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Performance Evaluation of Improved Fast
PMIPv6-Based Network Mobility for
Intelligent Transportation Systems
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Abstract: The network mobility basic support (NEMO BS) protocol  is a protocol that is able to provide NEMO [3], [4]. The intarn
has been investigated to provide Internet connectivity fom group of  tional organization for standardization (ISO) TC204 WGH8 h
nodes, which is suitable for intelligent transportation systems (ITS)  developed communications access for land mobiles (CALM),
applications. NEMO BS often increases the traffic load and ha-  \yhich uses NEMO BS referred to as the ITS station reference ar
dover latency because it is designed on the basis of mobiletémnet  ~hitecture [5]. The European telecommunications starsiard
protocol version 6 (MIPVE). Therefore, schemes combiningmxy v \1e (ETS) has standardized geographic addressingaartd
MIPV6 with NEMO (P-NEMO) have emerged to solve these prob- ing (GeoNetworking) initially specified by the GeoNet Euro-

lems. However, these schemes still suffer from packet losaélong . . .
handover latency during handover. Fast P-NEMO (FP-NEMO) ha pean project, and NEMO BS has been combined with GeoNet-
working [4], [6], [7]-

emerged to prevent these problems. Although the FP-NEMO aet- . ) )
erates handover, it can cause a serious tunneling burden beeen NEMO BS, a mobility support protocol uniquely designed to

the mobile access gateways (MAGs) during handover. This pp  Manage the mobility of.a movin_g network, ensures SeSSiOf‘ con
lem becomes more critical as the traffic between the MAGs in- tinuity for all the nodes in a mobile network. In NEMO, a ungju
creases. Therefore, we propose a scheme for designing aniroped ~ device called a mobile router (MR) is defined to extend the mo-
FP-NEMO (IFP-NEMO) to eliminate the tunneling burden by reg-  bile node (MN) of mobile Internet protocol version 6 (MIPv6)
istering a new address in advance. When the registration isam-  [8] by adding a capability routing between its point of aktac
pleted before the layer 2 handover, the packets are forward#to  mentand a subnet that moves with the MR. For instance, the MR
the new MAG directly and thereby the IFP-NEMO avoids the use  handles communication with a fixed infrastructure and tesi
qf the tunnel between the MAGs during handover. For _the evala- access to the passengers’ devices using a convenientahge:-
tion of the p(;erforlrnance of tlhe. IFIPf'NEMO ckofmpfaredhwnz the FP- radio technology in transportation systems. Thus, the MR su
N0, el an sl Famewor of 4t ARSI perts ity for ol network nodes (VIS attacheio
outperforms the FP-NEMO through numerical results. thereby enabling the MNNSs not to recognize their movements.
Although NEMO BS seems to fit well in the context of ITS,
Index Terms. Fast handovers, intelligent transportation sys- It has several problems. One of the problems is that NEMO
tems (ITS), mobility management, network mobility (NEMO), BS does not incorporate route optimization (RO) with which
performance analysis, proxy mobile Internet protocol verson 6 ?ACI\ILN)S ‘_ﬁ]” d”ECt'y i)ommunlcate Vk\]”th thetcorrespon(tj;rgr.]odes
(PMIPV6). s). There have been many schemes to carry ou in var-
ious NEMO environments [9]-[16]. These schemes enable the
MNNSs to directly communicate with their CNs in various sce-
I. INTRODUCTION narios. In this paper, we do not consider RO for NEMO.
In addition to the RO problem, the more critical problem of
Intelligent transportation systems (ITS) have attracted-c NEMO BS is that NEMO BS incurs packet loss and long han-
siderable interest in recent years. Although ITS appliceti dover latency during handover. Proxy MIPv6 (PMIPv6) [17]
were initially designed for safety-oriented communicatigthe has been adopted in NEMO [18]-[20] to solve these prob-
role of infotainment has rapidly become significant [1]. ther  |ems. PMIPv6 was developed to perform network-based mobil-
words, Internet access service for ITS applications isiredu ity management. This approach does not require the MN to be
For maintaining a vehicle’s Internet connectivity for agpoof involved in the exchange of the handover signaling mesdagies
nodes moving together, network mobility basic support (NEMtween itself and the home agent (HA). A mobile access gateway
BS) [2] was developed by the Internet engineering task forgeIAG) serves as a proxy mobility agent in the network by per-
(IETF). NEMO BS is considered in the ITS standards becausgdtming mobility management on behalf of the MN attached to
‘ _ the network. Thus, PMIPv6-based NEMO (P-NEMO) enhances
&”T“;g:‘i’};‘fﬁ:"égg fse%fgi‘:er 13; 2012. the handover performance of the NEMO. Fig. 1 shows the ar-
o P g guhor. chitectural overview of the P-NEMO. When the MR moves to
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Mobility IFP-NEMO and FP-NEMO are analyzed through an analytical
IT_S management Intemet framework for fast handovers on the basis of the P-NEMO. The
services @ LMA services analytical framework consists of mobility modeling, costsl-
B ysis, and handover latency analysis. In the analytical éaork,
@* & ,b;%,,, Internet the two modes of fast handover are considered, whereas in the
ey < previous studies, only the predictive mode was considered t

evaluate the handover performance.

The main contributions of this paper are as follows: Firg, w
point out the significant tunneling burden of the FP-NEMO by
investigating the fast handover schemes with NEMO. Thigpro
lem was not considered in the previous studies. Second,ave pr
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 th
handover latency. Third, we develop a detailed analytizahe-
LMA: Local mobility anchor work to evaluate the IFP-NEMO performance as compared with
MAG: Mobile access gateway that of the FP-NEMO.

MR: Mobile router The rest of this paper is organized as follows. As a prelimi
MNNs: Mobile network nodes ; .
nary, Section Il describes the NEMO, P-NEMO, and FP-NEMO.
In Section Ill, we present the proposed scheme for desigming
Fig. 1. Architectural overview of PMIPv6-based NEMO. IFP-NEMO. Sections IV and V present the analytical frame-
work and numerical results, respectively. Finally, Sectit
concludes the paper.
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 Leet al. [4] to prevent the packet
loss and reduce the handover latency. FP-NEMO uses wirelesgternet access in vehicles is necessary for supportirigusr
layer 2 events to anticipate the impending handover. A tlisne TS applications. Although MIPv6 can support mobility ing-v
established between a previous MAG (PMAG) and an NMAGicle, it results in many signaling messages when a largéoeum
to prevent packet loss during handover. The packets dedtine of MNNs in the vehicle simultaneously move. For reducing the
MNNs are forwarded to the NMAG during handover. signaling burden of all the nodes in the vehicle, NEMO BS was

Even though the FP-NEMO accelerates the handover proggroduced, which supports network mobility in the vehaul
dure through tunneling, it can cause a serious tunnelinddsur networks. NEMO BS is an efficient and scalable scheme, be-
between the MAGs. This is because all the packets destirmdise mobility managementis transparent to all the nodbein
for the MNNs are forwarded to the NMAG through the tunvehicle. In other words, MNNs do not transmit and receive sig
nel between the PMAG and the NMAG. This problem becomesiling messages during handover because the MR provides mo-
more critical when there already exists heavy traffic betweeility for all the MNNs connected to it. When the MR moves to a
the MAGs. For example, when many MNNs are communicatimgw network, it generates a care-of address (CoA) and tigsism
with the CNs and the link between the PMAG and the NMA@ binding update (BU) message to inform about its new lonatio
is congested, the tunnel that is established during hamdsveto the HA. The HA further transmits a binding acknowledge-
overloaded. Hence, the packets traversing the tunnel ste lo ment (BA) message back to the MR. Further, a bidirectional

In this paper, we propose a scheme for designing an improvednel between the MR and the HA is established and all the
FP-NEMO (IFP-NEMO) to eliminate the tunneling burden. Thpackets destined for the MNNs attached to the MR are detivere
IFP-NEMO adopts a tentative binding update (TBU) schentlrough this tunnel.

[21], [22], which performs the registration to the HA priorthe NEMO BS is suitable for ITS applications; however, it in-
layer 2 handover. When the registration is completed, tlek&patroduces packet loss and long handover latency during han-
ets are directly forwarded to the NMAG and thereby the IFRlover. This is because the handover procedure of NEMO BS
NEMO avoids the tunnel utilization between the PMAG and thie based on that of MIPv6. Schemes combining NEMO and
NMAG during handover. Furthermore, the IFP-NEMO reducdaMIPv6 (P-NEMO) were presented in [18]-[20] to solve these
the handover latency of the FP-NEMO because the regigtratfiroblems. PMIPv6 was intended to provide network-based IP
is performed in advance. This study is a significant exteangfo mobility management support to the MNs without requiring
our preliminary work [23] by considering all the aspects BfF the participation of the MNs in any IP mobility related si¢fna
NEMO and IFP-NEMO, such as the predictive mode, reactiveg. The mobility entities in the network track the movensswit
mode, and handover latency. We describe the detailed handdlie MNs and initiate mobility signaling and set up the regdir
operation of the IFP-NEMO. We define both the predictive arrduting state. The core mobility entities are the LMA and the
the reactive modes of the IFP-NEMO, while the FP-NEMO BIAG; the former is responsible for maintaining the MN reach-
assumed to operate only in the predictive mode. Furtheh batbility state as the HA does, and the latter is the entity plest

Il. PRELIMINARY
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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 thiéne reactive mode of the FP-NEMO. The reactive mode of the
P-NEMO, the MAG manages the mobility of the MR. Thusi-P-NEMO operates as the general P-NEMO does, because it
handover signaling induced by the MR is mitigated and the hamas not defined in [4].
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.lll. SCHEME FOR DESIGNING IMPROVED FAST
NEMO has emerged as an extension to the P-NEMO [4] to PMIPV6-BASED NEMO
solve these problems. The FP-NEMO can reduce the packet loss the FP-NEMO, the characteristics of the NEMO were not
and the handover latency of the P-NEMO by adopting fast hauilly examined, although the FP-NEMO reduced the packet los
dovers for PMIPv6 (FPMIPv6) [24]. FP-NEMO uses wirelesand handover latency by using tunneling. For example, many
layer 2 events to anticipate the impending handover of the WNNSs connected to the MR in the NEMO simultaneouly move,
hicle’s MR. Further, a tunnel is established between the MAGvhich can cause serious performance degradation due tarthe t
prior to the attachment of the MR to the NMAG. Thus, the packeling burden during handover. Tunneling increases tHéictra
ets are forwarded to the NMAG, without loss during handovehburden on the link between the PMAG and the NMAG. When

Fig. 2 illustrates the detailed handover operations of the Fmany MNNs transmit or receive data packets in high trafficden
NEMO. The operation of the FP-NEMO is divided into the presity, the tunnel is particularly overloaded, causing sesioon-
dictive mode and the reactive mode because there are twosmagiestion.
of operation in FPMIPv6. In the predictive mode of the FP- Therefore, an IFP-NEMO is proposed in this paper to elim-
NEMO, a bidirectional tunnel between the PMAG and NMAG isnate the tunneling burden and to reduce the handover la-
established prior to the attachment of the MR to the NMAG. Aency. The IFP-NEMO adopts the tentative binding update
shown in Fig. 2(a), when the MR detects that a handover is ischeme [21], [22], which registers the MR to the HA prior te th
minent, it reports its movement to the PMAG. On receiving thayer 2 handover. Before the layer 2 handover is begun, a-tent
report, the PMAG transmits a handover initiate (HI) mesdagetive PBU message (TPBU) is transmitted to the LMA to register
the NMAG. The HI message includes the MN ID, home nethe new CoA in advance. Further, the LMA directly forwards
work prefix (HNP), and the address of the LMA that is currentlihe packets destined for the MMNs to the NMAG. As a result,
serving the MR. The NMAG transmits a handover acknowleddgiee IFP-NEMO avoids using the tunnel between the MAGs dur-
(HAck) message back to the PMAG. When the PMAG receiveasg handover, and thereby, the packets destined for the MNNs
the HAck message, a tunnel is established between the PMA@ delivered through various paths between the LMA and the
and the NMAG, and thereby, the packets destined for the MNIN®/AG. In addition, the handover latency is reduced becduse t
are forwarded to the NMAG through this tunnel. These packetyistration to the LMA is performed beforehand. Therefdre
are buffered at the NMAG. The buffered packets are forward&eP-NEMO is a suitable solution for the P-NEMO in ITS.
to the MR, after the MR attaches to the NMAG. Further, the The operation of the IFP-NEMO is divided into the predic-
NMAG updates the binding cache entry (BCE) in the LMA fotive mode and the reactive mode because the IFP-NEMO oper-
the MR by transmitting a PBU message. When the NMAG ration follows the fast handovers in the P-NEMO. Fig. 3 shows
ceives the PBA message, handover is completed. Fig. 2(fjsshohe 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 Table 1. Notations.
Fig. 3(a). The predictive mode of the IFP-NEMO is initiatel Notation | Description |
with the MR’s layer 2 handover report. The PMAG further tran$ a(K) Probability ofK movements
mits the HI message to the NMAG. The HI message includes fhg Session to mobility ratio (SMR)
MR ID, HNP, and address of the LMA. On receiving the HI mes-p; Probability of the predictive mode failure
sage, the NMAG creates a TPBU message using the receivedir- Wireless link delay
formation. The TPBU message is the same as the PBU messaAge; Wired link delay
except that the binding lifetime is short. Further, the NMAG Tia Link switching delay
transrplttsh thsl\;ll':GB%Nrrr]\esst?gilt/?Athe LMA ?r?d_IEEZUACk m Pulf Probability of wireless link failure
iiggt;tiveel ener.ates?n aZdition;eIZiI;/reSin tfle BCE n%?tsesa "Hiaa-nac | The number of hops between LMA and MAG
Y9 y : | Hyviags The number of hops between MAGs

vious binding information for the MR is preserved in the BC

- . . " LpryU Length of the PBU message
during handover because it is used to prevent ping-pong m v{i Lenath of the PBA message
ments. For example, when the MR moves back to the PMAGEEA 9 9

“LtpBU Length of the TPBU message

during handover, the tentative binding expires, and théeiac
destined for the MNNSs are transmitted back to the PMAG usi 1%1“
the previous binding information in the BCE. As soon as the ng —HAck

Length of the HI message
Length of the HAck message

binding is generated in the BCE of the LMA, the packets desZHD Length of a tunnel header
tined for the MNN's are directly forwarded to the NMAG. Thg YMNN The number of MNNs
NMAG receives and buffers the packets from the LMA during e Packet arrival rate .
handover. When the PMAG receives the HAck message, a turi- Weight factor for tunneling
nel between the PMAG and the NMAG is established. However) Weight factor for packet loss

the tunnel between the MAGs is not used during handover be-

cause the packets destined for the MNNs are directly foradrd

to the NMAG. In the IFP-NEMO, the tunnel is retained for furthe PMAG to establish a tunnel between the NMAG and the
ther use when the LMA cannot process the TPBU messagePMAG. Thus, before the registration process is completes], t
when the TPBU message cannot be delivered to the LMA. Uppackets destined for the MNNs are forwarded through this tun
completion of the layer 2 handover, the NMAG delivers theel.

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 IV. PERFORMANCE ANALYSIS

PBU message from the NMAG, it updates the_ BC.:E for the M.R‘ Here, we develop an analytical framework to investigate the
The reactive mode of the IFP-NEMO is illustrated |r}1

Fig. 3(b). We define the reactive mode of the IFP-NEMO b andover performance of the IFP-NEMO as compared with that

using the reactive mode of the FPMIPv6. Upon completion é/{ the FP NEMO’ asin [4] and [.25] [27]. The analytical fr_&me
; work consists of mobility modeling, handover latency asaly

the layer 2 handover, the NMAG transmits the HI message 10 , .

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 Overlapping

area

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 failurel’;. The mobility model de-
termines the movement rate of the MR, whilg is used to
combine the predictive mode and the reactive mode of the IFP-
NEMO and FP-NEMO.

We derive probabilityy( K') that an MR moves acrogs RAs

between two sessions. We assume that the intersessioal ar(/iv\f]ere)\ is the arrival rate of the MR in the overlapping area. Us-
time follows an exponential distribution with rade. The resi- bping :

dence time of an MR in the MAG follows a general distribution ¥ the movementratg, ,—, ic (1), we can derive\ as follows
with 1/uz, and its probability density function ig (¢). f7(s)

Fig. 4. Overlapping area between boundary cells.

denotes the Laplace transform f(t) and is obtained as A=26 i ia (i)
1=0
i) = [ et @ =03 Sh-HOF 0T @

Further, the Laplace-Stieltjes transform for an exporadigtiis-

tributed random variable is obtained as follows [4] where# is the weight factor, which is defined by the network

environment, such as the radius of a cell and the overlapping

oo area.
fio)= [ e et 2)
t=0 B. Analysisof Handover Latency

Let NV, be the number of subnet crossings during the inter?{We define tfhg han(_jove; Iﬁte.ncy adehe rt:medlntervaldbitween
ession arrival time. FurtheRr(Np = K) = «o(K) is derived the moment of detection of the iImpending handover and the mo-

as follows [28] ment the MR directly receives the first packets from the LMA in
the new network. The handover latencies of the FP-NEMO and

1 12017 0s) K—0 IFP-NEMO can be obtained as shown in Figs. 2 and 3, respec-
a(K) = {1 p 5 . o1 (3) tively. In both FP-NEMO and IFP-NEMO, the handover laten-
S =fL A fL(As)] 7, K >0 cies are divided into those in the predictive mode and those i
the reactive mode, respectively. Further, the handoventa¢s
wherep is the SMR angh = As/pz, [4], [28]. of FP-NEMO, T ™, and IFP-INEMO (5™, are obtained

In both FP-NEMO and IFP-NEMO, the additional signalas follows

ing messages are exchanged between a PMAG and an NMAG, _

while thethR resides irr: the (;Jverlappir:jg far:aa Eetw(;en the TN = (1 - Py TN 4 P (ETN (7)

PMAG and the NMAG. The predictive mode fails when the MR (IFPN) _ /1 (pIFPN) (rIFPN)

leaves the overlapping area before the transmission ofdhe a Tro = (1= Pr) To + PrTyo (8)

ditional signaling messages is completed. When the piedict (pPFPN) 1 (rFPN) -+ (pIFPN) (FIFPN)

mode fails, the reactive mode is activated. Further, thbgiod- whereTy, ! T.HO ’ THO. L andTyq are _the han-
dover latencies in the predictive mode and reactive mode of

ity of the predictive mode failuré?s, must be obtained to evalu- i :
ate the performances of the FP-NEMO and IFP-fNEMO. Fig.tﬂe FP-NEMO and IFP-NEMO, respectively. With reference to

. - (pFPN) (rFPN)
shows the overlapping area of the boundary cells. Tdte a F19- 2,Tyo  andTy,  are expressed as follows
random variable for denoting the residence time in the agerl

. ) . . . FPN) FPN) FPN)
ping area, that is, pending a layer 2 handoyris obtained as TI({pO = TF(’%E + T2 + TF(%ST
follows [29] = 2ty + 2 (Hvacs + Hova-mac) i+ T2 (9)
rFPN rFPN
TprE T}(IO ) = Tro + TP(’OST )
Pf =Pr (T < TPRE) = / fT(ﬁ)dt, T Z 0 (4) — 2tw + 2HLMA—MAth + TL2 (10)
0

. . . ) FPN FPN
whereTpry is the required time for additional signaling in FPWwhereTr, is the link switching delay]}()%E ), Tlg%ST ), and

NEMO or IFP-NEMO before the layer 2 handover. If we assumEI%FSPTN) are the partial delays in the FP-NEMO. For the cal-
thatT is exponentially distributed [30Jr (t) = Ae~**. There- culation of the delays consisting of the handover laterlog, t
fore, Py is obtained as wired link delay,t,,, and the wireless link delay,, are de-
fined. Hyags and Hpya—Mmac are the hop distances between
Py =1— ¢ Mpre (5) the MAGs and between the LMA and the MAG, respectively.
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In the FP-NEMOTI({’SFPN) andTI({gFPN) are calculated, re- of hops [12]. The packet tunneling cost is defined as the addi-

ferring to Fig. 3, as follows tional tunneling overhead incurred during handover. Tloges
the overall costs of the FP-NEM@,FP~NEMO) "and the IFP-
TEEPN) — p{ptEPN) gy, 4 pIET) NEMO, CIFP—NEMO) ‘gre expressed, respectively as follows

= 2tw + {Hl\lAGs

(/(FP-NEMO) _ ~(FPN) __ ~(FPN) 17
+ max (Huace: Huaea-sinc) i} + Tha (D (IFP—NEMO) ?I??PN)—F P(?FPN) )
r r cvrrT =C C 18
TMEEN) — 7y 4 TSEEN) sc T Cpr (18)
=ty + 2 (H s + M _ t + 1 12 .
(Huvac LMA-MAG) b+ Tie  (12) whereCEPN) | ¢EPN) | oUFPN) 40 oUFPN) 16 the signal-

WhereTF()%IIISPN)' Té%lgmi andTF(,ggiN) are the partial delays ing overheads and the packet tunneling costs of FP-NEMO and

in the IFP-NEMO. When the MAG is too far from the LMA, IFP-NEMO, respectivelyCl; aerCSGFPN) are divided into
TI({%IFPN) is the same aTI({%FPN). This is because the TPBUhe predictive mode and the reactive mode, respectivelyassd

message cannot arrive at the LMA during handover. For ifPt@ined as follows

stance, itHuva—macts > Tio, thenTI({%IFPN) = TI({%FPN). (FPN) (pFPN) (rFPN)

t; andt,, are obtained by summing the transmission delay, Csa = (1= Pp)Csq +PrCse (19)
Ipropagation delay, and processing detays expressed as fol- ClETN) — (1= P PN 4 prolEFTY (20
ows

h=3 P + Twa + @ (13)  wherecZIPN), cFPN) | PPN andc{FFN) are the sig-

naling costs in the predictive mode and reactive mode of the

whereL is the length of a packetj,,q is the bandwidth of the £p_NEMO and IFP-NEMO, respectively. These parameters are
wired link, T',q is the propagation delay on the wired link, and i 4 referring to Figs. 2 and 3 as follows
wy is the average queueing delay at each router in the Inter- ’

net. In the case of the wireless link delay, the wireless fiaik

ure is considered. Let; and P, ; be the number of wireless CPFPN) — Zm(i) (Snacs + Sfhia_nac) (21)
link failures and the probability that a message transmissver i=0
the wireless link failsq:y times before the message is success- PN oo

fully transmitted, respectively [4], [31]. The mean numioér CPHFPN) Zia(z‘) (Smacs + Sfiia—mac) (22)
ny, E[ny], is expressed as follows [31] i=0

rFPN . N e

- = _ DPuwif CéG )= ZZQ(Z)SL%WAfMAG (23)
Elny] = Z ngPn, = T— purs (14) =0
ny=0 w 00

C(7-IFPN) _ ZO&(Z) Shiacs + SCl - (24)

wherep,,; ¢ is the probability of the wireless link failure. Thus, sG ; ( LMA MAG)

the wireless link delay,,,, is calculated as follows
where Syiaas IS the sum of the signaling costs incurred be-
tween the MAGs, andS{i s _yac and Sf3ia_mac are the
sums of the signaling costs incurred between the LMA and

I the MAG. Smacs = Hwacs (Lur + Luack), S{hia_mac =

+ Eny] (B— + Tt + T + Twait) (15)  Hima-—wmac (Lpu + Lppa), andSE3, 4 _vac = Huma—mac

wl (Lrppu + Leu + Lepa)- Yo ia(i) denotes the handover
whereT,.i; is the waiting time to determine the loss of a medate.
sage,B,,; is the bandwidth of the wireless link,,; is the prop-  The packet tunneling costs of FP-NEMO and IFP-NEMO are
agation delay on the wireless link, arfg, is the processing obtained as follows
time. LetTyaie = v(5= + Twi + T;,) because the waiting time
can be determined by the round trip time, wherie the weight CUEPN) — (1 — Py cBEPN 4 po(EPN) (25)

= ] J PT f)~pT rYpT

factor for the waiting time. Further, (15) becomes CSTFPN) —(1-P) CIE);ZEFPN) 4 Png-TIFPN) (26)

L
tw = (B— +Twl +Tp)

wl

L+ YPuwiy
tw=————||=—+Tw+T, ). 16 - .
< I — puwiy By Tt (16) where Cé,pTFPN), OF(,TFPN), Cé,pTIFPN), and OF(,TIFPN) are the
. packet tunneling costs in the predictive mode and reactivéem
C. Cost Analysis of the FP-NEMO and IFP-NEMO, respectively.

Here, we derive the cost functions of the signaling overheadin the predictive mode of the FP-NEMO, the packets destined
and the packet tunneling to investigate the performanc#seof for the MNNs are tunneled between the MAGs after a tunnel
FP-NEMO and IFP-NEMO. The signaling overhead is defingd established, while in the reactive mode, they are losindur
as the handover signaling cost incurred during a sessiofisantdandover. With reference to Fig. 2, the packet tunnelingsoois
calculated by the product of the message length and the numihe FP-NEMO are obtained as follows
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CQTFPN) = Z ia(i){NMNN)\p (PLMA—MAGT}(IPOFPN)
i=0

+ TPMAGS

FPN
T

)}

(27)

rIFPN
iy

= iafi)
=0

+ (Puma—mac + TPyvaas)

|:NMNN)\p{UPLMA—NIAGTéTOIgSI:’N)

rIFPN
T’%NL )

+ PLMA-MAG

rIFPN rIFPN rIFPN
(T}(IO ) TIEOSS )~ T{“NL )) H (30)

where Té’l’\IIEPN) is the delay during tunneling in the

CUEPN) — NTia( [N A { Pivia_nacTEEN)
P ; (1) | NaawwAp | 1PLaia-u LOSS predictive mode. T%\IIFPN) =min(max(Hima-macti —

Hyiacst, 0), TEEPNY, 70PN and 7(ITPN) are the delays

during the packet loss and tunneling in the reactive mode, re

spectively. T, (e ™) T + Huacst; and TUEEN)
whereNynn and A, are the number of MNNs attached to thg 7, .. + Hyya—miac) t.
MR and the packet arrival rate, respectivelys the weight fac-
tor for the packet loss, which denotes the number of retrégism
sions owing to packet los&yiaas andPryia—_mac are the unit V. NUMERICAL RESULTS
costs of the packet tunnel overheads between the MAGs and by, his section, we demonstrate the comparative numerical

tween the LMA and the MAG, respectively, and are express%isults of the FP-NEMO and IFP-NEMO in terms of the han-

as Puacs Hwacs (Lup + Lup) and Puva-mac = dover latency and overall cost. The parameters used inris a

Hina-macLup. TG and T oos" are the delays dur- ysis are defined as follows = 512 Kbytes, By,q = 1 Gbps,

ing the tunneling in the predictive mode and during the packg,, = 54 Mbps, Ty = 0.5 ms, Ty = 2 ms, w, = 0.5,

loss in the reactive mode, respectiv %FLPN) = T2 + T, =0.5ms,Tro = 58.74ms, Nunn = 5, Ap = 50 pakets/s,

2H1 A -—MAGH andT]EBFSFS)N) =119 +ty + Homa—mact. v = 1,1 =2, Hhma-mac = 5, Huacs = 1, Lppyu
In the predictive mode of the IFP-NEMO, the packets deé+Bu = LtpeU = 76 bytes, Lyt = Sxack = 52 bytes, and

tined for the MR are directly forwarded to the PMAG or NMAG Lup = 40 bytes [4], [12], [31]-[33].

regardless of handover. However, when the MR is too far from . o )

the LMA, the TPBU message does not arrive at the LMA durir'@' Probability of Predictive Mode Failure

Tpre- In this case, the packets destined for the MR are tunneledrhe probability of predictive mode failure?;, can be ob-

as inthe FP-NEMO. Thus, the packet tunneling costs of the IFfdined by the MR movement rate and the network environ-

NEMO are expressed, as shown in Fig. 3, as follows ment. WhenP is low, the FP-NEMO and IFP-NEMO more

frequently operate in the predictive mode. Fig. 5(a) shéws

+ PLMA—MAG (TI({TOFPN) - TL(SFSP;N)) H (28)

(PIFPN) _ N~ - . (pIFPN) as a function ofp andé. Whenp is high, the session rate is
Cpr - QZQ(Z){NMNNAP <PLMAMAGTHO higher than the handover rate and the mobility is low. On the

other hand, the session rate is lower than the handovewhgs,
p is low. In other wordsp denotes the MR velocity. Thug,

(29)
becomes high when the MR velocity is highdenotes the net-

+ TPMAGST’%)\JIEPN)> }
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work environment. For example, whéris low, it indicates that gains increase. Whemis high, the mobility is low and the ses-
the radius of a cell or the overlapping area is lat§e becomes sion arrival rate is high. Thus, the handover performandb®f
low whend is low. IFP-NEMO is better than that of the FP-NEMO, where the ve-
As shown in Fig. 5(b), the changes i are depicted by hicles move at a low velocity as in urban areas. In additibe, t
Trre. TrrE IS the time required for the additional signaling irrelative handover latency gain increases wh&nlow. This im-
FP-NEMO or IFP-NEMO before the layer 2 handover. Henceglies that the handover performance of the IFP-NEMO is bette
P; becomes low whefprg is short.Tpry is dependent on than that of the FP-NEMO, where the radius of a cell or the
the transmission delays between an MR, an MAG, and MAGsvyerlapping area is large. In addition, even wida low andd
and therefore, it gradually decreases overtime. In additip  is high, the IFP-NEMO outperforms the FP-NEMO.
becomes low. As shown in Fig. 6(b), the relative handover latency gains as
functions ofp,,; y andp are depicted. The probability of the wire-
less link failure p,,; s, denotes the status of the wireless link. For
In this section, we compare the IFP-NEMO with the FRexample, whem,,;; is low, the wireless link is in good condi-
NEMO in terms of the handover latency. For this, we define thign without link errors. The handover performance of the4F

B. Relative Handover Latency Gain

relative handover latency gain as follows NEMO is better than that of the FP-NEMO whep;; is low
7 (FPN) andp is high. On the other hand, when, ; is high andp is low,
GuL = %. (31) the handover performance of the IFP-NEMO is better than that
Tho of the FP-NEMO. In other words, the IFP-NEMO outperforms

WhenGryr, > 1, the IFP-NEMO outperforms the FP-NEMO. the FP-NEMO even when the error rate of the wireless link is
Fig. 6(a) shows the relative handover latency gains as fukigh and the vehicles move fast.
tions of p andd. As p increases, the relative handover latency The relative handover latency gain as a functiofipf is il-
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lustrated in Fig. 6(c)71L2, which is the link switching delay, cost gain as follows
depends on the wireless technology.As decreases, the rela-
tive handover latency gains increa%gs can become shorter as
the wireless technology is improved. Therefore, the IFRVNIE

Gl mproe e e perormance,BeCause Mfienc, 1, h IFP-NEMO auperons 1 P-NENG,
. i j ' ] The relative overall cost gains dependingwoandd are illus-

Fig. 6(d) illustrates the relative handover latency gaireasyrated in Fig. 7(a). Ap increases, the relative overall cost gains
function of Hrana-mac, which is the distance between thncrease. As shown in Fig. 6(a), the handover performance of
LMA and the MAG. The handover latency of the FP-NEMQpe |FP-NEMO is better than that of the FP-NEMO, where the
is higher than that of the IFP-NEMO aprna-mac - yehicles move at a low velocity. In addition, the relativel
creases. However, wheflpya—vac > 60, the handover cost gain increases whehis low. Therefore, the IFP-NEMO
latency of the IFP-NEMO is the same as that of the FRypsjderably outperforms the FP-NEMO, where the radius of a
NEMO. This is because the TPBU procedure cannot be Cogy| or the overlapping area is large and the movement rate is
pleted during handover. Nevertheless, the IFP-NEMO gdélgeraq,y as in urban areas.
outperforms the FP-NEMO, because the MAG is not too far The relative overall cost gains dependingroand) are plot-
from the LMA. ted, as shown in Fig. 7(b).denotes the degree of traffic density
in the link between the PMAG and the NMAG. When the traffic
on that link increases, increases. In general, the relative overall
cost gains increase adncreases, because the IFP-NEMO does

For the evaluation of the IFP-NEMO performance as comet use the tunnel between the PMAG and the NMAG. Even
pared with that of the FP-NEMO, we define the relative overailhenr is low, the IFP-NEMO outperforms the FP-NEMO. This

C/(FP—NEMO)

Goc = C(FP—NEMO) (32)

C. Relative Overall Cost Gain
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is because the handover latency of the IFP-NEMO is lower thgan
that of the FP-NEMO. The relative overall cost gains incesss

p increases because the packet tunneling cost is highlytaﬁe%]
by high p. Additionally, the handover performance of the IFP-
NEMO is not lower than that of the FP-NEMO, even wheis  [©]
low.

Fig. 7(c) shows the relative overall cost gains depending o
Nyny and 7. Ny is the number of MNNs attached to an
MR. The IFP-NEMO improves the handover performance of
the FP-NEMO, regardless dfynn. Thus, the IFP-NEMO is [8]
more efficient than the FP-NEMO, where many users simult@]-
neously use the Internet services in the case of publicpiates
tion, such as in buses and trains. In particular, whes high,
the IFP-NEMO considerably outperforms the FP-NEMO.

As shown in Fig. 7(d), the relative overall cost gain is de-
picted depending Ol pa —mac- WhenHpya —mac iS short,
the handover performance of the IFP-NEMO becomes high
as Hima-mac decreases. This is because the duration of
tunneling between the PMAG and the NMAG becomes Siﬁfz
nificantly long in the IFP-NEMO. On the other hand, whe ]
Hynva-—macg > 10, the handover latency of the FP-NEMO is
higher than that of the IFP-NEMO, and therefore, the hando&s3]
performance of the IFP-NEMO becomes highf&syia - vac
increases. Whef 4 _mac > 60, the handover performanceji4]
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 theis)
FP-NEMO.

[16]
VI. CONCLUSIONS

FP-NEMO emerged to accelerate handover for the P-NEMO
by anticipating an impending handover. Even though FP-NEM®']
enhances the handover performance, it can incur a tunrigling
den between the PMAG and the NMAG during handover. In this
study, we highlight the problem of the tunneling burden,chhi
was not properly investigated in the previous studies. Tives
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 cort!
pared with that of the FP-NEMO, we have developed an analyt-
ical framework. In the analytical framework, we have taketoi [21]
account two modes of fast handover schemes. The numerical re
sults demonstrate the handover performance of the IFP-NENK2)
in terms of the handover latency and overall cost. In general
the IFP-NEMO improves the handover performance of the Ff23
NEMO. In particular, the IFP-NEMO considerably outperfarm
the FP-NEMO, where the radius of a cell or the overlapping ar[=24]
is large and the movement rate is low as in urban areas.
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