional bandwidth requests. The utility function
is defined similar to the intra-operator case.

There are different sequences of these games being played
according to the area in which a particular user is located.
Different sequences are demonstrated in Fig. 1.

1) Area A: User is in his home network and there is a
single RAN. No games played.

2) Area B: User is in his home network and there are
multiple RANs belonging to the home RAN. Intra-
operator game is played only.

3) Area C: User is in his home network and there are
multiple RANs belonging to multiple operators are
available. Intra-operator game is played in the home
network, followed by the inter-operator game if neces-
sary. Intra-operator game is played once more in home
and foreign networks with the new requests that result
after the distribution by the inter-operator game.

We model the allocation and distribution problems as
bankruptcy problems and obtain the utility distribution rules.
These rules dictate the allocation of requested bandwidth to
RANs and the distribution of excess bandwidth to operators.
We employ game theoretic approach of bargaining and the
KSBS to come up with the allocation and distribution rules.
The distribution rule is enforced by the SLA-broker, whereas
the allocation rule is enforced by the CRRM manager. We
also present strategy algorithms that calculate the offers that
the players in different games make, given the distribution
and allocation rules. The choice of KSBS in our resource
allocation and distribution problem formulation is dictated
by its individual monotonicity axiom. As this enables any
access network technology (in intra-operator game) or op-
erator (in inter-operator game) to attain more portion of
requested bandwidth by increasing their offered bandwidth.
Hence providing operators with more control over utility
maximization for specific technology.

A. Bargaining problem at the Intra-Operator Level

Let rao (q) be the requested bandwidth of service class q in
area a coming from the users belonging to operator o where
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o† O = {1; :::;m}. Since the applications requested band-
width is divisible and application requests can be allocated to
different available network technologies within coverage area
simultaneously, playing intra-operator game the operator al-
locates the application requests among available RANs fairly.
Additionaly, the operator o may have to serve bandwidth
requests from other operator(s) in that area, which are in their
aggregated congestion regions. These requests are denoted by
ra
Õ

(q), where Õ represents the set of operators in their aggre-
gated congestion region. In such a case inter-operator game is
played first, which results in distribution of different portions
of excess bandwidth requests to cooperating operators, this
game is then followed by intra-operator game among RANs
of operators over the portion of requested bandwidth won
by operator in inter-operator game. Together these requests
form the vector Qao(q) = (rao (q); ra

Õ
(q)), which represents

the requests from a particular service class q belonging to
home and foreign operators respectively that will be allocated
to different RANs belonging to the home operator in this
area. The RANs of that operator in the area a are members
of the set W a

o = {1; :::; n}.
Qao(q) is analogous to the estate of the bankruptcy game.

The creditors of the game in turn correspond to the members
of W a

o . Each RAN w† W a
o makes a bandwidth offer bao,w,

which form the vector Bao (q). Given Qao(q) and Bao (q)
the bargaining game comes up with allocation xao,w(q) of
requested bandwidth to each RAN of the operator o, which
must be the member of the compact and convex intra-
operator feasibility set as defined below:

S(Qao(q); Bao (q)) = {xao,w(q) : xao,w(q) ∈ n
+;∑

iε Wa
o

xao,i ≤
∑
iε Wa

o

bao,i(q);∑
iε Wa

o

xao,i(q) ≤ rao (q) + (ra
Õ

(q))}

The set S above represents all possible allocation of
bandwidths to the requests at intra-operator level over which
RANs bargain. The first condition is natural, as bandwidths
are positive quantities. The last two conditions dictate that
the total allocation cannot exceed the total offered bandwidth
or the total requested bandwidth. Furthermore in order for
this problem to be formulated as an bankruptcy problem, the
following condition should be satisfied:

rao (q) + ra
Õ

(q) ≤
∑
iε Wa

o

bao,i(q) ≤
∑
iε Wa

o

Cao,i (3)

in which Cao,w represents the total capacity of RAN w. The
total requested bandwidth should be smaller then the total
offered bandwidth, which should in turn be smaller than the
total capacity of the operator o in the area.

Furthermore we define d = (d1; : : : ; dn) ∈ n as
the given disagreement point. Setting the value of d in
our bargaining problem associated with bankruptcy prob-
lem (S(Qao(q); Bao (q)); d) influences cooperation among the

S  

d b (q)
o,w(1)

a

b (q)
o,w(2)

a

RAN-1 utility

RAN-2 utility

x* = F ((KS Q
a

o
Bo

a(q), (q)), 0)

Q
a

o
Bo

a(q), (q)), 0)z((

Fig. 3. KSBS solution in 2-Netowrks Scenario

RANs. Since any of the RANs can always guarantee its dis-
agreement utility by refusing to negotiate, the disagreement
point defines the lower bound of the solution. The existence
of a disagreement point is natural, since it endows one with a
reference point from where utility comparison can be made.
The problem with disagreement point is that there is no
universally accepted criterion to select it[17]. However in
the case of the intra-operator game, since the RANs belong
to a single operator, all the available network technologies
in the coverage area should participate in a game. Therefore,
we keep the disagreement point as zero which means that all
network technologies will have utility equal to zero if they
do not collaborate.

With these definitions, we are able to formulate
the corresponding 0-associated bargaining problem is
S(Qao(q); Bao (q); 0). The recommendations made by KSBS,
when applied to 0-associated bargaining problems, coincides
with the proportional allocation rule[18]. Therefore, the total
requested bandwidth will be distributed proportionally by
the CRRM entity amongst the RANs based on their offered
bandwidths according to the allocation rule:

xao,w =
bao,w∑

iε W

bao,i

(
rao (q) + ra

Õ
(q)
)

(4)

We illustrate this for a network scenario int Fig. 3. Set S
represent the feasibility set bounded by offered bandwidths
of both the RANs. Let the KSBS solution here be represented
by X ⁄ . Ideally, the allocated bandwidth by both networks
should be equal to their corresponding offered bandwidth,
which is depicted by the ideal point z(Qao(q); Bao (q); 0).
But the ideal point lies outside the feasible set. Hence the
efficient point i.e. X ⁄ on the line joining ideal point with
disagreement point represents the KSBS bargaining solution.

B. Bargaining problem at the Inter-Operator Level

Let us formulate the inter-operator game on the same
lines. Let r̄ao (q) represents the excess bandwidth request for
a service class q that an operator o cannot answer, and would
like to offer in the inter-operator game to other operators, and
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the vector Q̄a(q) represents all these requests from different
operators in the region who are in aggregated congested
regions.The operators play the game by making a bandwidth
offer bao , which can be grouped into the vector Bao (q). The
bargaining comes up with allocation of requested bandwidth
to different operators, xao , which should be a member of the
compact and convex feasibility set:

S(Q̄a(q); Bao (q)) =

{
xao : xao ≤ bao ;

∑
iεO

xai ≤
∑
iεO

Q̄a(q)

}
Let Co represents the aggregated capacity of operator o,

that is calculated from the capacities of the RANs belonging
to operator o in that area. Similarly the condition for the
bankruptcy formulation is:∑

iεO

r̄ai (q) ≤
∑
iεO

bai ≤
∑
iεO

Ci

Contrary to the intra-operator game the disagreement point
D(q) = (d1(q); : : : ; dn(q)) ∈ Rn is calculated from the
bandwidth requests and offers of the operators. To depict
the realistic scenario we select the disagreement point as
characteristic function in our bankruptcy problem at inter-
operator level. The characteristic function of a bargaining
problem is defined as the amount of utility conceded to a
player by all other players. What this implies is that an
operator will cooperate with other foreign operators if and
only if the operator receives at least the amount of bandwidth
not covered by the offers of the other operators. That is, for
an operator i and foreign operators ∀j 6= i the disagreement
bandwidth is given by:

di(q) = max{0;
∑
k2O

r̄ak(q)−
∑
i6=j

baj (q)} (5)

Let the solution obtained by applying KSBS to our inter-
operator bargaining problem be denoted by be denoted by
Xa = (xa1 ; :::; x

a
m). Then

Xa = FKS(S(Q̄a(q); Ba(q)); D(q)) (6)

The bargaining problem above is D associated bargaining
problem in this case. Thus recommendations made by KSBS,
when applied to D associated bargaining problem coincides
by adjusted proportional distribution rule [18]. In other
words:

xao = do(q) +
(bao(q)− do(q))∑

i2O
(bai (q)− di(q))

· (
∑
i2O

r̄ai (q)−
∑
i2O

di(q))

(7)
This distribution rule is applied by the SLA broker.

C. Bandwidth Offer Algorithm at Intra-Operator Level

Here we present an algorithm for the individual RAN’s
given the proportional allocation rule. For each RAN, b̄ao,w(q)
is the pre-defined bandwidth offer associated with service
class q, which is defined by the operators. If the current used

bandwidth lao,w is larger than the RAN capacity threshold,
described as a percent of the total capacity Cao,w in a RAN,
then the pre-defined bandwidth is scaled with the load factor

 ao,w = e
�la

o;w
Ca

o;w , in order to find the bandwidth offer for that
RAN.

As a result of this scaling, some of the RANs belonging
to the same operator offer less bandwidth compared to the
pre-defined values. Since they belong to the same operator,
this represents a lower utilization of the operator resources.
To overcome this problem, we allow the RANs that are not
in the RAN congestion to share the aggregated difference
between the pre-defined and actual offered bandwidths of
the congested RANs proportionally to their own pre-defined
bandwidths. In other words, let W̄ a

o ⊂ W a
o be the set

of congested RANs, then the algorithm for calculating the
bandwidth offer bao,w is given by:

bao,w =
{
b̄ao,i(q) ·  ao,i if i ∈ W̄ a

o

b̄ao,i(q) + b̃ao,i(q) if i ∈W a
o − W̄ a

o

(8)

where b̃aw,o(q) stands for the proportional additional band-
width that the uncongested RANs include in their offers,
which is calculated by:

b̃ao,w(q) =
b̄ao,w(q)∑

i2Wa
o �W̄a

o

b̄ao,i(q)
·
∑
i2W̄a

o

b̄ao,i(q)(1−  ao,i) (9)

Note that this algorithm requires exchange of information
between individual RANs, which may be implemented by
direct connection of RANs, through a central CRRM or
a distributed CRRM as described in [9]. Since the RANs
belong to the same operator, this is a valid assumption.

D. Bandwidth offer Algorithm at the Inter-Operator Level

The algorithm for the operators turns out to be relatively
simpler than the RANs, given the most actual bandwidth
offers that the RANs made for a specified service class
contain a considerable amount of information about the
status of the operator network in an area. Specifically, the
operator sums the most up-to-date bandwidth offers from the
RANs in the area for the service class. Then this aggregated
offer is sclaed with the motivation factor of the operator
0 ≤ �o ≤ 1. By setting this factor, the operator is able
to adjust the cooperative nature of its strategy. There is an
incentive for cooperative behaviour, as operators can allocate
unused bandwidth to increase revenue and utilization. Thus:

bao(q) = �o ·
∑
i2Wa

o

bao,i(q) (10)

V. RESULTS AND ANALYSIS

In order to evaluate our approach, we have developed our
own Java-based discrete event simulator, which generates
user defined network operators, access technologies, and
coverage areas with user defined RANs belonging to different
operators. We investigate the performance of our approach
in randomly generated coverage areas for multi-operator
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PREDEFINED OFFER BANDWIDTH

B. Evaluation of Inter- and Intra-operator Games

In order to demonstrate the bandwidth allocation in inter­
operator and intra-operator games, as well as to demonstrate
the effect of varying motivation factor we carry out simu­
lations in an area with three operators. The operator I has

GSM, and the operator-3 has only GSM. In area a3 operator­
I has deployed WiMAX and GSM, and operator-3 UMTS
and in area a4 operator-I has UMTS, operator-2 has WiMAX
and operator-3 has GSM.

These results are compared with the results obtained by
the capacity-based and service-based approaches discussed
earlier. In the capacity based approach the players report their
available bandwidths to the SLA broker and the CRRM. The
service request is then allocated to the RAN or the operator
with the largest amount of free bandwidth. In the service­
based approach, service classes are associated with certain
RANs, and are allocated to other RANs only if the associated
RANs are overloaded. In this scheme voice is allocated
to GSM, then to UMTS, and finally to WiMAX. Data is
associated to UMTS, and allocated to WiMAX in overload.
For video the sequence is UMTS and then WiMAX. In
this scheme the intra-operator game is played by individual
RANs submitting the type of traffic they can support to the
CRRM. CRRM chooses the RANs that are willing to support
the service class of the request, and divide the requested
bandwidth equally among these RANs. The inter-operator
game follows the same lines by operators submitting the
traffic class they wish to support to the SLA broker.

Our approach outperforms both the service-based and
capacity-based solutions in all coverage areas. In the area aI,
where only the intra-operator game is played, we can support
12% more calls, with the same call blocking probability as
the service-based approach. In area a2, where the operator-3
only has GSM, we allow operator-3 to make use of operator­
I's UMTS and GSM, and are able to support 44% more
calls, while reducing the call blocking probability from 45%
to 36% . Note that this higher rate of call drop rate is due
to the fact that operators have most GSM RANs, which has
limited support for video or data requests. In the area a3,
where there is plenty of bandwidth to be shared in the inter
operator game we outperform the service-based approach by
28% and the capacity-based by 11%. We almost halve the
call drop probability compared to capacity- based scheme in
the area. In area a4 a somewhat similar behavior to the area
al is observed in terms of bandwidth utilization however
we improve 50% in terms of call blocking probability. It is
also important to note that compared within each other the
capacity-based solution is able to support more calls, but has
an inferior call blocking rate.

In the light of the results, we can draw the conclusion that
our solution outperforms both of the compared approaches,
and its virtue becomes more spoken when there is abundant
bandwidth to be shared for better utilization as in area a3,
or when there is a asymmetry between the capacities of
operators as in the case of area a2.

Deployment area:

r

Voice 500 240 400
Data 900 1000 800
Video 500 1600 500

Coverage:

011-21 GSM
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File Help

Fig. 4. The user interface for our discrete event simulator.

TABLE I

QoS Class II GSM I WiMAX I UMTS

heterogeneous wireless networks. A snapshot of the user
interface for our simulator is shown in Fig. 4.

The arrival of requests is modeled by a Poisson process,
and the service class is chosen randomly among voice, data,
and video uniformly. The sizes of the requests are assumed to
be static, and are 60 kbps, 150 kbps, and 500 kbps for voice,
data, and video respectively. After the allocation and distribu­
tion algorithms, the allocated bandwidths are subtracted from
the bandwidth pools of the RANs, assuming the users have an
infinite channel holding time. This allows us to simulate the
overload conditions in the areas, which results in inter and
intra-operator games being played. We simulate a random
topology with GSM, UMTS, and WiMAX. A GSM RAN has
a capacity of 4500 kbps, UMTS 12000 kbps, and WiMAX
20000 kbps. The RAN overload thresholds are set to 10%
for UMTS, GSM, and 3% for WiMAX. The operators share
the same predefined offered bandwidth values in kbps, which
are given in Table I.

A. Comparison with other approaches

To assess the performance of our proposed approach
compared to other approaches, we implement service-based
and capacity-based allocation schemes as described in the
Introduction section. where simulations are run on area
granularity (al, ... , a4) with service requests arriving for
different types of applications.

We then compute the call blocking probability in all areas
aI, a2, a3, and a4 as a function of the simulation steps. We
also plot the number of accepted requests as a function of
traffic intensity in calls per minute, assuming a simulation
time of 100 minutes. The results for these regions are given
in Fig. 5 (a)-(h). In area aI, a single operator has RANs of
all the possible RATs. In area a2 operator-l has UMTS and
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(a) Active Calls in a1
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(b) Call Drop Rate in a1
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(c) Active Calls in a2
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(d) Call Drop Rate in a2
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(e) Active Calls in a3
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(f) Call Drop Rate in a3
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(g) Active Calls in a4
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(h) Call Drop Rate in a4

Fig. 5. Number of Active Calls and Drop Rates in different regions)

only WiMAX, operator 2 has WiMAX, GSM and operator
3 has WiMAX, WLAN and UMTS.

The bandwidth requests of different quality classes are
generated by users belonging to home operator using Poisson
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(b) Selective Cooperative (OP-1 cooperates with OP-2)
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(c) Non-Cooperative

Fig. 6. Network Technologies Bandwidth Utilization

process with the mean 20. Simulation run is kept as 30
events, where events effectively represent time instances for
batch arrival of bandwidth requests. . We discern 3 cases,
based on different motivation factors of the involved opera-
tors. In the cooperative case all operators have a motivation
factor of 1. In the selective cooperative case operators 1 and
2 have motivation factor of 1, and operator 3 has motivation
factor of 0. In the non-cooperative case all operators have a
motivation factor of 0.

As illustrated in Fig. 6(a), the bandwidth requests are
allocated among the RANs of the home operator proportional
to their offered bandwidths, until it gets into aggregated con-

gestion region at step 4. Then the excess bandwidth need is
supplied by the other operators, and this bandwidth is shared
according to the distribution rule effective in the SLA-broker.
The call drop rate stays virtually 0. In selective cooperative
case, Fig. 6(b) cooperation occurs similarly to the previous
case after step 4 until step 13 when the cooperating operator
1 goes into aggregated congestion region. Call drops are not
avoidable from there on. In the final case depicted in Fig.
6(c), call drops occur immediately after step 4. It is important
to note that almost 40 percent less total active calls can be
supported in non-cooperative case compared to cooperative
case. This demonstrates the performance gains possible with

8

Authorized licensed use limited to: Technische Universitaet Berlin. Downloaded on January 8, 2010 at 05:00 from IEEE Xplore.  Restrictions apply. 



cooperation.

VI. CONCLUSION

In this paper we formulated the multi-operator CRRM
problem from a Game Theoretic perspective, as a two
level bargaining game. The CRRM manager within the
operator networks employ an allocation rule to distribute
the bandwidth requests from user applications among the
operator RANs based on the offers that the RANs make.
If the operator is in aggregated congestion in the region,
and is not able to meet the bandwidth request, it makes
an offer based on this request to the SLA Broker, which
employs an distribution rule to distribute such offers among
the participating operators in the area. Both of these rules
are found by employing the KSBS solution to bargaining.
We also presented two bandwidth offer algorithms to be
implemented by the RANs and operators. We then compared
out approach with service and capacity based rules and
showed that it is able to outperform both in terms of number
of active calls and call drop rate.
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