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Abstract - One way of improving the performance of cellular
networks is to build a second layer of macrocells on top of the
microcell level. The system performance can further be
increased by using guard channels and allowing calls to overflow
to the upper layer when needed. In this study, we used ssimulated
annealing (SA) to determine the design parameters of two-tier
cellular networks for which the cost is minimized. We
experimented with the SA-based technique on different example
problems and obtained promising results.

|. INTRODUCTION

After the introduction of wirelesscommunicaion systems a
decale ago its growth has been rapid [1]. The number of
wirelesscommunication service users as well as the spedrum
of the available services increased with an urexpeded rate.
The main reason for this growth was the newly introduced
notion of terminal and user mohility. It is expeded that the
wireless communications will be the dominant mode of data
accesstechnology in the next century [2].

Cellular concept is the main idea on which majority of
existing terrestrial wirelesscommunication systems are based
[3]. In this approadh, the total areato be included in the
system is divided into cdls, where asubset of al available
channels is used in ead cdl. The main ideais to use the
channel subsets in cdls that are far apart to ensure an
interference-free  @mmunication scheme with potentially
infinite cverage caability.

When a Mobile Terminal (MT) goes over to another cdl
while acdl proceals, the cdl is pased to the new base
station. This procedure is cdled handoff. When the new cdls
are not serviced due to ladk of channelsit is said that the cdl
is blocked. When a handoff cdl cannot find afree dannel in
the new cdl, the cdl terminates forcefully. This stuation is
described as call dropping. But from the users' point of view,
this gtuation is far less desirable than the first one [4].
Therefore in some newer systems the handoff cdls are given
higher priorities. Cellular networks in which handoff cdls are
prioritized are cdled prioritized networks. The non-
prioritized systems are examined in [5]. One of the simplest
ways to give priority to the handoff cdls is to reserve some
channels exclusively for them. These reserved channels are
cdled guard channels. In [6], an efficient way to minimize
the cdl dropping probability whil e staying below a given cdl
blocking probability threshold is presented. It is also posshble
to design systems that have multiple layers of cdls that cover
the same aea

In [7], Hu and Rappaport describe amulti-tier system and
give analyticd results for a set of different parameters. The
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choice of parameters aims to present the performance of the
system under different conditions. The dforts in [8] are
aimed at the optimal spedrum partitioning once the system is
set up. None of the mentioned works present how a system
should be designed satisfying certain other constraints.

The focus of this work is chosen as designing a wireless
cdlular system with guard channels, deployment of two
cdlular layers on top d ead other and overflow. The dmis
to minimize the system cost while satisfying the maximum
cdl blocking and forced termination probabiliti es. In order to
solve the design problem, a well-known artificial intelli gence
technique, Smulated Annealing (SA) [9], is chosen.

The outline of this paper is as follows: In the second
sedion, the design problem is formulated. Furthermore, the
objedive function that will be used in the solution techniques
is described and the cdculation methods are presented. The
third sedion explains the solution technique extensively. In
the fourth sedion, the results of the mputational
experiments are presented before the cnclusion.

Il. PROBLEM DEFINITION

The purpose of this work is to design a minimum cost
multi-tier cdlular network with cdl overflow and guard
channels that satisfy certain performance ®nstraints. We
tried to determine the parameters that describe the multi-tier
cdlular network rather than gving the performance measures
once these parameters are supplied. Here we a&same two
clases of MTs. The high mobility class represents the MTs
that are used in cars and cther vehicles. The low mohility
classis made up of users that are primarily pedestrians. The
speals of MTs are eponentialy distributed with means v;
and vs respedively. Since the target deployment areais as
large & a metropditan areg the distribution of the members
of both mohility classes can be mnsidered as uniform and all
mobile terminals are awumed to move in any diredion
equally likely. The cdl duration is also exponentialy
distributed with mean /U, for both mohility classes. The time
spent in a cél, which is cdled dwell time Uy, is cdculated as
in [8], wherer isthe radius of the cdl and v isthe sped dof the
mobil e terminal, resulting in foll owing identity:
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The cdl arrivals to the cdls follow a Poisson distribution
for bath mobility classes. The mean rate for the cdl arrivalsis
determined by the MT density and the mean cdl generation
rate of theindividual MT users. The antennas for both layers
may be locaed at the same locaions. Furthermore, the



distinction between the mobhility classes sould be made using
the mean of the mean mobility rates as the threshold.

The cdls of the lower tier in the two-tier network are cdled
microcdls. Upper layer cdls, maaocdls, cover an integer
number of microcdls. Furthermore, the radius of the
maaocdlsis constrained to be an oddinteger multiple of the
radius of the microcdls. The total channel spedrum is
divided by the duster sizeinto channel sets. Each channel set
is then divided among one microcdl and one maaocdl. This
means that if the microcdls has one less channel, then that
channel will be used by the maaocdls. After the splitti ng of
the dhannel sets me of the cannels will be adgned as
guard channels. The ariving cdls are serviced as foll ows:
The new cdls of the dow MTs are primarily served by the
appropriate microcdls with an available non-guard channel.
If only guard channels are available, then the new cdls are
overflowed to the maaocdl that covers the microcdl as
overflowed new call. If handoff cdls cannot be serviced in the
microcdls, then they are overflowed to maaocdl.

At the maaocdl level, al the cdls of the high mobhility
terminals and the overflowed cdls are serviced. The high
mobhility handoff cdls and the overflowed handoff cdls are
treaed equivalently. New cdls of both classes may not use
the guard channels upon their arrival. If no non-guard channel
is avail able, new cdls are blocked. The low mobility cdls at
maaocdl level cannot return to microcdl level even if
channels become avail able in the microcdls.

The metrics are chosen to be cdl blocking and dropping
rates whil e the total system cost is minimized. Any solution is
said to be feasible & long asit is in acmrdance with system
description and the probability of cdl blocking and cdl
droppingis below the spedfied thresholds. The values for the
system parameters are in the order of 102 to 10° for the cal
blocking and for the cdl dropping 10° to 10* The input
parameters are used to describe the cdl and physicd medium
charaderistics and to set the performance requirements of the
designer. These ae used, in turn, to produce the parameters
that describe the cdlular system.

The user supplied parameters are vs and v; (mean speed of
low and high mobhility users), SAn? (cdl arrival rate per
second per m? for low mobility terminals), FAn? (cal arrival
rate per second per m? for high mobility terminals), 1/U;
(mean cdl duration), C; and C, (macaocdl and microcdl
cost), A (total areg), CS (cluster size), Chyy (total number of
available channels), p (Radius incresse/deaease fador), cr
(coding rate), Ppmex and Pgmex (Maximum alowable cdl
blocking and droppng probability). The dedsion parameters
are C (total system cost), Ch; and Ch, (number of channels
reserved for ead microcdl and maaocdl), G; and G,
(number of guard channels reserved for eat microcdl and
macaocdl), Rand r (radius of amaaocdl and microcdl).

The minimum cost two-tier cdlular network design
problem can be formulated as foll ows:

Minimize C=C, [N, +C, N, )

subjed to the wnstraints

Pb < Pb,max (3)
Pd < Pd,max (4)
TR?N, > Area ®)
3N, = Area (6)
?R =2n+1 nDOZ (7)

N; and N, are the number of the microcdls and maaocdls
respedively. While minimizing the total system cost, the
resulting probabiliti es for cdl blocking and cdl dropping
should stay below the provided limits as expressed in (3) and
(4). The cdculation of the cdl blocking and dropping
probabiliti esis explained in Sedion Il .A.

I11. SOLUTION TECHNIQUES

In order to solve the minimum cost two-tier cdlular
network design problem, a Smulated Annealing based
technique is used. In this sdion, we describe the detail s of
the dgorithm used as well as the description of the st and
performance caculation procedures.

A. Calculation of Cost and Performance Measures

Given the total area the number of microcdls and
maaocdls that would cover the given tota area is
determined. If the resulting system should have N; microcdls
and N, maaocdls with C; and C, as their respedive unit
costs, the total cost C= C; Ni+ C, Na.

In order to evaluate the performance of a wnfiguration, the
system is divided into two parts. The first part corresponds to
the microcdl layer of the system. This part of the system is
represented with a Markov Chain (M/M/g/s gystem) [10]. In
this representation the state rresponds to the number of
cdls srved by a microcdl. The arivas to the system are
denoted as A;s. The dwell time of the low mohility usersin the
microcdls Ugs are cdculated acwording to (1). A sample
Markov chain for a microcdl with five channels and two
guard channels are presented in Fig. 1.

The stealy state probabilities P; can be cdculated using
Erlang-B formula[10] as wownin (8) — (10).
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The asymptotic handoff rate Aiq, used in Erlang-B formula

iscdculated by iteration as described in [7], until Ag, equals

to Aqgn.
Chy
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a=AFA,  b=Ay  c=Ug

Fig. 1 Sample State Transition Diagram for Microcells (5/2)
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Fig. 2 Sample State Transition Diagram for Maaocells (5/2)

Having determined the probabiliti es for cdl blocking Py
and cdl dropping Pg;, which correspond to the sum of the
steady state probabiliti es for states i=Ch;-G; to Ch; and Py,
respedively, the total overflow new cdl and overflow
handoff cdl traffic entering a maaocdl (Aes and Aqg)
covering N microcdls can be cdculated as foll ows:

As = N[, R, 12

A = N[h, [Py, (13

The states in macaocdl level correspond to the numbers of
high and low mobhility users (i and j) serviced by a maaocdl.
The state transition diagram for a macaocdl with five
ordinary and two guard channelsis srownin Fig. 2.

The variables Ax and Ay, are the arival rates of the new
and handoff cdls of high mobility users to a maaocdl
respedively. A, isthe arival rate of the handoff cdls of the
low mobhility users once they entered the macaocdls. 1/Ugs
and 1/Ug4y are the dwell times of low and high mohility users
in the maaocdls. The values for Ay, and A,g, are cdculated
using the same method that is described for the microcdl
handoff rate determination.

The system is slved for the steady state probabiliti es P as
described in [12]. For the red values of P; the handoff arrival
rates dould be cdculated using an approach. The cdl
blocking and cdl dropping probabiliti es for the maaocdls
(Ppy and Pgy) are cdculated as foll ows:

P = z R (14)
i+{=th,

Ri= z P, (19
i+j2Cm-c,

Finally, the overall cdl blocking P, and cdl P4 droppng
probabiliti es are cdculated. The cdl blocking probability is
cdculated asin (16). The average cdl dropping rates for fast
and dow mobility classes Py and Pg.are cdculated based on
the same idea

_ (N R, Ry )+ (4 [R)
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B. Smulated Annealing Algorithm

The SA agorithm [9] is chosen becaise the design
problem had multiple plateaus in the objedive function. The
agorithm starts with an initial feasible solution and makes
random moves within the range of the neighbors that can be
readied from the arrent solution. Each step in the dgorithm
corresponds to visiting a feasible neighbor. Fig. 3 shows the
pseudo-procedure of the SA agorithm. The generation of the
initial feasible solution is done by generating random radii for
microcdls and maaocdls and by distributing the available
channels among the tiers randomly. The available dchannels
are split between maaocdls and microcdls randomly as well .

The neighbors of a system are determined by changing the
dedsion parameters incrementally. The neighboring systems
are ather generated by transferring one dannel from
microcdls to maaocdls or vice versa, or by changing the
microcdl radius by a fixed percent value p supplied by the
user, which effeds also the macaocdl radius or by changing
the R/r ratio. The fixed ratio values constitute the plateau of
the st function. Those plateaus can be overcome by the
nature of SA algorithm.

The SA agorithm stops in four different cases. If all the
neighbors of initial feasible solution are infeasible, the
agorithm does not proceeal and tries to find another feasible
solution. Seoond stoppng criterion is the number of
successve neighbors that are acceted due to their costs but
do not confirm with the cdl blocking and dropping
constraints. The third criterion is the number of movesthat do

procedure SA
begin
reset the stopping criteria;
find initial feasible solution;
update the stopping criteria;
initialize temperature;
while termination criteria ae nat satisfied
begin
generate neighbor;
calculate @st;
generate random number p;
if (exp. (-(New cost - Old cost)/(Temperature)) > p) then
if (Neighbor is feasible)
then begin
aacept the move;
reset the fail ure counter;
update the temperature;
end;
elsebegin
regjed themove;
increase the fail ure counter;
update the stopping criteria with counter;
end;
end;
end;

Fig. 3 Pseudo-Procedure of SA Algorithm



not change the @mst of the system. Finally, as a precaition, the
algorithm counts also the number of moves made since it
started. The maximum all owable number of movesis st to be
one thousand. The best value recrded is the output of the
total algorithm.

C. Other Search Algorithms

In order to compare the results that are obtained by the SA
algorithm, other neighborhood seach agorithms are dso
implemented. These ae the Greedy Seach (GS) agorithm
and Generate and Test (GAT) algorithm. The greedy seach
algorithm is most of the time used for problems that have a
convex cost function. If the cost function is not convex, like
in this case, then the GS algorithm is run starting from
different point of the feasible solution space When the st
cannot be improved any further, then the dgorithm is
restarted.

Setting the initial temperature in the SA algorithm equal to
zeo yields in the GS agorithm. In order to set the
approximate runring time of SA and GS agorithms, also the
moves that are not accepted but for which the performanceis
cdculated are counted. The mean value turned out to be
around 1500for the SA algorithm. Therefore, the stoppng
criterion for the GS agorithm is chosen as 1500 gerformance
cdculations. Then the number of feasible moves lies around
620.

The @m of GAT agorithm is to traverse the feasible
solution spacerandomly. They can be used as benchmarks for
heuristic dgorithms. There is no rule that relates the
generation of the succesgve poaints in the solution space For
the generation of the feasible solution the routine that
cdculates the initial feasible solution for the SA agorithm is
used. The number of accepted solutions are bounded with the
value 5000 After 5000 random feesible solutions are
generated the dgorithm terminates. On the average,
approximately 25000 solutions are generated, but only 5000
of them are acceted for ead run.

IV. COMPUTATIONAL EXPERIMENTS

The first group of experiments deds with the dfea of the
isolated parameters on the objedive function. Secondly, the
effeds of the design dedsions are questioned. Lastly, the
seleded solution technique is compared with other alternative
solution techniques and the singe-tier systems. The obtained
results are presented graphicdly.

In order to prepare the problem sets for comparison, a
sample problem is chosen as the base problem. This base
problem refleds a typicd case that can be facal when
designing a cdlular network. The eperiment sets are
prepared by changing the values of the given system. To
demonstrate the dfed of a parameter, all parameters except
for the parameter in question are seleded egual to the
parameter values of the base problem. Parameters of the base
problem are vs=1 Vs, vi=8 m/s, SAn’=8x10°per sec. per m?,

FAM’=2x10%per sec per m?, 1/U=100 sec, C;=10 Units,
C,=30 Units, A=5000 km? CS=7, Chipu=150, Pyme=0.01
and Py 1e,=0.001

The resulting solution that is obtained from the SA
algorithm gives al the necessary dedsion parameters needed
to implement the two-tier cdlular network. For the base
problem, resulting dedsion parameters are C=152060Units,
Ch,;=8, Ch,=13 G;=0, G,=1, R=1275m, R=425 m and
Rir=3.

A. Effect of Some Parameters and Design Decisions

The first parameter to focus on is the mean speed of both
mobility classes. The speed changes of both mohility classes
are examined separately. Keeping the other parameters as in
the base problem, the mean speed of the low mobility users
areincreased from 0.25 m/sto 25 m/swith a step size of 0.25
m/s. Theresulting gaph is siownin Fig. 4.

The st of the system increases when the mean speed of
the low mohility users increases. However this increase starts
with a higher sope for small values of mean speed and
becomes less and less when the mean speed increases. This
behavior may be an indicaion of the fad that the system
starts to benefit from the second tier of the network as a place
to forward the excesscdlsinstead of deaeasing the cdl radii
and increasing the channel amount per m>

When the average speed of the high mobility users is
incressed, since the ariving Hgh mobility cdls cannot be
overflowed to another tier, the system should read¢ with
incorporating more resources by paying more. In the previous
case, the system could use the excess resources available in
the upper tier. In this case, the excess traffic should be
handled again within the same tier. Hence the performance
requirements can be met only if the number of available
channels per unit areais increased. It can also be @ncluded
that increases in the mobility do not effed the system setup
cost too much, since the users change cdls equaly likely and
the ladk of resources are temporary.
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Fig. 5 Threshold Probability for Call Blocking vs. Cost

The maximum allowable cdl blocking probability is one of
the oonstraints of the problem. In order to demonstrate the
effed of maximum allowable cdl blocking probability, its
value is deaeased starting at 0.015 davn to 0.001 with a step
size of 0.00L The results of this experiment are shown
graphicdly in Fig. 5. As the mnstraint gets gricter, the st
of the system goes over to dfferent plateaus. It does not make
any difference to choose apoint belonging to a plateau. The
value for maximum alowable cdl blocking threshold should
be dhosen such that it is as drict as posdble within the limits
of a plateau, since relaxing the @nstraints has no effed on
cost aslong as one stays on a plateau.

The next parameter to be inspeded is the maximum
alowable cdl droppng threshold. The vaue for this
threshold is deaeased from 0.01 to 0.001 with a step size of
0.001 The resulting values are shown in Fig. 6. For a given
cdl blocking rate, the cdl droppng rate has no effed on the
cost urtil it reades a cetain value. Only if it is st to be
smaler than that value, the mst of the system starts to
increase. The bre& point is st primarily by the cdl blocking
rate. If that cdl blocking rate is stisfied, then the cdl
dropping thresholds that are larger than the bres point are
satisfied anyway.
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Fig. 6 Threshold Probability for Call Dropping vs. Cost
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In order to olserve the dfed of additional resources on the
system, the number of total available channels are increased
from 75 to 300 with 25-channel. Fig. 7 summarizes the
results. Increasing the number of avail able channels deaeases
the system setup cost. The gain per unit increase in the
number of channels is high where the channel numbers are
small. The increase deaeases for larger numbers of avail able
channels. The st diff erences indicate the need for additi onal
channelsto relieve the system.

In addition to the dfeds of parameters and design
dedsions presented here, we dso examined the dfeds of
mean cdl arrival rates, cdl overflow and two-tier
implementation dedsions. The results can be obtained from
[11].

B. Assessment of SA Algorithm

In order to demonstrate the behavior of the two-tier cdlular
network in question, several nominal and extreme parameter
configurations are tested and solutions are compared with
other solution techniques. All of these tests are based on the
base problem defined in the introduction of Sedion IV. In
order to compare the GS and SA agorithms fairly, the basic
SA agorithm is run urtil 1000 accepted moves are readed.
This may correspond to multiple runs of the basic SA
algorithm. It is fair to run the basic SA agorithm more than
once, since the results do not change very much with
incressing nunmber of runs. By doing this, the number of
evaluated solutions is determined approximately. Then the
number of performance evaluationsin the GS algorithmis st
equal to the mean number of performance evaluations in the
SA algorithm. Hence the runring times of both agorithms
are normalized. All the problems presented are variations of
the base problem. The dchanged parameter is given in the
description column as well as in the text. The obtained results
are shown in Table |I. More detailed explanations can be
obtained from[11].



TABLE|
REsuLTS OBTAINED WITH SA, GS AND GAT ALGORITHMS FOR SEVERAL PROBLEMS

PROB. NO| DESCRIPTION SA GS GAT MIN GATAVG| GATMAX
1 Base Problem 152060 155390 151890 2118037 10895180
2 Area=1000km? 30990 30380 30570 429610 2193440
3 Area=50km? 1550 1660 1550 20789 108860
4 Slow Low Mobility Speed=0.25m/s 147000 154050 148950 2099563 10901150
5 Fast Low Mobility Speed=3m/s 157200 161260 157360 2145840 10925040
6 Slow High Mobility Speed=5m/s 149900 154540 150460 2094752 10889240
7 Fast High Mobility Speed=20m/s 162440 165560 164150 2204543 10942990
8 Low Mobility Arrival Rate=2e-8 112590 118280 112300 2041311 10967040
9 Low Mobility Arrival Rate=1.5e-7 195400 195860 193880 2278864 10919060
10 High Mobility Arrival Rate=5e-9 76990 77380 92300 1325920 10913080
11 High Mobility Arrival Rate=8e-8 489980 774880 484280 3516816 10997170
12 Frequent Call Arrivals 646790 651960 645940 3765970 10979070
13 More High Mobility Users 218300 212540 213240 2529019 10948990
14 Short Duration=40sec 54580 56100 93250 1393697 10818160
15 Long Duration=200sec 356570 372160 338460 2952800 10954990
16 Loose Performance Limits 124360 123950 120970 1901178 10973050
17 Strict Performance Limits 161180 165680 161100 2177883 10979070
18 Very Strict Performance Limits 172760 180290 173660 2261686 10942990
19 Cluster Size=3 47690 60690 89760 1400909 10889240

20 Cluster Size=19 1054040 1069140 1052850 4531172 10991140
21 Same Unit Price 121960 123350 120960 1920096 8792900
22 Price Ratio=1:5 181300 188020 182160 2301842 13196610
23 No Maaocell Setup Cost 37500 38020 105990 1821174 7698010

V. CONCLUSION AND FUTURE WORK

In this work, we cncentrated on the design of a two-tier
cdlular network. The goa was minimizing the st while
satisfying the performance ®nstraints. The performance of
the SA agorithm is compared with the performance of GS
algorithm and GAT method. Computational experiments
showed that the SA algorithm outperforms the GS algorithm
in most of the caes. The quality of the solutions is compared
with the results of the GAT method. The st values obtained
with the SA algorithm are dther better than the solutions of
GAT, or they are very close to ead other. The dfeds of
several parameters on the @st of the system are studied.
Additionally, the dfed of design dedsions, having guerd
channels and alowing cdl overflow, are dso considered. As
a future work, we plan to investigate different neighborhood
functions and alternative solution tedhniques. The time
complexity of the dgorithm will be studied in detail .
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