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Abstract

Wireless communications systems enable the end users to be mobile. The mgority of the
wireless communications networks are cellular networks. Several methods are developed to
increase the performance of the cdlular networks, which depends on the correct determination of
the design parameters as well as the architecture of the system and the traffic requirements. In this
study, we introduce a Simulated Anneding (SA) based method to determine the design parameters
of a multi-tier cellular network, for which the implementation cost is minimized. The cellular
system employs guard channels and alows calls to overflow to upper tiers. We conducted
experiments with the SA-based technique on different example problems in two-tier cellular

networks and obtained promising results.
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1. I ntroduction

As the technology evolves, the demand for better and faster communication systems aso
increases. After the introduction of wireless cellular communication systems a decade ago its
growth has been rapid [1]. The number of wireless communication service users as well as the
spectrum of the available services increased with an unexpected rate. The main reason for this
growth was the newly introduced notion of termina and user mobility. It is expected that the
wireless communications will be the dominant mode of data access technology in the next century
[2].

The majority of existing terrestrial wireless communication systems are based on the
cellular concept [3], [4]. The underlying network structure is composed of a fixed network with
wireless last hops between Base Sations (BSs) and Mobile Terminals (MTs). The fixed
communication network connects the base stations to controllers, ak.a. Mobile Smtching Centers
(MSCs), that manage the calls and track all mobile terminal activities in a cell [5], [6]. In some
systems, multiple base stations are used to serve the same area. Hence, a multi-layer cellular
network is formed [7], [8]. Figure 1 shows a two-tier system, where a macrocell covers seven
microcells.

Figure 1. A Macrocell Covering Seven Microcdlls



The next generation wireless systems will provide global coverage. ITU provisions the
use of Hierarchicd Cell Structure (HCS) for IMT 2000 [9]. HCS will consist of high capacity
picocells for in-building communications, micro and macrocells for urban and suburban
communications, and satellite cells to complete the globa coverage. The terminal mobility is one
of the most chalenging aspects of the next generation wireless systems, both for within a single
layer and across the hierarchicd layers. The mobility management issues in the next generation
wireless systems are discussed in [10]. A solution to the location update and paging problem
multitier wireless systems is presented in [11]. Other work on multi-tier cellular systems, such as
[7] and [8], mainly concentrates on performance calculation of the system once the parameters are
determined.

The switching of MTs from a cell to the other is called handoff. During this process, a
channd is assigned in the new cell, while the channel used in the old cell is released. The so-called
call dropping occurs when a call in progress is forcefully terminated due to lack of available
channels in the new cell. A similar event, not serving a new call due to lack of available channels,
is described as call blocking. Call blocking and dropping probabilities are used as performance
measures while designing cellular systems. However, from the users point of view, call dropping
is less dedirable than call blocking [12], [13]. Therefore, in some TDMA-based systems, the
handoff calls are given higher priorities using prioritized networks. Several methods to provide
prioritization of the handoff calls are outlined in the third chapter of [14]. One of these methods is
to reserve some channds exclusively for handoff cals, aso known as guard channels. In [15], an
efficient way to minimize the call dropping probability while staying below a given call blocking
probahility threshold is presented. In [16], a variable reservation policy with handoff prioritization
through guard channels is presented. Another handoff prioritization method is proposed in [17],
where the number of guard channels are changed through hysteresis control. In CDMA-based
systems, however, improvements in call dropping probability can aso be achieved by controlling
the call admissions to the neighboring cells as proposed in [18].

Another solution to cal dropping problem is borrowing unused channels from
neighboring cells [19], [20]. However, this method can limit channel usage in the rest of the
network and involves complicated control mechanisms. In order to reduce the global effects of
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channel borrowing, neighboring cells can be grouped as metacells [21]. With this method, only the
metacells in the reuse distance can use the same pool of channels. The individual cells in the
metacells can share the channels from the assigned pool without coordinating with other cells
outside their metacell.

One of the chalenges associated with multi-tier cellular networks is their design and
determination of parameters. In [22], a multi-tier cellular network design agorithm is presented.
The proposed method minimizes the total system cost of a multi-tier cellular network subject to
call dropping and blocking probability constraints. With this method, the cell radii in each tier as
well as channel partitioning among the tiers are determined. The method is based on exhaustively
searching the parameter space. However, the tiers in the system are isolated and the performance
increasing techniques such as guard channels and call overflow are not considered.

As described in [23], cellular network deployment has many aspects. In this work, we
present a probabilistic optimization technique to determine the system parameters of multi-tier
cellular networks, for which the implementation cost is minimized. The multi-tier cellular network
is proposed for urban environments, where low mohility users, e.g., pedestrians, and high mobility
users, e.g., mobile users in vehicles, are present in the same environment. The cellular network
model has two tiers, employs guard channels in dl tiers and allows calls to overflow to the upper
tiers, hence, we aim to combine the advantages of multi-tier and prioritized networks. The
optimization problem is subject to new cal blocking and handoff call dropping probability bounds.
Since the problem involves determination of multi-dimensiona discrete and continuous parameters
that depend on each other, it is not possible to solve the problem analytically. Furthermore, the
large parameter space prohibits an exhaustive search approach. Therefore, a well-known artificia
intelligence technique, Smulated Annealing (SA) [24], is chosen to solve this optimization
problem. It is a neighborhood search technique with incorporated probabilistic behavior. SA
combines the advantages of random and greedy search techniques.

The outline of this paper is as follows. In the second section, the design problem is
formulated. Furthermore, the objective function that will be used in the solution techniques is

described and the caculation methods are presented. The third section explains the solution



technique extensively. In the fourth section, the results of the computational experiments are

presented. The last section concludes this work.

2. Definition of the M ulti-Tier Cellular Network Design Problem

The purpose of thiswork isto design a minimum cost multi-tier cellular network with call
overflow and guard channels that satisfies certain performance constraints. In this work, we

focused on the determination of system parameters that describe the multi-tier cellular network.

2.1 Assumptions

In the work presented, two classes of mobile terminals are assumed. The high mobility
class represents the mobile terminals that are used in cars and other vehicles. The low mobility
class is made up of users that are primarily pedestrians. The speeds of the mobile terminal users
are exponentially distributed with mean vaues v and Vs, respectively. A smilar mobility
distribution was aso used in [25]. Since the target deployment area is a metropolitan area, the
distribution of the members of both mobility classes can be considered as uniform and al mobile
terminds are assumed to move in any direction equdly likely. The cal duration is aso
exponentialy distributed with mean 1/U; for both mobility classes. The time spent in a cell, which
is called dwell time Uy, is calculated as in [25], where r is the radius of the cell and v is the speed
of the mobile terminal, resulting in following identity:

i - r—Z’VT 2.1)

The cal arrivas to the cdlls follow a Poisson distribution for both mobility classes. The

mobile terminal density and the mean call generation rate of the individua mobile termina users
determine the mean cal arrival rate. The antennas for both layers may be located at the same
locations. Furthermore, the distinction between the mobility classes is made using the mean of the

mean mobility rates as the threshold.



2.2  System Description
The network to be designed is a two-tier cellular network. The cdlls of the lower tier are
called microcells and their radii are smaller than those of the cells of the upper layer. Upper layer
cells, macrocedlls, cover an integer number of microcells. Furthermore, the radius of the macrocells
is congtrained to be an odd integer multiple of the radius of the microcells to ensue that an integer
number of microcells are contained in every macrocell. The caculation of the number of covered
microcells Ni, where R/r = i can be expressed as:
N =N_+60i -2
Nll 1 4N1 :[GO ) (2.2)
The total channel spectrum is divided by the cluster size into channel sets. Each channel
set is then divided among one microcell and one macrocell. This means that if the microcells have
one less channel, then that channel will be used by the macrocells. After the splitting of the channd
sets some of the channels will be assigned as guard channels. The number of guard channels

cannot be changed once the system is operational.

Macrocell
Overflow Overflow A A
New Calls _ Handoffs _
Microcell

P

New Cdls Handoffs New Calls Handoffs
Low Mobility High Mobility

Figure 2. Cdl Service Pattern

The arriving calls are serviced as follows: The new calls of the dow MTs are primarily
served by the appropriate microcells with an available non-guard channel. If only guard channels
are available, then the new cals are overflowed to the macrocell that covers the microcell as

overfloned new call. If handoff calls cannot be serviced in the microcedlls, then they are overflowed
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to macrocell. Figure 2 shows schematicaly how the calls are serviced and which order is followed
in serving them.

At the macrocdl levd, dl the cdls of the high mobility terminds andthe overflowed calls
are serviced. The handoff cals of the high mobility class terminas and the overflowed handoff
cals are treated equivalently. New calls of both classes may not use the guard channels upon their
arrival. If no non-guard channel is available, new cals are blocked. The low mobility cdls at

macrocell level cannot return to microcell level even if channels become available in the microcdlls.

2.3 Constraintsand Parameters

The problem is to design a two-tier cellular network at lowest implementation cost. The
performance parameters are chosen to be cal blocking rate and call dropping rate. Any solution is
said to be feasible as long asit is in accordance with the system description and the probability of
call blocking and call dropping is below the specified thresholds.



Table 1. User-Supplied Parameters

PARAMETER | DESCRIPTION
Vs Mean speed of low mobility users
Vi Mean speed of high mobility users
SAnY Call arrival rate per second per m’ for low mobility terminals
FANY Call arrival rate per second per m? for high mobility terminals
U, Mean call duration
C Macrocel| cost
C, Microcdl cost
A Total area
CS Cluster size
Chigtal Total number of available channels
P Radi us increase/decrease factor
Cr Codling rate
Phmax Maximum allowabl e call blocking probability
P max Maximum allowable call dropping probability
Table 2. Decison Parameters
PARAMETER DESCRIPTION
C Total system cost
Ch, Number of channéls reserved for each microcell
Ch, Number of channels reserved for each macrocel
G, Number of guard channels reserved for each microcell
G, Number of guard channels reserved for each macrocell
R Radius of a macrocel
r Radius of a microcell

The vaues for the system parameters are in the order of 10 to 10° for the call blocking
and for the call dropping 10° to 10“. The input parameters are used to describe the call and
physical medium characteristics and to set the performance requirements of the designer. These



are used, in turn, to produce the parameters that describe the cellular system. The user-supplied

parameters are presented in Table 1 and the decision parameters are summarized in Table 2.

2.4 Problem Formulation

The minimum cost two-tier celular network design problem can be formulated as

follows:
Minimize C=C, [N, +C, [N, (2.3)
subject to the constraints
B, < B (2.4)
Py < Py (2.5)
MR°N, = Area (2.6)
m*N, = Area (2.7)
R
T:Zn +1, n0OZ (2.8

The vaues C; and C; correspond to the cost of setting up a macrocell and a microcell
respectively. C is the tota system cost. N: and N> are the number of the microcells and macrocells
respectively. R and r are the radii of macrocells and microcells, respectively. While minimizing the
total system cogt, the resulting probabilities for cal blocking and call dropping should stay below
the provided limits as expressed in Inequalities 2.4 and 2.5. Inequalities 2.6 and 2.7, and Equation
2.8 correspond to the coverage and integrdity constraints. The calculation of the cal blocking and
dropping probabilitiesis explained in Section 3.1.

3. Solution Techniques
In order to solve the difficult optimization problem described in the last section primarily
Smulated Annealing is used. In this section, we describe the details of the simulated annealing

algorithm used as well as the description of the cost and performance cal culaion procedures.



3.1 Calculation of Cost and Performance M easures
Given the totd area, the number of microcells and macrocells that would cover the given
total areais determined. If the resulting system has N1 microcells and N> macrocells with C; and C,
as their respective unit costs, the total cost C is computed as
C=CN, +C,N,. (3.1
In order to evaluate the performance of a configuration, the system is divided into two
parts. The first part corresponds to the microcell layer of the sysem. This part of the system is
represented with a Markov Chain (M/M/g/s system) [26]. In this representation the state
corresponds to the number of calls served by a microcell. The mean arrival rate to the system is
denoted as Ais. A1sn IS asymptotic handoff rate in the microcell tier. The dwell time of the low
mobility users in the microcells Uqis are calculated according to Formula 2.1. A sample Markov

chain for amicrocell with five channels and two guard channels are presented in Figure 3.

a a a b b
(o) (G (e )—(s)
c 2c 3c 4c 5c

a=A g+ AL b=Ag C=U g

Figure 3. Sample State Trandtion Diagram for Microcdlls (5 ch. / 2 guard ch.)

The steady state probabilities P; can be calculated using Erlang-B formula [26] as shown
in Equations 3.2 through 3.4.

| 1
R:%%gﬂﬁ’ i< Ch-G (32
ath-G pi-Chu+G
P=P0 g E! v Ch =i >Ch -G, (3.3)
P, = PO 34
o= RO (34)

The asymptotic handoff rate A1 used in Erlang-B formula is calculated by iteration as

described in [7], until Nis equalsto Ais.
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Ch,
Mo = (i R Wy,) (35)

1=0

Having determined the probabilities for call blocking Ps: and call dropping P, which
correspond to the sum of the steady state probabilities for states i=Ch;-G; to Ch; and Pcm
respectively, the total overflow new call and overflow handoff call traffic entering a macrocell (Aos

and Aqs) covering N microcells can be calculated as follows:
As = NQ, R, (3.6)
Ay = N[y, [Py, (3.7
The states in macrocell level correspond to the numbers of high and low mobility users (i
and j) serviced by a macrocell. The state transition diagram for a macrocell with five ordinary and

two guard channelsis shownin Figure 4.
X = AZSh +Aosh +Aos
Y =Xt A

D= Ut +U D2s

Figure 4. Sample State Transition Diagram for Macrocells (5 ch. / 2 guard ch.)
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The variables A2 and A2n are the arrival rates of the new and handoff calls of high
mobility users to a macrocell respectively. Az« is the arriva rate of the handoff calls of the low
mobility users once they entered the macrocells. 1/Uq2s and 1/Uq are the dwell times of low and
high mobility users in the macrocells. The values for Azm and A2+ are calculated using the same
method that is described for the microcell handoff rate determination.

The system is solved for the steady state probabilities P;; as described in [26]. For the real
values of P; the handoff arrival rates should be calculated using an approach. The call blocking
and call dropping probabilitiesfor the macrocdls (Py: and Py1) are calculated asfoll ows.

Pu= DR (3.8)

i+]=Ch,
R, = B (3.9)
i+j=Ch,-G,

Finally, the overall call blocking P, and call Pq dropping probabilities are calculated. The
call blocking probability is caculated as in Formula 3.10. The average call dropping rates for fast
and dow mobility classes P4s and Pqr are calculated based on the same idea.

o _ (N Ry Ry )+ (1, (R,)
i N A + g

(3.10)

3.2 Simulated Annealing Algorithm

The SA algorithm [24] is chosen because the design problem had multiple plateausin the
objective function. The dgorithm starts with an initial feasible solution. The initial feasible solution
is determined by inspecting randomly generated solutions until one is found. If al neighbors of an
initial feasible solution are infeasible, the algorithm tries to find another feasible solution. The
procedure proceeds with random moves within the range of the neighbors that can be reached
from the current solution. Each step in the algorithm corresponds to visiting a feasible neighbor.
Figure 5 shows the pseudo-procedure of the SA agorithm. The generation of the initia feasble
solution is done by generating random radii for microcells and macrocells and by distributing the
available channels among the tiers randomly. The available channels are split between macrocells

and microcells randomly as well.
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procedure SA
begin
reset the stopping criteria;
findinitial feasible solution;
update the stopping criteria;
initialize temperature;
while termination criteria are not satisfied
begin
generate neighbor;
calcul ate cost;
generate random number p;
if (exp. (-(New cost - Old cost)/(Temperature)) > p) then
if (Neighbor isfeasible)
then begin
accept the move;
reset the failure counter;
update the temperature;
end,
else begin
reject the move;
increase the failure counter;
update the stopping criteria with counter;
end,
end,
end,

Figure 5 Pseudo-Procedure of SA Algorithm

The neighbors of a system are determined by changing the decision parameters
incrementally. The neighboring systems are either generated by transferring one channel from
microcells to macrocells or vice versa, or by changing the microcell radius by afixed percent value
p supplied by the user, which effects also the macrocell radius or by changing the R/r ratio. The
fixed ratio values congtitute the plateau of the cost function. The SA agorithm is capable of
searching beyond these plateaus for better solutions.

The SA algorithm stops in three different cases. First opping criterion is the number of
successive neighbors that are accepted due to their costs but do not confirm with the call blocking
and dropping congtraints. The second criterion is the number of moves that do not change the cost
of the system. Finally, as a precaution, the algorithm counts also the number of moves made since
it started. The maximum allowable number of moves is set to one thousand. The best value

recorded is the output of the total algorithm.
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Figure 6. A Typicd Run of SA Algorithm

The genera behavior of the SA agorithm resembles the random search at the beginning
and greedy search when the system is cooled down. Which of the mentioned techniques the SA
algorithm is close to is determined by the cooling schedule. Figure 6 shows the cost of the

solutions during a typica run of the SA algorithm.

3.3 Other Search Algorithms

In the literature, the multi-tier cellular network design is not addressed as an optimization
problem. In order to compare the results that are obtained by the SA agorithm, other
neighborhood search agorithms are aso implemented. These are the Greedy Search (GS)
algorithm is chosen for comparison because it is aso alocal search agorithm as our method. The
greedy search algorithm is most of the time used for problems that have a convex cos function. If
the cost function is not convex, like in this case, then the GS algorithm is run severa times by

starting from a different feasible solution. When the cost cannot be improved any further, then the
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algorithm is restarted. The Generate and Test (GAT) agorithm is chosen to provide statistical
points-of-reference and assess the quality of the results of our SA-based technique.

Setting the initial temperature in the SA agorithm equal to zero yidds in the GS
algorithm. In order to set the approximate running times of SA and GS algorithms to be the same,
the moves that are not accepted but for which the performance is calculated are also counted. The
mean value turned out to be around 1500 for the SA algorithm. Therefore, the stopping criterion
for the GS algorithm is chosen as 1500 performance calculations. Then the number of feasble
moves lies around 620.

The aim of the GAT agorithm is to traverse the feasible solution space randomly. The
values of the objective function obtained for these random solutions can be aso used as a
satistical quality measure of the heuristic agorithms. Thereisno rule that relates the generation of
the successive points in the solution space. For the generation of the feasible solution the routine
that calculates the initial feasble solution for the SA algorithm is used. In order to datigticaly
assess the quality of the solutions produced by our agorithm, we used the GAT algorithm to
generate 5000 feasible solutions. In order to observe 5000 feasble solutions, GAT agorithm

generated 25000 random solutions on the average.

4, Computational Experiments

The computational experiments are performed to assess the effect of the system
parameters and the network load on theimplementation cost. Thefirst group of experiments deds
with the effect of the isolated parameters on the objective function, i.e., the implementation cost.
Secondly, the effects of the design decisions are examined. Lastly, the selected solution technique
is compared with other aternative solution techniques and the single-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 reflects a typical case that can be faced when designing a cellular
network. The experiment sets are prepared by changing the values of the given sysem. To
demonstrate the effect of a parameter, al parameters except for the parameter in question are
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selected equal to the parameter values of the base problem. Parameters of the base problem can be
taken from Table 3.

Table 3. Parameters of the Base Problem

PARAMETER VALUE IN THE BASE PROBLEM
Vs 1m/s
Vs 8m/s
San? 8x10per second per m?
Fan? 2x108per second per m?
U, 100 seconds
C 10 Cost Units
C, 30 Cost Units
A 5000 km?
CS 7
Chyga 150
Po e 0.01
Parmar 0.001

Table 4. Values of Decision Parameters for the Base Problem

PARAMETER RESULT OF SA ALGORITHM

C 152060 Cost Units

Ch, 8

Ch, 13

G, 0

G, 1
R 1275 m
r 425m

Rir 3
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The resulting solution that is obtained from the SA agorithm gives al the necessary
decison parameters needed to implement the two-tier cellular network. The values of the decision

parameters are presented in Table 4.

4.1 Effect of Some Parameter s and Design Decisions

When the effect of the call arrivals on the cost is examined, first the cal arrival rate of the low
mobility platforms is increased from 5x10° to 15x10°® calls per second per m* with a step size of
1x 10°® calls per second per n?. The results obtained are represented in Figure 7 graphically. The
results obtained show that the effect of the low mobility call arrival rates on the cost is amost

linear around the given parameters. The increase in the traffic is directly reflected to the cost.
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Figure 7. Low Mobility Call Arrival Rate vs Cost
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Similarly, the call arrivd rate of the high mobility platforms is examined. The remaining
parameters are as in the base problem. The arrival rates are increased from 0.5x10°® to 5x10°® cdlls
per second per ¥ with a step size of 0.5x10° calls per second per m?. Increasing the arrival rate
of high mobility calls show an identical behavior as the low mobility case. It can be concluded
from these observations that the system cost increases almost linearly with the increasing rate of
the arrival rate. The reason for this is the increasing number of microcells and macrocells due to
decreasing cell radii. More cdlls fit into a given area, increasing the cost of the entire system. The
main distinction between both mobility classes is the dope of the curves. It has been observed that
the two-tier cdlular network costs are more sendtive to the changes in the high mobility call
arrivals.

The second parameter to focus on is the mean speed of both mobility classes. The speed
changes of both mobility classes are examined separately. Keeping the other parameters as in the
base problem, the mean speed of the low mobility users are increased from 0.25 m/s to 2.5 nvs
with a step size of 0.25 nvs. The resulting graph is shown in Figure 8.
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Figure 8. Mean Low Mohility User Speed vs. Cost

The cost of the system increases when the mean speed of the low mobility users
increases. However, this increase starts with a higher slope for small values of mean speed and
becomes less and less when the mean speed increases. This behavior may be an indication of the
fact that the system starts to benefit from the second tier of the network as a place to forward the
excess calls instead of decreasing the cdll radii and increasing the channel amount per nf.

When the average speed of the high mobility users is increased, since the arriving high
mobility calls cannot be overflowed to another tier, the system should react 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 channds per
unit area is increased. It can also be concluded that increases in the mobility do not effect the
system setup cost too much, since the users change cdls equaly likely and the lack of resources

are temporary.
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Figure 9. Threshold Probaility for Cal Blocking vs. Cost

The maximum alowable cdl blocking probability is one of the constraints of the problem.
In order to demonstrate the effect of maximum allowable call blocking probability, its value is
decreased starting at 0.015 down to 0.001 with a step sze of 0.001. Theresults of thisexperiment
are shown graphically in Figure 9. As the constraint gets stricter, the cost of the system goes over
to different plateaus. It does not make any difference to choose apoint belonging to a plateau. The
value for maximum allowable call blocking threshold should be chosen such that it is as strict as
possible within the limits of a plateau, since relaxing the constraints has no effect on cost as long
as one stays on a plateau.

The next parameter to be inspected is the maximum alowable cal dropping threshold.
The vaue for this threshold is decreased from 0.01 to 0.001 with a step size of 0.001. The
resulting values are shown in Figure 10. For a given call blocking rate, the cal dropping rate has
no effect on the cost until it reaches a certain value. Only if it is set to be smdler than that value,

the cost of the system starts to increase. The break point is set primarily by the call blocking rate.
20



If that call blocking rate is satisfied, then the call dropping thresholds that are larger than the break
point are satisfied anyway.
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Figure 10. Threshold Probability for Cdl Dropping vs. Cost

The size of the area only effects the number of cells necessary, its effect is only on the
cost. The relationship is linear and the decison parameters are not effected. A similar, linear
behavior is observed also for increased values of the mean call duration.

In order to observe the effect of additional resources on the system, the number of total
available channels are increased from 75 to 300 with 25-channdl increments. Figure 11 summarizes
the results. Increasing the number of available channels decreases the system setup cost. The gain
per unit increase in the number of channels is high where the channd numbers are small. The
increase decreases for larger numbers of available channels. The cost differences indicate the need

for additional channelsto relieve the system.
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Figure 11. Number of Available Channelsvs. Cost

One of the design decisions was to allow the overflow of the calsfrom thelower layer to
the upper layer. This decision is supposed to improve the performance of the system. In order to
demonstrate this behavior, tests are performed. Call arrival rate increase tests are aso applied to
the sample system with no overflow alowed. Figure 12 presents the effect of the increase in low
mobility call arrival rate. Similar observations are aso made for the high mobility call arrival rate
increase tests. The system with overflow yields better solutions in terms of cost. The gain in cost
obtained by allowing the calls to overflow to the upper layer is amost constant for both cases.
There is only a small increase in the cost gap towards the end of the values tested. Hence these

results justify the use of overflow mechanism.
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Figure 12. Low Mobility Call Arrival Rate vs. Cost (Overflow Comparison)

In order to see the effect of the decreasng high mobility call arrival rates, we
experimented with the systems, where the arriva rate decreasesfrom itsvaue in the base problem
with 2.5x10° calls per second per n. This is done in order to increase the ratio of the low
mobility call arrival rate to the high mobility call arrival rate. For values that are less than 1.25x10°
calls per second per i, the two-tier system setup cost becomes less than the single-tier system
cost. As expected, the system cost decreases when the load on the system decreases. However, the
two-tier system has a cost graph with a more negative slope. Hence, the two-tier systemis indeed
cogt effective for the problems for which the high mobility cal arriva rates are far less than the

low mobility call arrival rate. The cost curves for both systems are presented in Figure 13.
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Figure 13. High Mohility Arrival Rate vs. Single- and Two-Tier Costs

In order to see the effect of the macrocell setup costs, the base problem is modified such
that the macrocell cost is decreased from 10 unit costs to O unit costs as shown in Figure 14. It is
assumed that the microcell layer is aready present and for each macrocell, an additiona price is
paid. When the additional macrocell setup cost is less than 20 % of the microcell cost, the two-tier
system becomes cost effective. A smilar behavior is observed when the macrocdl cost is five
times the microcell setup cost. Hence, it can be deduced from these results that the cost ratios less

than 0.2 or greater than 5.0 causes systems like the one described in the base problem be handled

cheaper with two-tier cellular networks.
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4.2 Assessment of the SA Algorithm

In this section, the results of several tests are presented. All of these tests are based on
the base problem defined in the introduction of Section 4. In order to demonstrate the behavior of
the two-tier cellular network in question, severa nominal and extreme parameter configurations
are tested and solutions are compared with other solution techniques.

In order to compare the GS and SA algorithms fairly, the basic SA agorithmis run until
1000 accepted moves are reached. This may correspond to multiple runs of the basc SA
algorithm. It is fair to run the basic SA agorithm more than once, since the results do not change
very much with increasing number of runs. By doing this, the number of evaluated solutions is
determined approximately. Then the number of performance evaluationsin the GS agorithm is set
equa to the mean number of performance evauations in the SA agorithm. Hence, the running

times of both agorithms are normalized.
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Table 5. Results Obtained with SA, GS and GAT Algorithms for Several Problems

PROB. NO DESCRIPTION SA GS GAT MIN GAT |GAT MAX
AVG

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 Sow Low Mobility Speed=0.25m/s| 147000 154050 148950 | 2099563 | 10901150
5 Fast Low Mobility Speed=3m/s 157200 161260 157360 | 2145840 | 10925040
6 Sow High Mobility Speed=5m/s | 149900 154540 150460 | 2094752 | 10889240
7 Fast High Mobility Speed=20m/s | 162440 165560 164150 | 2204543 | 10942990
8 Low Mohbility Arrival Rate=2e-8 112590 118280 112300 2041311 10967040
9 Low Mohility 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 Macrocell Setup Cost 37500 38020 105990| 1821174 7698010

All the problems presented are variations of the base problem. The changed parameter is

given in the description column as well as in the text. The obtained results are shown in Table 5.

First, we focused on the effect of the area. The results for different areas are calculated. The base

problem is chosen as a large area. A medium sized city of 1000 kn? and a part of the city of size
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50 km? are chosen as targets in Problems 2 and 3 respectively. When the input areais changed, the
solutions remain actually the same except for the total number of cells that are needed. This
information can easily be extracted from the cost ratios. The ratios of the areas for the problems
one, two and three behave like 100:20:1. Almost the same ratiois observed for the cost vaues in
the SA column. One can see that the radii and channdl partitioning are the same for al three
problems. Hence it can be concluded that the area has no effect on the decision variables but the
cost.

In Problems 1 and 3, the GS algorithm finds dightly worse solutions whereas it finds a
lucky starting point for the second problem and finds a dightly better result. When 5000 feasible
solutions are generated, the best results obtained are close to the solutions found by the SA
algorithm. The mean and the maximum costs are examples for how large the feasible solution
gpace can be. For the first problem, the mean rate is 14 times larger than the best solution. Similar
ratios can be found aso for other problems.

The terminal mobility is a parameter that changes the number of handoffs during a call. In
Problems 4-7, cases with different mobility rates are examined. For these cases, two parameters
are atered independently. For the low mobility terminals, slow, moderate and high mean speeds
are selected as 0.25, 1 and 3m/s respectivey. For the high mobility terminds, dow, moderate and
high mean speeds are selected as 5, 8 and 20 nVs respectively. Problem 1 is the moderate speed
rate for both mobility class comparisons. For the low mobility mean speeds, the system cost
increases as the mean speed increases. In Problems 1, 4 and 5, as the mobility increases, the radii
of cellsin both layers decrease in order to increase the channels available per nf. Hence the system
creates more resources for frequent handoffs. In this case, the frequent handoffs may create
problems in the signaling part of the network, which is out of scope of this work.

The solutions generated by the GAT algorithm are worse in Problems 4-7. The casefor the
GS dgorithm is on the same course: None of the solutions obtained outperform the results of the
SA dgorithm. Hence the SA agorithm produces better results in considerably less time. The call
arrival rates are the main source of load on the cellular networks. In Problems 8-13, the arrival
rates originated by users of both mobility classes are changed to observe changesin the cost. The
low, moderate and high call arrival rates of the low mobility class users are selected as 2x10°,
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8x10° and 1.5x10” calls per second per m' respectively. The low, moderate and high call arrival
rates of the high mobility class users are selected as 5x10°, 2x10°® and 8x10° calls per second per
' respectively. The moderate arrival rates for both cases correspond to the base problem. In
addition to these problems, another problem is inspected, where the load is very high. For this
problem, the low mobility arrival rate is 3x10” and the high mobility arrival rate is 8x10°® calls per
second per . Another case, where the low mobility arrival rate is less than the high mobility
case, is presented. The call arrival rates are 2x10°® and 4x10°® calls per second per nY for low and
high mobility users respectively. As expected, asthe cal arrival rates increase, the system cost also
increases. Furthermore, according to the results of the problems 1, 9 and 11, when the call arrival
rates of the high and low mobility users is multiplied approximately by two, the system cost is
effected most for the increase of the arrival rates of the high mobility calls.

In most of the tested problems, SA agorithm yields better results than the GS agorithm,
sometimes with big differences. The solutions of the GAT algorithm indicate that the solutions of
the SA agorithm are not very far from the best solutions found. Indeed, in Problems 8, 9 and 11-
13, the best solutions for these problems belong to the GAT algorithm.

Another parameter that affects the load on the system is the duration of the calls. In the
test Problems 1, 14 and 15, three different call duration values are consdered. The mean duration
of short cdls is 40 seconds. Medium length calls have a mean duration of 100 seconds, which
corresponds to the base problem. Long calls last 200 seconds on the average. The solutions of the
SA dgorithm are better than the solutions of the GS algorithmin dl three cases. The results of the
GAT agorithm indicate that the system is capable of finding better results for shorter mean call
duration values with both the GS and GAT agorithms. This may be caused by the increased
search space created by the decreased cdl duration.

The maximum alowable cdl blocking and dropping thresholds set the limitsof the solution
gpace. In Problems 1, 16, 17 and 18, four different models are considered. Problem 16
corresponds to loose limits with Ppmax=0.02 and Pymax=0.01. The norma limits are the limits used
in the base problem. The performance limits are Py max=0.01 and Py max=0.001. The strict limits are
Pom=0.01 and Pym=0.0001 in Problem 17 and very strict limits are Pome=0.005 and
Pa,max=0.0001 in Problem 18. The solutions obtained with the GS algorithm are worse except for
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Problem 16. From the comparisons with the GAT agorithm, it can be concluded that the success
of the SA algorithm increases as the performance limits become dricter, since the SA agorithm

makes a more intelligent search than the GS and GAT algorithms.

Other factors affecting the solutions are cluster size that is used and the cost ratio of the microcells
and macrocdlls. In Problems 19, 1 and 20, cluster sizes are chosen as 3, 7 and 19. Problems 21, 1
and 22 correspond to the cost ratios 1:1, 1:3 and 1.:5. In addition to these ratios, the case where
the microcell antennas are capable of handling both tiers are considered. In the latter case, thereis
no macrocell setup cost. Since the number of available channels is split into smaller chunks when
cluster size increases, the cost of the system aso increases. The GS algorithm never produces any
better results than the SA agorithm for different cluster sizes. The GAT dgorithm fails in cases
where the system has much larger capacity than the offered load, as in Problem 19. In other

problems, the GAT and SA algorithms produce results close to each other.

5. Conclusion

In this work, we concentrated on the design of a two-tier cellular network. The network
has single direction call overflow capability and employs guard channels. The resulting cellular
networks are generated by minimizing the cost. The performance congtraints are the maximum
allowable call blocking and cal dropping probabilities. In order to find near-optimum solutions,
the SA agorithm is used. The performance of the SA algorithm is compared with the performance
of the GS agorithm and the GAT method.

Computationa experiments showed that the SA dgorithm outperforms the GS agorithm
in most of the cases. The qudity of the solutionsis compared with the results of the GAT method.
The cost values obtained with the SA agorithm are either better than the solutions of GAT, or
they are very close to each other. The effects of severa parameters on the cost of the system are
studied. Additionaly, the effect of design decisions, having guard channels and alowing call
overflow, are also considered.

As a future work, we plan to investigate alternative solution techniques, including Taboo

Search and Genetic Algorithms. The time complexity of the algorithm will be studied in detail.
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Furthermore, different neighborhood functions will be developed for the SA algorithm. Results in

this study were for the two-tier systems. However, the SA agorithm can be modified to handle

more tiers.
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