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Abstract—In this paper, radio resource allocation in a het- In this paper, the resource allocation problem in a heteroge
erogeneous wireless access medium is studied. Mobile terminalsnegus wireless access medium is studied. MTs are assumed to
(MTs) are assumed to have multi-homing capabilities. Both paye muylti-homing capabilities. Both constant bit rate RB

constant bit rate and variable bit rate services are considered. - . - .
A novel algorithm is developed for the resource allocation. and variable bit rate (VBR) services are considered. A novel

Unlike existing solutions in literature, the proposed algorithm algor_ithm _iS d_eveloped for such a problem. While existing
is distributed in nature, such that each network base station / solutions in literature call for a central resource manager

access point can perform its own resource allocation to support to perform the resource allocation, this newly developed

the MTs. according.to thei.r service classes. The’ coordination algorithm allows each network base station (BS) / access
among different available wireless access networks’ base stations = t (AP) t | it tilit imizati bl

is established via the MT multiple radio interfaces in order point (AP) to .so Ve Iis own utility m§X|m|za 'Or_‘ probiem
to provide the required bandwidth to each MT. A priority —and performs its own resource allocation to satisfy the MT

mechanism is employed, so that each network gives a higher requirement, according to its service class. Hence, no faeed

priority on its resources to its own subscribers as compared to a central resource manager. The MT plays an active role in
other users. Numerical results demonstrate the validity of the the resource allocation operation by performing coordtmat

proposed algorithm. among different available wireless access networks’ BBs/A
Index Terms—Heterogeneous wireless networks, resource allo- to satisfy its required bandwidth. Each network employs a

cation, multi-homing, network utility, distributed solutions. priority mechanism in order to give a higher priority on its

resources to its own subscribers than to the other users.

|. INTRODUCTION . The rest of this paper is o_rganized as follows: Section Il re-

) ) i views the related work. Section Il describes the systemeahod

( :URRENTLY there exist different wireless access néfn gection IV, the problem formulation is developed. Settio
works with different capabilities in terms of bandwidthy, giscusses the proposed algorithm. Section VI presents

latency, coverage area, or cost [2]. These wireless ac&#ss R merical results and discussions. Finally, conclusiors a
works include wireless metropolitan area networks (WMANS).4wn in Section VI

cellular networks, wireless local area networks (WLANS),

and so on. The integration of these different networks can

help to support user roaming and provide various classes of Il. RELATED WORK

services with different network resource demands. However The problem of resource allocation in heterogeneous wire-

to be able to satisfy the required bandwidth by the mobilgss access networks is studied in [3] - [7]. The existing
terminals (MTs) via different available wireless netwoess  so|ytions can be classified in two categories based on whethe
make efficient utilization of the available resources frérase single radio interface or multiple radio interfaces of an
networks, new mechanisms for bandwidth allocation and c@fit are used simultaneously for the same application. Each
admission control are required. category can then be further divided into two groups based
In literature, there exist various works that study the prolyn whether the proposed solution can support single class or
lem of resource allocation in a heterogeneous wirelesssaccgyltiple classes of service.
medium. These works can be classified in two categories. Therhe resource allocation solutions that belong to the first
flrst category mcludeg the splutlons that utlllzg thg smgidlp category are studied in [3] - [5]. In [3], a utility functiorabed
interface of an MT, in which the MT obtains its requiredesource allocation scheme is introduced for a single servi
bandwidth from a single access network. The second catege[yss code division multiple access (CDMA) cellular netvor
includes the solutions where multiple radio interfaces of 844 WLAN. In [4], two resource management schemes are
MT are used simultaneously to satisfy the user’s requirémepyoposed for bandwidth allocation and admission control in
The resource allocation solutions from this category amm 5 heterogeneous wireless access environment with differen
as multi-homing solutions, in which the MT obtains its reg|asses of service. The mechanisms provided in [3] and
quired bandwidth from all available wireless access nédtaior [4] needs a central resource manager to find the optimum
, _ , bandwidth allocation. In [5], a distributed resource aditian
Manuscript received January 17, 2011; revised June 20,;28ddepted hani is d | d to find th i bandwidth al-
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resource allocation mechanisms that belong to this categproblem to allocate its resources so that the MTs require-
based on a single interface of an MT suffer from the followingients can be satisfied. Two classes of service are consjdered
shortcomings: 1) The incoming call is blocked if no networkamely, CBR and VBR services. When sufficient resources
in the service area can individually satisfy the bandwidthare available from different networks BSs/APs, VBR service
requirement of the MT, as a result these mechanisms do ao¢ allocated the maximum required bandwidth. On the other
fully exploit the available resources from different nethgy hand, when all available networks BSs/APs with overlapped
2) These mechanisms do not improve the system capacitycofrerage areas reach their capacity limitation, VBR sesrvic
the individual networks. are degraded towards the minimum required bandwidth using
The resource allocation solutions that belong to the secotie resources from different overlapped networks BSs/APs.
category are studied in [6] and [7]. In [6], the concept ofhe work of [6] employs a utility fairness concept to ensure
utility fairness is applied to allocate bandwidth to difet that all MTs with VBR service are degraded simultaneously
types of traffic. In [7], the problem of bandwidth allocatiora with the same amount of resources within the same wireless
heterogeneous wireless access medium is formulated as a ramtess network and according to the same utility change
cooperative game. The mechanisms of [6] and [7] support Mamong different wireless access networks. This, howewsas d
with multi-homing capabilities. Thus, each MT can obtaimot take into consideration the fact that different MTs de t
its required bandwidth for a specific application from alubscribers of different networks and, as a result, theylsho
available wireless access networks. This has the followimgpt be treated equally by each network. It is more practicat t
advantages [8]: Firstly, with multi-homing capabilitiehe each network supports first its own subscribers and ensures
available resources from different wireless access nésvothat they are satisfied with the maximum possible required
can be aggregated to support applications with high reduireandwidth, while at the same time it supports the subsaiber
bandwidth using multiple threads at the application layeof other networks. To accomplish this, our proposed algorit
Secondly, these mechanisms allow for mobility supportesinemploys a priority mechanism so that each network can give
at least one of the used interfaces will remain active durireghigher priority in allocating its resources to its sulisers
the call duration; Finally, the multi-homing concept caduee as compared to the other users.
the call blocking rate and improve the system capacity.
However, these exiting resource allocation mechanisms for
a heterogeneous wireless access environment that support
MTs with multi-homing capabilities need a central resource Consider a geographical region where a Asebf wireless
manager to perform the resource allocation and admissiaccess networks with different access technologies isadlaj
control. The need for the central resource manager aris€s= {1,2,...,N}. Each network is operated by a unique
from the fact that the allocated bandwidth from each netwodervice provider. Each networky € A, has a setS, of
BS/AP to a given connection should sum up to the bandwidBSs/APs in the geographical regia$), = {1,2,...,S,}. The
required by that connection. Hence, a global view of thBSs/APs of each network have different coverage from those
BS/AP capacity of every network is needed to coordinaté other networks. Different networks have overlapped cove
the allocations from different networks to satisfy the riegd age in some areas. As a result, the geographical region can be
bandwidth for that connection. This global view is providedescribed by a séf of service areass = {1,2,..., K}. Each
by the central resource manager. This is not practical irsa ca&ervice area < K is covered by a unique subset of networks
that these networks are operated by different service geosi BSs/APs as shown in Figure 1. Each BS/AR: S,,, has a
A central resource manager that controls the operation todinsmission capacity af,, Mbps. There aré\/ MTs in the
different networks’ BSs/APs in such a case raises somesssgeographical region, denoted by set, M = {1,2,..., M}.
related to: 1) the question of which network will be in chargBuring a given period, MTs in a service arkanoves within
of the operation and maintenance of the central resource m#nis area, but do not make a handoff to another service area.
ager, considering the fact that such network will contra@ thEach MT,m € M, has its own home network, but can also
resources of other networks; 2) changes required in differeget service from other available networks using the multi-
network structures and operations in order to account foln sthoming capability. The set of MTs which lie in the coverage
a central manager; 3) the fact that, if the central resouraeea of thesth BS/AP of thenth network is denoted as
manager breaks down, the whole multi-homing service failét,,; C M. The subset of MTs whose home network is
and this may extend to the operation of the different netaorknetwork n is denoted byM.,, 1, while the subset of MTs
Hence, in such a networking environment it is desirable tehose home network is not networkis denoted byM,, .
have a distributed solution that enables each network BS/ARat is, M,,s1 U M, 52 = M5, and M, ;1 N M50 = ¢. An
to solve its own utility maximization problem and to perforrMT m € M, is referred to as aubscriber of networkn,
its own resource allocation and admission control, whilthat while an MT m € M, is referred to as aiser of network
same time cooperates with other available networks BSs/ARsAn MT using its multi-homing capability can receive its
to support MTs with multi-homing capabilities. required bandwidth from all wireless access networks alkl
In this paper, a distributed algorithm for resource allmgat at its location. The bandwidth allocated from netwarko an
in heterogeneous wireless access medium for MTs with mullitT m through BS/APs is denoted a$,,,,s, Wheren € N,
homing capabilities is proposed. Each wireless accessonetwm € M,,; ands € S,. Let B, be a vector of bandwidth
BS/AP, in this algorithm, solves its own utility maximizati allocation from network. through BS/APs to each MT within

IIl. SYSTEM MODEL



utility function is defined as

Unms (bnm) = ln(l +m bnms) - (1 - pnms)n2bnms (1)

wherep,,s € [0,1] is a priority parameter set by network

on its resources in BS/APfor MT m, n; andn, are used for
the scalability ofb,,,,s. The first term in the right hand side
of the utility function represents the attained networKityti
from the allocated resourcés,,,s [6], which is a concave
function ofb,,.,,s [10]. This term originates from the concept of
proportionally fair resource allocation [11]. The secoedt

in the right hand side represents the cost the user pays for
the allocated resources. This is a linear functiorb,gf s, the
more the allocated resources, the higher the cost. Henee, th
utility function of (1) involves a tradeoff between the atied
network utility and the cost that the user has to pay on the
network resources. Utility function (1) is a concave fuantof
bnms [10]. The priority parametep,,,,s assigned by network

n BS/AP s to MT m is used to establish service differentiation

celularneork BS coverage - @MoNg different users by the network, and is given by
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where 5 € [0,1). From (2), the utility function of (1) for
its coverage areaB,; = (bums : M € M), With byms =0 & .r?etwork subscribe_r accou_nts only on the attained network
if MT m is not in the coverage area of netwatkBS/AP s.  Uility by that subscriber, while a user of the network stsfe
The networks cooperatively support both CBR and yvBifom a tradeoff between the at.talned network utility and the
services. A CBR call of MTim requires a constant bandwidthcost that the network sets on its own resources. As a result,

B,, from all available wireless access networks BSs/AP@ch network gives a higher priority in allocating its reses

in its service area. On the other hand. a VBR call of m¥© its subscribers as compared to the other users. When all

m requires a bandwidth allocation within a maximum valuB&tworks BSs/APs in a given service area reach their capacit

B™ax and a minimum valugd™®. When there are sufficient limitation, resource allocation to the MTs with VBR service
m m . - . .

resources in a given service area, the VBR call is allocatitreduced in order to support more calls. The subscribers

its maximum required bandwidtB™><. When all networks of each network should be able to enjoy the resources of

m * .
BSs/APs in a given service area reach their capacity lifitat their own home network as long as they can. As a result,

the bandwidth allocation for the VBR call is degraded tovgardt 1S desirable to differentiate the allocation performedthe
B™n in order to support more calls. The set of MTs in th@etwork to its own subscribers and the allocation performed

geographical region with CBR service Jst, 1, while that for by that network to the other users. This is achieved through

MTs with VBR service isM, ., and both are subsets gff. the priority parametemp,,, to give a higher cost on the
A connection level only resource allocation is considerddftWork resources for the other users as compared to its
in this work. The objective is to find the optimum resourc@VN subscribers. Each network sets a priority parametereval

allocation to a set of MTs in a particular service area frofms € [0,1) on its resources for the users in its BS/AP

each of the available networks BSs/APs in that service areaCPvVerage area, while making,,,, = 1 for its own subscribers.

a given period. This can be performed according to the aeera%f a result, the subscribers of each network with VBR service
connection level statistics in the different service afghsAs €Nioy the maximum required bandwidth using their home
a result, a static system is studied without arrivals of nedftwork resources for the longest possible time. The VBR
calls and departures of existing ones. Also, a call admissiglocation is degraded by a network to its own subscribers
control procedure is assumed to be in place [9], so thatlfersiONlY in order not to violate the minimum required bandwidth

resource allocation solutions exist. of the other users. o
The resource allocation objective of each network BS/AP

is to maximize the total satisfaction for all the MTs withis i
coverage area, given by

In this section, the problem of the multi-service resource
allocation in the heterogeneous wireless access medium E”S(B”S) = Z Unms (bnms ),
formulated. A distributed solution for such a problem isrthe mEMas
proposed. whereU,,s(B,s) is the total utility of networkn BS/AP s.

Let wms(bnms) denote a utility function of networka For the whole geographical region, the overall resource
allocating bandwidth,,,,,s to MT m through BS/APs. The allocation objective of all the networks is to find the optimu

IV. PROBLEM FORMULATION

Vs e S,,vne N (3)



TABLE |
SUMMARY OF IMPORTANT SYMBOLS

Symbol || Definition

bnms Allocated bandwidth from network to MT m through BS/APs

B Bandwidth allocation vector from network BS/AP s to all MTs within its coverage area
Bm, Required bandwidth of MTn with CR service

Bmin Minimum required bandwidth of MTn with VBR service

Ba* Maximum required bandwidth of M¥n with VBR service

Ch Transmission capacity of network BSs/APs
h(-) Dual function

K Set of service areas in the geographical region
L(+) Lagrangian function

My kr The number of subscribers of networkin service ared with servicer
Set of MTs in the geographical region

M1 Set of MTs with CBR service in the geographical region

Mo Set of MTs with VBR service in the geographical region

Mus Set of MTs in the coverage area of networkBS/AP s

Mos1 Set of subscribers of network in the coverage area of BS/AP
Mips2 Set of users of network in the coverage area of BS/AP

Set of available networks in the geographical region

Sn Set of BSs/APs of network: in the geographical region

Ans Lagrange multiplier corresponding to capacity constrafmietwork n BS/AP s

Um Lagrange multiplier corresponding to the required bandwidinstraint of MTm with CBR service

,uﬁ,lf Lagrange multiplier corresponding to the maximum requireddbadith constraint of MTm with VBR service
uﬁ? Lagrange multiplier corresponding to the minimum requireddvadth constraint of MTm with VBR service

allocationb,,.s, Vn € N, Ym € M, Vs € S,, that maximizes  Following the utility function definitions in (1) and (3), ¢h

the total utility in the region, given by objective function of problem (8) is concave and the problem
Y has linear constraints. Therefore, problem (8) is a convex
U — Z Z Uns(Bus). (4) optimization problem, which makes a local maximum a global

maximum as well [10]. While problem (8) can be solved in
a centralized manner with a central resource manager,ghis i

For each networke BS/AP s in the geographical region, o 4 practical solution when different networks are opetat
the allocated resources should be such that the total losl INyy different service providers. Hence, a distributed sofubf

coverage area is within the network BS/AP capacity limitati (8) is desirable.

n=1s=1

Cr, that is The constraints introduced in (6) and (7) are in fact couplin
Z bms < Cny Vs € Sy, Vn. (5) constraints and, as a result, it is difficult to obtain a dstied
meM B solution of (8) at each network. A distributed solution can b

developed using full dual decomposition of (8) [12] - [17].

For a CBR service, the total allocated resources froff o constraint defined in (7) can be rewritten in the follayvin
different available wireless access networks to a given MfJ. .,

should satisfy the MT application required bandwidth,,i.e.

N S,
N S, Z bnms S Bgaxa vm € MT‘2 (9)
Z Z bnms = Bma Ym € Mrl (6) n=ls=1
n=1s=1
. . N Sp
w_h|le for a \_/BR service, the total allocated resources from Z brms = B™ Vi € M. (10)
different available wireless access networks to a given MT =
should be within the application maximum required bandiwidt _ _ _ _
BEﬂX and the app"cation minimum required bandwidiminy The Lagranglan function for (8) using the constraints of (9)
ie., and (10) can be expressed as
N S, N S
B <3N bums < BR™, ¥mE Mo (7) L(Bps, v, M, 1) = 3N " U (Bs)
n=1 s=1 n=1s=1

Sn

To summarize , the resource allocation problem in the N N (C b B
heterogeneous wireless access environment for MTs with +ZZ ns(Cn — Z nms) + Z Vin (B —
meEMops meMyy

multi-homing capabilities, for two classes of service, ¢mn

n=1 s=1

expressed by the following optimization problem i SZ boms) + Z (1) gmax ZN: ib )
nms Hop, m nms
N Sn n=1s=1 meM,.o n=1s=1
E{nagco Z Z Uns (an) (8) N 5n .
e n=1s=1 + Z :“55) (Z Z brms — By™) (11)
s.t. (5) — (7). meEMa n=1s=1



whered = (A\,s : n € N,s € §,,) is a matrix of Lagrange
multipliers corresponding to the capacity constraint 9fwgh
Aus 20, v = (U i m € Mp), pD = (uh) : m € M,),

p® = (Mg) :m € M,») are vectors of Lagrange multipliers

corresponding to the reqwred bandwidth constraints of(®)

and (10) respectively, WItI]le 7/,Lm) > 0. The dual function
can be expressed as

(A v, 1V, ) = max L(an,)\ v, M, 1)

B,,s>0

12)

and the dual problem corresponding to the primal problem of

8) is

h(A v, n, ). (13)

min
e, p(2)>0,v

As the primal problem of (8) is a convex optimization probjem

a strong duality exists [10]. The optimal values for the @im
and dual problems are equal. As a result, it is appropriate to),, (i + 1) =
solve (8) through its dual problem of (13). The maximization

problem of (12) can be simplified to

N S,
1 (2 —
h(x v, 1M, ) ;;BT&{UM(BM)
— Ans Z brms — Z Vi brms
meM,, meMy
- Z (Ugl)_ﬂ( ))b'mns}~ (14)
meEM .o

simplified to
N S,
>3 min{hn(Cam 3 bum)}
n=1s=1 meMops
N S,
—+ Z min{Vm(Bm - Z bnms)} +
meM,y i n=1s=1
N S’Vl,
. (1) pmax __
Z r(rll)lgo{p‘m (Bm Z bnms)}
meM, o - n=1s=1
N Sy
(2) b _ Bmin . (19
+ II(IZI)H;O{ (Z nms )} ( )
meM,a n=1s=1

For a differentiable dual function, a gradient descent mdath
pean be apphed to calculate the optimum values Xor, (")

and ;(?) [10], given by
[)‘nS(i) —ay(Cy — Z bnmS(i))] (20)
mEM'ns
l/m(l + 1) = I/m( — 042 Z Z bnms (21)
n=1s=1
N
p) (i 4 1) = [5) () — as(Bp™ — Z bum ()T (22)
N S,
6+ 1) = 26 = (32 D b ) = B
o (23)

Consequently, each network BS/AP can solve its own utilitynere i is the iteration index andy; with j = {1,2,3,4}

maximization problem, expressed as

ma§ {Uns(B s) - )\ns Z bnms - Z Vmbnms
Bns20 meMy meMry
- Z (N?gb) _Mg))bnms}' (15)
meM o

The optimum allocatiorB,,, for fixed values of\, v, u(!) and

1) can be calculated by each network BS/AP by applying

the Karush - Kuhn - Tucker (KKT) conditions on (15) [10]
and we have

aunms bnan
# — Ans = Vn — (/J‘Sr) - ﬂgr )) 0. (16)
abnms
Using the utility function of (1), (16) results in
1
bnms = -1 +7
[)\ns + VUm + (1 - pnms) ]
Ym € M, (17)
1
bnms = [ - 1]+7
Ans + () = i) + (1= Pams)
VYm € ./\/17«2 (18)

is a sufficiently small fixed step size. Convergence towards
the optimum solution is guaranteed since the gradient of (19
satisfies the Lipchitz continuity condition [10]. As a resul
the resource allocatioby,,,,s of (17) and (18) converges to the
optimum solution.

V. ADISTRIBUTED MULTI-SERVICERESOURCE
ALLOCATION ALGORITHM

The proposed decomposition method for the optimization

‘problem of (8) has two levels. The first one is a lower level

where sub-problems are solved at each network BS/AP to find
the optimum resource allocatidn,,,,. The sub-problems are
defined in (15), which has the optimum solution of (17) for a
CBR service and (18) for a VBR service. The other is a higher
level, where the master problem exists. The master problem
is defined in (19) and the optimum solution is obtained using
the iterative method defined in (20)-(23). The master pmble
is to set the dual variables v, x(!) and;(? to coordinate the
sub-problem solution at each network BS/AP.

Following the classical interpretation of,; in economics
as the price of resources [12),,; gives the price of network
n link resources in BS/AR. Thus,)\,,; serves as an indication
of the capacity limitation experienced by network link

where the notior|-]* is a projection on the positive orthantresources in BS/AR. When the total traffic load on network

to account for the fact thaB,,; > 0. The optimum values of
M v, p) and u? that give the optimum allocatioh,,,, of

n BSIAP s (3_,,car.. bums) reaches the capacity limitation
(Cy), the link access price value\(,) increases to denote

(17) and (18) can be calculated by solving the dual probletinat it is expensive to use that link. On the other hand,

of (13). For a fixed allocatior3,,5, the dual problem can be

is a coordination parameter used by MTs with CBR service,



while ,uﬁ,ll) and MS,? are coordination parameters used by MTs SYSTEEE,L'EAL;ETERS

with VBR service. As a resulty,, is used by MTm for

coordination among different available networks, to eashat Parameter| Value | Parameter| Value || Parameter| Value

the required bandwidth is met. While,,) and 1.2 are used g; 2 o o %;f >

to ensure that the allocated resources for an MT with VBR Cs 11 Mi11 10 Moo 8

service lie within the specified required bandwidth range. Bm | 0.256 11 Mo 10 Mas: 5
The Lagrange multiplier\,,, can be calculated at each gmax 8:52.22 %g; ; %ﬁiz g

network BS/AP based on its capacity limitation and the total| /., 0.6 Mzt 5 71,2 1

load experienced in the coverage area. The Lagrange nietipl

v,, IS calculated at each MT with CBR service, while the

Lagrange muItipIiers,uﬁ,lL) anduﬁz) are calculated at each MT 26— — —

with VBR service. The multiplierss,,, 'Y and {2 are T D |

calculated based on the allocated bandwidth from differel L I s —S—WLAN

wireless access networks BSs/APs and its required bartawid 2 }?””?””5:mf”m””?””?””?""?"""’

Each BS/AP starts with an initial feasible value for its link
access price. Similarly, each MT starts with an initial fbkes

value for its coordination parameter. Each BS/AP perfortss i
bandwidth allocation to a given MT based on its link acces
price value, priority parameter value and the coordinatio
parameter value for that MT. Each BS/AP then updates its lir
access price value. Also, the value 19f, and the difference

uﬁ,ll) — u;%) are updated and broadcasted by the MTs t
the different available wireless access networks throdngh t S
different interfaces of the MT, in order to perform coordina § 10 15 20 25 3 3/ 40 45 ED

among the resource allocation from diﬁerent netWOka ) th Murmber of WLAN Subscribers CBR connections in Service Area#S(M331)
the required bandwidth can be met eventually.

Resource Allocation (Mbps)

Fig. 2. Total bandwidth allocation by each network
VI. NUMERICAL RESULTS AND DISCUSSION

This section presents analytical results for problem (8)aus = o )
the proposed distributed algorithm. A geographical regidf€ir capacity limitation, independent @if;;,. The WLAN
that is entirely covered by an IEEE 802.16e WMAN B&P increases its total allocation with/33; to accommodate
and partially covered by a 3G cellular network BS and afiore subscribers. Ay, = 14, the WLAN AP also reaches
IEEE 802.11b WLAN AP is considered [6]. As a result!S capacity limitation. . .
N = {1,2,3} with the WMAN, cellular network and WLAN I the following, we study the total bandwidth allocation
indexed as 1,2 and 3 respectively. Three service areas fran each network BS/AP to different subscribers in service
be distinguishedC = {1,2,3}. In area 1, service from the aréa 3.
WMAN BS only is available. In area 2, the WMAN and Figure 3a shows the total bandwidth allocation by each
the cellular network BSs services are available. In area ®twork BS/AP for the CBR WLAN subscribers in area 3.
services from all three networks BSs/AP are available. Rer tWith the priority mechanism, the WLAN AP supports its
priority mechanism, different networks can set differeasts Own subscribers to avoid the high cost of the WMAN and
on their resources using the priority paramegey,. Since the cellular network. As a result, the WLAN AP bandwidth
the cellular network has the lowest capacity among all tilocation (L-L) increases with\/;3; to accommodate more
available networks, it sets the highest cost on its ressusoe subscribers, while the allocation from the WMAN (M-L) and
that it can devote its resources to its own subscribers. THe cellular network (C-L) BSs is equal to zero. However, for
WMAN and the WLAN both have a high capacity, yet theV/z31 > 34, the WLAN AP does not have sufficient bandwidth
WMAN BS covers a larger area with more MTs, hence th® support its subscribers. As a result, the WMAN BS increases
WMAN sets a higher cost on its resources than the WLAKs allocation to support the WLAN subscribers. The support
with its limited coverage area. Lét/,,;,, denotes the number comes from the WMAN BS as its bandwidth have a lower
of subscribers of network in service ared: with servicer, cost than those from the cellular network.
wherer = 1 represents a CBR service white= 2 represents  Figure 3b shows the total bandwidth allocation by each
a VBR service. The system parameters are listed in Table ngtwork BS/AP for the VBR WLAN subscribers in area 3.
where the required resources units are in Mbps, and the giveor Ms3; > 22, the WLAN AP decreases its allocation (L-
priority parameters are for the networks users. L) to support its CBR subscribers. As a result, the WMAN

Figures 2-5 shows various bandwidth allocation resulBS increases its allocation (M-L) to keep the total allomati
versus the number of ongoing CBR connections for the WLABbnstant at the maximum required bandwidth (512 kbps for
subscribers in area 3\331). each VBR call). However, fol33; > 27, any further increase

Figure 2 shows the total bandwidth allocation by each netr the WMAN BS allocation would degrade the WMAN BS
work BS/AP. The WMAN and the cellular network BSs reachllocation to its VBR subscribers. The priority mechanism
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does not allow this, since it gives a higher priority on the _
WMAN BS bandwidth to the WMAN subscribers. As a result, SN B A L [——wmccer
the WMAN BS decreases its allocation to the VBR WLAN . ' N

. . . —&—L-C-CER -
subscribers, and the total allocation is degraded towdres t —+— C-CER Tatal

minimum required bandwidth. Fob/33, > 34, the WLAN & ';'g\\jaﬁg
AP decreases the allocation to support the CBR WLAI o e LOVER | |
subscribers. As a result, the WMAN BS increases its allonatic

- - C-VBR Total
in order not to violate the minimum required bandwidth (25¢ e
kbps for each VBR call).

Regsource Allocation (Mbps)
L o

Figure 4 shows the total bandwidth allocation by eac
network BS/AP to the cellular network subscribers in se¥vic 0s
area 3. The total bandwidth allocation (C-CBR Total) to tht
CBR cellular network subscribers comes from the WLAN B R O I TR N S
AP (L'C_CBR) The allocation from the cellular network (C_ Nusmber;fDWLAl\] SubscErﬁJers (?SR CDSI?BCUDI’?SSIH Se:ivD\ce Arij#S(l\aD
C-CBR) is zero, since it uses its bandwidth to support its
subscribers in area 2. The allocation from the WMAN BSig 4. Total bandwidth allocation by each network to thdutat network
(M-C-CBR) is zero since it imposes a higher cost on itsubscribers in area 3
bandwidth than the WLAN. However, fobs3; > 18, the
WLAN AP starts to decrease its allocation for cellular netivor
subscribers to support its own subscribers. This is congteds degrade the WMAN BS allocation to its VBR subscribers.
by an increase in the WMAN BS allocation, to keep the totdls a result, the WMAN BS decreases its allocation. The
allocation constant at the required bandwidth (256 kbps feellular network BS also decreases its allocation to suppor
each CBR call). Fon/33, > 21, more bandwidth are requiredits CBR subscribers in this area. Hence, the total allonatio
from the WMAN BS to keep the total allocation constant, bugtarts to degrade towards the minimum required bandwidth.
in order to reduce the required amount of bandwidth from theor Mss; > 26, the WMAN and the cellular network BS
WMAN due to the associated high cost, the cellular netwoiRcrease their allocation to compensate for the reductidhe
increases its allocation to support its own subscriberse TWLAN AP allocation and keep the total bandwidth allocation
total allocation is always constant at the required bantwid constant at the minimum required bandwidth.

For the VBR subscribers, aBl33; increases, the WLAN AP  Figure 5 shows the total bandwidth allocation by each
reduces its allocation to the VBR cellular network subsmsb network to the WMAN subscribers in service area 3. For
to support its own subscribers. As a result, the WMAN B&e CBR and VBR calls, most of the allocated bandwidth
increases its allocation to keep the total bandwidth atlona comes from the WMAN BS (M-M-CBR and M-M-VBR) as
(C-VBR Total) at its maximum required bandwidth (512 kbpsompared to the WLAN AP allocation (L-M-CBR and L-M-
for each VBR call). ForMs3; > 17, the cellular network VBR), in order to reduce the associated cost of the WLAN
BS increases its allocation to reduce the amount of bantdwidtandwidth. The allocation from the cellular network BS (C-
required from the WMAN BS due to its high cost. Faf;3; > M-CBR and C-M-VBR) is zero, as it uses its bandwidth to
22, any further increase in the WMAN BS allocation wouldsupport its subscribers in areas 2 and 3. Bdgs;, > 13,

331)
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the WLAN AP decreases its allocation to support its ow

subscribers. As a result the WMAN BS increases its allocati@g}

?10]

to support its own subscribers. Fbfz3; > 18, all the required
bandwidth to service CBR calls (M-CBR Total) in area
come from the WMAN BS. ForM33; > 32, the WMAN

BS reduces its allocation to the VBR WMAN subscribers
towards the minimum required bandwidth to support tq?z]

WLAN subscribers (refer to Figure 3).
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