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1 Introduction

The next generation of cellular networks will be integrated with IP technology
to form so-called IP-based cellular networks. The drive is to deliver portfolio
Internet services to mobile users. Mobile IP [8] is a mobility-enabling protocol
that enables mobile hosts to maintain ongoing communication while moving
from one subnet to another. Mobile IP introduces three new functional entities:
the home agent (HA), foreign agent (FA), and mobile host (MH) (see [8] for
details). Each MH is always identified by its home address, regardless of its
point of attachment to the Internet. When an MH moves out of its home
network it obtains a temporary address, called care-of address (CoA). This
address is used to identify the MH in its currently visited network. When an
MH moves from one subnet to another it registers its new CoA with its HA.
Packets for the MH are sent with the home address of the MH as destination.
The HA intercepts all IP packets destined for the MH and tunnels them to
the serving FA of the MH. The FA decapsulates and forwards these packets
to the MH. Mobile IP protocol requires that an MH registers its location to
its home network whenever it enters a new subnet regardless of the MH state,
active or idle, resulting in signaling overhead.

Mobile IP supports only location registration; however, IP layer paging is
needed to reduce signaling overhead while the idle MH moves from one subnet
to another and minimize the power consumption of the MHs. Various authors
[3-7,9,13,11,16] have proposed protocols to extend Mobile IP to support pag-
ing. An IP-based cellular network that supports IP layer paging protocols,
typically, divides its coverage area into multiple paging areas. Paging is the
procedure that allows the network to search for and locate the idle MH when
there is a packet destined for the MH, such that the MH does not need to
register its precise location to the HA when moving within the paging area.
An idle MH sends a location registration message to its HA only when it en-
ters a new paging area, rather than when switching from one cell to another.
A paging foreign agent (PFA) is a foreign agent that originates the paging
request and is responsible for the paging process in its paging area. When the
HA needs to contact an idle MH for packet delivery, the HA sends a request
to the MH’s currently serving PFA, and the PFA in turn pages the MH in its
current paging area.

Ramjee et al [9] propose three different paging architectures where the paging
agent function is implemented, respectively, on the home agent, domain root
router, and the last visited foreign agent. The authors compare the perfor-
mance of these schemes in terms of the paging load that can be supported
and analyse the impact of varying the paging area size. However, a static
paging area size is assumed for all MHs.



Zhang et al [16] propose the Paging Extensions for Mobile IP protocol (P-
MIP). The analytic mobility model is based on fluid flow. Zhang et al assume
parameters such as the MH’s speed, incoming packet rate to be static and the
same for all MHs. As a result the paging area size is aggregately configured
for all MHs.

Castellucia [3] proposes an adaptive and individual paging scheme in which
each MH computes its optimal paging area to extend Mobile IP to support
paging. Incoming packet rate and mobility parameters are used in analysing
signaling cost. Castellucia’s scheme, though, requires frequent computation
of the optimal paging area, which impacts power consumption of the MH.
Further, a somewhat unrealistic assumption of the scheme, because it uses
Euclidean distances in its mobility model, is that an MH has knowledge of its
exact geographical location. Castellucia also calls for protocol modifications
that are not compatible with the existing Mobile IP.

The paging area size is critical in networks that support paging: a high paging
cost is generated when the paging area is large, while too small a paging area
leads to excessive location registration cost. Optimal performance requires
the system to balance these two cost components. Accordingly, we propose
DIP-MIP, a distributed individual paging extension for Mobile IP in IP-based
cellular networks. In DIP-MIP each MH has its own “view” of the network as
divided into paging areas — this view being optimized, according to the MH’s
packet arrival rate and individual mobility pattern, to minimize signaling cost.

In DIP-MIP the paging traffic load is distributed to the FAs acting as PFAs
in the network. Distribution of the PFA task increases robustness as well by
reducing the system’s sensitivity to the failure of individual PFAs. We show
that DIP-MIP can provide significant savings in signaling bandwidth and help
IP-based cellular networks to support a large number of MHs.

In Section IT we describe DIP-MIP. In Section III we analyze the total signaling
cost, comprised of location registration and paging cost, of DIP-MIP using two
mobility models (fluid flow and random walk). In Section IV we compare the
performance of DIP-MIP to the Mobile IP scheme. We conclude in Section V.

2 DIP-MIP

First, we present an overview of DIP-MIP and, then, detail location registra-
tion and paging procedures under DIP-MIP in IP-based cellular networks.



2.1 Qverview

Cellular networks use registration and paging procedures to minimize signaling
overhead in the networks. Currently, Mobile IP does not support paging and
a separate IP layer paging protocol is necessary to reduce signaling load over
the limited wireless bandwidth, as well as the wired link. In the following we
formalize DIP-MIP — an extension of Mobile IP with distributed individual

paging.

An MH can be in one of two operational modes, active or idle. The active
period includes the time that the MH is sending or receiving data together
with an additional time interval determined by an internal timer. When the
active period expires the MH enters idle mode. The MH’s mode transition
diagram is shown in Figure 1.
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the optimal size of its paging area

Perform \ A Perform

- location
location - .
registration / /\ registration

when ACTIVE IDLE when
crossing crossing
a cell apaging
bound A 4 area
eundary \ boundary

Send data or receive paging request
Fig. 1. An MH’s mode transition diagram.

An MH accesses the Internet via I[P-based cellular networks. An IP-based cel-
lular network consists of cells and routers interconnected by wired link, while
the networks themselves are connected to the Internet by gateway routers as
shown in Figure 2.

Cells and routers are IP-based but cells have wireless communication with
each MH. Each cell can act as both FA and PFA. A PFA is the cell located
at the center of the paging area and is in charge of the paging process for
that paging area. Consequently, if the MH is idle then the PFA is aware of
this status. Routers provide routing services to MHs and cells provide location
registration and paging services.

Cells are modelled as identical hexagons. Note that in [P-based cellular net-
works cells typically have different shapes and sizes — our assumption of homo-
geneity is to simplify analysis. Let [ be the perimeter length of a cell. Paging
areas are configured as hexagonal shapes as well — each paging area is a se-
quence of concentric rings of cells — the number of rings is called the size of
the paging area. Precisely, a center cell (cell acting as a PFA) is chosen and



Fig. 2. An IP-based cellular network architecture.

labelled "1’; each of the six cells of the next ring surrounding the center cell
is labelled "2, each cell of the next ring is labelled '3’, and so on till the label
reaches the same value as the size of the paging area. Cells in a paging area
are the nodes — and their adjacencies define the edges — of the paging area’s
mobility graph. See Figure 3.

Fig. 3. Hexagonal paging area and mobility graph of size 3.

In the paging area of size K, the ring labelled k (k > 2) consists of 6(k — 1)
cells. Therefore, the number of cells in the paging area of size K is therefore
given as

N(K):1+6§:(k;—1):3K(K—1)+1 (1)

k=2



and the length of its perimeter is

L(K) = (2K — 1)1 2)

and its area, called the coverage area, is

A(K) = A(C) N(K)
\/g

24

?(BK(K —1)+1) (3)

where A(C') = ng is the coverage area of a cell.

2.2 Location Registration

Location registration under DIP-MIP is as follows:

e In active mode DIP-MIP resembles Mobile IP: when an MH moves from
a cell to another it performs location registration with its HA through its
currently serving FA.

e When the MH transitions into idle mode, its currently serving FA becomes
its PFA. At that time the MH derives its optimal paging area size K
in a manner that we shall explain in Section 3.3. It registers its state and
also requests the paging area of size K" to the PFA and sends a location
registration message to its HA.

The MH keeps a buffer of size 3KP'(K°* — 1) + 1 to store the IDs of
cells sent from the serving PFA within the visited paging area so that it can
determine when it is exiting the paging area. The MH does not need to send
further location registration messages to its HA when traveling within the
paging area, which reduces signaling traffic, as well as power consumption
of the MH.

In idle mode, when the MH moves out of its current paging area, it
registers with the new FA, which then serves as its PFA. The MH requests
the paigng area of size K" from the new PFA. Then it deletes the cell IDs
saved in the previous buffer and stores the cell IDs sent by the new PFA.
The MH sends a location registration message to its HA as well.

Note that the MH recomputes K° only when it transitions from active
to idle.



2.8 Paging

Incoming packets for the MH are intercepted by the HA and tunnelled to the
registered FA if the MH is in active mode, or the serving PFA if the MH is
in idle mode. Subsequently, if the MH is in active mode, the packets will be
forwarded directly to the MH from the currently serving FA. In case the MH
is in idle mode, the PFA buffers the packets and broadcasts a paging request
for the MH within the paging area.

After receiving the request the MH changes its status to active and sends a
location registration message to its HA through its currently serving FA. It also
registers its current location with its previous PFA. The previous PFA then
sends the buffered packets to the MH via its currently serving FA. Subsequent
packets are sent directly to the MH’s currently serving FA.

3 DIP-MIP Signaling Cost Analysis

In this section we analyze the signaling cost of DIP-MIP which is composed of
two components: location registration cost and paging cost. To strengthen the
signaling cost analysis, we apply both mobility models commonly used in the
literature: fluid flow [12], [16] and random walk [1], [2]. The fluid-flow model
is appropriate for users with high mobility, but infrequent speed and direction
changes. The random walk model, on the other hand, is appropriate for users
whose mobility is confined to a limited geographical area such as one building.

We define the following parameters:

A is the packet arrival rate, which is also the paging rate.

6 is the ratio of idle time to active time of the MH.

C,, is the location registration cost per hop over the wired link.

C; is the location registration cost over a cell wireless link, which is assumed
to be identical with the paging cost for an incoming packet over a cell
wireless link.

Dpgp is the distance in hops between its currently serving FA and the PFA.
Dry is the distance in hops between its currently serving FA and the HA.

The cost of location registration is proportional to the distance between the
MH and its mobility agents to which it is sending location registration mes-
sages. Therefore, the cost of a location registration of an MH to its PFA and
HA are given by

Cppa=DppCy, + C; (4)



Cya=DpyCy+ C (5)

The cost of paging in a paging area is equal to the total cost of sending
signaling messages from within each cell in the paging area. The cost of paging
in a paging area of size K is, therefore, given by

Cp(K)=CN(K)
=C|BK(K —1)+1) (6)

3.1 Fluid Flow Model

In the fluid flow model the direction of the MH in a cell or paging area is
uniformly distributed in [0,27]. Let p denote the density of MHs per unit
area. Let V' be the average velocity of MHs. The average number of MHs
crossing a cell boundary per unit time is given by

_ ot

™

R(C) (7)

and the average number crossing the boundary of a paging area of size K per
unit time is given by

_ PVL(K)
_ pV(gK — 1)l

™

R(K)

(8)

The average location registration rate U(K) per MH, from a paging area of
size K, is given by

_ R(K)
UiK) = pA(K)
8v/3 2K — 1
=V <3K(K 1)+ 1) (©)

The signaling cost (sum of location registration cost and paging cost) per MH
and per unit time is the following:

CFF(K, A, V) = HACP(K) + QA(CPFA + QCHA) + QU(K)CHA

As a result we get



Crr(K,\ V) =0ABK(K — 1) + 1)C; + OA(Cppa + 2CH4) +

16v/3 2K — 1
nlv<MQK—U+4>Q“ (10)

where the first term is the paging cost that occurs at every incoming packet,
the second term is the cost of location registration to the PFA and the HA
after a paging request, while the last term represents the cost of location
registration to the HA when the MH exits its current paging area. Note that
the cost of location registration to the serving HA is multiplied by 2 because
the location registration to the HA needs to be replied.

3.2  Random Walk Model

In case of the random walk model we assume the following:

(a) The probability that an MH remains in the same cell in the next unit of
time is q.

(b) If the MH exits a cell it goes to each adjacent cell with equal probability
1

E.
Given the paging area configuration as depicted in Figure 3, the transition
probability that an MH currently located in ring k travels to ring k£ + 1 in
increase of distance from the PFA cell is

1—q), if k=1
=Y (11)

1-a)(G+ep)if2<k<K

and that it travels to ring k£ — 1 in decrease of distance from the PFA cell is

0, if k=1
a = (12)
k 1 1 :

We define a Markov chain [10] as follows: state k (k > 1) corresponds to the
ring of index k. The MH is said to be in state k if it currently resides in the ring
of index k. A state transition diagram for the Markov chain of a paging area
of size K is shown in Figure 4. We denote by 6y i the steady-state probability
of state k within a paging area composed of K rings. Based on the transition
probabilities shown in Equations (11) and (12), dx x can be expressed in terms
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We can write

51’[( - (14)

According to this mobility model, if an MH moves from ring K to ring K + 1,
then it performs a location registration to its HA. The probability that the
MH performs a location registration is, therefore, given as the following:

+
5}(,[( (077¢

Let T be the average cell residence time of an MH. Then, the signaling cost
per unit time of an MH is given by

1
Crir (K, T) = (OABK (K — 1) + 1)Ci + OA(Cppa +2C54) +
20k k@ Cra)

As a result we get

1
Crow (K, N T) = Z(OMNBK (K — 1) 4 1) Gy 4+ ON(Cpra + 2Cra) +

2= <3K(2l§(—_1; + 1) Cra) 15)

10



3.3  Computing Optimal Paging Area Size

The optimal paging area of size K, for each MH, is defined as the value K
that minimizes the signaling cost functions in Equations (10) and (18). As K
is integral, we cannot derive with respect to K to find a minimum; instead,
we follow the method of [12] to derive the optimal paging area size. We define
Apr and Agy as the cost difference functions between the paging area of size
K and the paging area of size K — 1 (K > 2) in the fluid flow and random
walk models, respectively, i.e.,

App(K,\NV)=Cpp(K,\ V) = Crp(K —1,\,V)

ARW([(a )\7T) :CRW(Ka )\7T> - CRW(K -1, )‘7T)

where A is the incoming packet rate, V' is the average velocity of each MH
in fluid flow model and T is the cell average residence time of each MH in
random walk mobility model. Given Arr and Agw, the equations to find the
optimal size of the paging area in either model are the following:

K#e(\ V) =
1, App(2,\,V) >0

(16)
max{K : App(K,\, V) < 0}, otherwise
Ky (W T) =
1, A (2N T) > 0
aw(2,T) (17)

maz{K : Arw (K, \,T) < 0}, otherwise

From these equations, the optimal paging area size — both Kf?p} and K%’{,tv -
depends upon the packet arrival rate A and the average velocity V' under the
fluid flow model, and the average cell residence time 7" under the random walk
model.

3.4 Performance Analysis

We now analyze the DIP-MIP signaling cost which is comprised of two compo-
nents: registration cost and paging cost. Our evaluation considers both under

11



the fluid flow, as well as random walk, mobility models. Parameter values used
in this evaluation are mostly adopted from [14] and [16] . They are shown in
Table 1.

Table 1
Performance Analysis Parameters

Parameter Value
[ 400 m
Vv 8.9 m/s
T 20 s
q 0.4
0 0.5
Cuw 0.5
C 1.0
Drp 10 hops
Dry 25 hops

Firstly, the impact of the paging area size K on the signaling cost of DIP-MIP
is observed under various packet arrival rates (A = 0.4, A = 0.8 and A\ = 2.0).
Figure 5 plots the signaling cost as a function of K under the fluid flow model,
while Figure 6 does likewise for the random walk model. As is seen in Figures 5
and 6, the signaling costs of DIP-MIP increases as the size of the paging area
increases. The signaling cost is the highest under A = 2.0. Intuitively, the
reason is that, when there is a large number of cells in the paging area (big
paging area), the cost of paging increases while that of location registration
falls. Hence, the paging cost dominates the location registration costs.

It is seen that the paging area size K is critical to minimizing signaling cost.
In DIP-MIP, this is achieved as the optimal size of the paging area, derived
by each MH based on its own individual parameters. It is observed that when
the incoming packet rate is high, the paging area size K must be small for
DIP-MIP to reach optimal performance; conversely, when the incoming packet
rate is low, the paging area size K should be large. In DIP-MIP, an MH sends
a location registration to the serving HA only when the MH crosses the paging
area boundary, or there is an incoming packet for the MH. Therefore, DIP-MIP
significantly reduces signaling cost in comparison to Mobile IP, which requires
the MH to send location registration whenever it crosses a cell boundary.

12
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Fig. 5. Signaling cost as a function of paging area size K under fluid flow.
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Fig. 6. Signaling cost as a function of paging area size K under random walk.

Next, Figures 7 and 8 show, respectively, the signaling cost as a function of
the MH’s average velocity V' under the fluid-flow model, and average residence
time T under the random walk mobility model. The paging area size K is set
to 2, 4 and 6, successively, and the incoming packet rate A = 0.4.

Under the fluid flow model, the higher the average velocity of an MH, the
higher its rate of crossing the paging area boundary, and, consequently, the
higher the location registration cost that it generates. With the paging cost
remains unchanged as the velocity increases, the signaling cost in DIP-MIP,
as shown in Figure 7, increases slowly because the MH is required to send a
location registration only when it crosses a paging area boundary or receives
incoming packets. Intuitively, the reason is that, when the mobility rate is
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high, the cost of location registration dominates. DIP-MIP still significantly
reduces the location registration traffic compared to Mobile IP, which requires
the MH to send location registration whenever it crosses a cell boundary.

Figure 8 shows the signaling cost as a function of the average cell residence
time 7" in the random walk model. The probability that the MH remains in
the current cell at the next time unit ¢ = 0.4. The MH performs fewer move-
ments as the average cell residence time increases resulting in lower location
registration cost. DIP-MIP signaling cost decreases as the the cell residence
time increases. As T increases, DIP-MIP achieves optimal performance when
the MH’s paging area size is small.

T T
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0.4 —6—
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Fig. 7. Signaling cost as a function of the average velocity V under fluid flow.
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Fig. 8. Signaling cost as a function of the average residence time 7" under random
walk.
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Next, we see how the signaling cost changes with the packet arrival rate A,
given paging areas of sizes 2, 4 and 6, respectively. As is seen in Figures 9
and 10, the signaling cost is the highest when K = 6. This is because when
the paging area size K is large, the paging cost is high. The signaling cost
of DIP-MIP increases linearly with incoming packet rate. When the packet
arrival rate is large, the paging cost increases and dominates the cost of loca-
tion registration, which subsequently results in a high signaling cost. In case
the incoming packets rate \ is large, the optimal performance of DIP-MIP is
reached when the MH has a small paging area. As is seen from the discussion
in Section 3.3, the incoming packet rate is critical to determining the optimal
size of the page area.
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Fig. 9. Signaling cost as a function of the packet arrival rate A under fluid flow.
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Fig. 10. Signaling cost as a function of the packet arrival rate A under random walk.
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Figure 11 and 10 plot the optimal size of paging area K°' as functions of
the packet arrival rate A. The average velocity V' = 8.9 and the average cell
residence time 7' = 20, under fluid flow and random walk mobility models
respectively. It is seen that under both models, the optimal size of the paging
area K" decreases as the packet arrival rate A\ increases. This is obvious
that, when the incoming packet rate is high — the paging cost dominates the
registration cost — the optimal size of the paging area must be small for DIP-
MIP to reach optimal performance; conversely when the packet arrival rate A is
low, the size of the paging area should be large in order to achieve the optimal
performance. It is clear that DIP-MIP scheme significantly saves the signaling
bandwidth because each MH computes and uses its optimal size of the paging
area based on its individual packet arrival rate and mobility patterns.

5

VvV = 8.9

ze under Fluid Flow, K%

Si

Optimal Paging Area

0 Il Il Il
107? 107" 10° 10* 10°
Packet Arrival Rate, A

Fig. 11. Optimal paging area size as a function of the packet arrival rate A under
fluid flow.

In DIP-MIP, the signaling cost is sensitive to the ratio # of idle time to active
time. When 6 = 0 (MHs are active all the time), the DIP-MIP scheme resem-
bles that of Mobile IP. However, DIP-MIP begins to outperform Mobile IP as
the ratio 6 increases from 0 (in this context, note that, typically, an MH is
idle more often than it is active).

4 MIP Versus DIP-MIP: Performance Analysis

In the MIP scheme there is no notion of paging. The total signaling cost is
the cost of location registration only. To update its location, an MH sends
a registration message to its HA when crossing a cell boundary. To make
the comparison with DIP-MIP, we study the signaling cost of MIP under
the paging area of size K using the parameters shown in Table 1. We also

16
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Fig. 12. Optimal paging area size as a function of the packet arrival rate A under
random walk.

demonstrate some numerical results from the comparison. The signaling cost of
MIP under both fluid flow (Cy7p_rr) and random walk (Cyyrp— gy ) mobility
models can be derived as the following:

Cyurp-rr(K,V) = 16;\[/5‘/ (BK(K —1)+1)Cha (18)
Cuip—rw (K, T) = %(1 —qQ)BK(K —1)+1)Cha (19)

Firstly, the impact of the paging area of size K on the signaling costs of MIP
and DIP-MIP is investigated under the packet arrival rate A = 2. Figures 13
and 14, respectively, show the signaling cost as a function of K under the fluid
flow and random walk models. Both the signaling cost of MIP and DIP-MIP
increase as the size of the paging area increases. As shown in Figure 13, when
the size of the paging area is small (K < 3) the signaling cost of DIP-MIP
is a little higher than MIP. The reason is that when the paging area is small
DIP-MIP’s sensitivity to the packet arrival rate predominates (MIP, on the
other hand, is not sensitive to the packet arrival rate). In the DIP-MIP scheme
the higher the packet arrival rate the greater the paging cost generated.

When the number of cells in the paging area increases, the signaling cost of
MIP increases faster than DIP-MIP. This is clear because in MIP the MH
is required to send a location registration message whenever it crosses a cell
boundary.

17



Figure 14 shows likewise for the random walk model. As the size of the paging

area increases, the signaling cost of MIP increases sharply and is much more
higher than DIP-MIP. As is seen from the figures and analysis, DIP-MIP can
significantly reduce the signaling cost.
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Fig. 13. MIP and DIP-MIP signaling cost as a function of paging area size K under
fluid flow.
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Fig. 14. MIP and DIP-MIP signaling cost as a function of paging area size K under
random walk.
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Figures 15 and 16 plot, respectively, the signaling cost of MIP and DIP-MIP
as the functions of the MH’s average velocity V' under the fluid flow model
and the average cell residence time 7" under the random walk model. The size
of the paging area K = 2 and the packet arrival rate A is set to 2. Under
the fluid flow model, the signaling cost of MIP is particularly sensitive to the
average velocity of the MH. The higher the average velocity of the MH, the
higher its rate of crossing cell boundaries. Consequently, it generates higher
location registration cost. As is shown in Figure 15, the signaling cost of MIP
increases rapidly while that of DIP-MIP hardly changes. This is a consequence
of the fact in DIP-MIP an MH is required to update its location only whenever
it crosses a paging area boundary or if there is an incoming packet. As the
velocity of the MH increases, DIP-MIP outperforms MIP. Figure 16 shows
the signaling cost of both schemes as a function of the average cell residence
time 7" in the random walk model. Both MIP and DIP-MIP signaling costs
decrease as the cell residence time increases. However, DIP-MIP is still better
than MIP in terms of performance and reduction of signaling overhead in an
[P-based cellular network.
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Fig. 15. MIP and DIP-MIP signaling cost as a function of the average velocity V
under fluid flow.

5 Conclusion

We have introduced a simple distributed individual paging extension to Mobile
IP protocol for mobility management in IP-based cellular networks, called
DIP-MIP. In the proposed scheme each MH computes its optimal paging area
size according to its packet arrival rate and mobility parameters to minimize
signaling load. Further, DIP-MIP is backward compatible and can be used
with the existing Mobile IP protocol given a minimal set of paging extension.
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Fig. 16. MIP and DIP-MIP signaling cost as a function of the average residence
time 7" under random walk.

The signaling cost of DIP-MIP is analysed using the fluid flow and random
walk mobility models. Analysis of DIP-MIP indicates that the paging area size
and incoming packet rate are critical factors in minimizing the signaling cost.
DIP-MIP has been shown to significantly save signaling cost and miminize the
power consumption at the MHs in comparison to Mobile IP. DIP-MIP is ro-
bust, scalable and easily deployed to mobility management in IP-based cellular
networks. In future work, we shall consider augmenting DIP-MIP with meth-
ods to vary shapes of individual paging areas, which we suspect will further
enhance its performance. To achieve a more realistic performance comparison,
we plan to use the Network Simulator (NS2) [15] to model DIP-MIP.
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