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Overflow Control for Cellular Mobility Database

Yi-Bing Lin, Senior Member, IEEE

~ Abstract—n a cellular phone system, the service area is parti- the EIA/TIA Interim Standard 41 (IS-41) [4] or global system
tioned into several location areas (LA's). Every LA is associated for mobile communications (GSM) mobile application part
with a mobility database called visitor location register (VLR). (MAP) [5] have been defined for cellular systems. The 1S-41

When a mobile user enters an LA, the user must register to the tocol i d in ad d bile ph . AMPS
VLR before receiving any cellular service. If the VLR is full, the protocol is used in advanced mobile phone service ( ),

registration procedure fails and the system cannot deliver services 1S-136 digital AMPS (DAMPS), and IS-95 code-division
to the user under the existing cellular technology. To resolve this multiple-access (CDMA) cellular systems. The GSM MAP
problem, we propose a VLR overflow control scheme to accom- protocol is used in GSM, GSM 1800, and GSM 1900 systems.
modate the incoming mobile users during VLR overflow. Our These two protocols follow @wo-level database strategy in
scheme only requires minor modifications to the existing cellular hat th . fh d visited datab
mobility management protocols. Particularly, no modification is that they use a tWO't_'er system o O_me and visited databases.
made to the mobile phones. When a user subscribes to the services of a cellular system, a
An analytic model is proposed to investigate the performance of record is created in the system's database called home location
the overflow control scheme. When exercising the scheme, the callregister (HLR). The HLR is the location register to which a
setup procedure for an “overflow” user is more expensive than that mobile phone identity is assigned for record purposes such

for a “normal” user. Under the range of input parameters consid- bil inf Hi direct b fi
ered in our study, we show that even if the VLR overflow situation &S Mobiie user information (e.g., directory number, profile

is serious, the overhead for exercising the overflow control scheme information, current location, and validation period). The HLR
is very low. is part of the cellular network and not under the control of the
Index Terms—Mobility database, overflow control, personal local gxchange carrigrs. The.HLR is_connected tothe PST_N_via
communication services, visitor location register. SS7 links. Every LA is associated with a database called visitor
location register (VLR). The VLR is the location register other
than the HLR used to retrieve information for handling of calls
to or from a mobile user visiting the LA. When the mobile user
ELLULAR or mobile communications servicéxilitate Visits an LA, a temporary record for the mobile user is created
the exchange of information (voice, data, video, imagé#) the corresponding VLR. When the user leaves the LA, the
etc.) for mobile users independent of time, location, and accesgresponding VLR record is deleted. A VLR may control
arrangement [1]-[3]. One of the most important issues in meeveral MSC areas (and thus the LA's inside these MSC's). To
bile communications isnobility managementTo understand simplify our discussion, we assume that every MSC covers an
the mobility management issue, we first introduce the cellulaA, and every VLR controls exactly one MSC (and thus one
system architecture (see Fig. 1). In this architecture, the cellulak). Our results can be easily generalized to the cases where
service area is covered by a setlmse stationsThe base a VLR controls several MSC’s, and an MSC controls several
stations are responsible for serving the calls to or from thé\s. The details of the mobility management algorithms
mobile phones (in this figure, the mobile phones are mountédsed on VLR and HLR will be elaborated in Section Il. The
on the vehicles) located in their coverage areas. The badgorithms for multiple LA's per VLR are given in [5].
stations are connected to thwbile switching cente@SC's) In a cellular system, the number of the records in the HLR
by land links. The MSC is a telephone exchange speciallythe number of the customers in the system. When a customer
assembled for mobile communications, which interfaces tfiest subscribes to the service, a permanent HLR record is cre-
mobile phones (via base stations) and the public switchated for the customer. Since mobile users of different cellular
telephone network (PSTN). The base stations are groupsystems may visitan LA (e.g., the GSM users from England and
into location areas (LA's). The base stations in an LA ar&iwan may visit Hong Kong), the number of the records in the
connected to the same MSC. When a mobile user moves frdhR changes dynamically. Specifically, new records are created
one LA (e.g., New York City) to another (e.g., Los Angeles)¥hen users move in, and obsolete records are deleted when the
the cellular system should be informed of the current locati@rresponding users move out. Furthermore, the number of the
of the user. Otherwise, it is impossible to deliver the servicestecords in the corresponding VLR may be larger than that of the
this user. To support mobility management, protocols such ldgR. The VLR may overflow if too many mobile users move
into the LA in a short period. If the VLR is full when a mobile
Manuscri . o < wiser arrives, the user fails to “register” in the database and thus
pt received June 26, 1997; revised February 23, 1999. This wor . . . .
was supported in part by the National Science Council under Contract Nscgﬁnnm receive cellular service. This phenomenon is calledl
2213-E009-079. overflow To resolve this problem, Section Il proposes a VLR
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liny@csie.nctu.edu.tw). when a VLR is full. The performance of the overflow control
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Fig. 1. An illustrative cellular system architecture.

[I. MOBILITY MANAGEMENT IN EXISTING SYSTEMS file to V2. This messagereg.ack is
MAP_UPDATE_LOCATION_ack in GSM
and isregnot in 1S-41. The profile provides
necessary information fom:1 to originate

This section describes mobility management for the existing
cellular systems based on 1S-41 [4] or GSM [5]. Four algorithms
are described. Algorithm | (registration) and Algorithm Il (can-

; ; ; ; hone calls.
cellation) are used for location update. Algorithm 111 (call orig- P
ination) and Algorithm IV (call termination) are used for call Step;l.:);foignds an acknowledgement to the mo-

control. With the location update procedure, the HLR maintains
the current LA address of every mobile user and guarantees that

the mobile user has exactly one VLR record. The call origindote 1:  In GSM, the mobile phone sends the temporary mo-

tion procedure utilizes the VLR record to set up a call initiated bile subscriber identity (TMSI) t&’2 in Step 1) [5].

by a mobile user. The call termination procedure utilizes both V2 then uses the TMSI to find the mobile phone's
theHLR and VLR records to set up a call terminated at a mobile international mobile subscriber identity (IMSI). The
user. _ IMSI is used byV2 to locatex1's HLR.

Suppose that userl moves from location area LAL to 10- Note 2:  In Step 1), authentication (to checkiit is a legal
cation area LA2. The registration procedure is performed be- user) may be performed in separate message ex-
tween the HLR and’2 (the VLR for LA2), and the cancella- changes.
tion (deregistration) procedure is performed between the HLR after 1,1 has moved fromv1 to V2. 2.1's VLR record inV 1 is
andV1 (the VLR for LAL). obsolete and is deleted as described in the following algorithm.

Algorithm |. Registration (see Fig. 2):
Step 1) (Registration Request)

Step 1.1) The mobile phone ofi sends a registra-
tion message t&"2.
Step 1.2) V2 creates a temporary VLR record for

Algorithm Il. Cancellation (see Fig. 3):

Step 1) The HLR sends a cancellation messageuits
old VLR V1. This messagecancel.msg is
wl. MAP_CANCEL_LOCATION in GSM and is

Step1.3)V2 forwards the registration request REGCANC in IS-41.

to the HLR. This messagaegmsg is SteP2) V1 deletesul’s record. .
MAP_UPDATE_LOCATION in GSM and Step3) V1 sends a cancellation acknowledgement
is REGNOT in I1S-41. to the HLR. This messagecancel.msg is

MAP_CANCEL_LOCATION.ack in GSM and is

Step 2) (Registration Response) regcanc in 1S-41

Step2.1) The HLR updates the locatiorugf This
location information will be used to set up calls
terminated at.1. When w1 originates a call, the following algorithm is exe-
Step2.2) The HLR acknowledges the regeuted. Note that the authentication procedure is omitted to sim-
istration operation and sends1's pro- plify our description.
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Fig. 2. The registration operation.

Algorithm IV. Call Termination (see Fig. 5):

Step 1) The calling party dials the phone numberdf
This phone number is mobile station ISDN number
(MSISDN) in GSM or mobile identification number
(MIN) in 1S-41. The request is sent to the originating
switch in PSTN. In GSM, this originating switch is a
Gateway MSC

Step 2) The originating switch sends a location query
message to the HLR. This messadmc req is
MAP_SEND_ROUTING_INFORMATION in GSM
and isLOCREQ in IS-41.

Fig. 3. The cancellation operation. Step 3) The HLR identifies the address @f's VLR (i.e.,

V2) and sends a query message to obtain the

routing information. This messageoutreq is

cancel _msg(ul)

cancel_ack

L3

Algorithm 1ll. Call Origination (see Fig. 4): MAP_PROVIDE_ROAMING.NUMBER in GSM
Step 1) The mobile phone sends the call origination request to and isSROUTREQ in 1S-41.
the MSC. Step 4) V2 creates the routable addressaf and sends it
Step2) The  MSC  forwards  the  request to back to the HLR. This routable addressut_addr
V2. The message  call.req is is the mobile station roaming number (MSRN) in
MAP_SEND_INFO_-FOR_OUTGOING_CALL  in GSM and the temporary local directory number
GSM and isORREQ in S-41. (TLDN) in 1S-41. The messagerout.ack is
Step3) V2 checks the wl's profile and grants MAP_PROVIDE_ROAMING NUMBER _ack in
the call request. The messageall.ack is GSM and isroutreq in 1S-41.
MAP_SEND_INFO_FOR_.OUTGOING._CALL.ack  Step5) The HLR returns the routable address to the
in GSM and isorreq in IS-41. originating switch. This messageloc_ack is
Step 4) The MSC sets up the trunk according to the standard MAP_SEND_ROUTING_INFORMATION _ack
PSTN call setup procedure. in GSM and isloc_req in 1S-41.
Step 6) The originating switch sets up the trunk to the MSC
To deliver a call tou1, the following algorithm is executed. based on the routable address.

Without loss of generality, we assume that the calling party isStep 7) The MSC pages the mobile phone and the call path is
wireline user. established.
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Fig. 4. The call origination operation.

Fig. 5. The call termination operation.

Ill. M OBILITY MANAGEMENT IN OVERFLOW SYSTEMS

When a VLR is full, the incoming mobile users cannot reg-

ister using Algorithm | and thus cannot receive cellular services.

To resolve this problem, we propose the VLR overflow control
algorithms O-I, O-I1, O-Ill, and O-1V. Our approach allows new
users to receive services when the VLR is full. In our overflow
control scheme, an extra flag (one bit) is required in the HLR
records. No modifications are made to the mobile phone.

Algorithm O-I. Registration (see Fig. 6): 12 is not full, then
Algorithm | is executed. IV 2 is full, then the following steps
are executed.

Step 1) (Registration Request)

Step1.1) This step is the same as that in Algorithm
I

Step 1.2) The database is fuli2 follows a replace-
ment policy to select a record to be deleted (
in Fig. 6). The storage for the deleted record is
used to store thel's information. The selected
user (i.e.u3) is called theoverflow user

The replacement policy may be based on var-
ious heuristics. For exampl&;2 may select a
record randomly, select the oldest record, or se-
lect an inactive record (i.e., the user has not had
call activities recently)V’2 may select:1 as the
overflow user (i.e.x3 = 1) and do not create
the VLR record foru1.

Step 1.3) V2 forwards the registration request to

the HLR with the indication tha#3's record is
deleted due to database overflow.

Step 2) (Registration Response)
Step2.1) The HLR updates the location:df and

sets the overflow flag im3's record (to indicate
that V2 does not have a VLR record fas3).
Note thatu3 may be identical ta:1 as pointed
out in Step 1.2).

Step2.2) The HLR acknowledges the registration

operation and sendsl's profile to V2 (if w1
is the overflow user, then the message does not
include the profile information).

Step 2.3) V2 sends an acknowledgement to the mo-

bile phone.
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Fig. 6. The registration operation (overflow).

Before the registration operation

Fig. 7. The cancellation operation (overflow).

Algorithm O-Il. Cancellation :
V1, then Algorithm Il is executed to cancel's VLR record in
V1.Ifulisanoverflowuserdt 1, thenu1 does nothave arecord
in V1. The cancellation operation simply resets the overflow flag
oful'sHLRrecordif:1is notan overflow userii'2 (see Fig. 7).

The call origination for an overflow user is described below.

If «1 is not an overflow user at Steps 5-6)

After the registration operation
(V1 may not be accessed for
de-registration)

The mobile phone reissues the call origination
request and Algorithm 11l is executed.

To deliver a call to an overflow user, the following algorithm
is exercised.

Algorithm O-1V. Call Termination (see Fig. 9):

Algorithm O-Ill. Call Origination (see Fig. 8):

Step 1) The mobile phone sends the call origination re-
quest toV2 as described in Steps 1) and 2) in
Algorithm III.

Step 2) V2 cannot findul's record and denies the call
request.

Steps 3-4)  The mobile phone initiates the registration pro-

cedure and Algorithm O-I is executed.

Step 1) (Location Query)

Step 1.1) The calling party dials the phone number
of u1. The request is sent to the originating
switch in PSTN.

Step 1.2) The originating switch sends a location
query message to the HLR.

Step 1.3) The HLR identifies thafl is an overflow
user and sends a query message to obtain the
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Fig. 8. The call origination operation (overflow).

routing information. The user profile informa-Issue I.
tion is attached in the message.

Step 2) (Location Response)

Step2.1) IfiV2is notfull, thenarecord fokl is cre-
ated. IfV2 is full, then a user record is deleted'Ssué Ill.
and is used to storel's information.V2 cre-
ates the routable addressdfand sends it back
to the HLR. If the VLR record is not available,
the details of the routable address creation are
described in [5]. If a record is replaced3in

Issue Il.

525

Algorithm O-I

Algorithm III

What is the stationary probability,, that the VLR
overflow situation occurs?

What is the probabilityy that the VLR record of a
mobile user is never replaced due to VLR overflow?
What is the probabilitys that the call activities of

a user is not affected by VLR overflow? Note that
an “affected” call connection (i.e., Algorithms O-ll
and O-1V) is more complicated than a “unaffected”
call connection (i.e., Algorithms Il and 1V).

Issue Il is different from Issue II. The call procedure is af-

Fig. 9), the replacement information is includedected by VLR overflow if Algorithm O-II (for call origination)
and Algorithm O-1V (for call termination) are exercised during

Step2.2) The HLR returns the routable address & Setup. After a VLR record replacement, the user may not
the originating switch. If a record is replaced®riginate or receive any call before moving out of the LA. Thus

the overflow flags (for:1 and«3 in Fig. 9) are B> a

in the message.

updated at the HLR.

Step 2.3) The originating switch sets up the trunk tHoNns-

the MSC based on the routable address.

Assumption I.

Step 2.4) The MSC pages the mobile phone and the
call path is established.

With Algorithms O-1-O-IV, an LA can accommodate unlim-
ited number of mobile users as long as the number of simulta-

ssumption Il.

neous phone calls to these users is no larger than the size of the
database (this situation never occurs in the real world).

IV. M ODELING THE OVERFLOW CONTROL SCHEME

When exercising the overflow control scheme, we are inter-
ested in several performance issues.

To address the above issues, we make the following assump-

Let NV be the expected number of users
in an LA. The expected valu&/ can
be obtained from operation, administra-
tion, and maintenance (OA&M) mea-
surements in the cellular systems.

Let the residence time of a user in the
LA have a general density functigf{(z)
with the Laplace transforny*(s) =
Ji=o f(t)e™*" dt and the meail/n).

The measurements for the arrival and the
departure times of a user at an LA are
available in the cellular systems. These
data can be approximated by a general
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Fig. 9. The call termination operation (overflow).

Assumption IIl.

Assumption IV.
Assumption V.

density functionf(¢) using the standard

statistic methods.
Let the call arrivals to a user be a

Poisson distribution with the arrival rate
A. The Poisson call arrivals are a widely
used assumption in telecommunication
modeling, which has been validated in
PSTN.

Let M be the size of the VLR.

Assume that during the short periods
(i.e., the residence time of a user) the
population is stationary. We will ad-
dresses the mobility effect through the
population distribution (1). This tech-
nigue significantly reduces the com-
plexity of the analytic analysis, which
has been shown reasonable in perfor-
mance [6].

number of users in the VLR is larger
than M, we guarantee that the VLR is
always full. The advantage is that when
call origination/termination occurs to
uo, Algorithm 1I/1V is used without
overflow handling cost.

In the second approach, the VLR simply
deletes the record far; without further
action. When the next new useg ar-
rives, the VLR creates a VLR record for
ug using the reclaimed storage. The ad-
vantage of this approach is that the VLR
may not be considered overflow even if
the number of user in the area is larger
than M. In the following analysis, the
first approach is considered.

Assumption VI. If a registered mobile user:; (a A. lssue I: Derivation forp.y

nonoverflow user) leaves the VLR, A VLR area overflows if the number of users in the area is
there are two approaches to handle thiarger than the size of the VLR database. The probability
cancellation procedure. In the first ap-was computed in our previous work [6]-[8]. Specifically, we de-
proach, the HLR selects an overflowrived the LA population distribution or the probability, that
userus (if any) and sends its informa- there aren users in the LA. The probability,, is derived as fol-

tion to the VLR through the cancellationlows. In the steady state, the rate that mobile phones move into a
messagez; 's deregistration). The VLR cell equals to the rate that they move out of the cell. The arrivals
then creates the VLR record fat; of mobile phones to an LA can be viewed as being generated
using the storage for;. Thus, if the from N input streams that have the same general distribution
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with arrival raten. The net input stream to an LA can be ap

—

proximated as a Poisson process with arrival rete= Ny,. 10_1§
Thus, the distribution for the mobile phone population can t
modeled by ar/ /G /oo queue with arrival rate* and the ser- 107% 3
vice raten. From [9], the steady-state probability, is derived 10-% &
as
P 1077
A" 3
M\" e s Nne N 5 5
=) =2 @ 1073
n n! n! 10-5 3
Since VLR overflow occurs when there are more tidrusers 1077 —
in the LA, we have 10-8 2
et 10~° E T T
Pov = Z T 2) 1.0 1.1 1.2 1.3
n=M+1 M/N

Based on (2), Fig. 10 plots,, as a function ofd//N for dif-  Fig. 10. The stationary probability,. for VLR overflow.
ferentV values. The figure indicates thad, is large if M < N
andp., < 0.2% if M > 1.3N. The figure also shows that forl_et )

| be the probability that the VLR record for a user is
the sameV//N value, largetV results in smallep,,.

not replaced (under the condition that (3) holds). Since the LA
o residence time of a user has a general density fungtion(As-
B. Issue II: Derivation forx sumption I1),a(;:) can be derived as follows:

The probabilityx (i.e., the probability that the VLR record of

a mobile user is never replaced due to VLR overflow) is derived alp) = f®)a(t, p) dt

as follows. We make an approximation assumption that during t=0

the short periods (i.e., the residence time of a user) the popula- _ - Ft)emt gt

tion is stationary and then address the mobility effect through =0

the population distribution (1). This technique significantly re- = "(qp). (4)

duces the complexity of analytic analysis and has been shown
reasonably accurate [6]. Suppose that therenare M users From (3),a(u) = a((n — M)A) = f*(¢(n — M)A). From (1)

in the LA. Suppose that the VLR records are randomly selectafild an argument similar to the one for deriving (2), we have
for replacement at Steps 1) and 2) in Algorithm O-I. Then the

oo

probability ¢ that a VLR record is selected for replacement is a=1— Z [l — alg(n — M)N)]
n=M-+1
1 o
q = —. *
M =1- Y mll- -V ©)
From Assumption lll, the rate of the calls that result in VLR n=M
record replacement is If fis an exponential density function, then
* 77
=(n— M)\ 3 = 6
p=(n—M) ®3) r'e) = (©)
Let Pr[K = k,t, ] be the probability that there afecall ar-  and (5) is rewritten as
rivals with VLR record replacement during a periodrom As- -
sumption Il Pr[K = k,t, u] has a Poisson distribution w1 Z mn(n — M)A %
(n—M)A+n

n=M-+1

_ _ (ut)k —pt
PrlfC =kt 1) = RS Based on (7), the solid curves in Fig. 11 illustrateas a func-

. . tion of M/N. Fig. 11(a) plots thex curves whem; = 0.1A, A
Let a(t, 1) be the probability that a VLR record is not selectedyq1, (i.e., 10, 1, and 0.1 calls for a mobile user are expected
for replacement during the perigdThen during the user's stay in an LA), respectively.
In this figure,N = 100. The figure indicates that increases

alt, 1) = 2(1 — )*Pr[K = k.t 4 asn/Xincreases. This result is consistent with our intuition that
e if call arrivals are infrequent, the VLR records are unlikely to be
(1 — ] replaced. We also observe that- 99.6% wheni > 1.3N.
= Z Te‘“t Fig. 11(b) plots thex curves forN = 100, 200, and 300,
k=0 ’ respectively. In this figurey = 0.1A. The figure shows that for
=T a fixed M/N value,« increases a8’ increases.
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The user moves out
of the LA

'
S A

The VLR record The next call
of the user is replaced arrival for the user

User moves in the LA
- t

Time

Fig. 12. The timing diagram for deriving.

setup procedure will be affected by VLR overflow (ifg+t2 <
t). From Appendix A, we have

_ . 1.4
N O(p, k)
(a) N = 100 — [(=p)'] df*
B . )] df(s)
=(1-9) IQ{l— [u} dst | _
1=0 s=p
k k—1 {
_ H ) f*()\)_ [M}
<N_)‘ { =0 i
d'f*(s)
5L
)
96.0 \ T l and
1.0 11 1.2 1.3 14 s oo
S T VP T LRC
n=M+1 k=1

Fig. 11. The probabilityr that the VLR record of a mobile user is never : ; : : ;
replaced due to VLR overflow. I(:60)rtexpo?dent|al LA residence timeg;(s) in (9) is replaced by
0 yie

C. Issue IlI: Derivation fors3 O(u, k) = Agpt(l = g (11)

The probability3 (i.e., the probability that the call activities (n+ ) (e +n)*
of a user is not affected by VLR overflow) is derived as followssypstituting (11) into (10), we have
Suppose that there are> M users in the LA. Starting from
timet = 0, let3(t1, k) be the density function thata VLR record g A2q(n — M)m,
zisreplaced attime,, and there aré —1 replacements to other p=1- > T+ N+ (n = M)ng’ (12)
VLR records during the periofd, ¢;). Then n=pp1 K e

(8) N andn/X values. The figure indicates that under the range
of input parameters considered in our study,> 99.5% for

. . ) M > N. In other words, the results indicate that even if the
- _ k—1 y
On the right-hand side of (8), the terf — ¢) means that VLR overflow probability is high (e.gpoy >~ 48% forM = N

the firstk — 1 replacements are made to other VLR records. The_. X .
kth replacement is made to recardwith probability g. From IMFig. 10), the call setup procedureis only slightly affectde(

0 ) . i
Assumption Ill, the interarrival times for calls (that will resuItB) < 0.5%) when the VLR overflow algorithm is exercised.

in VLR record replacements) have an exponential distribution
with ratep = (n — M)A [cf., (3)], and the sum of thé call
interarrival times has an Erlang density function given in the This paper studied the mobility database overflow problem
remaining part of the right-hand side of (8). in a cellular system. If the mobility database (specifically, the

Consider the timing diagram in Fig. 12. Suppose that a uséctR) for a cellular service LA is full, the incoming mobile
enters the LA attime zero and leaves the LA at timiEhe VLR  users cannot receive services under the existing cellular phone
record of the user is replaced at timhe After ¢, the first call technology. To allow these “overflow” users to receive cellular
to/from the user occurs at tintg+ ¢-. The call setup procedure services, we proposed a VLR overflow control scheme. The
for this call is not affected by VLR overflow if; + ¢, > t. scheme can be easily adopted in the existing cellular systems
Suppose that there akgecord replacements in the VLR duringsuch as GSM and AMPS with only minor modifications. Partic-
the period|0, ¢;]. Let 8(x, k) be the probability that the call ularly, no modifications are made to the mobile phones.

)k_l} ) Based on (12), Table | list8 as a function of\/ /N for various
— e

Bt k) = (1— )" g {((lfl_il),

V. CONCLUSION
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TABLE | t). Since the density functions fért,, andt. aref(¢), 3(¢1, k),

THE PROBABILITY 3 THAT THE CALL —Atg i
ACTIVITIES OF A USERARE NOT AFFECTED BY VLR OVERFLOW andAe ! reSpeCtlvely’ we have

(M/N_[10 [11 12 |13 [i4 I Sl el _aty
n=0.1) ] 99.673 | 99.840 | 99.967 | 99.997 | 99.999 0(u, k) = ot Joo F@B(Er, k)™ dtz dt dis
n = 1.0X | 99.980 | 99.990 | 99.998 | 99.999 | 100.00 o ot
n=10) | 99.999 | 99.999 | 100.0 ] 100.0 | 100.0 _ / F)B(tL, k) [1 _ G—A(t_tl)} dt dt;
(a) N =100 tlozo tzt)l
n=0.1A | 99.878 | 99.963 | 99.998 | 100.0 | 100.0 = / / (A— B)dtdt, (13)
7=10x | 99.993 | 99.997 | 99.999 | 100.0 | 100.0 t1=0 Jt=t;
n = 10.0x | 99.999 | 100.0 | 100.0 | 100.0 | 100.0
(b) N = 200 whereA = f(t)3(t, k) andB = f()B(t1, k)e Mt~ From
7 =01\ | 09.032 [ 99.087 | 99.999 | 100.0 | 100.0 (8) and after rearrangement
7=10x | 99.996 | 99.999 | 100.0 | 100.0 | 100.0 ,
= 10.0x | 99.999 [ 100.0 | 100.0 | 100.0 | 100.0 oo oo g
1 / / Adtdt, = / O - g
(c) N =300 t1=0 Jt=t; t=0Jt,=0
+ k—1
) ) X [M} pe” ML dty dt
We also studied three performance issues for VLR overflow. (k—1)!
Let IV be the expected number of mobile users in an LA &hd -00
be the size of the corresponding VLR. Under the range of input = fHA-qF g
parameters we considered, the following results were observed. =0 . R
» The VLR overflow probability is less than 0.2% fa¢ > X w pe Pt b dt
1.3N. =0 | (k=1
* When the overflow control scheme is exercised, a mo- o0 o1
bile user's VLR record may be replaced. We showed that = /t_o JOA -9 g
this “replacement” probability is less than 0.4% faf > -
1.3N. k—1 ( t)l
iviti 1-— PO o=nt| gt
* In the VLR overflow control scheme, the call activities of x nc
a “replaced” user are affected (and extra effort is required =0
in the call setup procedure) if, after the VLR record re- i
o i = (A; — Ay) dt (14)
placement, the user has call activity before moving out of 10

the LA. Our study indicated that the call activities of a mo-

bile user is unlikely to be affected (e.g., a user is affectedhere

with probability less than 0.4% i#/ > N). 1
The last observation merits further discussion. Whén= N, A =fO0 -9 e
about 50% of the incoming users to the LA cannot receive ser-
vice under existing cellular technology. By exercising the ovef!
flow control scheme, all the mobile users in the LA continue k-1 (ut)!
to receive the service. The extra overhead for the scheme is A= f()(1 - )" g [ a e_’”] .
very low: most of the call setups (with a probability larger than
99.6%) to a user is not affected by the overflow control scheme.

This work assumed that every VLR is associated with an LAhus

and the replacement policy is uniformly random. One of the re- ;o oo
search directions is to extend the analytic model for the system/ Apdt = /
with multiple LA's per VLR and to consider various replace- * ¢

fFOA—qF tqdt =(1-q)* g (15)

=0 =0

ment policies. and
APPENDIX | =
Ao dit
THE DERIVATION FOR 6(1, k) /t:O ?

Consider the timing diagram in Fig. 12. Suppose that a user Y FB = ! S (“t)le—m &t
enters the LA at time zero and leaves the LA at tinighe VLR ~ Jiso v L
record of the user is replaced at tirhe After ¢, the first call b1 70
to/from the user occurs at tinte+ . The call setup procedure _ 1= )kt z/oo t Pe—Ht gt
for this call is not affected by VLR overflow if; + ¢2 > t. ;( o an =0 l!f( e
Suppose that there akerecord replacements in the VLR during k1 1 ex
the period|0,#;]. Let 6(x1, k) be the probability that the call — (1 g}t [(—u) } d' f*(s) . 16)
setup procedure will be affected by VLR overflow (ig+t» < | I dst|,_,
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Substituting (15) and (16) into (14), we have

/ / Adt dt,
t1=0Jt=t1

=(1-a*"q
d1_ S_:l [(_“)l} M (17)
{! ds! _
=0 s=p

From (13) and after rearrangement

/ / Bdtdt,
t1=0 Jt=t;

[=9] t
_ / FOOBEL, K)e 2 gy dp
t=0Jt1=0

= /Oo f(H)e ™ [/t Bty k)eM dtl} dt
t=0 t1=0

2[:ﬁﬁk_”O—QV*q<;%3>k

o 1o ki:l [z —Z'A)t]l =Nt | g
=0 )
k k—1 (a9}
_ _ k—1 _ * _
= -0t (G5) =X [ o

(18)

k—1
A= | &5 ()
f ()\) - lz:% |: I :| ds! o
(19)
ACKNOWLEDGMENT

The author would like to thank the anonymous reviewers
for their valuable comments which significantly improved
the quality of this work. Specifically, Assumption VI was
established with the assistance of the reviewers.

REFERENCES

[1] W. C. Y. Lee, Mobile Cellular Telecommunications System$lew
York: McGraw-Hill, 1995.

[2] ——, Mobile Communications EngineeringNew York: Mc-
Graw-Hill, 1997.

[3] D. C. Cox, “Wireless personal communications: What is itBEE Per-
sonal Commun. Magpp. 20-35, Apr. 1995.

[4] “Cellular intersystem operations (Rev. C),” EIA/TIA, Tech. Rep. 1S-4,
1995.

[5] “Mobile application part (MAP) specification, version 4.8.0,” ETSI/TC,
Tech. Rep., Recommendation GSM 09.02, 1994.

[6] Y.-B. Lin, “Modeling techniques for large-scale PCS networkgEE
Commun. Mag.vol. 35, Feb. 1997.

[7] Y.-B. Lin and A. Noerpel, “Implicit deregistration in a PCS network,”
IEEE Trans. Veh. Technolol. 43, no. 4, pp. 1006—1010, 1994.

[8] Y.-B. Lin and W. Chen, “Impact of busy lines and mobility on call

blocking in a PCS network,Int. J. Commun. Systvol. 9, pp. 3545,

1996.

L. Kleinrock, Queueing Systems: Volume |—Theorjlew York:

Wiley, 1976.

[

[{e)
—

Yi-Bing Lin (S'80-M'96-SM'96) received the
B.S.E.E. degree from National Cheng Kung Uni-
versity, Taiwan, R.O.C., in 1983 and the Ph.D.
degree in computer science from the University of
Washington, Seattle, in 1990.

From 1990 to 1995, he was with the Applied Re-
search Area, Bell Communications Research (Bell-
core), Morristown, NJ. In 1995, he was appointed as
a Professor in the Department of Computer Science
and Information Engineering (CSIE), National Chiao
Tung University (NCTU), Hsinchu, Taiwan. In 1996,
he was appointed as Deputy Director of the Microelectronics and Information
Systems Research Center, NCTU. Since 1997, he has been Chairman of CSIE,
NCTU. His current research interests include design and analysis of personal
communications services network, mobile computing, distributed simulation,
and performance modeling. He is an Associate Editor of the IEEEN®RK.

He was a Guest Editor of the IEERANSACTIONS ONCOMPUTERSSpecial Issue
on Mobile Computing.

Dr. Lin is an Associate Editor dSIMULATION Magazingan Area Editor of
the ACM Mobile Computing and Communication RevievColumnist ofACM
Simulation Digesta member of the editorial board of th&ernational Journal
of Communications Systepngsmember of the editorial board 8CM/Baltzer
Wireless Networksa member of the editorial board @omputer Simulation
Modeling and AnalysisGuest Editor for th&CM/Baltzer MONE Special Issue
on Personal Communications, and an Editor ofibernal of Information Sci-
ence and Engineerindge was the Program Chair for the 8th Workshop on Dis-
tributed and Parallel Simulation, General Chair for the 9th Workshop on Dis-
tributed and Parallel Simulation, Program Chair for the 2nd International Mobile
Computing Conference, and Publicity Chair of ACM Sigmobile. He received the
1997 Outstanding Research Award from the National Science Council, Taiwan,
and the Outstanding Youth Electrical Engineer Award from CIEE, Taiwan.



