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cells. Whenever an MS changes its LA, location information
about the MS, stored in certain registers in the fixed network,
will be updated. This process is described in detail in the fol-
lowing section. Location updating will generate wireless traf-
fic in the form of access traffic and will sometimes generate
wireline traffic in the form of signaling traffic of Signaling
System No. 7 (SS7) network (1). The act of seeking an MS
when an incoming call has been placed to it is called paging.
This reference to paging is specific to a function within cellu-
lar telephony, as opposed to paging systems (2,3). When a call
arrives at the MS, its current location area is determined by
interrogating the registers in the fixed network. Exact locat-
ing of mobile stations will reduce the time for call setup and
increase the paging efficiency. Hence, the paging process gen-
erates wireless traffic in the form of paging traffic and wire-
line signaling traffic on the SS7 network when the registers
are interrogated.

Keeping track of the current LAs associated with each MS,
as well as locating the user when a call is received, requires
frequent interactions between the mobile stations and the
system. Reducing such interactions is one of the goals of effi-
cient location management (4–11). Several strategies have
been proposed in the literature that deal with the reduction
of signaling traffic and database loads imposed by the need to
locate and track users (12–15). Some researchers have looked
into methods of reducing the access traffic (16–18). For exam-
ple, in Ref. 16, instead of the LA-based method of updating
the current user location, the authors investigate time-based,
distance-based, and movement-based methods of updating.
However, in this article, we define the overall cost of location
management in terms of the three components, namely, pag-
ing cost, access cost, and signaling cost, with emphasis on the
reduction of the wireless paging cost.

SYSTEM LAYOUT

The main idea behind location management is to locate the
MS with minimum overhead, whenever there is an MS-termi-
nated call. Note that the entire process of locating users is
carried out between calls when the mobile stations are in
stand-by mode. In the European Global System for Mobile
Communications (GSMs), SS7 interconnects Mobile Switch-
ing Centers (MSCs), Home Location Registers (HLRs) and Ve-
hicle Location Registers (VLRs). An MSC is connected to sev-
eral base stations, other MSCs and the public switched
telephone network (PSTN). The permanent records of the mo-
bile users are stored in the HLR. It also contains the pointers
to the MS’s current VLR. The VLR is a database associatedPAGING COMMUNICATION
with a particular MSC. When an MS crosses into an LA underFOR LOCATING MOBILE USERS
the MSC, the VLR associated with that MSC is updated. On
the other hand, when the MS crosses into an LA under a dif-The increased demand for wireless personal communication
ferent MSC, the old and new VLRs as well as the HLR issystems (PCS) coupled with limited spectrum has motivated
updated (1, 14). These processes generate traffic on reversemany researchers to look into the techniques that minimize
control (access) channels. Signaling System No. 7 (SS7) trafficthe radio traffic needed to keep track of the mobile stations
is generated whenever there is an HLR update.(MSs) and deliver information (voice, data, video, etc.) to

When an MS receives a call, it needs to be paged for in athem. The process of keeping track of the MSs by updating
certain area. Its current position (LA) is found out by interro-the location information and paging for them when they re-
gating the HLR. This generates SS7 traffic. The size of theceive a call is known as location management. In order to keep
area that is paged depends on the paging technique used bytrack of the MS, the whole geographical area is divided into

location areas (LAs) which are nothing but a logical group of that particular system. In any case, there is traffic generated
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kind of user information (the most recent interaction area,
speed, movement pattern etc.), so that the probability of find-
ing the MS in a certain PA or PAs is more than that for the
rest of the LA. The VLR(s) and, in the cases described above,
the HLR are updated every time the MS changes LAs and
performs location update using the access channel.

PAGING TRAFFIC AND NORMALIZED PAGING DELAY

When simultaneous paging is used, for an n-cell LA, the pag-
ing traffic generated for each cell is given by tp � n
, where 


(1)

(2)

(4)

(3)
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Paging area

Location area

Cell

is the call-arrival rate (incoming calls/s) for each cell. Here,
Figure 1. Cellular communications system configuration with visitor we assume that the call-arrival rate is uniform for all the cells
location register (VLR), home location register (HLR), paging area, in the LA.
and location area. The call setup procedure is shown by numbers (1) In the case of sequential paging, LAs are composed of mul-
to (4). (1) Interrogation with HLR, (2) wireline call setup, (3) interro-

tiple PAs. The PAs are paged one by one until the called MSgation with VLR, (4) paging and radio call setup. MSC: mobile switch-
is located. The paging traffic will depend on the average num-ing center, SS7: signaling system no. 7.
ber of paged cells until the MS is located. When the probabil-
ity of locating an MS is assumed to be the same in each PA,
k/n, the probability of finding a called MS after paging i num-on the forward control (paging) channels. The various steps
ber of PAs, remains the same; that is, p � k/n. Therefore, theinvolved in a call setup are depicted in Fig. 1.
average number of paged PAs (�k), which is the same as nor-The above-mentioned traffic components (i.e., access traf-
malized paging delay (normalized with respect to simultane-fic, paging traffic, and SS7 traffic) are the primary factors
ous paging), will be as follows (4):that govern the cost of location management. Since this is just

an overhead cost for the service providers, the lower the cost
incurred for locating the MS, the better it is. Hence, there is

ξk = 0.5
�n

k
+ 1

�
(1)

a need for better techniques that would lower the overall cost.
Here we assume that n is an integer multiple of k. The equa-Location area (LA) and paging area (PA) are differentiated
tion for the general case is also derived in Ref. 4. The pagingin the following discussion (4,5). A location area is a logical
traffic for each cell with k-cells PA and n-cells LA with thegroup of multiple paging areas, and a paging area is a logical
same sequential paging technique will begroup of cells. To find out the relationship between the size of

location area, paging traffic, radio access traffic, signaling
traffic, and their dependence on call arrival rate and the

tp = kξkλ

= 0.5(n + k)λ (pages/s)
(2)

boundary crossing rate, as well as to determine the optimal
paging techniques, the following cases of location manage-

As a numerical example, when 10 cells make one LA, the pag-ment are considered in this article.
ing traffic compared to one-cell LA increases by a factor of 10
with simultaneous paging, and by a factor of 5.5 with sequen-

Case 1: Simultaneous Paging. One location area is composed tial paging with k � 1. In this case, the paging delay is 5.5
of n cells. All the cells inside an LA will be paged simultane- times longer with sequential paging compared to simultane-
ously when there is a call to any one cell in the LA. The ous paging. However, when k � 5, the paging traffic for se-
VLR(s) and, in cases described above, the HLR are updated quential paging is 7.5 times that of a one-cell LA, but its pag-
every time the MS changes LAs and performs location update ing delay is reduced to just 1.5 times that of simultaneous
using the access channel. It is noted that if the size of LA is paging. Hence, when multiple-cell PAs are used in the case of
changed, the paging and access traffics generated operate in sequential paging, there is a considerable decrease in the pag-
a counteractive fashion (4,5). In other words, small LAs gen- ing delay. The price paid is a slight increase in the paging
erate less paging traffic and more access traffic compared traffic. Results on paging delay decrease and paging traffic
with large LAs. Therefore, it is not possible to decrease the increase normalized to the case of n being 1 with four differ-
cost generated by the simultaneous paging technique by vary- ent values of k (1, 3, 5, and 10) are shown in Figs. 2 and
ing the size of the LA. 3, respectively.

In Eq. (2), it seems that in order to minimize the paging
Case 2: Sequential Paging. One location area is composed of cost, k can take any value from 1 to n; in other words, the
n cells. Paging will be done in k-cell (k � n) PAs sequentially paging delay is completely ignored. This is not true for real
until the called MS is found. The PAs are selected in a ran- systems. There is a finite value of the acceptable average de-
dom fashion for this preliminary analysis. The probability of lay (�max). �max is normalized with respect to the delay of simul-
finding an MS is assumed to be the same in all the PAs of the taneous paging in the remainder of this article. This �max can
LA. The VLR(s) and, in cases described above, the HLR are be used to determine the maximum ratio of the size of LA and
updated every time the MS changes LAs and performs loca- the size of PA [see Eq. (1)]. Since �k � �max, using Eq. (1), the
tion update using the access channel. size of PA (k) can be expressed in terms of the acceptable

average paging delay (�max) and the size of LA (n) as follows:
Case 3: Intelligent Paging. One location area is composed of
n cells. Paging will be done in k-cell (k � n) PAs sequentially
until the called MS is found. The PAs are selected using some

k ≥ n
2τmax − 1

(3)
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Figure 2. Normalized paging delay (normalized with respect to the Figure 4. Normalized paging traffic [normalized with respect to the
delay for simultaneous paging) of the sequential paging scheme for traffic for sequential paging (ignoring delay) for n � 1] of all schemes.
different paging area sizes.

traffic increases. Hence, it is desirable to operate with PA size
Hence, as kmin.

In Fig. 4, the normalized paging traffic for simultaneous
paging, sequential paging (without considering delay), and se-kmin =

⌈
n

2τmax − 1

⌉
(4)

quential paging (with paging delay consideration) are plotted
versus the LA size. Observe that the traffic for sequential

where  is the ceiling function, or the ‘‘rounding-up’’ function.
paging (without considering delay, i.e., infinite delay) has a

Substituting this kmin for k in Eq. (2), we obtain the paging
normalized slope of 1 and the simultaneous paging traffic has

traffic generated for each cell while taking the paging delay
a normalized slope of 2. The paging traffic due to sequential

into account. This paging traffic is given by
paging (with paging delay consideration) has a curve which
lies between the other two. In other words, the enforcement
of the delay requirement on sequential paging increases thetp = 0.5

�
n +

⌈
n

2τmax − 1

⌉�
λ (pages/s) (5)

gradient of the paging traffic curve. In fact, as the delay re-
quirement becomes more and more stringent (i.e., as �max de-Note that Eq. (4) gives the minimum k that would satisfy the
creases), the curve of sequential paging traffic tends towarddelay requirement. So, k can be larger than kmin and still sat-
that of simultaneous paging traffic, which is the case whenisfy the requirement. Of course, as k increases, the paging
�max � 1.

The behavior of paging traffic in Fig. 4 for different paging
delay requirements confirms the physically intuitive result
that to minimize the delay in sequential paging, the logical
distinction between paging area and location area should be
abolished (i.e., k � n), in which case we note that sequential
paging converges to simultaneous paging. In practice, the per-
missible paging delay in a PCS environment will dictate the
slope of the paging traffic curve. If, for instance, the normal-
ized acceptable average paging delay is 3, then the paging
traffic will be the solid line shown in Fig. 4. During the busy
hours, if the network chooses to operate with less delay (sup-
pose 1 � normalized paging delay � 3), then one will have a
paging traffic curve which will lie between that of simultane-
ous paging and the curve for delay � 3, as shown in Fig. 4.
Also note that when the required paging delay becomes more
stringent (i.e., decreases), the value of paging traffic for a
fixed n increases. This implies that the effective weight of
paging traffic and, consequently, the cost of location manage-
ment goes up.
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In order to decrease this paging traffic for sequential pag-
ing, we need some more information (intelligence) about theFigure 3. Normalized paging traffic (normalized with respect to the
users in the system. In this article, the forms of intelligencetraffic for simultaneous paging with n �1) of the sequential paging

scheme for different paging area sizes. that are studied are the speed information and the most re-
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where Fped is the fraction of the total number of MSs in a cell
that are pedestrians and Fcar is the corresponding fraction of
cars.

DETERMINATION OF p

It is obvious that the probability of successfully finding the
MS in the first area paged (i.e., p) is inversely proportional to
the time lapse between the last update and received call (T).
Assume that p � 1 up to T � ti. Also, for T � tm [where tm is
a certain time duration that depends on the MS speed, the
cell radius, the number of cells in a PA (k), etc.], p � k/n
—that is, the case of nonintelligent sequential paging. Hence,

R

PA 2PA 1

PA 4

LA 1

PA 3

Cell 1 Cell 2

Cell 16

this simple version of intelligent paging is different from the
Figure 5. Cellular layout showing the cells and the paging areas sequential paging technique only when T � tm.
within a location area. If we assume a linear relationship between p and T for

ti � T � tm, then
cent interaction information about the MS. For simplicity, in-
stead of finding the exact speed, the users are classified into
two categories, namely, pedestrians and cars. The average
speed of pedestrians is considered to be 5 km/h and the aver-
age speed of fast-moving MSs is assumed to be 30 km/h. The
determination of the category is done by the MS, and this
information is passed on to the system in the form of an extra
bit when the LA update process is being carried out. This is

p =




1 for 0 ≤ T < ti

�
tm − k

n
ti

�
− T

�
1 − k

n

�

tm − ti
for ti ≤ T < tm

k
n

for T ≥ tm

(9)

done so that no additional radio traffic is generated. The in-
formation about the MS speed is stored in the VLR along with Intuitively, ti and tm is inversely proportional to the MS speed
the other records. The speed is also updated when the MS (v). However, they are directly proportional to the cell radius
uses the access channel to answer a paging message or to (R) and the number of cells in a PA (k). Of course, the exact
make a call. relationship between them depends on the trajectory of the

Suppose an MS is in PA1 of LA1 when its most recent in- MS. For example, for a straight-line motion of the MS across
teraction with the fixed network takes place (see Fig. 5). This a square-shaped PA, ti � 2�kR/v. On the other hand, for di-
interaction could be in the form of a location update or a call agonal motion across the PA, ti � 2�2kR/v. It can be shown
origination or termination, and so on. We consider square- that this is a good approximation for non-square-shaped PAs
shaped cells in this work. If the MS receives a call within a also, provided that the PAs are chosen in a manner that is acertain time duration after update, then the probability (p) of

good approximation to the regular square shape. If we have afinding the MS in PA1 is greater than that of the other PAs
square-shaped LA also, then tm � (�(n/k) � 1)ti for �n/k � 2in the LA, that is, p � k/n. The expected number of paged
in each case. For, 1 � �n/k � 2, tm � ti. Again, this can bePAs in terms of the probability of finding the MS in the first
used as an approximation for non-square-shaped cases also.PA paged (p), which is referred to as Probability of Successful
We consider straight-line motion for square-shaped cells inFirst Paging Step (PSFS) in Ref. 11, is derived in Refs. 6 and
this article. So, other things being equal, since vped � vcar, the7, and is given by
p versus T curve for pedestrians is different from that for fast-
moving users, as shown in Fig. 6.

Note that the above discussion is for the scenario when we
ξk = p + (1 − p)

�
1 + n

2k

�
(6)

assume that the MS is always on the move. If it stays in the
Hence, the paging traffic generated per MS, tpu, is given by same location after speed update until it receives its next call,

it will always be found in the first paging attempt because we
start paging from the most recent interaction area.

tpu = kλuξk

= kλu

[
p + (1 − p)

�
1 + n

2k

�]
(pages/s)

(7)

LOCATION UPDATE AND SIGNALING TRAFFIC
where 
u � 
/N is the average call-arrival rate per user per
cell. Here, N is the average number of in-use and standby The location management schemes considered in this article
MSs in a cell. Note that k is to be determined considering the vary only in terms of the paging technique used. Since access
acceptable average delay (�max) for sequential paging. and SS7 traffics are generated exactly in the same manner for

Since p is dependent on the MS speed, it is different for all three cases, they are discussed in common in this section.
pedestrians (pped) and cars (pcar) at a certain instance of time. Whenever an MS crosses an LA, access traffic is generated.
Hence, the total paging traffic generated for each cell by intel- This traffic is dependent on the boundary crossing rate (BCR)
ligent paging (pages/second) is given by of the MS, which is defined as the number of MSs crossing

into a cell-boundary per second. This BCR is denoted by �,
and the average access traffic per cell is ta � �/�n accesses/
second. This means that the average access traffic per cell,
for location updating, will decrease as n increases. Here, we

tp =
[
Fped

{
pped + (1 − pped)

�
1 + n

2k

�}
+Fcar

{
pcar + (1 − pcar)

�
1 + n

2k

�}]
kλ (8)
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the cost of location management) will be different. Also, if the
SS7 network is constructed using the not-so-expensive fiber-
optic technology, then ws may be significantly less than wp

and wa.
Hence, the location management cost for the three

schemes is as follows:

Costsim = wpnλ + wa
µ√
n

+ ws

[
µ√
nt

+ λ

]
(11)

Costseq =




wp
λ

2
(n + k) + wa

µ√
n

+ ws

[
µ√
nt

+ λ

]

(delay ignored)

wp
λ

2

�
n +

⌈
n

2τmax − 1

⌉�
+ wa

µ√
n

+ ws

[
µ√
nt

+ λ

]

(considering delay)
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Figure 6. Plot of the probability of first successful paging step versus
the elapsed time from last update for pedestrians and cars.

Costint = wp

[
Fped

{
pped + (1 − pped)

�
1 + n

2k

�}
+ Fcar

{
pcar + (1 − pcar)

�
1 + n

2k

�}]
kλ

+ wa
µ√
n

+ ws

[
µ√
nt

+ λ

] (13)

average out the access traffic over all the cells of an LA to see Note that for the intelligent scheme, the delay requirement is
the overall picture. However, it is clear that the border cells taken into account, and so k � [n/(2�max � 1)].
of an LA will encounter updating traffic whereas the center
cells have no access traffic due to updating. This implies that RESULTS
more control channels should be assigned to the border cells
of an LA compared to the center cells. Note that � is depen- Costs of the three cases are plotted versus the location area
dent on the number of MSs in a cell (N), the cell radius (R), size n for two values of BCR �. In the first scenario, we con-
and the speed of the MS (v) and is given by 2Nv/�R crossings/ sider the case of an area where the pedestrian population is
second (4,18). more than the fast-moving MSs. For example, this could be

SS7 traffic is generated whenever the MS crosses LAs un- the situation in a downtown city area. The plots are computed
for nt � 400, �max � 3, N � 200, Fped � 0.9, Fcar � 0.1, R � 200der different MSCs, since this requires the HLR to be up-
m. For this case, 
 � 0.75 calls/s and � � 1.33 crossings/s.dated. Also, when there is an MS-terminated call, we need to

In Fig. 7, we consider the case when all weights are equal.interrogate the HLR for the current position of the MS, thus
We find that the intelligent scheme is always the most cost-generating SS7 traffic. If nt is the total number of cells con-

trolled by an MSC, then the SS7 traffic generated per cell is
ts � �/�nt � 
 signaling-messages/second.

COST FUNCTION

As mentioned before, the key components of location manage-
ment cost are the costs generated by paging traffic (tp), access
traffic (ta), and SS7 signaling traffic (ts). These costs depend
on the BCR (�), call arrival rate (
), the number of cells in a
location area (n), the number of cells in a paging area (k), and
the number of cells controlled by an MSC (nt).

Comparison of the three schemes is done via the cost func-
tion defined as follows:

Cost = wptp + wata + wsts (bytes/s)

= f (λ, µ, n, k, nt)
(10)

where wp (bytes/page), wa (bytes/access-message), and ws

(bytes/signaling-message) are weights assigned to each traffic
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component. These weights may be different depending on the
access method used, the availability of channels, and the cost Figure 7. Overall cost of the four cases versus the size of location
of constructing the signaling network. Depending on the ac- area (n) for equal weights assigned to paging, access, and signaling

costs and dominant pedestrian population.cess method, the number of bytes required per second (i.e.,



PAGING COMMUNICATION FOR LOCATING MOBILE USERS 577

60

40

20

0

Simultaneous
Sequential
Intelligent

C
os

t

400350300200 250
T (s)

100 150500

Intelligent
Sequential (delay ignored)
Sequential (delay = 3)
Simultaneous

4.5

4

3.5

3

2.5

2

1.5

1

0.5

C
os

t

504030
n

20100

Figure 10. Overall cost of the three schemes versus the elapsed timeFigure 8. Overall cost of the four cases versus the size of location
between the last interaction of the mobile with the system and thearea (n) when access cost is assigned more weight than the paging
call received. � � 1.33.and the signaling costs.

urban area. Here N � 200, Fped � 0.2, Fcar � 0.8 so thateffective scheme for this situation. Also, there is an optimal
� � 4.42 crossings/s. All the other parameters are the samevalue of n (nopt) in each case, for which the overall cost is mini-
as the previous case. Again the intelligent scheme is a win-mum. We find that nopt(sim) � 1, nopt(seq) � 2 and nopt(int) � 5.
ner. However, the margin of difference between the costs ofHence, larger location areas are possible in the case of the
the sequential and intelligent paging techniques becomesintelligent scheme. The PA size k is 1 for both sequential and
smaller. This shows that the intelligent scheme is more bene-intelligent schemes, since it is dictated by the acceptable av-
ficial in situations where the pedestrian population is domi-erage delay with respect to simultaneous paging, i.e., �max. nant. This is because the probability of finding a slow-movingIn Fig. 8, we consider the case when the weight of access
MS during the first paging attempt is higher than that oftraffic is 10 times more than each of the other components. It
finding a car at a given instance of time.is worth noting that the general trends of all the schemes

Figure 10 is plotted to show that the intelligent schemeremain the same, although a much larger size of optimal LA
fares better than the other schemes only up to a certain valueis obtained when the access traffic is the dominating factor.
of T for a certain scenario. Beyond this value of T, it is theFor dominant paging traffic and dominant SS7 traffic scenar-
same as the sequential paging scheme. For � � 1.33ios, it is found that the trends are the same as the ‘‘all weights
crossings/s, n � 5, and k � 1 , this particular value of T isequal’’ case.
288 s. Note that this analysis is for the worst-case scenarioIn Fig. 9, we consider the situation when the fast-moving
when it is assumed that the MS is constantly on the move.population is dominant. This could be a situation in the sub-
For a dominant slow-moving population in office-buildings in
a downtown area, intelligent paging fares better than sequen-
tial paging up to a much larger T. The costs of the simultane-
ous and the sequential paging schemes change with T be-
cause of changing 
. Also, since k � 1, sequential paging has
just one curve.

CASE STUDY: LIMITING THE NUMBER
OF PAGING AREAS TO TWO

The above results are obtained on the basis of the theoretical
framework provided in the article. However, in practice, it
may not be desirable to have more than two paging areas (8).
In other words, if the MS is not located in one attempt, it
should be located in the second try (9). If that is the case,
then n/k � 2 so that k � n/2 and Eq. 5 becomes

tp = 0.5
[
n +

⌈n
2

⌉]
λ (14)
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For intelligent paging, the expected number of paged PAs be-
comes 2 � p so that the paging traffic given in Eq. (8) becomesFigure 9. Overall cost of the four cases versus the size of location

area (n) for equal weights assigned to paging, access, and signaling
costs and dominant fast-moving population.

tp = [Fped(2 − pped) + Fcar(2 − pcar)] kλ (15)
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In this case the expression for p becomes

p =
{

1 for 0 ≤ T < ti

0.5 for T ≥ ti

(16)

The costs of sequential and intelligent paging schemes are
now given by

Costseq = wp
λ

2

�
n +

⌈n
2

⌉�
+ wa

µ√
n

+ ws

[
µ√
nt

+ λ

]
(17)

Costint = wp[Fped(2 − pped) + Fcar(2 − pcar)]kλ

+ wa
µ√
n

+ ws

[
µ√
nt

+ λ

]
(18)

Figure 11 shows the cost curves under this constraint for a
dominant pedestrian population. The parameter values are
the same as those for Fig. 7. It is found that the optimum cost
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of intelligent paging is 82% of the optimum cost of sequential
Figure 12. Percentage cost reduction with respect to One-Step Intel-paging when the SS7 traffic is negligible. On the other hand,
ligent paging in All-Step Intelligent paging strategies (for straight-when the SS7 traffic is considered to have the same weight
line, biased Markovian and Random Walk motion models).

as the other two components, there is a 12% reduction in the
cost of intelligent paging, compared to sequential paging.

DISCUSSION To assess the total cost of location management, a simple
cost function is defined and used whereby the weights as-

In this article, location management in PCS is studied via signed to each of these traffic components would also depend
three different paging schemes. It is also shown that if a sim- on other factors, such as (1) the specific realization of the PCS
ple form of intelligence (i.e., additional information about MS environment and (2) the architecture of the signaling net-
speed and recent interaction) is added to the sequential pag- work. This analytical framework can be used to analyze the
ing scheme, the overall cost does come down under certain performance of simultaneous, sequential, and ‘‘intelligent’’
circumstances. The performance of this intelligent scheme is

paging schemes in a unified manner. While this frameworkhighly dependent on the time lapse between the speed update
leads to similar results with those obtained via the more rig-and call-arrival. In any case, the performance of this intelli-
orous approaches (19,20), it also provides valuable physicalgent scheme is never worse than the sequential paging
insight into the impact of main system parameters such asscheme. This performance (overall cost of location manage-
maximum paging delay, call-arrival rate, and boundary cross-ment) can be further improved if more information about the
ing rate on the overall cost of location management.MSs is incorporated (11).

In this article, we have provided results for simplistic cases
such as deterministic call-arrival rate and boundary crossing
rate, straight-line motion for the mobile users, and so forth.
However, our preliminary investigations show that the ana-
lytical framework provided in this chapter holds for time-
varying call-arrival and boundary crossing rates and for ran-
dom user-movement patterns (Markovian, Random Walk,
etc.) as well (21). Also, the concept of ‘‘intelligence’’ has so far
been investigated only for the first paging step. It has been
verified that this can be extended to the second and subse-
quent steps under the same framework (21). Figure 12 com-
pares the All-Step strategy with One-Step Intelligent paging,
for straight-line, Markovian and Random Walk movement
models. Our goal is to come up with a generalized theory for
analyzing any location management scheme for the future
PCS.
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