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Performance Evaluation of Improved Fast
PMIPv6-Based Network Mobility for
Intelligent Transportation Systems

Seonggeun Ryu, Ji-Woong Choi, and Kyung-Joon Park

Abstract: The network mobility basic support (NEMO BS) protocol
has been investigated to provide Internet connectivity fora group of
nodes, which is suitable for intelligent transportation systems (ITS)
applications. NEMO BS often increases the traffic load and han-
dover latency because it is designed on the basis of mobile Internet
protocol version 6 (MIPv6). Therefore, schemes combining proxy
MIPv6 with NEMO (P-NEMO) have emerged to solve these prob-
lems. However, these schemes still suffer from packet loss and long
handover latency during handover. Fast P-NEMO (FP-NEMO) has
emerged to prevent these problems. Although the FP-NEMO accel-
erates handover, it can cause a serious tunneling burden between
the mobile access gateways (MAGs) during handover. This prob-
lem becomes more critical as the traffic between the MAGs in-
creases. Therefore, we propose a scheme for designing an improved
FP-NEMO (IFP-NEMO) to eliminate the tunneling burden by reg-
istering a new address in advance. When the registration is com-
pleted before the layer 2 handover, the packets are forwarded to
the new MAG directly and thereby the IFP-NEMO avoids the use
of the tunnel between the MAGs during handover. For the evalua-
tion of the performance of the IFP-NEMO compared with the FP-
NEMO, we develop an analytical framework for fast handoverson
the basis of P-NEMO. Finally, we demonstrate that the IFP-NEMO
outperforms the FP-NEMO through numerical results.

Index Terms: Fast handovers, intelligent transportation sys-
tems (ITS), mobility management, network mobility (NEMO),
performance analysis, proxy mobile Internet protocol version 6
(PMIPv6).

I. INTRODUCTION

Intelligent transportation systems (ITS) have attracted con-
siderable interest in recent years. Although ITS applications
were initially designed for safety-oriented communications, the
role of infotainment has rapidly become significant [1]. In other
words, Internet access service for ITS applications is required.
For maintaining a vehicle’s Internet connectivity for a group of
nodes moving together, network mobility basic support (NEMO
BS) [2] was developed by the Internet engineering task force
(IETF). NEMO BS is considered in the ITS standards because it
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is a protocol that is able to provide NEMO [3], [4]. The interna-
tional organization for standardization (ISO) TC204 WG16 has
developed communications access for land mobiles (CALM),
which uses NEMO BS referred to as the ITS station reference ar-
chitecture [5]. The European telecommunications standards in-
stitute (ETSI) has standardized geographic addressing androut-
ing (GeoNetworking) initially specified by the GeoNet Euro-
pean project, and NEMO BS has been combined with GeoNet-
working [4], [6], [7].

NEMO BS, a mobility support protocol uniquely designed to
manage the mobility of a moving network, ensures session con-
tinuity for all the nodes in a mobile network. In NEMO, a unique
device called a mobile router (MR) is defined to extend the mo-
bile node (MN) of mobile Internet protocol version 6 (MIPv6)
[8] by adding a capability routing between its point of attach-
ment and a subnet that moves with the MR. For instance, the MR
handles communication with a fixed infrastructure and provides
access to the passengers’ devices using a convenient short-range
radio technology in transportation systems. Thus, the MR sup-
ports mobility for mobile network nodes (MNNs) attached to it,
thereby enabling the MNNs not to recognize their movements.

Although NEMO BS seems to fit well in the context of ITS,
it has several problems. One of the problems is that NEMO
BS does not incorporate route optimization (RO) with which
MNNs can directly communicate with the correspondent nodes
(CNs). There have been many schemes to carry out RO in var-
ious NEMO environments [9]–[16]. These schemes enable the
MNNs to directly communicate with their CNs in various sce-
narios. In this paper, we do not consider RO for NEMO.

In addition to the RO problem, the more critical problem of
NEMO BS is that NEMO BS incurs packet loss and long han-
dover latency during handover. Proxy MIPv6 (PMIPv6) [17]
has been adopted in NEMO [18]–[20] to solve these prob-
lems. PMIPv6 was developed to perform network-based mobil-
ity management. This approach does not require the MN to be
involved in the exchange of the handover signaling messagesbe-
tween itself and the home agent (HA). A mobile access gateway
(MAG) serves as a proxy mobility agent in the network by per-
forming mobility management on behalf of the MN attached to
the network. Thus, PMIPv6-based NEMO (P-NEMO) enhances
the handover performance of the NEMO. Fig. 1 shows the ar-
chitectural overview of the P-NEMO. When the MR moves to
a new MAG (NMAG), the NMAG performs proxy registration
on behalf of the MR to maintain the connectivity to the In-
ternet. The proxy registration consists of a proxy binding up-
date (PBU) and proxy biding acknowledgement (PBA) mes-
sages. The PBU and PBA messages are exchanged between the
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Fig. 1. Architectural overview of PMIPv6-based NEMO.

NMAG and a local mobility anchor (LMA), which is the HA
for the MR in the PMIPv6 domain. However, the P-NEMO still
suffers from packet loss during handover. Fast P-NEMO (FP-
NEMO) was introduced by Leeet al. [4] to prevent the packet
loss and reduce the handover latency. FP-NEMO uses wireless
layer 2 events to anticipate the impending handover. A tunnel is
established between a previous MAG (PMAG) and an NMAG
to prevent packet loss during handover. The packets destined for
MNNs are forwarded to the NMAG during handover.

Even though the FP-NEMO accelerates the handover proce-
dure through tunneling, it can cause a serious tunneling burden
between the MAGs. This is because all the packets destined
for the MNNs are forwarded to the NMAG through the tun-
nel between the PMAG and the NMAG. This problem becomes
more critical when there already exists heavy traffic between
the MAGs. For example, when many MNNs are communicating
with the CNs and the link between the PMAG and the NMAG
is congested, the tunnel that is established during handover is
overloaded. Hence, the packets traversing the tunnel are lost.

In this paper, we propose a scheme for designing an improved
FP-NEMO (IFP-NEMO) to eliminate the tunneling burden. The
IFP-NEMO adopts a tentative binding update (TBU) scheme
[21], [22], which performs the registration to the HA prior to the
layer 2 handover. When the registration is completed, the pack-
ets are directly forwarded to the NMAG and thereby the IFP-
NEMO avoids the tunnel utilization between the PMAG and the
NMAG during handover. Furthermore, the IFP-NEMO reduces
the handover latency of the FP-NEMO because the registration
is performed in advance. This study is a significant extension of
our preliminary work [23] by considering all the aspects of FP-
NEMO and IFP-NEMO, such as the predictive mode, reactive
mode, and handover latency. We describe the detailed handover
operation of the IFP-NEMO. We define both the predictive and
the reactive modes of the IFP-NEMO, while the FP-NEMO is
assumed to operate only in the predictive mode. Further, both

IFP-NEMO and FP-NEMO are analyzed through an analytical
framework for fast handovers on the basis of the P-NEMO. The
analytical framework consists of mobility modeling, costsanal-
ysis, and handover latency analysis. In the analytical framework,
the two modes of fast handover are considered, whereas in the
previous studies, only the predictive mode was considered to
evaluate the handover performance.

The main contributions of this paper are as follows: First, we
point out the significant tunneling burden of the FP-NEMO by
investigating the fast handover schemes with NEMO. This prob-
lem was not considered in the previous studies. Second, we pro-
pose an IFP-NEMO to eliminate the tunneling burden of the FP-
NEMO by performing the registration in advance. In addition
to mitigating the tunneling burden, the IFP-NEMO reduces the
handover latency. Third, we develop a detailed analytical frame-
work to evaluate the IFP-NEMO performance as compared with
that of the FP-NEMO.

The rest of this paper is organized as follows. As a prelimi
nary, Section II describes the NEMO, P-NEMO, and FP-NEMO.
In Section III, we present the proposed scheme for designingan
IFP-NEMO. Sections IV and V present the analytical frame-
work and numerical results, respectively. Finally, Section VI
concludes the paper.

II. PRELIMINARY

Internet access in vehicles is necessary for supporting various
ITS applications. Although MIPv6 can support mobility in a ve-
hicle, it results in many signaling messages when a large number
of MNNs in the vehicle simultaneously move. For reducing the
signaling burden of all the nodes in the vehicle, NEMO BS was
introduced, which supports network mobility in the vehicular
networks. NEMO BS is an efficient and scalable scheme, be-
cause mobility management is transparent to all the nodes inthe
vehicle. In other words, MNNs do not transmit and receive sig-
naling messages during handover because the MR provides mo-
bility for all the MNNs connected to it. When the MR moves to a
new network, it generates a care-of address (CoA) and transmits
a binding update (BU) message to inform about its new location
to the HA. The HA further transmits a binding acknowledge-
ment (BA) message back to the MR. Further, a bidirectional
tunnel between the MR and the HA is established and all the
packets destined for the MNNs attached to the MR are delivered
through this tunnel.

NEMO BS is suitable for ITS applications; however, it in-
troduces packet loss and long handover latency during han-
dover. This is because the handover procedure of NEMO BS
is based on that of MIPv6. Schemes combining NEMO and
PMIPv6 (P-NEMO) were presented in [18]–[20] to solve these
problems. PMIPv6 was intended to provide network-based IP
mobility management support to the MNs without requiring
the participation of the MNs in any IP mobility related signal-
ing. The mobility entities in the network track the movements of
the MNs and initiate mobility signaling and set up the required
routing state. The core mobility entities are the LMA and the
MAG; the former is responsible for maintaining the MN reach-
ability state as the HA does, and the latter is the entity thatper-
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Fig. 2. Handover operation of FP-NEMO: (a) The predictive mode and (b) the reactive mode.

forms the mobility management on behalf of the MNs. In the
P-NEMO, the MAG manages the mobility of the MR. Thus,
handover signaling induced by the MR is mitigated and the han-
dover latency is reduced.

However, the P-NEMO still causes packet loss, because all
the packets destined for the MR are lost during handover. FP-
NEMO has emerged as an extension to the P-NEMO [4] to
solve these problems. The FP-NEMO can reduce the packet loss
and the handover latency of the P-NEMO by adopting fast han-
dovers for PMIPv6 (FPMIPv6) [24]. FP-NEMO uses wireless
layer 2 events to anticipate the impending handover of the ve-
hicle’s MR. Further, a tunnel is established between the MAGs
prior to the attachment of the MR to the NMAG. Thus, the pack-
ets are forwarded to the NMAG, without loss during handover.

Fig. 2 illustrates the detailed handover operations of the FP-
NEMO. The operation of the FP-NEMO is divided into the pre-
dictive mode and the reactive mode because there are two modes
of operation in FPMIPv6. In the predictive mode of the FP-
NEMO, a bidirectional tunnel between the PMAG and NMAG is
established prior to the attachment of the MR to the NMAG. As
shown in Fig. 2(a), when the MR detects that a handover is im-
minent, it reports its movement to the PMAG. On receiving the
report, the PMAG transmits a handover initiate (HI) messageto
the NMAG. The HI message includes the MN ID, home net-
work prefix (HNP), and the address of the LMA that is currently
serving the MR. The NMAG transmits a handover acknowledge
(HAck) message back to the PMAG. When the PMAG receives
the HAck message, a tunnel is established between the PMAG
and the NMAG, and thereby, the packets destined for the MNNs
are forwarded to the NMAG through this tunnel. These packets
are buffered at the NMAG. The buffered packets are forwarded
to the MR, after the MR attaches to the NMAG. Further, the
NMAG updates the binding cache entry (BCE) in the LMA for
the MR by transmitting a PBU message. When the NMAG re-
ceives the PBA message, handover is completed. Fig. 2(b) shows

the reactive mode of the FP-NEMO. The reactive mode of the
FP-NEMO operates as the general P-NEMO does, because it
was not defined in [4].

III. SCHEME FOR DESIGNING IMPROVED FAST
PMIPV6-BASED NEMO

In the FP-NEMO, the characteristics of the NEMO were not
fully examined, although the FP-NEMO reduced the packet loss
and handover latency by using tunneling. For example, many
MNNs connected to the MR in the NEMO simultaneouly move,
which can cause serious performance degradation due to the tun-
neling burden during handover. Tunneling increases the traffic
burden on the link between the PMAG and the NMAG. When
many MNNs transmit or receive data packets in high traffic den-
sity, the tunnel is particularly overloaded, causing serious con-
gestion.

Therefore, an IFP-NEMO is proposed in this paper to elim-
inate the tunneling burden and to reduce the handover la-
tency. The IFP-NEMO adopts the tentative binding update
scheme [21], [22], which registers the MR to the HA prior to the
layer 2 handover. Before the layer 2 handover is begun, a tenta-
tive PBU message (TPBU) is transmitted to the LMA to register
the new CoA in advance. Further, the LMA directly forwards
the packets destined for the MMNs to the NMAG. As a result,
the IFP-NEMO avoids using the tunnel between the MAGs dur-
ing handover, and thereby, the packets destined for the MNNs
are delivered through various paths between the LMA and the
NMAG. In addition, the handover latency is reduced because the
registration to the LMA is performed beforehand. Therefore, the
IFP-NEMO is a suitable solution for the P-NEMO in ITS.

The operation of the IFP-NEMO is divided into the predic-
tive mode and the reactive mode because the IFP-NEMO oper-
ation follows the fast handovers in the P-NEMO. Fig. 3 shows
the detailed handover operation of the IFP-NEMO. The oper-
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Fig. 3. Handover operation of IFP-NEMO: (a) The predictive mode and (b) the reactive mode.

ation in the predictive mode of the IFP-NEMO is defined in
Fig. 3(a). The predictive mode of the IFP-NEMO is initiated
with the MR’s layer 2 handover report. The PMAG further trans-
mits the HI message to the NMAG. The HI message includes the
MR ID, HNP, and address of the LMA. On receiving the HI mes-
sage, the NMAG creates a TPBU message using the received in-
formation. The TPBU message is the same as the PBU message,
except that the binding lifetime is short. Further, the NMAG
transmits the TPBU message to the LMA and the HAck mes-
sage to the PMAG. When the LMA receives the TPBU message,
it tentatively generates an additional entry in the BCE. Thepre-
vious binding information for the MR is preserved in the BCE
during handover because it is used to prevent ping-pong move-
ments. For example, when the MR moves back to the PMAG
during handover, the tentative binding expires, and the packets
destined for the MNNs are transmitted back to the PMAG using
the previous binding information in the BCE. As soon as the new
binding is generated in the BCE of the LMA, the packets des-
tined for the MNNs are directly forwarded to the NMAG. The
NMAG receives and buffers the packets from the LMA during
handover. When the PMAG receives the HAck message, a tun-
nel between the PMAG and the NMAG is established. However,
the tunnel between the MAGs is not used during handover be-
cause the packets destined for the MNNs are directly forwarded
to the NMAG. In the IFP-NEMO, the tunnel is retained for fur-
ther use when the LMA cannot process the TPBU message or
when the TPBU message cannot be delivered to the LMA. Upon
completion of the layer 2 handover, the NMAG delivers the
packets to the MR, thus completing the handover process. In
addition, the NMAG transmits the PBU message to the LMA to
confirm the movement of the MR. When the LMA receives the
PBU message from the NMAG, it updates the BCE for the MR.

The reactive mode of the IFP-NEMO is illustrated in
Fig. 3(b). We define the reactive mode of the IFP-NEMO by
using the reactive mode of the FPMIPv6. Upon completion of
the layer 2 handover, the NMAG transmits the HI message to

Table 1. Notations.

Notation Description

α(K) Probability ofK movements
ρ Session to mobility ratio (SMR)
Pf Probability of the predictive mode failure
tw Wireless link delay
tl Wired link delay
TL2 Link switching delay
pwlf Probability of wireless link failure
HLMA−MAG The number of hops between LMA and MAG
HMAGs The number of hops between MAGs
LPBU Length of the PBU message
LPBA Length of the PBA message
LTPBU Length of the TPBU message
LHI Length of the HI message
LHAck Length of the HAck message
LHD Length of a tunnel header
NMNN The number of MNNs
λp Packet arrival rate
τ Weight factor for tunneling
η Weight factor for packet loss

the PMAG to establish a tunnel between the NMAG and the
PMAG. Thus, before the registration process is completed, the
packets destined for the MNNs are forwarded through this tun-
nel.

IV. PERFORMANCE ANALYSIS

Here, we develop an analytical framework to investigate the
handover performance of the IFP-NEMO as compared with that
of the FP-NEMO, as in [4] and [25]–[27]. The analytical frame-
work consists of mobility modeling, handover latency analysis,
and cost analysis. We analyze the handover latencies and the
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overall costs of the IFP-NEMO and FP-NEMO to evaluate the
performances of these schemes. The notations used in the per-
formance analysis are listed in Table 1.

A. Mobility Modeling

This section describes the mobility model and the probabil-
ity of the predictive mode failure,Pf . The mobility model de-
termines the movement rate of the MR, whilePf is used to
combine the predictive mode and the reactive mode of the IFP-
NEMO and FP-NEMO.

We derive probabilityα(K) that an MR moves acrossK RAs
between two sessions. We assume that the intersession arrival
time follows an exponential distribution with rateλS . The resi-
dence time of an MR in the MAG follows a general distribution
with 1/µL, and its probability density function isfL(t). f∗

L(s)
denotes the Laplace transform offs(t) and is obtained as

f∗

L(s) =

∫

∞

t=0

e−stfL(t)dt. (1)

Further, the Laplace-Stieltjes transform for an exponentially dis-
tributed random variable is obtained as follows [4]

f∗

L(s) =

∫

∞

t=0

e−stµLe
−µLtdt. (2)

Let NL be the number of subnet crossings during the inters-
ession arrival time. Further,Pr(NL = K) = α(K) is derived
as follows [28]

α(K) =

{

1− 1−fL
∗(λS)
ρ

, K = 0
1
ρ
[1− f∗

L(λS)]
2
[f∗

L(λS)]
K−1

, K > 0
(3)

whereρ is the SMR andρ = λS/µL [4], [28].
In both FP-NEMO and IFP-NEMO, the additional signal-

ing messages are exchanged between a PMAG and an NMAG,
while the MR resides in the overlapping area between the
PMAG and the NMAG. The predictive mode fails when the MR
leaves the overlapping area before the transmission of the ad-
ditional signaling messages is completed. When the predictive
mode fails, the reactive mode is activated. Further, the probabil-
ity of the predictive mode failure,Pf , must be obtained to evalu-
ate the performances of the FP-NEMO and IFP-fNEMO. Fig. 4
shows the overlapping area of the boundary cells. LetT be a
random variable for denoting the residence time in the overlap-
ping area, that is, pending a layer 2 handover.Pf is obtained as
follows [29]

Pf = Pr (T < TPRE) =

∫ TPRE

0

fT (t)dt, T ≥ 0 (4)

whereTPRE is the required time for additional signaling in FP-
NEMO or IFP-NEMO before the layer 2 handover. If we assume
thatT is exponentially distributed [30],fT (t) = λe−λt. There-
fore,Pf is obtained as

Pf = 1− e−λTPRE (5)

Overlapping 

area

Fig. 4. Overlapping area between boundary cells.

whereλ is the arrival rate of the MR in the overlapping area. Us-
ing the movement rate,

∑

∞

i=0 iα (i), we can deriveλ as follows

λ = θ

∞
∑

i=0

iα (i)

= θ
∞
∑

i=0

i

ρ
[1− f∗

L (λs)]
2[f∗

L (λs)]
i−1 (6)

whereθ is the weight factor, which is defined by the network
environment, such as the radius of a cell and the overlapping
area.

B. Analysis of Handover Latency

We define the handover latency as the time interval between
the moment of detection of the impending handover and the mo-
ment the MR directly receives the first packets from the LMA in
the new network. The handover latencies of the FP-NEMO and
IFP-NEMO can be obtained as shown in Figs. 2 and 3, respec-
tively. In both FP-NEMO and IFP-NEMO, the handover laten-
cies are divided into those in the predictive mode and those in
the reactive mode, respectively. Further, the handover latencies
of FP-NEMO,T (FPN)

HO , and IFP-fNEMO,T (IFPN)
HO , are obtained

as follows

T
(FPN)
HO = (1− Pf ) T

(pFPN)
HO + PfT

(rFPN)
HO (7)

T
(IFPN)
HO = (1− Pf ) T

(pIFPN)
HO + PfT

(rIFPN)
HO (8)

whereT (pFPN)
HO , T (rFPN)

HO , T (pIFPN)
HO , andT (rIFPN)

HO are the han-
dover latencies in the predictive mode and reactive mode of
the FP-NEMO and IFP-NEMO, respectively. With reference to
Fig. 2,T (pFPN)

HO andT (rFPN)
HO are expressed as follows

T
(pFPN)
HO = T

(pFPN)
PRE + TL2 + T

(pFPN)
POST

= 2tw + 2 (HMAGs +HLMA−MAG) tl + TL2 (9)

T
(rFPN)
HO = TL2 + T

(rFPN)
POST

= 2tw + 2HLMA−MAGtl + TL2 (10)

whereTL2 is the link switching delay.T (pFPN)
PRE , T (pFPN)

POST , and

T
(rFPN)
POST are the partial delays in the FP-NEMO. For the cal-

culation of the delays consisting of the handover latency, the
wired link delay, tw, and the wireless link delay,tl, are de-
fined. HMAGs andHLMA−MAG are the hop distances between
the MAGs and between the LMA and the MAG, respectively.



RYU et al.: PERFORMANCE EVALUATION OF IMPROVED FAST PMIPV6-BASED... 147

In the FP-NEMO,T (pIFPN)
HO andT (rIFPN)

HO are calculated, re-
ferring to Fig. 3, as follows

T
(pIFPN)
HO = T

(pIFPN)
PRE + TL2 + T

(pIFPN)
POST

= 2tw +
{

HMAGs

+max (HMAGs, HLMA−MAG) tl
}

+ TL2 (11)

T
(rIFPN)
HO = TL2 + T

(rIFPN)
POST

= tw + 2 (HMAGs +HLMA−MAG) tl + TL2 (12)

whereT (pIFPN)
PRE , T (pIFPN)

POST , andT (rIFPN)
POST are the partial delays

in the IFP-NEMO. When the MAG is too far from the LMA,
T

(pIFPN)
HO is the same asT (pFPN)

HO . This is because the TPBU
message cannot arrive at the LMA during handover. For in-
stance, ifHLMA−MAGtl > TL2, thenT (pIFPN)

HO = T
(pFPN)
HO .

tl and tw are obtained by summing the transmission delay,
propagation delay, and processing delay.tl is expressed as fol-
lows

tl =
L

Bwd

+ Twd +̟q (13)

whereL is the length of a packet,Bwd is the bandwidth of the
wired link, Twd is the propagation delay on the wired link, and
̟q is the average queueing delay at each router in the Inter-
net. In the case of the wireless link delay, the wireless linkfail-
ure is considered. Letnf andPnf be the number of wireless
link failures and the probability that a message transmission over
the wireless link failsnf times before the message is success-
fully transmitted, respectively [4], [31]. The mean numberof
nf , E[nf ], is expressed as follows [31]

E[nf ] =

∞
∑

nf=0

nfPnf
=

pwlf

1− pwlf

(14)

wherepwlf is the probability of the wireless link failure. Thus,
the wireless link delay,tw, is calculated as follows

tw =

(

L

Bwl

+ Twl + Tp

)

+ E[nf ]

(

L

Bwl

+ Twl + Tp + Twait

)

(15)

whereTwait is the waiting time to determine the loss of a mes-
sage,Bwl is the bandwidth of the wireless link,Twl is the prop-
agation delay on the wireless link, andTp is the processing
time. LetTwait = γ( L

Bwl
+ Twl + Tp) because the waiting time

can be determined by the round trip time, whereγ is the weight
factor for the waiting time. Further, (15) becomes

tw =

(

1 + γpwlf

1− pwlf

)(

L

Bwl

+ Twl + Tp

)

. (16)

C. Cost Analysis

Here, we derive the cost functions of the signaling overhead
and the packet tunneling to investigate the performances ofthe
FP-NEMO and IFP-NEMO. The signaling overhead is defined
as the handover signaling cost incurred during a session andis
calculated by the product of the message length and the number

of hops [12]. The packet tunneling cost is defined as the addi-
tional tunneling overhead incurred during handover. Therefore,
the overall costs of the FP-NEMO,C(FP−NEMO), and the IFP-
NEMO,C(IFP−NEMO), are expressed, respectively as follows

C(FP−NEMO) = C
(FPN)
SG + C

(FPN)
PT (17)

C(IFP−NEMO) = C
(IFPN)
SG + C

(IFPN)
PT (18)

whereC(FPN)
SG , C(FPN)

PT , C(IFPN)
SG , andC(IFPN)

PT are the signal-
ing overheads and the packet tunneling costs of FP-NEMO and
IFP-NEMO, respectively.C(FPN)

SG andC(IFPN)
SG are divided into

the predictive mode and the reactive mode, respectively andare
obtained as follows

C
(FPN)
SG = (1− Pf )C

(pFPN)
SG + PfC

(rFPN)
SG (19)

C
(IFPN)
SG = (1− Pf )C

(pIFPN)
SG + PfC

(rIFPN)
SG (20)

whereC(pFPN)
SG , C(rFPN)

SG , C(pIFPN)
SG , andC(rIFPN)

SG are the sig-
naling costs in the predictive mode and reactive mode of the
FP-NEMO and IFP-NEMO, respectively. These parameters are
obtained, referring to Figs. 2 and 3 as follows

C
(pFPN)
SG =

∞
∑

i=0

iα(i)
(

SMAGs + Sc1
LMA−MAG

)

(21)

C
(pIFPN)
SG =

∞
∑

i=0

iα(i)
(

SMAGs + Sc2
LMA−MAG

)

(22)

C
(rFPN)
SG =

∞
∑

i=0

iα(i)Sc1
LMA−MAG (23)

C
(rIFPN)
SG =

∞
∑

i=0

iα(i)
(

SMAGs + Sc1
LMA−MAG

)

(24)

whereSMAGs is the sum of the signaling costs incurred be-
tween the MAGs, andSc1

LMA−MAG and Sc2
LMA−MAG are the

sums of the signaling costs incurred between the LMA and
the MAG. SMAGs = HMAGs (LHI + LHAck), Sc1

LMA−MAG =
HLMA−MAG (LPBU + LPBA), andSc2

LMA−MAG = HLMA−MAG

(LTPBU + LPBU + LPBA).
∑

∞

i=0 iα(i) denotes the handover
rate.

The packet tunneling costs of FP-NEMO and IFP-NEMO are
obtained as follows

C
(FPN)
PT = (1− Pf )C

(pFPN)
PT + PfC

(rFPN)
PT (25)

C
(IFPN)
PT = (1− Pf )C

(pIFPN)
PT + PfC

(rIFPN)
PT (26)

whereC
(pFPN)
PT , C

(rFPN)
PT , C

(pIFPN)
PT , and C

(rIFPN)
PT are the

packet tunneling costs in the predictive mode and reactive mode
of the FP-NEMO and IFP-NEMO, respectively.

In the predictive mode of the FP-NEMO, the packets destined
for the MNNs are tunneled between the MAGs after a tunnel
is established, while in the reactive mode, they are lost during
handover. With reference to Fig. 2, the packet tunneling costs of
the FP-NEMO are obtained as follows
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Fig. 5. Probability of predictive mode failure as a function of ρ, θ, and TPRE : (a) Pf vs. ρ and θ and (b) Pf vs. TPRE and θ.

C
(pFPN)
PT =

∞
∑

i=0

iα(i)

{

NMNNλp

(

PLMA−MAGT
(pFPN)
HO

+ τPMAGsT
(pFPN)
TNL

)}

(27)

C
(rFPN)
PT =

∞
∑

i=0

iα(i)

[

NMNNλp

{

ηPLMA−MAGT
(rFPN)
LOSS

+ PLMA−MAG

(

T
(rFPN)
HO − T

(rFPN)
LOSS

)

}]

(28)

whereNMNN andλp are the number of MNNs attached to the
MR and the packet arrival rate, respectively.η is the weight fac-
tor for the packet loss, which denotes the number of retransmis-
sions owing to packet loss.PMAGs andPLMA−MAG are the unit
costs of the packet tunnel overheads between the MAGs and be-
tween the LMA and the MAG, respectively, and are expressed
as PMAGs = HMAGs (LHD + LHD) and PLMA−MAG =

HLMA−MAGLHD. T (pFPN)
TNL and T

(rFPN)
LOSS are the delays dur-

ing the tunneling in the predictive mode and during the packet
loss in the reactive mode, respectively.T

(pFPN)
TNL = TL2 +

2HLMA−MAGtl andT (rFPN)
LOSS = TL2 + tw +HLMA−MAGtl.

In the predictive mode of the IFP-NEMO, the packets des-
tined for the MR are directly forwarded to the PMAG or NMAG,
regardless of handover. However, when the MR is too far from
the LMA, the TPBU message does not arrive at the LMA during
TPRE. In this case, the packets destined for the MR are tunneled
as in the FP-NEMO. Thus, the packet tunneling costs of the IFP-
NEMO are expressed, as shown in Fig. 3, as follows

C
(pIFPN)
PT =

∞
∑

i=0

iα(i)

{

NMNNλp

(

PLMA−MAGT
(pIFPN)
HO

+ τPMAGsT
(pIFPN)
TNL

)}

(29)

C
(rIFPN)
PT =

∞
∑

i=0

iα(i)

[

NMNNλp

{

ηPLMA−MAGT
(rIFPN)
LOSS

+ (PLMA−MAG + τPMAGs)T
(rIFPN)
TNL

+ PLMA−MAG

(

T
(rIFPN)
HO − T

(rIFPN)
LOSS − T

(rIFPN)
TNL

)

}]

(30)

where T
(pIFPN)
TNL is the delay during tunneling in the

predictive mode. T (pIFPN)
TNL =min(max(HLMA−MAGtl −

HMAGstl, 0), T
(pFPN)
TNL ). T (rIFPN)

LOSS andT (rIFPN)
TNL are the delays

during the packet loss and tunneling in the reactive mode, re-
spectively.T (rIFPN)

LOSS = TL2 + HMAGstl and T
(rIFPN)
TNL =

(HMAGs +HLMA−MAG) tl.

V. NUMERICAL RESULTS

In this section, we demonstrate the comparative numerical
results of the FP-NEMO and IFP-NEMO in terms of the han-
dover latency and overall cost. The parameters used in this anal-
ysis are defined as followsL = 512 Kbytes, Bwd = 1 Gbps,
Bwl = 54 Mbps, Twd = 0.5 ms, Twl = 2 ms, ̟q = 0.5,
Tp = 0.5 ms, TL2 = 58.74 ms, NMNN = 5, λp = 50 pakets/s,
γ = 1, η = 2, HLMA−MAG = 5, HMAGs = 1, LPBU =
LPBU = LTPBU = 76 bytes, LHI = SHAck = 52 bytes, and
LHD = 40 bytes [4], [12], [31]–[33].

A. Probability of Predictive Mode Failure

The probability of predictive mode failure,Pf , can be ob-
tained by the MR movement rate and the network environ-
ment. WhenPf is low, the FP-NEMO and IFP-NEMO more
frequently operate in the predictive mode. Fig. 5(a) showsPf

as a function ofρ and θ. Whenρ is high, the session rate is
higher than the handover rate and the mobility is low. On the
other hand, the session rate is lower than the handover rate,when
ρ is low. In other words,ρ denotes the MR velocity. Thus,Pf

becomes high when the MR velocity is high.θ denotes the net-
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Fig. 6. Relative handover latency gains as functions of ρ, θ, pwlf , TL2, and HLMA−MAG: (a) GHL vs. ρ and θ, (b) GHL vs. pwlf and ρ, (c) GHL

vs. TL2, and GHL vs. HLMA−MAG.

work environment. For example, whenθ is low, it indicates that
the radius of a cell or the overlapping area is large.Pf becomes
low whenθ is low.

As shown in Fig. 5(b), the changes inPf are depicted by
TPRE. TPRE is the time required for the additional signaling in
FP-NEMO or IFP-NEMO before the layer 2 handover. Hence,
Pf becomes low whenTPRE is short.TPRE is dependent on
the transmission delays between an MR, an MAG, and MAGs,
and therefore, it gradually decreases overtime. In addition, Pf

becomes low.

B. Relative Handover Latency Gain

In this section, we compare the IFP-NEMO with the FP-
NEMO in terms of the handover latency. For this, we define the
relative handover latency gain as follows

GHL =
T

(FPN)
HO

T
(IFPN)
HO

. (31)

WhenGHL > 1, the IFP-NEMO outperforms the FP-NEMO.
Fig. 6(a) shows the relative handover latency gains as func-

tions of ρ andθ. As ρ increases, the relative handover latency

gains increase. Whenρ is high, the mobility is low and the ses-
sion arrival rate is high. Thus, the handover performance ofthe
IFP-NEMO is better than that of the FP-NEMO, where the ve-
hicles move at a low velocity as in urban areas. In addition, the
relative handover latency gain increases whenθ is low. This im-
plies that the handover performance of the IFP-NEMO is better
than that of the FP-NEMO, where the radius of a cell or the
overlapping area is large. In addition, even whenρ is low andθ
is high, the IFP-NEMO outperforms the FP-NEMO.

As shown in Fig. 6(b), the relative handover latency gains as
functions ofpwlf andρ are depicted. The probability of the wire-
less link failure,pwlf , denotes the status of the wireless link. For
example, whenpwlf is low, the wireless link is in good condi-
tion without link errors. The handover performance of the IFP-
NEMO is better than that of the FP-NEMO whenpwlf is low
andρ is high. On the other hand, whenpwlf is high andρ is low,
the handover performance of the IFP-NEMO is better than that
of the FP-NEMO. In other words, the IFP-NEMO outperforms
the FP-NEMO even when the error rate of the wireless link is
high and the vehicles move fast.

The relative handover latency gain as a function ofTL2 is il-
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Fig. 7. Relative overall cost gains as functions of ρ, θ, τ , NMNN, and HLMA−MAG: (a) GOC vs. ρ and θ, (b) GOC vs. τ and ρ, (c) GOC vs. NMNN

and τ , and GOC vs. HLMA−MAG.

lustrated in Fig. 6(c).TL2, which is the link switching delay,
depends on the wireless technology. AsTL2 decreases, the rela-
tive handover latency gains increase.TL2 can become shorter as
the wireless technology is improved. Therefore, the IFP-NEMO
can highly improve the handover performance, because more
advanced technologies will emerge in the future.

Fig. 6(d) illustrates the relative handover latency gain asa
function of HLMA−MAG, which is the distance between the
LMA and the MAG. The handover latency of the FP-NEMO
is higher than that of the IFP-NEMO asHLMA−MAG in-
creases. However, whenHLMA−MAG > 60, the handover
latency of the IFP-NEMO is the same as that of the FP-
NEMO. This is because the TPBU procedure cannot be com-
pleted during handover. Nevertheless, the IFP-NEMO generally
outperforms the FP-NEMO, because the MAG is not too far
from the LMA.

C. Relative Overall Cost Gain

For the evaluation of the IFP-NEMO performance as com-
pared with that of the FP-NEMO, we define the relative overall

cost gain as follows

GOC =
C(FP−NEMO)

C(IFP−NEMO)
. (32)

WhenGOC > 1, the IFP-NEMO outperforms the FP-NEMO.
The relative overall cost gains depending onρ andθ are illus-

trated in Fig. 7(a). Asρ increases, the relative overall cost gains
increase. As shown in Fig. 6(a), the handover performance of
the IFP-NEMO is better than that of the FP-NEMO, where the
vehicles move at a low velocity. In addition, the relative overall
cost gain increases whenθ is low. Therefore, the IFP-NEMO
considerably outperforms the FP-NEMO, where the radius of a
cell or the overlapping area is large and the movement rate is
low as in urban areas.

The relative overall cost gains depending onτ andρ are plot-
ted, as shown in Fig. 7(b).τ denotes the degree of traffic density
in the link between the PMAG and the NMAG. When the traffic
on that link increases,τ increases. In general, the relative overall
cost gains increase asτ increases, because the IFP-NEMO does
not use the tunnel between the PMAG and the NMAG. Even
whenτ is low, the IFP-NEMO outperforms the FP-NEMO. This
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is because the handover latency of the IFP-NEMO is lower than
that of the FP-NEMO. The relative overall cost gains increase as
ρ increases because the packet tunneling cost is highly affected
by highρ. Additionally, the handover performance of the IFP-
NEMO is not lower than that of the FP-NEMO, even whenρ is
low.

Fig. 7(c) shows the relative overall cost gains depending on
NMNN and τ . NMNN is the number of MNNs attached to an
MR. The IFP-NEMO improves the handover performance of
the FP-NEMO, regardless ofNMNN. Thus, the IFP-NEMO is
more efficient than the FP-NEMO, where many users simulta-
neously use the Internet services in the case of public transporta-
tion, such as in buses and trains. In particular, whenτ is high,
the IFP-NEMO considerably outperforms the FP-NEMO.

As shown in Fig. 7(d), the relative overall cost gain is de-
picted depending onHLMA−MAG. WhenHLMA−MAG is short,
the handover performance of the IFP-NEMO becomes high
as HLMA−MAG decreases. This is because the duration of
tunneling between the PMAG and the NMAG becomes sig-
nificantly long in the IFP-NEMO. On the other hand, when
HLMA−MAG > 10, the handover latency of the FP-NEMO is
higher than that of the IFP-NEMO, and therefore, the handover
performance of the IFP-NEMO becomes high asHLMA−MAG

increases. WhenHLMA−MAG > 60, the handover performance
of the IFP-NEMO becomes low. The reason is the same as that
depicted in Fig. 6(d). As a result, because the MAG is not too
far from the LMA, the IFP-NEMO generally outperforms the
FP-NEMO.

VI. CONCLUSIONS

FP-NEMO emerged to accelerate handover for the P-NEMO
by anticipating an impending handover. Even though FP-NEMO
enhances the handover performance, it can incur a tunnelingbur-
den between the PMAG and the NMAG during handover. In this
study, we highlight the problem of the tunneling burden, which
was not properly investigated in the previous studies. Thus, we
propose an IFP-NEMO to eliminate the tunneling burden by reg-
istering a new CoA in advance.

For the evaluation of the IFP-NEMO performance as com-
pared with that of the FP-NEMO, we have developed an analyt-
ical framework. In the analytical framework, we have taken into
account two modes of fast handover schemes. The numerical re-
sults demonstrate the handover performance of the IFP-NEMO
in terms of the handover latency and overall cost. In general,
the IFP-NEMO improves the handover performance of the FP-
NEMO. In particular, the IFP-NEMO considerably outperforms
the FP-NEMO, where the radius of a cell or the overlapping area
is large and the movement rate is low as in urban areas.
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