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Abstract(1) – For both commercial and military networks, it is
increasingly important to be able to locate and maintain ongoing
sessions with a mobile user or node. Although there are a plethora
of mobility management solutions proposed, comparing the
different solutions is difficult since results depend heavily on the
assumptions about the type of mobility, the network
characteristics, the cost associated with the mobility mechanisms,
and the application requirements. Surprisingly, we found only
few analytical approaches reported in the literature. Many more
studies are based on simulations and/or experimental results only.
One notable exception is found in [1]. Our paper extends and
generalizes the approach in [1] and applies it to compare route
optimization (as in MIPv6) to using only mobility agents (as in
MIPv4). Under few mild assumptions: random walk mobility
model, transmission cost proportional to distance, minimum
distance routing, we obtain closed form expressions to quantify
exactly the average handoff delay and the overall signaling cost.
Metrics are given as a function of distance between mobile
entities and are not tied to a specific scenario. In this paper, we
present results for the handoff delay only, whereas a more
complete report can be found in [8].

I. INTRODUCTION
Mobility management refers to the problem of locating and
providing continuous communication to a node that changes
its point of attachment to the network. With the increasing
growth in the number of portable and mobile terminals and the
need of seamless roaming between wireless networks of
different technologies (4G), mobility support (within one
single network and among different networks) has become a
very much demanded and needed service, in both commercial
and military environments. Thus, in recent years there has
been a tremendous amount of effort spent on the enhancement
of existing and design of new mobility management schemes
both within the standard bodies (IETF, 3GPP2, 3GPP, IEEE,
etc.) and the research community. As a result, there is a
plethora of solutions proposed for different environments.
Different solutions are designed to accommodate different
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degrees of node mobility, traffic characteristics and QoS
requirements.
Although some researchers show the benefits of their
proposed approach based on analytical analysis ([1]-[3]), we
found there is no formal method available for the objective
comparison of the many proposed solutions, making more
difficult the decision of what solution to implement in a
specific environment. Our work is directed to overcome this
lack and to provide researchers with a method that allows fair
comparison via an analytical approach and not via simulations.
Although the main thrust of the authors of [1] is to show
the benefits of adding Mobility Agents to a MIP solution, they
also propose an original and useful way to model mobile IP
networks. Their model is also used by [2][3] to evaluate
different forms of hierarchical mobile IP protocols. We extend
on the approach proposed in [1] generalizing it to a broader
scope of mobility management schemes. Using the analytical
tools here developed we make a comparative analysis of the
handoff delay for different mobility management mechanisms
and provide asymptotical analysis.
The paper is organized as follows; in section II we derive
equations for the handover delay as a function of the
“distance” between mobile entities for different mobility
management mechanisms under the assumption of minimum
distance routing. In section III, we average handover delay
among d movements under the assumption of a random walk
model for the Mobile Node (MN). To test the ubiquity of our
approach, in section IV, we compare handover delay of
MIPv4, MIPv6 with route optimization and a modified version
of the latter. We obtain numerical results based on the
equations derived in previous section and provide asymptotic
analysis of the ratio between the different mechanisms.
II. HANDOFF DELAY: SINGLE MOVEMENT CASE
In this section we derive equations for the handoff delay
for two mobility management protocols based on Mobile IP
(MIP) and composed of different registration and packet
delivery mechanisms. The resulting equations are a function of
the “distances” between the different elements involved in the
communication. The generic elements involved in most MIP
mobility management protocols and the distances between
these elements are shown in figure 1. We assume the reader is
familiar with these elements from protocols such as Mobile IP;
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those wishing more tutorial material are referred to the books
by Perkins [4] and Solomon [5]. Not all elements are used in
all protocols and their names are sometimes different. For
example, the Border Node is called the Foreign Agent (FA) in
Mobile IPv4 and its distance to the MN is always one (p=1).
In more general ad hoc network, p could be grater than 1.
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Figure 1 Distances.

When traveling to a new subnet and no kind of soft hand
over is implemented, a MN is temporarily unreachable until
the registration of its new care of address is successful. Then,
packets can be routed to the MN’s new IP address. As in
cellular networks, this time is named handoff delay (HOD) and
is defined as the time elapsed between the last received packet
(by the MN or the Corresponding Node, CN) when the MN
was attached to the old network, i.e. prior the move, and the
first received packet (by the MN or CN) when the MN is
attached to the new network, i.e. after the move.
When a MN is the receiver, the HOD has mainly two
components:
a)
mobility
detection
and
b)
registration/rebinding delay. In this paper we abstract our
analysis from any physical layer specific or physical layer
interaction approach that can minimize handover delay,
concentrating mainly on higher layer mobility management
schemes. Of the two components of the HOD, mobility
detection can be heavily dependent on lower layer mechanisms
and particular implementations. For the sake of comparing
exclusively higher layer mechanisms, we assume the same
mobility detection procedure for all protocols and do not
include this parameter in our analysis. Thus, we express the
HOD only as a function of the registration/binding update
(BU) delay when the MN is the receiver of the
communication. When the MN is the transmitter, the HOD is a
function of packet delivery mechanisms in specific protocols,
e.g. via triangular routing or route optimization.
The HOD is a function of the processing delay per-packet
(Cp) at each network entity and transmission delay per-packet
(Ctx) between two neighboring nodes one hop apart. We here
assume all hops have similar delays (e.g., an all wireless

network), so sending a packet over multiple (i) hops has delay
iCtx. In heavily loaded networks, Ctx and Cp are a function of
network load, mobility agent and router’s capabilities,
scheduling scheme mechanisms, etc.; however, as a first order
approximation, the variables Ctx and Cp can be considered
constant in lightly loaded networks.
The IETF has proposed different approaches to support
mobility transparently in the network layer. We here derive the
equations for the HOD for the two most popular mobility
protocols: a) MIPv4 with triangular routing [6] and, b) MIPv6
with route optimization [7]. In order to concentrate on the
comparison of higher layer mechanisms we do not consider the
differences between the two different IP protocol versions. For
example, we obviate the fact that IPv4 and IPv6 have different
IP header length due to different IP address size. Furthermore,
the MIPv6 protocol (in its current version [6]) has two modes
of operation: a) double tunneling and b) route optimization.
Due to space constrains and the similarity between the
mechanisms used in MIPv6 with double tunneling and MIPv4,
we focus on MIPv6 with route optimization option.
A. Home Agent Registration and Triangular Routing: MIPv4
In the MIPv4 framework, the handoff delay ( HODMIPv 4 )
after a move is proportional to the time it takes the MN to send
a registration packet to its Home Agent (HA) and get the
acknowledgment back. If we assume that a FA acts as an
intermediary that is one hop away from the MN and distance k
from the HA, then:

2C p , FA + C p, HA + 2(k + 1)C tx ,

(when MN is roaming)
HODMIPv 4  k  = 
C p , HA + 2Ctx ,

(when MN is in its home network)

(1)

where Cp,FA is the processing cost at the FA and Cp,HA is the
processing cost at the HA.
In MIPv4 with FA, the HOD is the same whether the MN
is transmitting or receiving, as the BR/FA will not forward any
packets unless the HA registration is complete.
B. HA Registration, Return Routability and Binding Updates
with CN: the case of MIPv6
In MIPv6 with route optimization, the MN has to send a
HA registration and execute the Return Routability (RR)
procedure prior sending the BU to the CN. Thus, registration
delay (REGDMIPv6) has three components: registration delay
(REGDHA), RR procedure delay (RRD) and BU delay (BUD),
where:
REGD HA  k  = C p , HA + 2(k + 1)C tx

{

(2)

}

RRDRR  k , l , m  = 2 C p,CN + C p, HA + (k + m + l + 2 )Ctx (3)
BUD l  = C p,CN + 2(l + 1)Ctx

(4)
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The difference between equations (1) and (2) is that there is no
FA in MIPv6, i.e. there is direct registration with the HA.
In MIPv6 with route optimization, service disruption will
only occur when the receive end is moving. The MN sends
packets to the CN with its new IP address as soon as it
acquires an IP address in its new network. Therefore, assuming
that the MN involved in the session is transmitting for half of
the time and receiving for the other half, we can express the
handoff delay as:
HODMIPv6  k , l , m  =

1
REGDMIPv6 (k , l , m )
2

matrix Ln where each element Lni, j is the probability that the
MN is located in the cell (i,j) after it moves n times following
the random walk model (0≤n≤d). Matrix Ln has size
(2d+1)x(2d+1), where d is the maximum number of
movements the MN is allowed to make.

(5)
j

III. AVERAGING HANDOFF DELAY OVER d MOVEMENTS
In order to achieve scalability, IP networks are divided into
IP subnets. Following [1], in our model we assume that these
IP subnets are abstracted to equal-sized, non-overlapping,
rectangular cells arranged in a grid configuration. In our
abstract model, when the MN crosses the cell boundaries this
means that the MN connects to a different subnet and an IP
address configuration is required. Note that the abstract
representation of IP subnets does not necessary need to match
a geographical area, i.e. for a MN moving at a constant
velocity, the mobility rate can be different at different cells.
The size of the grid depends on the number of movements
the MN is allowed to make. If the MN moves d times, the MN
can be located in any cell of a (2d+1)x(2d+1) grid. We denote
as he center of the grid the cell where the MN is initially
located before starting to move. If indices of matrix elements,
(i,j) for i=0, …, 2d+1, j=0, …, 2d+1, denote the coordinates of
the corresponding locations in the grid, the center cell has
coordinates (d,d) (see figure 2).
The distance between two cells in the grid is measured by
the minimum number of cell boundary crossings required to
travel between the cells. If we assume that routes, like the MN
movements, can only take horizontal or vertical paths, i.e.
diagonal paths are not allowed, the distance between cells C1
and C2 with coordinates (x1,y1) and (x2,y2) is:

d C1,C 2 = x 2 − x1 + y 2 − y1

(6)

If a mobile agent is at a distance k away from a generic cell of
coordinates (i,j), there are 4k possible cell coordinates at
distance k from (i,j) in the grid configuration for the mobility
agent (s=0, 1, …, k-1):
C s,1 ≡ (i + s, j + k − s )

C s,2 ≡ (i − s, j − k + s )
C s,3 ≡ (i − k + s, j + s )

6
5
4
3
2
1
0
0

1

2

3
i

4

C s,4 ≡ (i + k − s, j − s )

For simplicity, we will here consider the case where the
MN is the only mobile entity, whereas CN and HA do not
move. On the basis of the assumed random walk mobility
model, i.e. the MN may travel to one of the four neighboring
cells with equal probability ¼, it is very simple to compute the
probability that the MN is in a particular cell. Let us define a

6

• The MN is initially in center cell (e.g., at coordinates <3,3>).
• After one move the MN can move to one of four cells (<3,2>,
<2,3>, <3,4>, <4,3>).
• After 3 moves, MN will be somewhere in a 7x7 grid
• Cells at distance 1 (2) from center are in light (dark) gray.
Figure 2: General Mobility Model for a MN (d=3).

In the initial state, the MN is in the center cell at a distance
k from the mobile entity of interest (HA, CN). Since we want
to condition delays to distances only and not to the specific
location of a mobile entity, we need to consider that there are
4k possible locations in the grid for the HA or the CN that are
at distance k form the MN. As the MN starts moving from the
center cell, the distances between the generic cell (i,j) where
the MN is located and all the (fixed) cells where the mobile
entity of interest can be located will start changing as well.
These 4k distances are easily computed (s=0, 1, …, k-1):

D s,1 (ξ ; i, j ) = d + s − i + d + ξ − s − j

D s,2 (ξ ; i, j ) = d − s − i + d − ξ + s − j

(8)

D s,3 (ξ ; i, j ) = d − ξ + s − i + d + s − j

D s,4 (ξ ; i, j ) = d + ξ − s − i + d − s − j
Now, if the MN arrives in cell (i,j) after d moves, the handoff
delay averaged over all the possible locations of the mobile
entity (HA, CN) of interest from the MN becomes:
HOD(k | MN is in (i,j ) after d moves)

(7)

5

=

k −1 4

(

1
∑ ∑ HOD Ds ,a  k ; i, j 
4k s =0a =1

(

)

D (k ;i , j )

=
(9)

)

where HOD D s ,a (k ; i, j ) indicates the basic handoff delay as
given in (1) (or in (5)) computed for the distances D s , a  k ; i, j 
in (8), and __ D( k ;i , j ) denotes averaging over all the possible
distances between the locations of the mobile entity of interest
(which are at a distance k from the center cell of the grid) and
the MN located in cell (i,j).
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HOD(k | after d moves)

D (k )

=

2d +1 2 d +1

∑ ∑ Ldi, j HOD(k | MN in (i,j ) after d moves)

i =1

D (k ;i , j )

(10)

j =1

where Ldi, j denotes the probability that the MN arrives in cell
(i,j) after d random walk moves starting from the center cell.
We are now able to compute the handoff delay incurred by
a MN averaged over d consecutive random walk movements:
HOD

(d )

=

(k ) =

HODBU  l  =

C p,CN

+ (l + 1)Ctx

2

(12)

2

Average Handover Delay Ratio(HODHA/HODBU)

The HOD in (9) is conditional to the event that the mobile
entity of interest is at a distance k from the MN at the 0th
movement (the center cell of the grid) and to the event that the
MN arrives in cell (i,j) after d random walk movements.
Weighting this conditional delay by the probability that the
MN is located in cell (i,j) after d movements, and then
summing over all the possible cells where the MN can be
located after d moves, gives us the handoff delay at the d-th
movement and conditional only to the fact that the mobile
entity of interest is at a distance k from the center cell:
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Figure 3: Log-Log plot of the HOD Ratio versus k/l, for several values of l.
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In the previous equation, the first term represents the HOD
at the 0th movement (when the MN is in the center cell of
coordinates (d,d) and is at a distance k from the mobile entity
of interest), whereas the second term represents the total delay
after d registrations, one at each movement.
IV. COMPARATIVE ANALYSIS
In this section we compare the HOD of the mobility
mechanisms described in Sect. II. If we carefully look into
equations (1) and (5) we can clearly see that the HOD in
MIPv4 is always smaller than the HOD in MIPv6 with route
optimization. The reason being that, HA registration, RR and
BU with CN have to happen sequentially in order to prevent
the network from security attacks. The only advantage of
MIPv6 with BUs versus MIPv4 is not related to HOD but to
other performance parameters such as the load on the HA.
This is a strong advantage of MIPv6 vs MIPv4 but given the
space limitation its analysis is out of the scope of this paper. If
the network had certificate authorities or had built-in very
strong security mechanism, HA registration and BU could be
performed in parallel and the RR procedure would not be
required. This is not possible in current commercial networks
but if needed, military networks can be designed to guarantee
high security level and therefore sending directly the BU to the
CN without waiting for the HA registration or the RR
mechanism would be possible.
Thus, let us perform a more interesting comparison in
terms of HOD between MIPv4 and an “idealized” version of
route optimization, i.e. where BUs can be sent directly to the
CN without waiting for the HA registration and RR procedure
to be complete. In such protocol, the HOD is:

The ratio of the average handoff delays in the HA-based
and the BU-based mechanisms is
HODRatio(k ; l ) =

HODMIPv4 (k )
(d )

HOD BU (l )
(d )

(13)

If the ratio is higher (lower) than one, then using a HA
performs worse (better) than using BU. At the crossover point
(ratio equal to one), the two mechanisms perform the same.
It is obviously difficult to assign absolute values to the
processing and transmission costs. However, by analyzing the
ratio of the metrics, the problem of assigning specific values to
each cost is by-passed. Moreover, assuming a lightly loaded
network, the processing at the FA, at the HA, and at the CN
can be assumed the same (i.e. Cp,HA=Cp,FA= Cp,CN=Cp).
Figure 3 is a log-log plot of eq.(13) (for Ctx=Cp) as a
function of the ratio of distances k/l, for several values of l and
for d=20. As the figure clearly shows, for high values of l there
are crossover points in the interval 0.1<k/l<0.5 (depending on
l). These are very interesting results as indicate that there are
specific configurations in which the handover delay using HA
is lower than the HOD when using route optimization. This
fact occurs when the distance between the MN and the CN is
much larger than the distance between the MN and the HA.
From the graphs, we can also state that: a) the use of HA
support always yields to a larger HOD when MN and CN are
close to each other (l<10) and, b) the use of HA support yields
a larger HOD when the two CNs are far apart (l>10) and when
the distance k from the HA is larger than a fraction α of the
distance l between CNs, with α>0.1.
It is also interesting to look at the asymptotic behavior of
RatioHOD(k;l) for large values of l. Starting from eq.(13) and
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passing to the limit for l going to infinity and for k/l fixed, we
have found the asymptotic value of the handoff delay ratio:
k
(14)
HODRatio l →∞ = lim HODRatio(k ; l ) ≈ 2
l
l →∞
k / l fixed

The interesting result expressed by (14) is that, even if the
MN and CN are extremely far apart (very large l), the handoff
delay with rebinds can still be lower than the one with HA
support (HODRatio(k;l)>1) when k is larger than 0.5l
(independently of m).
For k=l , i.e. when the CN is in the home network, the
ratio of the HOD between the two mechanisms is plotted in
figure 4 as a function of k=l, for several values of the
averaging value d. We observe that as the distance k increases,
the number of movements has less impact on the HODratio.
Assuming that k>>d, it can be easily proven that this ratio
is asymptotically equal to two (or six) as k and l increase and
Cp is negligible or at most similar to Ctx, (Cp much larger than
Ctx,). It is easy to prove that eq.(13) boils down to the
following expression:
for C p << Ctx
2,
 4k + 10
HODRatio(k = l ) ≈ 
, for C p ≈ Ctx
 2k + 3
6,
for C p >> Ctx


(15)

larger than the transmission delay. The factor of 2 is due to the
fact that MIPv4 has to wait for the registration
acknowledgment whether it is receiving or transmitting, while
in the case of using BU, the MN can send packets immediately
after it gets a new IP address.
V. CONCLUSIONS
Under few assumptions (random walk mobility model,
transmission cost proportional to distance, minimum distance
routing), this paper describes closed form expressions to
quantify the handoff delay of two mobility mechanisms, the
HA-based and the BU-based ones. This allows us to estimate
the performance of different protocols, choose under what
conditions each protocol performs best and better tune the
protocol parameters to increase performances. The
comparative analysis here proposed allows us to quantify the
benefits and tradeoffs of each of the approaches and take
appropriate decisions when different mobility protocols are at
our choice. This is an important result in many applications, as
it gives a first order approximation on whether to use the HA
option or route optimization option in MIPv6 as a function of
the distance of the mobile entities. More extensive results on
the handoff delay and on the overall signaling costs can be
found in [8]. Although we have focused in this paper basically
on two mobility managements mechanisms, the analysis is
easily extensible to other approaches(2).

Now, passing to the limit for k→∞, we obtain:

HODRatio k →∞ (k = l ) = lim HODRatio(k = l ) =
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This results shows that BU is able to offer substantially
lower handoff delays with respect to MIPv4, and that the
larger gains are obtained when the processing delay is much
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