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Abstract—Handover performance is very important when
evaluating IP mobility protocols. If not performed efficiently,
handover delays, jitters, and packet loss directly impact applica-
tion performance. We propose a new architecture for providing
efficient handover, while being able to coexist with other proto-
cols. We propose a paradigm for multicast-based micromobility
(M&M), where a visiting mobile is assigned a multicast address
to use while moving within a domain. The multicast address is
obtained using algorithmic mapping, and handover is achieved
using multicast join/prune mechanisms.

This paper outlines a framework for the design and evaluation
of micromobility protocols. We define a suite of protocols (called
candidate access router set) to enable multiple-access routers to
receive traffic for the mobile node. By changing the number of
such routers, timing, and buffering parameters, the protocol may
be fine-tuned for specific technologies (e.g., 802.11) and handover
scenarios.

Extensive NS-2 simulations are used to compare M&M with
other micromobility schemes—cellular Internet protocol (CIP)
and handoff-aware wireless access Internet infrastructure
(HAWAII). For proactive handover scenarios, our results show
that M&M and CIP show lower handover delay and packet
reordering than HAWAII. M&M, however, handles multiple
border routers in a domain, where CIP fails. Also, for scenarios of
reactive handover and coverage gaps M&M clearly outperforms
CIP and HAWAII.

Index Terms—Cellular Internet protocol (CIP), handoff-aware
wireless access Internet infrastructure (HAWAII), micromobility,
multicast-based micromobility (M&M), performance evaluation.

I. INTRODUCTION

THE GROWTH OF mobile communications necessitates
efficient support for Internet protocol (IP) mobility.

IP mobility addresses the problem of changing the network
point-of-attachment transparently during movement. When
the mobile node (MN) moves away from its current network
point-of-attachment, handover is invoked to choose another
suitable point-of-attachment. In such an environment, handover
latency and mobility dynamics pose a challenge for provi-
sioning of efficient handover.
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Several studies [1], [8] show that mobile IP (MIP) [3], the
proposed standard, has several drawbacks ranging from triangle
routing and its effect on network overhead and end-to-end de-
lays, to poor performance during handover due to communica-
tion overhead with the home agent. Several micromobility ap-
proaches attempt to modify some mechanisms in MIP to im-
prove its performance [4], [5]. However, as we will show, such
approaches suffer from added complexity and, in general, do not
achieve the best handover performance.

We follow a different approach to IP mobility using multi-
cast-based mobility (M&M) [1]. In such paradigm, each MN is
assigned a multicast address to which it joins through the access
routers (ARs) it visits during its movement. Handover is per-
formed through standard IP-multicast join/prune mechanisms.
Such approach, however, is not suitable for interdomain IP mo-
bility, for several reasons. First, the architecture requires ubiqui-
tous multicast deployment, which is only partially supported in
today’s Internet. M&M should be designed for incremental de-
ployment, and to allow coexistence with other IP mobility pro-
tocols. Second, the multicast state kept in the routers grows as
the number of MNs becomes larger. This problem may be alle-
viated using state aggregation [38]. Third, allocating a globally
unique multicast address for every MN requires a global multi-
cast address allocation scheme, and wastes multicast resources.
Furthermore, MNs incur security delay with every handover,
which may overshadow architectural mechanisms that attempt
to reduce handover delays.

To alleviate these problems, we propose new schemes for in-
tradomain M&M that allow for incremental deployment. In this
architecture, a MN is assigned a multicast address within a do-
main for use with micromobility. The allocated multicast ad-
dress is locally scoped (i.e., unique only domain-wide). This al-
lows for domain-wide address allocation schemes. Packets are
multicast-tunneled to the MN within the domain. The multi-
cast address of a mobile does not change throughout its move-
ment within the domain. This allows for lighter-weight security
during handover, as it is used for micromobility (i.e., intrado-
main).

In this paper, we present two different approaches to M&M,
one approach is based on mobility proxies and the other based
on a novel scheme for algorithmic mapping. We compare the
two approaches and show that algorithmic mapping provides a
more scalable and robust approach, and we also develop effi-
cient, yet simple, mechanisms to realize it.

Another main contribution of this paper is providing a frame-
work for the design of micromobility protocols. We introduce a
flexible architecture with a suite of protocols that allow groups
of ARs, called candidate access router set (CAR-set), to receive
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Fig. 1. M&M. As the MN moves, as in (b) and (c), the MN joins the distribution tree through the new location and prunes through the old location.

packets destined to the MN at various times. By changing the
number (and timing) of the ARs that simultaneously receive the
packets, and buffer parameters, the resulting protocol may be
fine-tuned to optimize performance for given scenarios.

We conduct extensive simulations to compare the handover
performance of our approach with other routing-based micro-
mobility schemes. The proactive handover performance results
show that our scheme performs as well as cellular Internat pro-
tocol (CIP) and much better than HAWAII. Furthermore, it han-
dles multiple border routers (BR) in a domain where CIP fails.
For reactive handover M&M has a clear edge over CIP. Improve-
ment in handover performance is achieved by a slight increase
in bandwidth overhead in the wired network.

We provide detailed and systematic analysis of such over-
head, and indicate favorable parameter settings of our protocols
for various handover scenarios.

The rest of the paper is outlined as follows. Section II intro-
duces M&M. Section III gives overview of the intradomain ar-
chitecture, and discusses the proxy-based approach. Section IV
describes the algorithmic mapping approach in detail. Section V
describes the proposed handover framework and the concept of
CAR-set. Section VI gives evaluation and comparison results.
Section VII discusses related work. Section VIII concludes the
paper.

II. MULTICAST BASED MOBILITY (M&M)

Performance during handover is a significant factor in eval-
uating performance of wireless networks. IP-multicast [25], [2]
provides efficient location independent packet delivery. The re-
ceiver-initiated approach for IP-multicast enables receivers to
join to a nearby branch of an already established multicast tree.
M&M [1], [8] uses this concept to reduce latency and packet
loss during handover.

In M&M, each MN is assigned a multicast address.
The MN, throughout its movement, joins this multicast ad-

dress through locations it visits. Correspondent nodes (CNs)
wishing to send to the MN send their packets to its multicast
address, instead of unicast. Because the movement will be to

geographical vicinity, it is highly likely that the join from the
new location, to which the mobile recently moved, will traverse
a small number of hops to reach the already-established multi-
cast distribution tree. Hence, performance during handover im-
proves considerably. An overview of this architecture is given in
Fig. 1. As the MN moves, it joins to the assigned multicast ad-
dress through the new AR. Once the MN starts receiving packets
through the new location, it sends a prune message to the old
AR to stop the flow of the packets down that path, thus com-
pleting the smooth handover process. In spite of its promise, we
believe that many issues need to be addressed to realize M&M
in today’s Internet. These issues include scalability, multicast
address allocation, multicast deployment and security.

Scalability of Multicast State: The state created in the routers
en-route from the MN to the CN is source-group (S, G) state.
With the growth in number of MNs, and subsequently, number
of groups (G), the number of states kept in the routers increases.

In general, if there are “ ” MNs, each communicating with
“ ” CNs on average, with an average path length of “ ” hops,
then the number of states kept in the network is “ ” states.
Clearly, this does not scale well for the number of hosts in the
Internet.

Multicast Address Allocation: Interdomain M&M requires
each MN to be assigned a globally unique multicast address.
Using a global multicast address for each MN may be wasteful
and requiring uniqueness may not be practical.1

Ubiquitous Multicast Deployment: Interdomain M&M
assumes the existence of interdomain multicast routing, which
is not widely deployed. We believe, however, that incremental
deployment and interoperability should be an integral part of
any architecture for IP mobility.

Security Overhead: Security is critical for mobility support,
where continuous movement of mobiles is part of the normal
operation. Such setting is prone to remote redirection attacks,
where a malicious node redirects to itself packets that were orig-
inally destined to the mobile. The problem is even more complex
with multicast, where any node may join the multicast address

1Multicast address allocation is an active area of research [15]. We envision
the number of MNs to grow tremendously.
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Fig. 2. Reference mobility domain network.

as per the IP-multicast host model. These security measures are
complex and may incur a lot of overhead. If such measures are
invoked with every handover, however, it may overshadow the
benefits of efficient handover mechanisms.2

To address the above issues, we propose a new approach for
intradomain M&M.

III. INTRADOMAIN ARCHITECTURAL OVERVIEW

Our intradomain architecture, a MN is assigned a multicast
address to which it joins while moving. The multicast address,
however, is assigned only within a domain and is used for micro
mobility. While moving between domains, an interdomain
mobility (e.g., MIP) protocol is invoked. In MIP [3], every MN
is assigned a home address and home agent (HA) in its home
subnet. When the MN moves to a foreign subnet, it acquires
a care-of-address (COA) through a foreign agent (FA). The
MN informs the HA of its COA through a registration process.
Packets destined to the MNs home address are intercepted by
the HA in the home subnet, then it tunnels them to the MNs
COA. This is known as triangle routing. We will use the MIP
model to discuss interdomain routing in the following sections.

Several mechanistic building blocks are needed to realize
our proposed architecture. First, when the mobile moves
into a new domain it is assigned a multicast address. What
is the address allocation scheme? Second, packets destined
to the mobile are multicast-tunneled by an encapsulator to
the MN. How are the encapsulator(s) selected and where
are they placed? To answer these questions, we investigate
two different approaches: 1) proxy-based architecture and
2) algorithmic mapping architecture. We first describe below
the reference architecture of a mobility domain, and then
discuss the proxy-based scheme. We discuss the algorithmic
mapping scheme in Section IV.

A. Reference Architecture

We consider an IP network for a single domain, as shown in
Fig. 2. The network is connected to the Internet through BRs.
An access point (AP) is the radio point of contact for a MN. A
number of APs are connected to an AR. From the AR’s point
of view, each AP is a node on a separate subnet. When a mo-
bile moves from one AP to another without changing AR is an

2Providing a comprehensive security solution for IP mobility is beyond the
scope of this work. We believe, however, that our scheme relaxes security re-
quirements during handover.

Fig. 3. Event sequence as the MN moves into a domain.

intra-AR handover case that can be specific to AR implementa-
tion and is not considered in this paper. In this paper, we discuss
the inter-AR handover when a mobile is said to handover from
old AR to new AR . We use this terminology
throughout the rest of the paper.

When a mobile is connected to a domain it is assigned a uni-
cast care of address that is unique within the domain, called re-
gional care-of-address (RCOA). It is also assigned a multicast
care-of-address (MCOA). The RCOA is a globally routable ad-
dress, which is used to route packets (destined to the mobile)
in the Internet to the domain. The MCOA is used for routing
packets within the domain, hence, the scope of the MCOA is
local to the domain and there is no need to assign a new unicast
COA at every subnet when the mobile moves from one AR to
another. The RCOA is a unique unicast address that can be as-
signed from any subnet in the domain not necessarily from the
subnet of the first AP, where the mobile is connected when it
moved to the domain. This makes the RCOA assignment simple
because it does not run into the risk of address exhaustion at a
subnet that is the first subnet for a large number of mobiles when
they moved to the domain [42].

If the domain is not the home domain for the MN, then it
performs interdomain handover using interdomain mobility pro-
tocol such as MIP. In this case, it registers the RCOA with the
home agent.

Before explaining the address allocation and management we
describe the proxy-based approach and discuss the problems as-
sociated with it.

B. Proxy-Based Architecture

When a MN moves into a new domain, it contacts its AR. The
AR performs the necessary per-domain authentication and secu-
rity measures, and then assigns RCOA for the MN. As shown
in Fig. 3, the AR then sends a request message to the mobility
proxy (MP) to obtain a multicast address for the visiting MN.
The request message includes the home address of the MN and
its home agent’s address. Upon receiving the request the MP
performs two tasks. The first is to register on behalf of the MN
its own address as COA with the MNs home agent. The second
task is to assign a multicast address for the visiting MN, send
a reply message to the AR and keep record of this mapping.
The mapping is used for packet encapsulation later on. In this
scheme, the MP remains transparent to the MN, which makes
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the placement of MPs within the domain flexible without noti-
fying every MN.

Once this step is complete, the visiting MN joins the assigned
multicast address (G). The joins are sent to the proxy-group
pair (MP, G) and are processed as per the underlying multicast
routing. The MN continues to move within the domain using the
same multicast address. The scope of the assigned multicast ad-
dress is local to the domain. Handover is performed using stan-
dard join/prune mechanisms and only lightweight intradomain
security is required in this case.

Packets sent to the MNs home address are tunneled by the
HA to the MP using interdomain mobility. The packets are then
encapsulated by the MP, based on the recorded mapping, and
sent down the multicast tree to the MN. The MN uses the unicast
RCOA for sending packets. To avoid single-point-of-failure sce-
narios multiple MPs are used. These MPs are typically placed
at the border of the domain or at the center of the network.3 An
algorithm similar to [24] may be used for dynamic MP liveness
and election mechanisms.

Several issues need to be addressed in the above architec-
ture. First, the MPs need to maintain unicast-to-multicast ad-
dress mapping for all visiting MNs. The scalability of such a
scheme is of question. Second, complex robustness algorithms
are needed to maintain MP liveness information, requiring ini-
tial configuration and setup. Third, the service disruption effect
of MP failure is not clear. Since the MP registers its own ad-
dress with the home agent and is used to encapsulate incoming
packets, this introduces a third-party-dependence problem that
is undesirable. In addition, MPs should run a multicast address
allocation scheme to ensure collision-free address assignment.
This scheme needs modification in MIP to handle indirect home
registration via MP.

To address these problems we propose a novel approach
based on algorithmic mapping that obviates the need for
explicit unicast-to-multicast mapping, and eliminates the need
for complex address allocation.

IV. ALGORITHMIC MAPPING ARCHITECTURE

This section provides detailed address management, dupli-
cate address detection, and inter-AR handover.

A. Overview

In this scheme, we assume there is a one-to-one mapping be-
tween an RCOA and MCOA. When a MN moves into a new do-
main it is assigned RCOA in the domain and it performs interdo-
main handover; i.e., it registers the RCOA with its home agent.
The AR automatically infers the multicast address (MCOA) for
the MN from the assigned unicast address (RCOA) through a
straight forward algorithmic mapping, described later in this
section. The AR then triggers a Join message for MCOA to es-
tablish the multicast tree. Packets destined to the MNs home ad-
dress are tunneled to its RCOA by the HA. When these packets
arrive in the foreign domain they are identified by the BR as
being destined to a node on a subnet in the domain. As shown
in Fig. 4, the BR maps the destination unicast address to the
multicast address and transmits the packets to the MN down

3Network center are nodes with min(max distance) to any other node [26].

Fig. 4. Architectural view: A packet is unicast to the RCOA and arrives at the
BR for the MN. The BR intercepts the packet and performs algorithmic mapping
from the RCOA to MCOA. The packet is then multicast within the domain.

the multicast tree. The serving AR changes the destination ad-
dress from multicast to the unicast address. The mapping is con-
strained to allow restoration of RCOA. Since the destination ad-
dress is modified twice within the network and restored to the
RCOA by the AR, the packet does not cause security associa-
tion violation at the MN.

This architecture provides several advantages over the proxy-
based approach. First, it avoids the third party dependence on
the MP. Second, since algorithmic mapping is used, no explicit
RCOA-MCOA mapping is kept or maintained at any node in
the network, which solves the mapping scalability problem and
provides a more robust mechanism. The mapping function can
be performed by any node in the network including BR. Hence,
this scheme allows forming multicast shared tree rooted at BR,
where all the multicast enabled routers keep state. In
this case, a router keeps the amount of state proportional to the
number of MNs connected through the router.

B. Address Management

The number of multicast addresses required is proportional
to the number of MNs in the domain. The scope of an MCOA is
local to the domain where it is used. Both IPv4 and IPv6 multi-
cast addressing provides facility to define scope within the ad-
dress [32], [43]. In this section, we describe a mapping scheme
for both IPv4 and IPv6 address architecture.

1) IPv4 Addressing: The standard IPv4 address is composed
of three subblocks, namely, Net ID, Subnet ID, and Host ID [44].
The Net ID is common for the addresses assigned within the do-
main, and is mainly used for routing outside the domain. Hence,
losing the Net ID when mapping from RCOA to MCOA is re-
storable at the AR. The MCOA is assigned from
multicast address block that is set aside for administratively
scoped multicast addresses [43]. A simple mapping between
RCOA and MCOA is shown in Fig. 5(d).

2) IPv6 Addressing: The standard IPv6 unicast and multi-
cast address architectures [32] are shown in Fig. 5(a) and (b).
We modify the group bits to include interface ID as the group
ID. The remaining reserved bits of the group ID are ignored
by multicast routing. The 64-bit interface ID address space
is large enough for all the mobiles within a domain, hence, a
single subnet ID, called m-subnet, can be set aside for assigning
RCOA. We also define a new scope: micromobility scope with
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Fig. 5. Algorithmic mapping.

value 0 6. The SLA is a 16-bit long field, used to create local
hierarchy and identify subnets [33].

The TLA ID is common to all the addresses assigned within
the domain, and is mainly used for routing outside the domain.
Hence, losing the TLA ID when mapping from RCOA to
MCOA is restorable at the AR. The BR forms the MCOA by
replacing the FP, TLA ID bits of the RCOA with the multicast
FP, flag (0000), scope (0110) values. When the packet arrives

at the serving AR it recovers the RCOA by replacing the FP,
flag, scope bits with the FP, TLA ID bits, as shown in
Fig. 5(c). This provides a simple, yet very efficient and unique
algorithmic mapping.

The mobile acquires RCOA on the -subnet through either
DHCP [34] or auto-configuration. For auto-configuration

-subnet address needs to be advertised by every AR in their
router advertisements (RA) [37]. The auto-configuration re-
quires duplicate address detection (DAD) [35] on every subnet.
In our scheme, the mobile obtains RCOA and MCOA once
it is connected to the network. We propose a scheme in [39]
that detects address duplication within the -subnet, which is
performed once at the AR during initial address assignment.
The mobile afterward is able to move freely without running
DAD at any other AR. In any case, when a mobile first connects
to the network it performs high latency operations such as
reconfiguration of the node itself and in some cases interdomain
handover, which overshadows the duplicate address resolution
latency.

C. Implementation Outline

The M&M solution using algorithmic mapping can be im-
plemented using multicast shared tree, e.g., PIM-SM [2], where
the shared tree is rooted at the rendezvous point (RP). For M&M
implementation the RP can be co-located at a BR. All CAR-set
member routers join the shared tree to the BR. Alternatively, the
RP can be any router in the network, and the BR simply acting as
the source for all the packets entering the network deliver them

to the RP to forward the packets down the shared tree. By sep-
arating the node performing algorithmic mapping (BR) and the
root of the shared tree (RP), we can accommodate multiple BRs
in a network. The flexibility comes at the expense of possible re-
duction of routing efficiency, because packets are first tunneled
to the RP and then delivered to the MN through the multicast
tree. To alleviate this situation the BRs may be configured as
candidate RP for the MCOA prefix, thus ensuring that one of
the BRs becomes the RP. However, both HAWAII and CIP do
not handle well the case where a domain contains multiple BRs.
In particular, if packets enter the domain through one BR and
leave through another BR, routing in CIP fails. M&M relies on
the underlying multicast protocol to handle multiple BRs in a
domain, which is often the case.

V. HANDOVER FRAMEWORK

When a mobile moves from one AR to another, a handover
event takes place between the two routers. The network-level
handover to the new AR involves: 1) the router detection (and
possibly a new subnet detection); 2) association at the new AR;
and 3) route repair that is path setup inside the network to redi-
rect the incoming traffic flow to the new AR. In proactive han-
dover, the identification of the new AR is known to the MN
a priori to its disconnection from the old AR. This advanced
knowledge of the new AR can be used to initiate a mechanism
for avoiding packet losses and accomplishing a smooth han-
dover, i.e., handover with low packet loss. For example, a tunnel
between the old and new AR can be setup to move the packets
to the new AR as soon as the MN is disconnected from the old
AR and before any route repair is performed inside the network
[21], [31]. Alternatively, the route repair process may be initi-
ated directly by bicasting packets to both ARs. In reactive han-
dover, an abrupt disconnection from the old AR may cause the
MN to switch over to the new AR, which may happen in some
break-before-make handover model [42]. It occurs when a MN
moves out of the coverage area of the old AR; due to obsta-
cles, lack of cell overlap, etc.; and then enters the coverage area
of the new AR. Some wireless technologies, e.g., IEEE 802.11,
only support reactive handover. The route repair in this case can
only be initiated from the new AR, hence tunneling and bicas-
ting (from the old AR) cannot avoid packet loss.

Dealing with reactive handover requires predicting the new
AR and setting up path proactively to it. In some cases, the
new AR can be predicted with some degree of accuracy, for
example when the vehicles move in a known trajectory. To
improve the degree of accuracy a set of potential new access
routes can be formed. Since bicasting is limited to sending
packets to one new AR, it cannot be used for proactive path
setup in many circumstances, and extending bicasting to send
packets to multiple ARs is basically reinventing multicasting.
The M&M, on the other hand, by virtue of being a multicast
protocol, is able to send packets to multiple (two or more) ARs
simultaneously. Multicasting allows proactive path setup to the
new AR before the mobile is actually connected to it. This can
minimize packet losses in reactive handover, where bicasting
fails. Moreover, since bicasting is a special case of multicasting,
multicasting-based solution, e.g., M&M, performs equally
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Fig. 6. M&M handover framework.

well for achieving proactive handover. Thus, M&M provides a
comprehensive mechanism of achieving smooth handover in all
handover situations. In this section, we describe one handover
scheme where proactive path setup is used to achieve smooth
reactive handover.

A. Framework

We define the set of potential new ARs as the candidate access
router set (CAR-set). The routers in the CAR-set are adjacent to
the serving AR. The adjacency can be established based on the
adjacency of the radio coverage area of the serving AR, for ex-
ample in the case of cellular wireless network. The serving AR is
called the Head of the CAR-set. Thus, there is a unique CAR-set
defined for every AR. For example, in Fig. 7, AR1–AR7 consti-
tute a CAR-set for AR1, which is the serving AR for the mobile.
The CAR-set members join the multicast group, MCOA, to re-
ceive the packets destined to the MN. Hence, the mobile can
move to any router in the CAR-set without interruption in the
packet flow.

The membership of CAR-set is dependent upon a number
of factors, such as the handover type and the desired predic-
tion accuracy, among others. For example, if the new AR is
known a priori of handover, then the CAR-set contains only
one member that is the new AR. The membership is determined
by the CAR-set prediction algorithm. Fig. 6 shows a CAR-set
based handover framework. The CAR-set prediction algorithm
is triggered at certain time by an event , where is called
as the trigger and the trigger time. In Fig. 6, three triggers
are shown to illustrate the proactive and two reactive handover
cases. They are defined as follows.

1) Source Trigger: As defined in [31], the source trigger is
generated at the old AR prior to the mobile’s disconnec-
tion. It indicates the onset of handover condition and con-
tains the identification of the new AR.

2) Path Trigger: It is generated at the old AR anytime, while
the mobile remains connected to the old AR. It contains
the path vector of the mobile indicating future ARs (cells)
to be visited. For example, routes taken by vehicles on
the road are either often known or predicted with good
accuracy.

3) No-Path Trigger: It is generated at the old AR anytime,
while the mobile remains connected to the old AR. It con-
tains no indication for future ARs (cells) to be visited by
the mobile. This indicates an extreme case for proactive
handover where all the adjacent routers (cells) of the old
AR are potential new AR.

The trigger contains hints for the potential new AR(s) and is
used to launch a particular prediction algorithm. Multiple trig-
gers may be used in a single system, with different triggers under
different handover conditions. The CAR-set member routers re-
main joined to the multicast tree between the trigger time
and the time the mobile is connected to the new AR, called .

Fig. 7. Handover across CARS.

Hence, the trigger time plays a significant role in achieving
the quality of handover and system efficiency. This is further
discussed in the Section V-C.

B. CAR-Set Handover Algorithm

The CAR-set handover algorithm described in this section
accomplishes proactive route repair by initiating multicast join
from the old AR ahead of link-level handover. All member
routers of the CAR-set join the multicast tree corresponding to
the mobile’s MCOA. They remain joined to the tree as long as
the mobile is not connected to the new AR. The prune process
is initiated by the new AR after the mobile achieves a stable
network-level connectivity in its coverage area. To simplify the
discussion of the handover algorithm in this section we consider
that the CAR-set is formed as a result of No-Path trigger and
it constitutes all adjacent routers of the serving router that can
be determined statically. A site-local multicast group address
is assigned to the CAR-set, called the CAR-set group address
(CGA). Every AR that is a member of the CAR-set must join
the corresponding CGA, which serves as a control channel for
the members to exchange the control signals. For example, in
Fig. 7, all the ARs surrounding AR1 join CGA1 to become
members of AR1’s CAR-set (CGA1). Similarly, AR1 must
also join six other CAR-sets corresponding to adjacent routers
AR2–AR7.

We define four control signals as follows.
J-message causes the receiving router to join the multicast

group identified in the message. It is generated by the router
receiving the trigger at time and is sent to the CAR-set.

1) HO message causes the receiving router to generate
L-message. It is transmitted by the new AR to the old
RA. Its parameters include the mobile’s RCOA and
MCOA.

2) L-message causes the receiving router to leave the mul-
ticast group identified in the message. It is generated by
the old AR after receiving the HO message and is sent to
the CAR-set group.

3) HOA message is the acknowledgment of HO message
causing the receiving router to stop retransmitting HO
message. It is transmitted by the old AR to the new AR.

We explain the handover algorithm by using the example
depicted in Fig. 7. Consider the MN moving from AR1 to AR5.
When connectivity is established between the MN and AR5,
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Fig. 8. Handover state at AR4 (a) when MN1 is connected to AR1 and (b)
after MN1 moved to AR5.

AR5 checks for an active trigger corresponding to the CAR-set
join for the MN. If it finds an active trigger, then it multicasts
a J-message MCOA to the members of its CAR-set (CGA5)
requesting them to join the mobile’s MCOA. In this case,
at AR5 is the time when the MN is connected to AR5. It then
sends HO RCOA, MCOA message to AR1 to initiate the
prune process. When AR1 receives HO message it multicasts
an L-message MCOA to members of its CAR-set (CGA1)
requesting them to leave the MCOA. It also sends HOA
message to the new AR acknowledging the reception of HO
message. The reception of HO message by the old AR signifies
that the mobile is connected to the new AR. The initiation of
L-message at the old AR cannot be triggered by the reception
of J-message from the new AR. The distinct HO message is
required to communicate this event to the old AR because the
old AR is not guaranteed to be a member of the CAR-set of the
new AR so to receive its J-message. Furthermore, the CAR-set
prediction algorithm at the new AR may be triggered at some
later time causing unnecessary delay in the prune process
resulting in the multicast overhead traffic as discussed in the
next section.

Although the ordering of messages ensures
that L-message is initiated after the J-message, the order of mes-
sage reception, however, is not guaranteed to both CAR-sets.
Depending upon the order of arrival of J and L messages at an
AR that is a member of both CAR-sets, it may leave the MCOA
whereas it is supposed to have remained joined to that group.
To ensure consistency between the Join and Leave messages we
introduce the following mechanism. Each AR maintains han-
dover state corresponding to its CAR-set membership status in a
4-tuple MCOA, serving AR (SR), CGA, state table. The table
contains an entry corresponding to every mobile roaming in a
CAR-set of which the AR is a member. There are two states de-
fined: Joined and Left. The rules for updating the table specify
that an AR only accept L-message for a MCOA, if the source
of the L-message matches the SR in the MCOAs entry (i.e., the
AR has joined the MCOA on the request of the same SR). Oth-
erwise, the L-message is discarded. The AR accepts all J-mes-
sages and creates/updates the related MCOA entry to include
the source of the J-message (as the SR), CGA to the SRs CGA
(as the entry’s CGA), and the state to Joined.

Consider the example shown in Fig. 7. Assume that the
mobile’s MCOA is MG and after power up in the domain it
connects to AR1, which then multicasts a J-message to its

CAR-set (CGA1). When AR4 receives the J-message, it joins
MG and creates an entry corresponding to the MCOA in Joined
state as shown in Fig. 8(a). Later, when the MN moves to AR5
it becomes the new serving router. Then, AR5 sends a multicast
J-message to its CAR-set (CGA5) followed by a HO message
to the old serving router AR1. Since AR4 is a member of both
CGA1 and CGA5, it receives both J-message from AR5 and
L-message from AR1. After receiving the J-message the table
entry is updated as shown in Fig. 8(b). If received after the
J-message, the L-message is discarded. Thus, AR4 remains
joined to MG. If received before the J-message, however, the
L-message may cause AR4 to leave the MG, which interrupts
packet flow to AR4 until it receives the J-message and joins the
MG group. In case of unintended interruption, it may be mini-
mized by delaying the leave operation. Any delay introduced in
the leave operation must be controlled considering the multicast
overhead as discussed in the next section. In most cases, the
HO message delay is sufficient to minimize the unintended
interruption. In case of being some later time after the MN
is connected to the new AR, the interruption is intended.

The reliable exchange of HO-HOA messages ensures the ini-
tiation of L-message. To deal with the loss of L-message or crash
of the SR, a soft-state mechanism is used for maintaining han-
dover state. A timeout is associated with the Joined state upon
whose expiry the AR prunes the multicast tree and changes the
state to the Left state. The SR refreshes the Joined state at the
CAR-set member routers by periodically sending J-message. It
can send a single J-message for a number of mobiles having
the common CAR-set. To avoid wasting the radio bandwidth
due to control traffic caused by the periodic J-message transmis-
sions, the SR can include the timeout for the joined state in the
J-message equal to an estimate of the sum of handover latency
and remaining dwell time. It then sets up the J-message period
equal to less than the timeout value. If it does not receive HO
message during that time, then it retransmits the J-message with
the new timeout value based on the current estimation of han-
dover latency and the remaining dwell time. This scheme will
reduce the number of J-message retransmission for refreshing
the Joined state. A garbage collection scheme can be employed
that periodically checks the table to purge all the entries that are
in the Left state and consequently prune the corresponding mul-
ticast trees.

C. CAR-Set Multicast Overhead Control

Multicasting packets to the CAR-set improves handover per-
formance at the cost of added overhead of packet replication
over wired links leading to the ARs that belong to the CAR-set.
The extent of overhead depends upon the network topology, the
size of the CAR-set, and the duration for which member routers
remain joined to the multicast tree. The CAR-set protocol does
not use any bandwidth in the wireless links of the ARs. For a
given MN, let the path from the BR to the MN contain links
on average. This is the path from the BR to the serving AR to the
MN. Also, let be the number of ARs other than the serving AR
in the CAR-set. Hence, the CAR-set is ,
where AR0 is the serving AR. Furthermore, let be the number
of links leading from to the nearest point already branch
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from the BR to AR0, where . If we measure
the overhead by the number of additional links traversed by the
replicated packets, then the overhead is , called Lsum. The
ratio gives the measure of additional links carrying
replication traffic due to packet replication for a given MN con-
nected to AR0. The upper bound for the total replication traffic
on the additional links for AR0 is , where is the
number of MNs connected to AR0.

The replication traffic on a link consumes link bandwidth pro-
portional to , where is the number of ARs for which the
link is an additional link carrying replication traffic and is the
wireless bandwidth for each AR. Typically, wireless bandwidth
is much smaller than the bandwidth of the wired links and it
constrains the traffic (including the replication traffic) over the
wired links.

We adopt a two-dimensional approach to reduce the repli-
cation traffic by limiting the size of the CAR-set (spatial con-
trol) and the duration (temporal control) for which the replica-
tion is performed in the network. In this paper, we illustrated
the handover algorithm with a simple static CAR-set prediction
algorithm using no-path trigger, however more dynamic algo-
rithms can be designed by identifying the highly probable new
ARs. The trigger time can be used to reduce the duration
of the replication traffic. In situations where can precisely
define the handover condition, the temporal control will cause
replication traffic for short time. For less precise we present
following heuristics that can potentially reduce the overhead
significantly.

1) When the old AR detects that the received signal strength
(RSS) at the MN is below certain threshold defined to in-
dicate the imminent handover condition, it then triggers
the prediction algorithm causing the ARs in the CAR-set
to join the multicast group. To avoid packet loss, the han-
dover condition must be detected early enough to provide
time margin before the actual handover, to cover the mul-
ticast join latency. Once the MN is connected to the new
AR, the CAR-set members leave the group as described
above. Thus, the overhead due to the replication traffic
is reduced to only the fraction of the time during which
the CAR-set remains joined to the multicast group, that
is only as long as the handover condition exists. This is
different from the proactive handover because it does not
require precise identification of the new AR.

2) In situations, such as 802.11, where the MN does not re-
port RSS to the AR, lack of a number of acknowledg-
ments over a short time can be used as the trigger for the
imminent handover condition.

3) In many cases, the current velocity of the MN is known,
for example, in case of moving vehicles on the road [45],
which can be used to compute the expected dwell time as

, where is the size of the coverage area of the
AR. The expected departing time, , can be
used to compute the trigger time , where
is the estimated multicast join latency and is the time
when the MN is first connected to the AR.

The combination of temporal and spatial controls can reduce
the overhead significantly. For example, the path trigger and

the estimation using mobile’s velocity (as explained above)
can be used to reduce the replication traffic. In Section VI, we
simulate two variants of the CAR-set protocol and discuss their
performance.

VI. EVALUATION AND COMPARISON

In order to evaluate the performance of M&M and compare it
with other known schemes, and conducted detailed simulations
for CIP [20], HAWAII [21] and M&M—the three routing-based
mobility solutions.4 We modified the network simulator, ns-2
[17] to incorporate M&M. We changed the implementation of
MN and AR to add mobility detection, handover algorithm, and
multicast routing.

Before describing the details of our performance evaluation,
we briefly summarize cellular IP (CIP) [20] and HAWAII [21].
Within a domain, CIP installs unicast mobile specific routing
entries on the path from the root (or border) router to the local
area network (LAN) in which the MN resides. The path is up-
dated as the MN moves from one LAN to another. During han-
dover, the MN may have routing entries to both the LANs, thus
enabling the MN to receive packets from both the LANs (called
bicasting). HAWAII also installs mobile specific routing entries.
It supports a number of handoff optimization schemes. Here,
we focus on multistream forwarding scheme (MSF). In MSF,
when the mobile gets out of range of an AR, the AR buffers the
packets. When the handover occurs, the MN sends a message to
the old AR and the old AR forward the buffered packets to the
new AR serving the MN.

A. Performance Metrics

We used the following performance metrics to evaluate the
performance of M&M and compare it with CIP and HAWAII.

• Handover delay is defined as the difference between the
time at which the MN received the last packet from the
old AR and the first packet from the new AR.

• Depth of packet reordering is measured as the maximum
difference in the sequence numbers of adjacent packets.
This is a rough indicator of the size of the buffer needed
to resequence the out of order packets.

• Packet duplication is the total number of packets dupli-
cated in a single handover. For bicasting and multicas-
ting schemes, this is measured as the duration for which
reordering occurs. Since CBR traffic is used, reordering
duration (duration for which the MN is in the radio cov-
erage of more than one BS) gives an estimate of how many
packets can be duplicated irrespective of the packet rate at
the source.

• Routing efficiency is defined as the ratio of the number of
hops between the root of the tree and the MN to the number
of hops on the shortest path between the two. This gives a
qualitative comparison of routing efficiency.

• Packet loss is the measure of the number of packets lost
during handover.

• Bandwidth overhead due to handover is the measure of
the extra bandwidth used by the CAR-set based handover

4We have also compared our scheme with hierarchical MIP [27] and seamless
handoff [31] schemes using route-based analysis. Please refer to [39] for details.
As was shown in [39], M&M achieved the min handover delay and min overhead
among the three classes.
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scheme, over the bandwidth actually used to deliver
packets to the MN.

Mobility detection need not necessarily be a part of the micro-
mobility protocol as this can be better achieved with additional
information from lower layers.

B. Simulation Scenarios

To study the factors affecting the performance of the mi-
cromobility protocols, we simulated a rich set of scenarios in-
cluding tree topologies of varying depth ranging from 3 to 6.
The link bandwidths were fixed at 10 Mb/s for wired links with
delays varied from 10 to 5 to 2 ms for all links. Detailed 802.11
models in ns-2 were used. For scenarios involving overlap in
wireless coverage, the overlap was set to 30 m. We also simu-
lated scenarios with varying gaps in radio coverage. To take into
account the velocity of MN and the actual gap in coverage,
we consider the time for which the MN is out of range of
both BSs. Beacons spacing 20 ms apart are used for mobility de-
tection. State timeout of 1 s (as lower bound) is set for the multi-
cast protocol. We have used CIMS extensions of ns-2 that imple-
ment CIP and HAWAII.5 In addition, we developed our own ex-
tensions of ns-2 to support M&M. Bicast and CAR-set (passive
and triggered) handover mechanisms were employed for M&M.
Semi-soft handover and multistream forwarding (MSF) [21], re-
spectively used with CIP and HAWAII. When applicable, both
M&M and CIP use bicast technique whereby packets are bicast
to both old and new ARs from a crossover point within the net-
work. In contrast, HAWAII uses buffer and forward technique
where the old AR buffers the packets and forward them during
route repair. We used random mobility model with mobile ve-
locity at 30 m/s to generate the mobility pattern for the MN. A
400 kb/s CBR traffic source placed at the root of the tree, with
packet size of 512 bytes and 10 ms/packet was used. To avoid
the side effects of mechanisms of other protocols (like conges-
tion control mechanism of TCP) affecting the handover delay
and packet delivery performance, we chose CBR over UDP.

C. Simulation Results

We conducted simulations over different topologies, varying
parameters like link delays and gaps in radio coverage. Since
mobility detection mechanism is not a part of the protocol, sim-
ulations were set-up such that mobility detection always suc-
ceeded (when there were no gaps in radio coverage) when the
MN moved from one AR to another. This was to prevent loss
of packets due to failure of the underlying mobility detection
scheme. To evaluate scenarios involving gaps in coverage, we
consider packet loss and handover delay as the metrics.

Results for different topologies show similar trends. Hence,
and for illustration, we only show results for a simple tree
topology with depth 3, shown in Fig. 9.

The graphs in Figs. 10–13 for scenarios involving no gaps in
radio coverage follow a common format. Each graph shows data
for M&M, CIP and HAWAII (in that order from left to right).
The axis shows three sets of data corresponding to link delays
of 10 ms, 5 ms, and 2 ms (again from left to right) for each
protocol. Path lengths from the fork (crossover) router to old
and new ARs vary along axis. For example, “3, 2” means path

5We used the Columbia IP Micromobility Suite (CIMS) at http://comet.ctr.co-
lumbia.edu/micromobility/software.htm

Fig. 9. Simple tree topology.

Fig. 10. Handover delay.

length of three hops from the fork router to the old ARs and two
hops from the fork router to the new AR. The axis shows the
performance parameters under evaluation.

Fig. 10 illustrates the handover delays incurred by M&M,
CIP, and HAWAII with link delays 10, 5, and 2 ms. From the
graphs, we observe that the handover delay for M&M and CIP
is small as compared with that of HAWAII. Both CIP and M&M
use bicast, which causes smooth handover with negligible han-
dover delay. Whereas, HAWAII using the MSF, a buffer and for-
ward scheme that consistently incurs long handover delays.

Fig. 11 shows the depth of reordered packets. We measured
depth of reordering instead of the number of packets reordered
because it indicates the size of buffer needed to resequence the
out of order packets. It is obvious from the graph that the depth
of reordering is small for M&M and CIP, whereas it is large
for HAWAII. For M&M and CIP, it hardly goes beyond one,
whereas for HAWAII up to five packets are reordered. The out of
sequence packets in M&M and CIP are dependent on the differ-
ence in the link delays from fork router to old and new ARs. The
greater the difference, the greater will be the depth of reordering.
(The minor differences in out of sequence depth and reordering
duration of M&M and CIP in Figs. 11 and 12 can be attributed
to minor implementation differences). In case of HAWAII, the
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Fig. 11. Maximum difference in sequence numbers of consecutive packets.

Fig. 12. Reordering duration.

depth is large because the old AR buffers packets and then for-
ward it to the new AR via the crossover router. The crossover
router also forward the incoming packets to the new AR at the
same time. This results in packets reaching the new AR out of
order. Depth of reordering is dependent on the buffering dura-
tion and the link delays from the cross over router to the old
AR. It is important to observe the duration for which reordering
of packets occur. In M&M and CIP, reordering occurs as long
as bicasting is done. However, in HAWAII, reordering duration
depends on the number of packets buffered at the old AR and
the link delay from the old AR to the crossover point.

The duration for which reordering of packets occurs indi-
cates an estimate of the amount of packet duplication caused
by a scheme. Fig. 12 shows the reordering duration incurred by
the three schemes. As previously mentioned, in case of M&M
and CIP, the reordering occurs as long as bicasting lasts causing
large number of packet duplication as shown in the figure. For
HAWAII, reordering duration depends on the number of packets
buffered at the old AR and the link delay from the old AR
to the crossover point, which shows relatively low number of
duplications.

Fig. 13. Packet loss for reactive handover.

M&M uses the multicast path to route packets to the MN.
In many cases (and in our simulations), the BR acts as the root
(RP) of the multicast tree. CIP uses the shortest path along the
reverse path from the MN to the BR to route packets from the
BR to the MN. In most cases, the routing in M&M is as efficient
as CIP. In the case of HAWAII, routing is a function of topology
and node mobility, which is generally less efficient than that of
M&M and CIP.

D. Reactive Handover

M&M has a clear edge over any other unicast based micro-
mobility protocol (e.g., CIP and Hawaii) during reactive han-
dover. This is mainly due to the CAR-set protocol that enables
multicast to multiple ARs. In this section, we evaluate two ver-
sions of CAR-set protocols. The first version is the no-path-
trigger (described earlier) where packets are sent to the CAR-set
ARs as long as the MN is being served by that CAR-set’s head
AR. This version is used for the reactive handover scenarios
(as in 802.11). The second version is source-trigger in which
packets are sent to the CAR-set only when the head/serving AR
senses MN disconnection. This second version is used for sce-
narios with coverage gaps. Fig. 13 shows the number of packets
lost during no-path-trigger reactive handover (with no gap in
coverage). HAWAII and M&M incur very little or no packet
loss, whereas CIP incurs significant packet loss. M&Ms and
HAWAII’s reduced packet loss is due to the buffering of packets.
Unlike HAWAII, M&Ms reduced packet loss is not at the ex-
pense of higher handover delay, as the packets are buffered in
each of the CAR-set ARs (as opposed to only in the old AR in
HAWAII). Handover delay is similar to that given in Fig. 10. The
handover delay for M&M includes only the delay incurred in
MN sending control messages to the new AR over the wireless
link. In HAWAII, the handover delay will include the round trip
delay from the new AR to the old AR. Thus, the reduced packet
loss in M&M is not at the expense of increased handover delay.
The handover delay for CIP is less than that of HAWAII, but still
significantly greater than that of M&M. This is due to the delay
taken for control/route repair messages to setup the new route to
the new AR. It is clear that M&M has the best performance in
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Fig. 14. Packet loss for scenarios with gap in radio coverage.

terms of both packet loss (clearly outperforming CIP) and han-
dover delays (clearly outperforming HAWAII) during reactive
handover.

With gaps in radio coverage, source-trigger CAR-set protocol
can be used to significantly reduce packet loss. Fig. 14 shows the
average packet loss incurred by the three protocols for varying
link delays (2, 5, and 10 ms) and gaps (0.25, 0.5, and 1 s) in
coverage.

CAR-set is triggered only when the old AR notices that the
MN is out of range. Due to the delay to send control messages
to the CAR-set ARs, packet loss occurs until the new routes are
setup. This is a function of the number of hops from the old
AR to the CAR-set ARs and the link delays. This however is
significantly less compared to that of the gap itself. With in-
crease in link delay, the packet loss slightly increases. However,
the triggered CAR-set protocol may be modified so that the old
AR forward the buffered packets to the CAR-set ARs to mini-
mize or eliminate packet loss. In this case, the performance of
M&M will be as good as HAWAII in packet loss and signif-
icantly better than that of both HAWAII and CIP in terms of
handover delay.

The handover delays in coverage gap scenarios consist of the
“gap duration ,” where is the delay due to the micromo-
bility protocol. We plot for the different protocols in Fig. 15.
Average values are given with standard deviation shown in black
bars. As can be seen, the delays for M&M are much less than
those for CIP and HAWAII. Also, M&Ms handover delays are
due to control messages getting from the MN to the AR and are
not a function of the link delays. For CIP and HAWAII, the han-
dover delay increases with the wired network delays. This shows
a clear advantage in using the CAR-set for scenarios with cov-
erage gaps.

E. CAR-Set Multicast Overhead

Multicasting packets to the CAR-set causes overhead of
packet replication over wired links leading to the ARs that
belong to the CAR-set. The extent of overhead depends upon
the network topology and the size of the CAR-set. The CAR-set
protocol does not use any bandwidth in the wireless links of

Fig. 15. Handover delays for scenarios with coverage gaps.

Fig. 16. Overhead for the CAR-set protocols.

the ARs. Fig. 16 illustrates the overhead incurred for different
CAR-set sizes and different gaps in radio coverage.

The total useful bandwidth used is calculated as the product of
the number of hops from the BR or RP to the serving AR, times
the duration of its usage (i.e., time between handovers). The
extra bandwidth is calculated as the product of the number of
extra links over which the packets are sent to the CAR-set ARs,
times the time for which the CAR-set is used. If the number
of useful links (from the BR or RP to the serving AR) is “ ,”
the duration for which it is used is “ ,” the number of extra
links is “ ” and the time for which it is used is , we calculate
the ratio . For any typical scenario, will be
the gap duration in addition to average round-trip time (RTT)
from the new AR to the members of the CAR-set, and will
be the time between successive handovers. Here, we consider
an extreme scenario in which the MN handovers once every 5 s
(assuming 250 m radius, MN will need to travel at the rate of
100 m/s to handover once every 5 s). This extreme scenario is
chosen to illustrate that the overhead incurred even in extreme
cases is not high. For more moderate scenarios, the overhead
will be significantly less than the numbers indicated in Fig. 16.

The CAR-set size is varied from 2 to 7 and the ratio of extra
bandwidth to the useful bandwidth is plotted along with their
corresponding standard deviations. For each CAR-set size, the



688 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 22, NO. 4, MAY 2004

“ref” on the axis indicates the overhead when packets are mul-
ticast to the CAR-set all the time (i.e., no-path trigger). The
other values on the axis indicate the duration for which the
CAR-set is used only as long as there is a gap in radio coverage
(i.e., source-trigger). From the figure, it is clear that the over-
head incurred by source-trigger CAR-set is substantially less
that incurred by no-path-trigger CAR-set (indicated by “ref”).
As the number of ARs in the CAR-set increases, the overhead
incurred by both the versions of the CAR-set protocol increases.
For no-path-trigger CAR-set the average ratio of extra band-
width to useful bandwidth goes up to 4 (with 7 ARs per CAR-set
and 1 s gap). This is acceptable if the wired network bandwidth
is much larger than that of the wireless network (say 10 times
larger). This seems to be valid for most practical purposes.

For source-trigger the total overhead incurred for the
CAR-set of size 7 and gap of 1 s is less than the total useful
bandwidth. This clearly indicates that the source-trigger
CAR-set protocol gives substantial benefits while incurring a
very moderate overhead.

VII. RELATED WORK

Several architectures have been proposed to provide IP mo-
bility support. In MIP [3], every MN is assigned a home address
and home agent (HA) in its home subnet. When the MN moves
to another foreign subnet, it acquires a care-of-address (COA)
through a FA. The MN informs the HA of its COA through a
registration process. Packets destined to the MN are sent first to
the HA, then are tunneled to the MN. This is known as triangle
routing, a major drawback of MIP. Route optimization in [4]
attempts to avoid triangle routing by sending binding updates
containing the current COA of the MN, to the CN. However,
communication overhead during handover renders this scheme
unsuitable for micromobility.

In [16], end-to-end IP mobility is proposed, based on dynamic
DNS updates. When MN moves, it obtains a new IP-address and
updates the DNS mapping for its host name. This incurs han-
dover latency due to DNS update delays and is not suitable for
delay-bounded applications. Also, the scheme is not transparent
to transport protocols.

In [10], the HA tunnels packets using a prearranged multi-
cast group address. The AR, to which the MN is currently con-
nected, joins the group to get data packets over the multicast
tree. This approach suffers from the triangle routing problem;
packets are sent to HA first and then to MN. M&M is proposed
in [1] and [8]. Each MN is assigned only a unique multicast ad-
dress. Packets sent to the MN are destined to that multicast ad-
dress and flow down the multicast distribution tree to the MN.
The CN tunnels the packets using the multicast address. This
approach avoids triangle routing, in addition to reducing han-
dover latency and packet loss. The study in [1] quantifies the
superiority of handover performance for M&M over MIP proto-
cols. These schemes, however, suffer from several serious prac-
tical issues, including scalability of multicast state, address al-
location and dependency on interdomain multicast. We address
these issues in our work.

Several approaches have been proposed for micromobility
[18]. The general approaches include mobile-specific routing,

hierarchical approaches, and seamless handover. Mobile-spe-
cific route approaches include cellular IP [20] and HAWAII
[21]. A domain-gateway registers its address with the HA (this
has similarities to our proxy-based approach) and forward the
packets to the MN. The MNs home address is used within the
domain. These approaches need special signaling to update mo-
bile-specific routes and require changes in packet forwarding
and unicast routing in all the routers. In CIP [20], signaling is
data-triggered to create paths by having routers snoop on the
data packets. HAWAII [21] proposes a separate routing pro-
tocol and requires explicit signaling from the mobiles. In a way,
these approaches attempt to create a distribution tree using extra
routing entries for the mobile, similar to multicast. Our approach
builds upon existing multicast mechanisms as opposed to recre-
ating them.

Approaches based on seamless handover between old and
new ARs, involve fairly complex signaling, buffering and
synchronization procedures. Router-assisted smooth handover
in MIP [5], and edge mobility [22] belong to this category. Fast
handover in [31] introduces fast tunnel set-up between
and as soon as the layer 2 handover is detected. The
tunnel avoids packet losses caused by path set-up delay inside
the mobility domain. In a way, it is complementary to our
multicast-based routing inside the mobility domain. Unlike fast
handover, however, our -subnet idea considers the edge of
the network as a single subnet and allows MN to carry RCOA
and MCOA across ARs, which reduces the handover latency.
Approaches using a hierarchy employ a gateway per-domain
and need to keep a location database to map identifiers into
locations. This mapping suffers from scalability and robustness
problems as was noted earlier in this paper. In [12], a hierarchy
of FAs is created at the local, administrative domain and global
levels. In [19], a multilevel hierarchy is used in which packets
from the HA arrive at a root FA, where they are tunneled to
a lower level FA and then to the MN. Hierarchical MIP [27]
builds a network of tunnels (overlay network) between FAs.
Work in [23] and [29] also use a notion of mobility agent
for localized handover within a domain. We have shown in
[39] that our multicast-based intradomain mobility scheme
outperforms seamless handover and hierarchical approaches
and is simpler. This result is consistent with the comparison
of routing-based (HAWAII and CIP) and tunneling-based
(hierarchical MIP) schemes reported in [40]. It is shown that
hierarchical MIP performs either equally well or inferior to the
routing-based schemes, because it does not take advantage of
the proximity of crossover router to the serving AR. In addition,
our comparison results for CIP and HAWAII are generally
consistent with the above study. However, we have used more
complex topologies, scenarios of reactive handover, and we
investigated performance in a more detailed manner; instead of
looking at averages, we looked at specific metrics as function
of the hop distance from the old AR to the fork router and
the new AR to the fork router. Our results indicate that M&M
performance during proactive handover matches that of CIP
and is better than HAWAII. For reactive handover we show that
M&M clearly outperforms CIP and HAWAII.

The idea of CAR-set is similar to handoff-affected router
group (HARG) proposed in [41]. The HARG is a group of
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routers in the network that are affected by the handover when a
MN moves from one AP to another and need to do route repair.
The fundamental difference with HARG is that the CAR-set
is the set of only ARs that are selected to receive the packets
destined to the MN.

VIII. CONCLUDING REMARKS

We have presented a novel approach to IP micromobility
using intradomain M&M. Our approach solves major chal-
lenging problems facing the deployment of M&M. Our novel
algorithmic mapping scheme from unicast to multicast address
ensures collision-free assignment by providing unique and
consistent mapping throughout the network.

One major contribution of our study is the introduction of a
handover framework, using the CAR-set protocols, that may be
tuned to perform efficient proactive, reactive or gap handovers.

In addition, we provided a thorough and systematic evalu-
ation of our proposed schemes. Our extensive simulations for
proactive handover show the following.

• There is significant difference in handover delay and
packet reordering performance between protocols using
different types of handover schemes. For example, M&M
and CIP use bicast, while HAWAII uses buffer and
forwarding.

• In most proactive handover cases, M&M and CIP show
comparable routing efficiency and handover performance
because both use shortest path routing as opposed to
HAWAII. Routing packets on the path that is not the
shortest path from the root of the tree to the MN not only
increases end-to-end delay, but also wastes bandwidth
and creates extra mobile specific routing entries.

• The bicasting scheme masks proactive handover delays,
but produces duplicate packets and small reordering depth
depending on the difference in the path lengths from the
fork router to the old and new ARs.

• Buffering and forwarding incur longer handover delays
and produce large reordering depth.

For reactive and gap handover scenarios M&M clearly out-
performs CIP and HAWAII because of our CAR-set path setup
capability. Evaluations of variants of the CAR-set protocol show
that drastic improvement in handover performance (in terms of
delay and packet loss) may be achieved with a slight increase in
overhead.

M&M provides a flexible framework through which timing
and formation of CAR-set and buffering parameters may be
easily tuned for different technologies and scenarios. It is
promising in managing mobility in the networks where short
dwell time makes the handover latency so pronounced that the
network-level handover is hard to achieve. For example, it can
be used in future networks designed to offer high bandwidth by
employing small cells to high-speed MNs. For such networks,
the M&M approach of not requiring address change across
the subnets and flexibility in proactive path setup are vital in
reducing the handover latency.

M&M uses existing multicast routing, e.g., PIM-SM, with
readily available robust implementation. All these factors facili-
tate the deployment of M&M per Internet service provider (ISP)

domain. Furthermore, M&M naturally supports efficient multi-
casting to MNs.

In the future, we plan to conduct further simulations to eval-
uate the performance of TCP over M&M. We also would like to
investigate M&Ms support for efficient multicast mobile-to-mo-
bile communication.
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