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Abstract— The integration of cellular networks and Wire-
less Local Area Networks (WLANs) aims to take advantage
of the coverage-complementary characteristics of both wireless
networks. For applications which require quality of service
(QoS) guarantee (e.g., voice, real-time video), admission control
is necessary so as to limit the number of connections in a
network. A connection request will be blocked if the minimum
bandwidth requirement cannot be satisfied. In this paper, we
propose an integrated cellular/WLAN system with resource
sharing capabilities. In this system, we analyze two admission
control algorithms, namely: cutoff priority and fractional guard
channel. The admission algorithms consider new connection
requests, requests due to either horizontal handoff or vertical
handoff. If one access network does not have enough resources
to support a handoff connection request, the request will be
transferred to another network. We propose an analytical model
and determine the new connection blocking, handoff dropping
probabilities of this integrated cellular/WLAN system. Results
show that the performance improves significantly when resource
sharing is allowed between different wireless access networks.

I. INTRODUCTION

The architecture for the next generation of wireless networks
aims to integrate cellular networks and Wireless Local Area
Networks (WLANSs). There are various standardization bodies
working towards this vision. Examples include the 3GPP
(3rd Generation Partnership Project), 3GPP2, and the IEEE
802.21 Media Independent Handover Working Group [1]. Cel-
lular networks provide wide coverage while WLANSs provide
coverage in localized hot-spot areas (i.e., heavily populated
small areas with low mobility users). Furthermore, new mobile
devices are envisioned to be equipped with multiple interfaces
to establish connections with different types of wireless net-
works. As the users move within the coverage areas, they are
able to switch connections among networks. The process of
switching connections is called handoff. The handoff is called
horizontal if it is among cells of the same network, and is
called vertical if it is among cells of different access networks
(e.g., from CDMA 1xRTT to a WLAN).

In order to achieve a seamless integrated cellular/WLAN
system, there are several technical challenges that have to be
addressed. They include mobility management, resource allo-
cation, admission control, security, and pricing [2]. Recently,
an effective admission control scheme for voice and data
services in cellular/WLAN systems is proposed in [3]. The ad-
mission strategy considers the limited fractional guard channel

scheme. In [4], the WLAN-first scheme is also investigated for
the same cellular/WLAN system. In [5], an analytical model
of an integrated 3G/WLAN network is proposed and the new
call bounding admission scheme is considered. The ongoing
connections in the WLANSs are considered new connections in
the 3G cellular system when vertical handoffs are performed.
In [6], a general model for load sharing in a heterogeneous
UMTS/WLAN system is proposed to increase the capacity of
the cellular network. It is assumed that connections cannot be
switched from one network to another during the lifetime of
a connection. In [7], vertical handoffs are used to balance the
traffic load, and to manage radio resources efficiently among
access networks.

Currently, there is a need to extend, and to develop new
models to facilitate the performance evaluation of cellular net-
works and WLANSs working together. To this end, in this paper,
we propose a model of an integrated cellular/WLAN system
with resource sharing and admission control capabilities. The
objective is to improve the connection-level performance of
the system. Handoffs are assumed to have priority over new
connections. If one access network does not have enough
resources to support a handoff connection request, the request
will be transferred to another network. Two admission control
strategies, namely: cutoff priority and fractional guard channel,
are used in the cellular/WLAN system. The new connection
blocking and handoff dropping probabilities are evaluated by
using an iterative algorithm based on the Erlang fixed-point
approximation [8].

The contribution of this paper is an analytical model of an
integrated cellulay/WLAN system with admission control and
resource sharing capabilities that is able to effectively use the
additional capacity provided by the WLANs. This paper is
organized as follows. The integrated cellulary/WLAN model is
described and analyzed in Section II. Numerical results are
presented in Section III. Conclusions are given in Section IV.

II. CELLULAR/WLAN SYSTEM MODEL

We consider an integrated cellulaty/WLAN system where
one or more WLANs may be deployed inside each cell of
the cellular system. The cellular network and WLANSs have
an agreement to share resources (i.e., unused capacity) to
guarantee the connection-level QoS, and to reduce the handoff
dropping probability. In this system, there are two specific
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Fig. 1. Integrated Wireless Cellular/WLAN system.

coverage areas to consider, namely: the cellular-only area, and
the dual-coverage area. These areas are shown in Fig. 1. In
this context, coverage means service availability. Horizontal
and vertical handoffs can occur in different coverage areas.

We consider a cellular system with M¢ cells. Let A{ be
the set of cells adjacent to cell 7, W be the set of WLANs
inside the coverage of cell i, Ag’ be the set of WLANs
adjacent to WLAN k, and Dj’ be the set containing the
overlaying cell of WLAN £k (i.e., a dual-coverage area). As
an example from Fig. 1, we have that M¢ =3, A= {2,3},

={4,5}, AY= {5}, and D}’= {1}. The new connection
arrlval processes to cell ¢ and WLAN k are Poisson with
rates \§ and A}/, respectively, which are independent of other
arrival processes. The channel holding time of a connection
in cell ¢ (i.e., the time that a user is using resources in cell
1) is an exponentially distributed random variable with mean
1/4¢. The channel holding time in WLAN £ is exponentially
distributed with mean 1/p’. Both are independent of earlier
arrival times and connection duration times.

At the end of a holding time, a connection in cell 7 of
the cellular system may terminate and leave the system with
probability ¢{7,, or move within the system and continue in
an adjacent cell or WLAN with probability 1 — ¢{. The
probability that a connection continues and moves to an
adjacent cell of cell ¢ or WLAN £ inside cell 7 is given by

Pfmobility] =1—qfp = Y g5+ > g5 (1)
jEAS kEWe

where ¢;; is the probability to attempt a horizontal handoff to
adjacent cell J» and ¢, is the probability to attempt a vertical
handoff to WLAN £ inside cell <.

On the other hand, at the end of a holding time of a
connection in WLAN £, it may terminate and leave the system
with probability ¢;%.. The probability that the connection
continues and moves to the overlaying cell or to an adjacent
WLAN of WLAN £ is given by

PP[mobility] =1—qifp = > qii+ > a2
leAY ieDy

where ¢y is the probability to attempt a horizontal handoff
to adjacent WLAN [, and g}, is the probability of attempt a
vertical handoff to overlaying cell 7.

A. Admission Control and Resource Sharing

Each cell ¢ of the cellular system has a capacity of CY
units of bandwidth, while each WLAN k has a capacity
of C}’ units of bandwidth. We define T and 7}’ as the
reservation parameters of cell ¢ and WLAN £ for handoff
connections, respectively. These parameters act as the admis-
sion policy to provide handoffs priority over new connections.
Two admission control schemes from cellular networks [9] are
considered: the cutoff priority and the fractional guard channel.

Let n; be the number of connections in cell i. When cell
¢ is in any of the states n, < C¢ — T, it accepts new and
handoff connections under both admission policies. When cell
1 is in any of the states n; > Cf — T, only handoff requests
are accepted for the cutoff priority scheme. For the fractional
guard channel scheme, handoff requests are accepted; each
new connection request is accepted with probability w;. The
same admission policies apply to WLANS with probability w;’.
Note that cutoff priority is a particular case of the fractional
guard channel (with w{ = 0).

The resource sharing capability provided by the agreement
among different access networks operates as follows: if a
handoff request is not accepted in one network, then the
request is transferred to the other network. In the cellular
system, only when the user is inside the dual-coverage area
can the connection be transferred to the WLAN. Connections
that are within the WLAN can always be transferred to the
corresponding overlaying cell in the cellular system.

B. Traffic Equations

The occupancy of a cell evolves according to a birth-
death process independent of other cells. The process for cell
1 evolves with birth rate p§ for the unreserved states (i.e.,
0 < n; <C¢f—TF), and of for the reserved states (i.e.,
Cy —T¢ < ny < CY). The death rate of cell ¢ in state n; is
n;ui. The total traffic offered to cell 7 in state n; is

=MD U+ Y o+ Y, i < CE-TF, (3)
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with w{ = 0 for the cutoff priority scheme, and 0 < wf <1
for the fractional guard channel scheme. In (3) and (4), the
term vj; is the horizontal handoff rate of cell j offered to cell
1, for adJacent cells ¢ and 7, and is given by

vi; = Aj(1—Bj)qgj; + Z vg; (1= By, )qj; +
areAC.
Z vy; (1= By, )5 + Z 725 (1 = By, )djil
yewsy ZEWF

(&)

where Bj and Bj = are the new connection blocking and
handoff droppmg probablhtles in cell j, respectively.



In (3)-(5), 7%}, corresponds to all handoff traffic that is not
accepted in WLAN z and hence transferred to cell j, then

VY =l BY + ) uEB. (6)
leAw

The term vy, is the vertical handoff rate of WLAN £ offered
to overlay cell ¢, and is given by

’U;Cui = )‘ (1_Bk qkz+ Z Bhk qk1+
€AY
Z ye(1 = By )i + Z Cr(1 = By )il
yeDY 2EDY

(7

where By’ and Bj are the new connection blocking and
handoff dropping probabilities in WLAN £, respectively.

In (7), ¢S, is the proportion of all handoff traffic that is not
accepted in cell z and hence transferred to WLAN £k, then

& = (B + > vR.Bf )R, (8)
leAg

where R, is the coverage factor between WLAN £ and
overlay cell z. The coverage factor I?.; considers the coverage
ratio between the radio coverage area of WLAN £k and the
radio coverage area of cell z with 0 < R, < 1.

From the process cell i, the detailed balance equations are

i — 1)pg

Pf(ni — )aj = Pf(ng)nip;

Pt(n = Pfngng§ 0 <ni <G5~ 17,

CC—TC < m; < CF,

where Pf(n;) is the stationary distribution that cell 7 is in state
n;, and is given by
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Similarly, the occupancy of WLAN £k evolves with birth
rates p;’ and o’ based on the state my,, and death rate my,p}! .
The total traffic offered to WLAN £k in state my, is

PE =AY v Y v Y G
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In (11) and (12), the term v;}, is the horizontal handoff rate
of WLAN [ offered to WLAN £, for adjacent WLANSs [ and
k, and is given by

v = N'(1=B)qp + Z = By, +
€AY
Z (1= By))ag, + Z 2(1 = By))ag]-
yeD” zeDY

(13)

The term v} is the vertical handoff rate of cell j offered
to WLAN £, for overlaying cells j and k, and is given by

vjp = Aj(1-B qu]k+z g5 ( iy ) Bk, +
TEAS
Z (1 Bh ]kq]k+ Z FYjZ Bh q]k}
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Due to the lack of space, we point out that the stationary
distribution that WLAN £ is in state my,, P (my,) is similar to
equations (9)-(10), but with WLAN parameters p}’, oY, iy,
Cy, T and G}¥.

C. Performance Measures

In the cellular system, using the stationary distribution, the
new connection blocking probability B in cell ¢ is

ce-1
Bf= Y Fm)(1-w)+PIC),  (5)
n;=C¢—=TfF
and the handoff dropping probability B}, = Pf(Cf).
Similarly, B}’ in WLAN £k is
cr-1

By= Y Pm-wl)+PEC),  (6)
mE=C —T}
and By, = P(C}Y).

D. Erlang Fixed-Point Approximation

To compute the blocking/dropping probabilities in the cel-
lular/WLAN system, the following iterative algorithm based
on the Erlang fixed-point approximation [8] is used:

1) Specify € > 0, and set Bf = B;, = By’ = By, =0.

2) Solve the system of equations of handoff rates glven by

(5), (7), (13), and (14).

3) Compute total traffic offered to cell ¢ from (3)-(4).

4) Compute total traffic offered to WLAN £k from (11)-(12).

5) Calculate blocking/dropping probabilities Bf(new),
h (new)? Bk(new), and Bh (new) in Section II.C.

6) 1t 1B+ 155 1< e and IBE] + 1B < e, g0 t0

step 7. Otherwise, set B = Bf(new) Bhi = Zi(mw),
By = B}:(new)’ B}L"k = Bhk(new), and return to step 2.
7) Stop.

In this paper, the function ||| is defined as 3_; [ Bj(new) — Bjl-
We use ¢ = 1078, and the convergence of the algorithm is
obtained after a few iterations.
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Fig. 2. New connection blocking probability.

III. NUMERICAL RESULTS

We evaluate a wireless system consisting of a cellular
network with AM/¢ = 3, and |Wf| = 2 as shown in Fig. 1. We
compare the cellular/WLAN system with and without resource
sharing. We assume that all cells in the cellular network have
capacity CY = 30 units of bandwidth, and all WLANs have
capacity C}° = 60. Channel holding times in the cells of
the cellular network have means 1/4$ = 1 min, and channel
holding times in the WLANs have means 1/4}’ = 4 min. The
coverage factor I%;j, is set to 0.75. The mobility of users given
by (1) in the cellular network is ¢j- = 0.4, and the mobility
in the WLANS, given by (2) is ;7 = 0.4. These values define
a mobility level of 60% (i.e., 60% of users perform handoffs).

Fig. 2 shows the new connection blocking probability at
cell-level in the integrated cellula/WLAN system when the
arrival rate \{ is increased from 5 to 20 connections per minute
in all cells, and A} = 5. The results labeled as T} = 2,
w§ = 0 correspond to the admission policy cutoff priority,
Tf = 2, w§ = 0.5 to the fractional guard channel, and
Tf = 0, w§ = 0 when no admission policy is used. Note
that the cellulat/WLAN system achieves very close blocking
probabilities with and without resource sharing. Recall that
the resource sharing is only for handoffs. As expected, the
use of admission control increases the probability of blocking
new connections at the expense of a lower handoff dropping
probability. The highest blocking probabilities are achieved
by cutoff priority because it rejects all new connections when
the cell is in the reserved states for handoffs, while fractional
guard channel accept them with probability wi = 0.5.

Fig. 3 shows the handoff dropping probability at cell-level
in the integrated cellular/WLAN system for the same increase
in the arrival rates. This is the handoff dropping probability
for any handoff (i.e., horizontal or vertical) within the dual-
coverage area. The integrated cellulary/WLAN with resource
sharing achieves lower handoff dropping probabilities due to
the additional capacity shared by the WLANSs in the dual-
coverage areas. In this case, the highest dropping probabilities
in both systems are achieved when no admission control is
used, and the lowest when cutoff priority is used. By using
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Fig. 3. Handoft dropping probability.

reservation parameters T = T} = 2, the handoff dropping
probability is reduced by 58% at an expense of a 30% increase
in the new connection blocking probability. Note that the
admission policy, and the reservation parameters (1}, T;")
have to be selected carefully in order to meet the desired
connection-level QoS.

IV. CONCLUSIONS

In this paper, we presented an analytical model of an
integrated cellulat/WLAN system with admission control and
resource sharing capabilities that is able to effectively use the
additional capacity provided by the WLANSs. Results show that
the performance improves significantly when resource sharing
is allowed between different wireless access networks.
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