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Abstract—It is predicted that by the year 2000, U.S. cellular for business) tend to distribute their cellular phone numbers
carriers will invest billions of dollars for cellular bl”lﬂg and as W|de|y as possib|e to enhance their business Opportunities_

customer care. Two of the most desirable attributes of the cellular  mayimize profits, a cellular carrier will therefore need
billing systems are the flexibility of upgrade and ability to inform

the billing experts quickly about the status of the system to to offer a variety of billing plans fpr same_ services and
minimize any possible fraud and improve customer service. may need change the plans from time to time to adapt to
Although the second attribute can be realized by reporting the changing “customer culture.” Thus, flexibility with upgrade is
billing customer record in real time, this tends to congest the considered a highly important attribute of the billing system.
signaling channel, which is not desirable. In this paper, We  anather important attribute is the provision of quick billing
propose several schemes for the provision of a quick billing status L . o .
report which maintains low-signaling traffic. The performance of ~Status report, which is essential for the monitoring and diagnos-
these schemes is derived analytically. We expect that these resultdng the billing system. One way to achieve this attribute is to
may provide a guideline for the future design of on-line billing report the customer billing records in real time. Unfortunately,
systems in personal communication services (PCS's) networks. - thjs feature is not supported in most existing cellular billing
Index Terms—Billing, cell residence times, PCS networks, real- Systems. By comparison, in the public switched telephone net-
time updating. work (PSTN) (wireline network), real-time billing information
is possible. Typically, billing information will be delivered
in the signaling system no. 7 (SS7) messages [9] during
] the call setup/release processes. The billing information is
BILLING WORLD [11] pr_ed_lcts that by the year 2000’produced from the automatic message accounting (AMA)
U.S. cellular carriers will invest U.S. $1.6 billion for ecords. During the call setup/release processes, the monitor
cellular billing and customer care. According to the manageLSstem tracks SS7 messages of the call and generates a
from the top 20 cellular carriers, two of the most desirablg;|| yetail record (CDR) in AMA format when the call

attributes of the cellular billing systems are: is completed. The CDR record will be stored in Bellcore

I. INTRODUCTION

« flexibility of upgrade; accounting format (BAF), and the data can be transfered to
« capability to inform the in-house billing experts quicklythe rating and billing systems.
about the status of the system. The difficulty of providing real-time cellular customer

Telecommunication services are “culture sensitive,” and tiélling records is duf to the fact t”hat t,he cellula“r users
ways of service charging will significantly affect customers™ay roam fro,m their “home systems” (HS's) to the “visited
behavior. For example, in many U.S. cellular services, cellul@yStems” (VS's). When a cellular user is in a VS, the billing
subscribers are charged for the cellular usage, whether tH@%}Ode for aI_I call activities are kept in the VS. In the existing
are the calling or the called parties. Thus, cellular customét&!lular roaming management/call control protocols [7], there
will tend to share their cellular phone numbers with only ¥ NO interaction between the VS and the HS at the end
small group of people to avoid “junk calls.” On the othePf @ call. Typically the billing .|nformat_|on IS kept in the
hand, the calling party is always charged for the cellulS as a “roam-type” cellular intercarrier biling exchange
usage in some countries, for instance, in Taiwan. Therefof8cord (CIBER). The roam CIBER's will be batched and
cellular subscribers (especially people using cellular phongriodically sent to a clearinghouse electronically or via mail
in a tape format and later forwarded by the clearinghouse to
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Fig. 1. The timing diagram for the checkpointing model based on the number of calls.

An important performance issue of cellular billing informaA. Checkpointing Model Based on the Number of Calls
tion transmission is the frequency of the billing information A<sume that the billing information of a roamer is sent back

exchange. In the ideal case, records would be transmitted fgkhe HS for every, calls. We refer tos as thecheckpointing
every phone call to achieve the real-time operation. HOWeVGlierya| where0 < k < n. The real-time requirement in the
real-time transmission would significantly increase the cellulgg oy pilling system specification may be “the probability of
signaling traffic and seriously overload the signaling network e thank-call outstanding observation should be less than
of the PSTN. In order to achieve quick billing status reporgy; » Thys, hased on the mobility and call activities of a user,
a tradeoff is therefore needed between the frequency of the appropriate: value can be selected to satisfy the above
billing information transmission and the signaling traffic. requirement.

In this paper, we propose three strategies for controlling note that when the user leaves the VS, the HS will send
the billing traffic for future PCS networks, which can D& jeregistrationor cancellationmessage to the VS informing
easily implemented in the billing systems of current cellulg it the user left the VS, and the VS will acknowledge the
systems. The first strategy is to update the billing 'nformat'%registration ([12]). We assume that the not-yet checkpointed
when a fixed number of calls have been handled. The sec ng records will be sent back to the HS through the

strategy is to report the customer billing record in fixed rea&cknowledgment, and no extra billing transmission message
time intervals. The third strategy is a combination of these Il be created.

strategies. We provide performance analysis of these strategiessuppose that the roamer enters a VS at time zero. The

Our study provides the guidelines to select the approprigigmer resides at the VS for a periddas shown in Fig. 1.
freqqency of transmissions for different network engineeringis 4117 as the VSesidence timeSuppose that the roamer's
requirements. billing information is retrieved at the HS at time i.e., an
expert or a customer of the HS queries the billing information
at timet. If there areK phone calls to the roamer durif@, ¢],
then the billing retrieval i%-call outstanding itk = in+k for
The purpose of real-time billing information transmission isome: > 0. Let T" have a general distribution with the Laplace
to ensure that when one (either a billing expert of the HS tmansformf*(s) and the mear /7, the calls to the roamer be a
a querying customer) checks the customer billing records, tReisson process with arrival rake and the billing retrieval be
information is up to date. The time of checking is referred to asrandom observer. We note that a billing record for a call is
the billing information retrieval pointor retrieval point Very created when the call is completed. Thus, “call arrival time” in
often the billing record observer may tolerate certain degrégs context means that the time when the call record is created.
of information outstandingness. We define an observation lat Pr[k] be the probability that a billing retrieval is-call
a retrieval point ask-call outstandingif the most recent:  outstanding. We use(")(s) in the subsequent development,
call records have not been received by the HS at the retriet@ldenote theth order derivative of functiom:(s) at points.
point. We can also define an observation at a retrieval poifihen Pr[k] is derived in Appendix | [see (18)] as
asz-time outstandingf the time elapsed at the retrieval point
from the last record update is no more thatime units. It is
very important to know the distributions of the number of the s intk (=AY
outstanding calls and the outstanding time. Since the billing Pr[k] = \ Z 1-— Z Tf*(f)()\) .
system makes decisions based on the billing information i=0 )
received from the VS's, the degree of “outstandingness” of the
billing information affects the accuracy of the billing decisions.
Thus, it is desirable to know the average number of outstandibgt NV, denote the number of outstanding calls, i.e., the number
calls and the average total calling time of outstanding calls fof arriving calls during the interval between the last billing
the performance evaluation of billing systems. update and the retrieval point. These calls are not available
We propose three strategies for the provision of quick billingt the retrieval point at HS. Let,: be the total calling time
status report while keeping the signaling traffic due to thaf these outstanding calls, and let the arriving calls have the
on-line billing update in a certain tolerable level. expected call holding timé/.:.. Then the expected number of

II. THE BILLING CHECKPOINTING MODELS

i=0
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outstanding calls is given by

E[N,] = nf ke Pr[k].
k=0

Let ¢; denote the call holding time of an arriving call, then the

total calling time of outstanding calls is given by

N,
tiot = § t;-
=1

From Wald’s equation ([14]), we obtain
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It is observed that whem; is sufficiently small, i.e., the
roamer stays in that visited area for sufficiently long time,
the number of outstanding calls are equally probable, i.e.,
uniformly distributed. Indeed, we can easily show that

1 1
lim P k=~ lim P kl=—.
lig ProoFl=_  lim Prewk=_
We conjecture that this observation is valid for any nonlattice
distribution f (7).
When the VS residence time is exponentially distributed,
from Appendix | we obtain

Al A\
Eltu = EIEIN.] = EIN.]/p. s =31 (55) |
- vyt NG
Remark: If 1/ is interpreted as the average call hold- 1 —n< ) +(n— 1)<—>
ing times for possible fraudulent calls, then the maximum L At At _
fraudulent calling time iSE[t:]. A A\
Furthermore, if the VS residence tiniE has an Erlang Eltior] :77_ [1 - <)\_+77> }
distribution with the shape parameter and the scale pa- - 1 T
rametera = mn (and thus the variance of the distribution is 1— n( A ) +(n—1) <L) .
V = 1/my?), then the probabilityr(,, .,[k] of k-call out- I A+n A+n/) |

standing billing retrieval for Erlang [with parametefs:, «)]

VS residence time is derived in Appendix | as [see (21)] given
in the equation at the bottom of the page. Specifically from ti& Checkpointing Model Based on Real-Time Interval
derivations in Appendix | [see (22), (24), and (26)], we have In the previous section, we applied a threshold to the number

prott= (1) () T () ]
(a=mn)
oot ={ (522, () D ()
e o
Pr (3,0 (k] ()\T’;C;;g
x{n2<)\+%>n{l+<)\j\—a>n}

A

+ n(2k+3)<ﬁ)\a>n[1 - <A+aﬂ N
+ (k+2)(k+1)[1— < A ﬂ_l}

A+
=+ Pr(2704) [k'], (Oé = 377).

(8%

1)

of calls in the update of billing status. This approach may
have a disadvantage when the call holding times are long. For
example, when a fraudulent user, using another customer’s
identification, makes a call to a 900 number in the United
States, the call holding time tends to be quite long. During a
typical billing period, the number of such calls may not be
high, therefore, the previous strategy may not be appropriate.
One solution to overcome this is to use real-time interval
(threshold in time) for updating of billing record. In this
section, we analyze this strategy.

Assume now that the billing information is sent back to
the HS from the VS for everyl time units. As in the
previous section, we assume that the VS residence fime
has a nonlattice density functiof{7") with Laplace transform
f*(s) and with expected residence tirbg¢n. Let F(T') be its
distribution function. Let be the retrieval point. Let, denote
the outstanding time, i.e., the time between the retrieval point
and the last update instant. Since the customer billing record is
forwarded to the HS every time units,t, is distributed in the
interval[0, I]. Let ¢, have density functiorf,(z) (0 <z < T).
Then, from Appendix IIl, we have

fol@) =n ) [L = FGI +a)].

=0

1=

X fin+k+m—1
Prrnoz[k]: ; n m—1
() —

7

)\in+karnfl
) ()\ + a)in—l—k—l—rn

+ Pr(m_lﬂ)[k'], form>1

form =20
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Fig. 2. Time diagram for checkpointing model based on real-time interval.

Suppose thaf*(s) has only isolated singular points. Le}, In particular, whenm = 1, i.e., the VS residence time is
denote the set of poles ¢f(s). Let Res,, denote the residue exponentially distributed with parametgr we have
operator at the pole = p ([6]). From Appendix Ill, f,(z) can

be expressed as follows: _ e
P Jol@) = 1—e
I
f*(s)e BN,y =2 L= 4nDhe™
fo(x) = —np; ReSSzpm. (2) ( 0) n 1 _ C,n[ .
i A 1= +nl)e™
Blt) = o = (8)

Let IV, be the number of outstanding calls as defined in the

last section and..; the total calling time of outstanding calls,Wwhenm = 2, we have (Appendix Il) (9), given at the bottom
let 1/ denote the average call holding time of the outstanding the page. It is not difficult to show that wheris sufficiently

calls. We can obtain (Appendix Il1) small, the density functiorf,(x) for eitherm =1 orm = 2
approached /I, which implies that the outstanding time is
[14 (sI — 1)es1]f*(s) uniformly distributed when the roamer stays in the visited area
E[No] == Z Res,=p $3(1— el () for sufficiently long. We conjecture that this is true for any
PETy nonlattice distributed VS residence time.

An [1 4 (sI = De’]f*(s)
Eltior] = > Res.oy B — ) - (4) c. checkpointing Model Based on Number
Py of Calls and Real-Time Interval

h h id ) . | gistributed. si Another strategy is to use both the number of calls and
When the VS residence time is Erlang distributed, SImpl%al-time interval for updating billing record. The thresholds

analytic results can be obtained. For simplicity, let used in this casén and!) may be less restricted (larger) than
those in previous strategies. In this strategy, the billing record
o(siz) = e h(s) = 1+ (sl — 1)(351. update works as follows. Choose threshaldor the number
’ s(1—e’) $3(1 —e®T) of calls and threshold for the real-time interval. The billing
record at the VS keeps the records of both time, $aynd
Let « = mn, and then we obtain (Appendix I11) the number of calls, say,;. When a customer enters a visited
area, the billing record for it starts, and settitg= 0 and
nam gl n3 = 0, the clock fort; starts. If there are calls from or to
folx) = — m =1y Wg(s;w) (5) the customerps is incremented by one. Whenever eithgr
o™ e or ng reaches the threshold, the billing record is forwarded to
E(N,) = — n—'h(m—U(_a) (6) the HS at the same timg andns are reset to zeros and starts
(m—1)! over again if the customer is still in the VS area. The methods
E(tor) = — Ana™ AU (—q). (7) used in previous two sections can be modified to analyze the
(m— 1)l performance of this model.

_nl(1+2pz)(1 — e7?77) +2ple "],
Jo(w) = (1— 6—2771)2 ¢

ML= (14 2pD)e 2M[3(1 — e 21) + 2ple™2™] — (2n])*(1 — e~ 211)e= 20!

B, = ML= (4 20D i3 477(1)_12“)2 | - (2nD)%( Jo 21}y
ML= (1 + 20D 27|31 — e=217) + 2ple=7"] — (21)2(1 — =21 )27}
(1~ 2T )2

E(ttot ) - (9)
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D. How to Choose the Thresholds

In the above strategies, we need to determine how often
the customer’s billing record should be updated, i.e., how to

30
27 .

24 A

choose the thresholds, since if the billing record is forwarde}g. y - 1; p
from VS to the HS one by one in real time, the signalingﬁ%)J ! (TZF\] 15 dim=1
channel may be congested. ’ 3: irj@ ::’_3

To this end we assume that the call arrivals of a customer
have Poisson distribution with parameterand letr, 7o, - - - :
denote the interarrival times whose expected valug/is 0 1 S 0 ‘ [ ;

We consider the first strategy. In this strategy, the number of : : :
outstanding calls is related to the call arrival process. Suppose
that the billing system may tolerate the outstandingness of
time for a period off;, > 0, which is determined by the PCS
network design objective and the availability of the bandwidth

for signaling channel. Then the total time thatcall arrives  p, Prlk] 12
is given by (%) (%) 103 |
8§84 +:m=1
Lot =m1+T2+ 4Ty 6 iy
and we nee®[T.¢] < Tk, which is equivalent to f_ fim—3

n S )\Th.

So the threshold can be chosen as the integral part of the
positive number\T;,. Fig. 3. Effects ofm on Pr[k].
In the second strategy, the billing system will be tolerant of

a fixed number of outstanding calls. This is interpreted as tbarves form = 1, 2, and 3 (i.e., « = 71,2n, and 3n) and

probability of more than, say« calls in the interval oflengti  n = 5, 10, and A = 355, 301. That is, we consider the

is less than a preassigned number, $4y0 < 6 < 1). Suppose Erlang VS residence time® with the same mean /5, but

that there areV calls in the updating interval with length  different varianced /2, 1/(27?), and1/(3n?), respectively.

then the above criterion can be translated into the followingrhe figures indicate that the shape parameter (or the variance)
i e i of the Erlang VS residence times do not have significant effect

Pr(N>K)= > Pr(N=i)= > (/\i') ¢™™ <6 on the k-call outstanding probability. This result is true for

_ =K+l i=K+1 different n values and for large\ values. Figs. 4 and 5 plot
1.e., Pr[k] for different A values, wheren = 1 andn = 5 and 10,
K i respectively. These figures indicate that
OEDY %G—M >1-6. (10)

=0 Pr[k] >Prlk+1], for0<k<n-—1. (11)
Notice that sincdp(I)/dl) = —(AD)X/KDAe™ < 0 for
any I >0, sop(I) is a strictly decreasing function df Also, | ot p = \n be the call to mobility ratio. Whemp < 3n,
p(0) =1 andp(+o0) = 0, and then foran < § <1, we can p, 1 may significantly larger thar[k + 1]. On the other
always find solution for (10). For very smdﬂ,.(lo) is always hand, if p > n, thenPr[k] ~ Pr[k + 1]. This phenomenon is
true, but the small value faf may not be desirable due to they, sined as follows. In the peridfl, the last checkpointing
channel traffic intensity requirement. The best value would l?g performed when the roamer moves out of the VS, and

the largest! that satisfies (10). It is obvious that there is A0 more thamn call records are sent back to the HS. Thus
unique solution for this value, which is denoted By.. We if a billing retrieval falls in this last checkpointing period,

::nart]hCh?r?iff Tr ?max n :]he secc:{\hd strit(egy. Thﬁ thrr\?st?\/oldﬁ is likely to have a smallk-call outstanding observation.
c strategy can use either}, &), a conservative For the other “normal’r-checkpointing intervalsPz[%] tends

choice, or(J, n) from the previous two strategies based on ﬂ}% be uniformly distributed (because the billing retrieval is

value (T, K). a random observer). Whep > n, the end effect of the
last checkpointing interval becomes insignificant dhdk] ~
Hl. TLLUSTRATIVE EXAMPLES Pr[k + 1]. On the other hand, whemis not much larger than
We first consider the model based on the number of out- the end effect results in larger[%] for a small k. Note
standing calls. Based on (1), Fig. 3 illustrates the effect tiat the situations of sma}i are often observed in the existing
the Erlang shape parameter on the k-call outstanding system [1], and the end effect cannot be ignored. Suppose that
probability Pr(,,, .[%]. In the figures, the mean VS residenceheckpointing is performed for every phone calls (i.e., the
time is E[I] = (1/n). E[T] can be several hours, days, ocheckpointing interval is:). Define 6, ,, as the probability
months. For simplicity, the call arrival ratk is normalized that the retrieval is less thatcall outstanding andv,, as the
by n in our numerical examples. Each figure plots thdk] number of checkpointing operations performed durifigin
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Fig. 4. Effects ofA on Pr[k] (n = 5). Fig. 5. Effects ofA on Pr[k] (n = 10).

cellular network engineering, maximizig ,, and minimizing the average VS residence tim¢y for the case when the

N,, are two conflict goals. VS residence time is exponentially distributed. As in the
It is easy to derive that previous case, the density function is a decreasing function
of time elapsed from the last updating. When the roamer

A\ A A\t stays sufficiently long at that visited area, the outstanding time

Orn = l - <)\—+77> ] [ - <)\—+77> } is uniformly distributed. When the roamer stays sufficiently

short at the visited area, the outstanding time is approximately
exponentially distributed.
Fig. 9 shows the expected number of outstanding calls
N e —1 for different call arrival rateh. As expected, the expected
E[N,] = <L> [1 B <L> } number of outstanding calls is decreasingrais increasing,
A+n A+n which implies that the shorter the roamer stays, the fewer the
outstanding calls. The expected number of outstanding calls is
formm = 1. Figs. 6 and 7 plo#, ,, and E[N,,] for p = 5 and also decreasing as the call arrival ratés decreasing, i.e., the
45, respectively. From these two figures, several engineerifegver the arrival calls, the fewer the outstanding calls. These
guestions can be answered. For example, whes 5, if observations are consistent with our intuition.
n is changed from 12 to 8, thefy ,, is increased by 16% Fig. 10 shows the density function of outstanding time is
and E[N, ] is increased by 130%. With appropriate weightingot much affected by the variance of the VS residence time
factors specific to the network under study, one can use ftfwehich is uniquely determined by).
above data to determine whether it is beneficial to change
from 12 to 8. Note that, ,, is more sensitive to the change
of n whenp is large than whemp is small. On the other hand,
E[N,] is more sensitive to the change @fwhen p is small This paper has proposed a number of strategies for ex-
than whenp is large. Wherp = 45, if n is changed from 12 pediting billing record updates in the PCS networks. These
to 8, thend, ,, is increased by 44%, anH[V, ] is increased strategies have been designed as a compromise between the
by 57%. Thus, it is more cost effective to decreasehenp requirements of traffic for network signaling and the timeliness
is large than whemp is small. of the roamer’s billing record (i.e., the accuracy of the billing
Next, we consider the billing model based on the real-timieformation) at the HS. Performance analysis was performed
interval. Fig. 8 illustrates the density function for differenfor all proposed strategies and was shown to be useful in

for m = 1. From (27) in Appendix Il

IV. CONCLUSIONS
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optimizing the strategies performance by proper setting Bfom (12), (13) is rewritten as
timing thresholds to balance control traffic overhead and the

usefulness of the billing process. We therefore believe that = (= A)intE
the results presented here can be used in the future design of Prlk Z (in + 0!
billing systems for PCS networks. =0 ‘
{ dintk < ) Jqintk |:f*(3):|}
zn-l—k dsin-l—k s s
APPENDIX | oo Ajintk
Consider Fig. 1. Assume thaf’ has a general den- Z (in +k [A — B]|s=a (14)
sity function f(7°) with the Laplace transformf*(s) = i=0
72 f(Te™*T 4T and the meanE[T] = 1/n. Let the
calls to the roamer be a Poisson process with arrival katewhere
and the billing retrieval point be a random observer. L@} ‘
andr*(s) be the density function and the Laplace transform A dmtk <1> _ (in+ k) (15)
of the intervalt in Fig. 1. If f(T') is nonlattice, then from the  dsintk S (—s)intRtt
residual life theorem [10] we have
oo and
N=n[ s and s =" 1) 02 |
et S _ dm-l-k |:f*(8):| (16)
The billing retrieval isk-call outstanding if there aré& = dsimth | s
in+k (0 < k<n,i > 0) call arrivals during the period.
Since the call arrivals during the periédre a Poisson process,For two functionsu(s) andv(s), we have
the k-call outstanding probabilityr[k] is expressed as
d"u(s)v(s)] <n> [d’u(s)} [d"’v(s)}
m-l—k —_— = . - -
Pr[k] = / (At) 7’(t) dt ds™ ]ZZ:O J ds? ds™—
t=0 4 (in + k
_ i )\”“f’“ /OO Fr (e d and lettingu(s) = (1/s) andv(s) = f*(s), (16) is rewritten as
pard (in + k)!

P (|l KCY

_ i zn-l—k dzn—l—kT*(S)
N (in —|— BV dstnth | =

7=0




FANG et al: BILLING STRATEGIES AND PERFORMANCE ANALYSIS FOR PCS NETWORKS 645

1 5 T T T T T T T

10

lambda=45"eta

Average number of checkpointing operation

\ lambda=5"eta
0 : s e ; ; .

4 6 8 10 12 14 16 18 20

Fig. 7. The effect ofn on E[N,] (m = 1).

From (14), (15), and (17), we have hence
zn+k+1 in+k Jore) .
n(— A . @A p
Pr{t] = Z e =3 Iy
3=
(in+ B SR fin+k L= =S TP
j=0 =0
J! dnTk=i £ (s) hence from (18), we obtain
’ (—s)itt dgintk—j - - ( v
s=A ] n _)\ J *()
S )\zn-l—k intk . . Pl[k] - X z_% Z J' f ’ ()\)
=5 (G ) - 3 (e i
— gintk+ = " oo (z+1)n+k (_)\)J '
4 . =32 G+n| > =YW | as)
. \intk dinth=d o (s) i=0 jminthtl I
(tn+k— j)lsitl dsintk—i
s=A Thus, we first expand thé¢*(s) at s = A as a Taylor series,
oo 1 | intk . using this to expresg* (0) as f*(0) = X2, «; andlthe|2 using
= 277 AN Z (=1 the sequencgc; } and (18) to computey; = E(f’m)_:z;l
=0 J=0 hence Pr[k] can be computed byr[k] = 222 (¢ + 1)w;. Th|s
\inHk— dinth=i f+ () algorithm i; numerica!ly easy 'to implemeqt. .
. { - - '} { p } For special VS residence time distributions, an analytical
(in+ k= j)! 5 N expression may be obtained. For example, if the VS residence
o itk i times have an Erlang distribution with the shape parameter
=Yy <l> _1 Z (—1) [)‘_@ FO0) and the scale parameter = mn, then
i=0 A o J: (at)m™—1 a \"
f) = ———ac™ and f*(s) = .
) 1_ Z ﬂf*(j)()\) ) (19)
A= = ! DenotePr,, ) [k] as the probabilityPr[k] when the Erlang

VS residence distribution has the shape parametemd the
From this, we can develop an algorithm to compute tlszale parameten. Substitute (19) in (18) and after careful
probability Pr[k]. Since f*(s) is an analytic function at = A, rearrangement using the combinatorial identity techniques
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Fig. 8. The density function of outstanding time for differept(m = 1).

[13], we have Since
oo m—1 . X .
+k+1 AntRgl >N dnma TR
ST 35 o] (CAFRt) e o inoan
; lz% ()\ + a) +k+14+1 ; ()\ 4 a)zn—l—k—l—?
(20) nna® A ’
Equation (20) can be presented in a recursive format as (21), - (A + a)k+2 ;Z K)\ + a)}

given at the bottom of the page. For = 1, we have
o0 77)\7‘,71,—1—1&‘

ol () - (=) T

Pr [k] =
(L) in+k
X () (a)
B 7 [ " T\ M+ a/ \ M+«
() {;K ) -
_(_m A [ <A+a> } Hald
A\ A +a/\ M +a and
(CY = 7’]) (22) o0 k‘ + 1 7’]06)\m+k
For m = 2, we have ; (A + q)inth+2
na(in + k 4+ )Xtk - k[ o0 nqé
Pres o — + Pro o)[K] (k + Dna
2ok Z (A + a)inth+2 (1,0 = o Z
oo =0
inna Tk ‘ L e 1
‘Z A+ ayin 2 _ [t DXl A
(A + a)k+2 A+a
(k+ Dnaxintk k1)
+Z Ot oy TPramlkl (23) N [%} Praolt:

o0 m—l—k—l—m—l )\zn+k m—1
_ >
Py K] = { i_on< T e b, form > (21)

form =20

7
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Fig. 9. The expected number of outstanding calls for different arrival fate= 1).

Equation (23) is rewritten as . A\
)\ n )\ nq—1 )\+CY
no
Pr [k]:{( )( - . w2
(22) A +a) O ta o A A
ek ) P G
kE+1
n [M} 1§ Prani (o =2p). N
Ata +(k+2)(k+1)[1—<)\+ )}
(24) “
Form = 3 + Pra o [K] (o = 3a). (26)
Pr(s.o k] = Z”(m +h+2)(in+k+1) When the VS residence time is exponentially distributed,
i Nintk o2 i.e., m = 1, we have
N P o
()\ + a)zn-l—k-l—?) ;
n—1
[ opaka? S E[N,] = kPr[k]
- &Ha)ﬂg} 2l o
1=0
) )\ nat _n—l< n >< )\ >k|:1—< )\ >n:|—1
+(2k—|—3)m+(k+2)(k+1)][<)\+a> } -3 () G o
Pr (s o [K]. 25 o
- ® )T )
Since N ( | = py py pye
2, sl +a) el o1
; YT ey N A
(25) is rewritten as k=1
nq—1
()]
Pramltl = ooy u A+
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Let $3[] be the probability that there arecheckpointing

operations duringl’. Then APPENDIX I
As before, lefl” be the VS residence time anthe the billing

Afi] = Z (A)imtk oM f(E) dt information retrieval time instant. Lef(¢) and F'(¢) be the

N (in + k density function and distribution function &f, respectively,

1 andf*(s) denotes its Laplace transform. Li€t) andr*(s) be
n— )\m-i—k 0o . . .

_ / #intk £($)emM gt the density function and Laplace transform of the interval
= (in+k)! Jiz Let I denote the updating interval, i.e., the billing information
nel o yindk Jint pr will be forwarded from the VS to HS every time units

_ +'(_1)in+k[T£I@} . whenever the roamer is still in that visited area. Using the
= (in + k)t ds™n s=A residual life theorem ([10]), we have

If f(¢) is exponentially distributed, then we have r(t) =n(l—F@)) and r*(s)= g(l — f*(s)). (28)
I N (A 5 Let ¢, denote the time during which the outstanding calls

Bl = ; (in + F)] O\ 4 )t may happen as shown in Fig. 2, i.e., the time between the
0 . . last updating instant, say/ and the checking point, so
_ 77)\771 n
T (A p)intt L:o <)\+77> to =t —4I =t(mod I)

[ < } [( ) } where (mod ) here means the residue moduloLet f,(¢)

A+ A+ andF,(t) denote the density function and distribution function
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of ¢,, respectively. Then for an§ < z < I, we have

649

outstanding calls are not available at the checking point), and

F,(t) =P1(t, < x) = Pr(t(mod I) < ) Lhen the probability that there akeoutstanding calls is given
o y
:Z Pr(t(mod I) < z,el <t < (i+ 1)I) Py(N, = k)
— o=k
=3 Pr(t—il < z,il <t < (i+1)I) = /0 Pr(N, = klt, = x)f.(z) dx
1=0 I k
% _ / o) e f ) e (31)
=3 Pr(il <t<il+z) o k!
= Following a similar procedure as in the derivation of (30), the

_ i /iil—l—ac 2 /zzl—i—a;(l _ ) a

so the density function of, is glven by

fola >=Z (il + ) —nZl—

=0
Suppose that the Laplace transform of the VS residence time
f*(s) has only isolated singular points in the open left-half
complex plane, let,, be the set of poles of*(s). Let o <0
be such real number such that all poles have real parts smaller
thano. It is obvious that*(s) and f*(s) have the same poles.
From the inverse Laplace transform formula and the Residue
Theorem ([6]), we have (the contour used in the Residue
Theorem is chosen to be the domain in the left-half plane

(iI + z)]. (29)

expected number of outstanding calls is given by

ZkPr

z/(

/0 Az fo(x) de = AE(t,)

)e_)‘w fo(z) ds

o T
:)\Z/ ar(il +z) dx
i=0"0

A g+joo T > ;
(s ze™” e | dr ds
0 () [ a3

joo 1=0
to the left of vertical IineRe( )=o) N fotieo I sz
. xe
(r—l—]oo = — T (3)/ d.’L' dS
Z / Jes(i1+2) g 275 Jo—joo o 1—eT
2y _ i /O'-I-]OO r(s)[(=1 + SI)CSI +1] i
1 fpotieo - 2705 Jo—joo s2(1 — 1)
= s) Z e’ e’ ds otjoo " sI
275 Jo—joo 5 _ A 11 = Fr =1+ sDe” +1]
1 g+joo T*(S)esx g 271'J o—joo 33(1 — CSI)
= — — as * sl
; , — s 1-— -1+ sl 1
27I'J 0._]?0 1 c T _)\77 Z ReSS=p( f (8)2[(1 —tf )6 + ]
_i o4joo 77(1 _ f+($))697‘ s pCay S ( —¢C )
T2 Jojoo (1 —eT) [1+ (sI = Des!]f*(s)
* ST =—Mn Ress= . (32)
LS e, B S S
- TPs(1 =)
pear . Let t1,to,---, %k, - - - be the call holding times of the roamer
— Z Res,—p—— 2 fr(s)e (30) and assume that this random sequence is independently iden-
pCoy s(1—e’) tically distributed with expected valug/u. Then the total

where Res;—,, denotes the residue at the pale= p.

Assume that the call arrivals for the roamer is Poisson wi{
arrival ratex. Let NV, denote the number of outstanding calls
(the number of calls arriving after the last billing update instant
and before the retrieval point, the billing records of these

outstanding calling time (the summation of total calling times
olf all outstanding calls) is given by

(33)

N
tiot = 5 t;.
=1

E(N,) = —=An(2n)*h™ (—2n)
ML - @+ 20De2[3(1 — e 210) + 2ple 2] — (201)%(1 — ¢ 21T)e 20T}
B 477(1 _ 6—2771)2 .
E(tior) = ML= (14 20De™ 7 |[3(1 — e™217) + 2nle>""] — (201)*(1 — 6_277’)6_277’}.

gt = =)
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From Wald’'s equation [14], we obtain the expected totals] Y. B. Lin and I. Chlamtac, “Heterogeneous personal communications

Outstanding time is given by services,” [EEE Communications Mag.vol. 34, pp. 106-113, Sept.
1996.
E(twor) = E(N,)E(t;) [9] Y. B. Lin, “Signaling system number 7,” to be published.
oI ra [10] I. Mitrani, Modeling of Computer and Communication Systen@am-
_ An R [1 + (SI - 1)6 ]f (3) 34 bridge, U.K.: Cambridge Univ. Press, 1987.
= Z €Ss5=p $3(1— e - (34) [11] S.H. Moran, “Cellular companies to expense up to $1.2 billion on billing
H pCoyp and customer care in 1996Billing World, pp. 12-16, Mar./Apr. 1996.
. . [12] A. R. Noerpel, L. F. Chang, and Y. B. Lin, “Polling deregistration for
For 5|mpI|C|ty, let unlicensed PCS,IEEE J. Select. Areas Communwol. 14, no. 4, pp.
5T 14 (sI —1)e?! 728-734, 1996.
a(s57) = —— h(s) = —%-——~— (35) [13] J. RiordanCombinatorial Identities New York: Wiley, 1968.
s(1—esl) $3(1 — esT) [14] S. M. Ross,Introduction to Probability Models5th ed. New York:

If the VS residence times have an Erlang distribution with the ~Academic, 1993.
shape parameter. and the scale parameter= m, then

fr(s) = (jfa)
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