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Abstract— This paper presents the design and analysis of are based on different networking technologies. The igtegr

GPRS-WLAN Mobility Gateway (GWMG9r the integration of tion of them, especially seamless roaming, thus becomes a
GPRS and wireless LANs (WLANSs). The interworking between critical issue.

GPRS and WLANSs is achieved by the GWMG that resides on L .
the border of GPRS and WLAN systems. The design goal is Standards organizations have started the standardization

to minimize the modifications in GPRS and WLANs as both for the integration of WLANs and 3G/GPRS. In [1], [2],
systems are widely available in the market already. By depking the 3G Partnership Project (3GPP) defines the requirements,
the GWMG, users can seamlessly roam among the two systems.principles, and interworking scenarios for the integmtio
Unlike other related work, the proposed GWMG could be used ¢ \\y ANs and 3GPP networks. The interworking between
when either the GPRS or WLAN is a user's home network. . oo .
Both mathematical analysis and simulation are developed to HIPERLAN/2 and 3G systems is also specified by ETSI in
analyze the performance. The proposed GWMG has also been [3]. The integration is categorized dght couplingandloose
implemented in a testbed comprising a commercial GPRS syste  coupling In tight coupling, as specified in Figure 1, a WLAN
The results show that the GWMG could achieve the design goal is connected to the 3G/GPRS core network as one of the Radio
to effectively integrate GPRS and WLANS. Access Networks (RANs) with a standard GPRS interface
Index Terms—mobility management, GPRS, wireless LANs, ;. Loose coupling, on the other hand, utilizes WLANs as

interworking, all-IP wireless networks, performance analysis complementary networks to 3G/GPRS systems. In this case,
GPRS and WLANSs could be two parallel networks and work
|, INTRODUCTION independently. Reference [4] summarizes recent actvitie

) o WLAN-GPRS integration and provides an extensive compar-

T HE number of mobile users has grown rapidly in recertyn, of the tight coupling and loose coupling models. In tigh

years. They not only require traditional voice service blgoup”ng' the Access Point (AP) of a WLAN can be regarded
also multimedia services with high bandwidth access. G#negg 5 pase station and is connected to Serving GPRS Support
Packet Radio Service (GPRS), a prelude to third-generatiQgqe (SGSN) through 8PRS Interworking Function (GIE)
(3G) evolution, is designed to serve highly mobile subssb by the G, interface as shown in Figure 1. Loose coupling,
with sophisticated high-power radio. Cgll diameters in (_SP_Rhowever, interfaces the GPRS and WLANSs by @einterface
could exceedl0 Km. The current available data rate is in,pq separates them as independent networks. It is expbeted t

the range of20 — 170 Kbps. On the other hand, by utilizing |5ose coupling will be deployed earlier than tight couplinge
short-range low-power radio, Wireless Local Area Networks, ine architecture complexity in tight coupling.

(WLANS) are mainly deployed for indoor environments for This paper presents the design and analysis GRRS-

low-mobility and high-speed applications. The bit rate O\];VLAN Mobilit ; ;
. ) y Gateway (GWMGp integrating GPRS and
IEEE 802.11b can achievid Mbps, while IEEE 802.11a/g/n \y, ap systems. The proposed model is based on loose

and European Telecommunications Standards Institute IoET§oup|ing architecture. The premise is that the GPRS is owned
HIPERLAN/2 have defined standards with bit rate greater th%rg, a licensed cellular operator, and the WLAN system is
50 Mbps. Itis likely that both GPRS and WLANs will CoeXiStmanaged by a different provider such as a university. This

and complement each other in the future. Users might wgifje g today’s real-world deployment in which most GPRS
to use GPRS virtually aqywhere to access to the Intern%d WLAN systems are run by different providers. They
They nevertheless Wou“.j like to Ieve_rgge high-speed a(m‘(,assalso work independently. This paper emphasizesrability
WLANS whenever possible. In addmon, many Organ'z_"’lt'_oqﬁtegration based on Internet Protocol (IP), a promisinigem
provide free WLAN access for their employees/studentsiwith, network-layer protocol to integrate heterogeneousless

their own buildings/campuses. However GPRS and WLA'\Eystems. GPRS introduces two special nodes, the Gateway
Manuscript received October 19, 2005; revised July 20, 200fis work GPRS Support Node (GGSN) and the SGSN, and GPRS
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Fig. 1. Loose coupling vs. tight coupling

protocol developed by the IETF to support IP mobility, is a
natural choice. Based on this principle, the primary issue i
the integration of GPRS and WLANSs discussed in this paper
is the integration of Mobile IP with the mobility management
defined in GPRS. Because the integration is based on Mobile
IP, the underlying WLANs could be based on IEEE 802.11,
HIPERLAN, or any other radio technologies.

As both GPRS and WLAN systems are mature systems and
available in the market already, our design goal is to minémi
modifications to both systems. Although there are many desig
alternatives, our objective is to designpaactical solution
rather than aroptimal solution so that service providers can
realize the integration of GPRS and WLANs immediately
without waiting for lengthy standardization process. The-p
posed GWMG resides at the border of GPRS and WLAN
systems. By simply deploying this gateway, the integratbn
GPRS and WLANSs could be achieved without changing the
existing infrastructures. Based on the design principles,
have implemented the GWMG in a commercial GPRS network
operated by the Taiwan Cellular Corporation (TCC), one ef th
biggest cellular operators in Taiwan. The GWMG connects the
GPRS network to an IEEE 802.11b network with Mobile IPv4
running on top of it. Although IPv6 might be more efficient
than IPv4, it however is not widely deployed. The integnatio

TABLE |
ACRONYMS

AP Access Point
APN Access Point Name
BSS Base Station System
CN Correspondent Node
FA Foreign Agent
GGSN Gateway GPRS Support Node
GIF GPRS Interworking Function
GMM GPRS Mobility Management
GPRS General Packet Radio Service
GTP GPRS Tunneling Protocol
GWMG | GPRS-WLAN Mobility Gateway
HA Home Agent
IMS IP Multimedia Subsystem
P Internet Protocol
MIP Mobile IP
MMPP Markov-Modulated Poisson Process
MS Mobile Station
PDP Packet Data Protocol
PSTN Public Switched Telephone Network
RAN Radio Access Network
SGSN Serving GPRS Support Node
SIM Subscriber Identity Module
TEID Tunnel Endpoint ID
UE User Equipment
WLAN Wireless Local Area Network

of GPRS and WLANs is a timely issue. As mentioned earlieiesign an architecture and mobility management protocol so
our main objective is to provide an immediate solution. Brerusers can roam seamlessly between GPRS and WLANS. In this
fore, our design is based on IPv4. In addition to presentirgction, we delineate the essential principles of our aesig

the design of GWMG, this paper also constructs mathematical

models to evaluate the performance. The analysis is validat 1
by extensive simulation. The implementation and expertalen
results are reported in [8]. A list of acronyms in this papan c
be found in Table I.
. : . e o 2)
Section Il discusses essential principles for the intégmat

of GPRS and WLANSs. Section Ill surveys related work.
Section IV presents the design of GWMG. Section V develops
mathematical models to quantify the performance. Numkrica
results are discussed in Section VI. Section VII summarizes
the paper.

Il. DESIGNPRINCIPLES

There could be different approaches for the integration of
GPRS and WLANSs. As mentioned above, our objective is to

IP-layer integration:The integration should be based on
IP layer so the underlying WLANSs could be based on
IEEE 802.11, HIPERLAN, or any other radio technolo-
gies.

Minimizing modifications to standard$his paper con-
siders the integration of WLANs with GPRS rather than
3G. GPRS has been in the market for a while. Although
3G systems have been deployed, it is expected that
GPRS will still be operated for a certain time. Many
operators have invested many equipments for GPRS.
They will not obsolete GPRS equipments unless GPRS
is not profitable. A solution which requires modifications
to GPRS standards, thus GPRS equipments, is not likely
to be accepted by operators. On the other hand, 3G
is still evolving. Modifications to 3G systems may be
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adopted by the standards bodies and realized in the
future. Therefore, minimizing modifications to GPRS
standards would be a key for success. Similarly, the
design should minimize the modifications to IP and its
mobility protocols.
3) Easy to deployBoth GPRS and WLAN systems are in
the market already. The integration is a timely issue. Tt :
solution should be easy to deploy and get into marke
quickly. Based on this principle, IPv4 is preferable than
IPv6 because most of GPRS and WLAN systems are ws [J
using 1Pv4. <
4) Independent of operatorCurrently, GPRS usually is
owned by a licensed cellular operator. Many WLAN ] ]
systems, however, are managed by a different providg'r?' 2. Architecture of the proposed GWMG design
such as a university, company, or Internet Cafe. The
solution should not require that a WLAN is °_W”e‘?' a_nTn real world, GPRS is an independent network which connects
operated by_ the GPRS operator. Based on this princip B other IP networks without relying on a Mobile IP backbone.
loose coupling may be mare feasible. [12] proposes a loose coupling architecture in which WLAN
5) Independent of home networkBecause GPRS. ands stem is owned by cellular operator. Although roaming is
WLAN systems may be owned a.nd operated by_ differe ?/scussed, this paper focuses more on how to utilize Suiescri
prowdgrs, they may have thel_r own_subscribers. Identity Module (SIM) card for authentication and secure
subscrlbgr of a WLAN system is not necessary to b:%cess in WLAN system.
a SUbS(?“ber OT a GPRS system. The user profile an 3GPP, on the other hand, assumes that the backbone is
authentication information may be kept in the WLANbased on 3G/GPRS. A WLAN is simply a RAN attaching
system only but not.the GPRS. Similarly, the user profilﬁ the 3G/GPRS core network. 3GPP has defined the require-
of a GPRS subscriber may be kept in the GPRS on ents, principles, and interworking scenarios for intéigraof
but not the WLAN. Therefore, thome networlof a v ANs and3GPP networks3GPP 22.934 [1] specifies that
6) ;Seer\r/i::la)::(?r?tilnnu; \_/_\IfrI;AN Olrta GPES lsgstﬁm. . “the intent of 3GPP-WLAN interworking is to extend 3GPP
o y-1he solution should allow SENVICE oo\ icag and functionality to the WLAN access environment.
continuity SO users do not need to reestablish the SEVIERUS the WLAN effectively becomes a complementary radio
when handing off between GPRS and WLAN SYSteMyccess technology to the 3GPP systeSBithilar statement is
declared in 3GPP 23.234 [2] as well. In 3GPP, basically a
[1l. RELATED WORK WLAN device is a User Equipment (UE) utilized by3GPP
ubscriberto access the WLAN [2]. Although a 3G subscriber
able to access to a WLAN, the 3G network is the home
Wetwork of the user. The design principles are not necessary
Qe as ours, in which either GPRS or WLAN can be a user’s
E me network.
here are also some recent papers discussing the seamless
erworking of WLAN and cellular networks. The framework
TJ oposed in [13] assumes there is a common IP core network

for the integration. As discussed earlier, we consider that
PRS and WLAN are two independent networks and are

The paper [4] summarizes recent activities in WLAN-GPR
integration and provides an extensive overview of the tig
coupling and loose coupling models. Various work based
loose coupling has been reported [9], [10], [11], [12]. 11}, [9
the authors present a prototype for handoffs between GP
and Mobile IP. In the proposed architecture, GPRS conne%
to the Internet by a special designed Foreign Agent (FA) al
is considered as one of tirereign Network®f the Mobile IP.
Users affiliated with a Mobile IP Home Network could roa

between the GPRS and other Mobile P foreign networks. Ic(agnected to each other directly. [14] proposes a SIP-based

hoy\_/ever, _does not consider that a GPRS su_bscrlber may 38 roach. It utilizes the IP multimedia subsystem (IMS)ahihi
affiliate with any Home Agent (HA) in the Mobile IP network.OIOeS not exist in GPRS. We aim to propose a way which can be

In addition to the scenario presente_d in [9], our design aLl?galized inGPRSimmediately. [15] proposes an architecture
allows users to have a GPRS as their home network and ro Med on Mobile IPV6 Again, Mobile IPV6 is not widely

from the GPRS to other Mobile IP networks. The networ L ; . ;
performance for handoffs between WLAN and GPRS/EDG eﬁlggﬁ.d now. Our objective is to provide an immediate
networks is investigated in [10]. The architecture studiged

similar to that in [9]. In [11], the authors depict a mobility

approach for all-IP networks in which various types of acces V- DESIGN OFGPRS-WLAN MOBILITY GATEWAY
networks such as WLAN, GPRS, PSTN, attach to an IP core (GWMG)

network with Mobile IP as the mobility management protocol. The gateway approach presented in this paper is based on
This paper, again, assumes that the HA resides inside IP clm@se coupling model. The architecture is depicted in Fedgr
network and GPRS connects to the IP core network throughWe presume that GPRS and WLAN systems are indepen-
Gateway Foreign Agent (GFA) as one of the foreign networkdently owned and managed by two different providers. For
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instance, the GPRS system is provided by a cellular operatourrent location if the mobile station (MS) is not inside its
while the WLAN system is deployed and administrated blgome network. In this scenario, the GWMG should function
a university. The two systems connect to each other directige a GGSN/FA. In 3GPP TS 29.061 [17], it defines an
by a gateway. ThéP Networkshown in Figure 2 could be architecture such that Mobile IP can optionally be suppmbrte
a university network that connects various WLANSs togetheto provide mobility management for intersystem roaming.
We consider the case that a GPRS subscriber who is motthe architecture, a gateway GGSN is enhanced with FA
affiliated with the university hands off from a GPRS networkunctionality. Although the location of HA is out of the sap
to the WLAN domain. Therefore, the GPRS system is thaf 3GPP TS 29.061, we envision that there is an HA for the
subscriber's home network and the WLAN is the foreigMS in the WLAN domain. To process a Mobile IP (MIP)
network. In addition, the design also allows a WLAN userequest after the MS roams into GPRS, the Access Point
who is not a subscriber of the GPRS network to roam intdame (APN) [5] is utilized to select the specific network
the GPRS network. Hence, the home network is the WLABErvice. The MS sends a PDP (Packet Data Protocol) Context
and the GPRS is the foreign network. When roaming betwegwtivation request witiMIPv4FA as the APN, which instructs
GPRS and WLAN, a session will be redirected to the netihhe SGSN to forward the request to the GGSN with FA service,
system so the session will not break. A service can continthat is, the GWMG. The MIP registration will be performed
without reestablishing the service, which essentially tnéiee after the PDP Context Activation is completed. Once the MS
requirements of thé&cenario 4defined in 3GPP 22.934 [1]. is registered with its HA successfully, packets destined to
Compared to other loose coupling work, our design is closdre MS's home IP address in the WLAN domain will be
to real-world deployment of GPRS and WLAN systems, imtercepted by the HA and forwarded to the FA (the GWMG).
which both WLAN users and GPRS subscribers may roafthe GWMG decapsulates the packets and transmits datagrams
into a system that is not owned by the same provider abdsed on GTP tunneling to the target SGSN. Packets finally
does not have any subscription/registration informatibthe will reach the MS in the way defined in GPRS.
user. Although the proposed design incorporates secunily a Figure 3 illustrates an example of a CN communicating with
mobility management, this paper mainly highlights mopilitan MS roaming between GPRS and WLAN systems. In this
management, which is a primary task for the integration @xample, the MS has its home network in the WLAN domain,
heterogeneous wireless network&¥LAN-centric authentica- and the CN is outside the GPRS. In Figure 3, the MS first
tion that works with the gateway approach proposed in tha&taches to the GPRS system and activates its PDP context.
paper can be found in [16]. This may be because the MS is powered up in GPRS or the MS
In GPRS, the GPRS Mobility Management (GMM) supportsist moves into GPRS. After MIP registration is succesgfull
mobility management functions such as GPRS Attach, GPR8mpleted, packets from CN to MS are intercepted by the
Detach, and Routing Area Update [7]. Tunneling is done usitdA, which further delivers them to the GWMG (GGSN/FA).
GTP. GPRS is built on GSM. Mobile IP, on the other hand¥hen the MS is performing a standard GPRS attach, the
is designed for Internet-based architecture. To keep assessGWMG can extract the MS’s home IP address and update
alive while handing off from one system to another, there atbe PDP context. It also remembers the mapping of the IP
some possible solutions. Because both GPRS and WLANs adress and the Tunnel Endpoint ID (TEID) [5]. Therefore,
widely deployed already, an efficient way to integrate thethe GWMG can decapsulate the packets received from the
should reduce the impact on existing systems as much & and tunnel them to the proper SGSN using standard GTP
possible. The GWMG, which is placed on the conjunctionéthinneling. If reverse tunneling is implemented, the reponf
point of the GPRS and WLAN systems, is responsible féhe MS would be transmitted along the same path to the HA
integration. Therefore, the mobility management in GPR& athen the CN. Usually, a GPRS provider will place a firewall to
WLANSs (Mobile IP) could function as they are. The GWMGprotect the GPRS system. Thus, reverse tunneling is usually
is a logical entity that could be implemented stand-alonasor implemented.
an addition to thegateway GGSNwhich connects GPRS to Figure 3 also depicts that once the MS hands off back to
external networks. Because a user might have a home netwtite WLAN, that is, its home netwofk MIP de-registratiof
in either the WLAN or GPRS network, the GWMG is designet performed because the HA does not need to tunnel packets
to function as both Home Agent (HA) and Foreign Agent (FAYor the MS now. Packets are then sent to the MS without
Therefore, the GWMG is gateway GGSNombining HA and going through the GPRS system. If the MS roams to GPRS
FA. In this paper, the GWMG is also referred to as GGSN/HAgain, it only needs to initiate MIP registration by issuig
or GGSN/FA, depending on the context. Section IV-A aniflIP Agent Solicitation if the previous GPRS PDP context is
Section IV-B present the cases when a user has a hostidl valid. The session can continue after MIP registnatis
network in a WLAN system and a GPRS system, respectivebompleted.
Figure 4 shows a similar example except that the CN is
i inside the GPRS system. Once CN and MS attach to GPRS
A. Home in a WLAN System successfully, packets from CN to MS will be tunneled to the
When the home network of a user is in WLAN system, o _ _
the Correspondent Node (CN) sends its traffic to the WLA[\rl]tzTQfN"ﬁi’\:” Figure 3 represents the new location of the MS aiteming
system regardless of the mobile station’s anchor point. They, vip, de-registration is done by sending a Registrationuest in which
home network should tunnel traffic to the mobile station'se lifetime field is set to zero.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. X, NO. X, NWEMBER 2007 5

GPRS WLAN
=] =l
= &
SGSN GWMG HA CN
(GGSN/FA)

text Activation (APN:MIPV4FA)

P Agent Advertisement
-

IP Registration Request
L P B

~rmmeaml MIP Registration Request _|

MIP Registration Reply

MIP Registration Reply
I I I IP-Encapsulation CN-MS PDU

IP-Decapsulation

CN-MS PDU(GTP Tulineling)

CN-MS PDU (Encapsulalio.

CN-MS PD

MS-CN PDU IP-Encapsulation

MS-CN PDU(GTP Tunnelipg)

IP-Decapsulation
@ ms-cNPDU (Encapsulation)

w \GPRSOWLAN)

©® wms-cnpDU
\

MIP Registration Request
c 2
MIP Registration Reply
L Y L L]
c 2
CN-MS PDU
MS-CN PDU
IP Agent Solicitation
IP Agent Advertisement
MIP Registration Request
e
C
c, c, 5 C,
MIP Registration Reply
c, c, C, C,
CN-MS Data Transmission
Data ——— GPRS Signaling-------- L MIP Signaling-—~=~#=

Fig. 3. Intersystem roaming: the home network is in a WLAN (8Noutside GPRS)

MS’s serving GGSN, which is the GWMG, as that definednce it moves to GPRS again.
in GPRS. The GWMG may tunnel packets to the proper
SGSN if it knows the mapping between the IP address aBd Home in a GPRS Network

the TEID. Otherwise, packets from CN will be sent to the HA The GGSN/FA approach described above presumes that
in the home network then be delivered to the MS as shoWgkre is a WLAN that is the home network of the MS. Many
in Figure 4. If reverse tunneling is implemented, the replysers however, may have subscribed to GPRS services but
from the MS would be transmitted along the same path to th&| roam into a WLAN which the user is not affiliated with.
HA then the CN. When the MS moves into its home netwoHnhe home network is the GPRS and there is no HA for
(WLAN), the MS first de-registers with its HA. Other flows arghe MS in the WLAN. It is possible that this type of users
standard transmissions between GPRS and external netwogk§i want to be reachable by their home GPRS network after
Like that in Figure 3, the MS may reuse previous PDP contefaming into the WLAN. For this scenario, the GWMG shown
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Fig. 4. Intersystem roaming: the home network is in a WLAN (8Nnside GPRS)

in Figure 2 functions as a gateway GGSN combining with HA Figure 5 shows the flows when the CN is outside the
(GGSN/HA). It connects to other GGSNs through the standa@PRS network. As discussed earlier, the MS first needs to
G, interface. Once moving into a WLAN, an MS will sendactivate PDP context before it can utilize GPRS services.
MIP registration messages to its HA (the GWMG). Therefordhe activation request specifies the APN wikhiPv4HA
packets initiated from external packet data networks (WIsAN Therefore, the activation request will be sent to the GWMG
will be intercepted by the GWMG and be tunneled to the MGGSN/HA), which initiates an MIP Agent Advertisement
The GGSN functionality in the GWMG should also be awarafter the PDP context is created. The MS may perform MIP
of the change of the anchor point. Therefore, packets teiia de-registration by sending a Registration Request witlo zer
inside the GPRS network will be passed to the HA part of tHéetime if it has registered with the HA before. This is basa
GWMG and sent to the current location of the MS if the M$he GPRS is the home network, and there is no need for
is in a WLAN. the HA to intercept packets when the MS is in its home
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Fig. 5. Intersystem roaming: the home network is in a GPRS {€butside GPRS)

network. When a CN wishes to send packets to the MS, bynneling is implemented. Thus, packets from MS to CN will
default the packets will reach the GWMG because the GWM@b through the GGSN/HA. When the MS moves back to the
is the MS’s serving GGSN. The GGSN functionality in th&GPRS, the MS de-registers with the HA (GWMG). If the PDP
GWMG will tunnel packets to the SGSN currently servingontext created earlier is still alive, the MS can just resuts

the MS. Packets are delivered to the MS with standard GPR&8nsmission. Otherwise, a new PDP context will be created
procedures. The HA functionality in the GWMG will notas discussed earlier.

function because there is no registration information oa th Figure 6 illustrates the case when the CN is inside GPRS
MS. Once the MS moves into a WLAN, it performs MIPpgqyork. As shown in the figure, packets from CN will arrive
registration W|th_the (_BGSN/HA (GWMG). Packets from they; the GWMG, which will tunnel packet to the MS by using
CN, therefore, will be intercepted and tunneled by the GWM@p ynneling when both MS and CN are inside GPRS. This
to the new location of the MS. Figure 5 assumes that reverge, standard procedure in GPRS. Once the MS roams into a
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Fig. 6. Intersystem roaming: the home network is in a GPRS (€Mside GPRS)

WLAN, the MS registers its new location with the GGSN/HAC. Handoff Management

The GGSN part in the GWMG then updates its routing policy. Usually WLANs are used for indoor applications while
Instead of tunneling packets to any SGSN, the GGSN part @bRrs s utilized for outdoor usage. The choice of radio
the GWMG will pass packets to the HA in the GWMG, whichperfaces may involve many factors such as availability of
furthe_r tunnels packets to the MS. Therefore, packets fikem tie radio, type of application, quality of service, andibl

CN will be tunneled by the GWMG to the MS in the WLAN. Normally WLAN would be a better choice if available. It is
When the MS roams back to the GPRS network, it de-registg{g, possible to utilize both systems for data transmission
with the GGSN/HA. The MS can use the same PDP conteghitaneously. Some strategies for the selection of radio
created earlier or it will create a new one. Communicationsierfaces have been proposed [18], [19], [20]. The progose
then are resumed by using GTP tunneling as discussed earliginitecture and GWMG should be able to work with any of

them. This paper mainly considers the mobility management
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AP"'I‘:“""j \ . V. PERFORMANCEANALYSIS
| [, The proposed GWMG was initially implemented in a GPRS
SNPCP, SO gTe 1| TP soptcatin] | appicaion] - SyStE€M we purchased from the Industrial Technology Rebearc
LLc L Institute (ITRI). It was then implemented in a commercial
! - ! UDP |1 UDP Tepuop|\TCPUDP| - GPRS system operated by the Taiwan Cellular Corporation
RLC 1| aic Tassop|!|sssep| ‘ P P P (TCC). The GPRS system connected to a 802.11b WLAN
R L Network| ! [ Newwork | system. The implementation of a testbed aims to realize the
MAC ]| MAC Senvice ||| Service Lo L2 L2 H H i
! ! ! proposed idea and perform various experiments. The testbed
GSMRF GSMR le‘SE Libis | L1 |1} L L L architecture and detailed experimental results are pteden
(a) ws s sesn | sosn (D) ws A elsewhere [8]. The experiments were con.ducted to measure
handoff latency, TCP packet delay, and video throughput in
SNDCP: Subnetwork Dependent Convergence Protocol RLC: Radio Link Control the testbed. For handoff |atency, results show that the ¢ftAnd
BSSGP: Base Station System GPRS Protocol GTP: GPRS Tunneling Protocol Iatency from WLAN to GPRS was Ionger than the handoff

latency from GPRS to WLAN. This is because GPRS employs
much more complex radio technology and protocol stack. In a
GPRS network, packets need to go through several nodes with

issues caused by switching between different radio intdP°T® complex protocol stacks to reach the HA. Therefore, the

faces, that is, handing off between different systems. ong¥change of MIP signaling messages between MS and HA

a new interface is determined based on the interface sefectVould take much more time. The TCP packet delays in GPRS
algorithm, the mechanisms discussed in Section IV-A arfffre higher than the TCP packet delays in WLAN because

Section IV-B will be used to deal with the handoff from ondN® Mmaximum data rate in the GPRS testbed wag Kips,
system to the other, and keep the session alive. which was much lower than thel Mbps data rate in IEEE

Two simple policies for interface selection have been pr§_02.11b. Similar to the TCP packet delay, we observe that the

posed and implemented in our testb&ut AN-preferredand vider?_ q“a"tY was mluch betr:er Wh?” the MS V\]fashin WLAN. d
user-triggered8]. In WLAN-preferred mode, the link quality This section a”ahy,zes the per c:rmancgdo tﬁ prOprfe
is tracked. It changes to WLAN interface automatically if §5WMG' Beca_use this paper mainly considers the mo lity
WLAN system is available. In user-triggered mode, the linganagement issues ca_used _by handing off between dlff_erent
quality is tracked and reported to the user. The decision Jystemshandoff latencys an important performance metric.

switch between systems, however, is based on user commdpyl, SNOWn in Figures 3-6, there are many signaling flows.
Therefore, the other metric for the performance analysis is

signaling and database cosBecause the integration of mo-
D. System Requirements bility management is based on IP layer, we ignore the cost
and latency incurred in other layers. The objective of this

de;:‘; section discusses the system requirements of Lction is to develop simple but effective models to qugntif

1) Requirements for GPRS and WLAN SysteBmsed on the performance of the proposed architecture and GWMG.

above discussion, one can see that both GPRS and Mobile IP
can work as they are. The GWMG functions as GGSN, HA. Signaling and Database Cost

and FA. By deploying the GWMG, the integration of mobility |n order to modelsignaling cost we first label the trans-

management in GPRS and WLAN systems can be achiev@gksion costs with; (i = 1---7) between system nodes as

without any modification. Compared to other approaches, Oicated in Figures 3-6. Here we only consider the sigigalin

approach is easier to deploy and should be more preferabledyt directly related to handoff between two systems. The

GPRS and WLAN providers. database costefers to the cost for accessing the system node.
2) Requirements for MSIn addition to the GPRS radio The database cost for SGSN is denotedggsx. Similarly,

interface, an MS must be equipped with a WLAN-compatiblg, . ., AGGSN/HA» AGGSN/FA, AHa, andap represent the

radio interface. Evidently, the MS should understand thgatabase costs for accessing the corresponding systers.node

protocol stacks of both systems, as illustrated in Figuf€ig~ Table Il summarizes the parameters.

ure 7 (a) represents the user plane of GPRS, while Figure 7 (b)rhe signaling and database cost is denoted as:

shows a conventional Internet protocol stack, in which kaye

1 and 2 should be based on a WLAN system. Please note the

Fig. 7. Dual protocol stacks in MS

requirements of dual radios and dual protocol stacks in the C(weight cos} =
MS are inevitable for integration. Because our design da¢s n Pila Cy(signaling + § Cq(databasg +
need to change anything in the network except in deploying (1-P)a c (signaling + 3 C;(databas}:} 1)

the GWMG, the protocol stacks in the termirdd notneed

to be modified either. To deal with dual radios, the handoffhere o and 5 are weight factors for signaling cost and
management presented in Section IV-C should be implementisdabase costP; (i = 1 or 2) is the roaming probability
to trigger the switch between different systems. This i® alglefined in Table 11.C(.) and Cy(.) represent the signaling
inevitable for any approach. cost and database cost, respectively, for the following fou
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TABLE I

SYSTEM PARAMETERS FOR SIGNALING AND DATABASE COST
c1 signaling cost between MS and FA
c2 signaling cost between MS and HA
c3 signaling cost between HA and GGSN/FA (GWMG)
cq signaling cost between MS and BSS
cs signaling cost between SGSN and GGSN/FA (GWMG)
c6 signaling cost between FA and GGSN/HA (GWMG)
cr signaling cost between BSS and SGSN
«a weight for signaling cost
Jéj weight for database cost
P probability for moving to WLAN when MS is in GPRS
P probability for moving to GPRS when MS is in WLAN
Cs(.) | signaling cost ) ]
C4(.) | database cost Fig. 8. State diagram

scenarios: (1) home network is in WLAN and MS moves

from GPRS to WLAN; (2) home network is in WLAN and Q= ( o1 g1 ) A= ( A 0 ) )
MS moves from WLAN to GPRS; (3) home network is in 92 702 0 A

GPRS and MS moves from GPRS to WLAN; and (4) homghere s, is the transition rate from state 1 to statec3. is
network is in GPRS and MS moves from WLAN to GPRSthe transition rate from state 2 to state 1.

The cases ofl — P; represent the scenarios that the MS is Assuming there are: numbers of mobile stations, each

moving inside the system the MS is current staying. Becaugethem possesses the same MMPP behavior. The generator

this paper mainly considers the interworking between GPR$ and rate matrixA, therefore, are the superposition of the
and WLAN systems, the cost for moving inside a same systgAividual generators); and rate matriced;:

is ignored. Therefore(.(.) and C;(.) are0. The C4(.) and
Cy(.) with ¢ = 1 and2 can be derived from Figures 3-6. For
scenario (1): home network is in WLAN and MS moves from Q=019 - ©Q, 3)
GPRS to WLAN, for example, the corresponding costs can be A=A DA DDA, (4)
found in Figure 3. By looking at the center part of Figure 3

for handing off from GPRS to WLAN, we can see that th&vhere & represents the Kronecker-sum, which is defined as
signaling cost is2c,. From the figure, we can also see thafollows:
only HA is accessed. Therefore, the database casfjs The

results are put in row 1 of Table Ill. Results of other scemsri Ao B (AT I o B 5
are listed in Table 11l as well. By replacing the signalingsto ®B=(A4®Ip)+(a®B) ®)
and database cost in Table Il into Equation (1), one carveleriyhere ® represents the Kronecker-product:
the weight cost of the four scenarios listed above.

CllD 012D cee ClmD
B. Handoff Latency C®D= : : :

As shown in Figures 3-6, the MS needs to perform MIP c1D  cpeD ... cpmD
registration and/or PDP context activation for handing off 47 identit i ith th di .
from one system to another. There are message exchange[s': and ég are | etf‘ '?’ n|1a ncegxw k:e sakr:ne 't"_‘e”S'O”
between MS and severalystem nodesncluding GWMG, Qsang?x aré Izejpkealz\;\/teriz.es(t?i/v T]r;r éciialrf[’ni >l; i matrices,
SGSN, BSS, HA, and FA. We first develop a generic mod ' o =1 e
to calculate the average packet waiting time in each syste ased on MM.PP/M/1 queue, F|gure 8 shows the states and
node. Assuming the mean service rates of GWMG sgsRfate transitions in a node. The statgj) denotes a process of
BSS, HA, and FA areuaw sc Hscsn, fBss fEa 'and J (), N(t),t > 0} which is a homogeneous continuous-time
Lur 4, respectively. Because the design is based on IP la rkov chain.J(t) and N (¢) denote the state of Markov chain

we ignore the handoff latency incurred in other layers. T d the number of arriving packets at timerespeciively.
performance of the proposed mechanisms does not depen can solve the steady-state vectoof the MMPP by the
the handoff delays in other layers. ollowing equations:

Recent studies have shown that Markov-Modulated Poisson
Process (MMPP) [21] is more realistic than traditional Bois Q=0 me=1 @)
process to model packetized multimedia traffic. We theeefor
employ MMPP/M/1 queuing model to derive average packewheree is [1,1,---,1]7.
waiting time in each system node. A packet is generated basedl et p; ,,, be the steady-state probability in whithepresents
on two-state MMPP model. The two-state MMPP is specifigbe state andn is the number of packets in the queue. By
by two-state Markov chain with the infinitesimal generafpr employing the steady-state balance equations, we can solve
and the Poisson arrival rates, A\, of state 1 and state 2:  p; ,,,:

(6)
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TABLE IlI
SIGNALING AND DATABASE COST
Home Probability C(signaling C4(databasg
WLAN P 2c2 agA
P 2cy + 2¢5 + 2c3 + 2c7 aBss +asGgsN + aggsN/FA T aHA
GPRS Py 2c1 + 2c¢¢ ar A +aGGSN/HA
P 2cq4 + 2¢5 + 2c7 apss +asGSN + agGSN/HA
TABLE IV
PARAMETERS FOR SIGNALING COST AND DATABASE COST
Diym = 771-(1 — pi)p;” (8) | Signaling cost |
. . Cc1 Cc2 Cc3 C4 C5 C6 c7 (e}
wherep; is \;/p andm; is thei'th element ofr. 11 ]1]|1|1]1]|1]05
The average number of packets in the node and the average Database cost |
arrival rate, thus, can be derived as follows: aBssS ASGSN aIéA arA acc:sszv FA | OGGSN/HA oﬁ
5 5 15 5

k )
E[number of packets= Z Z (m—1) X pim 9
i=1 m=1 waiting time in all intermediate nodes the registration saege
tlim E[N@®)]/t =7A (10) will traverse. All scenarios discussed in Section IV can be
> analyzed by the same model.
Therefore, the average waiting time can be obtained based

on the average number of packets and the average arrival rate V1. NUMERICAL RESULTS

o This section provides the numerical results for the analysi
E[waiting timg = E[number of packefgrA + 1/ (11) presented in Section V. The analysis is validated by extensi

Section IV discusses two cases in which home network mgimulation.
: . . yFigure 9 depicts the signaling and database cost. The x-axis
be in a GPRS or WLAN system. First, let us consider the ) . .
represents the roaming probabilify; (: = 1 or 2). The y-

case when home network is in a WLAN and CN is OUtSIO|exis is the weight cost of the singling and database cost. The

GPRS. The handoff latency is the time from MS sends out tﬁ%al tical results in Figure 9 are based on Equation (1) and
MIP registration message until the time MS registers with H§ y 9 q

. . able 1ll. Table IV lists the values of the parameters whioh a
successfully. Let be the total number of MSs in the integrate Jeasonably chosen to illustrate the performance. The ticaly

system. If there aren number of MSs in GPRS, there are . : o
1 — m number of MSs in WLAN, wheren — 0.1,2,..n. model developed in Section V is independent of the values.

There are(n + 1) possibilities to represent the distribution ofChOOSIng other_values will not change the conclusion drawn
from the analysis.

MSs in GPRS and WLAN systems. Thus, the handoff latenCyComparing Figure 9 (a) and (b), it shows that the cost for

can be obtained by averaging the + 1) possibilities: roaming to GPRS is higher than the cost for roaming to WLAN
in either cases. This is because the signaling message isGPR

D, {average handoff latency from WLAN to GPRS- will pass more system nodes and the database cost in GPRS
1 _ ) is higher than that in WLAN. The line of roaming to GPRS
ﬁ{dg{o user in GPRS, n users in WLANt - -- in Figure 9 (a) grows faster than that in Figure 9 (b). This

+d,{(n-1) users in GPRS, 1 user in WLAN (12) is because in Figure 9 (a) the registration messages must be
sent back to the MS’s home network (WLAN). For the similar

reason, the line of roaming to WLAN in Figure 9 (b) increases
faster than that in Figure 9 (a).
1 Figure 10 shows the handoff latency for the scenarios
E{dw{n users in GPRS, 0 user in WLANt - - shown in Figures 3-6. There areMSs, each with roaming
+d,{1 user in GPRS, (n-1) users in WLAN (13) probability0.5. That is, each MS has5 prpbgblhty tq stay in
the same system. We assume that traffic is sending from CN
In Equation (12)d,{x users in GPRSy users in WLAN} to MS. The traffic is generated based on the two-state MMPP.
represents the handoff delay thatusers in GPRS ang The parameters of Equation (2) are:

D, {average handoff latency from GPRS to WLAN-

users in WLAN and at this moment one user will roam to TS 8 0
GPRS. D {average handoff latency from WLAN to GPRS Qi = ( 10 419 ) A; = ( 0 0 )
15 15

is the average delay for users roaming from WLAN to GPRS.
Similarly, d,, and D,, are functions when users roaming from Because\, = 0, the two-state MMPP represents an ON-
GPRS back to WLAN. By using Equation (11), the averageFF source. The service rates are indicated in Table V.
waiting time in a specific system node can be obtaidgdand Similarly, the values are reasonably chosen to illustrai t

D, thus, can be derived by the superposition of the averagerformance. The analytical model developed in Section V
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Fig. 10. Handoff latency

Number of Mobile Stations

(d) Home in GPRS and CN inside GPRS

is independent of the values. Choosing other values will nbandoff latency from GPRS to WLAN. This is because when

roaming from WLAN to GPRS, the MIP registration messages

need to traverse more system nodes than roaming from GPRS
Figure 10 (a) depicts the handoff latency when the honig WLAN. This can also be observed in Figure 3.

network is in a WLAN and CN is outside GPRS, which is

correspondent to Figure 3. Figure 10 (a) indicates that theSimilar to Figure 10 (a), Figure 10 (b) shows the handoff
handoff latency from WLAN to GPRS is higher than thdatency when the home network is in a WLAN and CN is

change the conclusion drawn from the analysis.
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TABLE V
PARAMETERS FOR SERVICE RATE
| Service rate (packet/second) |

network. There are many issues needed to be resolved for
the integration of GPRS and WLANSs. This paper, by no
T T T means, could address all of them. In this paper, we focus
55 550 176 1150 1200 on the architecture and mobility management. Generic math-
ematical models are developed to analyze the performance.
It is validated by simulation. Although not discussed insthi
o ) ) ) paper, a testbed based on a commercial GPRS system has
inside GPRS. Itis correspondent to Figure 4. In Figure 10 ()een constructed to demonstrate the feasibility of thegdesi
the handoff latency from WLAN to GPRS is also higher thafpg resyits show that the proposed GWMG could achieve
the handoff latency from GPRS to WLAN. Comparing Withne gesign goal and provide a solution to integrate mobility
Figure 10 (a), however, the handoff latency from WLAN tq‘nanagement in GPRS and WLANS effectively.
GPRS in Figure 10 (b) grows faster than that in Figure 10 (a)
when the number of MSs increases. This is because in Fig- ACKNOWLEDGMENT
ure 10 (b), CN is inside GPRS. User packets from CN to MS
will be delivered from GPRS to the HA in WLAN then be sent
back to the MS inside GPRS. There are more packets whi
contend the resources with the MIP registration messag
When roaming from GPRS to WLAN, the handoff latenc
in Figure 10 (b) is slightly higher than that in Figure 10 (a).
This is because in Figure 10 (a), both MS and CN are inside
WLAN. Packets between MS and CN can be sent to eadhl 3GPP TR 22.934, “Feasibility study on 3GPP system to le@® local

. . . area network (WLAN) interworking,” Sept. 2003.
other without going through the HA. Basically, user paCket?Z] 3GPP TR 23.234, “3GPP system to wireless local area ret@LAN)

will not compete with the MIP registration messages for the ~ interworking; system description,” June 2005.

resources in the HA. [3] ETSI TR 101 957, “Requirements and architectures foeriwbrking
. . . P between HIPERLAN/2 and 3rd generation cellular systemsi§j A2001.

Figure 10 (C) IS correspondent to Figure 5. Similar to tha}4] A. K. Salkintzis, C. Fors, and R. Pazhyannur, “WLAN-GPR&gration

in Figure 10 (a), the handoff latency from WLAN to GPRS "~ for next-generation mobile data networkéZEE Wireless Communica-
is higher than the handoff latency from GPRS to WLAN.  tions vol. 9, no. 5, pp. 112-124, Oct. 2002.

: - - - 5] 3GPP TS 23.060, “Gernal packet radio service (GPRSYyiceidescrip-
Comparing Figure 3 with Figure 5, we can see that thé tion; stage 2" June 2005,

MIP registration messages traverse more system nodes Wh@ 3GPP TS 29.060, “Gernal packet radio service (GPRS); &RRneling
roaming from GPRS to WLAN when the home network is _ protocol (GTP) across thé', and G,, interface,” June 2005.

. " - ] J.-C. Chen and T. Zhand¢R-Based Next-Generation Wireless Networks
in a GPRS. In addition, there are more user packets whidf Wiley, Jan. 2004,

tend to compete with the MIP registration messages. Thug] J.-C. Chen and H.-W. Lin, “A gateway approach to mobiiityegration
the handoff latency from GPRS to WLAN in Figure 10 (c) of GPRS and wireless LANS|EEE Wireless Communicationgol. 12,

. . . . . e no. 2, pp. 86-95, Apr. 2005.
is higher than that in Figure 10 (a). With the similar reason 9] S. Aust, D. Proetel, A. Konsgen, C. Pampu, and C. Gorg,sigre

the handoff latency from WLAN to GPRS in Figure 10 (C) iS ~ issues of mobile IP handoffs between general packet radiicse
lower than that in Figure 10 (a). (GPRS) networks and wireless LAN (WLAN) systems,” Rroc. of

. . . the 5th International Symposium on Wireless Personal kheltia
Figure 10 (d) is correspondent to Figure 6. The results are CommunicationsHawaii, USA, Oct. 2002, pp. 868-872.

similar to Figure 10 (b). The comparison with other figurego] M. Yianttila, M. Pande, J. Makela, and P. MahonetDptimization
should be similar to the discussion above. scheme for mobile users performing vertical handoffs betwéEEE

: 802.11 and GPRS/EDGE networks,” Proc. of IEEE GLOBECOM
The analysis shows that the performance of the GWMG - Antonio, TX, USA, Nov. 2001, pp. 34393443,

mainly depends on the deployment and service rates of fhg L. Morand and S. Tessier, “Global mobility approach witlobile 1P
system nodes. Because there are more processes in GPRS, then all IP networks,” in Proc. of IEEE International Conference on

handoff latency to GPRS is higher than the handoff latency gg;gr'"“”icaﬁons (ICG)New York, NY, USA, Apr. 2002, pp. 2075~
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