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Abstract

To provide mobile users with seamless Internet access anywhere and anytime,
there is a strong demand for interworking mechanisms between cellular networks
and wireless local area networks in the next-generation all-IP wireless networks. In
this article we focus on resource management and call admission control for QoS
support in cellular/WLAN interworking. In specific, a DiffServ interworking archi-
tecture with loose coupling is presented. Resource allocation in the interworking
environment is investigated, taking into account the network characteristics, vertical
handoff, user mobility, and service types. An effective call admission control strate-

gy with service differentiation is proposed for QoS Frovisioning and efficient
f

resource utilization. Numerical results demonstrate the e

call admission control scheme.

ectiveness of the proposed

he past decade has witnessed the fast evolution and

successful deployment of a number of wireless access

networks. The two most promising ones are cellular

networks and wireless local area networks (WLANS).
Originally aimed at high-quality circuit-switched voice service
with wide area coverage, cellular networks have been well
deployed around the world. The second-generation (2G) cel-
lular networks (e.g., Global System for Mobile Communica-
tions [GSM] and IS-95) were a revolution from analog to
digital technology. 2.5G cellular networks such as General
Packet Radio Service (GPRS) provide packet-switched low-
rate (approximately up to 100 kb/s) data services. With the
ever-increasing demand for high-rate multimedia services,
after many indoor and outdoor tests, commercial third-gener-
ation (3G) cellular networks have been deployed in many
countries, and are expected to provide multimedia services
with a maximum bit rate of 2 Mb/s. On the other hand,
WLANSs have shown their potential to provide higher-rate
data services at lower cost over local area coverage. Working
in the license-exempt 2.4 GHz industrial, scientific, and medi-
cal (ISM) frequency band, the IEEE 802.11b WLAN offers a
data rate up to 11 Mb/s, while the IEEE 802.11a WLAN and
European Telecommunications Standard Institute (ETSI)
HIPERLAN;/2 can support a data rate up to 54 Mb/s in the 5
GHz frequency band. Compared to cellular networks, WLANs
typically cover a smaller geographic area as a wireless exten-
sion to wired Ethernet. As a result, WLANSs are feasible can-
didates for high-rate data service provisioning at hotspot areas
with low user mobility.

Driven by the service anywhere and anytime concept, it is
well accepted that fourth-generation (4G) wireless networks
will be heterogeneous, integrating different networks to pro-
vide seamless Internet access for mobile users with multimode
access capability. The well deployed cellular networks and
WLANS will both be included along with other wireless access
networks such as ad hoc networks, sensor networks, and wire-

less metropolitan area networks (WMANSs). One major chal-
lenge in cellular/WLAN interworking is how to take advan-
tage of the wide coverage and almost universal roaming
support of cellular networks and the high data rates of
WLANSs. Many issues should be carefully addressed to achieve
seamless interworking, such as mobility management, resource
allocation, call admission control (CAC), security, and billing.
This article focuses on resource allocation and CAC in the
integration of cellular networks and WLAN:S. First, a differen-
tiated services (DiffServ) interworking architecture with loose
coupling is presented. Second, we discuss the resource alloca-
tion issue in cellular/WLAN interworking. Third, we propose
an effective call admission scheme for voice and data services
in integrated cellular and WLAN networks. Finally, the per-
formance of the proposed scheme is evaluated to show its
strengths and impact on the system.

Inferworking Architecture

Many interworking architectures have been proposed to inte-
grate cellular networks and WLANSs for 4G wireless commu-
nications, mainly aimed at augmenting cellular networks with
high-rate data services by WLANSs in hotspots. Based on the
interdependence between the two access networks, the inter-
working architectures can be classified into two categories.

Tight coupling architecture: The WLAN is connected to
the cellular core network, and appears to the cellular core
network as one cellular radio access network. For example,
the integration point of WLANs to a GPRS/Universal Mobile
Telecommunications System (UMTS) core network can be
the serving GPRS support node (SGSN) [1] or gateway GPRS
support node (GGSN) [2]. A user roaming across the two
domains is based on the mobility management protocols of
the cellular networks, thus enhancing the interdomain mobili-
ty management capability. The main disadvantages of the tight
coupling approach are that:
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M Figure 1. Loosely coupled cellular/WLAN interworking architecture in a DiffServ platform.

* An interface in the cellular core network exposed to
WLAN:S is required, which is a challenge as the two domains
are likely to be developed and deployed independently by
different operators.

¢ A large volume of WLAN traffic will go through the cellular
core network, possibly making the latter a network bottleneck.

* WLANS need to have a protocol stack compatible with that
of cellular networks. The induced complexity and cost may
hamper the deployment of a tight coupling architecture [2].
Loose coupling architecture: The gateway directly connects

the WLANS to the Internet backbone, and there is no direct

link between the WLANSs and the cellular core network [2].

The main advantage of the loose coupling approach is the

independent deployment of the two domains. However, as the

two domains are separated, the mobility signaling may tra-
verse a relatively long path, thus inducing relatively high
handoff latency.

On the other hand, to interconnect heterogeneous IP-based
wireless access networks with the Internet backbone in 4G
networks, it is well recognized that an all-IP DiffServ platform
[3] is the most promising architecture to provision broadband
seamless global access for the following reasons [4]:
¢ Based on a limited number of service classes, DiffServ is a

scalable mechanism as no per-flow processing is needed in

core networks.

* The DiffServ platform adopts a domain-based architec-
ture, where each domain can freely and independently
choose its own system mechanisms as long as its service
level agreements (SLAs) with neighboring domains are
satisfied [3]. Such a domain-based architecture allows the
flexibility and convenience to deploy each domain inde-
pendently, and to develop, modify, or exchange the tech-
niques in a domain without a significant impact on the
overall system.
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* The newly emerged IEEE 802.11e draft for WLANSs aims at
provisioning quality of service (QoS) in a relative sense,
which is similar to and can be mapped smoothly to the rela-
tive QoS in DiffServ.

* A fast handoff procedure is required for seamless roaming
in and among wireless access networks. The popular solu-
tion for fast handoff is to use Mobile IP for interdomain
(macro-) mobility and to use micromobility protocols for
intradomain mobility. Micromobility protocols can be seam-
lessly incorporated in the domain-based DiffServ platform.
Loosely coupled interworking of cellular networks and

WLANs matches well with the emerging evolution toward an

all-IP 4G infrastructure, and can be naturally implemented in

a domain-based DiffServ platform. Figure 1 illustrates the

integration architecture of local coverage WLANs with differ-

ent wide coverage cellular networks such as UMTS, code-divi-
sion multiple access (cdma2000), and GSM/GPRS. The base
station (BS) or access point (AP) provides the mobile station

(MS) with Internet access. All the wireless domains are inter-

connected through the DiffServ Internet backbone to provide

end-to-end Internet services to an MS.

Resource Allocation

For traditional cellular networks, resource allocation plays an
essential role in effectively provisioning QoS guarantee to
each MS during its traffic lifetime and efficiently utilizing
scarce radio resources, and has been extensively studied.
When WLANSs are integrated with cellular networks, it is
much more challenging to achieve QoS provisioning and effi-
cient resource utilization, due to the heterogeneous nature of
the networks and the limited QoS support in WLANSs. To
develop an effective resource allocation solution for a cellu-
lar/WLAN interworking scenario, various factors should be
considered, weighed, and balanced.

Heterogeneous Network Characteristics

Resource allocation solutions differ in cellular networks and
WLANS due to the heterogeneity in the physical, medium
access, and link control layers. In cellular networks, based on
a centralized architecture, the BS has the ability to provide
QoS guarantee to MSs via properly scheduling their access to
the wireless channel, taking advantage of the information
available in the BS and collected from MSs. Furthermore, the
schedulers located in different BSs can also coordinate with
each other to improve overall system performance. On the
other hand, in the current WLAN standard IEEE 802.11, two
channel access functions are defined: the mandatory distribut-
ed coordination function (DCF) and optional point coordina-
tion function (PCF) in a centrally controlled manner. The
most popularly commercialized DCF is based on carrier sense
multiple access with collision avoidance (CSMA/CA) and
binary exponential backoff, which cannot guarantee user QoS
requirements. The IEEE 802.11e draft enhances the QoS pro-
visioning capability by a differentiation mechanism. However,
only relative QoS is provided. As a result, the fine QoS provi-
sioning in cellular networks and the relatively weak QoS sup-
port capability of WLANs need to be taken into account for
resource allocation in cellular/WLAN interworking.

Hierarchical Network Architecture

As shown in Fig. 1, cellular networks provide ubiquitous con-
nectivity through wide area coverage (the upper tier), and
WLAN:Ss (the lower tier) are deployed disjointly in hotspot
local areas where the traffic intensity is usually much higher
than that in other areas. With this two-tier overlay structure,
both cellular access and WLAN access are available to MSs

within WLAN-covered areas. As a result, the handoff from a
cellular network to its overlaid WLANS is optional, and main-
ly happens to enhance QoS, lower cost, and balance traffic
load. The handoff decision has a significant impact on the
resource utilization efficiency and QoS guarantee. Due to net-
work heterogeneity, the handoff between the cellular network
and WLANsS is referred to as vertical handoff, in contrast with
horizontal handoff between BSs or APs within a homogeneous
wireless network. The vertical handoff decision algorithm is
an important aspect in cellular/WLAN interworking and is
quite different from that in horizontal handoff [5].

Dynamic User Mobility

An MS with a higher moving speed may experience more
handoffs during its call lifetime. The handoff procedure may
cause extra delay, packet losses, and even connection inter-
ruption. The situation is even worse with vertical handoff as,
in the loose coupling model, the handoff signaling is very like-
ly to travel through a relatively long path compared to that in
a horizontal handoff. Thus, it is desired to assign MSs with
high mobility to a network with large coverage (i.e., the cellu-
lar network). This principle has been extensively studied in
hierarchical cellular networks where microcells are overlaid
with macrocells [6]. Furthermore, WLANSs are generally
deployed for indoor environments like cafés, offices, and air-
ports. Users within these areas are mostly static or only main-
tain pedestrian-level mobility. The low user mobility level
results in a heavy-tailed residence time of a user staying with-
in a WLAN-covered area [7]. Consequently, within the cover-
age of a large cell, a uniform mobility model for the cell will
not be applicable. The user mobility model varies even within
the coverage of a single cell. As user residence time in a cell
or WLAN is closely related to channel occupancy time, this
new characteristic results in more complex analysis of resource
allocation.

Multiple Traffic (Service) Types

Different traffic types usually require different QoS deliver-
ies. Real-time services such as voice and video are sensitive
to delay, while the main concern for delay-tolerant data ser-
vice is throughput. Benefiting from a centralized architec-
ture, cellular networks can serve real-time traffic effectively.
In contrast, due to distributed control and the backoff
mechanism in channel access, it is rather challenging for
WLANS to meet the strict delay requirements of real-time
services. However, WLANSs are more efficient than cellular
networks in serving bursty data traffic. Moreover, data ser-
vice often experiences traffic load asymmetry in the uplink
and downlink (e.g., the downlink is characterized by a larger
traffic volume). The asymmetry level is likely to change with
time. The mainstream cellular networks have adopted fre-
quency-division duplexing (FDD), which is not flexible
enough to handle such traffic load asymmetry. System
capacity is limited by the uplink or downlink with a larger
load, resulting in a waste of the precious radio bandwidth in
the other link. Different from cellular networks, WLANSs
can be viewed as operating in a virtual time-division duplex-
ing (TDD) mode, which can effectively handle the load
asymmetry of data service. Also, the high service rate of
WLANSs can be fully utilized by data traffic. As multiservice
support is a basic requirement for future wireless networks,
service type becomes an important factor in resource alloca-
tion for cellular/WLAN interworking. At the same time,
multiservice support offers opportunities to fully utilize the
overall resources of the cellular network and WLANSs. This
is actually an important motivation to consider the inter-
working of the two networks.
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M Figure 2. New and handoff call arrivals in cellular/WLAN
interworking.

Admission Control with Service
Differentiation

With the unique characteristics presented by the integrated
cellular and WLAN network, resource allocation becomes a
very complex issue with many new challenges. As an impor-
tant aspect, admission control helps to provide target QoS for
multiple services and to utilize the overall resources in an effi-
cient manner.

As discussed in the previous section, various new factors
should be taken into account to develop an effective admis-
sion scheme for cellular/WLAN interworking. With the two-
tier overlay structure, for an incoming service request into a
WLAN-covered area, a decision needs to be made on whether
to admit the incoming call to the WLAN or to the overlaying
cell. Due to the heterogeneous underlying technologies, the
choice can have a significant impact on resource utilization
efficiency and QoS satisfaction. If the total resources of the
two tiers are allocated to users by jointly considering factors
such as available capacity, traffic characteristics, user mobility,
and QoS support capability, higher utilization and better QoS
assurance can be achieved.

Moreover, considering user mobility, handoff traffic should
be differentiated from new traffic in terms of call admission.
In particular, the admission of vertical handoff calls needs to
be controlled appropriately. When a user moves from an area
with only cellular coverage to an overlaid WLAN area, the
ongoing call of the user can be handed over to the WLAN for
balancing load, lowering cost, and so on. If there is no spare
capacity in the WLAN to accommodate the handoff call, the
call can remain in the cellular network. On the other hand,
for a new call originating within a WLAN-covered area, either
the covering cell or the WLAN is first selected for admission
according to the service type, user mobility, and current net-
work status. If the service request is rejected by the preferred
network, it can overflow to the other network for admission,
based on whether or not the benefit is larger than the cost.

The above problems are rarely addressed in the literature.
Much research work [5] has been focused on the vertical
handoff decision process for cellular/WLAN interworking,
which aims at minimizing unnecessary handoffs and the
impact of the ping-pong effect by properly considering the
metrics collected from the cellular network and WLANSs.
However, little research considers the admission decision from
the perspective of resource utilization by taking into account
the unique user traffic and mobility characteristics in the het-
erogeneous environment. There is some related work on the

similar problems in two-tier hierarchical cellular networks, in
which small-sized microcells are overlaid with large macro-
cells. However, many proposed schemes [8] focus on allocat-
ing the resources of the two tiers depending on the user
mobility level, and usually only one service type (i.e., voice) is
considered. Also, in many schemes the problems are simpli-
fied under the assumption that continuous coverage is provid-
ed by both tiers, and there is no vertical handoff. In the
following, we study resource sharing between voice and data
services, and the related call admission issue in cellular/WLAN
interworking.

Resource Sharing between Voice and Data
Services

In this research we consider two most popular services: voice
and interactive data service such as Web browsing and file
transfer. Generally, voice traffic requires real-time transmis-
sion and is tolerant to a certain level of packet loss. The trans-
mission rate of an active voice call is stable, thus having low
elasticity in bandwidth requirements. In contrast, data traffic
is normally delay-insensitive and tolerant to transmission rate
variations, but requires reliable transmission. If download of a
Web document or transfer of a data file is viewed as a packet
data call, the data transfer time (i.e., the data call duration)
usually depends on the file size and bandwidth allocated.
Given the interactive nature of the data applications consid-
ered here, the mean transfer time for data calls should be
bounded below a threshold. In addition, constraints on new
call blocking probability and handoff call dropping probability
need to be met.

To properly share the total bandwidth between voice and
data services in each network, the restricted access mechanism
[9] is used. Voice traffic is offered preemptive priority over
data traffic, and occupies up to a certain amount of bandwidth
to meet its strict QoS requirements. The remaining bandwidth
is dedicated to data traffic. Moreover, to achieve higher
resource utilization by taking traffic dynamics into account, all
bandwidth unused by current voice traffic is shared equally by
ongoing data flows. Then the number of data calls admitted in
a cell or WLAN should be restricted, so that the constraint
for mean data transfer time can be satisfied. This restricted
access mechanism is to strike a good balance between high
utilization and fine QoS guarantee.

Call Admission for Voice and Data Traffic

With the different traffic characteristics and service provision-
ing capability of each network, admission strategies should
vary with service type. WLANs are usually deployed in dis-
joint hotspot areas with small coverage instead of continuous
wide coverage (which can be provided by cellular networks).
Consequently, to minimize the impact of latency and process-
ing overhead induced by frequent vertical handoff, voice calls
are admitted with a preference to the cellular network.
Another reason for selecting the cellular network for voice
calls is the fine QoS provisioning provided by the cellular net-
work and required by voice traffic to meet its strict delay
requirement. On the other hand, data traffic has better rate
adaptation capability. With larger bandwidth provided by a
WLAN, transmission of the packets belonging to a data call
will finish sooner, consuming the allocated resources for less
time. As a result, it is likely that a data call will end within the
WLAN coverage and not need to hand over to the cellular
network when the MS moves out of WLAN coverage. For
voice calls, however, the channel occupancy time is not
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M Figure 3. Call admission procedure for cellular/WLAN interworking.

reduced even when larger bandwidth is available. Only limited
resources of the WLAN can be utilized by voice traffic, with a
large overhead from frequent vertical handoff due to the
small coverage of WLAN:S.

The details of the admission scheme are elaborated as fol-
lows. In Fig. 2 we illustrate the traffic arrivals in a simple sce-
nario of cellular/WLAN interworking. First consider new call
arrivals to the system:

*In the area with only cellular coverage (referred to as cel-
lular-only area in the following), area A in Fig. 2, both new
voice and data calls have to request admission to the covering
cell.

*There are two choices for the new voice calls in the area
with WLAN coverage (area B in Fig. 2), which is referred to
as double-coverage area in the following. A new voice call will
first try to get admission to the cell. The request is rejected if
there is not enough bandwidth to accommodate the new voice
call even after all existing data calls in the cell are degraded to
have the minimum bandwidth. Then the new voice call
blocked by the cell overflows to the WLAN to request admis-
sion. Only when both the covering cell and WLAN reject the
voice service request will the call leave the system.

e The first admission choice for new data calls in the dou-
ble-coverage area is the WLAN. If the admission request of a
data call is rejected by the WLAN due to lack of sufficient

bandwidth, it will not try the cell, as the overflow of data traf-
fic to the cellular part brings little benefit to data calls, but
may severely affect the capability of the cellular network in
carrying voice traffic.

*To provide priority to voice (handoff and new) calls in the
cellular-only area, a limited fractional guard channel (LFG)
policy [10] is used. A certain amount of cell bandwidth is
reserved for prioritized voice traffic, including vertical handoff
calls from the WLAN to its overlaying cell, horizontal handoff
calls between neighboring cells, and new calls originating
within the cellular-only area. The LFG policy is proven to be
optimal in terms of minimizing the number of voice channels
required subject to hard constraints on the new voice call
blocking and handoff voice call dropping probabilities.

On the other hand, for an ongoing voice or data call mov-
ing out of the WLAN (arrow D in Fig. 2) or from one cell to
another within the cellular network (arrow E in Fig. 2), a
handoff should proceed; otherwise, the call will be dropped.
The case is different for ongoing calls from a cell to its over-
laid WLANS (arrow C in Fig. 2). If the mean transfer time for
data calls is not violated when the incoming data call is admit-
ted to the WLAN, the data call is handed over from the cell
to the WLAN; otherwise, it will remain in the cell. In contrast,
for an ongoing voice call, no handoff to the WLAN will pro-
ceed so that the voice call remains in the cellular network in
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order to avoid the impact of handoff latency. This is also
because real-time voice traffic cannot fully take advantage of
the large bandwidth of WLANSs to reduce the call duration
and accordingly the channel occupancy time. The call admis-
sion procedure is summarized in Fig. 3.

Performance Evaluation

In our work we assume a traditional layered protocol stack.
Using the services provided by the lower layer, each protocol
layer deals with a specific task and provides transparent ser-
vice to the upper layer. Such an architecture allows the flexi-
bility to modify or change the techniques in a protocol layer
without significant impact on the overall system design.
Hence, the medium access control (MAC) and physical
(PHY) layers can be viewed as transparent to the upper layers
if their impact is represented by the total capacity provided to
the network layer and the effective bandwidth requirement of
each call. Our scheme can be applied to different MAC and
PHY layer mechanisms, as long as the total capacity and
effective bandwidth requirements of different traffic types are
set accordingly.

We consider the case where one WLAN is located in each
cell, and the overall system is assumed to be in statistical equi-
librium, in which each cell is statistically the same as any other
cell [11]. Due to the low user mobility pattern within hotspot
areas, the residence time of an MS in a double-coverage area
conforms to heavy-tailed distributions, while the cell residence
time is exponentially distributed. The heavy-tailed distribu-
tions of residence times make performance analysis very com-
plex. To address the problem, an effective approach of fitting
heavy-tailed distributions with hyperexponential distributions
is used.

Both voice and data call arrivals are assumed to be Poisson.
The voice traffic model is relatively simple as the voice call
duration is exponential, and a constant effective bandwidth is
required to guarantee the QoS. On the contrary, data calls are
more elastic to bandwidth variations, and the data call dura-
tion (i.e., data transfer time) depends on the data file size,
allocated bandwidth to the data call, and system steady state
distribution. It is difficult to obtain precise statistics for the
transfer time of data calls even when the data file size is
assumed to be exponentially distributed [11]. Measurements
have demonstrated that the data file size follows heavy-tailed
distributions such as lognormal and Pareto distribution. In our
call admission scheme, upper and lower bounds are used to
evaluate the mean data transfer time [12]. As all the band-

width unused by current voice traffic is shared equally by
ongoing data calls, the data service provisioning of the cell or
the WLAN can be modeled as an M/G/1/K-Processor Sharing
(PS) queue. For the M/G/1/K-PS queue, if the bandwidth
available to data service is constant, the mean data transfer
time is insensitive to the specific file size distribution. Howev-
er, because the bandwidth allocated to data service actually
varies with voice traffic dynamics and user mobility, the insen-
sitivity does not hold anymore. As a result, upper and lower
bounds of the mean data transfer time [12] are used for
approximation.

By properly setting the effective bandwidths of voice calls
and data calls, packet-level QoS such as packet delay and
packet loss can be guaranteed, as long as the allocated band-
width to a voice or data call is no less than the corresponding
effective bandwidth requirement. In the following we focus on
call-level QoS in terms of call blocking/dropping probabilities,
mean data transfer time, and number of handoffs per voice
call. Based on the proposed admission strategy, the admission
region of a cell or WLAN for voice and data traffic can be
derived with the voice call blocking/dropping probabilities and
mean data transfer time bounded. Please refer to [12] for
more details of the derivation of admission region. Given the
system parameters listed in Table 1, we first obtain the num-
bers of voice channels required in a cell and a WLAN to meet
the new call blocking probability and handoff call dropping
probability constraints. Then, based on the upper bound for
the mean data transfer time, the maximum numbers of data
calls that can be accommodated in a cell and a WLAN are
obtained. Due to the coupling between the cellular network
and WLANSs in terms of resource allocation, intuitively an
increase of the admission region of one network may result in
a reduction of that in the other. As the WLAN has larger
bandwidth, it is more likely for the cellular part to become the
service bottleneck. Therefore, we select the configuration of
admission region which maximizes the numbers of voice and
data calls in the cellular network. This is reasonable since one
main purpose of cellular/WLAN interworking is to comple-
ment the cellular network by effectively utilizing the addition-
al capacity provided by WLANSs.

We compare our scheme with a common sense admission
scheme referred to as WLAN-first scheme. In the WLAN-first
scheme, both new voice calls and new data calls select the
WLAN as their service preference in the double-coverage
area to get the benefit of possible larger bandwidth and less
cost [5]. If rejected, they then try the cellular network for

Parameter Value

IEEE Network * September/October 2005

Cell capacity (Mb/s) 2
WLAN capacity (Mb/s) 5
Ratio of WLAN coverage area to that of the cellular cell 0.1
Average voice call duration time (s) 180
Average data file size (Kbytes) 64, 80
Mean data transfer time upper bound (s) 3
New voice call blocking probability upper bound 0.01
Handoff voice call dropping probability upper bound 0.001

B Table 1. Parameters used in performance evaluation.
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admission. Whenever WLAN coverage is available, the ongo-
ing voice calls and data calls are handed over to the WLAN if
there is enough spare bandwidth to accommodate the handoff
calls while maintaining the QoS of existing calls.

Figure 4 shows the performance of our admission scheme
and the WLAN-first scheme in terms of handoff rate. User
mobility within the double-coverage area can be characterized
by the WLAN residence time, which depends on factors such
as user moving speed and the size of WLAN coverage. In gen-
eral, a short residence time indicates a high mobility level.
Here, we use the ratio of average voice call duration to mean
WLAN residence time to indicate the user mobility level in
the double-coverage area, and refer to it as user mobility mea-
sure. As seen in Fig. 4, the performance improvement for
voice calls in our scheme is obvious. The average handoff
number of a voice call is significantly reduced, which means
much less latency and fewer packet losses due to handoffs.
The improvement increases with higher user mobility. When
mobility is higher, the WLAN-first scheme leads to much
more frequent vertical handoffs and degrades the perfor-
mance of voice calls. On the other hand, the call blocking/
dropping probability of data service in our scheme is slightly
higher than that of the WLAN-first scheme. This is because
more voice calls are admitted to the cellular network in our
scheme, resulting in less bandwidth available for data traffic in
the cellular network. This trade-off is acceptable for better
QoS provisioning to high-priority voice traffic.

Conclusions and Further Work

In this article we have investigated resource allocation issues in
cellular/WLAN interworking for 4G wireless communications.
Loose coupling in an all-IP DiffServ architecture has been con-
sidered for effective interworking. A new admission strategy for
integrated voice and data services has been proposed, which
prefers the cellular network for voice service and WLANs for
data service, according to the characteristics of the cellular net-
work and WLANS, the distinct features of voice and data traffic
and their QoS requirements, and user mobility patterns. The
admission strategy can effectively improve the performance of
high-priority voice service and, at the same time, fully utilize
the large bandwidth of WLANS for data service.

There are still many open issues that need further investi-
gation. It is necessary to consider the emerging WLANSs
enhanced with better QoS provisioning capability. Resource
allocation in the integrated cellular and WLAN network for
video service is another important issue, since video is also a
typical real-time service with strict delay/jitter requirements.
In addition, with layered coding, video traffic is more adaptive
to bandwidth variation than traditional voice service. As a
result, multimedia services (including video) pose more tech-
nical challenges for QoS support in the heterogeneous cellu-
lar/WLAN networking environment.
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