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Portable Movement Modeling for PCS Networks

Yuguang FangSenior Member, IEEHmrich ChlamtacFellow, IEEE and Yi-Bing Lin, Senior Member, IEEE

Abstract—in this paper, we propose a new model for the = One of the most important issues in PCS networks is the lo-
portable movement in personal communications services (PCSs) cation tracking. The location of a called portable must be de-
networks. Based on this model with general interservice time and termined before the connection can be established. Paging and

registration area residence time distributions, analytic expression locati dati h to locat bil . PCS
for the probability that a portable moves across K registration ocation updating areé schemes to locate a mobiie user in a

areas (RAs) is obtained. Busy-line effect on this quantity is also network. Fewer location updates will lead to more paging traffic,
studied and analytic expression is presented. The result given in while more location updates will result in less paging traffic,

this paper is very useful for the cost analysis for location updating hence there is a tradeoff between the signaling traffic from mo-

and paging. bile users and from the base stations. Thus, cost analysis will
Index Terms—Call holding time, cell residence times, location be needed to find the best location update and paging scheme.
modeling, mobility, personal communications services (PCS). In order to carry out this task, an appropriate movement model

for a portable needs to be constructed. From [13], we observe
that one critical quantity in the cost analysis is the probability
of the number of RA crossings, that is, the probability that a
P ERSONAL Communications Services (PCS) networks afgyrtable moved RA between the two consecutive served calls
poised to provide integrated services such as voice, dgf@. during the interservice time). For example, in 1S-41, each
and multimedia to mobile users anywhere, anytime [1], [11RA crossing will incur at least one signaling message (for reg-
in an uninterrupted and seamless way, using advanced miG&gration), the average number of signaling messages for a call
cellular and handoff concepts [8]. In such a network, the sgfte which can be found from the probability distribution of
vice area is populated with base stations which provide the ragj@, crossings, will be used in the tradeoff analysis [13]. How-
links for communications. The radio coverage of each base S¥er, the cost analysis carried out in [13] is valid only for the
tion is called ecell. The base station is responsible for locatingsses when the interservice time is exponentially distributed,
a mobile user or a portable through paging or some other logagreover, the busy-line effect is not considered. In general, this
tion tracking strategies [17], [21], and delivers calls from and {@ssumption is not valid, which was also observed in the same
the portable. The service of a PCS network is also divided '”}S%per. The difficulty in carrying out the same cost analysis for
registration areas (RAs), each of which consists of an aggreganeral situation lies in the lack of analytical result for the prob-
tion of cells, forming a contiguous geographical region. For gility of the number of RA crossings under general interser-
call from or to a roaming user, the location of the roaming us@fce time. As long as we find the computational procedure for
has to be determined for the call delivery. Two-level hierarchigge probability of the number of RA crossings, the same cost
which maintain a system of a home database (called home logaa)ysis in [13] can be carried out in a similar fashion. We also
tion register or HLR) and a visited database (called visitor locgpserye that the probability distribution of RA crossings is also
tion register or VLR) are commonly used for mobility manages; nifying the portable movements in PCS networks.
ment. When a user subscribes to a service from a PCS networ%n this paper, under the assumptions that the interservice
the user will first register at HLR where the user’s informatiofmes and the RA residence times are generally distributed,
profile is stored. When the user requests a service in a Vvisilgd derive some analytical results for the probability of the
RA, it will contact the VLR associated with the RA, the VLRymper of RA crossings. The results presented in this paper are
will contact the HLR of the user for authentication, the user’\$ery useful for cost analysis in finding a best tradeoff between

record will be temporarily stored in the VLR. The VLR acts agycation updating and paging for tracking mobile users in PCS
an agent for the roaming user in the RA it is visiting. networks.

I. INTRODUCTION

Il. PROBABILITY OF THE NUMBER OF RA CROSSINGS
Manuscript received October 29, 1998; revised January 14, 2000. This ) . ) .
work was supported in part by the U.S. Army Research Office under ContractIn this section, we study the patterns of the incoming calls

DAAGS55-97-1-0312 and DAAGS55-97-1-0382. The work of Y. Fang was alsgnd the portable movement. Assume that the incoming calls to

supported, in part, by the New Jersey Institute of Technology under Grant . .
SBR421980 and the New Jersey Center for Multimedia Research. a portable form a Poisson process, the time the portable stays

Y. Fang is with the Department of Electrical and Computer Engiin an RA (called the RA residence time) has a general distribu-
neering, University of Florida, Gainesville, FL 32611-6130 USA (e-maikion. \We will derive the probabilityx(K) that a portable moves

fang@ece.ufl.edu). .
I. Chlamtac is with the Erik Jonsson School of Engineering and Comput@prOSSK RAs between two phone calls. The time between the

Science, The University of Texas at Dallas, Richardson, TX 75083-0688 Usstart of a call served and the start of the following call served

Y.-B. Linis with the Department of Computer Sciences and Information Endhy the portable is called the interservice time. The interservice
Feeéng’-Nat'onaL,Ch'a)o Tung University, Hsinchu 300, Taiwan, R.0.C. (e'mah'me is of interest because it can be used to characterize the mo-
iny@csie.nctu.edu.tw). - - ’ . i

Publisher Item Identifier S 0018-9545(00)04848-9. bility of the portable. It is possible that a new call arrives while

0018-9545/00$10.00 © 2000 IEEE



FANG et al. PORTABLE MOVEMENT MODELING FOR PCS NETWORKS 1357

Previous Call Next Call

31

[38]

K-1 K K+1

Enter R Enter Ry Enter R¢ Enter Ry,
Fig. 1. The time diagram foK" RA crossings.

the previous call served is still in progress [13]. In this case, tleeossings. Suppose that the portable is in anRAwhen the
portable cannot initiate/accept the new call. In this analysis, yweevious call arrives and is served, it then mo#eRA's during
ignore call waiting service, and this new call is rejected. Thuthe interservice time, ankt resides in thgth RA for a period;
the interarrival (inter-call) times are different from the interser-l < j < K + 1). Letty, 2, - - - be independent and identically
vice times. This phenomenon is called thesy lineeffect. Al-  distributed (iid) with a general density functigfft), let ¢. be
though the incoming calls form a Poisson process (i.e., the generally distributed with density functiofa(¢), and letf,.(¢)
terarrival times are exponentially distributed), the interservidee the density function of; . Let f*(s), fX(s) andf(s) be the
times may not be exponentially distributed. By ignoring the budyaplace transforms of (¢), f.(t) and f..(¢), respectively. Let
line effect, Lin [13] is able to give analysis for the model. In thi€[t.] = 1/A. and E[t;] = 1/\,.. From the random observer
section, we assume that the interservice times are generally gissperty [10], we have

tributed and derive an analytic expressiondgi). oo
Before we give the analytical result faf K') we first demon- )= )\m/ F(r) dr = A1 — F(t)]
strate the use af( K) in cost analysis. We take the 1S-41 system \ '
for illustration purpose. In 1S-41, each RA crossing incurs at fi(s) =" [1 = f(s)] 1)

least one signaling message, i.e., the registration message. The . R . . _
signaling cost for atypical call will be directly proportional tovheref'(t) is the distribution function of (¢). Itis obvious that
the average number of signaling message, which can be fodiR@ probabilitya(K') is given by

from the following formula: a(0) = Prft. < 7] K=0 2)
nis-41 = Z KO{(K)
k=0 a(K)=Pllri+to+- - +tp < to <ridtot - Htpq]
Thus, we have to find the probability distributiofi ). In [13], K>1. (3)

simple formula can be found fots-4; [and other quantities ] .

which are functions of( )] under the exponential assumption Ve first calculatea(0). Since the Laplace transform of
on the interservice time. However, when the interservice timelds /+(7) dr is (1 — f(s))/s, from (2), the inverse Laplace
not exponentially distributed, which is the case in practice, Weansform and the independencergfandt.., we have

must found viable computational procedure to calcu&t& ). o0

This is the motivation of the current paper. Next, we present a(0) = /0 Priry > #) f(t) dt

analytical result forx(K). oo oo

Letty, ¢s, - - -, tx4+1 denote the RA residence times andie- = / / fr(7) drfe(t) dt
note the residual life of the previous call served in the initiating Ooo ¢ ohjoo .
RA (i.e., the time interval between when the call is served and - / i 1_7107(3) et ds f.(t) dt
when the portable exits the RA). Let denote the interservice 0 2mJ Jo—joo s
time between two consecutive served calls to a port&(ee., 1 oo fr(s) [ st g
the time interval between the instant the previous call is served ™ 275 o—joo s /0 Fe(t)e™ dt ds
and the instant the next call is served). Notice that the consecu- 1 T+ 1 _ pr(s)
tive served calls may not be necessarily the consecutive arriving = — T2 fr(—s)ds
calls because some calls may be blocked when the portable is 275 Jo—joo 5
busy. This implies that the interservice time is different from R At TP P M O)) Fres)ds (4
the interarrival time. Fig. 1 shows the time diagram fOrRA 205 oo $2 e\T8) a8
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wheres is a sufficiently small positive number which is appro- Theorem 1: If the density function of interservice time has
priately chosen for inverse Laplace transform. We want to renly finite possible isolated poles (which is the case when it has
mark that the choice of such is possible for the validity of a rational Laplace transform), then the probabitiff<) that a

the inverse Laplace transformation. Recall that for any densjiprtable moves acrods RA's is given by

function, the Laplace transform is always analytic on the right 5= (1= f*(5)

half complex plane. Thus, if*(s) has finite number of isolated ~ «(0) = — Z Res — fi(=s)

poles (which is the case when it is a rational function), then pco. T P s

fg“'(—s) will have finite number of isolated poles in the open _ A (1= N[5, B
right half complex plane, then we can choest be less than ¢ )= Z prs 52 fo(=s)
the smallest of real parts of the poles £if(—s). In this case, peoe

when we apply the Residue Theorem, we can use the semi-circle K >0 (6)

in the right half comple_x plane as the integration_ contour.  \vhere Res_, denotes the residue at poles= p.
ForK > 0, o(K) is computed as follows. First, we need  p,gqf: Choosing suchs that all poles off*(—s) in the
to compute Ry +#2 + -+ < t;) foranyk > 0.Let (ignt half plane are on the right of vertical line = o, and
§ = rittat- -+ Let fe(t) andff (s) be the density function ¢qqsing the contour enclosed by the semi-circle at canter
and the Laplace transform @f From the independence of, ;| ;o and with radius sufficiently large, then we can apply the

to, t3,---, we have Residue Theorem to complete the proof.
k If the interservice times are exponentially distributed with pa-
JE(s) =E[e %] = E[e "] H Ele 4] rameteri., thenf*(—s) = A./(—s + A.), which has a unique
i=2 pole, ands, = {A.}. From Theorem 1, we can easily obtain
=fE(s) (fF )t o) 1 1= ()
la% =1-—
Thus, the density function is given by p
. 1 * 27 px K—-1
et a(K) == 1= PO O, K >0
fe(t) = el (s) (f*(s))*te ds. P
B T—jo0

wherep = A./\,, is thecall-to-mobility ratio. These equations
Also, the Laplace transform of & < ¢) (the distribution func- have been obtained in [13] using a different approach.

tion) is f£(s)/s. We have One general distribution which is used often in many applica-
tions is the Gamma distribution [2] whose density function and
Pr(ry + 22 ot ty < te) its Laplace transform are given as follows:
= P& < t)fo(t) dt -1 5
J, Presoso 10 ="t e o= () v 0
SEE N O MD) e e
:/0 o /o_joo Tt ds fo(t) dt (7)
1 T Y [ ()T L where~ is the shape parameter,= v is the scale parameter,
= % / ' s Je(=s) ds. and['(v) is the Gamma function. When = m is a positive
aT—jo0

integer, the Gamma becomes the Erlang distribution
Taking this into (3), we obtain

a’nlt’nl—l o . B a m
oK) =Pilt, = vy +ta 4+ + 1) fO= e @)= <+a) ®)

— Pr(t. 2,7’1 tizt-t tj"+1) wherea = my. The gamma distribution applies to many appli-
LT ) ) T =S ()] Fr(—s)ds cations. Wheny = 1, it becomes the exponential distribution;
27y o—joo s ¢ When+ is sufficiently large, the distribution is asymptotically

1 (oI N Tp (K11 — f*(s)]2 normal aroung: [2].
=5 /()] 32[ S(9) fi(=s) ds. Let us assume that the interservice times are iid with Erlang
J Jo—joo 5 distribution as in (8), since its meanlig.:, hence we have =
®) A, hence

It is obvious that the integrand without terffi(—s) in (4) and m\ m
(5) is analytic on the right half open complex planeff{—s) fi(—s) = <_S+ﬁ)
has no branch point and has only finite possible isolated poles ¢
in the right half plane (which is equivalent to saying tifats) Let
has only finite number of isolated poles in the left half plane), s — Am[l = ()]
then the Residue Theorem can be applied to (4) and (5) using a go = U 5 9)

semi-circular contour in the right half plane. Indeed, if we use
o. to denote the set of poles ¢f (—s) in the right half complex
plane, then from (4) and (5), and the Residue Theorem [12], we Am[L = fH(2L* ()2

obtain the following. 9K = > . (10)
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From Theorem 1, we can easily obtain [ll. BusY-LINE EFFECT
(=) (mA)™ (m—1) As we mentioned earlier, the busy-line effect is the phenom-
«(0) = (m—1)! o (mAc) (11) " enon when a new call to the portable arrives it finds the portable
is busy, and hence it is rejected. In Lin [13], this effect is ne-
(=1 (mA)™  (me1) glected for the purpose of analysis. Next, we show that our re-
a(K) = (m — 1) g (mAc) (12)  sults can conveniently be used to study this effect.
As before, assume that the call arrivals to the portable form
wherez (") (t) denotes theth derivative of functionz(t). a Poisson process, i.e., the inter-call times are independent and

In order to compute those quantities in (11) and (12), we neegponentially distributed. Lei be the probability that a call to
to find the(m — 1)th derivative of certain functions, which maythe portable finds the portable busy (i.e., busy-line). This prob-

be complicated in general. Fortunately, we can have some reclpiity will depend on the call arrival traffic and call holding
sive algorithms to compute them. We need the following ideiimes. In this analysis, we will use this probability to represent

tity: the total effect of call arrival traffic and call holding times. Let

] E(t;m, 1) denote the density function of Erlang distribution

- [ D (r—i with shape parameter. and scale parametet,. [see (8)]. It

(u)" = Z <L> uOuD, (13) is well known [10] that this Erlang distribution is the distribu-

tion of the summation ofr independent exponential distribu-

For fixedm, leta = m\,. To computeg(m 1)( ), We can use tion with parametey:. A call to the portable finds the portable

the following (applying (13) withe = s — A.[1 — f*(s)] and busy with probabilityp and finds the portable free and is served

=0

1/s%) immediately with probabilityl — p, hence the conditional prob-
ability density function of the interservice time wher- 1 calls
0O(a) = &= Am[l = f*(a)] find the portable busy while thth call finds the portable free
0 a? o is given by
0
Wy _ L4+ An W (@) — 20957 ()
g0 (@) = o2 P = p)E(t k, /).
£() _ 9pn =L Ny (0—2)
é”)(a) = Am ] 2ragy (O;) rr=1go (o) Hence the probability density function of the interservice time
F=2.3 ... m_al. is given by
(m—1) : it _ = _
To computey;; (), we use (applying (13) with = A,,,[1 £(t) = Zpk (1 = p)E(t;m, u/k)

PRI )< and1/s?)

o~
1
=

Amlhr_1(a) — 2hk(a) + hg i1 (a . = *
95?)(06)2 [ K 1( ) a;&( ) I&+1( )] fc (S)ZZpk 1(1_p) <8+u> . (14)
TR ) (1) (0) =t
(1) ml K—l(a)_ZhK (a)+h1(+1( )]—ZCYQ (a) . . .
gy (@)= 2 Applying Theorem 1 with: = A., (11) and (12), we obtain the

67 .
following result.

(see equation at the bottom of the page) whefe(s) =  Theorem 2:If p is the probability of busy-line, then

[/ ()™
It is known [9] that the weighted summation of Erlang dis- °° oy (—1)FFTIAR (k1)
tributions (the hyper-Erlang distributions) can approximate any (0) ZP 7), 9o (Ae)
distribution. For the cases when the interservice timis dis- k=1
tributed according to the weighted summation of Erlang distri- = DFFINE
. . y » Y 7)! g0, (15)

bution, using Theorem 1, we can also find simple analytical
results. It has been shown [20] that the SOHYP (the sum of
hyper-exponential distributions) is also a very general distribu- Notice that when the busy line effect is neglected, he-, 0,
tionto model the LA residence time (i.e., the dwell time), we obFheorem 2 reduces to the case when the interservice time is ex-
serve that Theorem 1 is also applicable when the LA residenmenentially distributed. We can not find simpler forms for the
time is SOHYP distributed. In fact, as along as the Lapla@bove formulae, however, the above formulae provide starting
transform of the density function of the interservice timas point for approximation. Considering thatis usually quite
rational function, our results can be applied to find the probamall, we can use finite number of terms in (15) for approxi-
bility a(K). mation.

k=1

Al (@) = 2052 () + B, ()] — 2rag D) — i — D)ot 2 (1)
2 ’

9(a) =

@
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Fig. 3. Comparison of probability( ') when the interservice time is exponentially distributed (solid line) and Erlang distributed (dashed line): call-to-mobility
ratio is small 1), m = 2.

In this section, we present a few examples to discuss
results. We assume that the interservice timeés Erlang dis-
tributed and the RA residence timgsare Gamma distributed.
Let t. have the following Erlang density

IV. DISCUSSIONS ANDCOMMENTS whose mean i$/A. and variance i3’ (m) = 1/(mA?). When
@r: 1, it becomes the exponential distribution. ltehave the
amma density function

sty = 2L e

whose mean id/)\,, and variance id/(v) = 1/(vA2,). By
varying value ofm, we vary the variance of the interservice

(m)\c)nltnl—l
(m—1)!

—mt

f(:(t) =
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time, in the same token, varyingis equivalent to varying the the interservice time is exponentially distributed and Erlang dis-

variance of RA residence time. We study the effectsx0) tributed, respectively. It can be easily observed that when the

when the variances of the interservice time and the RA residenagiance of the RA residence time has significant effect on the

time vary. probability «( K) for small K when call-to-mobility is small
Fig. 2 shows the probability(K) when the RA residence (p < 1), andthathardly has any effect on the probabihity<)

time is Gamma distributed with various values of variance whilghen call-to-mobility is largép > 1). The Erlang(m = 2)
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distributed interservice time has more significant effect on thg15] Y. B. Lin, L. F. Chang, and A. R. Noerpel, A personal communica-
probability« (k) than the exponentially distributed interservice ~ tion network handoff model and its applications (UPDATE?), to be pub-

time does. The above observations are clearly shown in Figs lished.
. y 9 '[§6] Y. B. Lin, S. Mohan, and A. Noerpel, “Queueing priority channel as-

and 4. signment strategies for handoff and initial access for a PCS network,”
Next, we illustrate the busy-line effect. Fig. 5 shows the _ IEEE Trans. Veh. Technokol. 43, no. 3, pp. 704-712, 1994.

. - . [17] S.Mohanand R. Jain, “Two user location strategies for personal commu-
busy-line effect on the prObab”'m(K) of K' RA crossings nications services,JEEE Personal Communpp. 42-50, First quarter,

where the call arrivals are Poissonian and the RA residence 1994.

times are Gamma distributed. It is shown that as the probabilitﬁS] S Nanda, “Teletraffic models for urban and suburban microcells: Cell
sizes and handoff ratesifEEE Trans Veh. Technolvol. 42, no. 4, pp.

p of busy-line effect increases, the probability ) with 673-682 1993.
fewer RA crossingss is decreasing while that with higher [19] A.R. Noerpel, Y. B. Lin, and H. Sherry, “PACS: Personal access com-
RA crossingsK is increasing. This is intuitive because for munications system—A tutorial/EEE Personal Commupwol. 3, pp.

. . . . 32-43, June 1996.

fixed call arrival process a larger probability of busy-line ef'feCt[ZO] P. Orlik and S. S. Rappaport, “Traffic performance and mobility mod-

represents a longer interservice time, hence more RA crossings. eling of cellular communications with mixed platforms and highly vari-
able mobilities,” inProc. IEEE Veh. Technol. ConPhoenix, AZ, May
1997, pp. 5877-5891.

[21] S. Tabbane, “An alternative strategy for location trackingEE J. Se-

lect. Areas Communvol. 13, no. 5, pp. 880-892, 1995.

. 6[22] C. H. Yoon and C. K. Un, “Performance of personal portable radio tele-
In this paper, we propose a new model for the portable move- " ;one systems with and without guard channeEEE J. Select. Areas

ment in PCS networks. Previous work [13] investigated this ~ Commun.vol. 11, no. 6, pp. 911-917, 1993.
i ; ; _li ; i~tinn23] T.S.YumandK. L. Yeung, “Blocking and handoff performance analysis
Ibssue by Igno(;mg th.e busy |II.’16 e.ﬁeCt' Wi relax thllsd.res.ttr)mt.lon of directed retry in cellular mobile system$EEE Trans. Veh. Technol.
y accommo atlng Interservice times Wl.t generf’:l Istribution. vol. 44, no. 3, pp. 645-650, 1995.
We apply the Residue Theorem to obtain analytical results for
the probability of number of the RA crossings. Our new model
can be applied to investigate the impact on busy-line effect on

many location tracking strategies [13], [14], [21].

V. CONCLUSION
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