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Abstract : Adaptive algorithms which optimize the 
paging activity in a cellular system are presented. 
The  bas ic  approach  i s  to  use f ixed interval  
registration rather than location areas to track the 
mobile location ' a n d  employ a two step paging 
algorithm: first, page only those cells the mobile is 
most likely to be in (paging zone), and i f  no page 
response is received from them, then page the rest of 
the system also. In  this paper, a novel method of 
computing the optimal paging zones is presented. 
The Mobile Switching Center (MSC) continuously 
collects page response data in the Location Accuracy 
Matrix (LAM). Using the LAM data ,  the mean 
probability of locating the mobile in any cell of the 
system at  the time of paging, given its last known 
cell is computed. Several algorithms that use these 
probabilities to compute the optimal paging zones 
are presented. 

1. Introduction 

Cellular systems typically service networks of over 100 cells. 
Each MSC normally keeps track of the mobiles currently 
operating in its Service Area (SA) through a database called the 
Visitor Location Register (VLR). However, the MSC does not 
usually have accurate information regarding the precise 
geographical location of these mobiles. Consequently, when it 
is required to terminate a call to the mobile, a page message is 
broadcast over the forward control channels (FOCCs) of all the 
cells in the SA. When the mobile responds to the page 
message, the cell it is located in is determined from the reverse 
control channel used, and the call is set up. If  no page response 
is received, it is assumed that the mobile is currently inactive 
(inoperative) and the call is treated accordingly. 

Since each MSC usually serves cellular systems of 50-100 
cells, in order to broadcast a page message over the FOCCs of 
all the cells in the system, the message is replicated into 50- 
100 copies by the MSC. As a page response (if at all) will be 
received from only one cell, there is a tremendous amount of 
redundancy in this strategy of system wide paging. The 
message replication process in the MSC is real time intensive, 
thus reducing its call processing capacity. 

In order to reduce the paging activity in the system, it has been 
proposed that the cellular system be partitioned into iocaiion 
areas. Every time a mobile moves from one location area to 
another, it registers (a.k.u. localion update). The location area 
from which i t  registered is noted in the VLR and when the 
mobile needs to be paged, i t  is sufficient to page that location 
area only. The smaller the location area, the greater will be the 
reduction in paging. However, i t  would also mean a greater 
amount of registration activity in the MSC. So, one needs to 
engineer the system with the optimal location area size so 

that the total work performed by the MSC is 'minimized. This 
problem has been analyzed by many researchers [11[21[[31[41. 

2. A new paging strategy 

In [6], Madhavapeddy and Basu propose a two step paging 
algorithm based on fixed interval registrations that is suitable 
for systems serving analog mobiles where location area 
definition is not feasible. In their algorithm, the SA is not 
partitioned into registration zones. Instead, all the mobiles in 
the SA are simply made to register frequently at fixed time 
intervals (about 30 minutes). Then, if the mobile is active and 
needs to be paged, the last cell from which the mobile 
registered and the surrounding cells are paged first since the 
mobile is most likely to be present in that area. If no page 
response is received, then the rest of the SA is paged as well. 
The algorithm is outlined below. 

Two step paging algorithm based on fixed interval 
registration: 

Step 1: All the active mobiles in the SA register at fixed 
intervals of time. (Every 30 minutes, for example.) 

Step 2: Each time a mobile registers, the cell the registration 
message originated from is noted in the VLR. This would be 
known as the mobile's last known cell. The mobile's last 
known cell could be updated on originations, page responses 
and handoffs also. 

Step 3: Based on the mobile's last known cell, identify a set of 
cells called the paging zone that the mobile is most likely to 
be in.  Then, if the mobile requires to be paged and it is active, 
as a first step, page only those cells in the paging zone, 

Step 4: If no page response is received from the cells paged in 
step 3 then page the rest of the Service Area. 

The page reduction obtained from the above algorithm is 
obviously dependent on the optimal definition of paging 
zones. Since it would be far too expensive to identify a unique 
paging zone for each individual mobile and cell pair, a macro 
approach is taken. Different paging zones are determined only 
for each last known cell in the system. That is, there are only 
as many paging zones defined as there are cells in the system. 
When a call requires to be terminated to a mobile, the paging 
zone that would be paged initially is selected on the basis of 
the cell the mobile last registered from (last known cell). 
Mobiles having the same last known cell would use the same 
paging zone. 
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In [6] it is shown that for a typical urban cellular system, 
assuming uniformly random mobility, a paging zone of 9 
cells and a rate of registration of about once every 30 minutes 
is optimal. With these parameters, an 80% reduction in real 
time cost (reduced paging cost - increased registration cost) in 
comparison to system wide paging can be achieved for a 
system of 100 cells. For each last known cell, the 
corresponding 9 cell paging zone is in fact symmetrically 
defined as the cell itself and the 8 cells surrounding it. The 
average probability of a mobile actually being present in the 
paging zone at the time of the paging is above 90%. 

Fig. 1: Cell 1 is the last known cell o f  the mobile 

In [6], since the mobiles arc assumed to move uniformly 
random, the last known cell of the mobile itself is evaluated as 
the most likely location of the mobile at the time of paging, 
followed by equal probabilities for all the cells adjoining the 
last known cell, etc. Hence, the paging zones determined are 
perfectly symmetrical with the last known cell in the center of 
the paging zone. But such a view is idealistic. In real systems, 
the motion of the mobiles is not uniformly random and all the 
cells are not equal in size or call traffic. Thc probability of 
finding the mobile in any of the cells adjoining the last known 
cell is seldom equal. As shown in Fig. 1, if  the mobile last 
registered in cell 1, then at the time of the termination 
attempt, the mobile may be more likely to be found in the area 
covered by cells 1, 2, 3, 4,  5 ,  6, 7, 8 and 9 than in the area 
covered by cells 1, 2, 3, 10, 11, 12, 13, 14 and 15. Thus, the 
optimal paging zone for each last known cell is not always 
based on geographical proximity but varies in shape and size 
based on the street layout and mobility pattern of the 
subscribers. 

So, although the intuitive idea presented in 161 is valid, a 
better method of defining the paging zones is required. Optimal 
paging zones can be computed if the correct probabilities of 
finding a mobile in any cell of the system, given its last 
known cell, were known. In the rest of this paper, we present a 
process for collecting aggregate data regarding the mobility 
patterns of the subscribers in the system and show how the 
data can be utilized for determining these probabilities and Cor 
obtaining optimal paging zones. 

3. Locat ion Accuracy  Matr ix  

In order to set up the optimal paging zones, one must consider 
various factors influencing the mobility of subscribcrs in thc 
service area such as street layout, geographical features, speed 
limits, etc. Given the last known cell location of' a mobilc, it's 

probability of being present in another cell of the system at 
the time of paging is not easily computed through analytical 
methods due to this reason. However, in this section we 
present a novel method for empirically computing theise 
probabilities. 

We propose to do it by simply noting the page responses 
received from each cell and the last known cell of the mobillas- 
that send these responses. This aggregate data is compiled in a 
table called the Location Accuracy Matrix (LAM). LAM is a 
large matrix with the number of rows and columns equal to the 
number of cells in the system. Each row corresponds to a last 
known cell and each column corresponds to a cell from which 
page responses are obtained. Every element of the matrix is a 
counter that is incremented as follows: Suppose a page 
response is received from cell Y and the mobile which 
responded had last registered from cell X. Then, we increment 
the counter ( X , Y )  of the LAM. So, for every cell X in the 
system, the corresponding row in the LAM would indicate the 
cells the mobile may have traveled to since the mobile's last 
registration which had occurred in cell X .  Every cell in th,at 
row with a non-zero entry is a possible mobile location acid 
the value of the counter is a reflection of the likelihood of 
finding the mobile in that cell at the time of paging. 

Once the LAM data is collected, it can be used to compute the 
average probability of finding a mobile in any cell Y ,  given 
that its last known cell is X. For example, suppose that for 
those mobiles which have cell 1 as the last known cell (Fig. 
2), we note that 25% of the page responses are received from 
cell 1 itself, 18% from cell 2, 16% from cell 3, 13% from cell 
4, 12% from cell 5 ,  5% each from cells 6 and 7, 1% each 
from cells 8 and 9, 0.5% each from cells 10, 11, 12, 13, 14, 
15 and the remaining 1 % of the responses are scattered over the 
rest of the cells in the system, with no cell having more than 
0.1% of the responses. From this information, we may 
conclude that if cell 1 is the last known cell of a mobile, thie 
probability of finding the mobile in cell 1 itself at the time of 
paging is 0.25, in cell 2 is 0.18, etc. (Fig. 3). Knowledge of 
this probability density function can then be used to set up 
optimal paging zones. 

Fig. 2: Location Accuracy Matrix 

The data regarding page responses could be collected in the 
LAM for an extended period of time, such as a week. In the 
span of a wcck, all the different possible mobility patterns of 
the subscribers are manifested and thus represented in our 
analysis. On the other hand, if we wish to optimize the paging 
performed by the MSC during the busiest hour of the week, 
then we may choose to collect the LAM data only for that one 
hour or perhaps over several instances of that same hour of the 
week. 
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This empirical method of computing the expected probability 
of finding the mobile (at the time of paging) in any cell of the 
system, given its last known cell, is very effective since it 
takes into consideration all the various factors that influence 
mobility of subscribers in the cellular system. Other 
researchers have proposed setting up unique paging zones for 
each individual subscriber [8]. Our method is simpler to 
implement and more adaptive than such an approach. Since we 
take an aggregate approach to computing the probabilities, no 
expensive data collection on an individual subscriber basis is 
done. 
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Fig 3: Probability density function for Cell 1 

In the following sections, we show how these probabilities 
could be used to compute the optimal paging zones. Even after 
the paging zones are set up, the LAM data could be collected 
continually, and if a significant change in the probabilities is 
noted, the paging zones could be automatically updated. Thus, 
the paging algorithm is self adjusting and responds to changes 
in mobility patterns and street layouts over time. 

4. Comput ing  Adapt ive  Paging Zones 

By using the data collected in each row of the LAM, we can 
now set up optimal paging zones. The goal is to select those 
cells in the system that are most likely to have the mobile in 
their coverage area. As an example, consider the LAM data 
corresponding to cell 1 being the last known cell (Fig. 3). 
Assume that the entire SA consists of' 100 cells. Although 
there could indeed be some amount of page responses obtained 
from each and every cell in the system, the bulk of the page 
responses would be from a selcct group of cclls, as shown in 
the example (Fig. 3). 

Clearly, it is not worthwhile including cells with very low 
probabilities in the paging zone. The simplest algorithm for 
selecting the paging zone would simply be to select an 
absolute probability value, say p ,  and includc all cells that 
have a greater or equal probability in the paging zone. Thus 
the algorithm for computing the paging zones is: 

Algori thm 1: 

Begin 
Step 1: Compute the page response probability for every cell 
in the system, given that cell X is the last known cell of the 
mobile. This can be done using the LAM data in the row 
corresponding to cell X. 
Step 2: Include all cells with a page response probability of at 
least p in the paging zone of cell X. 
end; 

Let us assume that we decide to include cells with probability 
of 0.005 or more in the paging zone (Fig. 3). Then for cell 1, 
the paging zone would be of size 15 cells (1, 2, 3 ,  4, 5,  6, 7, 
8, 9, 10, 11, 12, 13, 14 and 15). The average probability of 
the paged mobile being in the paging zone would be 0.99. 
Then, assuming that the probability of the mobile being active 
at the time of paging (and hence giving a page response at all) 
is 0.9 and the probability that a mobile page response will be 
successfully received by the MSC is 0.95, we find the expected 
number of cells that would be paged is: 15 + (1- 
0.99*0.9*0.95)*(100 - 15) = 15 + 13.05 = 28.05 cells. Thus, 
in comparison to system wide paging, which would simply 
page all 100 cells, we would save 71.95% in paging activity. 
On the other hand, if we were to use only cells 1, 2, 3, 10, 11, 
12, 13, 14 and 15, as prescribed by [6], only 62% of the page 
responses would be covered by the paging zone, yielding a 
savings of 48.24% over system wide paging. However, those 
calls that are set up as a result of a page response received on 
the second paging stcp experience a 1-3 second call set up 
delay. 

5. Computing O p t i m a l  Paging Zones 

In this section we introduce an alternative method of 
computing the paging zones. We present an iterative algorithm 
that includcs a cell into the paging zone only if inclusion of 
the cell into the paging zone would actually reduce the total 
amount of paging performed. No absolute probability value is 
used by this method to decide if a particular cell should be 
included in the paging zone. 

First, the algorithm sorts the cells in non-increasing order of 
probabilities. Then, as it considers each successive cell for 
inclusion in the paging zone, it computes the expected 
number of cells that would be paged by the two step algorithm 
with and without that cell in the paging zone. The cell will be 
included in the paging zone only if the number of cells that 
would be paged is less with that cell in the paging zone than 
w i th ou t . 

Assume, that cell X is the last known cell and the discrete 
probability density function corresponding to cell X , in non- 
increasing order, is p,,p2,p3, ......, p N  (Assume N cells i n  
the system). Suppose cells 1 ,  2, 3, 4, ...., (k-1) are already 
included in the paging zone, the probability of the mobile 
being active is r and the probability that a mobile page 
response will successfully rcach the MSC is q. Then the 
number of cclls that will be paged with paging zone of size(k- 

1 )  is: ( k - l ) +  ( N - ( k - l ) )  and, with For every cell X in the system do 
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pag ing  zone  of s i ze  k would be : 
k 

(N - k ) .  So, cell k must be included 

in the paging zone only if the difference of the above two 

expressions is I 0. i.e.; p k  2 i=l . In other words, the 
(N - k )  

minimum probability that a cell must have in order to warrant 
inclusion into the paging zone is not a constant. It is 
dependent on the number of cells already in the paging zone (k- 

I ) ,  cumulative of their probabilities (c p,  ) and the total 

number of cells in the systcm (N). Thus, the algorithm for 
computing optimal paging zones is: 

Algori thm 2: 

k-1 

i = l  

For every cell X in the system do 
Begin 

Step 1: Compute the page response probability for every cell 
in the system, given that cell X is the last known cell of the 
mobile. This can be done using the LAM data In the row 
corresponding to cell X. 
Step 2:  Sort the cells in non-increasing order oi their 

Step 3: Set Z = 0; P = 0; 
Step 4: For i = 1 to N do 

probabilities: p,, p 2 ,  pJ ,...... , P N  

begin if p,  2 ( N - Z - l ) t h e n  P Z = Z + l ;  P = P + p , :  

else break; 
end; 
Step 5:  Include cells 1, 2, 3, ..... , Z in the paging ;lone of 
cell X. 
end; 

If we were to use Algorithm 2 on the example in Fig. 3, we 
find that when cell 1 is the last known cell, the paging zone 
should be 7 cells only (cells 1, 2, 3, 4, 5 ,  6, 7). With such a 
paging zone, the expected number of cells to be paged is, 7 + 
(1 - 0.94*0.9*0.95)*(100-7) = 7 + 18.26 = 25.26 cells and 
the savings over system wide paging is 75.74%. Thus, we see 
that for the given probability density function, it is sub 
optimal to include cells 8, 9, 10, 11, 12, 13, 14 and 15 in thc 
paging zone. Excluding them from the paging Lone reduces 
paging activity. 

6. Mult iple  Step Paging Algorithm 

A natural extension of the two step paging algorithm is to 
introduce multiple steps. That is, instead of partitioning the 
cells in the systcm into two, we divide it  into multiple scts: 
zone 1, zone 2, zone 3, etc. Then, as a first step, page zone 1. 
If no response is received, page zone 2, followed by zone 3, 
etc. Obviously, this would increase the savings in paging 
activity. Assuming wc wish to cmploy a t-step paging 

algorithm. Then Algorithm 3 can be used to partition the N 
cells in the system ( N  2 t )  into t disjoint sets 
( Zl , Z,, . . . , Z,)  such that the total paging performed by the t- 
step paging algorithm is minimized. 

Algorithm 3 

For every cell X in the system do 
Begin 
Step 1: Compute the page response probability for every cell 
in the system, given that cell X is the last known cell of tihe 
mobile. This can be done using the LAM data in the row 
corresponding to cell X. 
Step 2: Sort the cells in non-increasing order of their 
probabilities: p1 , p 2 , p 3 , . .  . . . . , p N  
Step 3: Set k, = l , V i , l < i ~ ~ - - l  and k, = N - t + l .  
s, = pi,vi,l 5 i I t -  1 and 

s, = 

Step 4: Fori = t to N-1 do 
begin 
For j = t-1 downto 1 do 
begin 

N 

p ,  . mi = i, Vi, 1 I i I t - 1 and m, = N .  
] = I  

then begin 

k,  = k, + 1; k,+, = k,+, - 1; 
- 

S, = '1 + P m ,  + I ;  Sj+i - Sj+1 - P m ,  +I ; 
m] = m] + PVII+l; mJ+l - - mJ+l - P m , + l ;  

end; 
else brcak; 
If j=t-1, then break; 
end 
Step 5 :  Include cells 1,2 ,..., k, in Z,, cells 
k, + l , k ,  + 2 ,... , k, + k, in Z,, etc. 
end; 

A system of N cells, at the limit, could be partitioned into N 
paging zones. With such a paging algorithm, the cost of 

N 

paging would be: N - Y q c  ((N - i + ])pi) .  This gives an 
i=l  

upper bound on the savings any multiple step paging 
algorithm can deliver. For the example in Fig 3, the expected 
number of cells to be paged with a 100-step algorithm will be 
17.42, a reduction of 82.58%. 

7.  Variat ions of the Pag ing  Algorithm 

In this section we present two more variations of the basic two 
step paging algorithm and explain the trade off involved in 
sctting up the optimal paging zones. 

Suppose we include the cells in the paging zone also in the 
second paging step. This is justifiable because, even if the 
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mobile is present in the paging zone, it may not have received 
the page or if it has received the page and responded, the page 
response may not have reached the MSC due to RF 
disturbances. In such a case, the condition for inclusion of cell 

1 
k in the paging zone will be simply: p k  2 - 

however, in comparison to system wide paging with repage, 
this approach will have a small loss of page responses. Thus, 
there is a trade off between potential degradation in the grade of 
service due to page response loss and gains in capacity due to 
reduced paging activity. One approach to handling this trade off 
would be to attach a cost of C units for each lost page 
response. (Where 1 unit is the real time cost of paging one 
cell.) Then cell k must be included in the paging zone only if 

. Obviously, as c -+-, p 3  0 .  1 
p k  Nrq + (1 - q)c 
That is, if an extremely high premium is placed on preventing 
page response loss, we would have to simply resort to 
including more cells in the paging zone. In such a case, rather 
than increase the size of the paging zone, it may be wiser to 
resort to a three step algorithm : first page the paging zone, 
then in the second step page all the cells in the system and in 
the third step page all cells not in the paging zone. 

In the paging algorithms described thus far, we optimally 
partition the system into two or more paging zones. Every cell 
in the system is in some zone. So, in the t-step ( t  2 2)  
paging algorithm, every cell in  the system would be 
eventually paged unless a page response is received early. But 
in some instances, particularly in systems with low mobility, 
we may find that in every row of the LAM, there are several 
zero entries. I.e., for a given last known cell, no page 
responses have been received from these cells at all during the 
time period the LAM data has been collected. So, one could 
eliminate these cells entirely from the paging algorithm, and 
instead of paging the entire system, page only the cells with 
non-zero entries in the LAM. 

The simplest approach would be to include all cells with non- 
zero LAM entries in the paging zone and then page the zone 
only. No second paging step is necessary. Howevcr, more 
savings in paging can be obtaincd if we divide these cells with 
non-zero page responses into two or more zones and page them 
in sequence as described in the algorithm given in Section 2. 
Algorithm 1, 2 & 3 could still be used to set up the optimal 
size of these zones, only now, set N = non-zero entries in the 
LAM. Of course, this policy of not paging all the cells in the 
system may mean that if system mobility patterns vary over 
time, then some mobile terminations would be missed. 
Another approach would be to use the r-step ( t  2 2)  paging 
algorithm, but when the MSC or the peripherals (such as base 
stations) are in  overload condition, only the first step of the 
paging algorithm is performed, thus reducing the paging cost 
in the system. This is a sound overload control strategy since 
the mobile is most likely to be in the initial paging zone and 
thereafter, subsequent rounds of paging givc diminishing 
returns. 

8 .  Conclusion 

In this paper we presented a method by which the paging 
activity in a cellular system can be reduced. The basic approach 
is to use a two step paging algorithm and the Location 
Accuracy Matrix (LAM) data to compute the mean probability 
of locating the mobile in any cell in the system at the time of 
paging, given its last known cell. We presented algorithms 
that use these probabilities to compute the optimal paging 
zones. Several variations of the basic two step paging 
algorithm are also presented, including when a multiple step 
paging algorithm is used, when repaging of the paging zone is 
introduced and when only the paging zone is paged. The 
methodology presented here computes paging zones that are 
tailored to the mobility characteristics of the particular cellular 
system the MSC serves 

Our approach to minimizing the paging activity in a cellular 
system compares favorably with the methods described by 
other researchers. In [6], it has been shown that the two step 
paging algorithm based on fixed interval registration is 
comparable to the paging algorithm based on registrations 
upon location area crossovers. Other researchers have proposed 
the use of unique paging zones for each individual subscriber. 
In comparison, our method is simpler to implement and is 
more adaptive. The scheme proposed by us uses aggregate 
subscriber mobility data. Further refinement could be achieved 
through the definition of separate LAM matrices for different 
classes of subscribers or even on a individual subscriber basis. 
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