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SUMMARY

Mobile IP has gained attention as a technology that
can provide mobility to universal users independently of the
access network. The introduction of Mobile IP in mobile
core networks is currently under investigation. This paper
discusses route optimization methods when Mobile IP tech-
nology is applied to mobile core networks. More specifi-
cally, it discusses means of resolving the “Triangle
Routing” problem, which occurs when communications
from a correspondent node to a mobile node must be routed
through a Home Agent (HA). This paper first describes the
conventional route optimization method being investigated
by the Internet Engineering Task Force (IETF) and indi-
cates problems with that method. It then proposes a new
Mobile IP Border Gateway (MBG) method for solving the
problems of the conventional method. The MBG method
enables packets that arrive from another network to be
directly received at the mobile node by having a Border
Gateway router maintain Binding Information consisting of
the care-of address and home address that were originally
being maintained by the Home Agent for the communicat-
ing node. This paper also shows that introducing the MBG
method enables the mean route length within the network
to be shortened and the traffic volume routed through the
Home Agent to be reduced. Finally, it shows methods of
reducing the burden of registering Binding Information at
the Mobile IP Border Gateway and indicates the applicabil-
ity of the MBG method to large-scale mobile communica-
tions networks. © 2002 Wiley Periodicals, Inc. Electron
Comm Jpn Pt 1, 86(2): 31–41, 2003; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI
10.1002/ecja.1151
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1. Introduction

Recently, mobile communications services have ex-
perienced remarkable growth, and among these, services
providing Internet access from mobile terminals are stead-
ily increasing by tens of thousands of subscribers per day
[1]. In Japan, the third-generation mobile communications
system, IMT-2000 [2], was launched in 2001. The main
goals of IMT-2000 services are to provide high-quality
multimedia services at speeds up to 2 Mbit/s, to provide a
global roaming service spanning mobile communications
carriers worldwide, and to enable technologies to be exam-
ined by a coalition of telecommunications standards-setting
bodies [3, 4]. Other wireless access technologies that are
also under investigation include MMAC [5] and HIPER-
LAN/2 [6], which can provide even faster services at speeds
on the order of 10 Mbit/s. Mobile communications seem to
be entering an era of genuine high-speed, wide-area com-
munications.

To provide these wide-area and multimedia commu-
nications services and to deal with the dramatic increase in
Internet users, the construction of IP-based networks in-
stead of conventional circuit-switching networks is being
considered even for mobile core networks [7, 8]. The crea-
tion of IP-based core networks can be divided into (1) the
creation of IP-based packet transfer mechanisms and (2) the
creation of IP-based mobility management mechanisms. To
create IP-based packet transfer mechanisms, which will
provide multimedia services that include voice by creating
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and transferring IP packets, different types of servers are
under investigation for providing a variety of speeds and
QoS classes and offering connection-type services for voice
and images on IP networks [7]. To create IP-based mobility
management mechanisms, efforts are being made to imple-
ment mobility management at the IP level (hereafter re-
ferred to as IP Mobility) by using IP addresses, for example,
instead of managing the movement of terminals within a
mobile network according to the conventional mobile ter-
minal number or subscriber number [9]. Advantages of
implementing IP Mobility include the ability to implement
universal mobility management mechanisms independent
of specific access networks and the ability to provide seam-
less mobile services spanning wireless access network gen-
erations and even heterogeneous access networks including
both mobile and fixed networks. Since IP Mobility supports
the implementation of network integration and services
between mobile and fixed networks, it is becoming an
important technology not only for mobile networks but also
for fixed networks.

Currently, the most promising technology for provid-
ing IP Mobility is Mobile IP [10]. Mobile IP had first been
investigated as a so-called roaming technology for enabling
IP users to move among multiple private LANs. However,
recently, it is also being investigated as a technology for
implementing IP-based mobile core networks [9]. Although
Mobile IP enables wide-area mobility to be implemented at
the IP level, it does not have functions characteristic of
wireless access networks such as high-speed handover or
paging functions. Therefore, to apply Mobile IP in mobile
networks, investigations are being carried out with the goal
of implementing high-speed mobility and wide-area (in-
cluding other networks) mobility according to mobility
management techniques that combine the advantages of
both, namely, by applying Mobile IP to the core network
portion and following the policies of conventional wireless
access networks for the access network part [11].

Problems encountered when applying Mobile IP to
mobile core networks include (i) the increase in route length
and concentration of traffic at the Home Agent (HA) due to
the fact that all communications from a correspondent node
to a mobile terminal are necessarily routed through the
Home Agent, (ii) the implementation of high-speed, high-
quality handover mechanisms capable of supporting multi-
media [12–14], and (iii) the implementation of security
mechanisms such as user authentication at the IP level.
Among these, the increase in route length and concentration
of traffic at the Home Agent in (i), which is a problem that
depends on the fact that IP is a connectionless protocol, had
been resolved by measures [15] related to methods of
establishing connections using conventional mobile man-
agement mechanisms, which assume that a connection to
the mobile terminal is established in advance. The solution
of this “Triangle Routing” problem is to use network re-

sources efficiently and eliminate Home Agent processing
bottlenecks. The IETF has also been discussing a solution
method known as “route optimization” [12]. However, the
IETF method requires not only mobile terminals, but also
correspondent nodes to have route optimization mecha-
nisms, and considering the global nature of IP communica-
tions, requiring all terminals to have this function is not
realistic.

This paper proposes a solution to the above route
optimization problem based on the assumption that Mobile
IP is implemented in the mobile core network, and de-
scribes the results. Section 2 describes the Mobile IP-based
mobile core network configuration that is assumed and the
Triangle Routing problem. Section 3 outlines the conven-
tional Triangle Routing solution discussed by the IETF and
indicates problems with this solution. Section 4 proposes a
new Mobile IP Border Gateway (MBG) method, which
solves the problems of the conventional method. Section 5
uses numerical calculations to evaluate the effect of intro-
ducing the MBG method.

2. Mobile IP-Based Mobile Core Network
Configuration

Figure 1 shows the configuration of the mobile com-
munications network using Mobile IP in the core network,
which is assumed in this paper. Since a Mobile IP core
network provides universal mobile management functions
at the IP level, it accommodates both mobile and fixed
access networks, enabling IP users to move (roam) between
different access networks. The Mobile IP core network
consists of routers for performing mobility management of
users called Home Agents (HA) and Foreign Agents (FA)
[10] and routers for providing Border Gateway (BG) func-
tions with other networks. With Mobile IP, individual For-

Fig. 1. Mobile IP-based mobile communications
network configuration.
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eign Agents, which are located corresponding to individual
subnets that mobile nodes will visit, manage position infor-
mation and maintain the locations of visiting nodes within
the access networks. Also, Home Agents maintain combi-
nations of the home addresses of all mobile nodes under
their jurisdiction and the addresses (hereafter called care-of
addresses) of the visited Foreign Agents. A characteristic of
packet transfers in Mobile IP is that downstream packets
are always routed through the Home Agent as shown in Fig.
2. In other words, in a Mobile IP network, upstream packets
from a mobile node to a correspondent node are transferred
directly to the correspondent node in a similar manner as in
a normal IP network. However, for downstream packets,
after the correspondent node sets the mobile node’s home
address as the IP packet’s destination address and transfers
the packet to the Home Agent, the Home Agent derives the
address on the visited Foreign Agent (care-of address) and
tunnels the packet to the care-of address so that the IP
packet is delivered to the mobile terminal. In this way,
Mobile IP causes Triangle Routing, in which the upstream
and downstream routes differ. This Triangle Routing is a
phenomenon caused by the connectionless nature of Mobile
IP. While the need to establish a connection prior to com-
munication can be eliminated, transfer quality and network
cost are adversely affected as the increase in route length
increases transfer delay and wastes network resources. A
means of dealing with these problems is desirable.

3. Route Optimization and Problems with
Conventional Method

The IETF is investigating the route optimization
method shown in Fig. 3 for dealing with this problem [12].
The operation of the IETF method is outlined below.

(E1) When the Home Agent receives a packet des-
tined to the mobile terminal from a correspondent node, it

reports (Binding Update) a combination of the relevant
mobile terminal’s home address and care-of address (Bind-
ing Information), which the Home Agent itself is maintain-
ing, to the correspondent node.

(E2) The correspondent node maintains the Binding
Information of (E1) and tunnels subsequent packet trans-
missions to the mobile terminal’s care-of address.

(E3) Although the correspondent node maintains the
Binding Information for a fixed interval, it will update the
timer before a timeout occurs when it receives another
Binding Update from the Home Agent.

In the above description, the Home Agent decides to
send out a Binding Update. However, there is also an option
in which the correspondent node issues a request (Binding
Request) to the Home Agent to send out a Binding Update.
These functions described in (E1) to (E3) enable the corre-
spondent node to directly send packets to the mobile termi-
nal without routing them through the Home Agent.

When the application of this IETF method to a mobile
core network is considered, communication between mo-
bile terminals as shown in Fig. 4(a) can be implemented by
incorporating the functions described in (E2) and (E3) in
mobile terminals belonging to the relevant mobile core
network. However, for communication with a terminal
belonging to an external network as shown in Fig. 4(b), the
functions described in (E2) and (E3) must also be added to
these external terminals. Currently, the majority of IP com-
munications from mobile terminals in the global Internet
environment are believed to be these kinds of communica-
tions with terminals in external networks. However, adding
the functions described in (E2) and (E3) to various termi-
nals (such as WWW servers) worldwide in order to make
this method operate efficiently is currently unrealistic. This
is a problem with the conventional method. In addition,
since this method reports care-of addresses, which indicate
user position information within the mobile network, a
security-related problem also exists.

Fig. 2. Triangle routing problem in Mobile IP.
Fig. 3. Conventional route optimization method.
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4. Proposed Route Optimization Technique

This section proposes a new method, which solves
the problems of the conventional route optimization (IETF)
method described in Section 3. The objective of the pro-
posed method is to implement route optimization within a
mobile network without adding functions to terminals in
external networks by locating the functions that must be
added to correspondent nodes in the conventional method
in Mobile IP Border Gateways (MBG), which are devices
within the mobile network [16, 17].

Outline of proposed method

A feature of the proposed MBG method is that in-
coming packets to the mobile network from another IP
network are routed through a border gateway router located
at the interconnection point between the networks (Fig. 5).
Since this border gateway router, which is called a Mobile
IP Border Gateway (MBG), maintains the association of the
communicating mobile terminal’s home address and cur-
rent care-of address (Binding Information), incoming pack-
ets from the external network are tunneled from the Mobile
IP Border Gateway and delivered directly to the mobile
terminal. As a result, even incoming packets from an exter-
nal network need not be routed through the Home Agent,
thereby enabling the Triangle Routing problem to be
solved. The operation of the MBG method is outlined
below.

(M1) When the Home Agent receives a packet des-
tined to the mobile terminal from a correspondent node, it

reports (Binding Update) a combination of the relevant
mobile terminal’s home address and care-of address (Bind-
ing Information), which the Home Agent itself is maintain-
ing, to the Mobile IP Border Gateway.

(M2) The Mobile IP Border Gateway maintains the
Binding Information of (M1) and tunnels subsequent
packet transmissions to the mobile terminal’s care-of ad-
dress.

(M3) Although the Mobile IP Border Gateway main-
tains the Binding Information for a fixed interval, it will
update the timer before a timeout occurs when it receives
another Binding Update from the Home Agent.

Fig. 4. Types of communication in mobile networks.

Fig. 5. Proposed route optimization method using a
Mobile IP Border Gateway.
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As with the conventional method, there is also an
option in which the Mobile IP Border Gateway issues a
request (Binding Request) to the Home Agent to send out
a Binding Update.

Figure 6 shows the processing sequences for the
conventional and MBG methods. As seen, the introduction
of the MBG method does not necessitate the addition of
functions to either the Foreign Agent or the mobile terminal,
and messages that have already been defined by the existing
IETF method can be used for all messages required for route
optimization processing. In addition, with the proposed
method, user position information remains within the mo-
bile network, thereby solving the problem with the conven-
tional method in which this information was sent out to the
external network.

5. Evaluation of Effect and Numerical
Examples

This section evaluates the effect of introducing the
MBG method proposed in Section 4 and discusses the
applicability of the MBG method in a mobile core network.
As indices indicating the effect of route optimization, this
section evaluates the reduction of the mean route length
within the mobile network and the reduction of traffic
routed through the Home Agent.

5.1. Route length reduction effect

The route length reduction effect due to the MBG
method was evaluated from the standpoints of (1) network
scale and (2) Home Agent and Foreign Agent locations.

The three-layer network model shown in Fig. 7 was
used for the hypothetical large-scale mobile communications
network. The conditions for this model are described below.

• The first layer, which consists of n nodes con-
nected in a mesh topology, is connected to a border gateway
(with or without MBG functions). The mean distance be-
tween nodes in the first layer is assumed to be a, and the
distance from the border gateway is assumed to be zero.

Fig. 6. Route optimization processing sequences (existing method and MBG method).

Fig. 7. Network model used for evaluations.
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• The second layer consists of n nodes connected in
a star topology to each node of the first layer for a total of
n × m nodes. The mean distance from the first-layer node
is assumed to be b, and this is assumed to represent the
network scale of the second layer.

• The third layer consists of nodes connected in a star
topology to each node of the second layer. The mean
distance from the second-layer node is assumed to be c, and
this is assumed to represent the network scale of the third
layer.

Foreign Agents are assumed to constitute all nodes of
the third layer, and two cases are assumed for Home Agents.
In case 1, Home Agents constitute all nodes of the first layer,
and in case 2, they constitute all nodes of the second layer.
In each case, an equal number of mobile terminals is
assumed to belong to each Home Agent, and the mobile
terminals are assumed to be uniformly distributed under all
Foreign Agents regardless of the Home Agents to which
they belong. The evaluations that use this model assume
that communications are only between mobile terminals
and correspondent nodes in external networks. In addition,
the distribution of traffic exchanged between correspondent
nodes and all terminals is assumed to be uniform.

In a relatively small-scale network or area, the Home
Agents and Foreign Agents may also be considered to be
connected in a mesh topology. This can be represented by
setting b = c = 0 and m = 1 for case 1 of the model in Fig.
7.

The mean value (mean route length) of the route
lengths from the border gateway to the visited Foreign
Agents for all mobile terminals is used as the index indicat-
ing route length. Evaluating this mean route length enables
the usage efficiency of network resources (such as link cost)
or the effect on transfer delay to be estimated. In addition,
the effect of the layer in which the Home Agents are located
or of the network scales of each layer (a, b, c) is evaluated
at the same time.

The mean route length for each case is as follows.

(a) Without MBG functions

For case 1:

The mean route length is [(n – 1)/n] × a + b + c.

For case 2:

The mean route length is 

[(n – 1)/n] × a + b + c + 2 × [1 – 1/(n × m)] × b.

Appendix 1 describes the specific calculations.

(b) With MBG functions

For both cases 1 and 2, the mean route length is b + c.

The route length reduction effect due to the MBG
method will be the difference of the mean route length for
a border gateway without MBG functions and the mean
route length for a border gateway with MBG functions,
namely, [(n – 1)/n] × a (for case 1) and [(n – 1)/n] × a + 2
× [1 – 1/(n × m)] × b (for case 2).

Figure 8 shows the relationship between the ratio (r
= b/a) of the network scales of the first and second layers
when c = 0.1a and the mean route length normalized by a,
which represents the network scale of the first layer. The
relationship 0.1 < r = b/a < 1 is assumed to hold, and the
values of n and m are set as (n, m) = (3, 4) and, for
sufficiently large values, (n = m = ∞).

From Fig. 8, it is clear that route optimization due to
the MBG method can reduce the mean route length regard-
less of the positions where the Home Agents are located as
indicated by cases 1 and 2. Also, for case 1 in which the
Home Agents are in the first layer, the route length reduc-
tion effect accompanying an increase in r remains a fixed
value that depends only on the scale of the first layer.
However, for case 2 in which the Home Agents are in the
second layer, the effect of introducing the MBG method
increases as r increases because the effect increases accord-
ing to the scale of the second layer as well as the route length
for the case without MBG functions. When the values of n
and m increase, the number of Home Agents increases, and
the probability that the mobile terminal will be visiting a
Foreign Agent under its own Home Agent decreases. There-
fore, since the mean route length for the case without MBG
functions increases, the MBG method is more effective.

Fig. 8. Mean route length reduction effect due to MBG
method.
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5.2. Effect on reduction in traffic routed
through home agents

This section uses the same network model as in
Section 5.1 to examine the effect on the reduction in traffic
routed through Home Agents due to the application of the
MBG method. The aggregate number of Home Agents
transited by the communication routes for all traffic is used
as an index indicating the amount of Home Agent traffic.

First, when MBG functions are not used, there are
two cases for determining the number of Home Agents
transited by the communication routes, namely, (i) when the
mobile terminal is visiting a Foreign Agent under its own
Home Agent, only the relevant Home Agent will be tran-
sited, and (ii) when the mobile terminal is visiting a Foreign
Agent under a Home Agent other than its own Home Agent,
after its own Home Agent is transited, the Home Agent
accommodating the visited Foreign Agent will be transited.
The number of transited Home Agents per communication
will be 1 for case (i) and 2 for case (ii), and the probability
of each case will be 1/(number of Home Agents) for case
(i) and (number of Home Agents – 1)/(number of Home
Agents) for case (ii). Therefore, if the total number of
communications in the network is M, the aggregate number
of Home Agent transits can be calculated as follows for both
cases 1 and 2.

Aggregate number of Home Agent transits

= M × [1 × (1/number of Home Agents) + 2 

× (number of Home Agents – 1)/
(number of Home Agents)]

= M × [2 – (1/number of Home Agents)]   

Here, the number of Home Agents is n in case 1 and
n × m in case 2.

On the other hand, when MBG functions are used,
since the only Home Agent transited by a communication
route will be the single Home Agent under which the visited
Foreign Agent is located regardless of the mobile terminal’s
visiting position, the aggregate number of Home Agent
transits will be M for both cases 1 and 2.

Figure 9 shows the relationship between the number
of Home Agents located in the network and the aggregate
number of Home Agent transits for cases when MBG
functions are used and are not used. However, the number
of Home Agent transits has been normalized by the total
number of communications M. When the MBG method is
applied, the aggregate number of Home Agent transits is a
fixed value regardless of the number of Home Agents.
However, when the MBG method is not applied, the aggre-
gate number of Home Agent transits monotonically in-
creases as the number of Home Agents increases and

asymptotically approaches a value that is twice the value
obtained when the MBG method is applied. From this, it is
clear that when the number of Home Agents is sufficiently
large, the amount of traffic transiting Home Agents can be
reduced by approximately 1/2 by applying the MBG
method.

5.3. Method of reducing MBG position
registration load

The previous sections showed the route optimization
effect due to the introduction of the MBG method. How-
ever, since the Mobile IP Border Gateway executes an
operation for registering the previously described binding
information for all communications between the mobile
network and the external network for which the Mobile IP
Border Gateway itself is the connection point, the Mobile
IP Border Gateway’s processing load can become quite
large in a large-scale network. This section describes a
procedure for solving this problem and evaluates its effect.

Each time a mobile terminal moves through the area
(FA area) covered by a single Foreign Agent, which is the
unit used for mobility management, it registers its position
with its Home Agent. When any of these moving mobile
terminals is communicating, the Home Agent executes an
operation (Binding Update) for registering the position
with the Mobile IP Border Gateway. As a means of reducing
the processing load, the FA area can be enlarged to reduce
the transit frequency, which also reduces the frequency with
which the Home Agent executes operations for registering
the position with the Mobile IP Border Gateway.

To quantitatively evaluate the position registration
processing load on the Mobile IP Border Gateway, Home
Agent, and Foreign Agent, the large city model (total area
= 600 km2, number of mobile terminals = 3,000,000, and
mean velocity of mobile terminals = 10 km/h) shown in Fig.
10 was used.

Fig. 9. Reduction in traffic routed through Home
Agents due to MBG Method.
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If the FA area is approximated by the regular hexagon
model with area Afa shown in Fig. 10, the frequencies (Rha),
(Rfa), and (Rmbg) with which a position is registered (Bind-
ing Update) with a Home Agent, Foreign Agent, and the
Mobile IP Border Gateway, respectively, per unit time are
obtained by the following equations. Appendix 2 describes
the specific calculations.

(per Home Agent)

(per Foreign Agent)

Here, Mha is the number of mobile terminals belong-
ing to the Home Agent, V is the mean velocity of the
terminals, p is the probability that a mobile terminal is
communicating (0 ≤ p ≤ 1), Nha is the number of Home
Agents in the network, and A is the total area. When Mha,
V, p, and Nha are constants in the above equations, the
frequencies with which a position is registered (Binding
Update) with a Home Agent and the Mobile IP Border
Gateway increase in inverse proportion to the square root
of Afa, and the frequency with which a position is registered
(Binding Update) with a Foreign Agent increases in direct
proportion to the square root of Afa.

Figure 11 shows the relationship between the fre-
quencies with which a position is registered (Binding Up-
date) with a Home Agent, Foreign Agent, and the Mobile

IP Border Gateway in the large city model and the size of
an FA area. In the figure, the constant values Nha = 4 and p
= 0.2 are assumed. The reason that the frequencies of
registrations with a single Home Agent and the Mobile IP
Border Gateway are almost identical is that the Home Agent
registers the positions of all mobile terminals while the
Mobile IP Border Gateway processes only terminals that
are communicating. Figure 11 clearly shows that increasing
the size of the FA area reduces the frequencies with which
a position is registered with a Home Agent and the Mobile
IP Border Gateway. Generally, although the number of
users per Foreign Agent is thought to grow in direct propor-
tion to the increase in size of the FA area, since the number
of positions registered with the Foreign Agent is directly
proportional to the square root of this size, an enlargement
of the FA area seems to have a relatively small effect on the
number of positions registered with the Foreign Agent.

When Foreign Agents must be located in terms of
relatively small areas due to restrictions on the number of
users accommodated by a Foreign Agent or restrictions due
to the configuration of the access network, a Foreign Agent
hierarchy as shown in Fig. 12 can be used effectively.
Creating a Foreign Agent hierarchy is a means of increasing
the FA area size viewed from the Home Agent or Mobile IP
Border Gateway by establishing Gateway Foreign Agents
(GFA) that accommodated multiple Foreign Agents [18].
Each time a mobile terminal crosses into a new FA area, its
position is registered with the Gateway Foreign Agent.
However, its position is only registered with the Home
Agent or Mobile IP Border Gateway when the mobile
terminal crosses into a new GFA area covered by the group
of Foreign Agents that were grouped together by a Gateway
Foreign Agent. This is equivalent to enlarging the FA area
size. The effect on reducing the number of positions regis-
tered with the Home Agent or Mobile IP Border Gateway

Fig. 10. Large city model.
Fig. 11. Relationship between FA area size and

numbers of position registrations with a Home Agent,
Foreign Agent, and the Mobile IP Border Gateway.
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is that when N Foreign Agents, for example, are accommo-
dated by a Gateway Foreign Agent in Fig. 11, the frequency
with which positions are registered with the Home Agent
or Mobile IP Border Gateway is reduced by 1/√N because
the apparent FA area size is N times larger.

Therefore, since a processing load concentrated on
the Mobile IP Border Gateway or Home Agent can be
avoided by enlarging the FA area size or creating a Foreign
Agent hierarchy, these are effective techniques to use when
applying Mobile IP to a large-scale mobile network.

6. Conclusions

In this paper, a route optimization method using a
Mobile IP Border Gateway (MBG) was proposed as a
means of solving the Triangle Routing problem that occurs
when Mobile IP is applied to a mobile core network. In
addition, the route length reduction effect, Home Agent
traffic load reduction effect, and method of reducing the
processing load for registering positions with the Mobile IP
Border Gateway were evaluated using numerical examples
based on a model. The evaluation results indicated the
effectiveness and applicability of the proposed method on
a large-scale network.

Future subjects of study include investigation of
methods of distributing the processing load by locating
multiple Mobile IP Border Gateways in the network, clari-
fication of specific conditions (such as the node for deter-
mining the start of route optimization or the number of
packets required to start route optimization) for starting
route optimization using a Mobile IP Border Gateway after
communications had started, opportunities for sending
Binding Updates out to the Mobile IP Border Gateway, and

the establishment of specific methods of combining the
IETF method and MBG method for communications be-
tween mobile terminals. Investigations of these subjects are
continuing.
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APPENDIX

1. Mean Route Length for Each Case without
MBG Functions

Case 1: The mobile terminal can be at either of the
following two positions.

(i) Visiting a Foreign Agent under its own Home
Agent

(ii) Visiting a Foreign Agent under a Home Agent
other than its own Home Agent

The route length from the border gateway to the
mobile terminal’s visited Foreign Agent will be b + c for (i)
and a + b + c for (ii). Also, the probability of each situation
is 1/n for (i) and (n – 1)n for (ii). Therefore, the mean route
length will be as follows:

Case 2: Like case 1, the calculations are divided
according to the mobile terminal’s visiting position.

(i) Visiting a Foreign Agent under its own Home
Agent

(ii-1) Visiting a Foreign Agent under a Home Agent
other than its own Home Agent, and the two Home Agents
are connected to the same first-layer node

(ii-2) Visiting a Foreign Agent under a Home Agent
other than its own Home Agent, and the two Home Agents
are connected to different first-layer nodes

The route length from the border gateway to the
mobile terminal’s visited Foreign Agent will be b + c for
(i), 3 × b + c for (ii-1), and a + 3 × b + c for (ii-2). Also, the
probability of each situation is 1/(n × m) for (i), (m – 1)/(n
× m) for (ii-1), and (n – 1)/n for (ii-2). Therefore, the mean
route length will be as follows:

2. Frequencies with which a Position Is
Registered with a Home Agent, Mobile IP
Border Gateway, and Foreign Agent

If the diameter (distance between opposite sides) of
the FA cover area approximated by the regular hexagon
model with area Afa is represented by D, then D will be
(2√3/3 * Afa)

0.5. Also, a mobile terminal is assumed to be
moving with mean velocity V along the solid line joining
the centers of various areas, regardless of whether or not it
is communicating.

The frequency (Rha) with which a position is regis-
tered with a single Home Agent per unit time can be
obtained by using the following equation in which the
quotient of the distance moved V divided by the area
diameter D multiplied by the number of mobile terminals
Mha is divided by the number of Home Agents in the
network Nha:

Next, the frequency (Rfa) with which a position is
registered with a single Foreign Agent is obtained by divid-
ing the frequency with which a position is registered with
a single Home Agent (Rha) by the number of Foreign Agents
under a Home Agent (Nfa). Since Nfa here is obtained
according to Nfa = A/Nha/Afa from the total area A, Rfa will
be as follows:
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Finally, since a position is only registered with the
Mobile IP Border Gateway when a mobile terminal is
communicating, the frequency (Rmbg) with which a position
is registered with the Mobile IP Border Gateway per unit

time is obtained according to the following equation by
using the probability that a mobile terminal is communicat-
ing p and the number of Home Agents in the network Nha:
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