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Abstract—To maintain the Internet connectivity of a group of
nodes in intelligent transportation systems (ITSs), the network
mobility basic support (NEMO BS) protocol was standardized.
The NEMO BS provides mobility for mobile network nodes
(MNNSs) in a moving network through a mobile router (MR). Since
packet loss in NEMO dramatically increases during a handover
as the number of MNNs increases, Mobile IPv6 fast handovers
(FMIPv6) was adopted to reduce packet loss and handover latency.
However, since FMIPv6 was originally designed for a single mobile
node (MN), FMIPv6 based on NEMO (fNEMO) incurs a high
tunneling burden on the link between the previous and new access
routers (PAR and NAR, respectively). In this paper, we propose an
enhanced fNEMO (EfNEMO) as an efficient fast handover scheme
that significantly mitigates the tunneling burden and handover la-
tency. In particular, EENEMO performs a tentative binding update
(BU) procedure to register a new care-of address (NCoA) for the
MR with the MR’s home agent (HA) before the layer-2 handover.
Consequently, EENEMO delivers packets destined for MNNs via
various paths between the HA and the NAR without any tunnel-
ing. Furthermore, EFNEMO reduces handover latency because it
performs the registration to the HA in advance. By establishing
an analytical model for the proposed EfNEMO, we investigate
the handover performance of NEMO, fNEMO, and EfNEMO.
In addition, we compare EfNEMO with NEMO and fNEMO in
terms of the overall cost and the handover latency. Simulation is
also performed to compare in a more realistic environment. The
results of analysis and simulation show that EENEMO significantly
outperforms fNEMO and NEMO.

Index Terms—Fast handover (FMIPv6), Mobile IPv6 intelligent
transportation systems (ITS), mobility management, network mo-
bility (NEMO), performance analysis.

I. INTRODUCTION

ECENTLY, there has been significant interest and
progress in the field of intelligent transportation systems
(ITSs) from both industry and academia. The main contribution
of ITSs is to significantly increase road safety. However, the
role of infotainment has rapidly taken an important place [1].
The new emerging infotainment applications or safety-related
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mobile applications call for vehicular communication networks
to support seamless wireless Internet services in fast-moving
vehicles [2]. Internet access in automotive scenarios is a par-
ticularly relevant case, particularly because people in modern
cities spend much time in transportation and vehicles. Public
transportation systems, such as subways, suburb trains, and city
buses, represent one relevant scenario because of a group of
users and the time spent by these users in transportation and
vehicles [3]. To maintain a vehicle’s Internet connectivity for
a group of nodes that are moving together, network mobility
basic support (NEMO BS) [4] was developed by the Internet
Engineering Task Force. NEMO BS is considered in ITS stan-
dards because it is a protocol that is able to provide network
mobility [5]. NEMO BS, a mobility support protocol specially
designed to manage mobility of a moving network, ensures
session continuity for all the nodes in a mobile network [4]. In
NEMO, a special device called a mobile router (MR) is defined
to extend the mobile node (MN) of mobile IPv6 (MIPv6) [6] by
adding capability routing between its point of attachment and
a subnet that moves with the MR. The International Organi-
zation for Standardization (ISO) TC204 WG16 has developed
Communications Access for Land Mobiles (CALM), which
adopts NEMO BS referred to as the ITS station reference
architecture [7]. The European Telecommunications Standards
Institute (ETSI) has standardized geographic addressing and
routing (GeoNetworking) initially specified by the GeoNet
European project [8], and NEMO BS has been combined with
GeoNetworking [9], [10].

Although NEMO BS seems to fit well in the context of ITSs
by providing connectivity for mobile network nodes (MNNs)
attached to the MR, it has several problems. One of the prob-
lems is that packet loss and long handover latency during the
handover were inherited from MIPv6. This issue is more critical
in NEMO as MNNs in a mobile network move at the same time.
Several studies have attempted to solve these problems [11]-
[16]. The main idea behind these solutions is to incorporate a
fast handover scheme (FMIPv6) [17] with NEMO BS. This is
because FMIPv6 reduces packet loss by using tunneling and
buffering, and it shortens the handover latency by performing
several parts of the handover process in advance. In this pa-
per, we call these solutions fNEMO and focus on enhancing
fNEMO. The other problem of NEMO is that NEMO BS
does not incorporate route optimization (RO) by which MNN5s
can directly communicate with correspondent nodes (CNs).
There have been many proposals to carry out RO in various
NEMO environments [ 18]-[24]. These proposals enable MNN's
to communicate with their CNs directly in various scenarios. In
this paper, we do not consider RO for NEMO.
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Since fNEMO combines NEMO BS with FMIPv6 without
considering the properties of NEMO where many MMNs move
at the same time, it is not suitable for NEMO. In fNEMO, a
tunnel between a previous access router (PAR) and a new ac-
cess router (NAR) may be occasionally overloaded with traffic
destined for MNNs. This is because the tunnel established in
fNEMO is for just one MN as in FMIPv6. For example, if
there are many MNN:Ss, the traffic of the MNNs converges in the
tunnel, which then may become overloaded. In particular, if the
traffic density of MNNSs is high, the tunnel is more overloaded
and may suffer from congestion. Thus, the tunneling burden
may incur packet loss during the handover.

In this paper, we propose a scheme for enhancing fNEMO
(EfNEMO), which eliminates the tunneling burden of fNEMO.
EfNEMO adopts the tentative binding update (BU) scheme
proposed in [25] and [26] to early register a new care-of ad-
dress (NCoA) with the MR’s home agent (HA). Then, packets
destined for MNNSs are delivered not via the tunnel between the
PAR and the NAR but via various paths between the HA and the
NAR. Thus, tunneling is not used in EENEMO. The handover
latency is reduced as well because the registration to the HA is
performed in advance.

Accordingly, the main contributions of this paper are given
as follows. First, we propose an enhanced fast handover
scheme (EfNEMO), which is an effective scheme for NEMO in
ITSs. We first point out the significant tunneling burden of
fNEMO, which has not been properly elucidated in previ-
ous studies, whereas EfNEMO eliminates that tunneling bur-
den. Second, in addition to mitigating the tunneling burden,
EfNEMO further reduces the handover latency. EFNEMO per-
forms a registration process of the NCoA during the layer-2
handover, whereas fNEMO carries it out after the layer-2 han-
dover. Thus, EFNEMO achieves a smaller handover latency than
fNEMO. Third, we develop an analytical model for EENEMO
to compare NEMO, fNEMO, and EfNEMO. In the performance
analysis, we consider the cost of tunneling and buffering to
investigate the handover performance as important parameters.
We also analyze both the predictive and reactive modes of
FMIPv6 altogether. In addition, we provide simulation results
to validate our models. Through simulation results, we can
provide a more realistic comparison between fNEMO and
EfNEMO. Fourth, EFNEMO requires only minor modifications
to fNEMO. Hence, if the PAR, the NAR, or the HA is not aware
of EENEMO, fNEMO will operate without a further process.

The rest of this paper is organized as follows. Section II
describes NEMO BS and fNEMO. In Section III, we describe
the proposed scheme, an enhanced fast handover scheme based
on NEMO (EfNEMO). In Sections IV and V, performance
analysis and numerical results are presented, respectively. Fi-
nally, our conclusion follows in Section VI.

II. BACKGROUND

Here, we describe the concepts and protocols of network mo-
bility management, NEMO BS, and the integration of FMIPv6
with NEMO BS, i.e., fNEMO. Here, we mainly describe the
handover operation, whereas the handover latency is explained
in the performance analysis.

ITS Mobility Internet
Services Management Services
Internet

=,
\

AR:  Access Router
MR: Mobile Router
MNNSs: Mobile Network Nodes

Fig. 1. Architecture overview of NEMO.
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Fig. 2. Handover operation and timing diagram in NEMO.

A. NEMO BS Protocol

To support ITS applications, Internet access is required in
the vehicle. For example, fixed vehicle sensors, passengers’
mobile devices, or even a personal area network (PAN) moving
with a vehicular network may connect to the Internet. In this
scenario, to reduce the signaling burden of each node in the
vehicle, NEMO BS, which supports network mobility in the
vehicular networks, was introduced. NEMO BS is an efficient
and scalable scheme because the mobility management is trans-
parent to each node in the vehicle. That is, MNNs, which are
nodes connected to an MR, do not send and receive signaling
messages during the handover. Fig. 1 shows an architecture
overview of NEMO. The objective of NEMO BS is to maintain
session continuity between the MNNs and the CNs, whereas the
MR changes its point of attachment. Fig. 2 shows the handover
operation and timing diagram in NEMO. The handover that we
consider here consists of the layer-2 handover and the layer-3
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Fig. 3.

handover. The layer-2 handover is to switch the link of the pre-
vious access point (AP) to that of a new AP. As shown in Fig. 2,
it is processed during the period between the downlink and
uplink. Briefly, the layer-3 handover is composed of movement
detection (MD), address autoconfiguration, and registration.
For example, when the MR moves between networks, after the
link switching, it must detect the movement, configure a NCoA,
and register the NCoA with its HA.

NEMO BS is initiated when the MR attaches to a new
AR. The handover operation of NEMO BS is the same as
that of MIPv6, except that MNNs do not participate in this
operation. To obtain information on the new network, router
solicitation (RS) and router advertisement (RA) messages are
exchanged between the MR and the AR. Then, the MR creates
an NCoA and performs a duplicate address detection (DAD)
[27] procedure using a neighbor solicitation (NS) message to
verify the uniqueness of the addresses on the link. As soon as
the NCoA is verified, the MR sends a BU message to the HA
to register the NCoA. On receiving the BU message, the HA
creates a cache entry binding the MR’s home address (HoA)
to the NCoA. When the MR receives the affirmative binding
acknowledgement (BA) message from the HA, the handover
operation is completed. Thus, MNNs can communicate with
CNs via the HA.

B. fNEMO

NEMO BS inherits the problems of MIPv6 because it is
based on MIPv6. The representative problems are packet loss
and long handover latency. Thus, schemes that incorporate
NEMO BS with FMIPv6 (fNEMO) have been proposed [11]-
[16] because FMIPv6 can reduce packet loss and long handover
latency. The main idea behind fNEMO is to perform several

(®)

Handover operations and timing diagrams in fNEMO. (a) Predictive mode of fNEMO. (b) Reactive mode of fNEMO.

parts of the handover process in advance. Furthermore, a tunnel
between the PAR and the NAR is established in this process.
Packets destined for MNNSs are delivered via the tunnel and are
then buffered in the NAR during the handover. Hence, INEMO
can prevent packet loss and reduce the handover latency.

The handover operation of fNEMO is the same as that of
FMIPv6, except that the MR participates in the handover on
behalf of MNNs. The handover operations and timing diagrams
in fNEMO are shown in Fig. 3. The operation of fNEMO is
divided into two modes, the predictive mode and the reactive
mode, as in FMIPv6. These two operations are determined
according to whether a fast BA (FBack) message is received
on the previous link during the handover. The handover of the
predictive mode is initiated when a layer-2 trigger occurs. The
MR sends an RS for proxy advertisement (RtSolPr) message
to the PAR to obtain information about neighboring links
facilitating MD. With the information provided in a proxy
RA (PrRtAdv) message, which is a response to the RtSolPr
message, the MR creates an NCoA and sends a fast BU (FBU)
message to the PAR. The purpose of the FBU message is to
bind the previous CoA to the NCoA so that packets arriving at
the PAR can be tunneled to the new location of the MR. Then,
the PAR and the NAR exchange a handover initiate (HI) and
handover acknowledge (HAck) messages to transfer network-
resident contexts. At that time, a tunnel between the PAR and
the NAR is established. On receiving the HAck message, the
PAR starts to forward packets destined for the MR to the NAR
and sends the FBack messages to the MR and the NAR. The
NAR then starts to buffer packets delivered via the tunnel.
As soon as the layer-2 handover is finished, the MR sends an
unsolicited neighbor advertisement (UNA) message to the NAR
to inform the NAR of the attachment. On receiving the UNA
message, the NAR starts to forward buffered packets to the MR.
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Fig. 4. Handover operations and timing diagrams in EFNEMO. (a) Predictive mode of EfNEMO. (b) Reactive mode of EfNEMO.

Finally, the MR registers the NCoA with its HA through the BU
and BA messages.

If the MR does not receive the FBack message before the
layer-2 handover, fNEMO operates in the reactive mode. In the
reactive mode of fNEMO, the MR sends the UNA message,
including the FBU message, to the NAR after the layer-2
handover is finished. The NAR forwards the FBU message
to the PAR, and then HI and HAck messages are exchanged
between the PAR and the NAR. As a result, a tunnel between
the PAR and the NAR is established. On receiving the HAck
message, the PAR starts to forward packets and sends the FBack
message to the NAR. Before registering the NCoA, packets are
delivered to the MR via the tunnel.

III. ENHANCED FAST HANDOVER
FOR NETWORK MOBILITY

In the previous studies, INEMO was investigated by incorpo-
rating FMIPv6 with NEMO BS. However, in fNEMO, the char-
acteristics of NEMO were not fully examined. For example,
many MNNSs connected to the MR in NEMO move at the same
time, which may cause serious performance degradation during
the handover. Since FMIPv6 is designed for a single MN, a
tunnel between the PAR and the NAR, which is established
during the handover, is used for the single MN. On the other
hand, in fNEMO, packets destined for every MNN are delivered
via the tunnel. As the number of MNNSs increases, the burden
on the tunnel increases. When many MNNs send or receive with
high traffic density, the tunnel is particularly overloaded, which
results in serious congestion.

Our key idea is to mitigate the burden on the tunnel and to re-
duce the handover latency. In a nutshell, we propose EFNEMO
to perform registration to the HA in advance to enhance the

handover performance of fNEMO. When several parts of the
handover process are performed, a tentative registration is
also performed. As a result, traffic to MNNs is delivered via
paths between the HA and the NAR and not via the tunnel
between the PAR and the NAR during the handover. EENEMO
eliminates the burden on the tunnel between the PAR and the
NAR, and reduces the impact of any possible failure of the
tunnel. In addition, the handover latency is reduced because
the registration to the HA is already performed. Therefore,
EfNEMO may be a suitable solution for NEMO in ITS.

Fig. 4 shows the detailed handover operation and timing se-
quences in EFNEMO. The operation of EFNEMO is divided into
the predictive mode and the reactive mode because EFNEMO
is based on fNEMO. Message flows of EfNEMO follow those
of fNEMO, except sending a tentative BU (TBU) message.
When the MR creates the FBU message, it also creates the TBU
message, and then the TBU message is embedded in the FBU
message. The TBU message is a TBU message that registers
the NCoA in advance. The TBU message is delivered to the
HA via the FBU and the HI messages. On receiving the TBU
message, the HA tentatively creates an additional entry in a
binding cache entry (BCE) using binding information. Thus,
two bindings concerning the MR’s HoA coexist in the BCE
during the handover. This is because the HA has to forward
packets to the PAR when the MR does not move to the NAR
after sending the TBU message to avoid the ping-pong effect.
The binding information on the TBU message consists of the
MR’s HoA, the NCoA, and the short binding lifetime. Then,
the HA starts to forward packets to the NAR, and packets
are buffered in the NAR. As a result, the tunnel between the
PAR and the NAR is not used in EfNEMO. Thus, packets
destined for MNNs are delivered to the NAR via various
paths between the HA and the NAR during the handover. In
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TABLE 1
NOTATIONS
Notation | Description Notation | Description
Dy, Horizontal dimension of analysis area Dy, Vertical dimension of analysis area
Np, The number of horizontal roads Ny The number of vertical roads
Sh Horizontal road distance Sy Vertical road distance
m The number of APs in each row n The number of AP rows
T, The average residence time in an AP Umazx Maximum random pause time
r The radius of a cell v average speed of vehicles
h The average handover rate DPpm f The probability of predictive mode failure
01 The adjustment factor for the vehicle in pp, 6o The adjustment factor for the vehicle ppm, s
ny The number of link failures tqy(L) The wired link delay with L length of a packet
Elng] The mean number of n ¢ t;(L) The wireless link delay with L length of a packet
Tl Wireless propagation delay Twd Wired propagation delay
By The bandwidth of wireless link Buwd The bandwidth of wired link
Tr2 The link switching delay Ty The processing time
Pwlf The probability of wireless link failure w A weight factor for wireless link
€ A weight factor for the packet loss cost NMNN The number of MNNs
Ap Packet arrival rate T A weight factor for tunneling
I} A weight factor for buffering Lx The length of the X message
dy _z The distance between Y and Z nodes

EfNEMO, the tunnel between the PAR and the NAR remains,
so that the tunnel is used when the HA cannot process the TBU
message, or the TBU message is not delivered. After the layer-2
handover is finished, the MR registers the NCoA with its HA
to update the BCE regarding its HoA through a regular BU
message.

In the reactive mode of EfNEMO, the TBU message is
embedded in the UNA message and is forwarded to the HA.
The rest of the operation is similar to the reactive mode of
fNEMO. In the reactive mode of EFNEMO, the tunnel between
the PAR and the NAR can be used when the TBU scheme is not
performed in the predictive mode of EFNEMO.

IV. PERFORMANCE ANALYSIS

Here, we develop analytical models to investigate the hand-
over performances of EfNEMO compared with NEMO and
fNEMO. The performances of EENEMO, fNEMO, and NEMO
are compared in terms of the overall cost and the handover
latency. Notations used in the performance analysis are listed
in Table I.

A. Analytical Models

We use the city section mobility (CSM) model introduced in
[28] and [29]. The CSM model represents a movement behavior
that is influenced by constraints of the environment. In real-
life scenarios, vehicles do not have the ability to travel freely
since they have to follow traffic regulations. The CSM model
is a realistic movement pattern for vehicles in a city [30], and
its stochastic properties have been analyzed in [31]. Thus, we
adopt those properties for our mobility model.

The area used in CSM model for analysis is represented by
a grid of streets forming a particular section of a city. The
model sets parameters, such as the speed limit of each street.
An MR starts at a predefined intersection of two streets, and
then it randomly chooses a destination. When the MR reaches
the destination, it pauses for a random time and then chooses

Fig. 5.

Road network in the CSM model.

another destination randomly, and the process is repeated. Each
cycle is termed an epoch [31].

Let the environment be a rectangular area of dimension
Dy x D, as shown in Fig. 5, where roads are parallel to
axes. IV, and IV, are the numbers of horizontal and vertical
roads, respectively. Horizontal roads are .S}, distance apart, and
vertical roads are S, distance apart. Then, Ny, = D}, /S), + 1
and N, = D, /S, + 1. Therefore, the expected epoch length is
obtained as follows [31]:

_Dh-<Nh+1) DU-(ND—I—])

E(L) 3N, + 3N, .

Let v be an average velocity of a vehicle. Then, the expected
epoch time is calculated as

E(T) =22 (1

For safety at each road intersection, there is a random pause
time between 0 to U ,,ax to avoid collisions. Hence, the expected
pause time can be represented by

E(P) = —mex, )
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Overlapped
Area

Fig. 6. Overlapping area between boundary cells.

In Fig. 5, APs cover the road network of dimensions Dj, x
D,,. There are n rows of APs and m APs in each row, so that
m-n APs cover the rectangular area. Let the radio coverage area
of each AP be a circular region of radius r and two successive
APs overlap at lengths of [; and [, along their horizontal
and vertical diameters, respectively. Then, Dy =2r-m—(m—
D) lp,Dy=2r-n—(n—1)-1,l,=(2—+3)-randl, =
r/2. Therefore, m and n are given by

’VD}L—Z'T—F\/g'T—‘
m =

V3.

2b—r
n= .

3r

We assume that 2r = K3 - S}, = Ks - S,. The expected number
of APs crossing in an epoch can be obtained as [30] and [31]

m-(m+1)-K;

E(C) = 6N2
h

6Ny — 4m - Ky + K +3)
n-(n+1) Ky

Finally, using (1), (2), and (3), the average residence time in
an AP is estimated as [31]

E(T) + E(P)/3600

=T RO

% 3600. “)

Since we assume that an AR’s area is equal to an AP’s area, we
can obtain the handover rate y, by using (4) as follows:

1

Mn = T

In fast handover schemes based on FMIPv6, such as {INEMO
and EfNEMO, additional signaling messages may be ex-
changed between an MR and a PAR, whereas the MR is in
the overlapping area between the PAR and the NAR. The
predictive mode will fail when the MR leaves the overlapping
area before transmission of the additional signaling messages
can be completed. If the predictive mode fails, the reactive
mode is activated. Then, the probability of the predictive mode
failure pp,r has to be given to evaluate the performances of
fNEMO and EfNEMO. Fig. 6 shows the overlapping area of
boundary cells. Let 7" be a random variable for the time from

the layer-2 trigger epoch to the downlink, i.e., pending a layer-2
handover. Then, p,.,+ can be represented by [32]

TrasT

fr(t)dt, T >0

Ppmt = Pr(T < Trast) =
0

where TragT is the required time for additional signaling in
fNEMO or EfNEMO before the layer-2 handover. If we as-
sume that 7 is exponentially distributed [33], f7(t) = X - e ™.
Therefore, ppmf is given by

Ppmf = 11— eikiTFAST
where A is the arrival rate of the MR into the overlapping area.
Using the average residence time 7., A can be obtained as

1

)\:Tr-Roxlooo

where Ro is the overlapping area rate of a cell area. The
overlapping area is ((27 —3+/3) -72)/12, and a cell area is
7 - r2; thus, Ro = (2m — 3v/3)/127.

B. Analysis of the Handover Latency

We define the handover latency as the time interval between
the moment that the layer-2 trigger is initiated and the moment
that the MNNs directly receive the first packets from the CNs
in the new network. The handover latency consists of layer-2
and layer-3 latencies, such as link switching, MD, address con-
figuration, and registration. The handover latencies of NEMO,
fNEMO, and EfNEMO are calculated as in Figs. 2, 3, and 4,
respectively.

In Fig. 2, the handover latency of NEMO THFMO is calcu-
lated as follows:

THEMO = Ty + Tup + Toap + Trec

where 119 is the link switching delay, Typ is the delay for
performing MD, Tpap is the delay for performing DAD after
configuring an NCoA, and T is the delay for registering the
NCoA with the HA.

In fNEMO and EfNEMO, the handover latencies are divided
into those of the predictive mode and the reactive mode, respec-
tively. Then, the handover latencies of INEMO Tg}i and that of
EfNEMO TEN are obtained as follows:

N AN N
Ty, = (1 = ppme) - Ty, + Pomi - T,
EfN EfN EfN
Ta =1 = ppmt) - Thy, + Ppme - Ty,
where T{’IEN, TN, TflffN, and T5E™ are the handover laten-
cies of the predictive mode and the reactive mode of fNEMO

and EfNEMO, respectively. Then, referring to Fig. 3, T; II_;EN and
TN are expressed as follows:

TﬁfN =Trast + Atp + 112 + Inew + TrEG
Thi = Atp + Tia + Tyew + Trec
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where At is the time elapsed from the reception of the FBack
message on the previous link to the beginning of the layer-2
handover [34], Txgw is the delay for informing the NAR of the
attachment in the predictive mode of the fast handover scheme,
and 1Ly is the delay for establishing the tunnel between
the PAR and the NAR in the reactive mode. In EfNEMO,
registration is performed in advance, so that Trpg can be
eliminated from the handover latency. Then, referring to Fig. 4,
TI’_;'I:EfN and T};F™ are calculated as follows:

Tﬁfm =Trast + Aty + 112 + Tnew
THE™N = Atp 4 Tro + Tifaw -

To calculate each delay consisting of the handover latency,
delays on wired and wireless links are obtained by summing the
transmission delay, the propagation delay, and the processing
delay. The delay for one hop wired link with L length of a
packet t4(L) is given by

ta(L) = + Tiwd + w4 (5)

B wd

where B,q is the bandwidth of the wired link, T\q is the
propagation delay on the wired link, and @, is the average
queueing delay at each router in the Internet. In the case of
the wireless link delay, wireless link failure is considered. Let
ny and P, ; be the number of wireless link failures and the
probability that a message transmission over the wireless link
fails ny times before the message is successfully transmitted
[35]. The mean number of ny, i.e., E[ns], is expressed as
follows [35]:

Pwif
1 — pwir

Elng] = an'Pnf:

nf:()

where py¢ is the probability of wireless link failure. Thus, the
wireless link delay ¢,,(L) is calculated as follows:

L
tw(L) - (B] + Twl + Tp)

L
+E[nf] : (-Bl + T + Tp + Twait) (6)

where Tyt 1S the waiting time to determine that the message
was lost, By, is the bandwidth of the wireless link, 7% is the
propagation delay on the wireless link, and 7}, is the processing
time. Let Tyait = 1 - ((L/Bwi1) + Twi1 + T},) because the wait-
ing time may be determined by the round trip time, where 7 is
a weight factor for the waiting time. Then, (6) becomes

L+ 1 pwie L
to( )= ———— - | —+Tw+7T1T,). 7
( ) < - DPwif ) <Bwl * v p) ( )

Using (5) and (7), Tvp, TNew, INgws IFasT, and TrReg
are expressed as follows:

Tvp = tw(Lrs) + tw(LrA)

Tnew = tw(Luna) + tw(LpaTa)

TNew =tw(Luna + Lru + L1BU) + tw(LpaTA)
+ dAr-AR - (ta(LrBu) + ta(Lm)
+ ta(Luack) + ta(LrBack))

TrasT = tw(Lrs) + tw(Lra) + tw(LrBu)
+dar-AR - (ta(Lur) + ta(Luack))
+ max (ty (LrBack)td(LrBack))

Trec =tw(LBu) + dua-ar - (ta(Lsu) + ta(Lsa))
+tw(LBa)

where Lx is the length of the X message, and dag_ar and
dua_ar are hop distances between the ARs and between the
HA and the AR, respectively.

C. Analysis of the Overall Cost

Here, we derive the cost function of the signaling overhead
and the packet delivery cost to investigate NEMO, fNEMO, and
EfNEMO. The signaling overhead is defined as the mobility
signaling overhead incurred during the handover, and it is
calculated by the product of the message length and the hop
distance [21]. The packet delivery cost is introduced to analyze
additionally transmitted data packets due to duplicate delivery,
tunneling, buffering, and packet loss during the handover. A
duplicate delivery cost is incurred when the PAR forwards
packets to both the NAR and the MR, simultaneously. A
tunneling cost is incurred when the tunnel between the PAR and
the NAR is used to forward packets. A buffering cost is incurred
when the NAR buffers the packets destined for the MR before
the MR connects to the NAR. A packet loss cost is incurred
when packets are not prevented through tunneling and buffering
during the handover. Each cost is calculated as the product of
the data packet size, the hop distance, and the elapsed time.

The signaling overhead of NEMO, CLYEM© is expressed as
follows:

CNEMO

son ~ = tn - (Smp + Spap + Srea)

where Syip, Spap, and Sgeg are the signaling costs caused
by the MD process, DAD, and the registration procedure,
respectively. Referring to Fig. 2, Sup, Spap, and Sgreg are
calculated as follows:

Symp =w - (Lrs + Lra) + E[ng] -w - (Lrs + Lra)

_w- (Lrs + Lra)

I - DPwif
w - Lns

1 — puwir
Sreg =w - (Leu + Lea) + E[ng] -w - (Lu + Lga)
+ dua-ar - (Lu + Lga)

w
= (1 + dHAAR> - (Leu + Lga)
— Pwif

Spap =w - Lns JrE[nf] cw - Lng =
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where w is a weight factor for the wireless link because in
general transmission over a wireless link is more expensive than
that over a wired link [36]. In addition, each message via the
wireless link is summed by E[n] times because the wireless
link failure is considered.

In NEMO, all packets destined for MNNSs are lost during the
handover. Then, the packet delivery cost of NEMO CREMO is
expressed as follows:

NEMO __ NEMO
C'lz’D =€ C'loss

where e is a weight factor for the packet loss cost, and CRNEMO

is the packet loss cost. In NEMO, packets destined for MNNs
are delivered from the CN via the PAR during the handover,
and they are not delivered to the MNNs because the connection
between the AR and the MR is lost. Therefore, CNEMO jg
obtained as follows:

CNEMO

previous NEMO TREG
loss -

= k- nuNN - PDen"aR <THL >

where nynn 1s the number of MNNs. In NEMO, data packets
are delivered through the tunnel between the HA and the MR,
previous

and then the packet delivery cost for one MN PD¢gy sy is
given by

PDRS = Ay - {don-—ua - Loata
+dua-ar - (Lpata + Lrap)}

where )\, is the packet arrival rate, denx—pa is the distance
between the CN and the HA, and LpaTa and Ltpp are the
lengths of a data packet and a tunnel header, respectively.

In fNEMO, the predictive mode and the reactive mode are
considered. Then, the signaling overhead C’%H and the packet
delivery cost O£, are expressed as follows:

CESu = (1 = ppme) - CES + Pome - C&0n

N .
Chb = (1 = ppmt) - CBL + Ppmt - CHD"

where C’é’g\é, oL, Cf,jéN, and CL{N are the signaling over-
heads and the packet delivery costs for the predictive mode and
the reactive mode of fNEMO, respectively. Referring to Fig. 3,
CEIY and C5 &, are obtained as follows:

! S
CESN = mn - <S§XST + Lém + SREG)
C&8 = - (SKbw + Srec)

where SN gp = (w - (Lrsp+Lpra+Lrpu+Lipack))/(1—
pwit) + dar—ar - (Lur + Liack + Lepack)s and SGNy = (w -
(Luna+Lreu)/(1 —pwie) +dar-ar- (LrBu+Lur+ Luack+
LrBack)-

In the predictive mode of fNEMO, Cl’;']gN consists of a dupli-

cr

tun1 » and a buffering cost

duplicat .
cate cost Cp '™, a tunneling cost
PN ; .
C . » and is expressed as follows:

pfN _ ~duplicate p-fN p-fN
Cop =Cpar  +7 Cim + 8- Ciug

tunl

where 7 and [ are weight factors of tunneling and buffering,
respectively. When the PAR receives the HAck message, it
forwards the packets to the MNNs and to the NAR, and the
NAR buffers those packets. Then, referring to Fig. 3, Cg};‘;iwate,

PN and CPIY are calculated as follows:

tunl
duplicate __ duplicate
Cpar = ptn - NN - PD AR vy
N (AtF + tw (LFBaCk))
pfN tunnel
Cianl = tn - nunN - PDARY AR

. T;
: {TﬁﬁN(TFASTHw(LFBack)) RZEG } )

C{jﬁ? = fth - VNN - Ap - (LpaTa + LrED)

. T
. {TI?}EN(TFASTHW(LFBack)) RZEG}
where PD{Ie2 =\, - (w- (2Lpara +Lrap ))/(1 —pwir) and

1
PDRR™ AR = Ap - dar-AR - (Lpata + 2L7HD).

In the reactive mode of fNEMO, C5EY consists of the tunnel-
ing cost !N and the packet-loss cost Ci-fN and is calculated
as follows:

Chp =7 Clud + 8- Cloiy'-

tunl loss

In the reactive mode of fNEMO, all packets destined for MNNs
are lost until the PAR receives the FBU message; then, they are
tunneled to the NAR. Thus, referring to Fig. 3, Ctrl'lf}]\f and C{OE:
are expressed as follows:

rfN tunnel
Clanl = fn - NN - PDRR™ Qg

T;
. (td(LFBack) + tyw(LpaTa) + REG> )

2
Clois = o - naann - PDERR
AT + (Tiw — ta(LeBack) — tw(LpaTa))} -

Similar to fNEMO, EfNEMO is divided into the predictive
mode and the reactive mode. Then, the signaling overhead,

CE and the packet delivery cost CESN are expressed as
follows:

BN BN EN
Cson = (1 = ppmt) - Céon + Ppmt - Céom

BN :
Cop' = (1= ppme) - Cfp + Pome - Cpp

where CESIN, CuBIN - CPEN “and CpE™N are the signaling
overheads and the packet delivery costs for the predictive mode
and the reactive mode of EfNEMO, respectively. Referring to
Fig. 3, ngg\l and ngjlf{N are obtained as follows:

Swmp
= fip (SgggT +—+ SREG)

Cp-EfN
2

SOH

C&SH = pn - (SkBw + Srec)

where Sg{}gT = SEXST + (w- Lteu)/(1 — pwit) + dAR-AR -

L1y + dua-ar - Lrsu and SEEEY = SER L + (w- Lrsu)/
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(b) Probability of predictive mode failure.

(1 — pwit) + dar-AR - LTBU + dua-aR - LU because the
signaling costs of EfNEMO are added to those of fNEMO by
the cost of transmitting the TBU message.

In EfNEMO, generally, the tunneling cost is not considered
because packets are delivered to the NAR directly. However,
when the MR is too far from the HA, the TBU message may not
arrive at the HA during TrasT. In this case, the tunnel between
the PAR and the NAR is used as in fNEMO. Then, Chp BN and
CLE™N are expressed as follows:

Cp EfN duplicate + B . Op»EfN Cp EfN

PAR buff tunl

rEfN __ r-EfN
CVF‘D =€ C'loss

since the HA starts to forward packets to the NAR when it
receives the TBU message. In the predictive mode of EENEMO,
the PAR transfers duplicate packets to the NAR and the MR
when it receives the HAck message. The NAR buffers packets
from the HA during the handover. In addition, if the TBU
message is not delivered to the HA during TrasT, packets
destined for the MR are tunneled as in fNEMO. Thus, in the
predictive mode of EFNEMO, the buffering cost C’&EH‘CN and the

tunneling cost CPEN gre expressed as follows:

tunl

CgﬁEfftN = fth - NMNN - Ap - (LpaTa + LHD)

TNEW
: {TEE\I_(TFAST +tw (LFBaCk))_ )
CP N = pin - nunn - PDYR™ AR - min

(max (ta(LTBU) - duA-AR — tw(LFBack), 0)

TrREG
5 .

Tio +Tnew +
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Results of the mobility model concerning the average handover rate 1, and the probability of predictive mode failure pp,,¢. (a) Average handover rate.

In the reactive mode of EfNEMO, packets are lost until the HA

receives the TBU message. Then, C{OEN is obtained as follows:
CLEN = 1y - nai - Pmevmus {Tr2 + tw(Luna

+Lreu + Lteu) + dua-ar - ta(LTBU)} -

V. NUMERICAL RESULTS

Here, we compare the numerical performance of NEMO,
fNEMO, and EfNEMO in terms of the overall cost and the
handover latency. Additionally, we simulated fNEMO and
EfNEMO in an urban scenario to focus on the comparison of
EfNEMO with fNEMO. To show a simulation scenario in
which nodes move according to vehicular patterns in urban
area, we use ns-2 and Matlab. For urban area simulation, we use
the ManhattanGrid model by using Bonnmotion [37], which is
a mobility scenario generation and analysis tool. In simulation,
APs are distributed as in Fig. 5 to simulate in similar environ-
ment to the analytical model. Through simulation, we show
that the results of simulation are similar to those of analysis,
as shown in figures of analysis results.

A. Mobility Model

To obtain the average handover rate y;, and the probability of
predictive mode failure p,¢, analytical models are evaluated,
and simulation is performed using various network parameters,
such as the radius of a cell r and the velocity of the vehicle v.
Fig. 7(a) and (b) shows f, and py,¢ as functions of r and v.
fn, and ppme increase as r decreases or as v increases, whereas
they decrease as r increases or v decreases. For urban and urban
expressway scenarios, we use 22.2 and 59.7 km/h, which are
average velocities in urban streets and urban expressways in
Seoul, Korea, respectively [38], [39]. In particular, to analyze
and simulate an urban expressway scenario, the parameters for
the mobility model are modified. For example, we assume that



366 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 63, NO. 1, JANUARY 2014
22 T I T T 6 T T T T
; fNEMO/EfNEMO (Analysis) | ;
20T R R o 55+ *x fNEMO/EfNEMO (Simulation)|-: - IR ey d
\. . . . .
18 1 5f .
© \ 9
9 . S
O 161 Y {1 O a5t 1
£ \ £
© \ ©
S‘) 14+ et 4 3 D R P -
<_') 12+ \ ..... PRI NEMO/EfNEMO_ <_') BB A 4
3 B : ‘| —o- NEMO/INEMO ©
g o : g
(o) 10_ \ ..... ......... . B o 3_ .......... 4
2 o g
& gt O 1 T 25} 1
2 o 2
6 L% s : 1 2t —
: O~ q. , : .
SS9 . . .
4r O-0-6 g3 1.5F ; : : .
2 i i i i 1 i i i i
0 2 4 6 8 10 0 2 4 6 8 10
Weight factor of tunneling, t Weight factor of tunneling, t
(a) (b)
Fig. 8. Relative overall cost gains as a function of the weight factor for tunneling 7. (a) GNEMO/ FNEMO and GSEMO/ BINEMO (b)GfNEMO/ EfNEMO_
: : —0—- NEMO/fNEMO : | = = fNEMO/EfNEMO (t =5)
| —*k— NEMO/EfNEMO 4Bf e i| —— fNEMO/EfNEMO (t = 0.46) |
30 \ : ‘| = = - fNEMO/EfNEMO (z =0)
ab N ... x INEMO/ENEMO (Simulation)|]
3 3 \ : f : :
o 25 ) \ :
.E» é 3.5F - : FRRRRERES ............... ...............
© [ X, . .
© o hS : :
® 20 B gl R S TR SO _
Q Q N :
° ° . :
© © RN :
G>J 15 G>J 25 Lo T )? \ . ...................................... 4
(o] o ~il
g g 2_\*‘».‘ ........................... 4
= =1 : “nal
$ 100 3 L T x =
[vs [am :
; 1'5 ............................... ............................................. .
5 a N R TR
0 i i i i 05 i i i i
0 2 4 6 8 10 0 2 4 6 8 10
Weight factor of buffering, B Weight factor of buffering, B
(a) (b)
Fig. 9. Relative overall cost gains as a function of the weight factor for buffering 3. (a) GNEMO/fNEMO nd GNEMO/EfNEMO (b) G’fNEMO/EfNEMO
. NEMO/{NEM NEMO/EfNEM .
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vertical roads to be 1 for simulation.

B. Relative Overall Cost Gain

For the purpose of comparison, we define the relative overall
cost gains as follows:

NEMO NEMO

GNEMO/f‘NEMO SOH
oc N
C&u + CFh
EMO NEMO
(GNEMO/EINEMO _ CESH° + CEp
oc = EIN
C56y + Cpp
N
fNEMO/EfNEMO _ CRy + CE
Goc

- CEfY + CENY

overall cost gains of fNEMO and EfNEMO to NEMO, respec-

tively, and GfNEMO/ BINEMO ¢ the relative overall cost gain

of EfNEMO to fNEMO. Parameters used in this analysis are
defined as follows: Dy = 36 km, D, =24 km, U, = 4 s,
Sy, = 0.1 km, S, = 0.1 km, » =300 m [40], v = 22.2 km/h,
K =3, dCN HA =35, daAa-AR = 5, daArR-AR = 1, pwir = 0.5,
wq =105, Ty =2 ms, Tyq = 0.5 ms, T, = 0.5 ms, By, =
54 Mb/s, Bya =1 Gb/s, Atp =0, 112 =243.9 ms [41],
Tpap = 1000 ms [27], nynw = 5, Ap = 50 packets/s, n = 1,
UJ:10,7':1,6:1,6215LNS:LRS:LBA:LRSP:
Lrpack = Lut = Luack = Luna =52 B, Lra =92, Ly =
LFBU = LTBU =172 B, and LTHD =40B [34], [35], [42]
Fig. 8 shows the relative overall cost gains as a function of the
weight factor for tunneling 7. 7 indicates the degree of traffic
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density over the link between the PAR and the NAR. Addition-
ally, road traffic characteristics can be indirectly expressed by 7.
When road traffic is high, the number of vehicles moving
between the same ARs can increase, so that the link between
those ARs can be overloaded. This is because we assumed that
the number of MNs in an MR and a packet arrival rate for each
MNs are fixed, and an MR moves between ARs. Therefore, 7
can imply road traffic characteristics. In Fig. 8(a), fNEMO and
EfNEMO outperform NEMO. However, the overall cost gain
of fNEMO decreases as 7 increases, whereas that of EFENEMO
remains almost the same, regardless of 7. This is due to the
tunneling cost of fNEMO that incurs high packet delivery cost.
Thus, as shown in Fig. 8(b), EENEMO significantly enhances

the handover performance of fNEMO because it eliminates the
tunneling cost of INEMO.

We further consider the buffering cost to calculate the overall
costs of INEMO and EfNEMO, which was not usually included
in the performance evaluation in previous studies. Fig. 9(a)
shows the relative overall cost gains of fNEMO and EfNEMO
to NEMO as a function of the weight factor for buffering .
When £ is low, both fNEMO and EfNEMO improve the han-
dover performance of NEMO. The overall cost gains of INEMO
and EfNEMO to NEMO decrease as [3 increases because
NEMO does not use any buffering. As shown in Fig. 9(b), the
handover performance of EFNEMO improves as 3 decreases
when 7 > 0.46, whereas it increases as [ increases when 7 <
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0.46. The main reason for this phenomenon is that the tunneling
cost is high compared with the buffering cost when 7 is high.

In fNEMO and EfNEMO, additional signaling messages,
such as the FBU and FBack messages, are necessary. The
transmission cost of these messages is mainly influenced by
Dwif- As shown in Fig. 10(a), if pyr is small, i.e., the wireless
channel error is insignificant, fNEMO and EfNEMO dramat-
ically enhance the handover performance of NEMO. How-
ever, the relative overall cost gains of fNEMO and EfNEMO
decrease as py¢ increases. Fig. 10(b) shows the relative
overall cost gain of EfNEMO to fNEMO with respect to
pwit- EINEMO greatly enhances the handover performance of
fNEMO when py,¢ is low. The overall cost gain of EEINEMO
decreases as pyr increases because EfNEMO is more affected
by pwir due to the TBU message. Additionally, EFNEMO
greatly enhances the handover performance of fNEMO when 7
is high.

Fig. 11(a) shows the relative overall cost gains of {NEMO
and EfNEMO as a function of nynN. AS nyNN Increases, a
handover performance of fNEMO and EfNEMO becomes bet-
ter because the cost of packet loss in NEMO notably increases.
As shown in Fig. 11(b), EfNEMO enhances the handover
performance of fNEMO even when nyny is large.

The data packet length varies. For example, a 40-B packet
is for Transmission Control Protocol (TCP) acknowledgments,
and 572- and 1500-B packets are the most common default
message transmission units [43]. In Fig. 12(a), the relative
overall cost gains of fNEMO and EfNEMO to NEMO with
respect to LpaTa are plotted. Since the packet delivery cost
depends on Lpata, the handover performances of fNEMO and
EfNEMO to NEMO increase as Lpata increases. Fig. 12(b)
shows that the handover performance of EfNEMO increases as
LpaTta increases. The reason is the same as that for Fig. 11(b).

Fig. 13 shows the relative overall cost gains of EENEMO as a
function of the distance ratio between the HA and the MR and
between the PAR and the NAR. This ratio is diga—MRr/dAR-AR-
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In general, the handover performance of EfNEMO is higher
than that of fNEMO when this ratio is small. However, the
handover performance of EFNEMO decreases as this ratio in-
creases since the tunnel between PAR and NAR is used until the
TBU message is processed in the HA. If this ratio is larger than
300, the handover performance of EfNEMO becomes lower
than that of fNEMO. That is, when the MR is too far from the
HA, fNEMO may provide a better performance. In this case,
localized HA schemes, such as hierarchical MIPv6 [44] and
proxy MIPv6 [45], should be adopted in EENEMO. Schemes to
combine fNEMO and EfNEMO with proxy MIPv6 have been
studied by some researchers [46], [47]. However, since the MR
is not too far from the HA in usual environments, EFINEMO
normally outperforms fNEMO.
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To compare the performance of NEMO, fNEMO, and ve

EfNEMO in terms of the handover latency, we define the
relative handover latency gains as follows:

TNEMO
GNEMO/INEMO _ 1HL
HL = TfN )
NEMO
NEMO/EINEMO __ Ip
Gy = )
T
TfN
(NEMO/EINEMO _ ‘HL
HL TEfN
NEMO fNEMO NEMO EfNEMO .
where Gy / and Gy / are the relative

handover latency gains of fNEMO and EfNEMO to NEMO,

Fig. 14(a) plots the relative handover latency gains of
fNEMO and EfNEMO to NEMO with respect to pyis. When
Pwit 18 small, fNEMO and EfNEMO outperform NEMO. The
relative handover latency gains of fNEMO and EfNEMO de-
crease as Py increases because a large value of py,j¢ increases a
wireless link delay. As shown in Fig. 14(b), EENEMO improves
the handover performance of fNEMO even when py¢ is large
because EFNEMO uses the wireless link less frequently.

In our numerical results, we assume Aty = 0 because there
is good synchronization between the layer-2 and layer-3 han-
dovers [34]. However, in practice, there is no way to know the
exact time instant when the layer-2 handover begins after the
MR receives the FBack message. Thus, we show the impact of
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Atp in terms of the handover latency in Fig. 15. The relative
handover latency gains of fNEMO and EfNEMO to NEMO
increase as Aty decreases because a small Aty shortens the
handover latency in fNEMO and EfNEMO. When Atp >
1000 ms, the handover latencies of fNEMO and EfNEMO are
longer than that of NEMO because Tpap = 1000 ms, which
is a critical delay in NEMO. As shown in Fig. 15(b), EENEMO
improves the handover performance of fNEMO even when Aty
is large because there is no Trgg in EFNEMO.

VI. CONCLUSION

To reduce packet loss and handover latency in NEMO, a
fast network mobility management protocol for ITS standards,
i.e., INEMO, was proposed in earlier works. We have pointed
out that fNEMO has a significant tunneling burden, which
can cause significant packet loss and handover latency. To
eliminate the tunneling burden of fNEMO, we have proposed
EfNEMO, which is an efficient fast handover mechanism for
NEMO. We investigated the overall cost and the handover
latency of EfNEMO. Both our analytical and simulation results
show that the handover performance of EfNEMO significantly
outperforms those of fNEMO and NEMO. We expect that
EfNEMO can be used as an efficient network mobility protocol
for ITS.
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