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Abstract The handover processes in present IP mobility management protocols incur
significant latency, thus aggravating QoS of consumer devices. In this paper, we introduce
an enhanced handover process for the Proxy Mobile IPv6 (PMIPv6) protocol, which is a
recently developed IP mobility management protocol aiming at providing network-based
mobility support. The proposed handover process further improves handover performance
of PMIPv6 by allowing a new access network obtains handover context before a consumer’s
mobile node (MN) moves to the new access network. Data packets destined for the MN are
buffered to prevent packet loss and immediately delivered to the MN as the MN moves to the
new access network. We evaluate the handover latency and data packet loss of the proposed
handover process compared to the basic one of PMIPv6. The conducted analysis results
confirm that the proposed handover process yields the reduced handover latency compared
to that of the basic PMIPv6 and also prevents data packet loss. We moreover evaluate the
buffering cost of the proposed handover process.
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1 Introduction
The advance and wide deployment of wireless technologies lay the foundation stone of
mobile communications allowing consumers have fun with multimedia/business applications during movements. However, an MN (consumer’s smartphone or laptop) experiences
the service interruption time during its handover, i.e., the MN changes its point of attachment
while maintaining ongoing sessions, due to perceptible handover latency and data packet
loss.
The recently developed PMIPv6 protocol [1] allows an unaltered and mobility-unaware
MN to change its point of attachment while maintaining its network connectivity. Compared to previously developed host-based mobility management protocols such as Mobile
IPv6 [2], Fast Mobile IPv6 [3], and Hierarchical Mobile IPv6 [4], PMIPv6 is a glamorous mobility management protocol designed for telecommunication service providers
as well as manufacturers. As PMIPv6 is deployed in mobile access networks, manufacturers do not need to implement a mobility stack at MNs they produce. From the
aspect of telecommunication service providers, they can easily manage and control mobility services for consumers [5–7]. Moreover, from the viewpoint of performance, PMIPv6
generally outperforms the previously developed host-based mobility management
protocols [8].
The basic specification of PMIPv6 mainly focuses on defining essential service entities
and operational procedures for network-based mobility management. However, the basic
handover process defined in [1] is arguable if it would satisfy the QoS requirements for delay
sensitive applications, especially, in high mobility environments where an MN frequently
performs its handover. The limitations of the basic handover process of PMIPv6 are (1) inefficient handover steps from the aspect of handover latency; and (2) lacking of a buffering
mechanism for preventing data packet loss.
The forthcoming consumer mobile networks will be in charge of delivering QoS sensitive application traffic to individual consumers. Accordingly, the investigation and analysis
on the handover process of PMIPv6, which is expected to be a base mobility management
protocol for the forthcoming consumer mobile networks, is required. In addition, a proposal for improving the handover performance is a desirable work. Nevertheless, in recently
published literatures [5–10], improvements for the handover process of PMIPv6 have not
considered. In this paper, we develop an enhanced handover process in which a home network prefix (HNP) assigned to a moving MN is actively provided from a local mobility
anchor (LMA) to a mobile access gateway (MAG) located at a new access network. In addition, data packets destined for the MN are also smoothly forwarded to the MAG. By doing
so, as soon as the MN attaches with the MAG located at the new access network, the MN
can receive the data packets buffered and a router advertisement (RA) message including
the HNP from the MAG. In order to demonstrate its handover performance, we develop
analytical models for estimating the handover latency and data packet loss based on devised
handover timing diagrams. Moreover, we evaluate the buffering cost of the proposed handover
process.
The rest of the paper is organized as follows: Sect. 2 discusses the current handover
process of PMIPv6. In Sect. 3, we introduce the proposed handover process designed for
enhancing QoS of consumer mobile devices by reducing handover latency and preventing data packet loss. In Sect. 4, we develop analytical models for performance evaluation. Then, in Sect. 5, we present conducted analysis results. Finally, Sect. 6 concludes this
paper.
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2 Handover Process of PMIPv6
PMIPv6 provides network-based mobility support for mobility-unaware MNs. It means that
an MN does not need to participate in any mobility signaling while it changes its point of
attachment in a given PMIPv6 domain consisting of at least one LMA and MAGs. Fig. 1
shows the conceptual PMIPv6 domain. As shown in Fig. 1, an MN performs its handover
from MAG1 to MAG2 , but its address called a home address (HoA) is maintained. Since
the LMA assigns the unique and same HNP to the moving MN, the MN can already receive
RA messages including the same HNP so that the MN cannot recognize its movements at
the IP layer. This is a distinguishing point of PMIPv6 from existing host-based mobility
management protocols such as Mobile IPv6 and Fast Mobile IPv6.
Figure 2 illustrates the currently specified handover process of PMIPv6 [1].
As MAG1 located at the previous access network detects the MN’s detachment from its
access network, it sends a de-registration message, i.e., de-registration proxy binding update
(De-Reg. PBU) message, to an LMA. The De-Reg. PBU message involves the identifier of
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Fig. 1 Conceptual PMIPv6 domain: An MN changes its point of attachment while maintaining the same
address configured its interface
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Fig. 2 Handover process of PMIPv6: An MN detaches from MAG1 located at a previous access network and
attaches to MAG2 located at a new access network

123

594

J.-H. Lee et al.

the MN, assigned HNP, etc. As soon as receiving the De-Reg. PBU, the LMA recognizes the
movement of the MN. Then, it waits a new registration message, i.e., proxy binding update
(PBU) message, from another MAG. In this example, the MN attaches to MAG2 that receives
a router solicitation (RS) message. MAG2 informs the attachment event of the MN to the
LMA by sending a PBU message. The LMA updates its binding cache entry for the MN
and responds by sending a proxy binding acknowledgement (PBAck) message including the
HNP for the MN. Then, a bi-directional tunnel for data packets destined for the MN is also
established between them. Note that the PBAck message and the data packets for the MN
are simultaneously sent from the LMA. MAG2 sends an RA message including the HNP to
the MN. Because the HNP is the same HNP the MN has received from the previous access
network, from the viewpoint of the MN, the whole PMIPv6 domain can be viewed as a single
network. That is, the MN does not need to configure new addresses for every movements in
the PMIPv6 domain managed by at least the LMA and MAGs. This is a difference with the
previously developed IP-layer mobility management protocols such as Mobile IPv6 [2] and
Fast Mobile IPv6 [3]. In addition, thanks to the network-based mobility service provided by
mobility service provisioning entities such as the LMA and MAG, any mobility signaling
from the MN is not required so that an ordinary MN can be supported [5–7].
However, the basic handover process is arguable if it would satisfy the requirements for
delay sensitive applications, especially, in high mobility environments where an MN frequently performs its handover due to its high velocity. The limitations of the basic handover
process are (1) inefficient handover steps from the aspect of handover latency; and (2) lacking of a buffering mechanism for preventing data packet loss. In the following section, the
proposed handover process designed to solve the above limitations is presented.
3 Proposed Handover Process
As a proposal for improving the handover performance of PMIPv6, in this section, we introduce a new handover process aiming at reducing handover latency while preventing data
packet loss. Fig. 3 shows the proposed handover process.
Each step of the proposed handover process is as follows:
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– Messages 1–3: By utilizing the L2 trigger, an MN detects information of neighbor access
networks. Then, it reports information of the next network the MN will attach to. This
message is an access technology specific, but at least the identifiers of the MN and the next
network must be provided to MAG1 , where the MN is currently attached. MAG1 sends

13. PBAck

Fig. 3 Proposed handover process for PMIPv6: An LMA proactively provisions an HNP assigned to an MN
by sending an HNPP message to MAG2 located at a new access network where the MN attaches to. In addition,
MAG2 buffers data packets arrived from the LMA and sends to the MN as soon as the MN attaches
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a De-Reg. PBU message to an LMA in order to inform the detachment of the MN from
its access network. The De-Reg. PBU message involves the identifiers of the MN and
the next network (MAG2 ’s access network). Upon receiving the De-Reg. PBU message
indicating that the MN has been detached from MAG1 ’s access network, the LMA checks
its corresponding mobility session for the MN and accepts the De-Reg. PBU message if
it is valid. As a response, the LMA sends a De-Reg. PBAck message.
– Messages 4–7: The LMA proactively provides required information to MAG2 by sending
a home network prefix provisioning (HNPP). The HNPP message at least involves the
following information of the MN: identifier, link-local address, and HNP. Note that a
De-Reg. PBAck message and HNPP message are simultaneously sent from the LMA, but
in Fig. 3, they are presented in stepwise. As a response, MAG2 sends a HNPPA message
with the status bit. For instance, if MAG2 is available to serve the MN, the status bit is set
as 1. As the LMA receives the HNPPA with the status bit 1, it establishes a bi-directional
tunnel with MAGs and sends data packets destined for the MN. Then, the LMA waits
for a pre-defined time to receive a PBU message from MAG2 [1]. As the MN approaches
an access network of MAG2 , it receives the L2 connection notification from the access
network of MAG2 . Then, the MN’s wireless link is attached to MAG2 .
– Messages 8–9: Data packets for the MN sent from the LMA are buffered at MAG2 . This
buffering technique prevents data packet loss. As the MN attaches to MAG2, it sends an
RS message in order to explicitly inform its attachment and to receive an RA message
quickly from to MAG2. Note that an only authenticated MN is allowed to access to a
PMIPv6 domain and here we simply omit an authentication process in Fig. 3 because it
is immaterial to the analysis in this paper. More details for authentication in PMIPv6 can
be found at [11].
– Messages 10–13: As MAG2 receives the RS message sent from the MN, it recognizes
the attachment event and immediately sends the data packets being buffered to the MN.
This data packet flushing can be also triggered by the authentication process for the MN
if MAG2 explicitly knows the attachment of the MN via the authentication process, but
this case is not considered in this letter. MAG2 sends the RA message including the HNP
obtained from the HNPP message. As the MN receives the RA message, it obtains the
same HNP used in the previous access network, i.e., MAG1 ’s access network. Accordingly, the MN does not need to generate a new address for MAG2 ’s access network so that
it also yields to avoid the duplicate address detection process, which is being used by the
previously developed IP-layer mobility management protocols. As a default operation,
MAG2 registers the MN to the LMA by sending a PBU message. Note that the data packet
flushing, sending RA message, and sending PBU message are simultaneously executed,
but in Fig. 3, they are presented in stepwise. As a response, the LMA sends a PBAck
message to MAG2 .
Compared to the basic handover process of PMIPv6, the proposed one minimizes the handover latency and prevents data packet loss. In the following section, we develop analytical
models for the proposed handover process and the basic one of PMIPv6.
4 Analytical Modeling
(·)

In this paper, the handover latency L H is defined as the time interval during which an MN
cannot receive any data packets while it performs its handover. The notations used for our
analysis are as follows:
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Fig. 4 Handover timing diagram of the basic handover process

– TL2 is the link-layer handover latency, which mainly depends on an implementation
chipset for a wireless interface;
– TW RS is the random amount of delay before sending an initial RS message;
– TRS is the arrival delay of the RS message sent from the MN to the MAG at the new
access network;
(PMIPv6)
– TLU
is the delay of the location update (registration) for the MN;
(PMIPv6)
– TP
is the arrival delay of the first packet sent from the LMA to the MN;
(PRO)
– TP
is the arrival delay of the first packet sent from the MAG to the MN;
– TB S is the buffering start time in the proposed handover process;
– TB E is the buffering end time in the proposed handover process;
(PRO)
– TL2−R E P is the arrival delay of the L2 report sent from the MN to the MAG;
–
–
–
–

(PRO)

TD R E G is the delay of the de-registration for the MN;
(PRO)
TH N P P is the delay of the HNPP;
(PRO)
TH N P P A is the delay of the HNPPA; and
(X)
M S is the size of the message X, which is used in the handover, i.e., X ∈
{P BU, R S, H D, D AT A}.

4.1 Handover Latency of the Basic Handover Process
(PMIPv6)

Figure 4 depicts the handover timing diagram of the basic handover process. Let L H
be the handover latency of the basic handover process in PMIPv6. Then, it is expressed as:
(PMIPv6)

LH

(PMIPv6)

= TL2 + TW RS + TRS + TLU

(PMIPv6)

+ TP

,

(1)

where TW RS can be determined as a value between 0 and M AX _RT R_S O L I C I T AT I O N _
D E L AY [12]. Here, we assume that TW RS is uniformly distributed in the interval [0,
M AX _RT R_S O L I C I T AT I O N _D E L AY ]. TRS is calculated as:
  (RS)

 (RS)
MS
MS
TRS =
+ tW L +
+ tW L
bW L
bW L
∞



×
n f × Pr ob n f failures and 1 success ,
(2)
nf
(RS)

where M S is the size of RS message. bW L is the bandwidth of the wireless link between
the MN and the MAG. tW L is the propagation time for the wireless link. n f is the number
of message failures over the wireless link. Suppose p f is the link failure probability. By
applying p f in Eq. (2), it is rewritten as [13]:
  (RS)

 (RS)
MS
MS
pf
+ tW L +
+ tW L ×
.
(3)
TRS =
bW L
bW L
1 − pf
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Fig. 5 Handover timing diagram of the proposed handover process

We assume the wired link between the MAG and the LMA is robust and no message failure
(PMIPv6)
in Eq. (1) is obtained as:
is expected. Then, TLU
 (PBU)

MS
(PMIPv6)
TLU
= nh
+ tW D ,
(4)
bW D
(PBU)

is the size of PBU messages. n h is the number of wired link hops between
where M S
the MAG and the LMA. bW D is the bandwidth of the wired link between the MAG and the
(PMIPv6)
LMA. tW D is the propagation time for the wired link. And, TP
in Eq. (1) is obtained
as:
 (HD)
  (DATA)

(DATA)
+ MS
MS
MS
(PMIPv6)
TP
= nh
+ tW D +
+ tW L
bW D
bW L

 (DATA)
MS
pf
+
+ tW L ×
,
(5)
bW L
1 − pf
(HD)

(DATA)

where M S
and M S
are the sizes of IPv6 header and data message, respectively. Recall
data packets for the MN are traversed via the bi-directional tunnel established between the
LMA and the new MAG, i.e., MAG2 in Fig. 3 when the MN attaches to the new MAG.
Note that the LMA knows the attachment of the MN to the new MAG as it receives the PBU
message from the new MAG. Note that the data packets are protected by a means of IPsec,
but here we skip the overhead of IPsec in this analysis.
4.2 Handover Latency of the Proposed Handover Process
(PRO)

Figure 5 depicts the handover timing diagram of the proposed handover process. Let L H
be
the handover latency of the proposed handover process for PMIPv6. Then, it is expressed as:
(PRO)

LH
where

(PRO)

= TL2 + TW RS + TRS + TP

,

(6)

(PRO)
TP

is obtained as:
  (DATA)

 (DATA)
MS
MS
pf
(PRO)
TP
=
+ tW L +
+ tW L ×
,
bW L
bW L
1 − pf

(7)

In Eq. (7), the data transmission delay over the wired link between the LMA and the new
MAG is excluded, which has taken account in the basic handover process as shown in Eq. (5).
This is because that the proposed handover process allows the LMA and the new MAG, i.e.,
MAG2 in Fig. 3, to establish the bi-directional tunnel while the MN prepares its handover
to the new MAG. Then, the LMA forwards the data packets destined for the MN to the new
MAG. Accordingly, as soon as the MN attaches to the new MAG, it receives the data packets
from the new MAG.
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4.3 Data Packet Loss
If any buffering mechanism is not supported, data packets destined for an MN will be lost
(·)
when the MN undergoes its handover. Suppose ψ p is the amount of data packet loss during
(·)
the handover process. Let λs denote the average session arrival rate per sec at the MN. ψ p
is obtained as follows:
(·)

ψ p(·) = λs E(S)L H ,

(8)

where E(S) is the average session length in packets.
4.4 Buffering Cost
The proposed handover process prevents data packet loss by utilizing the buffering mechanism which motivates us to evaluate its buffering cost.
Since the L2 trigger is used for handover anticipation in the proposed handover process,
we here consider the L2 trigger time [14]. Suppose Tτ and ps are the times taken from the
occurrence of the L2 trigger and the probability of success handover after the L2 trigger,
respectively. A small value of Tτ induces a high value of ps that indicates a high probability of handover attaching to a new access network. The relationship between Tτ and ps is
expressed as:
ps =

1
,
eκ Tτ

(9)

where κ is a scale factor.
(PRO)
In this paper, the buffering cost C B
is represented as the maximum required buffer
size at MAGs for preventing data packet loss during an MN’s handover. Since the required
buffer size is increased in proportion to λs and E(S), we have
(PRO)

CB



= ps λs E(S)(TB E − TB S ) ,

(10)

where TB E and TB S are obtained as:
TB E = Tτ + TL2 + TW RS + TRS ,
(PRO)

(PRO)

(11)
(PRO)

(PRO)

TB S = Tτ + TL2−R E P + TD R E G + TH N P P + TH N P P A ,
(PRO)

(PRO)

(PRO)

(12)
(PMIPv6)

where TL2−R E P , TD R E G , TH N P P are assumed as the same values of TRS , TLU
(PMIPv6)
,
TLU

respectively. In addition, we assume that

(PRO)
TH N P P A

is equal to

, and

(PRO)
TH N P P .

5 Analysis Results
The following system parameters are used in our analysis [12,15]: TL2 = 45.35 ms, bW D =
100 Mbps, bW L = 11 Mbps, tW D = 0.5 ms, tW L = 2 ms, p f = [0.1, 0.4], n h = 5, and
M AX _RT R_S O L I C I T AT I O N _D E L AY = 1000 ms. The sizes of messages used are
(RS)
(PBU)
(HD)
(DATA)
as follows [16]: M S = 52 bytes, M S
= 76 bytes, M S
= 40 bytes, M S
= 120
bytes, λs = [0.3, 0.7], and E(S) = 20.
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Fig. 6 Relative handover performance gain as functions of n h and p f

For the purpose of comparison, we define the relative gain of handover latency to the basic
handover process as:
(PRO)

GH

(PMIPv6)

=

LH

(PRO)

LH

.

(13)

(PRO)

is used for indicating a relative handover performance gain compared to the
where G H
(PRO)
basic handover process. For instance, if G H
is larger than 1.0, it means that the proposed
handover process outperforms the basic one.
(PRO)
First, we observe the variation of G H
with different values of n h and p f . As shown in
Fig. 6, the proposed handover process always outperforms the basic one. As n h is increased,
(PRO)
(PRO)
is also increased, whereas G H
is out of proportion to the increase of p f . It is
GH
(PRO)
seen that n h is sensitive to G H , whereas p f does not much affect. This phenomenons are
caused by (1) the unstable wireless link between the MAG and the MN; and (2) fast data
packet forwarding of the proposed handover process. In addition, an interesting observation
is that as p f decreases, the performance gap between the proposed handover process and
the basic one is grown. This is because that the proposed handover process relies upon few
messages over the unstable wireless link compared to the basic one.
Without any buffering mechanism, data packets destined for the MN will be lost while
(·)
the MN performs its handover. In order to consider mobility with ψ p , we adopt a simple
mobility model presented in [5]. Suppose the MN moves with a mean velocity ν. Assuming
that the movement of the MN is uniformly distributed over (0, 2π) and all access networks
in a given PMIPv6 have the same shape and area, we have the access network crossing rate
of the MN as:
λc = ν

l
,
πa

(14)

where l is the circumference of the access network, whereas a is the surface area of the
access network. If we further assume that the access network has a circular form, Eq. (14) is
rewritten as:
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Fig. 7 Amount of data packet loss as a function of p f

λc = ν

2
,
πR

(15)

where R is the radius of the access network.
Here, we set n h and p f as 5 and 0.1, respectively. ν is fixed as 40 m/s, while R is changed
from 30 to 80 m. The results for the amount of data packet loss is demonstrated in Fig. 7.
Thanks to the employed buffering mechanism in the proposed handover process, no data
packet loss is occurred. However, the basic handover process yields data packet loss due to
the lack of any buffering mechanism. It is a similar case with Mobile IPv6; the basic handover
process in Mobile IPv6 does not provide any buffering mechanism, but Fast Mobile IPv6
developed as an extension to Mobile IPv6 provides a means of data packet buffering and
forwarding.
Figure 8 gives the analysis result for the buffering cost incurred in the proposed handover
process. Here, λs is set as 0.7 and Tτ is varied from 0 to 15 ms. As presented, C B(PRO) is
decreased as Tτ is increased, because ps is inversely proportional to eκ Tτ . In addition, in
Fig. 8, we can find the optimal value of Tτ , i.e., 10 ms, in given environments.
6 Conclusion
We have introduced a new handover process for reducing handover latency and preventing
data packet loss for the PMIPv6 protocol. The proposed handover process enables an LMA
to provide a HNP assigned to an MN to a new MAG when the MN prepares its handover
to the new access network. In addition, data packets destined for the MN are also actively
sent to the MAG. By doing so, as soon as the MN attaches with the MAG located at the new
access network, the MN can receive the data packets buffered and an RA message including
the HNP from the MAG. From the conducted analysis results, we have confirmed that the
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proposed handover process outperforms the basic handover process of PMIPv6 in terms of
handover latency and data packet loss.
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