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Abstract. Wireless communications systems enable the end users to be mobile. The majority of the wireless communications networks
are cellular networks. Several methods are developed to increase the performance of the cellular 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 Annealing (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 allows 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. Introduction

As the technology evolves, the demand for better and faster
communication systems also increases. After the introduc-
tion 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 no-
tion of terminal 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 communica-
tion systems are based on the cellular concept [3,4]. The
underlying network structure is composed of a fixed net-
work with wireless last hops between Base Stations (BSs)
and Mobile Terminals (MTs). The fixed communication net-
work connects the base stations to controllers, a.k.a. Mo-
bile Switching 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.

The next generation wireless systems will provide global
coverage. ITU provisions the use of Hierarchical Cell Struc-
ture (HCS) for IMT 2000 [9]. HCS will consist of high ca-
pacity picocells for in-building communications, micro and
macrocells for urban and suburban communications, and
satellite cells to complete the global coverage. The termi-
nal mobility is one of the most challenging aspects of the
next generation wireless systems, both for within a single
layer and across the hierarchical layers. The mobility man-
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Figure 1. A macrocell covering seven microcells.

agement 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
[7,8], 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 channel 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 perfor-
mance measures while designing cellular systems. However,
from the users’ point of view, call dropping is less desirable
than call blocking [12,13]. Therefore, in some TDMA-based
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systems, the handoff calls are given higher priorities using
prioritized networks. Several methods to provide prioriti-
zation of the handoff calls are outlined in the third chapter
of [14]. One of these methods is to reserve some channels
exclusively for handoff calls, also known as guard channels.
In [15], an efficient way to minimize the call dropping prob-
ability while staying below a given call blocking probability
threshold is presented. In [16], a variable reservation policy
with handoff prioritization through guard channels is pre-
sented. Another handoff prioritization method is proposed
in [17], where the number of guard channels are changed
through hysteresis control. In CDMA-based systems, how-
ever, improvements in call dropping probability can also be
achieved by controlling the call admissions to the neighbor-
ing cells as proposed in [18].

Another solution to call 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 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 coordi-
nating with other cells outside their metacell.

One of the challenges associated with multi-tier cellular
networks is their design and determination of parameters.
In [22], a multi-tier cellular network design algorithm is pre-
sented. 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 exhaus-
tively searching the parameter space. However, the tiers in
the system are isolated and the performance increasing tech-
niques such as guard channels and call overflow are not con-
sidered.

As described in [23], cellular network deployment has
many aspects. In this work, we present a probabilistic op-
timization technique to determine the system parameters of
multi-tier cellular networks, for which the implementation
cost is minimized. The multi-tier cellular network is pro-
posed for urban environments, where low mobility users,
e.g., pedestrians, and high mobility users, e.g., mobile users
in vehicles, are present in the same environment. The cel-
lular network model has two tiers, employs guard channels
in all 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 call blocking and handoff call dropping probability
bounds. Since the problem involves determination of multi-
dimensional discrete and continuous parameters that depend
on each other, it is not possible to solve the problem analyt-
ically. Furthermore, the large parameter space prohibits an
exhaustive search approach. Therefore, a well-known artifi-
cial intelligence technique, Simulated Annealing (SA) [24],
is chosen to solve this optimization problem. It is a neighbor-

hood search technique with incorporated probabilistic be-
havior. SA combines the advantages of random and greedy
search techniques.

The outline of this paper is as follows. In section 2, the
design problem is formulated. Furthermore, the objective
function that will be used in the solution techniques is de-
scribed and the calculation methods are presented. Section 3
explains the solution technique extensively. In section 4, the
results of the computational experiments are presented. The
last section concludes this work.

2. Definition of the multi-tier cellular network design
problem

The purpose of this work is to 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 ter-
minals that are used in cars and other vehicles. The low
mobility class is made up of users that are primarily pedes-
trians. The speeds of the mobile terminal users are exponen-
tially distributed with mean values vf and vs, respectively.
A similar mobility distribution was also used in [25]. Since
the target deployment area is a metropolitan area, the distri-
bution of the members of both mobility classes can be con-
sidered as uniform and all mobile terminals are assumed to
move in any direction equally likely. The call duration is
also exponentially distributed with mean 1/Ut for both mo-
bility classes. The time spent in a cell, which is called dwell
time Ud, is calculated as in [25], where r is the radius of the
cell and v is the speed of the mobile terminal, resulting in
the following identity:

1

Ud
= rπ

2v
. (2.1)

The call arrivals to the cells follow a Poisson distribu-
tion for both mobility classes. The mobile terminal density
and the mean call generation rate of the individual mobile
terminal users determine the mean call arrival rate. The an-
tennas 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 cells of the lower tier are called microcells and their
radii are smaller than those of the cells of the upper layer.
Upper layer cells, macrocells, cover an integer number of
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Figure 2. Call service pattern.

microcells. Furthermore, the radius of the macrocells is con-
strained 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 calculation of the number
of covered microcells Ni , where R/r = i can be expressed
as

Ni = Ni−4 + 6(i − 2),

N1 = 1, N−1 = 0.
(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 channel
sets some of the channels will be assigned as guard chan-
nels. The number of guard channels cannot be changed once
the system is operational.

The arriving calls are serviced as follows. The new calls
of the slow MTs are primarily served by the appropriate
microcells with an available non-guard channel. If only
guard channels are available, then the new calls are over-
flowed to the macrocell that covers the microcell as over-
flowed new call. If handoff calls cannot be serviced in the
microcells, then they are overflowed to macrocell. Figure 2
shows schematically how the calls are serviced and which
order is followed in serving them.

At the macrocell level, all the calls of the high mobility
terminals and the overflowed calls are serviced. The hand-
off calls of the high mobility class terminals and the over-
flowed handoff calls are treated equivalently. New calls of
both classes may not use the guard channels upon their ar-
rival. If no non-guard channel is available, new calls are
blocked. The low mobility calls at macrocell level cannot
return to microcell level even if channels become available
in the microcells.

2.3. Constraints and parameters

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

Table 1
User-supplied parameters.

Parameter Description

vs mean speed of low mobility users
vf mean speed of high mobility users

SAm2 call arrival rate per second per m2 for low mobility termi-
nals

FAm2 call arrival rate per second per m2 for high mobility termi-
nals

1/Ut mean call duration
C1 macrocell cost
C2 microcell cost
A total area
CS cluster size

Chtotal total number of available channels
P radius increase/decrease factor
Cr cooling rate

Pb,max maximum allowable call blocking probability
Pd,max maximum allowable call dropping probability

Table 2
Decision parameters.

Parameter Description

C total system cost
Ch1 number of channels reserved for each microcell
Ch2 number of channels reserved for each macrocell
G1 number of guard channels reserved for each microcell
G2 number of guard channels reserved for each macrocell
R radius of a macrocell
r radius of a microcell

The values for the system parameters are in the order of
10−2 to 10−3 for the call blocking and for the call dropping
10−3 to 10−4. 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 ta-
ble 1 and the decision parameters are summarized in table 2.

2.4. Problem formulation

The minimum cost two-tier cellular network design problem
can be formulated as follows:

Minimize C = C1N1 + C2N2 (2.3)

subject to the constraints

Pb � Pb,max, (2.4)

Pd � Pd,max, (2.5)

πR2N1 � Area, (2.6)

πr2N2 � Area, (2.7)
R

r
= 2n + 1, n ∈ Z. (2.8)

The values C1 and C2 correspond to the cost of setting
up a macrocell and a microcell, respectively. C is the total
system cost. N1 and N2 are the number of the microcells
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Figure 3. Sample state transition diagram for microcells (5 channels,
2 guard channels).

and macrocells respectively. R and r are the radii of macro-
cells and microcells, respectively. While minimizing the to-
tal system cost, the resulting probabilities for call 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
integrality constraints. The calculation of the call blocking
and dropping probabilities is explained in section 3.1.

3. Solution techniques

In order to solve the difficult optimization problem described
in the last section primarily Simulated Annealing is used. In
this section, we describe the details of the simulated anneal-
ing algorithm used as well as the description of the cost and
performance calculation procedures.

3.1. Calculation of cost and performance measures

Given the total area, the number of microcells and macro-
cells that would cover the given total area is determined. If
the resulting system has N1 microcells and N2 macrocells
with C1 and C2 as their respective unit costs, the total cost
C is computed as

C = C1N1 + C2N2. (3.1)

In order to evaluate the performance of a configuration,
the system is divided into two parts. The first part corre-
sponds to the microcell layer of the system. This part of the
system is represented with a Markov chain (M/M/s/s sys-
tem) [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 λ1s. λ1sh is asymptotic handoff
rate in the microcell tier. The dwell time of the low mobility
users in the microcells Ud1s are calculated according to for-
mula (2.1). A sample Markov chain for a microcell with five
channels and two guard channels is presented in figure 3.

The steady state probabilities Pi can be calculated using
Erlang-B formula [26] as shown in equations (3.2)–(3.4):

Pi = P0

(
a

c

)
1

i! , i � Ch1 − G1, (3.2)

Pi = P0
aCh1−G1

ci

bi−Ch1+G1

n! ,

Ch1 � i > Ch1 − G1, (3.3)

P0 =
[

Ch1∑
i=0

Pi

]−1

. (3.4)

Figure 4. Sample state transition diagram for macrocells (5 channels,
2 guard channels).

The asymptotic handoff rate λ1sh used in Erlang-B for-
mula is calculated by iteration as described in [7], until �1sh
equals to λ1sh:

�1sh =
Ch1∑
i=0

(i · Pi · Ud1s). (3.5)

Having determined the probabilities for call blocking Pb1
and call dropping Pd1, which correspond to the sum of the
steady state probabilities for states i = Ch1 − G1 to Ch1
and Pch1, respectively, the total overflow new call and over-
flow handoff call traffic entering a macrocell (λos and λosh)
covering N microcells can be calculated as follows:

λos = N · λ1s · Pb1, (3.6)

λosh = N · λ1sh · Pd1. (3.7)

The states in macrocell level correspond to the numbers
of high and low mobility users (i and j ) serviced by a macro-
cell. The state transition diagram for a macrocell with five
ordinary and two guard channels is shown in figure 4.

The variables λ2f and λ2fh are the arrival rates of the new
and handoff calls of high mobility users to a macrocell re-
spectively. λ2sh is the arrival rate of the handoff calls of the
low mobility users once they entered the macrocells. 1/Ud2s
and 1/Ud2f are the dwell times of low and high mobility
users in the macrocells. The values for λ2fh and λ2sh are
calculated using the same method that is described for the
microcell handoff rate determination.

The system is solved for the steady state probabilities Pij

as described in [26]. For the real values of Pij the handoff
arrival rates should be calculated using an approach. The call
blocking and call dropping probabilities for the macrocells
(Pb1 and Pd1) are calculated as follows:

Pd1 =
∑

i+j=Ch2

Pij , (3.8)

Pb1 =
∑

i+j�Ch2−G2

Pij . (3.9)
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Figure 5. Pseudo-procedure of SA algorithm.

Finally, the overall call blocking Pb and call Pd dropping
probabilities are calculated. The call blocking probability is
calculated as in formula (3.10). The average call dropping
rates for fast and slow mobility classes Pds and Pdf are cal-
culated based on the same idea:

Pb = Nλ1sPb1Pb2 + λ2sPb2

Nλ1s + λ2s
. (3.10)

3.2. Simulated annealing algorithm

The SA algorithm [24] is chosen because the design prob-
lem had multiple plateaus in the objective function. The al-
gorithm starts with an initial feasible solution. The initial
feasible solution is determined by inspecting randomly gen-
erated solutions until one is found. If all 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 algorithm. The generation
of the initial feasible 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 ran-
domly as well.

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

The SA algorithm stops in three different cases. First
stopping criterion is the number of successive neighbors that

Figure 6. A typical run of SA algorithm.

are accepted due to their costs but do not confirm with the
call blocking and dropping constraints. 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.

The general behavior of the SA algorithm 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
typical 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 com-
pare the results that are obtained by the SA algorithm, other
neighborhood search algorithms are also implemented. The
Greedy Search (GS) algorithm is chosen for comparison be-
cause it is also a local search algorithm as our method. The
greedy search algorithm is most of the time used for prob-
lems that have a convex cost function. If the cost function
is not convex, like in this case, then the GS algorithm is run
several times by starting from a different feasible solution.
When the cost cannot be improved any further, then the al-
gorithm is restarted. The Generate and Test (GAT) algorithm
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 algorithm equal
to zero yields in the GS algorithm. In order to set the ap-
proximate running times of SA and GS algorithms to be the
same, the moves that are not accepted but for which the per-
formance is calculated are also counted. The mean value
turned out to be around 1500 for the SA algorithm. There-
fore, the stopping criterion for the GS algorithm is chosen as
1500 performance calculations. Then the number of feasible
moves lays around 620.

The aim of the GAT algorithm is to traverse the feasible
solution space randomly. The values of the objective func-
tion obtained for these random solutions can be also used
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Table 3
Parameters of the base problem.

Parameter Value in the base problem

vs 1 m/s
vf 8 m/s

SAm2 8 × 10−8 calls s−1 m−2

FAm2 2 × 10−8 calls s−1 m−2

1/Ut 100 s
C1 10 cost units
C2 30 cost units
A 5000 km2

CS 7
Chtotal 150
Pb,max 0.01
Pd,max 0.001

as a statistical quality measure of the heuristic algorithms.
There is no rule that relates the generation of the successive
points in the solution space. For the generation of the fea-
sible solution the routine that calculates the initial feasible
solution for the SA algorithm is used. In order to statis-
tically assess the quality of the solutions produced by our
algorithm, we used the GAT algorithm to generate 5000 fea-
sible solutions. In order to observe 5000 feasible solutions,
GAT algorithm generated 25000 random solutions on the av-
erage.

4. Computational experiments

The computational experiments are performed to assess the
effect of the system parameters and the network load on the
implementation cost. The first group of experiments deals
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 so-
lution technique is compared with other alternative solution
techniques and the single-tier systems. The obtained results
are presented graphically.

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 de-
signing a cellular network. The experiment sets are prepared
by changing the values of the given system. To demonstrate
the effect of a parameter, all parameters except for the para-
meter in question are selected equal to the parameter values
of the base problem. Parameters of the base problem can be
taken from table 3.

The resulting solution that is obtained from the SA algo-
rithm gives all the necessary decision 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 parameters and design decisions

When the effect of the call arrivals on the cost is examined,
first the call arrival rate of the low mobility platforms is in-
creased from 5 × 10−8 to 15 × 10−8 calls s−1m−2 with a

Table 4
Values of decision parameters for the base problem.

Parameter Result of SA algorithm

C 152060 cost units
Ch1 8
Ch2 13
G1 0
G2 1
R 1275 m
r 425 m

R/r 3

Figure 7. Low mobility call arrival rate versus cost.

step size of 1 × 10−8 calls s−1m−2. 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 are almost linear around the given parameters. The
increase in the traffic is directly reflected to the cost.

Similarly, the call arrival rate of the high mobility plat-
forms is examined. The remaining parameters are as in
the base problem. The arrival rates are increased from
0.5 × 10−8 to 5 × 10−8 calls s−1m−2 with a step size of
0.5 × 10−8 calls s−1m−2. Increasing the arrival rate of high
mobility calls show an identical behavior as the low mobil-
ity 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 cells fit into a given area, increasing the cost of
the entire system. The main distinction between both mobil-
ity classes is the slope of the curves. It has been observed
that the two-tier cellular network costs are more sensitive 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 parame-
ters as in the base problem, the mean speed of the low mo-
bility users is increased from 0.25 to 2.5 m/s with a step size
of 0.25 m/s. The resulting graph is shown in figure 8.

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
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Figure 8. Mean low mobility user speed versus cost.

Figure 9. Threshold probability for call blocking versus cost.

starts to benefit from the second tier of the network as a place
to forward the excess calls instead of decreasing the cell radii
and increasing the channel amount per m2.

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 in-
corporating 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 han-
dled again within the same tier. Hence, the performance re-
quirements can be met only if the number of available chan-
nels 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 cells equally likely and the
lack of resources are temporary.

The maximum allowable call 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 size of 0.001. The results of this experiment 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 a point belonging to a plateau.
The value for maximum allowable call blocking threshold
should be chosen such that it is as strict as possible within

Figure 10. Threshold probability for call dropping versus cost.

Figure 11. Number of available channels versus cost.

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 al-
lowable call dropping threshold. The value for this thresh-
old 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 call dropping rate has no effect on the cost
until it reaches a certain value. Only if it is set to be smaller
than that value, the cost of the system starts to increase. The
break point is set primarily by the call blocking rate. If that
call blocking rate is satisfied, then the call dropping thresh-
olds that are larger than the break point are satisfied anyway.

The size of the area only effects the number of cells nec-
essary, its effect is only on the cost. The relationship is lin-
ear and the decision parameters are not affected. 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 is in-
creased from 75 to 300 with 25-channel increments. Fig-
ure 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
channel numbers are small. The increase decreases for larger
numbers of available channels. The cost differences indicate
the need for additional channels to relieve the system.
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Figure 12. Low mobility call arrival rate versus cost (overflow comparison).

Figure 13. High mobility arrival rate versus single- and two-tier costs.

One of the design decisions was to allow the overflow of
the calls from the lower layer to the upper layer. This deci-
sion is supposed to improve the performance of the system.
In order to demonstrate this behavior, tests are performed.
Call arrival rate increase tests are also applied to the sam-
ple system with no overflow allowed. Figure 12 presents
the effect of the increase in low mobility call arrival rate.
Similar observations are also 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 almost
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.

In order to see the effect of the decreasing high mobility
call arrival rates, we experimented with the systems, where
the arrival rate decreases from its value in the base problem
with 2.5 × 10−9 calls s−1m−2. This is done in order to in-
crease the ratio of the low mobility call arrival rate to the
high mobility call arrival rate. For values that are less than
1.25×10−9 calls s−1m−2, the two-tier system setup cost be-
comes less than the single-tier system cost. As expected,
the system cost decreases when the load on the system de-
creases. However, the two-tier system has a cost graph with

Figure 14. Macrocell setup cost versus single- and two-tier costs.

a more negative slope. Hence, the two-tier system is indeed
cost effective for the problems for which the high mobility
call arrival rates are far less than the low mobility call ar-
rival rate. The cost curves for both systems are presented in
figure 13.

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 0 unit costs as shown in
figure 14. It is assumed that the microcell layer is already
present and for each macrocell, an additional price is paid.
When the additional macrocell setup cost is less than 20%
of the microcell cost, the two-tier system becomes cost ef-
fective. A similar behavior is observed when the macrocell
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.

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 in-
troduction of section 4. In order to demonstrate the behavior
of the two-tier cellular network in question, several nominal
and extreme parameter configurations are tested and solu-
tions are compared with other solution techniques.

In order to compare the GS and SA algorithms fairly, the
basic SA algorithm is run until 1000 accepted moves are
reached. This may correspond to multiple runs of the ba-
sic SA algorithm. It is fair to run the basic SA algorithm
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 evaluations in the GS algorithm
is set equal to the mean number of performance evaluations
in the SA algorithm. Hence, the running times of both algo-
rithms are normalized.

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
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Table 5
Results obtained with SA, GS and GAT algorithms for several problems.

Problem No. Description SA GS GAT Min GAT Avg GAT Max

1 Base problem 152060 155390 151890 2118037 10895180
2 Area = 1000 km2 30990 30380 30570 429610 2193440
3 Area = 50 km2 1550 1660 1550 20789 108860
4 Slow low mobility, speed = 0.25 m/s 147000 154050 148950 2099563 10901150
5 Fast low mobility, speed = 3 m/s 157200 161260 157360 2145840 10925040
6 Slow high mobility, speed = 5 m/s 149900 154540 150460 2094752 10889240
7 Fast high mobility, speed = 20 m/s 162440 165560 164150 2204543 10942990
8 Low mobility, arrival rate = 2 × 10−8 112590 118280 112300 2041311 10967040
9 Low mobility, arrival rate = 1.5 × 10−7 195400 195860 193880 2278864 10919060

10 High mobility, arrival rate = 5 × 10−9 76990 77380 92300 1325920 10913080
11 High mobility, arrival rate = 8 × 10−8 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 = 40 s 54580 56100 93250 1393697 10818160
15 Long duration = 200 s 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

in table 5. First, we focused on the effect of the area. The re-
sults for different areas are calculated. The base problem is
chosen as a large area. A medium sized city of 1000 km2 and
a part of the city of size 50 km2 are chosen as targets in prob-
lems 2 and 3, respectively. When the input area is 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. Al-
most the same ratio is observed for the cost values in the SA
column. One can see that the radii and channel partitioning
are the same for all three problems. Hence it can be con-
cluded that the area has no effect on the decision variables
but the cost.

In problems 1 and 3, the GS algorithm finds slightly
worse solutions whereas it finds a lucky starting point for the
second problem and finds a slightly 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 fea-
sible solution space can be. For the first problem, the mean
rate is 14 times larger than the best solution. Similar ratios
can be found also 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 altered independently. For the low mo-
bility terminals, slow, moderate and high mean speeds are
selected as 0.25, 1 and 3 m/s, respectively. For the high
mobility terminals, slow, moderate and high mean speeds
are selected as 5, 8 and 20 m/s, 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 cells in both layers decrease
in order to increase the channels available per m2. 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 case for the GS algorithm is on the
same course: none of the solutions obtained outperform the
results of the SA algorithm. Hence, the SA algorithm pro-
duces 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 changes in the cost.
The low, moderate and high call arrival rates of the low mo-
bility class users are selected as 2 × 10−8, 8 × 10−8 and
1.5 × 10−7 calls s−1 m−2, respectively. The low, moderate
and high call arrival rates of the high mobility class users are
selected as 5 × 10−9, 2 × 10−8 and 8 × 10−8 calls s−1 m−2,
respectively. The moderate arrival rates for both cases cor-
respond 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 3 × 10−7

and the high mobility arrival rate is 8 × 10−8 calls s−1 m−2.
Another case, where the low mobility arrival rate is less than
the high mobility case, is presented. The call arrival rates
are 2 × 10−8 and 4 × 10−8 calls s−1 m−2 for low and high
mobility users, respectively. As expected, as the call 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
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most for the increase of the arrival rates of the high mobility
calls.

In most of the tested problems, SA algorithm yields bet-
ter results than the GS algorithm, sometimes with big differ-
ences. The solutions of the GAT algorithm indicate that the
solutions of the SA algorithm 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 considered. The mean
duration of short calls is 40 s. Medium length calls have a
mean duration of 100 s, which corresponds to the base prob-
lem. Long calls last 200 s on the average. The solutions of
the SA algorithm are better than the solutions of the GS al-
gorithm in all three cases. The results of the GAT algorithm
indicate that the system is capable of finding better results
for shorter mean call duration values with both the GS and
GAT algorithms. This may be caused by the increased search
space created by the decreased call duration.

The maximum allowable call blocking and dropping
thresholds set the limits of the solution space. In problems
1, 16, 17 and 18, four different models are considered. Prob-
lem 16 corresponds to loose limits with Pb,max = 0.02 and
Pd,max = 0.01. The normal limits are the limits used in the
base problem. The performance limits are Pb,max = 0.01
and Pd,max = 0.001. The strict limits are Pb,max = 0.01
and Pd,max = 0.0001 in problem 17 and very strict limits
are Pb,max = 0.005 and Pd,max = 0.0001 in problem 18.
The solutions obtained with the GS algorithm are worse ex-
cept for problem 16. From the comparisons with the GAT
algorithm, it can be concluded that the success of the SA al-
gorithm increases as the performance limits become stricter,
since the SA algorithm 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 macrocells.
In problems 19, 1 and 20, cluster sizes are chosen as 3, 7
and 19. Problems 21, 1 and 22 correspond to the cost ra-
tios 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, there is no macrocell
setup cost. Since the number of available channels is split
into smaller chunks when cluster size increases, the cost of
the system also increases. The GS algorithm never produces
any better results than the SA algorithm for different cluster
sizes. The GAT algorithm 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 re-
sults 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 over-
flow capability and employs guard channels. The resulting

cellular networks are generated by minimizing the cost. The
performance constraints are the maximum allowable call
blocking and call dropping probabilities. In order to find
near-optimum solutions, the SA algorithm is used. The per-
formance of the SA algorithm is compared with the perfor-
mance of the GS algorithm and the GAT method.

Computational experiments showed that the SA algo-
rithm outperforms the GS algorithm in most of the cases.
The quality of the solutions is compared with the results of
the GAT method. The cost values obtained with the SA algo-
rithm are either better than the solutions of GAT, or they are
very close to each other. The effects of several parameters
on the cost of the system are studied. Additionally, the effect
of design decisions, having guard channels and allowing call
overflow, are also considered.

As a future work, we plan to investigate alternative solu-
tion techniques, including Taboo Search and Genetic Algo-
rithms. The time complexity of the algorithm will be stud-
ied in detail. Furthermore, different neighborhood functions
will be developed for the SA algorithm. Results in this study
were for the two-tier systems. However, the SA algorithm
can be modified to handle more tiers.
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