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Abstract The future fourth generation wireless hetero-
geneous networks aim to integrate various wireless
access technologies and to support the IMS (IP multi-
media subsystem) sessions. In this paper, we propose
the Loosely Coupled Satellite-Cellular-WiMAX-
WLAN (LCSCW2) and the Tightly Coupled Satellite-
Cellular-WiMAX-WLAN (TCSCW2) interworking
architectures. The LCSCW2 and TCSCW2 architec-
tures use the loosely coupling and tightly coupling
approach, respectively. Both of them integrate the
satellite networks, third generation (3G) wireless
networks, worldwide interoperability for microwave
access (WiMAX), and wireless local area networks
(WLANs). They can support IMS sessions and provide
global coverage. The LCSCW2 architecture facilitates
independent deployment and traffic engineering of
various access networks. The TCSCW2 architecture
can provide quality of service (QoS) guarantee. We
also propose an analytical model to determine the
associate cost for the signaling and data traffic for
inter-system communication in these architectures.
The cost analysis includes the transmission, processing,
and queueing costs at various entities. Numerical
results are presented for different arrival rates and
session lengths.

This paper was presented in part in International Conference
on Heterogeneous Networking for Quality, Reliability,
Security and Robustness (QShine), Vancouver, BC, Canada,
August 2007.

A. Munir · V. W. S. Wong (B)
Department of Electrical and Computer Engineering,
The University of British Columbia, Vancouver, Canada
e-mail: vincentw@ece.ubc.ca

Keywords IP multimedia subsystem ·
network architecture · heterogeneous wireless
networks

1 Introduction

The fourth generation (4G) wireless heterogeneous
networks are envisioned as the integration of vari-
ous wireless access technologies such as wireless lo-
cal area networks (WLANs), third generation (3G)
technologies including universal mobile telecommuni-
cations system (UMTS) and code division multiple ac-
cess (CDMA) based CDMA2000 systems, worldwide
interoperability for microwave access (WiMAX), and
satellite networks. The aim behind this integration is to
provide the users with global coverage and to provide
the users with the capability to switch between different
available access networks (ANs). The success of the
future 4G wireless heterogeneous networks depends
on the successful integration of the currently available
wireless access technologies.

The IP multimedia subsystem (IMS) is standardized
by the third generation partnership project (3GPP) and
3GPP2 as a new core network domain [1]. The IMS
enables the provision of Internet protocol (IP) based
multimedia applications to mobile users, guarantees
quality of service (QoS) across different access network
technologies and permits service providers to charge
according to different policies. In addition, the IMS
enables third-party vendors to develop new applica-
tions for operators and users. A growing number of
telecommunication vendors are beginning to release
devices and services based on the IMS [2].



Mobile Netw Appl (2007) 12:296–308 297

Although various interworking architectures have
been proposed before which integrate 3G and WLAN
or 3G and satellite networks or 3G and WiMAX indi-
vidually, to the best of our knowledge, a 4G interwork-
ing architecture which can integrate satellite systems,
WiMAX, and WLANs with the 3G network has not
been considered. In addition, the IMS infrastructure
has not been incorporated in the previously proposed
interworking architectures. Most of the research re-
lated to the performance evaluation of the proposed
interworking architectures either analyzes the perfor-
mance or cost for signaling traffic or data traffic. Lit-
tle work has been conducted which can evaluate the
system performance for both signaling and data. Fur-
thermore, a comprehensive cost analysis which can take
into account the transmission, processing and queueing
costs of traffic in the interworking architectures has not
been considered.

In this paper, we propose two novel 4G inter-
working architectures namely the Loosely Coupled
Satellite-Cellular-WiMAX-WLAN (LCSCW2) archi-
tecture and the Tightly Coupled Satellite-Cellular-
WiMAX-WLAN (TCSCW2) architecture based on
loosely coupled and tightly coupled paradigms, respec-
tively. The IMS has been given special consideration in
the proposed interworking architectures. The proposed
architectures integrate 3G, WiMAX, WLAN, and satel-
lite networks. We also propose a cost analysis model for
the signaling and data traffic for inter-system communi-
cation in the proposed interworking architectures. The
cost analysis includes the transmission, processing and
queueing costs at various network entities. Our analysis
takes into account both signaling and data traffic and
describes the effect of changing traffic characteristics
such as arrival rates and IMS session duration on sys-
tem cost. The cost analysis will be of significance for
the service providers to analyze the individual network
elements as well as the proposed architectures compre-
hensively.

The rest of the paper is organized as follows: The
related work is described in Section 2. In Section 3,
we present our proposed LCSCW2 and TCSCW2 in-
terworking architectures. In Section 4, we describe an
analytical model to determine the cost for IMS signal-
ing and data traffic. Numerical results are presented in
Section 5. Conclusions are given in Section 6.

2 Related work

In this section, we summarize various interworking
architectures proposed in the literature.

The tightly coupled WLAN-UMTS interworking ar-
chitecture is proposed in [3–5]. The main concept be-
hind the tightly-coupled approach is to give WLAN
appearance of another UMTS access network from the
perspective of UMTS core network. In other words,
the WLAN is considered like another general packet
radio service (GPRS) routing area (RA) in the system.
The WLAN-3G interworking function (WIF), which is
connected to the serving GPRS support node (SGSN)
of the UMTS core network, is responsible for (1) hiding
the details of the WLAN from the UMTS core network,
and (2) implementing the UMTS protocols for mobility
management and authentication which are essential for
the UMTS radio access network. For seamless opera-
tion, the user equipment (UE) is required to implement
the UMTS protocol stack on the top of its standard
IEEE 802.11 WLAN network card. Among the disad-
vantages of tightly-coupled approach is the exposure
of the UMTS core network interfaces directly to the
WLAN network, which can cause security challenges.
Extensive efforts are required for the implementation
of WIF especially for the WLAN not owned by the
UMTS operators.

The loosely coupled WLAN-UMTS interworking
architecture is proposed in [3, 4]. In the loosely cou-
pled architecture, the WLAN connects to the exter-
nal packet data network and does not have any direct
link to 3G network elements such as SGSNs or
gateway GPRS support nodes (GGSNs). The loosely
coupled architecture has distinct data paths for
WLAN and UMTS traffic. The inter-operability
with 3G requires the support of mobile IP function-
alities or session initiation protocol (SIP) to handle
mobility across networks and authentication, au-
thorization, and accounting (AAA) services in the
WAG of WLAN. This support is necessary to in-
terwork with the 3G’s home network AAA servers.
One of the major advantages of the loosely-coupled
architecture is that it permits independent deploy-
ment and traffic engineering of WLAN and 3G
networks. Loose coupling utilizes standard Internet
Engineering Task Force (IETF) based protocols for
AAA and mobility and therefore, it does not neces-
sitate the introduction of cellular technology into the
WLAN network. WLAN uses the extensible authen-
tication protocol (EAP) for authentication of the
mobile node by supplying the subscriber identity,
subscriber identity module (SIM) based authentica-
tion data, and encrypted session keys. In case when
WLAN is not owned by the 3G operator and SIM-
based authentication is not feasible in the WLAN sys-
tem, standard user name and password procedures may



298 Mobile Netw Appl (2007) 12:296–308

be deployed. The service continuity during handover
to other access networks is not supported efficiently in
loose-coupling and causes significant handover latency
and packet loss.

A hybrid coupled WLAN-UMTS interworking ar-
chitecture is proposed in [6]. The hybrid coupled ar-
chitecture distinguishes the data paths according to the
type of traffic and is capable of accommodating traf-
fic from WLAN efficiently with guaranteed QoS and
seamless mobility. The tightly-coupled network archi-
tecture is chosen for real-time traffic and the loosely-
coupled architecture is selected for non-real time and
bulky traffic.

A tightly coupled with direct radio access sys-
tem (TCDRAS) WLAN-UMTS interworking architec-
ture is proposed in [7]. TCDRAS is based on the
tight-coupling architecture but it also creates an ad-
ditional wireless link between the base station of a
UMTS cell and WLAN located within the UMTS cell
through WLAN to 3G direct controller and transceiver
(WGDCT). The signaling in TCDRAS is still routed
through the original tightly coupled path for network
security purposes.

A loosely coupled with direct radio access sys-
tem (LCDRAS) WLAN-UMTS interworking archi-
tecture is proposed in [8]. LCDRAS is based on
the loose-coupling architecture but it also creates
an additional wireless link between the base sta-
tion of a UMTS cell and WLAN located within the
UMTS cell through WGDCT. The LCDRAS is ca-
pable of dynamically distributing signaling and data
traffic to reduce signaling cost and handoff latency
via WGDCT.

In addition, an integrated UMTS IMS architecture
is presented in [9]. Different scenarios in the 3GPP
specifications for WLAN-3G integration are discussed
in [4]. The loose coupling and tight coupling inter-
working architectures are presented in [5]. An architec-
ture which integrates CDMA2000 and 802.11 WLAN
is proposed in [10]. The integration of satellite with
terrestrial systems is discussed in [11]. In [12], an archi-
tecture for UMTS-WiMAX interworking is proposed
and the signaling flows for handover from WiMAX
to UMTS access network are given. In [13], an ar-
chitecture is proposed for the integration of WiMAX
and UMTS based on loosely coupled approach. In
[14], the S-UMTS architecture is proposed and the
signaling flows for registration, call handling and han-
dover are given. In [15], an architecture that inte-
grates satellite, WLAN and 3G networks is proposed
which requires a third party to handle service level
agreements (SLAs).

3 Interworking architectures

In this section, we describe our proposed LCWSW2 and
TCSCW2 interworking architectures for IMS.

3.1 The LCSCW2 architecture

Our proposed LCSCW2 interworking architecture is
depicted in Fig. 1. This novel interworking architec-
ture integrates satellite networks, 3G wireless cellular
networks, WiMAX, and WLANs based on the loosely
coupled approach. The areas covered by the satellite
spot beams (SSBs), 3G base stations, WiMAX base
stations, and WLAN access points (APs) are shown by
dotted lines in Fig. 1. Our proposed architecture is com-
patible with the IMS. Different access networks (ANs)
(e.g., 3G networks, satellite networks, WiMAX, and
WLANs) can be owned by different service providers
(or the same operator). The wireless access gateways
(WAGs) of WLAN, WiMAX, satellite and 3G net-
works are connected to different proxy-call session con-
trol function (P-CSCF) servers in IMS via the Internet.
In general, each AN has its own separate WAG. In
addition, there are separate serving-call session control
function (S-CSCF) and interrogating-call session con-
trol function (I-CSCF) servers for the two networks.
For the establishment of an IMS session between two
access networks, the two service providers should have
a SLA with each other. IMS networks which are owned
by different operators are connected together through
an IMS backbone network. The WAG and packet
data serving node (PDSN) are connected to the same
P-CSCF server if WLAN, WiMAX, satellite and 3G
network are owned by the same operator.

The mechanisms involved in the interworking archi-
tecture along with the functionalities of various enti-
ties are explained below with reference to the 3GPP
specification [16]. Access to a locally connected IP
network from a WLAN directly is called WLAN direct
IP access, which is provided by the loosely coupled
architecture. The WAG is a gateway via which the
data to/from the satellite AN, WiMAX AN, or WLAN
AN can be routed to/from an external IP network. In
the LCSCW2 architecture, the satellite AN comprises
of satellites and satellite fixed earth station (SFES).
Satellites convey data and signaling messages between
user equipment (UE) and SFES. The SFES performs
power control, link control, radio bearer control and
paging functions. The SFES is connected to WAG
for accessing 3GPP packet switched (PS) and IMS
services. The WiMAX AN consists of WiMAX base
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Figure 1 The LCSCW2
interworking architecture

stations, which are controlled by the WiMAX base
station controller (WBSC). Several WBSCs are con-
trolled by one WiMAX network controller (WNC).
The WNC is connected to WAG to provide WiMAX
users with 3GPP PS and IMS services. The LCSCW2
interworking architecture integrates satellite networks,
3G wireless networks, WiMAX, and WLANs based on
the loose coupling approach since these ANs connect to
the Internet or Intranet via WAG. Then, through the
Internet or Intranet, the UE can access CSCF servers
of the IMS network.

In the LCSCW2 architecture, the satellite network,
WiMAX and WLAN do not have any direct link to 3G
network elements such as SGSNs or GGSNs. The LC-
SCW2 architecture has distinct signaling and data paths
for different ANs. The inter-operability with 3G re-
quires the support of mobile-IP functionalities and SIP
to handle mobility across networks, and AAA services
in the WAG of the AN. This support is necessary to
interwork with the 3G’s home network AAA servers.
The authentication in the ANs is provided through the
3GPP system [16]. The main advantage of the LCSCW2
architecture is that it allows independent deployment
and traffic engineering of satellite networks, WiMAX,
WLANs, and 3G networks. In addition, this architec-
ture utilizes standard IETF based protocols for AAA
and mobility in the WiMAX, WLANs, and satellite
networks.

3.2 The TCSCW2 architecture

Our proposed TCSCW2 interworking architecture is
depicted in Fig. 2. This interworking architecture inte-
grates satellite networks, 3G wireless cellular networks,
WiMAX, and WLANs based on the loosely coupled
approach. The areas covered by the satellite spot beams
SSBs, 3G base stations, WiMAX base stations, and
WLAN access points APs are shown by dotted lines
in Fig. 2. Our proposed architecture is compatible with
the IMS. Different ANs (e.g., 3G networks, satellite
networks, WiMAX, and WLANs) can be owned by
different service providers (or the same operator). The
packet data gateways (PDGs) of WLAN, WiMAX,
satellite and 3G networks are connected to different
P-CSCF servers in IMS. In general, each AN has its
own separate WAG. In addition, there are separate
S-CSCF and I-CSCF servers for the two networks.
For the establishment of an IMS session between two
access networks, the two service providers should have
a SLA with each other. IMS networks which are owned
by different operators are connected together through
an IMS backbone network. The PDG and PDSN
are connected to the same P-CSCF server if WLAN,
WiMAX, satellite and 3G network are owned by the
same operator.

The mechanisms involved in the interworking archi-
tecture along with the functionalities of the important
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Figure 2 The TCSCW2
interworking architecture

entities are explained below with reference to the 3GPP
specification [16]. Access to external IP networks such
as IMS, 3G operators network corporate Intranets or
the Internet through the 3GPP system is called WLAN
3GPP IP Access. The PDG provides WLAN 3GPP IP
Access to external IP networks. The WAG is a gateway
via which the data to/from the satellite AN, WiMAX
AN, or WLAN AN is routed to/from the external IP
network. In the TCSCW2 architecture, a UE is identi-
fied by multiple IP addresses. For example, in case of
a UE in WLAN accessing IMS or 3GPP PS services,
the UE is identified by two IP addresses i.e. a local IP
address and a remote IP address. A local IP address is
used to deliver a packet to the UE in WLAN AN. The
local IP address identifies the UE in WLAN AN. The
UE’s local IP address may be translated by network
address translation (NAT) before delivering the packet
from UE to other IP network including public land mo-
bile network (PLMN). The remote IP address is used
by the data packet encapsulated inside the UE to PDG
tunnel. The remote IP address identifies the UE in the
network which the WLAN is accessing via PDG. A
tunnel is established from the UE to PDG for carrying
PS based services traffic in 3GPP IP Access. The data
for more than one IP flow and for different services
may be carried in one tunnel. It may not be possible
to separate individual IP flows and service traffic at
intermediate nodes because of the possible encryption
of the data including IP header within these tunnels.

However, QoS can be assured if the WLAN UE and
PDG deploy DiffServ mechanism and appropriately
color the differentiated services (DS) field in the ex-
ternal IP header according to the QoS requirement of
a particular traffic flow. The PDG assigns remote IP
address to the WLAN UE. It registers the WLAN UE’s
local IP address and binds the UE local IP address with
the UE remote IP address. The PDG also performs the
encapsulation and decapsulation of packets since it is
the terminating/originating point of tunnel between UE
and PDG. The WAG performs collection of per tunnel
accounting information e.g. byte count, elapsed time
etc. and sends this charging information to the 3GPP
AAA server [16].

In the TCSCW2 architecture, the WLAN-3G inter-
working function (WIF), which is connected to the
SGSN or PCF of the 3G core network, is responsible
for hiding the details of the WLAN from the 3G core
network and implementation of the 3G protocols for
mobility management, authentication etc. essential for
the 3G radio access network. The WIF gives WLAN
appearance of another 3G AN from the perspective of
3G core network. In other words, the WLAN is consid-
ered like another GPRS Routing Area (RA) in the sys-
tem. In the TCSCW2 architecture, the satellite access
network comprises of satellites and SFES. Satellites
convey data and signaling messages exchanged between
UE and SFES. SFES performs the power control, link
control, radio bearer control and paging functions.
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Satellites can be interconnected in an orbit via ISL.
SFES is connected to WAG for accessing 3GPP PS and
IMS services via PDG. Satellite-3G interworking func-
tion (S3GIF) is mainly responsible for connecting satel-
lite systems with core 3G network. The S3GIF, which is
connected to the SGSN/PCF of the UMTS/CDMA2000
core network, is responsible for hiding the details of the
satellite network from the 3G core network. It is also
responsible for the conversion of signaling and packet
formats of satellite network to UMTS/CDMA2000 net-
work and vice versa. The WiMAX AN consists of
WiMAX base stations controlled by the WBSC. Many
WBSCs are controlled by one WNC. The WNC is
connected to WAG to provide WiMAX users with
3GPP PS and IMS services via PDG. The WiMAX-
3G interworking function (WMIF) connects the WNC
to the core 3G network. The TCSCW2 interworking
architecture integrate satellite network, 3G, WiMAX,
and WLAN based on the tight coupling approach since
the satellite network, 3G, WiMAX, and WLAN are
directly coupled to the 3G network via interworking
functions.

For seamless operation in the TCSCW2 architecture,
UEs are required to implement the 3G protocol stack
on the top of their standard network cards. Among
the disadvantages of tightly-coupled approach is expo-
sure of the 3G core network interfaces directly to the
WLAN, WiMAX and satellite network which invites
security challenges. Extensive efforts are required for
the implementation of interworking functions espe-
cially for the ANs not owned by the 3G operators. The
3G core network entities (i.e., SGSN, GGSN) need to
be modified to handle the increased load caused by
the direct injection of the traffic from other ANs. The
TCSCW2 mandates the use of 3G-specific authentica-
tion mechanisms based on universal subscriber identity
module (USIM) or removable-user identity module
(R-UIM) cards for authentication in other ANs. This
requires ANs to interconnect to the 3G carriers’ sig-
naling system number 7 (SS7) network for performing
authentication procedures. Hence, either other ANs
interface cards (e.g., IEEE 802.11 WLAN network in-
terface card) be equipped with built-in USIM or R-
UIM slots or external USIM or R-UIM cards need
to be plugged separately into the UEs. Among the
advantages of the TCSCW2 architecture is the pos-
sibility of reuse of AAA, mobility management and
QoS handling infrastructures of 3G cellular networks.
The TCSCW2 architecture enables the provision of
3G services to other ANs users with guaranteed QoS
and seamless mobility. However, the 3G core network

nodes cannot accommodate the bulky data traffic from
the other ANs during busy hours since the core network
nodes are designed to support the small-sized data of
circuit voice calls or short packets.

4 An analytical model for cost analysis

In this section, we use the inter-system communica-
tion cost analysis to evaluate the performance of our
proposed LCSCW2 interworking architecture. The cost
analysis for the TCWCW2 interworking architecture
can be found in [17].

The total inter-system communication cost Cs is
given by:

Cs = Ct + Cp + Cq (1)

where Ct, Cp, and Cq denote the transmission cost,
processing cost, and queueing cost, respectively. The
transmission cost Ct is the cost incurred due to the
transmission of signaling and/or data. It depends on
the packet arrival rate, the transmission rate of the
link, and the distance between the neighboring network
entities. The processing cost Cp is the cost associated
with the encapsulation, decapsulation and routing of
packets. The queueing cost Cq is the cost incurred due
to the queuing of packets in each network entity. Our
analysis is applicable to both IPv4 and IPv6 packet
types. Also, our analysis is valid for both UMTS and
CDMA2000 3G networks.

In the LCSCW2 architecture, communication paths
are different when the source node (SN) resides in
either WiMAX, WLAN or satellite network. In the
following analysis, we assume that SN is communicating
via a WLAN and the correspondent node (CN) is using
a 3G wireless cellular network. However, the analysis
can easily be extended for the case when the SN is
communicating via WiMAX or satellite network.

4.1 Available paths for communications

Figures 3 and 4 show the communication path between
WLAN and 3G for an IMS session in the LCSCW2 and
TCSCW2 architecture, respectively. The solid arrows
show the data traffic communication path whereas the
dashed arrows indicate the signaling traffic communi-
cation path from the SN to the CN. We consider the
IMS session establishment signaling [18, 19] where the
SN sends a SIP INVITE message to the CN. The SIP
200 OK message is sent from the CN to the SN. The
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Figure 3 Signaling and data communication paths between WLAN and 3G for IMS session in the LCSCW2 architecture [18, 19]

SIP ACK message from the SN to the CN indicates
the completion of session establishment procedure.
The signaling incorporates the authentication from the
3GPP AAA server and the query of the user’s profile
from the HSS database based on Diameter protocol
messages [20]. Note that for simplicity, we do not con-
sider the provisional responses such as “100 Trying” in
the signaling path.

4.2 Transmission cost

Let λ denote the IMS session arrival rate (requests per
second) and � denote the number of packets per request
both for signaling and data from a SN. For trans-
mission and processing cost calculation of IMS signal-
ing traffic, � is equal to 1 because we assume that one
signaling packet can carry one particular signaling mes-
sage such as 200 OK from one node to its adjacent node.
We take into account the traffic coming from other
users in the same AN as well as from other ANs by
considering background utilization at network entities.

The transmission cost between WLAN and 3G wireless
cellular networks for IMS signaling traffic Csig

t is:

Csig
t = λ�(2ϕ + ψ(3dap−arg + 2darg−aaa + 3darg−wag

+ 3dwag−inet + 3dinet−pcscf + 6dpcscf−scscf

+ 4dscscf−icscf + dscscf−scscf + 2dicscf−hss

+ 3dpcscf−ggsn + 3dsgsn−ggsn + 3dsgsn−rnc

+ drnc−bsc)) (2)

where ϕ and ψ are the unit packet transmission costs
in wireless and wired link respectively; dap−arg, darg−aaa,
darg−wag, dwag−inet, dinet−pcscf , dpcscf−scscf , dscscf−icscf ,
dscscf−scscf , dicscf−hss, dpcscf−ggsn, dsgsn−ggsn, dsgsn−rnc, and
drnc−bsc denote the distance between AP and ARG,
ARG and AAA, ARG and WAG, WAG and Internet,
Internet and P-CSCF, P-CSCF and S-CSCF, S-CSCF
and I-CSCF, S-CSCF server of the SN IMS network
and the S-CSCF server of the CN IMS network, I-CSCF
and HSS, P-CSCF and GGSN, SGSN and GGSN,
SGSN and RNC, and RNC and BSC, respectively. The
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Figure 4 Signaling and data communication paths between WLAN and 3G for IMS session in the TCSCW2 architecture [18, 19]

distance is defined as the number of hops that a packet
has traveled.

The transmission cost between WLAN and 3G wire-
less cellular networks for IMS data traffic Cdata

t is:

Cdata
t = λ�(2ϕ + ψ(dap−arg + darg−wag + dwag−inet

+ dinet−pcscf + 2dpcscf−scscf + dscscf−scscf

+ dpcscf−ggsn + dggsn−sgsn + dsgsn−rnc

+ drnc−bsc)) (3)

By following the same methodology, we can calculate
the transmission cost for communication paths between
WiMAX and 3G, as well as satellite and 3G for IMS
traffic.

4.3 Processing cost

For processing cost calculation, we first assume that
Nbsc BSCs are connected to each RNC, Nrnc RNCs are
connected to each SGSN, Nsgsn SGSNs are connected
to each GGSN, Nggsn GGSNs and Npcscf P-CSCFs
are connected to the Internet. In addition, let Nmn1,
Nmn2, Nmn3, and Nmn4 denote the number of users in the

coverage area of 3G wireless cellular network, WLAN,
WiMAX, and SSB of the satellite network, respectively.
The total number of users N in the network can be
given as:

N = Nmn1 + Nmn2 + Nmn3 + Nmn4 (4)

The processing cost between WLAN and 3G wireless
cellular network for IMS signaling traffic Csig

p is:

Csig
p = 3Cp−ap + 4Cp−arg + Cp−aaa + 3Cp−wag

+ 3Cp−inet + 6Cp−pcscf + 6Cp−scscf

+ 3Cp−icscf + Cp−hss + 3Cp−ggsn

+ 3Cp−sgsn + 3Cp−rnc + 3Cp−bsc (5)

where Cp−ap represents the processing cost at AP and
is given as:

Cp−ap = λ�γap (6)

where γap denotes the unit packet processing cost at
AP. The unit packet processing cost includes the cost
for encapsulation and decapsulation of packets. Simi-
larly, the terms Cp−arg, Cp−wag, Cp−pcscf , Cp−scscf , and
Cp−icscf represent the processing costs at ARG, WAG,
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P-CSCF, S-CSCF and I-CSCF, respectively. Their ex-
pressions are similar to that of Cp−ap with the only dif-
ference that they have their own respective unit packet
processing costs. Cp−aaa represents the processing cost
at the AAA server and is given by:

Cp−aaa = λ�

(
γaaa + ω1

(
logk+1 N + L

S

))
(7)

where γaaa denotes the unit packet processing cost at
AAA server. We assume that IP addresses are searched
in the lookup table using the multiway and multicolumn
search [21]. We also assume that the number of entries
in the lookup tables for AAA server and HSS are
equal to the total number of users N in the network
because 3GPP AAA server based authentication and
subscription database HSS are used [16]. In addition, L
is the IP address length in bits (e.g. L is 32 for IPv4 and
128 for IPv6), S is the machine word size in bits, and k is
a system-dependent constant. In our analysis, ωi where
i ∈ {1, 2, 3, 4} denotes the weighting factors. Cp−hss rep-
resents the processing cost at HSS and its expression is
similar to that of Cp−aaa with the only difference that it
has its own specific unit packet processing cost. Cp−ggsn,
Cp−sgsn, Cp−rnc, and Cp−bsc represents the processing
costs at GGSN, SGSN, RNC, and BSC respectively
with similar expressions as that of Cp−aaa with the dif-
ference that they have their own respective unit packet
processing costs. Also, the logarithm is taken for Nsgsn

in case of Cp−ggsn, Nrnc in case of Cp−sgsn, Nbsc in case of
Cp−rnc, and Nmn1 in case of Cp−bsc instead of N in the
expression of Cp−aaa. Cp−inet represents the processing
cost at the Internet and is given as:

Cp−inet = λ�

(
γinet + ω2

(
logk+1(Ngp) + L

S

))
(8)

where γinet denotes the unit packet processing cost
at the Internet, Ngp = Nggsn + Npcscf , and � is equal
to 1 for IMS signaling processing cost calculation.

The processing cost between WLAN and 3G wireless
cellular network for IMS data traffic Cdata

p is:

Cdata
p = Cp−ap + Cp−arg + Cp−wag + Cp−inet

+ 2Cp−pcscf + 2Cp−scscf + Cp−ggsn

+ Cp−sgsn + Cp−rnc + Cp−bsc (9)

Following the same approach, we can calculate
the processing cost for communication paths between
WiMAX and 3G, as well as satellite and 3G for IMS
traffic.

4.4 Queueing cost

For the queueing cost calculation, we first model the
communication path between SN and CN as a network
of M/M/1 queues [22]. The queueing cost is propor-
tional to the total number of packets in the queue-
ing network. The queueing cost between WLAN and
3G wireless cellular network for IMS signaling traffic
Csig

q is:

Csig
q = ω3(3E[nap] + 4E[narg] + E[naaa] + 3E[nwag]

+ 3E[ninet] + 6E[npcscf ] + 6E[nscscf ]
+ 3E[nicscf ] + E[nhss] + 3E[nggsn]
+ 3E[nsgsn] + 3E[nrnc] + 3E[nbsc]) (10)

where E[nap], E[narg], E[naaa], E[nwag], E[ninet],
E[npcscf ], E[nscscf ] E[nicscf ], E[nhss], E[nggsn], E[nsgsn],
E[nrnc], E[nbsc] denote the expected number of packets
in the queue of AP, ARG, AAA, WAG, Internet, P-
CSCF, S-CSCF, I-CSCF, HSS, GGSN, SGSN, RNC,
and BSC, respectively. The value of E[nap] is equal to:

E[nap] = ρap

1 − ρap
(11)

where ρap = λe−ap/μap represents the utilization at AP
queue, μap denotes the service rate at AP queue and
λe−ap represents the effective arrival rate (in packets
per second) at AP queue. That is, λe−ap = ∑

i∈Nap
λi,

where Nap denotes the number of active users in the AP
coverage area that are engaged in communication with
the AP, and hence Nap ⊆ Nmn2. The effective arrival
rate λe at a network node can be determined from the
utilization at that node. Similarly, the λe at queues of
other network nodes can be calculated and expressions
can be determined for the expected number of packets
at other network entities.

The queueing cost between WLAN and 3G wireless
cellular network for IMS data traffic Cdata

q is:

Cdata
q = ω4(E[nap] + E[narg] + E[nwag] + E[ninet]

+ 2E[npcscf ] + 2E[nscscf ] + E[nggsn]
+ E[nsgsn] + E[nrnc] + E[nbsc]) (12)

Following the same approach, we can calculate
the queueing cost for communication paths between
WiMAX and 3G, as well as satellite and 3G for IMS
traffic.

5 Numerical results

In this section, we present the numerical results for the
cost analysis of our proposed LCSCW2 and TCSCW2
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interworking architectures. The total system signaling
and data costs for IMS traffic are determined for the
case when the SN is using the WLAN and the CN is in
3G wireless cellular network.

We consider a network containing two 3G BSCs,
three WiMAX BSCs, 12 WLANs, and one SSB. The
cell radius for 3G BSC, WiMAX BSC, and WLAN is
taken to be 1,000, 700, and 50 m, respectively. Their
user densities are taken to be 0.001, 0.001, and 0.008
per square meter, respectively [7, 8, 15]. The SSB is
assumed to cover an area of 20 square kilometer and
user density in its coverage area is taken to be 0.0005
per square meter [23]. The number of users resulting
from the selection of these cell radii and user densities
in different ANs are: Nmn1 = 5,000, Nmn2 = 600, Nmn3 =
3,000, and Nmn4 = 10,000. In our network setting, two
GGSNs and two P-CSCF servers are connected to
the Internet; each GGSN supports three SGSNs; each
SGSN supports four RNCS, and each RNC controls
five BSCs. The IP address length L and processor
machine word size S are taken to be 32 bits. The system
dependent constant value k is equal to 5 [21]. The wired
hop distances, dpcscf−ggsn and dsgsn−rnc, which involve
the core 3G network entities are equal to 4, and rest
of the distances are equal to 2 [7, 8, 24]. The trunked
Pareto distribution is assumed for packet length
with average packet length equal to 480 bytes. The
inter-arrival time for packets is exponentially distrib-
uted [25].

The weighting factors, ω1 and ω2, corresponding to
the table lookup processing cost are taken equal to
1 × 10−6 as lookup delay is increased by 100 ns for
each memory access [21]. The weighting factors, ω3 and
ω4, corresponding to queueing cost are equal to each
other and are chosen such that sum of all the weight-
ing factors is equal to 1 (i.e.

∑
i ωi = 1). We consider

wireless link channels to be 9.6, 19.2 or 19.2 kbps and
the wired links to be 1 Gbps. The unit transmission
costs for the wired link ψ and the wireless link ϕ are
equal to 3.84 × 10−6 and 0.1, respectively [26, 27] so that
the unit transmission costs can be interpreted as typical
wireless and wired link delays in seconds. The service
rate μ at all the network entities is taken equal to 250
packets/sec. The unit packet processing cost for all the
network entities is taken equal to 4 × 10−3 except the
core 3G network entities i.e. SGSN and GGSN and the
Internet for which the unit packet processing cost is
taken twice as compared to other network entities in
accordance with [7, 8].

For IMS data traffic, we consider audio and video
sessions using different codecs which give different
packet generation rates. For instance, GSM voice en-
coder at 13 kbps, G.726 voice encoder at 32 kbps,

H.264/AVC at 56 kbps, H.264/AVC at 80 kbps,
H.264/AVC at 90 kbps give packet generation rates of
4, 9, 15, and 21 packets/sec, respectively [13, 28]. The
background utilization due to traffic from other sources
is taken to be 0.7 for HSS and AAA server because they
have to handle traffic for inter-system communications
from different ANs, 0.5 for the core 3G entities i.e.
SGSN and GGSN, and 0.4 for the rest of the entities.
The assumption of these values of background utiliza-
tions allows us to determine λe at each of the network
nodes.

Figure 5 shows the transmission, processing and
queueing costs, as well as the total system signaling
cost, for IMS signaling traffic in the LCSCW2 archi-
tecture. Results show that the ratio Ct : Cp is 1 : 1.02
for signaling in the LCSCW2 architecture. With our
selection of parameters, queueing cost is higher than
the transmission and processing costs for signaling and
lower than the transmission and processing costs for
data.

Figure 6 shows the transmission, processing and
queueing costs, as well as the total system signaling
cost, for IMS signaling traffic in the TCSCW2 archi-
tecture. Results show that the ratio Ct : Cp is 1 : 0.959
for signaling in the TCSCW2 architecture. With our
selection of parameters, queueing cost is higher than
the transmission and processing costs for signaling and
lower than the transmission and processing costs for
data.

Figure 7 shows the effect of varying IMS signaling
arrival rate λ on total system signaling cost in the
LCSCW2 and TCSCW2 architectures. It can be ob-
served that the system signaling cost increases almost
linearly with the increasing value of λ in both the
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Figure 5 The breakup of system signaling cost into transmission,
processing and queueing cost for different values of IMS signaling
arrival rate λ in the LCSCW2 architecture
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Figure 6 The breakup of system signaling cost into transmission,
processing and queueing cost for different values of IMS signaling
arrival rate λ in the TCSCW2 architecture

architectures. A comparison of the system signaling
cost in the LCSCW2 and TCSCW2 architectures re-
veals that the signaling cost in the TCSCW2 archi-
tecture is always considerably less than the LCSCW2
architecture for all values of λ. A reduction in the sys-
tem signaling cost is an important achievement of the
TCSCW2 architecture which justifies the deployment
of PDGs. It is to be noted that signaling cost is most
critical in the networks because session establishment,
session resource reservation, UE registration, and ver-
tical handoffs are achieved via the signaling. Hence,
QoS can be guaranteed to an extent in the TCSCW2
architecture. In the TCSCW2 architecture, each AN
has its own PDG via which the traffic is routed to
IMS network without passing through the Internet and
admission control mechanisms can be easily imple-
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Figure 7 Effect of varying the IMS signaling arrival rate λ on
the total system signaling cost between WLAN and 3G in the
LCSCW2 and TCSCW2 architectures
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Figure 8 Effect of varying the IMS data arrival rate λ on the total
system data cost between WLAN and 3G in the LCSCW2 and
TCSCW2 architectures

mented to guarantee the QoS. In the LCSCW2 archi-
tecture, IMS network is reached via Internet whose
background utilization can vary at different times giv-
ing an almost best effort service in the LCSCW2 archi-
tecture.

Figure 8 shows the effect of varying IMS data traffic
arrival rate λ resulting from using different audio and
video encoders on total system data cost in the LC-
SCW2 and TCSCW2 architectures. It can be observed
that the system data cost increases non-linearly with
the increasing value of λ in both the architectures. It
can be noticed that the data cost is almost the same in
both the architectures for our considered parameters.
This observation implies that for data traffic both the
architectures are able to provide similar kind of service.
The linear increase of system signaling cost and non-
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Figure 9 Effect of varying the average IMS session duration �

on the total system data cost between WLAN and 3G in the
LCSCW2 and TCSCW2 architectures
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linear increase of system data cost with λ is dependent
on the ratios of transmission, processing and queueing
costs in the total system cost.

Figure 9 shows the effect of varying IMS session
duration on total system data cost in the LCSCW2 and
TCSCW2 architectures. The arrival rate λ is assumed
to be to 21 packets/s. The IMS data session is run
for 30, 60, 120, 240, and 480 s with the corresponding
values of � as 315, 630, 1,260, 2,520, 5,040, and 10,080,
respectively. Results show that the system data cost
increases almost linearly with increasing session length
for both the architectures and the system data cost is
almost the same in the two architectures.

Experiments were conducted for the non-IMS traffic
as well [17]. It was observed from those experiments
that the TCSCW2 architecture provides significant im-
provement over the LCSCW2 architecture for the non-
IMS traffic. Hence, the deployment of interworking
functions is justified for the non-IMS traffic. For IMS
session, traffic is routed to the 3G core network through
IMS CSCF servers and interworking functions in the
TCSCW2 architecture do not play any role in the rout-
ing of signaling and data traffic directly into the 3G core
network from an AN.

6 Conclusions

In this paper, we proposed the LCSCW2 and TCSCW2
interworking architectures for 4G heterogeneous wire-
less networks. The LCSCW2 and TCSCW2 architec-
tures integrates the satellite networks, 3G wireless
networks, WiMAX, and WLANs. The LCSCW2 archi-
tecture supports IMS sessions, provides global cover-
age, and facilitates independent deployment of various
access networks. We also proposed a cost model to
determine the associate cost for the IMS signaling and
data traffic in the LCSCW2 architecture. We presented
the numerical results for the system cost, as well as
the transmission, processing, and queueing costs under
different arrival rates and session lengths for LCSCW2
and TCSCW2 architectures.

For future work, one direction is to consider a hybrid
approach which combines the benefits of LCSCW2
and TCSCW2 architectures. The hybrid architecture
is envisioned to provide maximum reliability and QoS
support. The hybrid architecture should be capable of
operating in two modes i.e. the tightly coupled mode
and the loosely coupled mode. In this architecture,
there will always be two paths available for traffic, one
arising from LCSCW2 and the other from TCSCW2.
The network needs to choose a path from the two
available ones that promises to optimize system perfor-

mance by providing the least inter-system communica-
tion cost.
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