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Performance Analysis of Microcellization for
Supporting Two Mobility Classes in Cellular
Wireless Networks

Krishnan Maheshwari and Anurag Kumar

Abstract—We study the call blocking performance obtained by andslow. A call that originates at or terminates on a slow mobile
microcellizing a macrocell network. Each macrocell is partitioned  (henceforth referred to astow call) is allocated to a channel in
into microcells, and some of the channels originally allocated to the the microcell in which the mobile is currently located, whereas a

macrocell are assigned to the microlayer cells according to a reusef t callis all ted t I It b ted that. with
pattern. The arriving calls are classified asfast or slow fast calls astcallis allocated to a macrocell. [t can be expecte at, wi

are always assigned only to macrocell channels, whereas for S|0Wappropriatg engirjeering of such a system, more traffiC can be
calls a microcell channel is first sought. Slow calls may be allowed handled, with a given number of channels and a required grade
to overflowto the macrolayer, but may berepackedto vacated mi-  of service, while limiting the increase of signaling traffic on the

crocell_channels. Calls cam:hange_theirmobility_class during acon- nanwork. See [1], [3], [9], and [22] for further discussions of
versation. We develop an approximate analysis for computing the h it lul twork hitect

slow and fast call blocking probabilities in such a system. We adopt such mu '_ Ier ce _uar_ne or_ archi eg ures.
the technique of analyzing an isolated macrocell with the Poisson  The main contribution of this paper is to develop an approx-

arrival assumption and then iterating on the stationary analysis imate analysis for calculating the probabilities of call blocking
of the isolated macrocell to obtain stationary results for the mul- in a model of a microcellular network; the analysis is verified
ticell system. Simple, but accurate approximations are developed p, gimyations of the multicell model. The scenario that we are
for analyzing the isolated macrocell and its associated microcells. s - -
The analyses based on the approximate isolated cell model are val-cONcermned with is that there is a macrocellular network, with a
idated againstsimulations of a multicell model given frequency allocation to each cell. Each macrocell is then
. . microcellizedand the original frequencies assigned to each cell
Index Terms—Fast and slow mobiles, macrocells, microcells, o . -
repacking, TDM cellular wireless networks, traffic engineering of are partitioned between the microcells ahd the original .macrlo-
TDM cellular networks. cellr A call that is handled by a channel in a macrocell is said
to be in themacrolayerwhile a call that is handled by a channel
in a microcell is said to be in theicrolayer.
For the purpose of this study, we assume that a speed
N CELLULAR wireless mobile telephony systems, a dethreshold, used for classifying the mobiles, has been deter-
crease in the size of the cells allows more frequency reuséned. A call is identified as fast or slow by the cellular
in a given area. With the decrease in size of the cells, howeveystem. Approaches for carrying out such classification are
there is an increase in the number of cell boundaries that a npseposed in [10], [13], and [22]; we assume, as in [9], that such
bile unit crosses. These boundary crossings stimulate handefgssification has already been done on call arrival. A fast call
and location tracking operations. Thus, the signaling capacigyallocated to a macrolayer channel in the macrocell that it is
of the signaling processors (in the base stations and the motiiieated, and a call that is identified as slow is allocated to a
switching centers) can limit the call handling capacity of a ceficrolayer channel in the microcell that it is located. A call is
lular system as the cell size is decreased. These issues areld@ggked in a layer if all the channels in that layer are occupied.
cussed in [7]. A slow call that is blocked in the microlayer is attempted to be
One way of controling the increase of signaling traffic, whil@ssigned a channel in the macrolayer. These calls are said to
deriving the frequency reuse advantage of smaller cells, isagerflowfrom the microlayer to the macrolayer. A slow call is
consider a cellularngacrocellulay network and subdivide the thus blocked in the system only if channels in both the macro-
large cells into smallemicrocells(see [14]). Radio channels arecell and the microcell (in which it is located) are occupied.
allocated to macrocells and to microcells. Each mobile call /s fast call is blocked if all the channels in the macrocell to
then classified as belonging to one of two mobility clasézst, which it belongs are occupied. Overflow of slow calls to the
macrolayer may give them undue advantage over the fast calls;
to reduce this advantage, one possibility is that if there are slow
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In reality, mobiles do not move with constant speeds. A speatytical approximations are presented without validating simu-
change occurs when a mobile moves from a more crowded al&#on results.
to a less crowded area or if a mobile encounters a traffic signal.n [22], a procedure for identifying the mobility class of a call
This aspect is also included in our model by allowing calls tf.e., fast call or slow call) is proposed. A mobile determines
undergamobility changei.e., a fast call can become a slow callts mobility based on its microcell sojourn time. This informa-
and vice versa. tion is used to determine the base station (at the macrocell or at

We make the standard stochastic assumptions; i.e., Poisgmmicrocell) which will handle the call during origination or
new call arrivals, exponential channel holding times, arftandoff of the call. A similar approach for identifying fast calls
exponential cell sojourn times. While the entire multicellulais proposed in [13], and in addition analysis of grade-of-service
system can be characterized by a Markov process with maeydone for a two-layer system. The latter paper, however, does
dimensions and a complex state space, obtaining performanog consider slow call repacking and mobility changes. Also,
measures directly from this characterization is an intractatidely analytical results are presented.
problem. Our approximate analysis approach is an extension ofrhe remainder of the paper is organized as follows. In Sec-
the iterative technique that has been used in the past for madion 1, we describe the model, list the notation used, and de-
cellular networks (see, for example, [5], [8], [9], and [16])fine the performance measures. An approximate analysis for this
Each cell is analyzed in isolation, assuming Poisson processesdel is developed in Section Ill. In Section IV, we provide nu-
for handoff arrivals into the cell. Blocking probabilities frommerical results that show how accurate the analysis is in com-
this analysis yield handoff arrival rates for the next iteratiomarison with simulations of the model. The conclusions and an
These iterations are continued until an appropriate convergecgline of further work are presented in Section V.
criterion is met. The main effort in adapting this standard
approach to our problem is the isolated macrocell analysis, ||, THe MoDEL, NOTATION, AND TERMINOLOGY
especially when overflows, repacking, and mobility changes i i ,
are introduced. We develop approximations for these analysesHandovers, Repacking, and Signaling
and show that the numerical results obtained compare favorablyVe define a handoff (or handover) as any event that causes
with those obtained from a detailed simulation. Whereas thige system to seek a new channel for an existing call in the
analysis is based on iterative calculations on an isolated cell, 8ystem. Handoffs occur due to cell boundary crossings (i.e.,
simulation is of a multimacrocell system and actually simulates“radio—reasoi handoff), mobility changes, or repacking. A
call handovers between cells, slow call overflow and repackimgdio—reason handoff occurs whenever a slow call crosses a mi-
between macrocells and microcells, and mobility changes. crocell boundary, or a fast call crosses a macrocell boundary.

Related work on this problem has appeared in [4], [5], [9], When a fast call changes mobility to become a slow call, an
[10], [13], [21], and [22]. In [21], a cellular system model withattemptis made to assignitto a channel in the microcell in which
call overflow and repacking between two layers of overlappirigis located. If this attempt fails, then the call is retained in the
cells is considered. There are no call mobility considerationsimacrolayer. When a slow call in the microlayer changes mo-
this paper. The technique is based on the observation that, witlity, an attempt is made to assign it to a channel in the macro-
repacking, the underlying Markov chain is equivalent to that ddiyer. If this attempt fails, the call is not retained in the micro-
a certain circuit switched network. The Erlang fixed point apayer, but is dropped. If this call is retained in the microlayer, it
proach is used to approximately analyze this network. The apill encounter a large number of cell boundary crossings. This
proach, however, leads to a number of “link” constraints that is not desirable since, after adding substantially to the signaling
exponential in the number of cells. The accuracy of the resuttsffic, it is very likely to get dropped anyway. No harm is done
is found to vary from 15% to 40% depending on the number bf/ dropping the call provided the overall call dropping prob-
channels. In [9], a hierarchical model with three layers is considbility is better than the operator's promised grade-of-service
ered; there are two call classes, and calls can overflow to higlisay, e.g., 0.1%). Channel reservation for fast calls in the macro-
layers. Overflow processes are modeled as interrupted Poiskgyrer can be used to control this dropping probability. We have
processes (IPP’s) and are not repacked. Mobility changes aremattconsidered channel reservation in this paper, but see [19].
considered, and no simulation results are provided. In [4], threelf a slow call in the macrolayer moves across a microcell
types of calls are considered in a single cell with a two-tier aboundary, then an attempt is always made to hand the call over
chitecture. The types of calls are classified on the basis of th&ra microcell channel. If there is no such channel, then the slow
access to the different tiers. The model does not include haall is retained in the macrolayer.
dovers or repacking. In [5] and [10], a nonhomogenous systemHandovers are also caused by the repacking of slow calls oc-
(cell sizes are different, arrival rates vary from cell to cell, acupying macrolayer channels; i.e., slow calls that are assigned
bitrary routing between cells, and a general overlap structurkannels in the macrolayer are moved back to the microlayer
between layers) is analyzed by iterating all the cells togethen availability of channels in their respective microcells. Chan-
In [5], the overflow processes between layers are modeled ibgls in the macrolayer are thus freed up. Note that the repacking
using two moments, whereas in [10] the composite overfloaf a slow call in this way is triggered by a slow call depar-
processes are approximated as Poisson. In [10], calls are ideine from a microcell; a slow call in the macrolayer does not
tified as being fast or slow depending on their sojourn time imeed to constantly monitor the occupancy of its microcell. Thus,
a cell; a call identified as fast is handed over to a higher laysiow calls are handled in a macrocell only when their corre-
macrocell. These papers do not consider repacking, and only spending microcell is fully occupied. This increases the capacity
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of the system, but additional signaling will be incurred due to the [ll. ANALYSIS OF THE MODEL
channel reassignments. . .

Channel reassignments and handoffs cause signaling trafﬁc,The Approximate Analysis Approach
and, hence, load the call processing systems. The set of eveniBhere areM cells, indexed by € {1,2,---, M}, and celk
that contribute to the signaling traffic are new call arrivals, ceflasm, microcells, indexed by € {1,2,---,m;}. We define
boundary crossings, mobility changes, and repacking. the following stochastic processes for 0.

Forl <4 < M, define:

B. Model Parameters and Notation X@(t)  number of fast calls in the macrolayer of c&ll

New call arrival processes for the various macrocells are ifi”(¢)  number of slow calls in the macrolayer of cell
dependent Poisson processes. Each arrival into a macroceand for1 <j <m,
fast or slow with a certain probability. The probability that arY ( ) number of slow calls in thenacrolayerof cell : that

arriving call is fast or slow may be different in different macro- are located (at time) in microcell (¢, ); [of course,
cells. A call arriving to a macrocell is assumed to be located in YO(t) = 37 Yj(z)(t)];

a particular microcell within the macrocell with a certain probZ(Z)(t) number of slow calls in thenicrolayerthat are lo-
ability. The conversation time for a call and a mobile's sojourn’ cated (at time) in microcell (i, 5)

time in a cell are assumed to be exponentially distributed. Fying denote by
thermore, the intervals at which a mobile changes its mobility
are also assumed to be exponentially distributed. In practice, ‘ ‘
these intervals will include the time to reliably detect the mo- £ (¢) = (X(i)(t), ((Yj(z)(t), z (t)) 1<j< mz)) .
bility change.
Macrocells are numbered and are indexed by integerswith our stochastic assumptions (Poisson new call arrivals,
{1,2,---}. There arem, microcells in theith macrocell. The exponentially distributed channel holding times, exponentially
microcells in theith macrocell are numbered using doubléistributed cell sojourn times, and Markovian call routing be-

indexes(4, j), 1 < j < m;. Define: tween cells), the stochastic proce$s‘(¢),1 < < M), t >
0} is a Markov process. The number of calls in each layer is re-
N; number of channels assigned to macrogeih the stricted by the total number of available channels in that layer.
macrolayer; Hence, we have afinite state space for this process. For finite and
N j number of channels assigned to microge macro- positive values of all the rate parameters, this Markov process is
cell 4; irreducible and hence positive recurrent; thus, a stationary distri-
A; total arrival rate of new calls (fast and slow) in macrobution exists. In principle, the stationary blocking and dropping
cell ¢; probabilities can be obtained from this stationary distribution.
¢i probability that a new call in macrocelis a fast call; Owing to the several special features of this model (handoffs,
Wi ; probability that a call originating in macrocellis  overflows, repacking, and mobility change), the stationary dis-
physically located in microcell; tribution does not have a “product form.” Furthermore, owing to

pt mean conversation time of a call in the systéaken the large size of the state space, direct numerical computation
to be one always; thus, all times are normalized to thig intractable. Consequently, we resort to an approximate anal-

mean call duration ysis technique similar to the one adopted by several previous
o} mean sojourn time of a slow call in the microcgllj); researchers in this area (for example, [8] and [16]).
»ot mean sojourn time of a fast call in the macrocell The process in the cell i.e., {¢@(¢)}, is analyzed in iso-
r rate of change of mobility of fast calls; lation, assuming that the arrival process of handoffs from the
~ rate of change of mobility of slow calls. neighboring cells is Poisson. This is done for every cell, and,

The mobility change model is to be understood as follows: a caking the intercell routing probabilities, handoff rates between
that is now a slow call will become a fast call after arandom tintae various cells are obtained. The isolated cell analyses are re-
that is exponentially distributed with medr(y, provided, of peated with these new handoff rates. This iterative process is
course, that the conversation lasts that long. We further defingegun with some initial value of handoff rates entering each

R probability that a call leaving macrocell enters cell (e.g., zero rates). If this iterative calculation converges (as
macrocellk; it does in all the cases that we have studied), then the limiting

7:,5).(k,p) Probability that a call leaving microcei, j) enters  probability distribution provided by the iteration at tfté cell
microcell (k,1). is taken to be the stationary distribution of thth marginal of

Performance Measures: In this paper, we analyze thethe procesq¢@(t),1 < i < M}. Since new call arrivals are
models to obtain thaew call blocking probabilitfor each call Poisson, this yields an approximation for the new call blocking
class (i.e., slow or fast); i.e., the probability that a new call gfrobability.
that class is blocked on arrival to the system. We denote theln this paper, we: 1) develop the isolated cell analysis
blocking probabilities byB:,s¢ and Bg.,,. Other performance with Poisson arrivals, with macrocells, microcells, repacking
measures of interest would be: handoff blocking probabilitieand mobility changes and 2) examine the accuracy of this
call dropping probabilities, and the system signaling rate fapproximate analysis procedure for a homogeneous cellular
setting up new calls and handling handoffs. network (i.e., all cells are identical, having the same number
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of microcells, arrival rate, mean call holding time, and sojouraff to the microlayer when they cross a microcell boundary, we
time, and also the same number of channels in the macrolakieve

and microlayer). Such a homogenous model can be used to

model the central cells in a large array of cells in which the vn=EZ)+ =)o 4)
nonhomogeneity is only in the boundary cells. Note that the m

models analyzed in [9] and [13] are also homogenous. )
Also, slow calls from any of then microcells of a macrocell

B. Additional Notation for the Analysis of an Isolated Cell may become fast calls at raje Therefore

in the Homogeneous Model

For the homogeneous model, in the stationary regime, we Am =mE(Z). (5)
drop the superscrigt) from the various notations. We denote__ . _ _ o
the stationary marginal random variable K ) (¢)} by X Since all the microcells in a cell are considered to be identical,

for {Y@(#)} by Y, for {Y(#)} by Y;, and that for{ 20 (1)} @ fast call in the macrocell is located in any one of the micro-

by Z;. Also, for the hdrﬁogeheousjc’ase, the notation in Segells with probabilityl /m. E(X)I'is the rate at which fast calls

tion IJI—B yields N; = N, n; ; = n, m; =m, Ai = A, ¢ = ¢ in the macrolayer generate slow calls due to mobility change.
T y Tbg,g — 1oy (i y 4y — » Ve — ¥

Wi,5 = (1/m), 04,5 = O, Ez = 3. Hence
Define\, = arrival rate of new fast calls in a macrocell; these B(X)
are serviced in the macrolayer (thus, = A¢); \;, = arrival Pm = TD (6)

rate of handed-off fast calls in the macrolayay, = arrival
rate of fast calls in the macrolayer due to mobility change &f(X), E(Y'), and E(Z) are again functions of the net arrival
slow calls in the microlayer; andl; = total arrival rate of fast and net service rates of fast and slow calls in a cell. Hence,
calls in the macrolayer. Hence these can be computed iteratively and then used to compute the
blocking probabilities.
A =Xo+ A+ A Q)
C. Analysis of the Isolated Cell Model Without Repacking
We also define the follawing amnval rates of slow calis, = In this model, a slow call that arrives in a cell and is served

arrival rate of newslow callsin a microcell [hena(e,, N (1.\(1_ in the macrolayer, owing to the nonavailability of a channel in
¢)/m)l; z/fh = arrival rate OfS|O.W handoff calls in a microcell e microlayer, is retained in the macrolayer until it requires
Vm - arrival rate of s_Iow calls in a microcell due to Chaf‘ge 0?r:ldio—reason handoff, or crosses a microcell boundary, or until
mobility of fast 06.1"5 n t_he macrolayer; = the total arrival it completes the conversation. If the slow call crosses a microcell
rate of slow calls in a microcell. Hence boundary (even if it is in the same macrocell), then a channel is
first sought for it in the microcell that it enters.
P =0+ 1 + . (2)  The isolated cell model comprises groups ofn servers
each, corresponding to the microcells, and one grougvof
Furthermore, we denote by, the rate of arrival of overflow servers corresponding to the macrolayer channels. Slow calls
slow calls to a macrocell. The rat@g, A, A,, s, andiy, are  arrive to the microcell, 1 < j < m, in a Poisson process
a priori unknown and are calculated iteratively after assuming the ratey; fast calls arrive to the macrolayer channels in a
an initial value for them. The dependence of these rates on ﬁs@sson process at the rat? A slow call f|nd|ng its microcell
various random variables defined in Section III-A is shown ify|| overflows to the macrocell channels. A fast call holds a
Section I1I-B1. macrocell channel for an exponentially distributed duration
1) Calculation of Various Stationary Rate§he rate at \jth rate  + ¥, but changes class to slow at the rate
which fast calls handoff from a macrocell X5 A handed-off - gimilarly, a slow call in the macrolayer holds a channel for
call can enter any one of ifsneighbors with equal probability. an exponentially disributed time with rate+ o, but changes
All the cells are assumed to be identical and, het€eX) mopility at the ratey. Observe that, without mobility changes,
(see the stationary marginal random variables defined aboygs model is just the classical overflow model that arises in
is taken as the eXpeCted number of fast calls in any cell in thﬁephone trunk engineering. OW|ng to the |arge number of
macrolayer. It is clear that in the stationary regime, the arrivalicrocells, we assume that the overflow process is Poisson.
rate due to handoffs from a single neighbor celEISX)X/I. we will show how this approximation works in comparison
These arrivals occur from all tHeneighbors of a cell. Hence  with simulations. In contrast in [9] the overflow process is
modeled by an IPP; for our situation, where we are modeling
A= E(X)X. (8) several new features, considering the additional state of the IPP
would further complicate the analysis. Simulations show that
E(Y) is the expected number of slow calls in the macrolayespr approximations are adequate.
and E(Z) is the expected number of slow calls in a microcell. 1) Stationary Analysis of the Microlayeror a microcell
Assuming homogeneity among the microcells within a cell alsm isolation, assuming Poisson arrival procesdgst)} is a
we haveE(Y;) = (E(Y)/m), 1 < j < m. Since slow calls oc- Markov chain or{0, 1, - - -, n}, with the transition rate diagram
cupying macrolayer channels are always attempted to be handkedwn in Fig. 1; here is as defined in Section IlI-B.
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(p+o+y) Ap+o+y) 3(p+o+y) n(H+0+7)
Fig. 1. Transition rate diagram for the microcell proc&gs), with no repacking.
Hence, the stationary probability;(Z = n) is calculated NO
from the Erlang formula, Erlang(a, n), which is defined as Nun ‘Xm
i Yfs
a™/n! As
Erlangg(a,n) = S aiji (7 N-.:) )
whereq is the offered load in Erlangs and is given for our model . .
asa = (¢/(p+0+7)). )

Finally, £(Z) [as needed in (4) and (5)] is computed, using .

Little's theorem, as ™ a0 ’
E(2) R ) (®) T
= (1 — =n)). 2 [1As
(h+o+7)

2) Stationary Analysis of the MacrolayeSlow calls 10 . °
blocked from microcells, or those changing mobility, arrive o [l X NYLY“
into the macrolayer. Hence, in the isolated cell model, the ' " i s
process{(X(¢),Y(¢))} depends on the procedsZ(¢)}. If . Ay . I N 0 My 0
the number of microcells in a macrocell is large, then we can W a2 N M N
expect that the dependence of the macrolayer process on any -ty

particular microcell will be small, and also the microcells will

be weakly dependent among themselves. With this in mind, Jg: 2 _ransition rate diagram for macrocel procges’(1), Y'(1))}, with

approximate this dependence by using the stationary probabr}ﬂ—mpaC "o

ties obtained fo{ Z(¢)} and hence mod€l(X (¢),Y (¢))} as a

Markov chain with state space= {(nys,n.);n; +n, < N}
The macrolayer has new fast call arrivals in a Poisson strea}

A fast call can leave the macrolayer for one of three reasons: 0

call completion, or on cell boundary crossing, or on a mobility Xs = m(thy + ) P(Z = n). (11)

change with the probability that the microcell in which it is lo-

cated has a free channel. To account for this last possibility, iibe arrival rate of fast calls to the macrolayeris given by (1)

need the conditional probability distribution ¢£(¢)}, condi- and the expressions in Section I1I-B1.

tioned on the states of the process(¢), Y (¢)}. However, as A fast call becomes a slow call and is retained in the macro-

stated earlier, as an approximation, we use the stationary prtyer if all the channels in its corresponding microcell in the mi-

abilities of the proces§Z(¢)}. Hence, the rate at which a fastcrolayer are occupied. As above, we assume that a fast call that

call leaves the macrolayer due to mobility change is calculatbdcomes slow finds its corresponding microcell full with prob-

asI'(1 — P(Z = n)). A slow call leaves the macrolayer eithembility P(Z = n). Furthermore, a slow call in the macrolayer

on call completion or on cell boundary crossing; from the poimetains its channel if it becomes fast. With these observations we

of view of a single isolated cell model, a slow call, in the macradefine the rates

layer, that crosses its microcell boundary is seen as leaving the

macrolayer (since an attempt is made to serve it in the micro-

layer of the neighboring cell;, see Section Il); actually, if the

neighboring microcell is full, then the call may be retained in Tsf =7 (13)

the macrolayer, but this will be viewed as a new overflow arrival |1 is how clear that. with the assumptions made and the nota-

from t_he microlayer in our analysis. Lm_;c denote the total rate 4 defined,{(X (#),Y (£))} has the transition diagram shown
at which a fast call leaves a macrocell in the macrolayenand ; Fig. 2.

denote the total rate at which a slow call leaves the macrolayery; easily seen that the transition diagram in Fig. 2 is the same
From the arguments above, we have the relations

handed-off slow calls arrive to each microcell at the rate
b, + ;. Hence, the rate of arrival of overflow slow calls to
ﬁé macrolayer is

vrs =TP(Z =) (12)

as that of the closed Markovian queueing network shown in
jp=p+ N +0(1 - P(Z =n)) 9) Fig. 3. There are two nodes, 1 gnd 2; node 1 represents the arrival
process and node 2 the service process. There are three types
(10) of calls: the incoming calls that are only at node 1, and fast and
slow calls that are at node 2. The service rate at nod& His\ ¢;
Slow calls arrive into the macrolayer when the microcetiustomers at node 1 depart as fast or slow calls according to
in which they are located has no free channels. New attte probabilitiese; and o, whereay = (Ap/(Af + As)),

Hs = i+ 0.
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bility changes in the macrolayer and the microlayer as described
O Pl [P in Section 11I-B1. With these new rates, the next iteration is per-
slo - formed. Starting with\;, = 0, \,, = 0, ¥, = 0, and1,,, = 0,
O [PEA the iterations are continued until the change in the rates is less
| _odet % O than a smalt > 0.
. - node 2 When the iterations terminate, the final values for the single
7»'+>~s % Cony isolated cell analysis yield the desired blocking probabilities.
: slzw f The fast call blocking is equal to the probability that the macro-

cell is full and is given by the (18). The slow call blocking is
approximated by the product of macrocell blocking and micro-
cell blocking. Hence

fast i
N customers O Psf 1-psf
in system

Fig. 3. Equivalent product form queueing network model for the Markov chain
in Fig. 2.

By = P(X +Y = N) (1)

o, = 1 — ay. The service rates at node 2 arg + ;. and Buow = P(Z =n)P(X +Y = N). (22)

ws + vs5 for fast and slow calls, respectively. The mobility

changes are taken care of by class changes. The yalu@- b Analysis of the Isolated Cell Model with Repacking
dicates the probability that a fast call leaving node 2 returns to

node 2 as a slow call; hergys = (7vys /(1 +vy5)). Similarly
we obtainp, ;. We can use the BCMP theorem [6] to show th
there is a product form solution for the stationary distribution
the proces$(X(¢), Y (¢))}. The product form stationary distri-
bution of the random vectdtX,Y) is

(@)™ /gl X (az)"s /n!
np e < (01) /gt X (az)™ [ns!

Repacking refers to the policy that a slow call using a macro-
Sell channel is shifted to a channel in the microcell in which it
J¢ located as soon as one frees up. Thus, if a slow call is oc-
cupying a macrolayer channel,iitpliesthat its microcell is
full. Repacking is similar to a handoff from the point of view of
the signaling required to achieve it. Hence, there is the ques-
tion of the improvement in the blocking performance due to
repacking versus the increase in the signaling load. The “ag-
gressive” repacking strategy that has been described here may
where not be the best to adopt, as it may cause excessive signaling load

_ without much gain in blocking performance. For a performance
a1 = Oy +Apsp)/ (g + (1= Pog)ss) (15) study of various “lazy” repacking strategies, see [20]. We pro-
_ _ ceed in this paper with the assumption of aggressive repacking.
a2 = On F AP )t + (1= Py ) ) (16) We first obtain an approximation to the blocking proba-
Givenn(-,-), the new call blocking at the macrolayer is giverbilities when there are no mobility changes and later include

(14)

w(np,ns) = 5

by mobility changes. Without mobility change, the isolated cell
model comprisesn banks ofn servers each, corresponding
P(X+Y =N)= > wlns,mn) (17)  to the microcells, and one bank &f servers corresponding

nrtn.=N to the macrolayer channels. Slow calls arrive to the microcell

3) Calculations fromm(n,n,): The problem of finding J> 1 = J = m, in a Poisson process at the ratg(see Sec-
P(X +Y = N)is the same as that of finding the bIocking;:"on I1I-B); fast calls arrive to the macrolayer channels in a
probability in an Erlang-B model in which two classes of 0SSIon process at the rate. A slow call finding its microcell

customers arrive in Poisson processes; one class brings a idlqoverflows to Fhe macrocell channels. When a Sl(_)W call

of a, Erlangs and the other a load af Erlangs. We can departs from a microcell, a slow call located in that microcell

merge the two Poisson streams into one with a holding tirf@t is holding a macrocell channel is moved to the vacated
distribution that is the probabilistic mixture of the two, andnicrocell channel. A slow call holds a channel (microcell or

which brings a load ofi; + as. Since the Erlang blocking macrocell) for an exponentially distributed time with rate o.

formula is insensitive to the holding time distributions and* fast call holds a macrocell channel for an exponentially dis-
depends only on the load, we have (exactly) tributed duration with ratg +X. Define X ;(t) = Y;(t)+ Z,;(¢)

for1 < j < m;i.e., X,;(¢) is the total number of slow calls
(al + CLQ)N/N!

in microcell j at time ¢. Note that, owing to repacking,
e (a1 + az)i /it Z(t) = min{X;(t), n,; } andY;(t) = X;(t) — Z,(1). Itis clear
Also, from Little's theorem we have

P(X+Y =N)= (18)

that the proces$(X(¢), X;(¢),1 < j < m)} has a product
form stationary distribution since we have a multiclass resource
_ B _ sharing model with a coordinate conveartial sharingpolicy
B(X) = (1= P(X +Y = N)) (19) (see [11]). In principle, the blocking probabilities can be
(20) computed from this product form distribution. Since this is a
partial sharing policy, Kaufman's recursion does not apply. For
The expected values(Z) [given by (8)], E(X), andE(Y) the large numbers of channels (order of 100), and the large
are used to calculate the arrival rates due to handoffs and moambers of microcells that we will consider, direct computation

E(Y) = as(1 - P(X +Y = N)).
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Fig. 4. Transition rate diagram for the microcell proc¢£%t)}, with repacking (mobility change not considered).

is not tractable. We will use this product form distributionX'(¢) is the number of microcells that have slow calls in
however, to make certain exact arguments in the approxim#te macrolayer. Observe that, given the procé&sg), we
analysis that we now develop. In [21], the product form isan obtain the transition rates for the coordingig) of the
observed to be equivalent to that of a circuit switched netwontocess{ X (¢),Y (¢)}. When K (¢) = k andY (¢) = n., we
and an Erlang fixed point iteration is used; an accuracy of 158ée that overflowed slow calls arrive into the macrolayer from
to 40% is reported. k microcells with a total arrival ratéz), while calls arrive

1) Stationary Analysis of the MicrolayerAs before, we first from the remaining microcells with arrival raten — k) B1.
consider a microcell proceg<Z;(¢)}, for somej, 1 < j < m. Therefore the net arrival rate of slow calls to the macrolayer
We model{ Z;(t)} approximately as a Markov chain on the statechenY (t) = n, andK(¢) = k is given by

space{0,1,---,n}. WhenZ; = =, the macrolayer holds at

least one slow call that belongs to this microcell with probability Ao i = ktp + B(m — k)ip. (24)
P(Y; > 0/Z; = n). Hence, owing to repacking, the transition v

rate from the state?; = nto Z; = n — 1is P(Y; = 0/Z; = et = (4 + o). When a slow call departs from one of these

n)n(p + o). The remaining transition rates are unaffected by microcells, a slow call that belongs to that microcell is moved
repacking and are as in Fig. 4. For the purpose of blocking prasm the macrolayer to the microlayer. Due to this repacking,
ability calculations in later sections, we need to obtain the Cofje rate of departure of a slow call from the macrolayer when
ditional probabilityP(Z; = n|Y; = 0). Observe that, owing to Sy(t) = n,, K(t) = k) is given by

the fact that slow calls are always offered to the microcell first,

and owing to repacking, when the set of states Wittt 0 is
exited thenZ; = n; furthermore, the set of states wilf)y > 0
is entered only from the set of states with = =. It follows
that the proces$Z,(¢)} conditioned onY;(¢) = 0 is just the
Erlang-B process with offered lodeh /(1. 4 o)) and number of
serversn. Hence

P, k = Nsfhs + knpis. (25)

This is because a slow call departs from the macrolayer even if
one of then calls in any of the: full microcells departs.

Unless we keep track df;(¢), 1 < j < m, we do not
know the value off{(¢). To obtain an approximate analysis of
{(X(t),Y (1))}, we estimate a value fdk(¢), givenY (¢), and

P(Z; =n|Y; =0) =Erlangg (¢/(p + o), n). (23) use this estimate in the transition rate formulas shown above.
Thus, given the number of slow calls in the macrolayer we want
Observe that we do not hav&Y; = 0| Z; = n); hence, the to obtain an estimate of the number of microcells they belong
analysis of the Markov chain faZ(¢) is not possible. We will to.
see, however, that this analysis is not necessary for the calculawe do this by considering amn model with urns (cor-
tion of blocking probabilities. responding to then microcells), into whichn, (=Y (¢)) balls

2) Stationary Analysis of the MacrolayeAs in Sec- are placed in succession as follows; at the end of placing the
tion I1-C2, we analyze the proce$$X (¢),Y;(¢),1 < j <m} balls, the number of nonempty urns correspond&td he first
by approximating its interactions witf(Z;(¢),1 < j < m)} ball is thrown into any one of the urns with equal probability
using stationary probability distributions. (this corresponds to the fact that the first slow call to be han-

WhenY; = 0, a slow call from microcell is offered to the dled by the macrolayer comes from any of the microcells with
macrolayer only when it is blocked in the microcglhto which  equal probability). Now, given that there are exagtlynicro-
it arrives. This happens with probabiliy(Z; = n|Y; = 0), cells that have at least one slow call in the macrolayer, the rate
which has been obtained above. WhHér> 0, since repacking of arrival, into the macrolayer, of a slow call from any of these
is done, the microcelj must be full, and every slow call ar- j cells is;ji while the rate from the other cells (&2 — j) B.
rival to this microcell will overflow into the macrolayer. Thus,Thus, the next slow call arrives from thegesells with prob-
defining B = P(Z; = n|Y; = 0), the transition rate from ability j/(; + (m — j)B). The probability that the next slow

state(z,y1,y2, - ¥; = 0, -, ym) t0 (z,31,¥2,---,y; = callisfrom the rest of the cells isrn — j)B/(j + (m — j)B).
1,---,ym) is 9B while the transition rate from staté§ = £ Hence, in the urn analogy, if there greccupied urns, the next
toY; =k+1lisypforl <k < N. ball is thrown in such a way that the number of occupied urns

We now develop an approximate analysis for the procesgreases by 1 with probabilityn—j)B/(j+ (m—j)B). Note
{(X(®),Y(®#) = >7,Y;()}, which has the state spacethat, sinceB will be small, the next ball is thrown into occupied
S ={(ns,n.)iny+n, <N} ' urns with a much larger probability than the unoccupied urns.
Define the random procesK(t) = j:’f’ Iy, >0y (1), Letpgz) be the probability that there agenonempty urns after
where I, (t) is the indicator process of the sét}. Thus, i balls are thrown into the urns in the manner described. These
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An, andy,, are as given in (24) and (25), with= k,,,. G is
the normalization constant given as

G= > glngns). (30)
(kg 0 +ND N-1B + kn_w (n_[,ns)
o The probability that all the channels are occupied in the macro-
layer is thus
PX+Y=N)= > =(ngn,). (31)
nytn;=N

3) Blocking Probabilities for Fast and Slow Calldterative
application of the above analysis provides an approxima-
tion to the stationary probability distribution for the process
{(X(¢),Y(t))}. The blocking probability for fast calls is the
probability that all the channels in the macrolayer are occupied.
Hence

(ka0 +2)pg (m=-)B+ 1y

(n+ 1)y

Biat = P(X +Y = N). (32)

H 2“' N Slow calls are blocked if the microcell to which they arrive

i - ) ..., and the macrolayer channels are full. Since all the microcells
Fig. 5. Transition rate diagram for the macrocell procg6X (t),Y(t))}, . . . . .
with repacking. are cons_u_jere_d to be |dgnt|cal, the blocking probability for slow
calls arriving into any microcell is

can be recursively calculated with the following equatiofs ( Bgow = P(Zj =n,X +Y = N). (33)
are indicator functions): Writing out the right-hand side of (33), we get
P = pli=D (m—-3j+1)B bt P(Zj=n,X+Y = N)
e R RSN =P(Z;=n.Y; =0.X +Y =)
(i—1) J +P(ZJ:naY;>OaX+Y:N)
+p; 5 0i<i®i<m. 26 !
PG e By 29 =
= > {P(Z;=nY;=0Y =n,X=N-n,)
We know thatp{") = 1 andp{” = 1. na=0
Finally, givenY (t) = n,, we estimate the value df(t) as +P(Zj=n,Y; >0,Y =ns, X = N —n,)}. (34)
the expected number of nonempty urns in the above urn expgfre  product form for the stationary distribution of
iment; i.e., we define {{(X@®),Y;(t) + Z;(t),1 < 57 < m)} can now be used
j=m to establish certain conditional independences (shown in Ap-
k. = Z p§ns)j 27) p.endi.x. A, _Lemma A.1). These are used to yield the following
poc simplifications:

P(Z;=n,Y; =0]Y =n,,X =N —n,)
and use this value fakt in (24) and (25), giveY' (¢) = n,, to — P(Z; =n,Y; =0|Y =n,)
obtain the transition rates for th&(t) coordinate of the process S °
{(X(t),Y(t))}. Equation (27) requires the computatiorpé@ =P(Zj=n|Y; =0,Y =n,)P(Y; =0|Y =n,)
for all possible values afand;. This can be avoided by using a =P(Zj=n|Y; =0)P(Y; =0]Y =n,). (35)
recursion for directly computing,,, (this is provided in [17]). Similarly
Thus, we ha}ve gpprommated .the procé@X(t),Y(t))} by. a P(Zj=n,Y; >0|Y =n,, X = N —n,)

Markov chain with the transition rates shown in Fig. 5; here

jp = g+ 3. =P(Z;=n|Y; >0,Y =n,)P(Y; >0|Y =n,).
Observe that we have a two class blocking model in which the (36)

arrival rates and the service rates of each class depend only-aghce, we get

the marginal number in that class. Hence, the stationary distri- na=N

bution has the following product form (see [12]). Katy, n,) € Biow = Z P(Y =n,,X =N —n,)

{z,y:2>0,y>20,z+y < N}

ns=0
AP(Z; =n|Y; = 0)P(Y; = 0]Y = n,)
_ 1
W(ﬂf,ns)—G g(nfvns) (28) +P(ZJI7’L|Y;>O,YI7’LS)
where PY; >0|Y =n,)}. (37)
i=n. PY = n,,X = N — n,) is obtained from the stationary

glng,ng) = \e/pe)™ [ng! x N1/ 1. 2g) distribution (28) (see [17]). AlsdP?(Z; = n/Y; = 0) =
(g ma) = sl g 2131 1/ (29) Erlangg (v /(1 + o), n) as shown in Section IlI-D1. Obviously,
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P(Z; = n|Y; > 0,Y = n,) = 1, owing to the repacking A similar expression can be obtained for the mean duration of
policy. Finally, recalling the definition of the proceds(t) stay of a slow call (as a slow call) in a microcell, finally yielding

fror_n l:?lecftion 1-D2 ar;]d lettinds” denote the stationary random p2 = s+ (1= pra)y. (45)
variable forK (t), we have Now A; and A, can be considered to be the net arrival rates
P(Y; >0|Y =n,) = iE(K Y =ny) (38) of fast and slow calls, respectively, in a macrocell. Similarly,
m i1 andyus can be considered as the net termination rates of the
and, of course calls inthe macrocell. Thus, the macrolayer model with mobility

PY;=0]Y =n;) =1—P(Y; >0|Y =n,). (39) changes is analyzed by replacing, in the previous analysis,

We approximate?(K | Y = n,) with k,,_ from (27). With Az/m, Ay With Ay, andyg, jis With ey, jiz.

Hence, we have all the ingredients to compitg,,, from
(37).

4) Including Mobility Changes in the Analysis with Recall that our analysis approach involves two levels of ap-
Repacking: When there are mobility changes in the systenproximations. The isolated cell analysis is approximate, even
the model for the macrolayer has a transition structure witar Poisson arrivals and exponential service times. The multi-
“diagonal” transitions due to change of type of calls. Sinceell analysis is approximate because the handover processes are
the transition rates in th&’(¢) coordinate are not simply modeled approximately as Poisson processes, with rates deter-
proportional ton, the product form distribution now fails to mined from the stationary analysis of the isolated cells. It is im-
hold. Furthermore, we do not have an analysis of the microcphrtant to understand the contribution of the errors in the nu-
processZ(t); hence, we cannot obtain arrival rates of slow callerical results from each of these major approximation steps.
due to mobility change as we did in the case with no repacking. Section IV-B, we show numerical results obtained from the

We develop an approximation for the blocking probabilitiegnalysis of asingle macrocell in isolation. We compare these
by viewing a change of mobility as an arrival of a call of th@nalytical results with those from a single macrocell simula-
other type. Each slow call arrival is viewed as an arrival of on with Poisson call arrivals. Overflow and repacking within
slow call, and also an arrival of a fast call with the probabilitfhe macrocell are modeled; the number of microcells and the
that the slow call will change class before it terminates or leave8annel partitioning are varied. These results serve to validate
the microcell in which it arrived. The channel holding times ofhe approximations used in the analysis that we have developed
these two arrivals are adjusted so that the total offered Erlaleg an isolated cell.
load due to slow calls remains unchanged. The same is done foln Section 1V-C, we show numerical results obtained from
fast calls. the analysis and simulation of a multicell system, for varying ar-

Letps = p+oanduy = p+ 2. Definepsy = v/(ns +7);  rivalrates, and mobility parameters. Whereas the analysis is just
ps is the probability that a slow call changes mobility before iterative calculations on a single macrocell, the multicell simu-
terminates or hands off. Thus if; is the total arrival rate of fast lation models a system of 64 macrocells each with a number
calls in a macrocell ang that of slow calls in a microcell, then, of microcells. In the simulation, the assumptions of Poisson
after including mobility change, the net arrival rate into the fagtew call arrivals, exponential channel holding times, exponen-
call stream is taken a%;, where tial cell sojourn times, and exponential time interval between

mobility changes are identical to those in the analysis. How-
AL =g mypss. (40)  ever, c)ellll mobgility, handoffs to neighboring cells, regacking of
Similarly, if A, is the net arrival rate of slow calls into the  slow calls, overflow, and mobility changes are all actually sim-
microcells in a macrocell, then ulated. In the simulation, for example, handover calls are routed
Ay = map + \pys (41) to heighporing cells in each layer and are.then handled in t.he
i - neighboring cells; when slow calls located in a microcell are in
whereps, = I'/(1; + ). We now obtain the modified channeliye macrolayer and a slow call departs from that microcell, then
holding rates. Let:; denote the mean duration of stay of the, gjow call from the macrolayer is repacked:; if a slow call in
fast p_art of a call in the macrqcell. It staXS for.at least a meghe macrolayer moves to a new microcell with a free channel,
duration of1/(y+1I"). Then, with probabilityp 7, it becomes a e gjow call is repacked, etc. Thus, the details of the move-
slow call which again becomes a fast call with probabilify. ment and state changes of the calls are simulated exactly as
Hence, with the probability s, p, ;, the _ff_;lst call returns to the they would be in the full multicell Markov procegé’(¢) =
system as a fast call and takes an additional duratjoio leave (X (p), ((Y(i) (1), Z/(i)(t))7 1< j < my)) (see Section IlI).
the system. Hence J J

wp=1/(up +T) + ppspss X 4. (42) A. System Parameters for the Numerical Results

Therefore The number of channels allocated to each (macro)cell is
80; with a reuse factor of three between the macrocells, this
_ 1 ) (43) would mean that there are 240 channels available in the system.
py +1(1 = psy) Nonoverlapping channel sets are assigned to the macrolayer
and the microlayer. A reuse factor of four is assumed in the
microlayer; hence, the set of channels allocated to the micro-
pr = py+ (1 —psp)l. (44) layer is partitioned into four sets. It follows that + 4n = 80.

IV. COMPARISON OFANALYSIS AND SIMULATION

Lf

Also, pi1 = 1/2. From this we obtain
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TABLE | TABLE IV
SINGLE MACROCELL WITHOUT REPACKING, SINGLE MACROCELL WAITH REPACKING, X = 0, ' = 0, m = 36,
X=0,'=0,m=16,N =56, n =6 N =64,n =4
Load (erlangs) Analysis Simulation Load (erlangs) Analysis Simulation
Bfast leow Bfast leow Bfast leow Bfast leow
150 0.3347 | 0.0797 || 0.3323 | 0.0849 150 0.0951 | 0.0262 || 0.1041 | 0.0257
140 0.2720 | 0.0572 || 0.2703 | 0.0631 140 0.0564 | 0.0140 || 0.0645 | 0.0156
130 0.2028 | 0.0370 || 0.2006 | 0.0397 130 0.0268 | 0.0058 || 0.0328 | 0.0063
120 0.1307 | 0.0201 || 0.1288 | 0.0224 120 0.0092 | 0.0017 |} 0.0104 | 0.0016
110 0.0649 | 0.0082 || 0.0673 | 0.0098 115 | 0.0045 | 0.0007 | 0.0051 | 0.0007
TABLE 1
SINGLE MACROCELL WITH REPACKING, ¥ = 0, ' = 0, m = 16,
N =56,n =6 025¢
Load (erlangs) Analysis Simulation g 02 o
Bfast leow Bfast leow %
150 0.2268 | 0.1055 || 0.2316 | 0.0984 Eos ++ = Analysis
140 0.1754 | 0.0757 || 0.1771 | 0.0696 g o6 - Simulation
130 0.1215 | 0.0480 || 0.1246 | 0.0433 S
120 0.0710 | 0.0253 || 0.0680 | 0.0228 o.1f 4
110 0.0303 | 0.0093 || 0.0305 | 0.0085
0.05}F 4
TABLE 1l . . . . . .
SINGLE MACROCELL WITHOUT REPACKING, X = 0, ' = 0, m = 36, 80 © 0 e meranga, 0 Moo

N =64,n =4
Fig. 6. Multicell system without repacking; = 0; I' = 0.

Load (erlangs) Analysis Simulation
Bfast leow Bfast leaw . . . .
150 51790 1 0.0268 1| 0.1856 | 0.0273 is corrected by channel reservation (for an analysis with reser-
140 0.1204 | 0.0158 || 0.1291 | 0.0177 vation, see [19]).
}38 g‘ggg; 8-8832 g-gggg ggggg Note that repacking of slow calls will always help to reduce
115 0.0065 | 0.0005 | 0.0082 | 0.0008 the blocking pro_bablllty of _fgst calls, but may increase or de-
crease the blocking probability of slow calls. The blocking prob-

ability can increase since without repacking new slow calls can
When a macrocell is divided inte» microcells, the area of use free channels in the microlayer, which would have been
the microcell is1/m times the area of the macrocell. Hencefilled up by repacking. Blocking is a bursty phenomenon, how-
the linear distance that a mobile travels to leave a microceller, when there are free channels in a microcell and slow calls
is 1/4/m times the linear distance the same mobile travels f@m that microcell occupy macrolayer channels, then repacking
leave a macrocell. Assuming that fast mobiles are five times @gse calls helps slow calls arrivingathermicrocells that may
fast as the slow mobiles, the sojourn rates of the fast and slpw experiencing a period of blocking. The latter effect is ex-
calls (in macrocells and microcells, respectively) are related pgcted to predominate when the number of microcells is large,
o = Xy/m/5. We also take the mobility change parameters tand the blocking probability of slow calls at their microcells
be related byf* = 5+. is large; in this scenario there is a large probability that at any

Since the value ofi—* (the mean conversation time) is takenime some microcell is overflowing. Observe that far= 16,

as one, the values of the cell sojourn rates and the rates of chapye- 56, n = 6, introducing repacking increases the blocking
of mobility are normalized to the mean conversation time. Thust slow calls, but substantially reduces that of fast calls. For
for example X is the average number of macrocells that a fagt = 36, N = 64, n = 4, however, there is a slight decrease in
call crosses during its conversation time. slow call blocking when repacking is introduced.

B. Validation of the Isolated Cell Analysis C. Analysis and Simulation Results for the Multicell Model

Tables -1V show slow call blocking and fast call blocking A multiple macrocell system is analyzed using our iterative
versus Erlang offered load, in an isolated cell; results are shoamalysis and using a multicell simulation; graphs between the
from our approximate analysis and from a simulation of the is&trlang load and the blocking probability are plotted for the pa-
lated cell model. The specific parameters are given in the figur@meter valuesn = 16, N = 60, » = 5, andy = 0.4. The
captions; in each case, the fraction of arrivals that are fast calmulation is done for a homogeneous system with 64 macro-
is 0.4. Results are shown with and without slow call repackingells.

Observe that the analysis, in spite of the many approximationsFigs. 6-9 show the results without slow call repacking. Al-
made, is quite accurate. though done for the multicell case, singe= %~ = 0, Fig. 6

Owing to the fact that slow calls can use macrocell channeis,just another case of the single-cell results presented in the
their blocking probability is much smaller than that of fast callgrevious section; we provide this figure for comparison with
This discrepancy, which will result in inefficient system sizingthe results for the same system parameters with mobility. In



MAHESHWARI AND KUMAR: PERFORMANCE ANALYSIS OF MICROCELLIZATION 331

02
0.18f g
025} ]
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Fig. 7. Multicell system without repacking; = 0.5; " = 0. Fig. 10. Multicell system with repacking; = 0; I" = 0.
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Fig. 8. Multicell system without repacking = 3.0; I" = 0. Fig. 11.  Multicell system with repacking; = 0.5; " = 0.
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Fig. 9. Multicell system without repacking; = 0.5; I' = 2.0. Fig. 12. Multicell system with repacking; = 3.0; I' = 0.

Figs. 7 and 8, there is mobility, but no mobility change (in Fig. Buch an analysis can be very useful in an iterative system sizing
3} = 0.5; hence, withn = 16, the value ofr = 0.4; in Fig. 8, process.
3} = 3ando = 2.4). In Fig. 9, there is mobility and mobility In each case, introducing repacking substantially reduces
change; heré' = 2, v = 0.4. fast call blocking and increases or slightly reduces the blocking
In Figs. 10-13, we provide results with repacking of sloyrobability of slow calls. Since we do not have channel reserva-
calls. Each of the figures for the cases without repacking hasi@n in these results, slow call blocking is much lower than fast
corresponding figure here, and the results between these shauallti blocking. Increasing the mobility rate is seen to reduce the
be compared. blocking probability; this is because with increasing mobility
Observe, first of all, that the analysis results compare welbme calls are dropped before they complete conversation, thus
with those obtained from the simulation. Analysis has the majogducing the overall occupancy of the channels. We are not
advantage of requiring just a few minutes of computation timentroling dropping probability in these results, as our objective
versus the several hours required for accurate simulation. Thiaste is only to validate the analysis against simulations.
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T ' T ] S={z:0< 20 < N0O<z; <n;+N,1<j<
++ — Analysis m?‘xo + Z;n:l xl S N + Z;’l:l n]} Let (X7X17"'7X’rn)
o1} oo~ Simuation : denote the stationary random vector for the process
{X(t)vXj(t)vl <7< m}

LetS ¢ {0,1,2,---,n,; + N} be a set of values th&; can

0.12f

o
=]
®

fast >

£ take.
0.06F
g Lemma A.1:
o <— slow m
.04}
P(Xj €s any,xzx>
0.02} =1
m
00 105 116 115 120 125 130 135 140 145 150 =P <‘Xj €s Z Y, = y) : (A.2)
Load (in erlangs) =1

Fig. 13. Multicell system with repacking? = 0.5: T = 2.0, Proof: From the product form distribution, we have

V. CONCLUSION P <Xi €5, ;Yz =y, X = aﬁ)
We have studied the performance of microcellizationinacel- l N
lular network, in which the mobiles can be classified as fastor ~ G Z $o(z0)¢r(w1) -~ bm(am)

slow. We have developed approximate analyses for calculating (e, €8. 307, wimywo=a)
the slow and fast call blocking probabilities and have validated [

the analyses against a detailed multicell simulation. The approﬁ <Z Yi=y X = “7)

imate analysis is an iterative procedure that utilizes an analysis “*=!

of an isolated cell. We find that in spite of the many approxima- = 1 Z Bo(20) (1) - - - P (Tm)-

tions made, the analysis results compare well with the simula- G @7 =y =)

tions. For a large number of microcells, exact analysis of even Bt

the isolated macrocell processes is intractable; we are abld¥§ denote the sefz” = (371;7{727"'7%1) po(wo =
obtain approximations that require the analysis of no more th&nt1, £2,* -, Zm) € S,z; € 5,32, yi = y} by A(x) and
two-dimensional (2-D) Markov chains. Such analyses are usefjf Sef{z O = (w122, ) 1 (L0 = 2,000,002, 0, Tn) €

in an iterative procedure for sizing a cellular system to achieve 2i=1 % = Y} by B(z). Observe thatl(x) and B(x) do not
a desired grade of service, since their computation time is muégPend on:. Denoting these sets by and B, we have

smaller than that for simulations. P(X; eS8 L Yi=y X =2
It is a relatively straightforward matter to obtain approxima- PO Y=y, X =x)
tions fpr dropping probatylmes and S|g.nal|n.g rates from the Z{g@eA} br(z1) - ()
analysis [17]. Our analysis procedure in this paper does not = . (A.3)
permit reservations for fast calls or handovers; the isolated cell Liaocp) $1(@) - Pm(wm)
analysis needs to be enhanced to accommodate this feature \¥gsnow obtain an expression féH(X; € S| 31", Y; = v).

also interesting to explore “lazy” repacking policies. The lattdrecall thate = (zo, 71, z2, - - -, Tm). We have

two issues have been addressed in our more recent work re- m m
ported in [19] and [20]. In these references, we have also studied?” | X, € 5, Z Yi=y P Z Yi=y
=1

the use of these analytical techniques for system design, i.e., i=1
choice of the number of microcells and channel partitioning. E{E;xjes,zzlyi:y} Po(@o)P1(x1) -+ P (Tm)
More efficient policies for channel allocation to the macrolayer = E{E:Etl e} b0(20)P1(T1) - Prm(Tm)

and the microlayer need to be explored. =
From the definition of the setd(x) and B(x) above, we have

APPENDIX | : m m
PrROOFS OFCERTAIN CONDITIONAL INDEPENDENCERELATIONS Pl X;e5, ZK =Y P ZYv =Y
FOR THEANALYSIS WITH REPACKING =1 =1

N—y
As observed previously in this paper (Section IlI-D), _ 2 z0—0 ((/)0(“70) Zz“”eA(aco)(7)1(“’71)"'(7”"(“77"))
the process{X(t),X,(¢),1 < j < m} has a product ZQ;_:% (</)o(xo) Z@%B(mo)‘/)l(xl)""7)m(xm))

form stationary distribution. The stationary probability of

(X(t) = 20, X1(t) = 21, Xo(t) = @9y, Xn(t) = zm} iS (A.4)
of the form SinceA(z) andB(x) do not depend om, (A.4) yields
(xo, x1, %2, , Tm i i
( Oalla 2, 3 ) P<XJ€S,ZY;:y> P<ZY;:y>
= 5(%(370)(/)1(971)(/)2(972) e dm(Tn))  (AD) i=1 i=1
where G is a normalizaton constant and _ Zamea$@) - fml@m) (A.5)

z = (xo,@1,22,--,zm) IS in the state space T Yaoen b1(@1) - Pm(Tm)
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From (A.3) and (A.5) we have the result. OO0  [16] D. Macmillan, “Traffic modeling and analysis for cellular mobile net-
It follows that works,” presented at the ITC-13, 1991, pp. 627-632.
[17] K. Maheshwari, “Performance analysis of microcellization for sup-
P(Zj =n,Y; =0 | Y=n, X=N- 715) porting two mobility classes in cellular wireless networks,” Master’s
thesis, Indian Instit. Sci., India, 1996.
=P(Z; =n,Y; =0|Y =n,). [18] S. Tekinay and B. Jabbari, “Handover and channel assignment in mobile
cellular networks, TEEE Commun. Magpp. 42—46, Nov. 1991.
Similarly, it can also be shown that [19] S. B. Tripathi and A. Kumar, “Performance analysis of microcelliza-
tion with channel reservation for supporting two mobility classes in cel-
P(Z;=n,Y;>0|Y =n,, X =N —n,) lular wireless networks,” iHEEE Conf. Personal Wireless Commun.
Mumbai, India, Dec. 1997, pp. 9-18.
= P(Zj =n, YJ >0 | Y = ”8)- [20] S. B. Tripathi, “Performance analysis of microcellization with channel

reservation in a cellular wireless network,” Master’s thesis, Indian Instit.
Sci., Bangalore, India, June 1997.
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