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Abstract. This paper proposes a model for configuring cellular networks to study the dynamics of mobility between a single cell and its
adjacent cells. It differs from most models considered in the literature by explicitly incorporating the dependency between the handoff rate
and the system state. Besides, the handoff rate is also a function of cell size and subscriber mobility. Extensive computational experiments
were done to study the impact of various input parameters on specific performance measures. Several observations are made regarding the
system performance and as to how they are affected by the complex interaction between subscriber mobility, cell size, number of channels
and the mean call initiation rate. The results of these experiments show that the proposed model, where handoff rates are state-dependent,
captures additional traffic due to mobility when compared to the traditional method of modeling handoffs using information about the
average behavior. Finally, the economic impact of mobility on system configuration decisions is analyzed. Though an approximation, the
above work provides interesting insights about the impact of mobility in configuring cellular networks.
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1. Introduction calls in progress in the adjacent cells. Thus, assuming that
subscriber mobility remains unchanged, an increase in the
Cellular radio networks are one of the fastest growing segumber of calls in adjacent cells is likely to increase the rate
ments in the communications industry. The average annaahwhich calls are handed off to the given cell. This implies
growth rate has varied from 40 to 60% worldwide. Thishat the handoff rate is a function of the system state. In
surge in demand has spurred tremendous research intetteat respect, the model proposed in this paper differs from
in this field. most models considered in the literature by explicitly incor-
A cellular radio network consists of several cells coveringorating the dependency between the handoff rate in adja-
a service area. Each cell has a base station which servesagiat cells and the system state (in terms of number of calls
subscribers in its vicinity. The subscribers may be eithé progress). Another difference is that unlike many mod-
stationary or mobile. Each base station is assigned a spedifig, the handoff rate is also a function of the cell size and
number of channels, each of which can accommodate dhe speed of movement of the subscriber. This model is used
or more calls depending on the transmission and encodiiggstudy the dynamics between a single cell and its adjacent
technology (e.g., FDMA, TDMA, or CDMA). cells. It builds upon an earlier model [4] but extends it to
One of the major features of a cellular network, in corgxplicitly account for subscriber mobility.
trast to a traditional public switched telephone network, is The paper is organized as follows. In section 2, the ap-
subscriber mobility. This implies that when a subscribgtroach used to model handoff rates, which distinguishes this
moves from one cell to another, the call in progress has to werk from most of the previous work in this area, is de-
handed off from one base station to another to ensure cogtibed. The assumptions and notation used in the model are
nuity of service. If no channels are available in the adjacePfesented in section 3. A description of the model along with
cell, then the call might be interrupted and dropped. Cdlf analysis are given in sections 4 and 5, respectively. In sec-
handoff rate and handoff policies have several implication42n 6, the steps used to determine the performance measures
for example, on the number of channels assigned to a c@f,interest to the system designer are presented. The details
the quality of service, and the expected net revenue. of the computational experi_men_ts are Fjescribed in section 7
Several models have been proposed in the literature to &f the results are summarized in section 8. These results are
dress the impact of mobility on system performance. Sorff@mpared with those obtained using the traditional method
of the major differences among these models are in terms@fmodeling handoffs in section 9. Finally, the economic
channel assignment [10,14], priority given to handoff calignplications of mobility are discussed in section 10.
[1,11], use of overlap between cells [9], mobility pattern
with respect to speed and c_iirection [6,8,13], multiple hang- 1, qoff rates
offs [16] and use of overlaying cells [7,17].
One of the interesting features of mobility is that the rat®ne of the methods used in the literature for modeling hand-
of handoff calls to a given cell depends on the number offs is to use information about the average behavior. For ex-
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ample, if a cellular network is modeled as an open networR. Fixed channel allocation is used.
of queues, the handoff attempts are modeled approximate
by assuming a fixed probabili}; of call transitions from
celli to cell j [2,11]. Letp; = e;/(n + w), wheren is
the handoff rate per ongoing caljl, is the mean rate of call 4. Both new calls and handoff calls are treated alike (i.e.,
completion per call, and; is the total arrival rate of new neither type of calls is given priority over the other).
calls and handoff calls to cejl. Let A; denote the mean ar-
rival rate of new calls in celj. Let B; denote the blocking

5’. Demand is uniformly distributed in the given service
area.

5. New call arrivals follow a Poisson process.

probability of calls in cellj given by 6. Unencumbered call duration (i.e., call duration assum-
ing that the call is completed) is exponentially distrib-
Bj=E(pj, Cj), 1) uted.

whereC; is the number of channels in cefland E(-,-) 7. The overlap between cells is negligible relative to the
is the Erlang loss function. Then, under equilibrium condi- cell size.

tions, 8. Each cellis big enough so that the number of active calls
ei=hi+ Y (1—Bjebi. ) does not affect the mean call initiation rate in that cell.
Y 9. Subscriber residual time (i.e., the time spent in a cell

A major advantage of the above method is that it is sim- by the subscriber associated with a successful call) is
ple to model. It considers the call transitions between cells exponentially distributed.

based on the average values. However, it does not explgy Each subscriber is assumed to move at a random speed
itly capture the effect of state changes within a cell. Clearly, 41 an independent moving direction uniformly distrib-
the state changes within a cell influence the blocking of new ;teq in(0, 2r7).

calls as well as handoff calls, and also determine the rate at _ ) )

which calls are handed off to other cells. The above assumptions are common in the literature on

A different method that can be used to model handoff&llular networks (e.g., [1,2,4,10,23]). N
is to consider the channel usage in each cell at any instant.! Ne notation used in the model is given below. Additional
This is similar to the concept used in &/M/c/c queue notation is defined in the appropriate sections.
where the service rate varies directly with the number of 3 : mean callinitiation rate by a subscriber (caigsy ty
busy servers [5]. Thus, if/J is the mean of the service-  subscriber),
_tlme distribution of each server, then the total service rate 1/,1: mean call duration (h),
is ku for 1 < k < ¢ and 0 otherwise. The above concept ) ) )
can be extended to handoff rates as well. Thus, the outg®-1/7: mean subscriber residual time (h),
ing handoff rate from a cell varies as a linear function of the v: mean speed at which a subscriber moves in a cell
number of calls in progress in the cell. The corresponding (m/h),
model is expected to be more accurate than the one basedgV: number of channels allocated to a cell,
the average behavior. . e U: subscriber density (subscribgns?),

A model using an idea similar to the state-dependent i
method has been proposed in the context of dynamic chah-L(): boundary length of a cell of radius(m),
nel allocation [14]. However, it is based on a rather unreale A(r): area covered by a cell of radiugm?).
istic assumption that blocked handoffs are not cleared from
the system; instead they remain in their current cell. Be-
sides, dynamic channel allocation is more difficult to imple4'
ment than fixed channel allocation. In this paper, the stat§i- ce the svstem is assumed to be homoaeneous. due to svm-
dependent method is used to model handoffs. It is assumad y 9 ' y

that blocked calls are cleared and that fixed channel aIIocrg?try’ we resirict our attention to the fiow of calls with re-

L . . ect to a single cell. The single cell has been the unit of
tion is used. The results of the computational experimen o . . .

: ) . - analysis in a variety of models under different assumptions
using this approach are then compared with those obtai

from the first method. r}% 4,17,20,21]. One of the advantageg of such an approach
is that some of the results based on single cell models can
provide interesting insights and form the basis for develop-
ing models based on multicells.

Without loss of generality, consider a seven-cell cluster
w.)nsisting of a central cell (the focus of the model) sur-
rounded by six adjacent cells. The following types of calls
1. The cellular network is homogeneous (i.e., cells aare considered with respect to the central cell: calls which

symmetric in terms of size, shape, number of channaisiginate within the cell (i.e., new calls), calls which termi-

allocated, etc.). nate within the cell, calls which are handed off to an adjacent

Model description

3. Assumptions and notation

The major assumptions used in the model are stated belo
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/\ the megacell do not have to be captured and only handoffs
from and to the central cell will have to be considered. Thus,
there are likely to be more handoffs to the central cell than in
Central reality. This implies that there is likely to be more demand
for channels and, hence, a greater likelihood of lost calls

in the central cell. So, the corresponding model is likely
to yield a conservative estimate of the actual performance.
From the above reasoning, it can be seen that even though
(@ () the above model is only an approximation, it can be helpful

in providing insights about the impact of mobility on system
Figure 1. (a) Seven-cell cluster model and (b) aggregate model. performance.

Megacell

cell from the given cell, and calls which are handed off from

an adjacent cell to the given cell. 5. Analysis
Let o denote the handoff rate per ongoing call from the
central cell to an adjacent cell. L@t denote the handoff Let k; (i = 1,2) denote the number of calls in progress

rate per ongoing call from an adjacent cell to the central cejlh cell i at steady state, where cell 1 and cell 2 refer to
While w is an input parameter, depends on the speed ofthe central cell and the megacell, respectively. Egty,,
the subscriber, the area of the cell, and the length of the c@lK k; < N and 0< k2 < 6N, denote the steady state. As-
boundary. When the system is in a state of mobility equililsociated with each stat®, , is a probabilitypy, x, which

rium, n can be approximated as follows [22,23]: denotes the steady state probability of findingand k»
vL(r) calls in progress in cells 1 and 2, respectively. There are
= A0y (3) (N +1)(6N + 1) = 6N2 + 7N + 1 states of the system.

The state transition diagram is two-dimensional since
Since the system is assumed to be homogeneous, it follavedls may be in progress in the two cells. In general, given
thate = g = 1. a stateSy, «,, the possible transitions to another state are as
The system described above can be modeled as an ofiglows:
network of queues where the station (queue) in the queuein
network corresponds to a cell in the cellular network. The™
external call arrivals in each_sFa_ltion in _th(_a gueueing networlp Sk1ks = Ski—1.4, due to a call completion in cell 1.
correspond to the new calls initiated within each cell. The
servers in each station correspond toahehannels in each 3. Ski.kz = Sk1.ko—1 due to a call completion in cell 2.
cell. Handoffs are modeled as transitions between stationgf._
If a call arrives and finds that all channels are busy, theniitis
lost. 5. Ski.ko — Ski—1,k,+1 due to a call handoff from cell 1 to
One of the major drawbacks of the above approach is cell 2.
that the number of call transitions between cells can be quitg
large. This is because there are two types of call transitions:’
(i) those between the adjacent cells, and (ii) those between
the central cell and the adjacent cells. The number of suchThe transitions involving boundary states are shown in
transitions increases with the number of cells adjacent to thgure 2 while the transitions involving interior states are
given cell. Moreover, if there argf cells then the corre- shown in figure 3. From these diagrams, it can be seen
sponding state transition diagram will bé-dimensional. that the service rate as well as the handoff rate varies as a
This implies that the queueing network becomes compléiKear function of the number of calls in progress. From
and difficult to solve. the state-transition diagram, the balance equations associ-
To make the problem more tractable, an aggregate modebd with each state can be written. For a given state, the
is used as an approximation as shown in figure 1. Thus, thglance equation indicates that under equilibrium conditions
above system can be modeled as a two-station open quéH&teady state, due to conservation of flow, the total flow out
ing network. Station 1 corresponds to a central cell with ¢f that state is equal to the total flow into that state.
capacity ofN channels. Station 2 corresponds to a megacell First, consider the balance equations for the states at the
which consists of an aggregation of the six cells adjacent¢@rnersof the state-transition diagram. For staig, the
the central cell. The capacity of station 2 i% &hannels. palance equation is
Let A denote the mean call initiation rate at station 1 where
» = AJUA(r). Then, the mean call initiation rate at station 2 poo(7A) = ppo1 + 1pio. 4)
will be 6. ) . For stateSy o, the balance equation is
One of the major consequences of the above approxima- ’
tion is that internal handoffs between cells which composey o(Nu+6x+ Na) = Apy—1.0+BpN-1.1+upn.1. (B)

Sky ks = Ski+1.k, due to a new call arrival in cell 1.

Sky ks = Ski,k+1 due to a new call arrival in cell 2.

Sky.ky = Sky+1,k,—1 due to a call handoff from cell 2 to
cell 1.
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Figure 2. State transition diagram showing boundary states.
-t vkl kel For stateSy ey, the balance equation is
ko—1 . - ) et o PN.6N(TNu) = Apn—16N8 + BApN 6N-1. (7)
A A
For states along thepper boundanof the state-transition
o ol o alb 1l o diagram (i.e.,Sx;.0 for 1 < k1 < N — 1), the system of
; ; balance equations are
1k B2 f 1k Bz | 1k
Piy.olkip + 7h + k]
A ok ey = MPky—1.0 + BPky—1.1 + Py 1 + (k1 + Daprg1.0.
’ A (8)
For states along thiewer boundaryof the state-transition
e ok 16 alk+1 62 diagram (i.e.,Sk,.6v for 1 < k1 < N — 1), the system of
(sz Blks +1) 1#(k2+1 Blks + 1) ukp+1) Dalance equations are
Prr.6N[(BN + k) + BN + 1]
Ka+1 -e- L st gy = APky—1.6N + 6Apky.6n—1 + (k1 + Dapiy 11681

Figure 3. State transition diagram showing interior states.

For stateSp 6y, the balance equation is

Po,6N[BN+6NB+A] = 6Apoen—1+ap1enN—1+ UPLEN-
(6)

(9)

For states along thleft boundaryof the state-transition dia-
gram (i.e.,Sox, for 1 < k2 < 6N —1), the system of balance
equations are

+ (k1 + Duprg+1.6n-

DO, ky k2 + k2B + TA]
= 6APOky—1 + APLky—1 + UPLk, + (k2 + D) po ip+1.
(10)
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For states along theght boundaryof the state-transition was used to obtain the steady-state probabilities. The proce-
diagram (i.e..Sny, for 1 < k2 < 6N — 1), the system of dure was coded in Fortran and the experiments were run on

balance equations are a Silicon Graphics workstation. Estimates of accuracy were
obtained by inspection of the max-norm of the last correc-
PN ko[ (k2 + N)p + 63 + Ne] tion vector, the max-norm of the last residual vector, and the
= ADN—1k, + OADN kp—1 + (k2 + DUPN ko1 growth factor.
+ (k2 + DApN-1kp+1- (11)

For the remaining states of the state transition diagram (i.8,, Determining performance measures
Sky k, TOr1 < kg < N—21and 1< k2 < 6N — 1), the system

of balance equations are Given that the the steady-state probabilitigsg «, where
0 < k1 < N and 0< k2 < 6N have been determined, the
Prko[ (k1 + kD + ko + 7h + kae] next step is to determine the performance measures which
= APky—1kp + OAPLy ko1 will help in configuring the cellular network. Examples of
+ (k1 + Dapry+1.ko-1 + (k1 + D Prg+1.4 such measures include the carried traffic due to new calls,

the carried traffic due to handoff calls in the central cell, and

ko+1 ko+1 — . (12
+ ke + Dupigigrs + k2 + DPpia-tipt1- (12) the incoming handoff traffic which is blocked in the central

The final balance equation is cell. These measures can be subsequently used to determine
v 6N the expected net revenues. o
Z Z e = 1 (13) Let QN denote the carrled trafflc (in calls/cell) due to.
2 ’ new calls andQy the carried traffic due to handoff calls in

k1=0k2=0 the central cell (i.e., cell 1). Then,

One of the major challenges in performing the compu-
tational experiments is the determination of the steady-state 2N = [2(poo+ pro+ -+ + p-1.0)]
probabilitiesp, r,, where 0< k1 < N and 0< k2 < 6N. + [AMpor+ p11+ -+ pv—1D] +
These values can be determined by sol@&?2 + 7N + 1) + [AM(po6n + pren + -+ pn-168)]. (14)
linear equations. The input matrix for the above problem is , )
of sizem x m wherem = 6N2 + 7N + 1, and can become F0M €quation (13) it follows that

quite large asVv increases. This makes the problem difficult 6N

to solve in a reasonably short time. ON = A(l — Z pNj>. (15)
The first step is to solve the system of linear equations j=0

given byAx = b, whereA denotes the input matrix de- : .

notes the vector (of size) of steady-state probabilities, andQH can be determined as follows:

b denotes the right-hand side vector (of size A contains On=[Bpor+ p11+- +pN-11)]

the coeffluents of the steady-state probabilities in the sys- +[2B(poz+ pr2+ -+ py-12)] + -

tem of linear equationsy = (x;), wherex, = py, +, and

t = (N -k + (ks + k2 + 1); andb = (0,0,...,0,1). + [6NB(po.6n + pren + -+ py-1.6n)] (16)

The unit value in vectad corresponds to the right-hand side N-16N

of equation (13). Since # 0, the above system of linear =8> > ipij- (17)

equations is inhomogeneous. i=0 j=1

The input matrixA has a special structure: itis nonsym- - o handoff call attempted from adjacent cells (cell 2) to
metric and sparse. The sparsity follows from the fact thg{e central cell (cell 1) is blocked if alv channels in the
the transitions are restricted to the neighboring states. Fr%}en cell are busy. The statgs; j, j = 1,...,6N, along
equation (13), all elements of the bottom rowfofvill be 1. the right boundary of the state transition diagram in figure 2,
It follows from above that the structure Afis “banded with represent the events where all channels are busy in the
single border”. This special structure of the matrix was e¥jiven cell and there exists at least one call in progress in the
ploited in obtaining the steady-state probabilities. adjacent cells. Taking into account the dependence of hand-

For example, it was found that, for a given valuef off rates on the number of active calls, the mean number of

o 2 e . .
the number of nonzero elementsAris 48N+ 28N —1(as  handoff calls per unit of time trying to move into the central
opposed to 384 + 84N3 + 61N2 + 14N + 1 if the matriX || put are blocked is

was dense). Thus, the required storage can be reduced by

i . 6
about two orders of magnitude, if only the nonzero elements By =B XN: L (18)
are stored. Ariad format was used to store only the nonzero H= _ lJpN""

=

elements of matriA. The nonzero elements were stored in

an arbitrary order as a set of triples;, i, j). As explained earlier, one of the consequences of aggregat-
A library of subroutines [24] based on Gaussian eliminang adjacent cells into a megacell is that the handoffs be-

tion and pivotal interchanges along with iterative refinemetween the adjacent cells are ignored. Besides, the capacity
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of the megacell is much higher. Due to trunking efficienciete blocking probability of new callsAy), and the blocking

obtained from pooling of channels, it follows that handoffprobability of handoff calls Py).

from the central cell to the megacell are less likely to be

blocked. The corresponding performance of the megacell is

likely to be an overestimate of the actual performance. F8r Computational results

the above reasons, the computations related to handoff traffic

to the megacell are not considered. The steady-state probabilities obtained by solving the sys-
Other performance measures which are of interest to t#h of linear equations for different experiments had a rela-

system designer include the fO”OW|ngN (: A— QN) is de- tive error of 107—109. The number of iterations required

fined as the mean number of blocked new calls per hour gersolve the system of linear equations varied from 3 to 5.

cell; Pc (= 100- Qn/[On+ OH]) is the mean handoff traffic The average time for the completion of each experiment was

carried in the given cell as a percentage of the total carri@gout 52 s forv = 10, while it was about 3.6 h (i.e., about

traffic; Py (= Bn/[On + Bn]) is the blocking probability 108 s for a given cell radius) fav = 50. The higher time

of new calls; andPy (= By/[Qn + Bul) is the blocking for the latter was due to the larger state space.
probability of handoff calls. Some of the major results from the experiments are de-

scribed below. In the following discussiatt, denotes a cut-

off value of cell radius at which system behavior tends to
7. Experimental design change. This notation is used for convenience and the ac-

tual value ofr* may not be the same for all cases. Besides,
This section contains a brief description of the various exper¢r) is used interchangeably withto emphasize that is a
iments in terms of input parameters, objectives, and outgunction of cell radius-.
measures. The formulae presented in the previous sectiorFirst, the impact of varying the cell size (i.e., increasing
were used to determine the output measures. the transmission power of base stations and subscriber ter-

The values of the input parameters were selected basedwinals thereby increasing the cell radius) is presented (see

interviews with cellular companies and based on previoudigures 4-8). The values of other input paramete(s ¢
published research [12,13,15,18,19]. They include the f@ndN) were kept constant.

lowing: U = 0.0001 subscribeysn?, 1/ = 2.0 min. The - . .
values for the mean call initiation rate were chosen to be 0.11,‘ As cell I’ad.IUS Increases, the blocking prot_)a_blllty of new
calls (Py) is zero untilr < r*, after which it increases

1.0 and 2.0 callgh/subscriber to represent low, medium and . T :
high traffic, respectively. The values for the mean speed of at a rapid rqtc_a As cell rad-|us increases,r) also n-
subscriber mobility were chosen to be 5 km{~3 miles/h) creases. Initially, the ava|lable_ channel .capawtys
to represent low mobility (e.g., pedestrian traffic), 40/km ;ufﬁqent 10 acpommodate the increase.(), resuit—
(=25 mileg’h) to represent medium mobility (e.g., in resi- 'Ng In o blolcl.<|ng of new calls. Hovyever, for > r*,
dential areas), and 90 kin (55 milegh) to represent high N is not sufficient to handle the _trafflc. As a resullt, the
mobility (e.g., freeway traffic). In addition, the case of no blocked new call traffic tends to increase at a rapid rate.
mobility (i.e., 0 knyh) was also studied. 2. For mobile subscribers (i.ey > 0), as cell radius in-
Three sets of experiments were done. The first set of creases, the carried handoff traffi@(;) drastically de-
experiments investigated the effect of subscriber mobility creases until- < r*, after which it gradually decreases
when the mean call initiation rate was lov, was set to
0.1 cally’h/subscriber and a different run was performed for .
each value of subscriber speed.e., 0, 5, 40 and 90 kyfn). 18 ¢ : Qv (u=01) o
The second and the third set of experiments were similar - s
to the first set, except that, was set to 1 and 20, respec-
tively. Giveniy, v andN, each experimentincluded the gen-
eration of the input matrix, determination of the steady-state L2t
probabilities, and the computation of specific performané@'s/t I
measures for cell radius ranging from 50 to 6000 m, in iNCresbscriber
ments of 50 m. The above sets of experiments were repeated o ’ '
for two different channel capacitied! = 10 and 50. 06 |
In each experiment, the values of the following perfor- o b e
mance measures were computed: the carried traffic due to ”*’%mm
new calls Qn), the carried traffic due to handoff calls in the e
central cell Qn), and the incoming handoff traffic which is 0
blocked in the central cellBy). These values were, in turn,
used to determine the mean number of blocked new calls per
hour per cell Bn), the mean handoff traffic carried in therigure 4. Impact of cell size on carried new call traffiy (N = 10,
given cell as a percentage of the total carried traffig)( v ="5kmy/h).
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Figure 6. Impact of cell size on carried handoff traffic as a percent of tothigure 8.

to zera From equation (3), it follows that = 2v/xr.

Hencen/u = K/r, whereK = 2v/m . For given in-
put parameters andu, K will be a constant, and hence,

as cell size increases/ decreases.

Initially, for small cells,n > u, which implies that the
likelihood for handoffs is high. Sinceg(r) is low and
the channel capacity is sufficient, these handoffs are 3.

accommodated by the cell. As cells become larget)

increases leading to increased blocking of handoff calls

(as can be seen from the peak in the curveBgrin

figure 8). For cells beyond a certain size, the blocking of
handoff calls decreases. However, the carried traffic due
to handoff calls continues to decrease. This apparent

paradox can be explained as follows.

As cells become largen, < u, and hence, handoffs be-
come less likely. Besides, the new call traffic in adjacent
cells becomes larger and the available channel capacity
may not be sufficient to handle all the traffic. This re-
sults in the increased blocking of new calls in adjacent
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cells, and hence, fewer handoff calls from the adjacent
cells. This follows from the fact tha®c and By tend to
decrease for large cells (see figures 6 and 8). Thus, the
decrease in carried handoff traffic for> r* is due to
fewer incoming handoff calls and not due to increase in
the blocking of handoff calls.

For mobile subscribers, as cell radius increases, the
carried handoff traffic O) exceeds the carried new
call traffic (On) for r < r*. However, for larger cells,
OH < On. In general, the aggregate traffic in adjacent
cells is greater than the traffic in the given cell. Besides,
for small cells with radius less thatt, there is greater
likelihood of handoff to the given cell since subscribers
can reach the cell boundary quickly. In addition, due to
small cell sizes)(r) tends to be relatively small. Hence,
On > QOn for small cells. However, for large cells, as
explained above, the carried traffic due to handoff calls
tends to decrease due to fewer handoffs. This behavior
also follows from the fact that for small cells, the carried
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0.1 *+

handoff traffic as a fraction of total carried traffi€d)
is higher than 50% (see figure 6); however, for larger 0.0 | 1
cells, Pc is lower than 50% and tends to decrease. 000 | Cicirr xecsessamaria ]

The impact of varying cell size on the blocking probabil-

ity of handoff calls 1) is similar to that on the blocking 008 Qv () o
probability of new calls Pv) (see figure 7), and hence, th&"k= | DA

corresponding figure is not shown. However, one of the imbscriber Qv (w) -

teresting findings of the above experiments is that reliance T )
on Py alone can be misleading. Thus, beyond a certain cell 0.085

size, Py increases at a rapid rate with increase in cell ra- 006 |

dius. If this behavior is considered independently, one may
erroneously conclude that use of large cells may lead to ex-
cessive blocking of handoff calls. However, this conclusion o - . . - - o0

is not necessarily true when the behavior of blocked handoff Cell Radius

traffic (see figure 8) is considered in conjunction with that of

Py. The reason for the above behaviorRyf is that, for rea- Figure 9. Impact of subscriber mobility on carried new call traffic: method 1
sonably large cells, the total offered handoff traffic decreases"e'sus method 2( =10, Ay = 0.1, vy = 5 km/h, vz = 40 kny'h).
at a faster rate than the decrease in the blocked handoff traf- 7 : : : i :

fic.

0.055 F

In general, the above results remain valid for a higher 6|
value of Ay except that-* tends to be lower. This is be-
cause the offered traffic due to new calls tends to be higher s | Q) o
in each cell, and hence, the demand for channels tends to be 32 E; :
higher. So, available resources (channels) tend to be coRfr/now: *[ Qy (1) =
sumed faster leading to a significant change in system Qifce:iber .
havior at relatively small cell sizes. I

Another difference is with respect to the value of carried
handoff traffic @Qy). For small cells,OQn(Ay = 2.0) >
On(iy = 1.0) > QOx(Ay = 0.1). However, for medium .
to large cells, the inequality in the above expression is re- -
versed. This is because, for large cells, the blocked handoff c%wemem::*“““:::f*ﬁimmzﬂyﬂﬂ
traffic By tends to be higher, and consequenily,tends to 0 500 1000 1500 2000 2500 3000
be lower as\, increases. This implies that the increasgjn Cell Radius
E::Z:’:el?lzlflcam impact on the handoff traffic for medium tlgigure 10. Impact of subscriber mobility on carried handoff traffic:

: . . ) . method 1 versus method 2V( = 10, oy = 0.1, v1 = 5 km/h,

On the other hand, if a higher value 8fis used (while vp = 40 kmyh).
andv are constant), the results remain similar exceptithat
tends to be higher. The availability of more channels implies YR ' '
that more calls can be accommodated for a given cell radius. Ll N Pofn) o
Since) is constant, this implies that traffic from relatively o L iz EZ?; .
larger cells can be accommodated. Hencetends to be L Fofm) -
higher. r o

The impact of varying subscriber mobility (i.e), is pre- 60 . -

Percent of .

sented below (see figures 9-13). The values of other inptrﬁe?r 50t .

parametersi(,, » andN) were kept constant. traffic

40 F °e

FESEY 7T T T

=

1. For r < r*, the carried traffic due to new call() wl '???f%o%o
is independent of.. This follows from the fact that for
r <r*, Py = Py =0. This is becausk(r) is small for ..
small values of cell radius. So, the channels assigned S ]
to the cell are sufficient to handle all the traffic due to 0 . T
new calls as well as handoff calls. Increasevdénds 0 500 1000 1500 2000 200 3000
to increase the amount of handoff traffic. However, this Cell Radius
increase can be fully absorbed by the available chanfgfure 11. impact of subscriber mobility on carried handoff traffic as a
capacity forr < r*, and henceQy is not affected. If fraction of the total carried traffic: method 1 versus methodv2% 10,
Ay is increased further* tends to decrease. Ay = 0.1,v3 = 5 km/h, v = 40 kny/h).
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the new call traffic generated in the cell is also high. If
the cell size exceeds a certain value, then most of the
available channels in the cell tend to be busy leading to
increased blocking of handoff traffic (see figure 12).

9. Comparison with traditional method

As explained in section 2, the handoff rate used in the pro-
posed model varies as a linear function of the number of
calls in progress in the cell. In this section, we compare the
results of the above method (denoted as method 1) with the
traditional method (denoted as method 2) of modeling hand-
offs using information about the average behavior.

In method 2, the handoff attempts are modeled by assum-
ing a fixed probabilityp;; of call transitions from celi to

Impact of subscriber mobility on blocked handoff trafficcell j [2,11]. To make the comparison meaningful, the sys-
versus method 2v( = 10, Aoy = 0.1, v; = 5 km/h,

60

50 |

40

vy =40

kmyh).

Py (n) o
Py (vg) +
Py () -
Py (v2)  x

1000

1500 2000
Cell Radius

2500 3000

new calls: method 1 versus method2 & 10, Ay = 0.1, vy = 5 km/h,

2. Forr > r*, asv increasesQy tends to decreasel his
is because the traffic due to handoff calls tends to in-
crease withv. Since the cell size remains unchanged"
the new call traffic initiated in the cell remains the sam¥
while the handoff traffic from adjacent cells increase
The cell is, therefore, likely to accomodate more hang:
off traffic than new call traffic. Thus, the increase il
Oy tends to be at the expense @f. This behavior

vy =40

kmyh).

is confirmed by the increase iAc with increase inv

(see figure 11). Moreover, for larger cellsy) also be-
comes large. As a result, the available channel capacig/
may not be sufficient to carry the traffic, resulting in thé
increase ofPy, and hence, in the decrease@f, (see
figure 13).

tem is modeled as a two-station queueing network, where
station 1 corresponds to the central cell and station 2 cor-
responds to an aggregation of the six cells adjacent to the
central cell.

Lete; denote the total arrival rate of calls (new as well as
handoff)to cellj. Letp; =e;/(n+u) andB; = E(p;, Cj)
whereE(-, -) is the Erlang loss function and; = N and
Cy = 6N. Letd = n/(n + n). Since the system is assumed
to be homogeneous,; = 0;; = 0. Leti; = A andis = 6A.
Then, under equilibrium conditions, the following system of
equations needs to be solved:

ei=Ai+ej(1-Bjo, i=12 j#i (29)
Let O\, Qn, By, B\, P&, P and P}, denote the perfor-
mance measures similar ©n, OH, BH, BN, Pc, Py and

Py (see section 6), respectively. Then, by definition,

On = A(1- By, (20)
O =e2(1— B2)6(1— By), (21)
B|/_| =e2(1— By)6B1. (22)

The expressions foP¢, Py and P/, will be the same as for
Pc, Py and Py, respectively.
The same sets of experiments as described in section 7
ere done for method 2. The initial values fBf and B>
vere set to 0.0. Then, using fixed point iteration, the ac-

éual values ofB;, i = 1, 2, were found. The iterations were

topped when the number of iterations exceeded 100000 or
f the B; values between two consecutive iterations did not
differ by more than 10'°. Except for five instances, fewer
than 100 iterations were required for tiBg values to con-
verge.

When there was no subscriber mobility (i.e.= 0), the
sults yielded by the two methods were identical. When
the subscribers were mobile (i.e.,> 0), the structure of

the solutions in terms of the impact of cell size, mean call
initiation rate, the number of channels and mobility on the

3. For r > r*, asv increases, the blocked handoff traffiqgperformance measures were the same. However, the results
(Bn) tends to increaseThis is because asincreases, differed in several respects and are described below. As in
the likelihood of handoffs also increases. For large cellsection 8, in the following discussion; denotes a cutoff
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value of cell radius at which system behavior tends to changelt is a common practice in the cellular industry to offer
and the actual value ef may not be the same for all casescredit to subscribers whose calls have been abruptly termi-
For a given set of input parameters, the major differated due to blocked handoff calls. This is because sub-
ences in the results of the two methods are described Isefibers are more sensitive to abrupt termination of ongo-
low (see figures 9-13). Beyond a certain cell size, the cang calls than to getting a busy tone during call initiation.
ried new call traffic under method 2 is higher than that uriFhe amount of credit depends on several factors such as the
der method 1 (i.e.Qy > On). However, in terms of the length of the call before it was terminated, the importance
other performance measures, for cells beyond a certain siagached to such disruptions by the service provider, and
method 2 yields lower values than method 1 (i@, < On, regulatory requirements. For convenience, assume that the
P < Pc, P\ < PN, B, < Bn). The above results imply amount of credit corresponds to the revenue obtained during
that when subscribers are mobile, beyond a certain cell silee average length of the call. The issue of credit results in a
method 2 tends to underestimate the handoff traffic (block&mbs of revenue to the service provider. The amount of loss
as well as carried) than under method 1. Besides, the vani+evenue per hour per cell is
ance in the results tends to increase with cell size and with
mobility. The above findings remain valid even for higher Rn, = BH[—Ro]. (25)
values ofiy. M
In general, mobility imposes a cost in terms of requirtrom (24) and (25), the total call revenue per hour per cell is
ing additional channels to meet a required blocking prob-
ability [3], and this cost tends to increase with mobility. Rh = Rny — Rh,. (26)

Method 2, as explained above, tends to underestimate thiq_et hgay denote the number of busy hours per day and

cost and hence the.correspondlng. results may not b? a%{y denote the number of business days per year. Then, the
rate. Method 1 provides a more reliable measure of this CQ¥nual call revenue for a cell of radiugndi channels is
since it accounts for additional handoff traffic by making the

handoff rates dependent on the active number of calls in ad- Reall(i, ) = RnhdayY. (27)

jacent cells. .
J Let Rco denote the connect charges from subscribers

($/month) andM (r) = [A/A(r)]. Then, the expected an-

10. Economic impact nual revenues for the entire service area is

In this section, the economic impact of mobility on system Riorlé, r) = M) Real G 7) + Rt (28)
configuration decisions is explored. Several experiments avbereR¢t = Reo- U - A - 12.

done to determine the optimal cell size and the optimal num- The next step in determining the net revenue is to deter-
ber of channels required at different values of subscriber mmine the total costs. The major cost components are the cost
bility and call initiation rates. of setting up and maintaining the tower and the cost of chan-

A similar study was done in an earlier paper [4]. Hownels in each cell. Let
ever, subscriber mobility was ignored. The study presented
in this section explicitly takes into account the impact of sub®
scriber mobility. Another difference between this study an¢ *: optimal tower type,
the earlier study [4] is in terms of computation Bf, the e D(¢): maximum radius covered by tower of typém),
total call revenue per bu_sy houry, i_s used to determi_ne the_ e Cy(r): annualized set-up cost of tower typés),
net revenue corresponding to a given system configuration. ) . .
To determineRp, it is necessary to determirié the mean e Cmi(r): annual maintenance and operations cost of tower
number of calls carried in a cell (i.e., cell 1 in our case) per typer (3),
unit of time. The procedure for determinifiyis given be- @ Ccn(?): channel cost associated with tower typ®).
low.

Given the carried traffic due to new call@(j) and the
carried traffic due to handoff callg)) in the central cell,
the mean number of calls carried by the central cell per unit C(i, 1) = Cy(t) + Cmt(t) + i Cen(2). (29)
of time is

T: number of tower types,

When tower type with i channels is used, the annual cost
per cell is

Hence, for a network of cells of radiuswith i channels as-
T =0N++ On. (23) signed to each cell, the expected annual costs for the service

) . area are given b
Let Rs denote the charge for the first minute of call akgl g y

denote the charge per minute for subsequent minutes. Then, Ciot(t,i,r) = M(r)C(,1). (30)

the corresponding call revenue per hour per cell is )
Given the expected annual revenues and the annual costs for

the cellular network, it is straightforward to compute the ex-
Ry = T[Rf + [; N 1—‘ RO}' (24) pected annual net revenues. For a cellular network ¢f)
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Table 1
Input parameters associated with towers.

Tower type Tower range cost Setup cost Channel cost Mtce./Opns. cost

(in m) (in $) (in $/year) (in $year)
1 300 20,000 300 2,500
2 800 150,000 500 20,000
3 1,500 500,000 500 40,000
4 3,000 1,600,000 750 60,000
5 6,000 3,000,000 1,250 100,000

140

cells, each of which has radiugnd uses towerandi chan-
nels, the expected annual net revenues are given by

0o b s =5 km/hr
=40 km/hr

NR(t, i, 7) = Riot(i, r) — Ciot(t, i, 7). (32)
The parameters used in this study are as follows: "
subscriber density: 0.0001 subscribeysn?, Net Revenues |
mean call duratioa= 2.0 min, (i millions) o |
available channels 50,
service area: 1.6 billion m?, el ]
subscription charge $ 2500/month wloo
estimated tower life= 5 years A
R; = $ 0.25/first minute ") .1;;0 20'00 30'00 40‘00 50'00 6000
Ro =$ 0.15/minute Cell Radius
hdayz 6, Figure 14. Impact of subscriber mobility on net revenueg & 0.1
Y =260 days calls/h/subscriber).
The input parameters associated with towers are listed in From figure 14, it can be seen that the net revenue has a
table 1. nonlinear strucuture similar to that of a sawtooth function.
For a given cell radiug, the number of cells required Thus, there are large changes in net revenue when cell ra-
to cover the given service area is determinediag) = dius just exceeds 300, 800, 1500 and 3000 m. These large

[A/A(r)]. Next, the optimal tower type is chosen afteehanges in net revenue are due to the changes in the choice
comparing the cell radius with the rangeD(r) of each of tower used in each cell. In fact, for low values of mean
towerr. The tower whose range just exceeds the cell rgall initiation rate, subscriber speed and cell size, the total
diusr is chosen the optimal tower typ&. Then, the traffic- costs can exceed the total revenues (note: negative values of
related values such as the mean call initiation rate per cefit revenues are denoted as points ontais in the fig-
A(r) (= AU A(r)) and the number of subscribers in the setire). Besides, the magnitude of the change in net revenue
vice areaS (= UA) are determined. Next, usiny avail- seems to decrease with increase in cell radius.
able channels in each cell, the net revenues are computedf the subscriber speed is increased, while the other para-
using the procedure outlined above. However, the use gters are unchanged, the net revenues also increase. The
all the availableN channels may not necessarily maximizéeason for this behavior can be explained as follows: the
the expected net revenue. Hence, the procedure for detaereased subscriber mobility results in a higher carried traf-
mining net revenues is repeated for each valug, efhere fic — mainly due to increased handoff traffic (see discussion
1 < i < N. The number of channels which yields thén section 8) — which contributes to higher net revenues.
maximum net revenue is chosen as the optimal numberkdéwever, as the cells become larger, the difference in net
channels §*) for each cell. revenues due to a change subscriber mobility tends to be-
In the first experiment, the maximum number of charcome smaller. One of the reasons for this behavior is that
nels, N, was set to 50. The cell radius was varied frorthe blocked handoff traffic tends to increase (see figure 12)
50 to 6000 m in increments of 50 m. For a given call inileading to a higher penalty incurred by the service provider
tiation rate, Ay, the net revenue for each value of cell rain offering credit for blocked handoff calls. Another reason
dius was determined as described earlier. The above expgthat the carried new call traffic also tends to decrease with
iment was repeated for different valuesiqf (i.e., 01 and increase in subscriber mobility (see figure 9), which lowers
1.0 calls’h/subscriber) and for different values of subscribehe revenue due to carried traffic. Both of the above reasons
speedv (i.e., 5 and 40 knfh). The values of other input pa-lead to a lower impact on net revenues for large cells.
rameters were kept constant. The results of the above experAnother impact of higher subscriber mobility is that the
iments are discussed below. optimal cell size is lower. For low values of call initiation
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- o Several observations were made regarding the system
s - =~ 1 performance and as to how it is affected by the complex in-
0l - - | teraction between subscriber mobility, cell size, number of
a1 = i | channels and the mean call initiation rate. Another interest-
- e ing observation was that the reliance on a single performance
, 0 r e = 1 measure may lead to erroneous conclusions and that it is im-
N?lfrfé:‘fif o | - = | portant to consider several performance measures jointly to
channels - o study the impact of input parameters.
2T - ] The above experiments were repeated using the tradi-
s - 1 tional method of modeling handoffs using information about
ol - w=imhr o | the average behavior. The results of these experiments show
L v =40 kb~ that the proposed model, where handoff rates are state-
’ e 1 dependent, captures additional traffic due to mobility when
0 et : : : : compared to the traditional method of modeling handoffs.
‘ e Cellallgagdius oo w% e Additional experiments were also done to study the eco-

nomic impact of mobility on system configuration decisions.
Figure 15. Impact of subscriber mobility on the optimal number of channehough an approximation, the above work provides inter-
(»u = 0.1 cally/h/subscriber). esting insights about the impact of mobility in configuring

. S . . cellular networks.
rate and subscriber mobility, if the cell size is small, it im-

plies that a large number of cells will be required to cover
the service area. Since the setup cost of towers, even witbknowledgements
small coverage, is relatively high, the revenues due to carried )
traffic in such a configuration may not justify the necessa e wish to acknowledge the help of Mr. Terry PISOH, Contel
investment. However, if the subscriber mobility is high, th&€llular, and Mr. Allen Bethel, BellSouth Mobility, for clar-
carried traffic tends to be higher for small cells. In fact, dYiNd Several technical issues and for providing information
cells become larger, the carried traffic tends to decreaserﬁg"ted to the operation of cellular networks.
explained in the previous paragraph. Hence, the optimal cell
size is lower when subscriber mobility is increased. References
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