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Abstract—In vertical sectorization, multiple antenna elements
form two beams to better serve users based on their locations
in the cell. However, it is not known how to choose the radio
network parameters to ensure good network performance and
the amount of capacity gain achievable with vertical sectorization.
In this paper, we propose an optimization approach based on
Taguchi’s method for vertical sectorization deployment to improve
the 50th and the 5th percentile user throughput. Unlike conven-
tional works, our proposal is a scientifically disciplined approach
optimizing jointly the downtilt angles, vertical beamwidths, and
transmit powers of the two beams and taking into account the
interaction amongst these network parameters. With the proposed
method, the resulting 50th and 5th percentile user throughput and
the total network throughput outperform those of the conventional
networks without vertical sectorization.

Index Terms—Antenna downtilt, optimization, Taguchi’s
method, vertical sectorization.

I. INTRODUCTION

ANTENNA downtilting has been shown to be an effective
means to decrease the intercell interference leading to

increased network capacity [1], [2]. It can be done either me-
chanically or electrically (enabled by modern antenna design).
In mechanical antenna tilting, the physical angle of the brackets,
in which the antenna is housed, needs to be adjusted; whereas in
electrical tilting, only the radiating currents in the antenna
elements are adjusted without the need to adjust the physical
antenna [3]. This enables remote control and removes the need
for tower climbs and frequent base station (BS) site visits [4],
[5]. In downtilting, a lot of research effort has been devoted
to finding the optimal downtilt angle according to different
optimization goals and environments [2], [4], [6], [7].

Related to downtilting, vertical sectorization is a promising
technique to further increase the network capacity as demon-
strated in [5] and [8]. In vertical sectorization, multiple an-
tenna elements form two distinct beams with their designated
parameters with the aim of better serving the users based
on their locations, i.e., a sector is vertically split into outer
and inner cells [5], as shown in Fig. 1. However, it is still
unclear how to select the radio network parameters properly
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Fig. 1. Vertical sectorization in 3 × 2 networks.

for vertical sectorization in [5] and [8], as well as the amount
of performance gain that can be achieved. This is, in fact, an
optimization problem for the network planning involving many
parameters.

Intuitively, the network-planning optimization problem can
be solved by brute-force searching of all possible combinations
of the many parameters and selecting the optimal settings
that give the best performance under a performance metric.
However, due to the large number of parameters and possible
values involved, a prohibitively huge number of experiments
are required (nondeterministic-polynomial-time-hard or NP-
hard problem). Other network-planning optimization methods
based on local search start from a candidate solution and
then iteratively move to a neighbor solution by exploring
new candidates in the neighborhood of the current solution
[9]–[12]. The major drawback of these local search meth-
ods is that their performance highly depends on the heuristic
definitions of the input parameters [13]. To overcome these
problems, Taguchi’s method for experiment design is proposed
to find network parameters that maximize a predefined perfor-
mance metric. Taguchi’s method was initially developed for the
optimization of manufacturing processes and very recently has
been proposed to optimize radio network parameters [7]. How-
ever, the optimization design in [7] is performed on a certain
parameter while keeping the other parameters fixed. The one-
by-one optimization approach does not seem to be efficient and
optimal. Furthermore, vertical sectorization is not considered.

It is worth noting that many studies have yet to investigate
the joint impact of the important radio network parameters



for vertical sectorization. Therefore, in this paper, we propose
an optimization approach using Taguchi’s method to jointly
optimize the downtilt angles, vertical beamwidths, and the
transmit powers of the outer and inner beams for vertical
sectorization. In this paper, vertical sectorization is deployed
on long-term evolution (LTE) networks within the scope of the
Third-Generation Partnership Project (3GPP) to provide a sys-
tem level evaluation of the capacity and coverage performance
of the LTE downlink networks with vertical sectorization.
The simulation results show the effectiveness of our proposed
method.

II. SYSTEM MODEL

We consider a cellular network with 19 sites. At each site,
there is 1 BS antenna to serve three sectors. Such networks are
referred to as 3 × 1 networks. In this paper, we study vertical
sectorization deployment resulting 3 × 2 networks, as shown
in Fig. 1. In the 3 × 2 networks, we assume that there are
two beams, i.e., the outer and inner beams serving the outer
and inner cells, respectively. The beam with the bigger downtilt
θtilt,inner is defined as the inner beam while that with the smaller
downtilt θtilt,outer9 is defined as the outer beam. In this paper, we
consider the joint optimization of the downtilt angles, vertical
beamwidths, and transmit powers of both the outer and inner
beams. All 19 BSs will apply the same optimized downtilt
angles, vertical beamwidths, and transmit powers for the outer
and inner beams for each sector.

The horizontal and vertical antenna patterns are modeled
according to [14] as

AH = −min

[
12

(
φ

φ3 dB

)2

,Am

]
, Am=25 dB (1)
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)2
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]
, SLAV=20 dB (2)

where φ and θ are defined as the angles from the boresight
direction in the horizontal and vertical planes, φ3 dB = 70◦ and
θ3 dB = 10◦ are the half-power beamwidths in the horizontal
and vertical directions, Am is the front-to-back attenuation, θtilt
denotes the electrical downtilt angle, and SLAV refers to the
sidelobe attenuation, respectively. The 3-D antenna pattern is
obtained from the extrapolation of the perpendicular horizontal
and vertical antenna patterns [14] as

A(φ, θ) = −min

[
−
(
AH(φ) +AV(θ)

)
, Am

]
. (3)

The total transmit power is distributed between the outer and
inner beams such that

Ptotal = Pouter + Pinner (4)

where Pouter and Pinner denote the transmit powers of the outer
and inner beams, respectively.

III. ORTHOGONAL ARRAYS

In general, experiments are conducted to investigate the
effect of various parameters on the outcome of a process.

According to the results of the current experiment, one may
adjust the values of the parameters to achieve a better outcome
or performance with the help of some prior experience or
insights. Otherwise, an exhaustive search strategy is usually
employed as such a strategy can cover all the combinations
of the parameter values and determine the optimal parameter
values to produce the best outcome. However, such an approach
can easily become computationally intractable even with a
modest number of parameters when each parameter can take
on many values. Moreover, it is often too time consuming to be
of any practical use.

To circumvent this problem, Taguchi’s method has been
developed based on the concept of orthogonal arrays (OAs),
which can effectively decrease the number of experiments
needed in a design process [15], [16]. Let the notation
OA(N, k, s, t) represent an OA and S ∈ {1, 2, . . . , s} be the
set of s levels. Matrix A consisting of N rows and k columns
with entries from S can be defined as an OA with s levels and
strength t, where 0 ≤ t ≤ k, “if in every N × t subarray of A,
each t-tuple appears exactly the same number of times as a row”
[7], [16], [17].

Next, we highlight some important and useful properties of
OAs as follows. The first important property of OAs is the
fractional factorial characteristics. As an illustration, assume
that there are five parameters, each of which has 17 values for
testing. A full factorial strategy would require 175 = 1 419 857
experiments. Instead, when an OA is considered, only 289
experiments are needed by using OA(289, 5, 17, 2). It has been
shown in statistics that, although the number of experiments is
reduced drastically, the result from the use of an OA is close to
that of the full factorial strategy [16].

The second property of OAs is that all possible combinations
of up to t parameters occur equally, where t is the strength
of an OA. This ensures a fair and balanced comparison dur-
ing the experiments. For example, if t = 2, the OA approach
investigates the effects of the individual parameters, as well
as the interactions of any two parameters. In general, t can
be increased to consider the interactions of more parameters.
However, the higher the t, the more rows the OA has and the
harder it is to construct the OA.

Another useful property of OAs is that any N × k′ subarray
of an OA(N, k, s, t) is still an OA(N, k′, s, t′) where t′ =
min{k′, t}. In other words, if one or more columns of an OA
is deleted, the result matrix is still an OA except with fewer
optimization parameters. This property is particularly helpful
in choosing an OA with a specific number of parameters from
the existing OA database [18].

IV. PROPOSED OPTIMIZATION ALGORITHM USING

TAGUCHI’S METHOD

Taguchi’s method has been successfully implemented in a di-
verse range of applications such as electromagnetics optimiza-
tion, integrated circuit design, and mechanical engineering [16],
[19], [20], etc. However, its use in radio network parameter op-
timization is still limited to [7], where the radio network param-
eters are optimized one-by-one. For each parameter, Taguchi’s
method is applied to solve for the values across different cells.



Fig. 2. Flowchart of the proposed Taguchi method.

From an optimization point of view, such an approach could be
trapped in a local optimal if these parameters are intertwined
to each other with complex relationship. In the presence of
vertical sectorization, which has not been considered in [7],
downtilt angles, vertical beamwidth and transmit power of the
inner and outer beams jointly affect the downlink signal-to-
interference-plus-noise-ratio (SINR) distribution over an area
of interest. Such a multiple parameter optimization problem
has not been satisfactorily solved. Therefore, it is the goal of
this paper to demonstrate that Taguchi’s method can be used to
solve the multiple parameter optimization problem for vertical
sectorization deployment in 3GPP LTE networks. Fig. 2 shows
a flowchart of Taguchi’s method for the optimization problem
in this paper, and the steps involved are discussed in detail as
follows.

A. Select Appropriate OA and Fitness Function

The selection of an OA depends on the number of parameters
and levels, and the desired strength of the OA. In our case,
there are five optimization parameters, i.e., the downtilt angles,
vertical beamwidths, and transmit powers of the outer and
inner beams. The transmit powers of the outer and inner beams
constitute 1 optimization parameter as the total transmit power
Ptotal is fixed. If the transmit power of the outer beam is Pouter,
then that of the inner beam is Pinner=Ptotal−Pouter. In this
paper, we use an OA(289, 18, 17, 2) from the database [18] that
allows optimization of up to 18 variables. For our purpose, the
first five columns of this OA are kept and the rest are discarded.
The strength of this new OA is still 2, which is shown to be
efficient in solving the proposed problem in this paper. This
new OA(289, 5, 17, 2) ensures that each parameter is assigned
with 17 test values within its respective optimization range in
each iteration.

Next, there are many fitness functions that can be considered
in this paper, e.g., the sum throughput of all the users, the 50th

TABLE I
OPTIMIZATION RANGES OF PARAMETERS

TABLE II
OA(289, 5, 17, 2) WITH FITNESS VALUES AND

CORRESPONDING S/N RATIOS

and 5th percentile user throughput, the 50th and 5th percentile
user SINR, etc. In this paper, the 50th and 5th percentile user
throughput are selected as recommended in [14] as they rep-
resent the average and the worst user throughput performance,
respectively [5].

B. Design Level Values

Before designing the level values, suitable optimization
ranges for all the parameters should be defined as in Table I. As
it is a joint optimization of the five parameters, it is important
that the downtilt optimization ranges of the outer and inner
beams do not overlap to ensure that the outer beam will always
tilt less than the inner beam. The choice of the optimiza-
tion ranges for the outer/inner downtilt angles is explained in
Section V.

To conduct the experiments, the OA needs to be populated
with appropriate values. Table II shows the new OA(289, 5,
17, 2) (see [18] for the full OA), which has 289 rows corre-
sponding to the number of experiments in each iteration and
five columns corresponding to the five parameters, respectively.
Each entry of this OA is selected from S ∈ {1, 2, . . . , 17}
where s = 17 levels. For each parameter, the s = 17 levels need
to be assigned with test values from its optimization range as
follows:

Vl =

⎧⎪⎨
⎪⎩
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s
2

⌉
− l

)
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⌈
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2
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− 1
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⌈
s
2

⌉
Vc +

(
l −

⌈
s
2

⌉)
· LD, if

⌈
s
2

⌉
+ 1 ≤ l ≤ s

(5)

where the center value and level difference are denoted as Vc

and LD, respectively. Take the first parameter x1 as an example
(in this case, it is the downtilt angle of the outer beam), the
values of Vc and LD in the first iteration i = 1 (LD1) are

Vc =
xmax
1 + xmin

1

2
(6)

LD1 =
xmax
1 − xmin

1

s+ 1
(7)



TABLE III
RESPONSE TABLE

where xmax
1 = 5◦ and xmin

1 = 0◦ refer to the upper and lower
bounds of the optimization range for x1 as in Table I. Therefore,
in the first iteration for x1, Vc = ((5◦ + 0◦)/2) = 2.5◦ and
LD1 = ((5◦ − 0◦)/(17 + 1)) ≈ 0.28◦, then the 17 levels for x1

can be obtained accordingly by (5). The entries of OA(289, 5,
17, 2), as in Table II for the first parameter (column), can be
converted into test downtilt values, according to the levels. For
example, the entries of OA(289, 5, 17, 2) in Table II with level 1
will be converted to V1 and those with level 17 are converted
to V17. The aforementioned procedure is repeated for the other
parameters (columns of the OA).

C. Conduct Experiments and Construct Response Table

After the OA is populated with the appropriate Vl, the ex-
periments can be conducted using the corresponding parameter
values. The fitness value of each experiment can be obtained
and converted to a signal-to-noise (S/N) ratio by

S/N = 20 log10(Fitness) (8)

as in the last 2 columns of Table II.

D. Obtain Optimal Level Values and Conduct
Confirmation Experiment

After conducting all the experiments in the first iteration, a
s× n response table as in Table III is constructed by averaging
the S/N values for each parameter n at each level l by

η(l, n) =
s

N

∑
t|OA(t,n)=l

(S/N)t (9)

where (S/N)t is the S/N for experiment t. For example,1 the
average S/N of the first parameter at level 2, i.e., η(2, 1) =
(17/289)(20 log10 F18 + 20 log10 F19 + · · ·+ 20 log10 F34).
The optimal level for each parameter is found by selecting the
maximum value of each column of the response table.

Next, a confirmation experiment is conducted using the opti-
mal level (hence, level value) for each parameter as determined
from the response table. This step is required as the OA is based
on fractional factorial strategy; hence, the optimal combination
of parameter level values may not be in OA(289, 5, 17, 2), as in
Table II [16]. The resulting fitness value from the confirmation
experiment is taken to be the fitness value for the current
iteration.

1See the full OA(289, 5, 17, 2) from the database [18].

E. Reduce Optimization Range

If the stopping criterion is not triggered, the algorithm will
be repeated in the next iteration. The optimal level values for
each parameter in the current iteration will be used as Vc for the
next iteration and the optimization range for all the parameters
will be reduced by

LDi+1 = RR · LDi (10)

where 0.5 < RR < 1 denotes the reduced rate. The larger the
RR, the slower the convergence.

F. Stopping Criterion

When the number of iterations is large, the LDi becomes
sufficiently small so that the level values (Vl) of the current
iteration do not vary much from those of the previous iteration.
Hence, the stopping criterion can be set as

LDi

LD1
< δ (11)

where δ is a very small threshold. With fixed RR and δ, the
number of iterations required by the proposed method can be
obtained from (10) and (11).

V. SIMULATION RESULTS

We consider a hexagonal 19-site macrocell deployment with
three sectors in each site and wrap around propagation. This
means that the cell layout is folded like a torus to avoid
boundary effects. The same system bandwidth is reused in
both the outer and inner cells of a vertically split sector. The
users share the bandwidth resource equally in the respective
outer or inner cells. The simulation parameters and assumptions
follow closely to the recommendations in [14] to reflect LTE
networks as realistically as possible. In real life cases with
more complicated situations such as nonuniform cell sizes, the
problem can still be solved with each cell having its own set
of parameters. The search space increases significantly, but the
method remains applicable.

In the simulation plots, we compare the performance of
the proposed Taguchi’s method with that of the exhaustive
search approach for one beam as in 3 × 1 networks, where the
transmit power for one sector is 46 dBm (same as in Table IV).
The proposed Taguchi’s method is used to search for the
parameters of two beams, whereas the exhaustive search is used
to search for the parameters of 1 beam (downtilt angle and
vertical beamwidth). This is to illustrate the benefits of vertical
sectorization for cellular networks. The exhaustive search
approach for two beams is not shown because it is computa-
tionally intractable as we show in Section V-C. For the proposed
Taguchi’s method, RR = 0.85 and δ = 0.01 are used. The op-
timization ranges for downtilt angles, vertical beamwidths, and
power ratio of the outer and inner beams are stated in Table I.
We only require the downtilt optimization ranges for the outer
and inner beams not to be overlapped. This is a reasonable
assumption, and therefore, the outer and inner beams do not
point at the same downtilt angle or swap during optimization,
which can lead to poor fitness values and causing convergence



TABLE IV
SIMULATION ASSUMPTIONS FOR 3GPP LTE DOWNLINK NETWORKS

Fig. 3. Fitness value in terms of 50th percentile throughput of the proposed
Taguchi method and the exhaustive search approach (one beam) versus iteration
index.

problems for the proposed Taguchi method. Due to the nature of
OAs, if the optimization ranges of the outer and inner beams are
allowed to overlap, e.g., [0◦ 40◦], from the first two columns of
OA(289, 5, 17, 2), there are some experiments that can have the
outer beam assigned with downtilt angles equal to or larger than
that of the inner beam. This can result in a poor fitness value
for the current iteration, which, in turn, can cause subsequent
iterations to generate poor fitness values. As a result, Taguchi’s
method can suffer from convergence problems and poor fitness
values. From our extensive simulations, the outer/inner downtilt
optimization ranges of [0◦ 5◦]/[5◦ 40◦] is found to achieve
the best overall performance in terms of fitness value and
cell selection percentage for our optimization problem. For the
exhaustive search approach (1 beam), the optimization ranges
for the downtilt angle and vertical beamwidth are [0◦ 40◦] and
[0◦ 30◦], respectively.

A. Fiftieth Percentile Throughput as Fitness Function

Here, the 50th percentile throughput is used as the fitness
function as we are concerned with the average user performance

Fig. 4. Throughput CDFs of the proposed Taguchi method and the exhaus-
tive search approach (one beam).

Fig. 5. Sum throughput of the proposed Taguchi’s method and the exhaustive
search approach (one beam). The sum throughput of Taguchi’s method com-
prises of the throughput from the users in the outer and inner cells of a vertically
split sector served by the outer and inner beams, respectively.

in the network. In Fig. 3, the proposed Taguchi’s method
outperforms the exhaustive search approach (1 beam) by 7.82%
with a 50th percentile throughput = 1.4464 × 105 bps. In
Fig. 4, the user throughput cumulative distribution function
(CDF) by the proposed Taguchi method is also better than that
of the exhaustive search approach (one beam). This is due to
the much improved user throughput CDF of the inner cells
contributing to the overall throughput CDF in Fig. 4. In Fig. 5,
the sum throughput obtained by the proposed Taguchi method
is 26.16% higher than that of the exhaustive search approach
(one beam). This sum throughput gain is due to spectrum reuse
in the outer and inner cells of a sector.

In Fig. 6, the cell selection plot of the 19-site network
obtained by the proposed Taguchi method with vertical sector-
ization deployment is shown. The outer (inner) cell selection
percentage is 58.44% (41.56%) to show a good load balancing



Fig. 6. Cell selection plot of the proposed Taguchi method for the 19-site
network. For each site, there are three sectors, which are further split into
OutCell1/InCell1, OutCell2/InCell2, and OutCell3/InCell3, respectively.

Fig. 7. Outer and inner beam downtilt angles versus iteration index obtained
by the proposed Taguchi method. The horizontal lines at 0◦, 5◦, and 40◦

indicate the respective optimization ranges for the outer and inner beams.

between the outer and inner beams. Figs. 7–9 show the con-
verged downtilt angles, vertical beamwidths, and transmit pow-
ers of the outer and inner beams obtained by Taguchi’s method,
respectively. The recommended downtilt angles of the outer and
inner beams are 3.11◦ and 14.86◦. The recommended vertical
beamwidths of the outer and inner beams are 8.32◦ and 8.55◦.
The recommended transmit powers of the outer and inner
beams are 39.92 and 44.77 dBm. For the exhaustive search
approach (one beam), the optimal downtilt angle and vertical
beamwidth are 13.4◦ and 12◦, respectively.

B. Fifth Percentile Throughput as Fitness Function

Next, the 5th percentile throughput is used as the fitness func-
tion as we are concerned with the worst user performance in
the network. The other simulation parameters remain the same.
The proposed Taguchi method obtains a better 5th percentile
throughput = 4.9306 × 104 bps with a 29.36% improvement,

Fig. 8. Outer and inner beam vertical beamwidths versus iteration index
obtained by the proposed Taguchi’s method. The horizontal lines at 0◦ and
30◦ indicate the optimization range for the outer and inner beams.

Fig. 9. Outer and inner beam transmit powers versus iteration index obtained
by the proposed Taguchi method. The horizontal lines at 26 and 45.98 dBm
indicate the optimization range for the outer and inner beams.

as well as user throughput CDF than those of the exhaustive
search approach (one beam), as shown in Figs. 10 and 11,
respectively. In Fig. 12, the sum throughput by the proposed
Taguchi method is 15.59% higher than that of the exhaustive
search approach (one beam).

In Fig. 13, the cell selection plot of the 19-site network
obtained by the proposed Taguchi method with vertical sector-
ization deployment is shown. The outer (inner) cell selection
percentage is 47.56% (52.44%) to indicate a good load balanc-
ing between the outer and inner beams. Figs. 14–16 show the
converged downtilt angles, vertical beamwidths, and transmit
powers of the outer and inner beams obtained by Taguchi’s
method, respectively. The recommended downtilt angles of the
outer and inner beams are 4.81◦ and 13.09◦. The recommended
vertical beamwidths of the outer and inner beams are 7.44◦

and 7.30◦. The recommended transmit powers of the outer and
inner beams are 37.29 and 45.37 dBm. As the converged outer



Fig. 10. Fitness value in terms of 5th percentile throughput of the proposed
Taguchi’s method and the exhaustive search approach (one beam) versus
iteration index.

Fig. 11. Throughput CDFs of the proposed Taguchi’s method and the exhaus-
tive search approach (one beam).

downtilt angle is near to the upper bound of the optimization
range [0◦ 5◦], another set of experiment is carried out using the
same simulation settings except that the optimization ranges for
outer/inner downtilt angles become [0◦ 10◦]/[10◦ 40◦]. The new
experiment obtains a slightly worse 5th percentile throughput
= 4.8404 × 104bps. This suggests that the proposed method
is not particularly sensitive to the optimization ranges of the
outer/inner downtilt angles in this case. For the exhaustive
search approach (one beam), the optimal downtilt angle and
vertical beamwidth are 12◦ and 10.4◦, respectively. As observed
from our simulations, for a given total transmit power at each
BS, less power is allocated to the outer beam (or power spec-
trum density since the same system bandwidth is reused in both
the outer and inner cells of a vertically split sector) than that
of the inner beam. The reduction in intercell interference seems
to outweigh the reduction in received power and results in an

Fig. 12. Sum throughput of the proposed Taguchi’s method and the exhaus-
tive search approach (one beam). The sum throughput of Taguchi’s method
comprises of the throughput from the users in the outer and inner cells of a
vertically split sector served by the outer and inner beams, respectively.

Fig. 13. Cell selection plot of the proposed Taguchi’s method for the 19-site
network. For each site, there are 3 sectors, which are further split into OutCell1/
InCell1, OutCell2/InCell2, and OutCell3/InCell3, respectively.

overall increase in 5th percentile user throughput. The sidelobes
of the beams can cause intracell interference between outer and
inner cells of a vertically split sector and has been included in
our antenna model (1) and (2) by a simplied sidelobe pattern
and hence such effect is considered in the optimization process.

The proposed method can be also extended to three beams in
a vertically split sector, for example, by adding additional three
columns to the OA(289, 5, 17, 2) to become the new OA(289,
8, 17, 2) and redefine the optimization ranges for the downtilt
angles of the three beams.

C. Complexity Comparison

Here, we compare the total number of experiments required
by the proposed Taguchi method and the exhaustive search
approach in Fig. 17. Note that the y-axis of Fig. 17 is on a



Fig. 14. Outer and inner beam downtilt angles versus iteration index obtained
by the proposed Taguchi method. The horizontal lines at 0◦, 5◦, and 40◦

indicate the respective optimization ranges for the outer and inner beams.

Fig. 15. Outer and inner beam vertical beamwidths versus iteration index
obtained by the proposed Taguchi method. The horizontal lines at 0◦ and 30◦

indicate the optimization ranges for the outer and inner beams.

logarithmic scale. In 3 × 1 networks where one beam per sector
is deployed, the parameters involved in an exhaustive search are
the downtilt angle and vertical beamwidth. The search grid ε is
0.1◦ and the same optimization ranges used by the proposed
Taguchi’s method for vertical sectorization are used. Then,
the number of experiments needed by the exhaustive search
(one beam) is

Mex,1beam =

(
xmax
1 − xmin

1

ε
+ 1

)
×
(
xmax
2 − xmin

2

ε
+ 1

)

=

(
40 − 0

0.1
+ 1

)
×
(

30 − 0
0.1

+ 1

)
= 120, 701

where x1 and x2 refer to the downtilt angle and vertical
beamwidth, respectively, and xmax

{n} and xmin
{n} refer to the upper

and lower optimization bounds of the nth parameter.

Fig. 16. Outer and inner beam transmit powers versus iteration index obtained
by the proposed Taguchi method. The horizontal lines at 26 and 45.98 dBm
indicate the optimization ranges for the outer and inner beams.

Fig. 17. Comparison of number of experiments required in the proposed
Taguchi method and the exhaustive search approach for one beam and two
beams. The y-axis is on a logarithmic scale.

Similarly, in 3 × 2 networks where vertical sectorization is
employed, there are two beams per sector; thus, the number of
parameters involved in an exhaustive search are the downtilt
angles, vertical beamwidths, and transmit powers of the outer
and inner beams. Then, the number of experiments is

Mex,2beams =

(
5 − 0
0.1

+ 1

)
×
(

40 − 5
0.1

+ 1

)
×
(

30 − 0
0.1

+ 1

)

×
(

30 − 0
0.1

+ 1

)
×
(

0.99 − 0.01
0.1

+ 1

)

≈ 1.61 × 1011

which is computationally intractable. As such, Taguchi’s
method is proposed to search for near-optimal parameters for



vertical sectorization. The number of experiments needed by
the proposed Taguchi method is

M = N × i = 289 × 29 = 8381 (12)

since the proposed Taguchi method requires i = 29 iterations
before the stopping criterion is triggered. The number of ex-
periments required by the proposed Taguchi method is around
14 times and 1.92 × 107 times less than that required by the ex-
haustive search approach for one and two beams, respectively.
In addition, the search grid for Taguchi method can be ob-
tained from LDi+1 = (RR)iLD1 = LD29 = (0.85)28((xmax

2 −
xmin
2 )/(s+ 1)) = 0.02◦ where the widest parameter range

[5◦ 40◦] from Table I is chosen for a fair comparison with
the exhaustive search approach. Although the number of ex-
periments used in the proposed Taguchi method is drastically
reduced compared with the exhaustive search approach, the
search grid in the last iteration is very fine at 0.02◦.

VI. CONCLUSION

In this paper, we have proposed an optimization approach
based on Taguchi’s method for the joint optimization of the
radio network parameters, i.e., the downtilt angles, vertical
beamwidths, and transmit powers of the two beams for vertical
sectorization deployment in 3GPP LTE networks. Compared to
the exhaustive search approach in conventional 3 × 1 networks,
the proposed method for vertical sectorization requires a lot
fewer experiments and achieves better 50th percentile and
5th percentile user throughput and total network throughput.
Furthermore, there is good load balancing between the two
beams. These results corroborate the effectiveness of vertical
sectorization in cellular networks and the applicability of the
proposed Taguchi method for searching the radio network
parameters.
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