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Abstract. The convergence of wireless networks can primarily be observed in cellular
networks that are going to comprise a variety of different access technologies. The han-
dover solutions currently deployed in the core networks of cellular systems will thus have
to be extended or replaced in order to allow seamless packet-switched services between
the legacy and the new access technologies. In this paper, a new MPLS-based handover
solution is presented, primarily aiming at real-time packet-switched services in the core
networks of cellular systems. The main advantages over other solutions are efficiency and
scalability. The solution avoids long signalling delays arising when a handover notifica-
tion message is issued during handover from an old point of attachment to a new one.
This is done by continuously rerouting packets to the new point of attachment while the
handover notification message travels through the network. The solution also avoids the
establishment of per-user paths so that scalability is achieved.
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1 Introduction

A Universal Mobile Telecommunications System (UMTS) network is composed of one or
more Radio Access Networks (RANs) and a core network. Such RANs are the UMTS
Terrestrial RAN (UTRAN) and the Global System for Mobile communications (GSM)/
Enhanced Data rates for GSM Evolution (EDGE) RAN (GERAN) covering also the
General Packet Radio Service (GPRS). The core network can be subdivided into a packet-
switched domain and a circuit-switched domain. The focus of this paper is on the packet-
switched domain whose main components are the Serving GPRS Support Nodes (SGSNs)
and the Gateway GPRS Support Nodes (GGSNs). The SGSNs take care of mobility
management, whereas the GGSNs provide the connection to external packet data networks
such as the Internet.

Mobility management and nation-wide coverage are the two outstanding factors com-
pared with other access technologies such as IEEE 802.11 Wireless Local Area Networks
(WLANs) or IEEE 802.16 Wireless Metropolitan Area Networks (WirelessMANs) that
primarily offer high data rates. In order to offer both high mobility and high data rates,
cellular networks are converging with these IEEE access technologies. Since all the differ-
ent access technologies have different notions for the entity a user equipment may connect
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to (Base Transceiver Station in GSM, Node-B in UMTS, Access Point in WLAN, etc.),
the term “point of attachment” is used as the generic term from now on.

Although a handover is a local matter, i.e. the move from one point of attachment to
another happens locally, any handover solution is dependent on the networks the points
of attachment belong to. Since packet-switched services are generally based on Internet
Protocol (IP) addresses, it is assumed that the networks support the transport of IP
datagrams. If both points of attachment belong to the same IP subnet, a handover does
not require a new IP address to reach the user equipment at the new point of attachment.
If both points of attachment belong to different IP subnets, yet to the same IP domain,
a handover necessitates in general a new IP address. A handover solution is called micro-
mobility solution in that case. Finally, if both points of attachment belong to different
IP domains, a handover always necessitates a new IP address. In that case, a handover
solution is called macro-mobility solution. The focus of this work is on intra-domain
handover, i.e. on micro-mobility solutions since a cellular network can be considered as
an IP domain consisting of several IP subnets. Each access network attached to an SGSN
can be regarded as a different IP subnet.

Up to now, Mobile IP [1] can be considered as the only existing macro-mobility solution
for IP-based applications. The greatest disadvantage of Mobile IP are the long signalling
delays and the high additional overhead introduced through IP tunnelling. The impact
of these disadvantages is even worse in environments with frequent handovers where a
strong service degradation is to be expected.

In order to better support handovers within such environments, several micro-mobility
solutions have been conceived. Mobile IPv4 Regional Registration [2] and Hierarchical
Mobile IPv6 (HMIPv6) [3] are extensions to Mobile IP that primarily aim at shortening
the signalling delay during intra-domain handovers. However, the other disadvantages
of Mobile IP are not addressed. Handoff-Aware Wireless Access Internet Infrastructure
(HAWAII) [4] and Cellular IP [5] are two micro-mobility approaches that are based on
host-specific entries in routing tables. Both approaches cannot be considered scalable in
cellular networks. Fast Handovers for Mobile IP [6] mitigate the issue of long handover
latencies by moving the configuration of a new IP address from after the corresponding
layer-2 handover to before the layer-2 handover. However, signalling delays still remain
too high for real-time packet-switched services because the validity check of the new IP
address, which can only be performed after the layer-2 handover, increases the outage
time considerably. A comparative performance analysis of some of these micro-mobility
solutions can be found in [7].

GPRS Mobility Management (GMM) is a similar approach to Mobile IP and its micro-
mobility extensions. It is based on the use of the GPRS Tunnelling Protocol (GTP)
whose messages are transported over the User Datagram Protocol (UDP) and IP so that
the resulting protocol stack becomes very complex. GMM only allows for so-called hard
handovers at which IP packets arriving at the GGSN are abruptly rerouted in direction
of the new point of attachment.

For handovers between 3GPP points of attachment and points of attachment of other
access technologies no generic solutions have been standardized yet. Some solutions such
as [8] are based on Mobile IP. However, generally, it is proposed to use GMM transparently
over the new access technology. This approach is e.g. proposed by [9]. Current work by an
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industry forum specifies Unlicensed Mobile Access (UMA) [10, 11] which can be considered
as an evolution of [9]. Here, too, GMM is proposed as handover solution.

As the existing layer-2 solutions such as those of IEEE 802.11 and IEEE 802.16 can-
not be used for inter-technology handovers and as the existing IP-based solutions includ-
ing GMM suffer from considerable disadvantages, a handover solution based on Multi-
Protocol Label Switching (MPLS) is proposed in this paper. The MPLS-based handover
solutions that have already been conceived mitigate some of the disadvantages of the
above-mentioned layer-3 solutions. However, they suffer from the same long signalling
delays and the same scalability issues preventing them from being deployed in cellular
networks.

The remainder of the paper is organized as follows. After introducing Multi-Protocol
Label Switching in section 2, the existing MPLS-based mobility solutions are sketched in
section 3. The new scalable and efficient MPLS-based mobility solution is presented in
section 4. Finally, section 5 contains some concluding remarks.

2 Multi-Protocol Label Switching

Multi-Protocol Label Switching (MPLS) [12, 13] is based on the establishment of paths.
These paths are called Label Switched Paths (LSPs). An LSP issues from the so-called
ingress Label Edge Router (LER), spans one or more Label Switching Routers (LSRs)
and ends at the egress LER. The ingress LER classifies each arriving IP packet into a so-
called Forwarding Equivalence Class (FEC). Each FEC is associated with a certain LSP
so that all packets assigned to the same FEC follow the same LSP. The assignment of a
packet to a FEC is done by labelling the IP packet with the label stored in the Next-Hop
Label Forwarding Entry (NHLFE) of the FEC-To-NHLFE map (FTN). The label is at
least unique on the link between sending and receiving node. On the intermediate LSRs,
the incoming label, i.e. the label of the incoming packet, can then be looked up in the
Incoming Label Map (ILM) and be replaced by a new outgoing label. The egress LER
finally removes the label and forwards the plain IP packet, thereby requiring two look-ups,
i.e. one for the incoming label and one for the destination IP address.

The LSPs can be configured manually or by using a certain Label Distribution Proto-
col. The IETF proposes to use the Resource Reservation Protocol for Traffic Engineering
(RSVP-TE) [14] when explicit LSPs are to be set up. In order to set up an LSP, a PATH
message is issued from the ingress LER to the egress LER where a RESV message is sent
as response along the reverse path.

Though MPLS does not incorporate mobility mechanisms, it can be exploited for
mobility issues in conjunction with a suitable signalling protocol (e.g. RSVP-TE). MPLS
is an attractive protocol because it can be used for inter-technology handovers and because
it generally introduces less overhead than IP-based solutions. Furthermore, MPLS has the
advantage of offering enhanced Quality of Service through Traffic Engineering and higher
network reliability through Path Protection and Fast Reroute mechanisms [15]. Therefore,
it is suitable to deploy MPLS in connectionless IP-based networks such as in core networks
of cellular systems.
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3 MPLS-based mobility solutions (related work)

In [16], it is proposed to deploy MPLS as micro-mobility solution in IP-based wireless
access networks. Handovers are performed by updating the FTN at the ingress LER of
the MPLS domain. However, the main incentive of deploying MPLS is not less handover
latency or less packet loss during handover but the QoS support that is basically achieved
through the use of Differentiated Services [17].

In [18], Mobile IP registration request messages are exploited as handover notification
messages from the Mobile Node to the Gateway in the MPLS domain. The location update
is performed by having the Gateway update the corresponding entry in its FTN. A slight
improvement is given by having the new point of attachment send a handover notification
message to the old point of attachment so that the old point of attachment is enabled
to forward arriving packets to the new point of attachment. However, the method has
two primary disadvantages. The first is that an expensive reclassification of the arriving
packets is necessary at the old point of attachment. The second is that a single LSP has
to be set up for each user so that this approach cannot be considered as scalable.

In [19], Mobile IP is used together with MPLS Label Switched Paths. The main benefit
is to reduce the expensive tunnelling within Mobile IP by deploying the more efficient label
switching. However, the proposed architecture does not intend to minimize packet loss
or handover delay during handover. As soon as the Home Agent is notified of the new
location of the Mobile Node, it simply updates its FTN to place packets destined to
the Mobile Node’s Home Address on the LSP to the new location of the Mobile Node.
Therefore, [20] proposes an enhancement by introducing a new component called Foreign
Domain Agent being similar to the Mobility Anchor Point (MAP) in Hierarchical Mobile
IPv6.

In [21], it is proposed to use MPLS and Hierarchical Mobile IPv6 in the Radio Access
Network of next-generation cellular networks. The main reason to deploy MPLS is to
reduce the tunnelling overhead of Hierarchical Mobile IPv6 through the use of LSPs.
[22] extends that approach to inter-domain and thus macro-mobility. As the total path
between HA or correspondent node and Mobile Node is assumed to be composed of several
single LSPs, the main focus is on avoiding the expensive layer change when forwarding
data packets at intermediate LERs or MAPs.

As to deploying MPLS in the core network of cellular networks, the discussion is going
on for quite some time now. However, all approaches so far mainly have the objective of
replacing the GTP/UDP/IP protocol suite by MPLS. Generally, mobility management is
such as updating the FEC at the GGSN in order to take the new point of attachment of
a Mobile Node into account. In [23], which is primarily based on [24], so-called LEMAs
(Label Edge Mobility Agents) in the core network form an overlay network whose edges
are LSPs, i.e. a packet sent from a GGSN to an SGSN would possibly be placed on
several LSPs one after the other requiring an expensive re-classification into a FEC at
each LEMA. Consequently, either a handover notification message has to travel a long
time (increasing packet loss) or a lot of nodes would have to be LEMAs. However, the
more LEMAs in the network, the shorter the LSPs and the less reasonable the deployment
of MPLS.
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A general disadvantage of all mentioned MPLS-based handover solutions is that they
cannot be considered as scalable because they make use of per-user LSPs. Furthermore,
with the exception of the LEMA approach, all mentioned solutions suffer from the same
long signalling delays as the IP-based handover solutions mentioned in section 1 because
packets are not rerouted before the ingress LER is notified of the handover. Finally, if the
optimization of having the previous point of attachment forward incoming packets to the
new point of attachment is incorporated in the solution, the optimization is based on an
expensive re-classification of IP packets which is again detrimental to handover delay.

4 Scalable and efficient MPLS-based handover solution

The MPLS-based handover solution proposed in this paper focusses on the core network
of cellular networks where the GTP/UDP/IP protocol suite can be replaced by MPLS on
the user plane. However, replacing the existing protocol stack is not the primary objective.
It is assumed that LSPs are set up a priori from all GGSNs to all SGSNs for all interfaces
so that any interface change can be reflected by the appropriate change of LSP. Note that
the number of LSPs is kept low because LSPs are set up to interconnect core network
elements and not for single users. Therefore, the LSPs can be set-up by configuration or
through the use of the Resource Reservation Protocol for Traffic Engineering (RSVP-TE).

In the case of an imminent handover, the user equipment issues a Handover (HO)
Request message to the SGSN the user equipment is attached to. The message contains
information about the user equipment and the old and new point of attachment. On receipt
of the HO Request message, the SGSN forwards it to all GGSNs. Each intermediate LSR
(on the way from the SGSN to the GGSNs) receiving the HO Request message then takes
immediate action in order to reroute each incoming packet destined to the user equipment
on a handover LSP that is set up a priori as well. A handover LSP can be considered as
an extension of a normal LSP, so-to-say as a short-cut to the new point of attachment of
the user equipment. The packets are thus continuously rerouted in an optimal way until
the HO Request message reaches the GGSNs where the packets are finally re-classified
and placed on the LSP directed to the new point of attachment via the new SGSN or the
new interface of the current SGSN.

It is assumed that each user equipment has a certain User ID (UID). That could be
the International Mobile Subscriber Identity (IMSI), the Temporary Mobile Subscriber
Identity (TMSI) or a different ID. It is further assumed that each Radio Access Network
attached to one of the SGSNs has a proper Network ID (NID).

4.1 Normal operation

Fig. 1 shows the components of a cellular system useful to explain the MPLS-based
handover solution, i.e. the core network containing a GGSN and several SGSNs as well as
several access networks attached to the SGSNs. While a 3G RAN is attached via a Radio
Network Controller (RNC), it is assumed that a WLAN is attached via a UMA Network
Controller (UNC) [10, 11].

Considering IP packets arriving at the GGSN R1, R1 is the ingress Label Edge Router
(LER), the SGSNs R4, R5 and R6 are three possible downstream egress LERs and R2,
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R3, R7 and R8 are simple Label Switching Routers (LSRs). R1 has established two LSPs
represented by the dashed lines to R4 for the two networks RAN4 and WLAN4 attached to
the two interfaces of R4. The corresponding FTN contains two entries for these networks.
The LSRs R2 and R3 as well as the downstream egress LER R4 have corresponding
entries in their ILMs. R1 has a further LSP represented by the dashed-dotted lines to the
downstream egress LER R6 for the network WLAN6 attached to R6. The entries in the
FTN and in the ILMs of R7 and R6 are set accordingly.

Fig. 1. Example for normal operation and for operation during handover

In the following, it is assumed that a user equipment with a UID of 328 and an IP
address of 137.226.12.196 is located at a point of attachment belonging to the network
whose NID is RAN4. Each IP packet arriving at the ingress LER R1 and destined to
that user equipment is classified by R1 by looking for the IP destination address in its
classification table. The classification result is UID 328 and FEC RAN4. The FEC is
then used as search index in the FTN in order to retrieve the outgoing label 7 and the
outgoing interface to R2. The packet can then be equipped with that outgoing label and
the UID 328 (either in an additional MPLS header or in a proper header) and be sent to
the outgoing interface to R2. The LSR R2 first looks into its HO ILM and uses the UID
328 as index. As the entry is empty, it looks into its ILM and uses the incoming label 7 as
index to retrieve the outgoing label 4 and the outgoing interface to R3. R2 then switches
the incoming label 7 to the outgoing label 4 and forwards the packet to the outgoing
interface to R3.

328



R3 processes the packet in an analogous manner so that the packet arrives at R4.
After R4 has found an empty entry in its HO ILM, it finds the EXPLICIT NULL label
in its ILM indicating that both the label and the UID have to be popped from the MPLS
packet. As the outgoing interface is a virtual interface of a handler for RAN4 the packet
can be treated appropriately and is finally delivered to RAN4 and the user equipment.

4.2 Operation during handover

In the following, it is assumed that the user equipment with UID 328 moves from its
current point of attachment belonging to the network whose NID is RAN4 to a target
point of attachment belonging to the network whose NID is WLAN6. As soon as the
user equipment decides to handover, it emits a HO Request message (step 1). The HO
Request message is an IP datagram with an IP source address of 137.226.12.196 and
destined to the SGSN the user equipment is attached to. Note that a user equipment
can be receiving traffic from several ingress LERs before and during handover so that it
would not be reasonable to have the user equipment send multiple HO Request messages
to these ingress LERs. Instead, the receiving SGSN should take care of duplicating and
forwarding the HO Request message.

The HO Request message contains among other information the UID 328, the NID
RAN4 of the network where the current point of attachment belongs to and the NID
WLAN6 of the network where the target point of attachment belongs to. On receipt of
the HO Request message, R4 first of all looks into its HO FTN using the NID WLAN6
as index to retrieve the handover outgoing label 6 and the handover outgoing interface to
R3. If the HO ILM, which can be considered as part of the ILM, does not already contain
an entry at the index of the UID 328, the two values are transferred into the HO ILM
at that index (step 2a) and the pending HO Response message counter is initialized with
0. Any arriving packet for the user equipment with UID 328 will from that point on be
forwarded on the handover LSP (not shown, thus not represented by a line) from R4 over
R3 and R8 to R6.

Next, R4 sends the HO Request message to all ingress LERs. For each ingress LER
and each LSP from that ingress LER to R4, R4 looks into its upstream map using as
index the NID RAN4 and the Router ID (RID) of the ingress LER in order to retrieve
the outgoing interface or interfaces, which is possible in the case of several LSPs, forwards
the HO Request message out on that interface (step 2b) or these interfaces and increases
the pending HO Response message counter in the HO ILM by one for each HO Request
message sent. Finally, R4 responds with a HO Response message (step 2c) to the user
equipment in order to acknowledge receipt and proper treatment of the HO Request
message.

All further LSRs processing the HO Request message execute similar operations. After
e.g. R3 has processed the HO Request message, further packets arriving at R3 for the
user equipment with UID 328 are redirected onto the LSP from R3 over R8 to R6 (dotted
line). When R4 receives the HO Response message from R3 (step 3c), R4 can decrease
the pending HO Response message counter. Only when that counter has become zero, R4
can delete the entry in the HO ILM. On receipt of the HO Request message (step 4b),
each ingress LER finally changes an entry in the classification map. R1 e.g. changes the

329



classification map for IP destination address 137.226.12.196 by substituting FEC RAN4
by the new FEC WLAN6 (step 5). Further packets arriving at R1 are then directly placed
onto the LSP from R1 over R7 to R6 (dashed-dotted line).

The number of LSPs that have to be established can be calculated as follows. Let
nGGSN , nSGSN and nall be the number of GGSNs, SGSNs and all nodes in the core
network, respectively. Further let nif be the maximum number of interfaces to external
networks in the case of a GGSN and to Radio Access Networks in the case of an SGSN.
Finally, let nuser be the maximum number of users allowed within the domain.

As mentioned previously, an LSP is needed from each GGSN to each SGSN for all
interfaces, i.e. the number of normal LSPs amounts to (nGGSN · nif ) · (nSGSN · nif ). A
handover LSP has to be established from each node to each SGSN, i.e. the number of
handover LSPs amounts to (nall−nSGSN) ·nSGSN +nSGSN ·(nSGSN −1). The total number
of LSPs thus amounts to nGGSN ·nSGSN ·n2

if +nSGSN · (nall−1) and equals O(n2
all ·n2

if ). In
contrast, when per-user LSPs are necessary, nGGSN ·nSGSN ·nuser LSPs have to be set up.
This equals O(n2

all · nuser). Typically, nif is less than or equal to four, whereas nuser is in
the range of millions. The reduction of the number of LSPs in the proposed MPLS-based
handover solution compared to the number of LSPs when per-user LSPs are deployed is
thus considerable.

4.3 Advantages

The main advantage of the presented approach is reduced handover delay and packet loss
when performing handover between points of attachment of different access technologies.
The MPLS solution is very efficient and powerful with respect to other IP-based solutions.
Further advantages are stated in the following.

– No expensive IP tunnelling: Mobile IP and its micro-mobility extensions are based
on IP tunnelling. Not only introduces IP tunnelling additional processing delay at the
tunnel endpoints, it also significantly increases the overhead through the additional IP
header. The advantage of MPLS is basically in reducing the additional overhead to a
minimum.

– No new IP address: Generally, when changing subnets, the user equipment has
to acquire a new IP address as a prerequisite for receiving and sending IP packets
on the new subnet. The time for acquiring the IP address as well as the time for
Duplicate Address Detection is usually very long. With the MPLS-based handover
solution presented in this paper, no new IP address is required when changing points
of attachment, thus reducing handover time considerably.

– Enhanced efficiency: Many handover solutions such as Mobile IP, Hierarchical Mo-
bile IPv6, most of the MPLS-based handover solutions presented in section 3, etc.
require a handover notification message be sent to a possibly very distant node (Home
Agent, Gateway Foreign Agent, etc.) before packets can be rerouted in direction of
the new point of attachment so that many packets are lost during the handover. With
the MPLS-based handover solution presented in this paper, packets are rerouted as
soon as possible, i.e. as soon as the handover notification message reaches a certain
hop, that hop starts rerouting the packets in direction of the new point of attachment
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so that the handover becomes more seamless. The advantage of the MPLS-based han-
dover solution is less handover delay and thus less packet loss. In the LEMA approach
(cf. [23, 24]), a comparable behaviour is only achievable if all nodes in the network are
LEMAs. However, in that case, a classification of IP packets would be performed at
every node which would be much less efficient.

– Capability of soft handovers: As MPLS is based on the establishment of LSPs,
packets can easily be duplicated on another LSP simply by adding a corresponding
entry into the ILM of the responsible LSR. An incoming MPLS packet would then
be label-switched twice, once on the original LSP and once on the handover LSP for
which the entry has been newly added to the ILM. If the two points of attachment
can be synchronized so that the duplicated packets are sent out simultaneously, soft
handovers are possible. Otherwise, duplicated IP packets arrive at the user equipment
which has to be dealt with and which could be considered as a disadvantage in that
case.

– Lighter protocol stack: When MPLS is deployed in the core network of cellular sys-
tems, the complex protocol stack containing (among others) the protocols GTP, UDP
and IP that are all used to transport user IP datagrams between GGSNs and SGSNs
can be substituted by a lighter one containing MPLS instead. This replacement would
considerably reduce network overhead and thus decrease processing and transmission
delay.

– Scalability: Some handover solutions propose to use host-specific routes to reflect the
current point of attachment of a user equipment. In cellular networks with millions
of user equipments, that approach cannot be considered as scalable. MPLS, however,
offers the possibility of grouping the traffic to all user equipments reachable via one of
the interfaces of an SGSN to a FEC and thus to a certain LSP. If a user equipment
changes the point of attachment and if that change results in the change of the interface
at the corresponding SGSN or the SGSN itself, its traffic is placed on HO LSPs that
are shared by the packets of all user equipments moving between the same points of
attachment. So no per-user routing is necessary which makes the MPLS approach a
scalable one.

4.4 Drawbacks

One disadvantage is certainly that the MPLS and RSVP-TE protocols have to be adapted
in order to take this solution appropriately into account. Both protocols originally have
not been conceived to consider mobility issues so that the solution cannot be implemented
without an adaptation of these two protocols. The LSP establishment can be done with
RSVP-TE. If necessary, new objects can also be deployed [25]. But it has to be considered
that for transmitting decapsulated IP packets on an outgoing interface the egress LER
has to implement the protocols of the corresponding access network since IP routing
between an SGSN and a point of attachment is not necessarily possible. The HO Request
and the HO Response messages could be integrated as new messages into the RSVP-TE
protocol for which the appropriate handlers would have to be programmed accordingly.
The upstream map might be replaced by standard RSVP-TE behaviour in which each
node stores in a Path State Block the previous node on the LSP. All these changes are only
minor ones and can be implemented without a great impact on implementation expenses.
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5 Conclusions

This paper has treated the issue of inter-technology handovers for converging wireless
systems. The focus has been on the core networks of cellular systems which are going to
be connected with access networks of a variety of different technologies.

Mobile IP and its extensions like HMIPv6, Mobile IPv4 Regional Registration and
Fast Handovers for Mobile IPv6 primarily suffer from considerable overhead through IP
tunnelling and long signalling delays. Other approaches such as HAWAII and Cellular IP
make use of host-specific routing table entries and can thus not be considered scalable.
Therefore, MPLS-based handover solutions have been analysed. It has been shown that
the existing MPLS-based handover solutions mainly suffer from the same long signalling
delays and cannot be deployed in cellular networks due to inherent scalability issues as
they make use of per-user LSPs.

The MPLS-based handover solution presented in this paper does not suffer from the
above-mentioned disadvantages. It keeps the overhead at a minimal level since no ex-
pensive IP tunnelling is necessary. It also keeps the outage time low because no new IP
addresses are required. Furthermore, it acts as soon as possible, i.e. as soon as the egress
LER receives the handover notification message. Since this is moreover done at all LSRs
on the path from the egress LER to the ingress LER, packets are continuously rerouted in
an optimal way without introducing high processing delays. The MPLS-based handover
solution presented in this paper is thus much better suited to support handovers of e.g.
real-time packet-switched services than any of the existing IP-based or MPLS-based so-
lutions. Finally, it does not make use of user-specific LSPs and can thus be considered
scalable.
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