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Abstract

In this paper, we investigate the distance-based location up-
date approach of CDMA 1X EV-DO’s route update protocol.
We develop an analytical model to compare its performance
with that of the static location update approach of earlier cel-
lular technologies. We show that, for the same paging delay
and cost, the distance-based approach reduces the overhead
traffic due to location update messages. In addition, this re-
duced loading is equally shared among all cells in the distance-
based approach, while it is confined to the border cells in the
static approach. We also introduce the non-uniform neighbor
choice approach to model mobility more accurately and study
its impact on the performance of the two algorithms. Us-
ing simulations we study a different mobility model, and the
simulation results confirm the benefits of the distance-based
approach of 1X EV-DO.
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1 Introduction

The trade-off between location update and paging in cellular
systems is a well-researched topic [1, 2, 3, 4]. Reference [5]
gives a comprehensive survey of the different location update
mechanisms. Cellular systems employ a mobility management
mechanism such that, when in idle mode, the network knows
the location of the mobile at a coarser granularity than the
cell level. In other words, the network does not track the
location of an idle-mode mobile as it moves from cell to cell,
but tracks it at a location-area level. A set of contiguous cells
are grouped together into a location area, and the network
knows the location of the mobile only to the granularity of
location areas. (Different cellular technologies use different
terms to refer to “location area.” We will however use the term
location area to refer to all such technology-specific terms.)
Tracking mobiles at the location-area level (as opposed to the
cell level) avoids excessive location update messages from the
mobile. However, it increases the paging costs when there is an
incoming call for the mobile. The network, since it knows only
the current location area of the mobile, would have to page in

all the cells within that location area. The network can employ
smart paging strategies that progressively expand the search
from the cell from which the mobile last sent a message to the
network i.e., from the cell in which the network last received
a location update message or from which the mobile ended its
last call, whichever is most recent [6].

Most cellular systems employ a static location area concept,
where a group of cells are designated as a location area and
assigned a location area identifier (ID). Such a static loca-
tion area concept has been used in GSM/GPRS/UMTS net-
works [7] and in IS-95 and CDMA-1X networks. Under this
scheme, each cell broadcasts the ID of the location area of
which it is a part. As idle-mode mobiles move from cell to
cell, they monitor the location area ID and send back a lo-
cation area update message if they move into a new location
area. Location areas should be appropriately planned so that
it reflects the trade-off between paging costs and location area
update costs [8].

There are two primary disadvantages with the static location
area approach. The first one is that mobiles “ping-ponging”
between two cells that are on two different location areas gen-
erate unnecessary location area update messages although the
distance they have traversed is not significant [9]. Another
disadvantage is that the location update messages are not dis-
tributed evenly across cells. The location update traffic is
confined to the cells that are on the boundary between two
or more location areas. Because the resources for carrying
the location update traffic also comes from the available pool
of resources in a cell, uneven distribution of location update
traffic results in unfairness and reduced capacity for carrying
bearer traffic in the boundary cells.

To overcome the disadvantages of the static scheme, three
kinds of dynamic schemes have been studied in the litera-
ture [1, 8. These are timer-based, movement-based, and
distance-based location update approaches. In the timer-based
approach, each mobile sends a location update message af-
ter a fixed duration of time elapses. In the movement-based
approach, once the number of cell crossings by a mobile ex-
ceeds a threshold, it sends a location update message. In the
distance-based approach, the mobile sends a location update
message whenever the distance between the current location



of the mobile and its location when it last sent a location
update message is greater than a threshold. Of these three
dynamic approaches, the distance-based approach is more effi-
cient, but also more complex [3]. Because the movement-based
approach is seen as more practical to implement, most of the
analyses have been for this mechanism, and for comparing the
movement-based approach with the static approach [3, 8, 9].
However, as we describe below, CDMA 1X EV-DO has cho-
sen the distance-based location update approach, and hence
there is a need for a comprehensive analysis of the benefits
of the distance-based approach over the static approach. We
address this problem in this paper. Moreover, using the non-
uniform neighbor choice approach, we introduce and study a
new method to model mobility more accurately.

2 1X EV-DO Route Update Protocol

In CDMA 1X EV-DO, the idle-mode mobility management
procedures are handled by the route update protocol, and it
uses the distance-based location update approach [10]. In 1X
EV-DO, each cell broadcasts its latitude, longitude, and a pa-
rameter called RouteUpdateRadius. An idle mode mobile, as it
moves from cell to cell, monitors these three parameters. Af-
ter each cell change, the mobile computes the distance between
the site locations of the current cell and the cell in which it
last sent a location update message. If this distance is greater
than the RouteUpdateRadius parameter broadcast in the cell
in which it last sent a location update message, the mobile
sends another update to the network. Otherwise, the mobile
does not send a location update message. To perform this op-
eration, the mobile would have to store the latitude, longitude,
and RouteUpdateRadius parameters of the last cell in which it
did a location update operation. The distance computed is the
distance between the site locations, and it does not depend on
the location of the mobile within the serving site. The latitude
and longitude information broadcast by each cell is used for
computing this distance.

Because the mobile sends a location update message only
after it moves to a cell that is sufficiently far apart from the
cell from which the mobile last sent a location update, the
problem of ping-ponging is eliminated. Essentially, as soon as
a mobile sends a location update, it draws a circle around the
serving cell of radius RouteUpdateRadius and sends the next
location update only if it goes outside that circle. Clearly, this
approach eliminates the ping-ponging problem of the static
location area approach.

The problem of uneven loading of location update signaling
messages is also eliminated with the 1X EV-DO distance-based
location update mechanism. The randomness in the initial lo-
cations of mobiles, the cells in which their last calls got termi-
nated, the cells in which they last sent a location update, and
the RouteUpdateRadius ensure that there is uniform loading
of location update messages across cells thus spreading this
signaling load more evenly.

We develop an analytical model to compare the performance
of the 1X EV-DO distance-based location update approach
with that of the traditional static location area approach. The

aggregate location update message load and the unfairness in
the loading across cells are the two primary metrics we use
to compare the two approaches. These metrics are computed
while keeping the paging costs the same. We make the paging
costs the same by configuring the RouteUpdateRadius such
that the number of cells in which the mobile needs to be paged
is identical in both the static approach and the distance-based
location update approach.

3 Analytical Modeling

In this section, we model the mobility of users and solve for
the mean time between location updates for the static location
update strategy and the 1X EV-DO distance-based location
update strategy. We assume that the time duration for which
the mobile remains in a cell, called the cell residence time,
is exponentially distributed with a mean of 1/u,.s seconds.
(We can relax this exponential assumption and allow the cell
residence times to be any general distribution, in which case
the continuous-time Markov chains will become semi-Markov
chains. After uniformization, we will, however, get the same
discrete-time embedded Markov chains as in the discussion
that follows.) We consider two different cases for how the
mobile chooses the next cell to visit. In the first case, the
mobile chooses any of the neighbors of the current cell with
equal probability. We deal with this case, which we call the
random neighbor choice, in Section 3.1. The random choice of
neighbors is obtained with p = 0.5 in Figure 1. In the second
case, we model the behavior of mobiles to continue in the same
direction. Here, the probability with which a mobile leaves the
cell through any of the three faces opposite to the face through
which it enters into the cell is p/3, where 0.5 < p < 1. As
illustrated in Figure 1, there is a higher probability (greater
than 1/6) that the mobile leaves the cell through each of the
three opposite faces. We handle this case, which we call non-
uniform neighbor choice, in Section 3.2.
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Figure 1: Probability with which the mobile leaves the differ-
ent faces of the cell for the given direction of entry

3.1 Random Neighbor Choice

In this case, we assume that mobiles move to any of the current
cell’s neighbors with equal probability, i.e., with a probability



of 1/6. Under these assumptions, both the location update
strategies can be modeled as a finite-state absorbing Markov
chain. (See Figure 2.)

We assume that the location area in the static location up-
date method is such that the center cell along with a certain
number of rings of neighbors together constitutes a location
area. Although such location areas do not entirely tile the 2-
D space, we still make the assumption to enable us to compare
the performance of the two approaches. The state of a mobile
is the ring index of the cell in which the mobile is currently
camping. We denote the center cell as ring 0, and the first 6
neighbors around the center cell as ring 1, the next 12 neigh-
bors as ring 2, and so on. It should be clear from the above
description that the mobile can only make one step transitions,
i.e., from state 4, it can only go to state i +1 or i — 1, provided
such states exist. If we assume that the center cell along with d
rings of neighbors constitutes a location area, then a transition
from state d to the next ring away from the center would mean
that a location update message would need to be sent by the
mobile. We denote this as an “absorbing state,” and we wish
to determine the mean time a mobile takes to reach the ab-
sorbing state from the initial state. Note that once the mobile
moves to the absorbing state, it essentially gets re-generated
in the next location area in the initial state. The initial state
in the static location update approach is state d, because the
mobile enters the next location area in the d-th ring from the
center cell.

In the 1X EV-DO approach, the mobile, as soon as it sends a
location update message, essentially draws a circle around the
centre of its new cell. Therefore, the initial state of a mobile
in the distance-based approach is state 0. As in the static
approach, we assume that the mobile sends a location update
message when it goes beyond the d rings of neighbors around
the cell from which it last sent a location update message. The
number d is kept identical for both the methods to keep the
paging costs the same. The objective is to compare the time
between location update messages for the two schemes given
that the paging costs are the same.
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Figure 2: Continuous-time Markov chain for the static and
distance-based location update approaches

The difference in the time between the location updates for
these two schemes is due to the fact that the initial state for
the distance-based approach is state 0, while for the static
approach, it is state d. Intuitively, it should be clear from
the Markov chain that the time to reach the absorbing state
would be higher for the distance-based approach than for the

static approach. It can be shown that the rate at which a
mobile leaves state ¢ for state i — 1, if state i — 1 exists, is given
by pires(2i — 1)/6i and similarly the rate at which a mobile
leaves state i for state ¢ + 1 is pres(2¢ + 1) /64, if state 7 + 1
exists. The rate at which the mobile leaves state 0 for state 1
is pres- These expressions can be obtained by looking at the
total number of edges of all hexagons in a given ring that takes
the mobile to an inner ring and those that take it to an outer
ring. For example, for the cells in ring 1, there are thirty six
edges in all. Of these, six edges face the center cell in ring 0,
twelve edges face cells in ring 1 itself, and eighteen edges face
the cells in ring 2. By induction, we can show that for ring i,
the number of edges that face ring ¢ — 1, ring 4, and ring i + 1
are in the ratio of 24 — 1:2¢ : 24 + 1.

By wusing the uniformization technique, the above
continuous-time Markov chain can be converted to a
discrete-time version. See Figure 3. Note that the discrete-
time version has transitions from a state to itself (except for
state 0) to allow for movement of a mobile within the same
ring. We can then obtain the number of cell residence times
between two location area update messages from a mobile.
We denote by T; the average number of cell residence times
for a mobile to reach the absorbing state from state 7.

We can solve for T; for all ¢ using the following set of equa-
tions:

i+1
T, =1+ E pi; T; (1)
j=i—1
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Figure 3: Discrete-time Markov chain after applying the uni-
formization technique for the static and distance-based loca-
tion update approaches

Figure 4 compares the average number of cell residence times
that elapse between two location update messages from the
same mobile. We make this plot as a function of d, the number
of rings of cells in a location area. We find that the time be-
tween updates for the distance-based approach is much larger
than that of the static approach. This implies that the aggre-
gate overhead traffic due to location update messages will be
higher for the static approach when compared to the distance-
based approach, for the same paging cost. Figure 4 also shows
that, as we increase d, the average number of cell residence
times between location updates increase, as expected. Al-
though this increase happens for both the approaches, the



increase is faster for the distance-based approach when com-
pared to the static approach.
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Figure 4: Average time between location updates (in units
of average cell residence times) for distance-based and static
location update approaches.

3.2 Non-uniform Neighbor Choice

In this case, the probability with which the mobile leaves
through any of the three opposite faces is p, where 0.5 < p <
1.0, and this probability is divided equally among the three
faces. The sum of the probabilities with which the mobile
leaves via the face it came into the cell or its nearest two neigh-
bors is 1 —p, with this probability divided equally among these
three faces. See Figure 1. We use this mechanism to model
the effect that mobiles are more likely to move in a “forward”
direction than in a “backward” direction. With this modifi-
cation, the ring number of the mobile is no longer a Markov
chain, because the next ring that the mobile will move into
also depends on the ring from which the mobile came into the
current cell. However, we will still get a Markov chain if we
include the ring from which the mobile came into the current
ring also as part of the state. We define three types of states:

e States of the form i < ¢ — 1, which is used to denote that
the mobile is currently in a cell in ring ¢ and has moved
to this cell from a cell in ring 4 — 1.

e States of the form i < ¢+ 1, which is used to denote that
the mobile is currently in a cell in ring 4, and has moved
to this cell from a cell in ring 7 + 1.

e States of the form i < i, which is used to denote that the
mobile is currently in a cell in ring i, and has moved into
this cell from another cell in ring <.

Note that there are some exceptions to the above rules for
states. Specifically, states 0 < —1 does not make sense be-
cause there is no ring —1. Similarly, state 0 < 0 does not
make sense because if we leave the only cell in ring 0, we nec-
essarily have to go to ring 1. Therefore, we denote the only

relevant state when the mobile is in ring 0 as state 0. As
before, we assume that when a mobile moves from a cell in
ring d in a direction away from the center, it goes into the
absorbing state, where it needs to send a location update mes-
sage. Although there is no ring d + 1, state d < d + 1 still
is meaningful because this is the initial state of a mobile in
the static location update mechanism. In the distance-based
location update mechanism, the initial state is state 0. The
resulting discrete-time Markov chain is shown in Figure 5.
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Figure 5: Discrete-time Markov chain for the static and

distance-based approaches with non-uniform neighbor choice

In Figure 6 we show the transition probabilities for states of
the form ¢ < i+ 1,4 < ¢ — 1, and ¢ « 4. These probabilities
have been obtained by looking at the number of faces from a
certain ring ¢ that look into cells in ring 4, ring ¢ — 1, and ring
i + 1, with probabilities p/3 and (1 — p)/3. For example, to
compute the probability of remaining in state i < i we see
that two out of six faces keep the mobile in the same state,
and one of those will have a probability of p/3 and the other
will have a probability of (1 — p)/3 associated with it. The
probability of (1—p)/3 will be associated with the face through
which the mobile reached the cell, and the probability of p/3
will be associated with the face opposite to the one through
which the mobile came into the cell. Thus the probability
of the mobile remaining in state i < ¢ is 1/3. All the other
transition probabilities can be computed by using some careful
accounting. Using these transition probabilities, we can again
solve for the mean duration to reach the absorbing state from
each of the states by using Eq. (1), with the limits on the
summation appropriately modified. The mean time between
updates for the static location area update mechanism is given
by Tyca+1 and that of the distance-based approach is given

by To.

In Figure 7, we compare the effect of changing p on the aver-
age number of cell residence times before an update is made in
the static and distance-based location update strategies. We
find that, with increasing p, the distance-based location up-
date strategy makes more frequent updates because mobiles
continue to move in the same direction for longer. In the case
of the static approach, however, the time between two loca-
tion update messages increases marginally with increasing p.
This is because, having come from ring d + 1, the mobile is
more likely go towards the center of the location area instead
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Figure 6: General equations for transition probabilities out of
states 1 < (i — 1), i« 4, and i+ (1 + 1)

of ping-ponging back into the location area from which it just
entered. The impact of the value of p on the static location
update approach can be seen more clearly in Figure 8. With
p = 0.5, we obtain the curve we obtained in Figure 4, as ex-
pected. Thus we find that the distance-based location update
mechanism continues to perform better than the static ap-
proach even under a very non-uniform neighbor choice model
with p = 0.8. Note that we expect the mobility model to be
close to the random neighbor choice model when the cell sizes
are fairly large and when mobility is restricted. It is more
likely to be non-uniform in highway-type cells, or with small
cell sizes.
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Figure 7: Average time between location updates (in units
of average cell residence times) for distance-based and static
location update approaches with non-uniform neighbor choice

These results show that the aggregate location update mes-
sage loading is higher in the static approach when compared
to the distance-based approach. In addition, this larger ag-
gregate loading is shared among fewer cells in the static ap-
proach. In the distance-based approach, the location update
loading is shared among all cells. Note that when there are
d rings of neighbors around the center cell (which is assumed
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Figure 8: Average time between location updates (in units
of average cell residence times) for static location update ap-
proach with non-uniform neighbor choice.
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Figure 9: Ratio of location update loads for the static approach
to that of the distance-based approach

to be ring 0), the location update loading will be limited to
6d border cells for the static approach. For the distance-based
approach, it will be shared among 1 + Ele 6i =1+3d(d+1)
cells that constitute the entire location area. Figure 9 shows
the ratio of the average loading per cell of the cells that have
location update traffic for the static approach to the average
loading per cell for the distance-based approach. We can see
that the loading on the border cells in the static approach can
be as much as 30 times that of the average loading of cells in
the distance-based approach.

4 Simulation Results

Using simulations, we also compare the performance of the two
update mechanisms under other mobility scenarios. We simu-



Table 1: Average number of cell-residence times that elapse
before a mobile sends a location update message

L (km), Static approach | Distance-based
number of rings approach
5,2 3.08 5.24
15, 2 3.07 3.87
25, 2 3.08 3.63
5,3 4.24 9.04
15,3 4.28 5.72
25, 3 4.29 5.19

late nine square location areas with hexagonal cells, where the
size of the hexagon is fixed at 1 km. We simulate scenarios
similar to location areas having two and three rings of neigh-
bors around the center cell by varying the side of the square
location area appropriately. The length of this side is set such
that the area of the square is equal to the sum of the areas of
19 cells for two rings of neighbors and 37 cells for three rings
of neighbors. In the simulation model, mobiles choose a desti-
nation, and go towards the destination in a straight line. Once
the destination is reached, it chooses another destination and
moves towards that destination. The destination is chosen as
follows: The direction of the destination is chosen uniformly
in the range (0,27), and the destination is chosen uniformly
in the range (0,L) km along the direction chosen. We con-
sider values of 5, 15, and 25 km for L in our simulations. The
speed with which the mobile moves towards the destination is
chosen uniformly in the range (0,100) km/hr. The speed of
the mobile is fixed until the destination is reached, but chosen
randomly again for the mobility towards the next destination.
We have a wrap-around model whereby mobiles that leave the
simulation area come back into the area of interest from the
opposite face. As in the analytical results, the metric of inter-
est is the average number of cell residence times that elapse
between two location area update messages from a mobile.

Table 1 shows the simulation results. We find that, for all
values of L, the distance-based location update mechanism
has lesser aggregate location update traffic. Increasing the
value of L decreases the number of cell-residence times between
updates for the distance-based approach. Increasing the value
of L has an effect similar to increasing the value of p in the non-
uniform neighbor choice approach, and, as expected from the
analytical results, it increases the load due to location updates
for the distance-based approach. Increasing the value of L has
a very small impact on the static location update approach,
which is also observed in the analytical results when the value
of p is increased.

5 Conclusions

In this paper, we developed an analytical model to analyze
the performance of the 1X EV-DO location update algorithm.
The distance-based location update approach of 1X EV-DO
was seen to perform better than the static approach of earlier
cellular technologies. We found that the aggregate location
update traffic is less for the distance-based approach than for

the static approach, for the same paging cost. In addition,
this loading is uniformly spread across all cells in the distance-
based approach, while it is confined to the border cells alone in
the static approach. We used the non-uniform neighbor choice
approach to model more realistic mobility patterns. Simula-
tion results with other mobility models also confirm the perfor-
mance benefits of the distance-based approach of 1X EV-DO.
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