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Comparing the PCS Location Tracking Strategies

Yi-Bing Lin and Shu-Yuen Hwang

Abstract—The cache scheme has been proposed to reduce the
location tracking overhead of a personal communications services
(PCS) network. In the previous papers, we studied the cache
scheme under the assumptions that the home location register
(HLR) access time is constant and the portable residence times
have an exponential distribution. This paper compares the cache
scheme with a basic scheme (such as IS-41). We generalize the
previous models by considering the queueing effect of the HLR
(i.e., we model the HLR by an M/G/1 queue) and by considering
an arbitrary distribution for the portable residence times. Our
study shows that the cache scheme is likely to cutperform the
basic scheme when 1) the net traffic to the HLR in the basic
scheme saturates and the hit ratio in the cache scheme is larger
than zero, 2) the portable mobility is low with respect to the
call arrival rate, and 3) the variance of the HLR service fime
distribution is large (for a fixed mean service time). We also
indicate an intuitive result that the cache hit ratio is high for
a high call arrival rate and low portable mobility. For a fixed
mean portable residence time, we show that a higher cache hit
ratio is expected for a portable residence distribution with larger
variance.

I. INTRODUCTION

ERSONAL communications services (PCS) provides in-

formation (e.g., voice, image, and data) exchange between
nomadic end users independent of time, location, access ar-
rangements, or equipment capabilities. In a PCS network, it
is necessary to locate the “portables,” or subscribers, that
move from place to place. A two-level hierarchical strategy
[11-[3] is usually adopted to track the portables. A “location”
is meant to be a registration area (RA) that consists of one or
more radio port coverage areas. Every RA is associated with
a visitor location register (VLR). A VLR may serve one or
more RA’s. For demonstration purposes, this paper assumes
that every VLR serves one RA. Every portable is associated
with a database called the home location register (HLR) that
stores the current location (i.e., the address of the VLR) of the
portable. The HLR record is modified when the portable moves
from one RA to another. Consider the example illustrated in
Fig. 1.

Suppose that a portable moves from RA R; to RA R.
The portable is registered at VLR, (the VLR of Rs), and
the new address is reported to the HLR (see Step 1 in
Fig. 1). This action is referred to as the “move” operation.
The move operation may be followed by a “deregistration”
operation to remove the obsolete record in V LRy (the VLR
of Rjy). This action is-referred to as “explicit” deregistration
[1]. To deregister in protocols such as I1S-41, the HLR sends
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Fig. 1. The move operation (including deregistration).

a deregistration message to V LR;. In [4], the deregistration
message is sent directly from VLR, to V LRy to bypass the.
signaling network. The deregistration operation may not be
performed immediately after a move operation. In “timeout”
deregistration, the obsolete VLR entries are cancelled  peri-
odically [1]. In “implicit” deregistration, the deregistration
operation is performed when the VLR database is full [1],
[5]. Comparisons of the three deregistration strategies are
discussed elsewhere [6]. In this paper, we consider explicit
deregistration, and deregistration is assumed to be part of the
move operation (see Step 2 in Fig. 1).

The procedure to locate a portable (for call delivery) is
referred to as the “find” operation. The find operation for most
protocols such as IS-41 is described as follows (see Fig. 2):

1) The incoming call to a portable is delivered to an end
office (EO).

2) From the dialed mobile identification number (MIN), EQ
identifies that the call is for a PCS user. EO queries the
HLR for the portable’s location. :

3) The HLR queries the VLR where the portable was last
registered.

4) The VLR queries the mobile switching center (MSC), in
which the portable is located, to determine whether the
portable is capable of receiving the call. If so, the MSC
returns a routable address TLDN to the VLR.

5) The VLR forwards the TLDN back to EO via the HLR.

After EO receives the TLDN, it routes the call to the MSC
where the portable is located. The detailed signaling message
flows of the move and find operations for IS-41 are described
in [7]. The above find procedure is called the “basic find”
operation to distinguish from the find operation of a newly
proposed protocol, to be described next. Note that paging is
not required in the find operation (paging is required when the
connection between the. caller and the callee is established).
The MSC and the VLR are assumed to be co-located within a
service switching point, and we will use the terms VLR, RA,
and MSC interchangeably.

0018-9545/96$05.00 © 1996 IEEE
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Fig. 2. The basic find operation (the call delivery for IS-41).
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Find (hit)
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Fig. 3. The find operation in the cache scheme (cache hit).

Studies [8] indicated that the overhead due to the find and
move operations is significant. When the frequency of the
incoming calls is low with respect to the portable mobility (i.e.,
the rate that a portable moves to new RA’s), it is important to
reduce the move cost. Several approaches have been proposed
to reduce either the cost of a single move operation [9], [10]
or to reduce the number of move operations [11].

On the other hand, if the incoming call frequency is higher.

than the portable mobility, it is important to reduce the find
cost. We have [4] proposed a “cache scheme™ to reduce the find
cost. The idea is to store the locations of frequently accessed
portables in a local database (i.e., cache) within an EQ. When
a call arrives, the location of the called portable is identified
in the cache to avoid sending query messages to the HLR.
The steps to locate a portable using cache information are
described as follows (see Fig. 3):

1) An incoming call arrives at EO. The cache record
indicates that the portable resides in RA Rj.

2) V LRy (the VLR of R;)is queried, which in turn queries
M SC| to find the routable address for the portable. Then
V LR, returns the address back to EO.

In the above example, EO contains the current portable
location, and a cache hit occurs when the portable is tracked
using the cached information. However, due to the mobility
of portables, the location information in the cache may be
obsolete. Consider Fig. 4. If the portable moves from R; to
Ry, then the location information in EO is obsolete. If the
obsolete cache information is used to locate the portable, then
the procedure shown in Fig. 3 fails (the failure is referred to as
a “cache miss™), and after the failure the basic find operation
(in Fig. 2) is used to locate the portable (see Steps 3-5 in
Fig. 4). After the correct location is identified (the end of Step
5 in Fig. 4), the cache of the EO is updated to record the
current location of the portable. When a cache miss occurs, the
find cost of the cache scheme is higher than the basic find cost.
Thus, the cached information should be used only as a hint to
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Fig. 4. The find operation in the cache scheme (cache miss).

locate a portable. This paper assumes that the cache is large
enough to accommodate all frequently accessed portables. (If
the cache size is too small, then some replacement policy is
required for replacement.) Several heuristics [4], [12] have
been proposed to determine whether the cache information
should be used. These studies modeled the portable residence
times by an exponential distribution, as proposed in [13], and
the time to access the HLR is assumed to be a constant (i.e.,
there is no queueing at the HLR). This paper extends the
previous models to study the impact of the queueing effect
at the HLR. We also derive the hit ratio of the cache scheme
by assuming a general portable residence time distribution.
The notation used in this paper is listed in Appendix A.

II. MODELING THE HLR DATABASE

This section models the queueing effect of the HLR. To
simplify and strengthen the results, we consider only two types
of traffic to the HLR: the traffic due to the find and the move
operations. We note that it is trivial to accommodate other
types of traffic in our model. Assume that the portables are
homogeneous such that the net arrival traffic to the HLR can
be approximated by a Poisson process. The mean service time
of a VLR is ¢;. We assume that the access rate of a VLR is
sufficiently small such that the mean time to access the VLR
(i.e., the response time) is c;. The service times of an HLR
are represented by a random variable S. The HLR is modeled
as a queueing bottleneck, and the mean response time may be
much longer than E[S]. We ignore the message sending delay.
(In the previous studies [4], [12], we considered the message-
sending delay. However, the HLR queueing effect was not
modeled.) It is not difficult to include the message delays in
our model. The response time to complete a query (i.e., the
service time plus the waiting time) at an HLR can be derived
using the standard technique [14]

A*E[S?]

= m + E[S]. N

C2
Let NV be the expected number of EO’s that issue calls to a
portable, and n be the number of portables registered in an

HLR. Suppose that the calls directed from an EO to a portable
are \. Then A\* = NnA + nn for the basic scheme, and the

find cost is

(NnX + nn)E[S?]
{1 — (Nn)+nn)E[S]}’

Chasic = €1 + E[S] + 3 2)
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For the cache scheme, let p,,, be the probability that a cache
miss occurs, and A* = Nnp,, A 4+ nn. The find cost is

Ccache =

1+ { o + EIS 4 5

(NnpmA + nn)E[S?] } .
{1 = (NnpmA + n)E[S]} [
3

We consider HLR service times that have a Gamma distri-
bution with the density function

/ﬂtw—lc—ut
;Y ) = C)]
fG(IJJ Y ) F('Y)
where
T(y) = / e N, 4> 0
7=0

1 is called the “scale” parameter and -y-is called the “shape”
parameter. We are interested in the Gamma distribution be-
cause it has one very important property-—the distribution has
no specific characteristic shape. In fact, depending upon the
values of the parameters, it can be shaped to represent many
distributions as well as shaped to fit sets of measured data
that cannot be characterized as a particular distribution other
than as a Gamma distribution with certain shaping parameters.
By controlling the shape parameter y, we can study the
impact of the:variance of the service time when comparing
the performance of the basic and the cache schemes. The first
two moments of the gamma distribution are E[S] = v/p and
E[S?] = [y(y + D}/p2 It E[S] = ¢, then p = y/e; and

E[S?] = [(y + 1)/7]ct. Let @ = Nnlcy, and 8 = nney, then -

the offered load to the HLR in the basic scheme is p = o+ 5.
From (2)

‘ L (+Dp J
C asic — 2+ 5
’ “ [ 2y(1=p) ©)
and from (3)
_ (v + D{opZ, + Brm)
Ceache = C1 I:l + 2P + 27(1 - apm) :I . (©)

From (5) and (6), we can derive the condition that the cache
scheme outperforms the basic scheme in terms of the find
operation '

Ocache < Obasic

(v+ D(epn +Bpm) _ (0+Dp
1—08—opm (1-p)

< Ap?, + Bp, —C <0 %)

< 27(2pm — 1) +

where
A=a(l=37)(1-p)
B=[41~-p)y+2ay+ B0y + A -p)+a(l+7)p
C=2(1-B)y(1L=p)+ (1 =B)(L+7)p.

Note that p < 1. (If p > 1 then the HLR is saturated, and

¢y — oo in the basic scheme.) Based on the value of the
shape parameter -y, there are three cases.

Case I (v>1/3): In fhis case, A = —4; < 0, B > 0,
and C > 0, and (7) is rewritten as

~A1p2 + Bppm — C <0
@Alpfn-Bpm+C>0

B - VB 14,0
& pm <ph = ! (8)
T 24,
or
B+ VBZZ4A,C
Pm > oA, . ®

Note that the right-hand side of (9) is larger than 1, which
contradicts the fact that p,,, < 1. Thus, (8) is the sufficient and
necessary condition that Coyene < Chasic.

When v — oo, E[S?] = 2, the first two moments of the
Gamma disuibution are the same as the constant distribution,
and

. - {(1 —p)(4—30) +al2-p)

(1 — p)_
_ \/[(1 —p)(4=30) +a(2-p)?
“12a(1- )1 = )2 p) [

‘When v = 1, the Gamma distribution is an exponential, and
. 1
=m{0¢+(2—ﬂ)(1‘ﬂ.)
— Vie+ 2 =81 - p)? —da(1 - B)(1 - p)}.

If v = 3, then E[S?] = 4c?/3, and the first two moments of the
Gamma distribution are the same as the uniform distribution
with the range [0, 2¢1].

Case 2 (y=1/3): In this case, A = 0, B > 0, C > 0.
From (7) ’

28

Cca.che < Obasic <<L‘>p‘m < p&
__(1+pA-5)
41—p)+a(l+p)
Case 3 (y < 1/3): In this case, A > 0, B > 0, and C > 0,
and (7) is rewritten as

Ap?, + Bpp, — C <0

10)

B+ VB2 1440
S pm<ph="2F * (11)
24
or
—B— B2t 44C
Pm > oA + . (12)

Since the left-hand side of (12) is less than 0 and p,;, > 0, (11)
is the sufficient and necessary condition that the cache scheme
outperforms the basic scheme in terms of the find cost.

Fig. 5 plots p; as the function of the offered load p to the
HLR in the basic scheme (where § = 0.2). We shall study
p;} based on (10) because of its simplicity. The conclusions
drawn from (10) also hold for (8) and (11).

From (10), it is easy to see that pJ, — 1 as p — 1. When
p = 1, the HLR server saturates in the basic scheme, and the
response time ¢y — oo. In such a case, if p,, < 1'in the cache
scheme, ¢z < oo and the cache scheme always outperforms
the basic scheme (see Fig. 5).
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Fig. 5. The maximum py, (i.e., pj,) which ensures that the find cost of the
cache scheme is always lower than the basic scheme (5 = 0.2).
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Fig. 6. The impact of 3 on p}, (the HLR service times are exponentially
distributed).

= ¢1, pf, is a
decreasing function of v (and thus an increasing function of
E[S5?)). In other words, for a fixed mean, if the variance of
the HLR service times is large, then the cache scheme is more
likely to outperform the basic scheme in terms of the find cost.

Replacing o by p — 3, (10) can be rewritten as

ot = (1+p)(1-5)
™ AQ-p)+(p-B)(L+p)

For a fixed p < 1 value, (13) is a decreasing function of 3
(see Fig. 6). Note that the § component of the offered load
is due to the move operations. Thus, if a large portion of the
traffic to the HLR is for the move operations (which cannot
be reduced by the cache scheme), then a small p,, value (or
a high cache hit ratio) is required for the cache scheme to
outperform the basic scheme.

Fig. 5 also indicates that for a fixed E[S] =

(13)
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Fig. 7. The costs Chasic and Crgone (the HLR service times are exponen-
tially distributed, and 8 = 0.2).

Based on (5) and (6), Fig. 7 plots the find cost for both
the basic and the cache schemes. The information conveyed
in the figure is similar to Fig. 5: The cache scheme is likely
to outperform the basic scheme in terms of the find cost when
o (or the call arrival rate \) is large or p,, (the cache miss
ratio) is small.

The cost co merits further discussion. From (5) and (6), the
mean waiting times of the HLR in the basic scheme and the
cache scheme, respectively, are

_+bp
2y(1—p)

D)+ )
2’7(1 -p- O‘pm)

The numbers of the move messages sent to the HLR are the
same for both the basic and the cache schemes. However, the
find message traffic (to the HLR) for the basic scheme is larger
than the cache scheme. Thus the waiting time for a move HLR
query in the basic scheme is longer than the cache scheme. In
other words, the move cost for the cache scheme is always
no larger than the cost for the basic scheme. Fig. 8 illustrated
the impacts of «, 3, 7, and p,, on ¢y — ¢1 (the waiting time
at the HLR). The results are consistent with our intuition: For
the move operation, the cache scheme is likely to significantly
outperform the basic scheme when « (the call arrival rate A
to a portable) is large, J (the moving rate  of a portable)
is small, v is small (the variance of the HLR service time is
large), or p,, (the cache miss ratio) is small.

C2, basic — C1 1

and

€2, cache — C1 Cy.

II. DERIVATION OF THE HIT RATIO

In the previous papers [4], [12] we proposed a model to
derive the hit ratio for Poisson call arrivals and the exponential
portable residence times. This section extends the previous
model to accommodate an arbitrary portable residence time
distribution.
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Fig. 8. Effects of different parameters on the mean HLR waiting time ca —cy
(the HLR service time distribution is a Gamma with mean E[S] = c1).

Let t. be an independent and identically distributed random
variable, which represents the time interval between two
consecutive phone calls directed from an EO to a remote
portable. We consider ¢, with an exponential distribution (i.e.,
the call arrival stream is a Poisson stream) with mean 1/, The
density function is f.(t.) = Ae~*e. Let 3 be an independent
and identically distributed random varlable which represents
the time interval that the portable resides in an RA. Let ¢,,
be the time interval between the previous phone call to the
portable and the time when the portable moves out of the RA.
The relationship among t., ¢as, and ¢,, is given in Fig. 9.
Let far(t) and f,, (%) be the density function of ¢ty and ¢,
respectively. Assume that the distribution function of ¢, is
nonlattice! and n = 1/E[t,] < oo. Because the call arrival
stream forms a Poisson process, an incoming call is a random
observer of t),, and the density function for ¢, can be derived
using the standard “excess life” technique (see Proposition

34 5 in l5 )
/t—
E tM =t

For arrival calls originating from the same EO, after a previous
call to the portable, the cache entry records the actual location
of the portable when the call is issued. After a time period
te, the next call is issued from the EO again. If ¢, < t,, then
the portable has not moved out of the RA when the next call
arrives. Thus, the cache contains the current portable location,
and a cache hit occurs. If t. > ¢, the portable has moved out
of the RA, and a cache miss occurs. Thus, the hit ratio pp (or

LA nonnegative random variable is said to be lattice if it takes on only
integral multiples of some nonnegative number.

previous phone call next phone call
—

e P

<t

3 ty
the portable moves into the RA

the portable moves out of the RA

Fig. 9. The relationship among ¢, tps, and £,,.

the probability of a cache hit) is

prp = Pr t <tm
/ / Fnlto) olte) dbe din
tm=0 Jt :
ton
- / 0l = Fag ()] / e di, dt,,
tn=0 te=0

= /°°:0 n(1 — C—Atm)[l — Far(to)] dine

tm

=1~ 7 +7n / FM(tm)e‘Mm dfm
A t=0

13- ()t

= (3) [t
=1 (D)1~ fal)lomn]

where \

Foals) = : frt)e dt

e
tim =0

m)e N i,

(15)

is the Laplace transform of Fjs(t). Using (15), the hit ratio
can be easily computed for a general portable residence time
distribution (the Laplace pairs for many functions are already
available [16], [17]).

We consider three portable residence time dlstrlbutlons the
Gamina distribution, the uniform distribution, and the constant
distribution. We are particularly interested in the Gamma
distribution because in many cases it represents empirical
reality more closely than the exponential distribution does.
Consider the hazard rate function of the Gamma portable
residence time distribution (4) with mean 1/7

fu(t)
1~ Fu(t)
(ym)ver—1 e—(ymt

hu(t) =

- .
T(y) - / (yn) T e dr
7=0

Suppose that a portable has stayed in an RA for the time
period t. Then A (t) dt is the probability that the portable
will move out of the RA in (t, ¢ + d¢). If v = 1, the Gamma
is an exponential. For this case, hp(t) = fas(¢), and the
portable residence time as measured by ¢ does not influence
the probability of movement in the next short time. interval
(t, t + dt). On the other hand, v > 1 implies. that the hazard
rate increases with age (see [18, p. 73] for the Gamma hazard
rate function curves); i.e., at time %, if the portable has stayed
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in an RA for a long time, it is more likely that the portable
will move out of the RA during (¢, ¢ + dt). While v < 1
implies that the hazard rate decreases with age. For v < 1,
the Gamma right tail is longer than that of the exponential
(extremely positively skewed), while if v > 1 the positive
skewness is less pronounced.

For a Gamma residence time distribution with mean
Eltam] = 1/n, we have

fato) = (22)

s+ m

et - ()]

For a constant residence time t3y = 1/7
Fials) =€/

ph=lm—(§)[1—e_Qhﬂ}

For a uniform residence time distribution with mean E[ty;] =
1/n

and

and

e gy o ML= e @]
Faals) = =

and

— e—(2x/m)
wer- @252

Fig. 10 plots p; as a function of n (where the unit of » is
A). The figure shows the intuitive result that a high hit ratio
pr is expected if the portable mobility is low with respect
to the call arrival rate (i.e., a small n/)). The figure also
indicates that for the same El[tas] value, pp is large for a
portable residence time distribution with high variation. The
phenomenon is known as the “inspection paradox” [15]: In
a line of renewal intervals (the portable residence intervals),
it is more likely that an inspection point (i.e., a call arrival)
falls in a larger interval as opposed to a shorter one. Consider
four consecutive movements of a portable with eight calls
to the portable during the four movements. For a portable
residence time distribution with small variation, the lengths of
the residence intervals are roughly the same, and the calls are
likely to fall into the intervals evenly. In the worst case, every
interval has two calls, and pp = 0.5. In Fig. 10, the variance
for the constant distribution is zero, and the lowest p;, values
are observed. One the other hand, for a portable residence time
distribution with large variation, calls are more likely to fall in
the long intervals. In the best case, there is a long interval and
three short intervals such that all eight calls fall in the long
interval, and p, = 0.875. In Fig. 10, the Gamma distribution
with v = 0.25 has a large variance, and the highest p;, values
(among the other curves) are observed. In reality, the portable
residence times tend to have large variation. For example, a
PCS subscriber may travel from an initial RA to a destination
RA, and there are several RA’s between the initial and the
destination RA’s. The time intervals that the subscriber stays
in the immediate RA’s are much shorter than the intervals in
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Fig. 10. The hit ratio (the mean portable residence time is E[tps] = 1/7).
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Fig. 11.  Query traffic per portable to the HLR (the portable residence times
are exponentially distributed).

the initial and the destination RA’s. The result is that a high pj,
is expected which allows the cache scheme to perform better.

The net query stream to an HLR is Af ... and X}, .  in
the basic and the cache schemes, respectively. Then the query
traffic generated by a portable is

*

basic ZN/\‘H?
n

and

*

C::h& =NpnA+n
=Nn[l = far(8)ls=a] +n-

Fig. 11 plots A*/n as a function of n for the exponential
portable residence time distribution. The figure illustrates the
intuitive result that the cache scheme generates much less HLR
traffic than the basic scheme when the portable mobility is low.
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IV. CONCLUSION

The cache scheme has been proposed to reduce the location
tracking overhead of a PCS network. In the previous papers
[4], [12], we studied the cache scheme under the assumptions
that the HLR access time is constant and the portable residence
times have an exponential distribution. This paper generalizes
the previous models by considering the queueing effect of
the HLR (i.e., we model the HLR by an M/G/1 queue) and
considering an arbitrary distribution for the portable residence
times. The cache scheme was compared with a basic scheme

(e.g.,

IS-41).

Our study indicated the following:

The find cost for the cache scheme is lower than the basic
scheme if 1) the net traffic to the HLR in the basic scheme
saturates and the hit ratio in the cache scheme is larger

_than zero, 2) the portable mobility is low, and 3) for a

fixed mean service time, the variance of the HLR service
time distribution is large.

The move cost for the cache scheme is always lower than
the basic scheme. The improvement of the cache scheme
over the basic scheme is significant for a large call arrival
rate, low portable mobility, or if the variance of the HLR
service time distribution is large for a fixed mean service
time. ’

It is intuitive that the cache hit ratio is high for a high call
arrival rate and low portable mobility. For a fixed mean
portable residence time, we showed that a higher cache
hit ratio is observed for a portable residence distribution
with larger variance.

APPENDIX A
NOTATION

This section lists the notation used in this paper.

D
2)

3)
4)

5)

7)

8)
9

a = Nnhcy: the offered load (to the HLR in the basic
scheme) due to the find operations.

B = nney: the offered load (to the HLR in both the basic
and the cache schemes) due to the move operations.
c1: the mean service time of an HLR or a VLR.

cz: the mean response (waiting + service) time of an
HLR.

Chasic, Crache: the find costs for the basic and the cache
schemes, respectively.

7: the moving rate (or the mobility) of a portable.
fiu(s) = [y fa(t)est dt: the Laplace transform of
Fun(t).

fe(t): the density function for the random variable ¢..
fim(t): the density function for the random variable ¢,p,.

10) far(¢): the density function for the random variable ¢;.
11) Fy(t) = f::O fara(7) dr: the distribution function for

the random variable ¢,;.

12) «: the shape parameter of a Gamma. distribution.

13) A*: the arrival rate of queries to an HLR.

14) A: the rate of call termination.

15) p: the scale parameter of a Gamma distribution.

16) n: the number of portables registered in an HLR.

17) N: the expected number of EQ’s that issue calls to a

portable.

18) pn: the hit ratio or the probability that the current

location of a portable is found in the cache of an EO.

19) pm = 1 — pp: the miss ratio.

20

21)

22)

23)

24)

25)

pt: an upper bound of p,, such that the find cost of

the cache scheme is lower than the basic scheme. In
other words, if p,, < p;, then the find cost for the
cache scheme is lower than the basic scheme.

p = a + [: the offered load to an HLR in the basic
scheme. ’ ,

S: a random variable that represents the service times
of an HLR.

t.: an independent and identically distributed random
variable that represents the time interval between two
consecutive calls directed from an EO to a portable.
Elt] = 1/A.

tm: the time interval between the previous phone call
to a portable and the time when the portable moves
out of the RA.

tas: an independent and identically distributed random
variable that represents the portable residence times.

Elty] = 1/n.
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