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ABSTRACT

Proxy Mobile IPv6 has been proposed to overcome limita-
tions of host-based mobility protocols in IPv6 networks. In
Proxy Mobile IPv6, mobility entities such as Mobile Access
Gateway and Local Mobility Anchor have been newly intro-
duced. These entities eliminate the burden of requiring host-
based mobility stack and the signaling cost concentrated to
a mobile host. However, there has been no attempt to apply
paging technologies, which can also reduce the signaling cost
focusing to Local Mobility Anchor, into Proxy Mobile IPv6.
In this paper, we propose a paging extension scheme for
Proxy Mobile IPv6 to enable an efficient mobility manage-
ment that reduces the location update signaling cost for the
mobile host in the idle mode. Performance analysis results
demonstrate that our paging extension scheme improves the
scalability by supporting large numbers of mobile hosts with
decreased signaling cost under various system parameters.
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1. INTRODUCTION

As the number of mobile devices grows, a numerous kind
of mobility protocols has been proposed. In particular, the
host-based mobility (HBM) protocols such as Mobile IPv6
and Hierarchical Mobile IPv6 have been considered as a
mainstream for enabling IPv6 mobility. The HBM proto-
col achieves its mobility support depending on the mobility
stack installed in a mobile host (MH). The main operation of
HBM protocol is registration; sending binding update (BU)
message and maintaining binding information. This mecha-
nism is simple but requires installing mobility stack into the
MH. Moreover, the MH typically operates in a limited ca-
pacity so that sending BU message and maintaining binding
information have a strong influence on the limited resource.

Recently, the IETF has formed NETLMM Working Group
in order to develop a new mobility protocol, Proxy Mobile
IPv6 (PMIPv6), which overcomes the shortcomings of the
current HBM protocols [4]. PMIPv6 has been developing
from a different view. PMIPv6 supports network-based mo-
bility for the MH. Thus implying that the MH does not need
to install the mobility stack into its protocol stack. The two
new mobility entities control all signaling related mobility
support. Thus, an ordinary host can hand off across differ-
ent networks without its own mobility signaling cost.

The distinguishing mark of PMIPv6 would solve a num-
ber of challenges of HBM protocols. However, several draw-
backs exists in PMIPv6. The most important one identified
is that all mobility signaling is controlled through the mo-
bility entities. Also, data traffic of MH must be managed
by the mobility entities. This network-based mobility archi-
tecture not only lacks the network resource, but also limits
the scalability in support of very large numbers of MHs [7].
To overcome these drawbacks, we propose a paging exten-
sion scheme in order to minimize the signaling overhead and
optimize mobility management cost in PMIPv6.

The major contributions of this paper are: we first argue
that extending PMIPv6 to support the paging mechanism
would improve the scalability issues. Our newly proposed
paging extension scheme allows simultaneous connection of
a very large number of MHs. The scheme also reduces the
signaling cost associated with the registration process per-
formed by the mobility entities. Our numerical results point
out the better performance of our scheme thereby achieving
greater scalability with lower signaling cost.

The rest of the paper is organized as follows: Section 2
discusses the current PMIPv6 specification and the paging
mechanism. In Section 3, we present an overview of our
paging extension scheme for PMIPv6 and its detailed oper-



ations. In Section 4, we analyze the proposed paging exten-
sion scheme and show its improved performance compared
to the basic PMIPv6 specification. Finally, Section 5 con-
cludes the paper with pointers to future work.

2. PRELIMINARIES

In this section, we discuss the current PMIPv6 specifica-
tions and the related paging mechanisms.

2.1 Proxy Mobile IPv6

PMIPv6 introduces the network-based mobility manage-
ment concept [4]. An MH in PMIPv6 is managed by the mo-
bility entities such as Mobile Access Gateway (MAG) and
Local Mobility Anchor (LMA). The LMA acts as the home
agent, which manages the MH’s binding state. From the
perspective of the MH, the LMA is the topological anchor
point because the MH’s home network prefix is provisioned
by the LMA. MAG is a function that can reside in an access
router. The main task of MAG is to send a proxy binding
update (PBU) message on behalf of an MH whenever the
MH hands off within a localized mobility domain (LMD)
managed by the LMA.

In PMIPv6, An MH is assumed to be an ordinary host.
When the MH boots up in the LMD, the MAG detects an
attachment event of the MH. Then, the MAG acquires the
respective MH-Identifier and profile for the MH. If the MH
is authorized for the PMIPv6 service, the MAG sends the
PBU message on behalf of the MH to its LMA. The LMA
on receiving PBU message sends the proxy binding acknowl-
edgement message including the MH’s home network prefix
as a respond of the PBU message to the MAG. At this time,
a binding information for the MH is recorded in the binding
cache entry in the LMA and a bi-directional tunnel between
the LMA and the MAG for the MH is established. Note that
the tunnel end points of LMA and MAG are the LMA ad-
dress and the proxy care-of address, respectively [4]. Now,
the MAG sends the router advertisement (RA) messages to
the MH. The MH on receiving these RA messages can con-
figure its address allocation through the home network prefix
included in the RA messages.

Each MH obtains its own proxy home address (pHoA)
that can be used as a permanent address in the LMD. An
MH can send and receive data traffic with its pHoA even if
the MH hands off across different networks in the LMD. For
instance, the MH sends packets to the correspondent node
(CN); those packets have the pHoA in the source address
field. The MAG forwards the packets to the LMA through
the established tunnel for MH. After receiving the packets,
the LMA on the other end of the tunnel, removes the outer
tunnel header and forwards the packets to the CN.

In PMIPv6, all registration messages generated by MAGs,
data traffic generated by MHs, and data traffic destined for
MHs are concentrated into the LMA. This could lead to net-
work traffic bottleneck at the LMA while it tries to support
a large number of MHs [7]. Hence, PMIPv6 is regarded as
a centralized mobility management protocol.

2.2 Paging mechanism

Originally, the paging mechanism was proposed to mini-
mize the signaling overhead and optimize mobility manage-
ment cost in cellular networks [1]. In the paging mechanism,
an MH operates in two apparent states — active mode in
which the mobility entity, i.e., home agent or LMA recog-
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nizes the exact location of the MH and idle mode in which
the MH hands off across different networks in a paging area
without the registration procedure resulting in need for pag-
ing [3]. What is important in here is that most MHs in the
network update its location information by sending BU mes-
sage frequently even though they are in the idle mode.

The paging mechanism operates on a set of neighboring
networks which constitutes a paging area. An MH in the
paging mechanism only informs its new location information
to the mobility entity when it enters a new paging area, not
a new network. Then, the mobility entity finds the current
location of the MH by paging. Hence, the paging mechanism
can achieve a reduction in signaling loads occurred by MHs
in the idle mode. In addition, a battery consumption at the
MH is reduced significantly because of the reduced signaling.

Since there are various advantages of the paging mecha-
nism, attempts have been made to apply these paging mech-
anism into IP-based mobility protocols [5, 2, 6, 3]. Partic-
ularly, R. Ramjee et al. have presented various paging ar-
chitectures, protocols, and algorithms for Mobile IPv4 net-
works in [3]. They reveal a domain paging architecture that
outperforms other architectures such as home agent paging
and foreign agent paging in terms of paging latency, location
update rate, and reliability. The reason for a better perfor-
mance of the domain paging architecture over others is: the
use of distributed paging which helps in reducing the paging
cost and failure rate in the paging networks. In addition, in
[6], J. Kempf et al. have performed a paging performance
study based on Mobile IPv6 indicating that the paging size
is the most important unit for acquiring the effect of IP
paging. They noticed that IP paging shows its ability only
when the number of cells per network is small. However, we
argue that this interpretation of paging in IP-based mobil-
ity protocols has to be examined under various performance
parameters, not only by the cell size.

With such previous results in mind, we design and evalu-
ate our paging extension scheme for PMIPv6.

3. PAGING EXTENSION FOR PMIPV6

3.1 Design considerations

The paging extension scheme operates based on PMIPv6
so that the following requirements have to be satisfied.

e Support for unmodified mobile hosts: PMIPv6 is not
in accordance with HBM protocols. An MH in PMIPv6
has an unmodified IPv6 stack that cannot send any
paging related signaling. Note that the previous pag-
ing mechanisms proposed for HBM protocols use the
paging indication messages of the MH and they require
paging response messages sent from the MH [6, 3, 11].

e Reduction in mobility signaling cost: All mobility sig-
naling sent from MAGs is converged to an LMA. Such
signaling converging to the LMA increases the network
unavailability probability and also decreases the scal-
ability in support of very large numbers of MHs.

e Avoidance of paging processing at a single point: The
LMA can be a single point to track the precise loca-
tion of the MH. However, to reduce the scalability and
reliability concerns, we consider that the paging pro-
cessing would be distributed among the MAGs [1, 3].
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Figure 1: PMIPv6 architecture with paging areas

The identified considerations are inevitable requirements to
develop a paging mechanism for PMIPv6. In order to en-
sure such requirements, we devise the paging architecture,
algorithm, and message sequences.

3.2 Paging architecture

Fig. 1 illustrates the paging extension scheme enabled
PMIPv6 architecture where the LMD is formed by several
paging areas and each paging area consists of a set of MAGs.
The proposed paging extension scheme uses a router based
paging architecture where the paging state is distributed
among the access routers, which involve the functionality of
MAG, in a paging area. In addition, the MAGs in the same
paging area are involved in the same multicast group.

The distributed paging state provides the scalability since
the processing load of paging MHs will be split on the MAGs
in the LMD. The paging area information is only updated
in the LMA when the MH hands off to the new paging area.
Thus, when the LMA needs the precise location of the MH,
the LMA uses a specific multicast address of paging area
to send paging request message. The MAG on receiving
the paging request message responses only if the MAG is
currently serving to the MH.

Our paging extension derives the time-based state which
is an extension of binding timer managed in the MAG and
the LMA for each MH. In the time-based state, a lifetime
of a currently active binding for an MH turns into the idle
mode when the lifetime is expired. Then, the serving MAG
for the MH informs other MAGs located in the same paging
area that the MH is now in the idle mode. If the MH hands
off from the current MAG, e.g., MAG1, to another one, e.g.,
MAGe:, in the same paging area, the MAG2, which detects
the movement of the MH, does not send the PBU message
to the LMA. Since the MAGs already recognized that the
MH is now in the idle mode.

In the idle mode, there is no incoming or outgoing data
session. When an MH has any data session, the state is
changed from the idle mode to the active mode. In the ac-
tive mode, the lifetime for the MH is updated by the paging
request message sent from the LMA to find the exact loca-
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Figure 2: Messages sequences on the paging exten-
sion scheme enabled PMIPv6 architecture

tion of the MH. In the case of the lifetime is expired, the
state is changed to the idle mode. In other words, the MH
stays in the active mode until its lifetime expires. In addi-
tion, when the MH hands off to another paging area, the
lifetime is reset.

3.3 Paging algorithm

There are four well-known paging algorithms used in the
previous paging approaches — the fixed algorithm, the hier-
archical algorithm, the last-location algorithm, and the dy-
namic algorithm. We choose the simple one, the fixed pag-
ing algorithm, because our goal is to present that PMIPv6
can be extended to support the paging mechanism in or-
der to minimize its limitation. However, we believe that
other paging algorithms can be easily applied into PMIPv6.
Moreover, there are already many investigations regarding
the impact of various paging algorithms.

3.4 Paging message sequences

In Fig. 2, the MH boots up in the paging area; and then
it communicates with its CN. First, the MAG; detects the
booting of the MH and then the MAG; performs the regis-
tration process with the LMA. As a result, the Tunnel; is
created and then the data packets destined to the MH are
transferred to the MH. As becoming to expire the lifetime,
the MH falls into the idle mode. As the MAG; recognizes the
status of the MH, it informs other MAGs in the same paging
area via multicast. The MH in the idle mode hands off from
the MAG1 to the MAGs. At this point, the MAG2 does not
send a PBU message to the LMA because the MAG2 knows
that the MH is now in the idle mode. If the LMA receives
data packets destined to the MH, the LMA sends paging re-
quest messages to the MAGs located in the paging area; via
multicast. On the receiving the paging request message, the
serving MAG, i.e., MAGg, responds to the LMA by sending
the PBU message. Subsequently, the Tunnel, is created and
then the buffered data packets in the LMA are forwarded to
the MH via the tunnel. Note that all MAGs on receiving the
paging request message turn the MH’s status to the active
mode. In Fig. 2, the MH in the idle mode performs the sec-
ond handoff from the MAG2 to the MAGs. At time, there



is no registration process for the MH. In the case where the
MH hands off to another paging area, i.e., the paging areasz,
the MH’s registration process is occurred. Thus, in Fig. 2,
the MAG, sends a PBU message to the LMA as it detects
the movement of the MH.

In our paging extension scheme, the paging request mes-
sages sent from the LMA are distributed to all MAGs in a
paging area. To send the paging request messages, the pag-
ing area information including the location and address of
MAGs and paging size is allocated in the LMA.

4. PERFORMANCE EVALUATION
4.1 Network model

A layered hexagonal network model, as shown in Fig. 3, is
used as our network model [8]. We assume that each paging
area is consisted of the same number of cells and an MAG is
located in each cell. Thus, a cell is considered as a subnet.
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Figure 3: Layered hexagonal network model where
an L-level paging area is consisted of 3L(L+1)+41
cells

In a paging area, the inmost cell is labeled as a zero. The
first layered cells are located around the zero labeled cell
and so on. The number of cells in the L-level paging area is
calculated as follows [9]:

1, L=0,
Ne = { SE 6e+1, else.

4.2 Mobility model

As our mobility model, we use the fluid-flow model which
is suitable for MHs having a high mobility and static veloc-
ity. The direction of an MH is distributed uniformly in the
range of (0,27). Suppose R. and R, be the cell crossing rate
and paging area crossing rate, respectively. Let v is the av-
erage velocity of the MH. The cell crossing rate is calculated
as follows [8, 11]:

()
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where p is the MH’s density and L. is the cell perimeter.
The paging area crossing rate is calculated as follows [8, 11]:

RP:p.V.Lp7

71'
where L, is the paging area perimeter.
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4.3 Cost analysis

In the basic PMIPv6, the location update for an MH oc-
curs whenever the MH hands off between MAGs. An MH in
the paging extension scheme calls forth the location update
only when the MH hands off between paging areas. How-
ever, the paging extension scheme requires the additional
paging cost.

Let to and tg be the signaling costs for between the MAGs
and between the MAG and the LMA, respectively. Suppose
Pa be the cost of the bi-directional tunnel created between
the MAG and the LMA. Thus, the location update for the
basic PMIPv6 can be represented as follows:

L.\*
Cba:(ta"rt"/“"pa)x (Rc'Nc+p(Z) 'NC'T>7 (4)

where r is the average location update refreshing rate which
causes the reset of the lifetime. The size of N. varied based
on the paging level. For instance, according to Eq (1), the 3-
level paging area has 37 MAGs (N. = 37). The MH causes
the location update whenever it hands off across different
cells or its MAG sends the re-registration (refreshing) mes-
sage for the MH. In fact, according to the characteristic
of PMIP, the location update signaling occurs between the
MAG and the LMA.

In the paging extension scheme, the MH in the idle mode
does not induce the location update when the MH hands off
between cells, whereas the MH performs the location update
when the MH hands off from a paging area to another area
that can be expressed as follows:

Ceo = (ta+1ty+pa)X (Rp+(Rc.Nc—R,,).s

L.\’
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where s is the ratio of the MHs in the active mode to the
total number of MHs; A; and )\, are the incoming data ses-
sion rate for the MH and the outgoing data session rate for
the MH, respectively.

()

4.4 Numerical results

To estimate the signaling costs in PMIPv6 networks with-
out the paging extension scheme and with the proposed pag-
ing extension scheme, we set the system parameters listed
in Table 1 as typical values for analyzing performance [11].

The average number of hops between the MAG and the
LMA depends on the network topology as well as the average
number of hops between the MAGs. However, it is typically
assumed that the distance between the MAG and the LMA
(t) is larger than the distance between the MAGs (¢g). In
addition, we set that the cost for creating and maintaining of
bi-directional tunnel (po) is smaller than ¢,. For simplicity,



Table 1: System parameters

Notations Descriptions Values
L The paging level 2~10
p The density of MHs in a paging area [0.005 ~ 0.02
v The average velocity of MHs 5~ 80 (m/s)
Le The perimeters of a cell 100 (m)
ta The sig. cost between MH and MAG 1
tg The sig. cost between MAGs VN¢
ty The sig. cost between MAG and LMA 5
Pa The proc. cost for tunnel 3
s The active mode rate 5~ 80 (%)
r The average refreshing rate 0.2
Ai/ o The incoming/outgoing session rate 0.0008/s

we assume that p, includes CPU processing time, queuing
delay, etc.
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Figure 4: Effect of paging level on the signaling cost

First, we investigate the impact of paging level. Here, we
set ¥ = 5 and p = 0.005 or 0.01. Other parameters are set
as default values shown in Table 4. Then, we vary L from
2 to 10. Fig. 4 shows the signaling cost for the proposed
paging extension scheme is generally smaller than the basic
PMIPv6. However, see Figs. 4 (a) and (b), the cost for the
proposed scheme increases when there are low-velocity MHs
in the above 7-level. Note that slow moving MHs stay in the
same cell (subnet) for longer periods than the fast moving
MHs. We can see that the paging signaling decreases the
performance in the low-velocity MHs environments, where
do not make frequent movements. Such a phenomenon was
reported in [6]. Thus, it means that the size of paging areas
is carefully designed and deployed in networks. In addition,
such a problem can be absorbed by applying the dynamic
paging algorithm [10] that the paging area is dynamically
allocated based on several performance units.

Next, we vary v from 5 to 80 to investigate the impact of
velocity. In Fig. 5, the proposed paging extension scheme
consumes low signaling compared to the basic PMIPv6. Es-
pecially, if an MH has a certain speed, i.e., 7 m/s, then the
paging extension scheme starts to decrease the signaling load
significantly. The reason why the basic PMIPv6 consumes
a large amount of signaling cost in the high-velocity MHs
environments is that the fast moving MHs frequently hand
off across the cell boundary. However, contrary to the basic
PMIPv6, the paging extension scheme reduces the number
of location update under such conditions.
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Figure 6: Effect of MH density on the signaling cost

Now, we observe the effect of MH density on the signaling
cost in Fig 6. In this experiment, we set s as 5%. Thus,
there is a small percentage of MHs operating in the active
mode and others are all in the idle mode. The MH density
only comes into effect to the small number of MHs that oper-
ates in the active mode. Nevertheless, the proposed paging
extension scheme always outperforms the basic PMIPv6.
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Figure 7: Effect of active mode on the signaling cost

In Fig. 7, we vary s from 5% to 90% even though an
estimate for the percentage of MHs operating in the active
mode in cellular networks is known as 10% ~ 20% [11].
Note that if there are all MHs operating in the active mode,
the paging extension scheme cannot improve the network
performance. As we can see in Fig. 7, the signaling cost for
the paging extension scheme is increased as the active mode
rate increase. Moreover, as the rate reaches the high, the
both of basic PMIPv6 and paging extension scheme become
equal in signaling cost. Note that the basic PMIPv6 does
not effect on the active mode rate since there is no exact
distinction for the operating modes — the active mode and
the idle mode.

We finally investigate the signaling cost concentrated on
the LMA. As already stated in Section 2, PMIPv6 has a
centralized mobility management architecture due to which
all the network traffic gets concentrated on the LMA posing



heavy burden on it. Our paging extension scheme attempts
to overcome these deficiencies of PMIPv6; by reducing the
signaling load for the LMA and hence solving the scalability
problem.
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Figure 8: Effect of paging level and MH velocity on
the signaling cost concentrated to the LMA

The measured signaling cost concentrated on the LMA
is shown in Fig. 8. First, considering the case of basic
PMIPv6, each cell size is set as 19, 61, and 127, respectively.
Then, we vary v from 5 to 40. The results are shown in Fig.
8 (a). As the velocity of MHs (v) increases, the signaling
cost focusing on the LMA also increases. The reason is that
a fast moving MH in the basic PMIPv6 makes the frequent
movements between different cells (subnets) so that there is
a high rate of location update procedure.

Next, we observe the case of our proposed paging exten-
sion scheme for PMIPv6. In Figs. 8 (b) ~ 8 (d), we set
each paging level as 2, 4, and 6, respectively. Then, we vary
v from 5 to 40 as we set in Fig. 8 (a). As we can see the
results, the velocity cannot exert enormous influence in the
proposed paging extension. In addition, even though the
paging level (the number of cells) increases, the signaling
cost also increases but its impact is smaller than that of the
basic PMIPv6. However, as the percentage of active mode
rate (s) increases, the signaling cost focused on the LMA
also increases because the paging effect is damped in the
high rate of active mode. In the extreme case, if all MHs
are in the active mode, the signaling cost of the proposed
paging scheme and basic PMIPv6 becomes to be equivalent.

The numerical results corroborate that our proposed pag-
ing extension scheme for PMIPv6 reduces the location up-
date cost in terms of the paging level, MH velocity, MH den-
sity, and active mode rate. In addition, our scheme provides
the scalability with reduced signaling cost concentrated on
the LMA.

5. CONCLUSIONS AND FUTURE WORK

Proxy Mobile IPv6 (PMIPv6) is a novel mobility support
protocol designed to overcome the shortcomings of host-
based mobility protocols. PMIPv6 follows a centralized mo-
bility management architecture. Such an architecture poses

heavy burden on the LMA and causes network traffic bottle-
neck at the LMA. To overcome these problems, we propose a
paging extension scheme for PMIPv6. Our proposed scheme
has a decentralized paging architecture that distributes the
paging state among the MAGs so that the processing load of
paging MHs is decentralized. We have modeled the location
update cost for our proposed paging extension scheme and
the basic PMIPv6 using layered hexagonal network model
and the fluid flow model. Our numerical results confirm that
our proposed paging extension scheme provides significant
reduction in the location update cost compared to the basic
PMIPv6. Our scheme also outperforms the basic PMIPv6
in terms of the signaling cost concentrated at the LMA. In
future, we would like to explore dynamic paging algorithms
(which could be added to our proposal) to further reduce
the signaling load.
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