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Abstract—Actual call connection time (ACCT) is the total time  of such networks, ongoing call connections may be disrupted or
that a mobile user engages in communications over a wireless net-dropped, leading detrimental effect on customer satisfaction. In
work during a call connection. Due to limited network resources  order to address this issue, it seems a good idea to apply different
of wireless mobile networks, a call connection may be prematurely o ing rates to the complete call connections and incomplete
disconnected and the ACCT for the call in general may not be the I . h h call ) :
same as the requested call connection time (RCCT). The AccT ¢all connections([8], [17]). Thus, the actual call connection time
depends not only on the RCCT, but also on the network resource (ACCT), the time a mobile user actually uses the network ser-
allocation scheme and network traffic. In this paper, we charac- vices during a call connection, and the ACCT for both incom-
terize the ACCT and related performance metrics for wireless mo-  plete call connections and complete call connections will be im-
bile networks under a newly proposed general channel allocation portant quantities for such design of billing schemes.
scheme. This scheme generalizes the nonprioritized scheme, the re- Wireless networks such as personal communication service
served channel scheme, the queueing priority scheme and the sub- PCS ks h h p lated with
rating scheme in such a way as to reduce the blocking probability ( ) neMor S _ave t e_serVIce Coveragg are_a popu at_e wit
of the handoff calls while keeping the ACCT as long as possible. base stations, which are mterc'onn'ected with either public tele-
Explicit formulae for the distribution and the expectation of the phone networks or packet switching networks, the backbone
ACCT are obtained. The call completion probability, the call drop  networks for providing services to mobile users. Each base sta-
probability, and the average actual call connection times for both jon, js responsible for relaying service to mobile users inits area,
the complete calls and the incomplete calls are derived. The results called acell. In each cell. there are usually two classes of call
can form the basis for designing better billing rate schemes by dif- fic: ’ I dh ,d f calls. A y lis th I
ferentiating incomplete calls and complete calls. traific: new calls and handoff calls. A new call Is the call con-

S _ - nection which initiates in the current cell, while a handoff call is
Ca'lFg%’;;?g;“;;ﬁgﬁ‘iﬁ:ycﬂ;‘;]‘égrf‘feﬁ'g&ﬁg%g{;’gﬁg%gggig'&tg‘ the call connection which initiates in another cell and is handed
fion service, wireless networks. over to the current cell. When.a new call erg!nates |n'the cur-

rent cell, if an unused channel is available, it will be assigned for
the communication between the mobile user and the base station
|. INTRODUCTION and a new call is accepted for service. If a channel cannot be as-
igned to the new call, based on the channel allocation scheme,

to provide a wide variety of services such as voice, data NeW call may be blocked and cleared from the system, in

and multimedia to users on the move. Mobile users can maWE'Ch case;he ACCT for t'hls.call s, therefore, zerWhen a .
a phone call as in wired telephony, or make a connection new call gains a channel, it will keep the channel either until it

retrieve information messages such as email or stock infor s,completed in the cell or until the mobile moves out of the cell

tion, even make a connection to surf the Internet, or to do bu e do not consider the channel reassignment in this paper). If

ness over the Internet (electronic commerce or mobile co e call is completed in the celipe ACCT is equal to the re-

merce). Due to the limited resources (time, frequency, and co S,t(?d call conn'ectllon tm(R.C_CT)_' If the ”_‘Ob."e user does
not finish the service in the originating cell, it will move out of

the cell and attempt to gain service (a channel) in another cell. If
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. Proposed GCAS state machine description.

technologies proposed for PCS systems operated around service, or it disconnects from the system because of the
2 GHz [20]. user’s impatience, or the mobile moves out of the current
Reserved Channel Scheme (RQ8)so called guard cell. If a handoff call finds all positions in the handoff
channel or cutoff priority scheme): In this scheme, queue are occupied when it comes, it will be forced to
m (0 < m < M) out of a total of M channels in each terminate and is cleared from the system.

cell are reserved for handoff calls. Thus, a new call can A state machine description of this proposed general channel
gain a free channel only if at least + 1 channels in the allocation scheme is given in Fig. 1.

cell are free. A handoff call will always gain a channel The purpose of our proposed scheme is to incorporate the
as long as there is any channel available. Notice thé&mmonly used schemes of NPS, RCS, QPS, and SRS in such a
only the number of channels, not individual channels, aigay as to cast the channel allocation scheme in a unified frame-
reserved. The overall effect of this scheme is that neork, thus, we can reduce the blocking probability of handoff
calls will be blocked if at leasp/ — m channels are in calls while keeping the ACCT as long as possible. Our focus
use, while handoff calls will always be served if there argf this paper is to find an unifying expression of the average
idle channels in the cell [18], [23]. ACCT for a call connection, for a complete call connection and
Queueing Priority Scheme (QR3Jew calls are blocked for an incomplete call connection, respectively, under the gen-
when there are no free channels available in the cell. Whepa| channel allocation scheme. Based on the average ACCT for
the handoff calls find that all channels are occupied, theycomplete call and an incomplete call, the operating companies
are queued according to various queueing disciplines aggh design more reasonable charging scheme as already shown
wait for an occupied channel to be released [20], [16]. in some of the co-authors’ work [8], [18]: incomplete calls are
Subrating Scheme (SR8) this scheme, certain channelsharged less for better customer care. Operating companies can,
are allowed to be temporarily divided into two channelgased on the ACCT for complete calls and incomplete calls, de-
at half of the original rate to accommodate handoff callgjgn a scheme to minimize the overall revenue loss while taking
This SRS will be activated when all channels are occupig@re of the customers’ satisfaction by charging complete calls
at the moment of a handover call arrival. When a subrateghher rate and incomplete call lower rate. Moreover, it is intu-
channel is released, it forms into an original full-rategive that the blocked handoff calls and the incomplete calls can
channel by combining with another subrated channel [1&ignificantly be reduced because the general channel allocation
[21]. scheme (GCAS) possesses all the advantages for the handoff

In this paper, we propose the following more general channgj|is in the four schemes. In fact, this is the main advantage of
allocation scheme, which combines the idea of a guard chanraﬁjr scheme if one compares it with other four schemes. Fur-

queueing and SRSs, which is described as follows.

1)

2)

3)

thermore, the ACCT of the new scheme tends to be longer than
Each cell consists df channels of ratékb/s and a buffer anyone obtained based on the four schemes because of more
with size of N for handoff calls onlyC (0 < ¢ < K) chances for handoff calls to gain access, due to incorporation
channels in each cell are reserved for handoff calls anfiqueueing and subrating ideas in our new scheme. In fact, the
each of them can be split into two channels with differemtew scheme are expected to include all advantages of the four
rates/; kb/s and, kb/s, respectively, when a handoff callschemes from viewpoint of billing strategies and the minimiza-
arrives and findsg (K < i < K + C) calls in the cell. tion of the blocked handoff calls. One disadvantage of this gen-
A new call will gain a full rate channel for service whereral scheme is that some interested results, such as ACCT for
it arrives and finds there are onlf0 < 7 < K — () calls any call, the ACCT for a complete call and for an incomplete
in the cell. Otherwise, the new call will be blocked andaall, may be too difficult to achieve analytically under more gen-
cleared from the system. eral assumptions on the cell traffic and holding time distribu-
A handoff call will also gain a full rate channel for servicdions due to the complicated operational structure of the channel
when it arrives and finds the total number of calls in thallocation scheme. This paper, however, is taking the first step to
cell is less thankK. However, if a handoff call finds all obtain the closed form results for the ACCT for a call, the ACCT
channels are busy upon its arrival and the number of sgiitr an incomplete call and a complete call. Itis our belief that our
channels in the cell is less thar, one of the full rate results can be used to develop enhanced billing schemes, which
channel will be split into two split channels, one keepinwill provide for increased satisfaction for the network service
the original call and the other one being assigned for tipeovider and the customers.

coming handoff call. If the number of split channelglls  This paper is organized as follows. In Section Il, we list
upon the handoff call’s arrival, the call will be placed orassumptions and notations used in this paper. We then present
hold until the time at which either it gains a channel foanalytical characterization of the ACCT in Section lll. The
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analysis for the ACCT for incomplete calls and complete calls  which the received power from the BS is at the minimum

are given in Section IV. In Section V, we present results for acceptable level [26]. The handoff area residence time
the cases when the call processes are independent call arrival is a random variable and usually also depends on the
processes, dependent call arrival processes, and the correlated mobile velocity and direction as well as the shape of the
call arrival processes, respectively. We conclude the paper in  cells. We use the mean of this variable to approximately
Section VI. produce an exponential time with same mean, which

is denoted byl /a. This time has the relationship with
the queueing time. In fact, based on our scheme, the

1. ASSUMPTION AND NOTATION . . . . . .
queueing time is the minimum of this variable and the

In this section, we provide a detailed description for GCAS patient time.
and notation we use in this paper. Relationships between this7) All random variables above are assumed to be indepen-
scheme and the previous schemes are also discussed. The basic dent each other.

assumption of the GCAS, except those already described i
Section |, are as follows.

1)

2)

3)

4)

5)

6)

Nt is worthwhile to point out that if the arrival processes of
the new calls and handoff calls are independent each other and
The wireless mobile network here is assumed to be hgre Poisson processes, our general scheme will reduce to some
mogeneous (see Remark 1 and paper [25]), i.e., the Wypular schemes as follows.

derlying processes and parameters for all cells within the
cellular networks are statistically identical.

Each cell consists ok channels and a buffer of sizg

for handoff calls onlyC (0 < C < K) channels in each
cell can be split into two channels with rateskb/s and
lo-kb/s, respectively, when a handoff call arrives and find _
i (K < i < K + C) calls in the cell. The original rate ~ * If ¢ = 0, the scheme is the same as the QPS.

for each channel iskb/s, which is the sum df -kb/s and * If hi = hy = h/2.andN = 0, the scheme becomes the
Io-Kbls. SRS

2

Each handoff call arriving at the cell and having to waitin Remark 1: The homogeneity assumption implies that the
the handoff area has a patience time. If the virtual waitingtructures of all cells within the PCS networks are statistically
time (i.e., the time which the handoff call would have tadentical. This is possible in the reality if the network areas are
wait until service) exceeds the patience time, the handaffmost similar, for example, if there are no high mountains,
call departs from the system and is lost by impatience. Tihe large lakes. Most performance studies in cellular networks
patience times of the handoff calls are assumed to be indg@mmonly invoke this assumption in order to obtain tractable
pendent and identically distributed (i.i.d.) with exponenanalytical results. This is particularly true for PCS networks be-
tial distribution and with an expectatidrid. See [1]-[4], cause the cell size is reduced significantly. The main technical
[12], and [27] for more application of the impatience phedifficulty for the nonhomogeneous case is the lack of realistic
nomena in various systems. modeling of the interactions of the call traffic among cells
The RCCT,H, of a call is defined as the call duration(particularly the neighboring cells). To the authors’ knowledge,
without forced termination. This time is also called th¢here is no good model for nonhomogeneous cellular networks
call holding time([6]) or theunencumbered session timén the current literature.

([23]). As usually [14], [21], itis assumed to be exponen- Remark 2: Since we are only handling call connection level
tially distributed with meari /h on the original channel performance, the requested call connection time corresponds to
with ratel-kb/sand exponentially distributed with meanthe regular call holding time in wired telephone systems for
1/h; (i = 1,2) on the split channels with rafg-kb/s voice services and session time for data services in computer
wheremax{hy, ho} < h < hy + ho. systems. The exponential model has been shown to appropriate
The cell residence tim&,, of each mobile is defined asfor call holding time in telephone systems in the past. In [24],
the interval that a mobile user stays in a cell and is alie authors also observed that some TCP session time, such as
sumed to be exponential distribution with ratdJsually, for remote login, is well modeled by exponential distribution.

it depends on the mobile velocity and direction as well ddoreover, we use the exponential assumption mostly because
the shape of the cells. Some reasons for assumptionsaaf want to derive analytical results as commonly done in the
the exponential distribution for RCCT and cell residenceurrent literature. The focus of this paper is not on whether these
time are listed in Remark 2. assumptions are appropriate or not. However, for more general
Handoff area has been defined as the area in which ttliscussions on the validity of such assumptions, please refer to
average received power level from the base station eme papers by one of the coauthors (see [6], [7], and references
between the handoff threshold level and the receivirerein). Under NPS and RCS schemes, the exponential distri-
threshold level [13]. Here, the handoff threshold is séfution has been extended to the more general model (such as
at the point where the power received from the BS dfyper-Erlang) for call performance evaluation ([5], [9], [18]).

a neighboring cell site has started to exceed the powerRemark 3: It is also noteworthy to point out that there is no
received from the current BS by a certain amount and/epecific assumption on the call arrival processes in the GCAS.
for a certain time and the receiver threshold is the point Rbtential processes such as independent call arrival processes,

e If C =0andN = 0, the scheme is the same as the NPS.

eIf C < K, N = 0,andh; = hy = h, the scheme
is equivalent to the RCS, in which the total number of
channels ina cell i3/ = K + C and number of reserved
channels for handoff calls is = 2C.
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dependent call arrival processes or correlated call processes cam ¢ (kK = 0,1,..., N —1): the interval from the epoch that
be used to model the cell traffic. the call arrives and find& + C + k calls already in the
cell, to the epoch that one of thié+ C + £ call leaves the
[ll. ACTUAL CALL CONNECTIONTIME (ACCT) cell.

» 7: the maximum queueing time of a handoff call in the
buffer, i.e., the minimum of the call's handoff area resi-
dence time and the call’s patience time in the buffer.

e b, (1=1,2,...,N + K + L) are given by the equation

at the bottom of the page, whefg = h +r, uy =

hy + ho + 2r andus = d + a. It is straightforward to

show thath; is in fact the departure rate when there are

calls in the cell.

Based on the exponential assumptions and a direct proba-

ilistic analysis, we know thap;, is exponentially distributed

The ACCT per call is the total time that the mobile user
spends in the network. It depends not only on the customer’s
requirement but also on the network structure (including the
channel schemes). It will be of great interest to know the distri-
bution of the ACCT as described in the introduction. In the past,
the ACCT has been studied for the cases when no queueing is
allowed [8], [9], [18]. In [18], this measure is called actual call
holding time for the RCS. We study the ACCT under the gen-
eral channel allocation scheme.

As we pointed out in the RCS [18], the ACCT cannot bB

greater than RCCT because there is no buffer in the cell. Hovv.v\"—th expectatior /by 1.c+« and thatr, the minimum of the pa-

ever, in the current general scheme, we observe that: 1) Hgia(?cetlme and the handoff area residence time, is also exponen-

ACCT can be greater than the RCCT and 2) the call may fa ly distributed and has an expected valyg.. Therefore, the

incomplete even if the ACCT is greater than the RCCT. Thegéggaigig%é:ag; handoff callis forced to terminate in a handoff

are possible because handoff calls can wait in the handoff af
during the handoff process and the actual call connection time CH+E+N o _
contains not only the time in service but also the possible waitingps = » ,  P(the arriving handoff call findg calls

time. j=0
Let P(X < ) denote the distribution function of the ACCT, in the cell and the call is finally forced to terminate
say X, of a typical call. We find this distribution can be clearly N-1
derived in terms of the unit step function. Based on the above =7Tk+c+n + Z T 1o+ P(T < o+ -+ &)
observation, if we introduce four evends By, Be, andC as: 7=0
« A:the new call is blocked; and means the event that the B P G+ Do
new call is not blocked:; =TK+C+N + Z TRCH T 3.1
« C: ACCT > RCCT and the call is a complete call; =0 e
* By: ACCT > RCCT and the call is an incomplete call; and the new call blocking probability is given by
e By: ACCT < RCCT (the call should be an incomplete K+C+N
call); _ -
we have Po J;, " (32)
P(X<z)=P(X <z, A)+P(X <z,A0C) where 7,, (7,) denotes the steady-state probability that an

+P(X < 2,ABy) + P(X < z, AB,). arriving handoff1 (new) call finds there are alreadycalls in
) _ the cell andzj;0 y; = 0. These probabilities closely depend
In order to characterizé”(X < z,A4), P(X < z,AC), on the arrival processes and their explicit results are given in
P(X <x,ABy), andP(X <z, AB,), we mustknow the new gection Vv for some cases. It is noteworthy to point out that
call blocking probability and the forced termination probabilithese two probabilities are usually not the same each other
For this purpose, we introduce the following notation and som@d are also not the same as the steady-state probability when
basic results. there aren calls in the cell. Some relations among these three
* po: the new call blocking probability, i.e., the probabilitysteady-state probabilities are included in Section V.
that a new call is blocked and cleared from the system inNow, we study the distribution of the ACCT. At first, it is
the originating cell due to the lack of an available channakadily shown that
* p¢:the probability that a handoff call is forced to terminate
ir{a handoff area, i.e., the probability that a handoff call is P(X <z,A) = pou(z) (3.3)
blocked and cleared from the system in the handoff areahereu(z) is anunit step functioni.e.,u(¢) is one ifz > 0 and
due to the possibilities that either the buffer being full or itgero otherwise.
waiting time in the buffer exceeding its maximum waiting Let H denote the generic form of the requested call connec-

time. tion time andR; denote the cell residence time when a mobile
i[L(), if 0 g 7 S K
bi: I(/l,o~|—(7:—[()(/l,1—,U,())7 |fK+1SZSK+C

Kuo+Cpr —po) + (i — K —Cpo, fK+C+1<i<K+C+N
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traverses theth cell during its call connection. Due to the i.i.d.W; based on the result in (3.7). We then find the simple closed

assumptionR; (z = 1,2,...) are i.i.d. random variables. Letexpressions for both of these two interested measures.

R denote its generic form. By a direct probability argument, we Based on the assumptions of the network, it is easily to know

have thatWy, W5, ...arei.i.d.random variables. LBt be its generic
form. By a direct probability argument, we have

P(X < z,AC) .
°° > — —_ ) > . . -
=(1 - po Z (1—ps)" P(W > ) kZ_OWkP(W > z|arriving handoff call finds
=0 il k calls in the handoff arga
x P H+ W, <x R, < H< Rk> (34) K+C-1
< kz;) kZO kzo = Z Ti + Tr+o4n | [ — u(x)]
el 1=0
P(X<:L‘./AB1 1—p0 Zl_pf N-1

+
™

K+C+iP(do+ o1+ -+ ¢ > )

n+1 j=0
<2Rk<H<ZRk+Wk) K+C—1
k=0 k=0 = < 7_TZ‘+’/'_FK+CJFN) [1—u($)]
1=0
+Ry41+ 741 < .T) (3.5) N-1
+ TK+C+j
and =0
d ’ bk ot b
B > X e UK+ COHIT
P(X < x,ABs)=(1—py Z (1—pp)" ; 120 1 brkt+cti — brtcoti
n (3.8)
x P <Z(Rk +Wi) + Bos1 + Ta41< % Therefore, the Laplace-Stieltjes transform of the probability dis-
. k=0 tribution of random variabl&V is given by
R+ W, R, nt1 < H +oo
;o( et We) + Bt 4 Tu ) w*(s):/ e~ dP(W < z)
- Js
(3.6) K+C—1
. - " = ) 7
whereWy, = Ry = 0, W; (i = 1,2,...,) is the actual waiting =
time of a handoff call in theth handoff area during its connec- N—1 j .
tion period, and-, is the handoff call's maximum queueing time + TR Ci ( K+C+j ) K ACAN
in the nth handoff area. jgo e g 5+ bryor Tt
Based on the results in (3.3), (3.4), (3.5), and (3.6), we obtain (3.9)
the distribution function for the ACCT as shown in (3.7) at the
bottom of the page. and the average actual waiting time of a handoff call in the
We are more interested in the closed expressions of the Llhgndoff area is given by
transform and also the expectation of the actual call connec- N-1 § _
tion time in the research. For this purpose, we first need to = Z TE+C+j (3.10)
know some properties of distribution of random waiting time =0 =0 brtcti

o0 n+1
P(X < ) :pgu(x)—I—(l—pg)Z(l —pg)" <H—I—ZWk < x; ZR" <HK ZRk>

n n+1
+ psP (Z(Rk +Wi)+ Roug1 + oy < Z Ry < H)
k=0 k=0

oo
=pou(z) + (1 — po) Zl—pf
n=0

—(h-‘,—'r)f (Tt)n . —(h—‘,—r)f (’I"t _
X/O —-P ZWk<x ¢ — ZWk+Tn+1<x t||dt. (3.7)

k=0
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Now, from results and (3.7), if we denote by(s) the L-S * The final category occurs when the new call is connected
transform of probability distribution of the ACCX, we have but is eventually forced to terminate. This implies that the
ACCT is greater than zero, and that:

a*(s) +(1— i 1 — the ACCT is greater than or equal to the RCCT, but the
—Po Po) — ps)" call is eventually forced to terminate during a handoff,
- +1 or
v ( ) — the ACCT is less than the RCCT.
r+h+s Based on above observation and the results in equations (3.4),
d+a , n+1 (3.5), and (3.6), we have the following results.
+py m (w*(s)) <m> ] e The prqpabl_llty that a call is complete (the call completion
probability) is
- (1 —po) B . )
O s — (L= pp ) (s) pc =P(AC) = lim P(X <, AC)
(d+a) oo n+1
h - . 3.11 )
|: +Tpfd+ T ( ) Z(l—PO)Z(l_Pf P(ZRk<H<ZRk)
n=0 k=0 k=0
From this result, it is readily to know that the expected ACCT (1 —po)h
E[X] is then given by - (4.13)
h+rpy
BIX] = I 1—a*(s)\ _ 1—po  Forincomplete calls, we have the following two situations.
[A]= ey S ~ h+rpy 1) The probability that a call is incomplete and the ac-
Dy tual call connection time is greater than or equal to
X [1 +r(1—pp)EW] + m} - (812 the requested call holding time is given by

Remark 4: From the above simple formulae in (3.11) and’! =P(AB) = IH_I,EOP(X <z, AB1)

(3.12), we can easily find the related results for the four
channel allocation schemes described in the introduction. =(1 — po pfz (1—pg)"

For example, if letN = 0 in the equation (3.12), we have 1n 0

EX = (1 —po/(h+rpys)). This is the same as that obtained ot "

for RCS( in [18{(whenh1f)): hs = h, by noticing that in this x P <Z R <H Z (Bre + W) + Rugr + T”“)
cased could be reasonably deemedas In fact, as for NPS =0

and SRS, the formulae of the average ACCT are the same as:(1 ~ po)py Z (1— py) ( >
that in RCS with a slightly modification of the expressions for

po andpy only based on different schemes. The formula of (d + a)[w*(h)]"

the average ACCT for the case of QPS, however, can not be [1 - m}

so simple as those in RCS, NPS and SRS. This formula can

directly be obtained from result in (3.12) by applyiég= 0. =(1—po)rpy [

1
h+7rpy
(d+a)

As we mentioned earlier, it is important to distinguish com- (dta+h)(h+r)=r(l=psw (h)]}
plete calls from incomplete calls. Due to such consideration, we 2) The probability that a call is incomplete and the ac-
are interested in the call completion probability, the call drop- tual call connection time is less than the requested
ping probability, and the actual call connections times for com- call holding time is given by
plete calls and incomplete calls.

IV. COMPLETE CALLS AND INCOMPLETECALLS (4.14)

pPr2 :P(ABQ) = lim P(X < .’1771432)

A. Probabilities
. . . =(1- 1—pg)"
Based on the relationship between the actual call connection (1= po)pys 2_%( 2
time and the requested call connection time of a new call, we can n
classify the actual call connection times into three categories. < P <Z(Rk + W) 4 Rug1 + Tngr < H)
» The first category occurs when the new call has failed to k=0

be connected. This means that the actual call connection s r \"H
time is zero. =(1—po)ps > _(1=ps)" <h n r)
» The second category occurs when the new call is con- n=0
nected and completed. This implies that: y {(d + a)[w*(h)]"}
— the call completes all necessary handoffs successfully; d+a+h
— the ACCT is greater than zero and is also greater than _ (1 —po)rps(d+a)

= . 4.15
or equal to the RCCT. (d+a+h)[h+7r—1r(1—psw*(h)] (4.15)
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Therefore, the probability that a call is incomplete is V. COMPUTATION OF PROBABILITIES pg AND py

(1= po)rpy We observe that.in order to g_pply our results, we need'to find
— (4.16) the new call blocking probability, and the forced termina-
h+rpy tion probability of a handoff calp ;. According to the results in
) o ] Section Ill, we know that these two probabilities are closely de-
Itis easy to see thaty + p; + pc = 1. This is consistent nendent on the steady state probabilities of number of the calls in
with the intuition that a new call may be blocked in the initiajhe cell when a handoff call and an new call arrive to the cell, re-
cell, or may be connected with the initial cell and ends with afhectively. Now, letr,, denote the steady state probability when
incomplete call ora complete call. Itis also noted that our resufere arey calls in the cell. It is straightforward to observe that
are the same as those in [20] for a specific scheme. in generalr,, # =, if the handoff arrival process is not Poisson
process and that in generg| # , if the new arrival process
B. Average £CTs for Complete Calls and Incomplete Calls is not Poisson process. To show this difference and to finally
ilgd the probabilitieg andpy, in this section, we present the
sults for cases when the call arrival processes are modeled by
e independent call Poisson arrival processes, the dependent
call arrival processes and the correlated call arrival processes,
respectively.

Pr=pn+pre=

The average actual call connection times for complete cai
and incomplete calls are of great interest. We determine anal
ical results for them in this section.

Let I denote the indicator function of the eveit that is,
Ip is equal to one ifD occurs and zero otherwise. L&t/
and X I g denote the actual call connection times for a comple

; . E Independent Call Arrival Processes
calland anincomplete call, respectively. From (3.4), the average P

ACCT for a complete call is given by In this case, the new calls and handoff calls are assumed as
Poisson arrival processes and are independent of each other. Ac-
o cording to the well-known Poisson arrivals see time averages
E[XIc]=(1-po) Y (1-ps)" (PASTA) result in queueing theory, we know that in this case
n=0 T, = T, = my, for all possiblen. Now, suppose that the new
N /oo {(t n nE[W])}Le—(h—l—r)tM di call arrival process is Poisson with rateand that the handoff
n! call arrival process is Poisson with raje By a direct proba-
(1 =po)h [+ 7(1 = py)] (4.17) bilistic analysis (Markov chain theory), we have the equation at
“(h+rpy)? T Pl : the bottom of the page, wheile = K + C + N and the first

equation at the bottom of the next page.
From (3.5) and (3.6), we obtain the average ACCT for an Therefore, from the results in (3.2) and (3.1), the new call

incomplete call blocking probability is given by
K+C+N
BIXI5] =(1 - po)ps (1 = py)" =3
B bo)Pr Z by =
n=0

o p(rt)ne=(htr)t 1 and the probability that a handoff call is forced to terminate in
X /0 —_— [t +nE[W]+ —} dt  a handoff area is given by

n! d+r
r?(1 - py) E[W] = (G +1)
=(1—po)ps [— — ) U+ D2
(h+rpg)? Py = Tr+C+N + jgo TK+C+ brtcotjt1
T T
+ + 4.18
@+ a)htrpy) T (it rpr} (4.18)

B. Dependent Call Arrival Processes

Notice that the result of average ACCT in (3.12) can also beIn some wireless networks, call arrival processes may be de-
obtained by substituting (4.17) and (4.18) into the expressipendent on the number of call connections in a cell [4], [19].

E[X]| = EXIg+ EXIc. In this caser,, andr, will be different from,,. Suppose that
( (7):\3:7?07 fo<n<K
%
<Z:§>Kn”*Kﬁo 7 fK+1<n<K+C
= = ) Kugt [ KnotiGum—po)]
_ (n+A>’1nd;KC?‘ro , FTK+C+1<n<L.

Kl T[Kpot+i(m—po)]  [[ [Kpo+C(ur—po)+sps]

\ j=1 s=1
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the new call arrival process is Poisson with rateand that the
handoff call arrival process is Poisson with rgtewhen there

aren calls in the cell. Using a similar argument as that in [19], .
we obtain the second equation at the bottom of the page, where n =

|

< i— 1+77L 1>

n=01:=1
K+C K +77
i—1 —1
£ 3 I (A=)
n= K-‘rlb 1
NK+j5-1
X
H <KN0+J (1 — Mo))
K+C+N K

+ Z H( i— 1+77L 1)

n=K+C+11i=1

xﬁ( TK+j—1
Ko + j(p1 —

e M0)>

n—K-C
% H < NK+C+s—1 >
= \Kpo+ C(uy — po) + sp2
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Similarly, the probability that a new call finds that there are
calls in the cell is
AnTn

K+N+C :
)\jﬂ'j

j=0
Therefore, from the results in (3.1) and (3.2), we obtain the
new call blocking probability is
K+N+C

2 AT
=K

Po= wintc

2 AT
§=0

and the probability that a handoff call is forced to terminate in
a handoff area is

Py =

N-1
(G+Dpe2
(TIA +CH+NTK+C+N + ZO NE+C+TK+C+i Tt oy i1
i=
K+N+C
N7

=0

Now, we consider the average number of handoff calls ovega correlated Call Arrival Processes

longer period of time, sag, when the system is in equilibrium.
We observe that the average number of handoff call arrivals i |s
n;m;6 and that the average number of handoff cal

ZK+N+C
j=0
finfjing n calls in the current cell ig,, 7, 0. Thus, the probability

that an arriving handoff call finds that there arealls in the cell
is

In this situation, we consider the MAP, which contains both
Rhase type renewal processes and correlated arrival streams,
such as the Markov modulated Poisson procei$giP), as spe-

cial cases. For the application of the MAP in the PCS networks,
please refer to [17] and the references therein. More precisely,
let D be the irreducible infinitesimal generator of an state

T = _ T Markov process. The sojourn time in state exponentially dis-
KJ%*CU'T tributed with parametek,, i = 1,2, ..., m. At the end of the
=0 17 sojourn time in staté three kinds of transitions may take place:
K
_ (n+ )"
WO_'E: iy
n=0
~ (n+ X)X
+ n—K .
n=K+1 Klug [T [Kpo + j(k1 — po)]
j=1
K+C+N n_ K
n Z (n+ N)EnpK
C n—K-C )
n=K+C+L K\l T [Kpo + j(m — po)]  TI [Kpo + Cpa — po) + spsa)]
i=1 s=1
(- ﬁ Xio14mio1 ifl<n<K
] o 7 -
K n—K
Aic1+nia NK+j—1 :
Tn = Woil;ll( ipo ) i (K;Lo+j(ﬂl—lto))’ FTK+1<n<K+C
K N +n C S n—K-C o
i—1 i—1 j NMK+C+s—1 H
7o ,.1:[1 ( o )11:[ (Kuoﬂ(/n uo)) 1:[1 (Kuo+C(ﬂ1—uo)+su2) , TE+C+1<n<L
\ 1= 7=1 s=
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1) with probability po(i, k), (¢ = 1,2,...,m,k # i), a
transition occurs to the state without any kinds of call
arrivals;

2) with probabilitypy (i, k), (k = 1,2,...,m), a transition
occurs to the statk, with a new call arrival,

3) with probabilitypg (i, k), (k = 1,2,...,m), a transition
occurs to the state, with a handoff call arrival.

Obviously, for each fixed, the sum of all probabilities above,

over all possible value of equals one, i.e.,

> polink) + > pnlik) + > puli k) = 1.

ki k=1 k=1
With this notation, if we denote the matricéy, Dy, andDg
by (Do)ii = =i, (Do)ik = Aipo(i, k), (Dn)i,j = Xipn (3, 5)
and(Dg);; = \ipu(i,j) fori # kandi,j,k =1,2,...,m,

then theMAP is a semi-Markovian arrival process with transi-

tion matrix

Qt) = /0 t eP%dy(Dy + Dy)
=(I = eP")(=Dg")(Dn + D).

Let a be the stationary probability vector of the generatir
i.e.,a satisfiesaD = 0 andae = 1 wheree is a column vector
of 1's. We obtain thaD = Dy+ D + D g and that the new call
arrival rate, say\y, of the MAP is \y = aDye and that the
handoff call arrival rate, sayg, of theMAPis Ay = aDge.
Denote by, (n 0,1,...,L;i 1,2,...,m)

the steady-state probability that there atecalls in the
cell and that the arrival process is in thth phase. Let

11 B:i = B1P2 ... Bn for matricesfs, . . ., B,, we find [17]:
i=1
T, = o H [Ai_l(—Cz)_l] n=12,...,L
=1
where
A = Dy+ Dy, f0<i<K-1
7\ Du, ifK<i<L-1
Doy, ifi=0
B Do — b;1, if1<i<K-1
T Y Do+ Dy)—bI, FTK<i<K+C+N-1
_bK+C+NI7 ifi=K+C+ N.

I is an unit matrix, anérg satisfiesroCy = 0 and

1 + Z H [A,i_l(—Ci)_l] e=1.

n=1:=1

TheC; (i = 0,1,..., L) are recursively determined ky; =
FEr, and

Cn = En+ Ap(—C1 1 )bnsa

o

(n=0,1,...,L—1).

Since the total handoff arrival rateasD ye and the new call

arrival rate isaD e, we know that the probability that an ar-

riving new call findsn calls in the cell is

w,Dne

=0,1,...,L

Tp =
aDNe
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and an arriving handoff call finds calls in the cell is

"))
TZH® o —01,..., L.

T, =
" aDHe

Therefore, from the results in (3.1) and (3.2), we obtain the
new call blocking probability is
<K+N+C

7rn> Dye
n=K

aDNe
and the probability that a handoff call is forced to terminate in
a handoff area is

Po =

N-1

. G2

<7FK+C+NDH6 + 2] 7|'K+C+]DHem
j=

br= aDHe ’

VI. CONCLUSION

In this paper, we analytically characterize the actual call
connection time and related performance metrics for wireless
mobile networks under a newly proposed general channel
allocation scheme. Explicit formulae for the distribution and
the expectation of the ACCT are obtained. The call completion
probability, the call drop probability and the average actual
call connection times for both complete calls and incomplete
calls are also derived. With the analytical results for actual call
connection times, billing rate planning schemes for wireless
network services can be evaluated and designed. More impor-
tantly, the analytical techniques developed in this paper may be
useful for performance analysis of other telecommunications
systems.
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