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Abstract: This paper proposes a new approach to estimating the contour of the coverage zone for a cellular
communications base station that takes into account meaningful reflecting objects located out of the considering zone.
Based on this approach, the procedure for modeling and designing the cellular system coverage area. Unlike known
methods, the developed procedure considers the influence of electromagnetic wave reflection from external details of
the relief, in particular essential reflecting objects located outside the considered cell. The effect of the external objects
on the formation of the coverage area resulting contour is considered analytically, numerically and experimentally. The
proposed solution leads to more accurate designing of the coverage area for each cell. This creates the opportunity for
further development of designing techniques to more effective engineering solutions at developing and applying cellular
communication systems in real situations and at various scenarios.

Index Terms: Coverage area, frequency planning, interference, radio waves, radio-electronic means, reflection,
territorial planning.

1. Introduction

In the modern world, we are faced with the rapid and constant development of cellular communications. The need
to increase the speed of information exchange and application of higher radio frequencies in the urban environment led
to the fact that the phenomena of electromagnetic wave propagation are becoming more complicated under the real
conditions. Predicting radio wave propagation for designing coverage areas is one of the most difficult problems in
modern cellular communications. The increasing requirements are in conflict with the traditionally used simplified
technologies for calculating coverage areas. This is a manifestation of the general contradiction between the needs of
mankind and used opportunities for solving scientific and engineering problems.

At the same time, the shortage of the radio-frequency resource becomes more critical, and the problems of
electromagnetic compatibility of radio-electronic means are becoming more complicated. Therefore, the quality of
forecasting the propagation of radio waves for the design of coverage areas is becoming a priority.

Modern methods of designing the coverage areas of cellular communication systems are based on the classical
theory of electromagnetic wave propagation. This approach allows qualitatively predict propagation losses of the meter
and longer waves. For such frequency bands, the influence of the details of urban development and individual fragments
of the terrain is practically not affected or is not critical. However, with the transition of cellular communication
systems to the decimeter, centimeter, and shorter ranges, the manifestation of the terrain details has become very
significant. It is important to notice that objects influencing wave propagation may be located not only inside of a
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‘circle’ of the zone (cell) but also outside of the particular cell.

Known techniques for predicting the propagation of radio waves and designing coverage areas do not take into
account the presence of external features of the terrain as the objects which affect the behavior of the wave. We would
like to fill this gap.

Let us clarify the definition first. We name details of the terrain (with all buildings and constructions) that are
located outside the contour of the desired coverage area as external relief details. The presence of such external relief
details can lead to additional reflections and interference of electromagnetic waves within the coverage area that can
affect the resulting coverage. For example, if a high-rise building is located 100 m from the desired coverage area
contour of 1 km radius, the electromagnetic wave reflected from it can be in phase or antiphase with the basic wave
within the coverage area. As a result, the physical boundaries of the coverage area can change significantly. It is
important to take it into account when designing the network. However, as it follows from the analysis done in the
section 2, the known methods of designing coverage areas [1...9] do not take into account this phenomenon. In this
paper, we make an attempt to fill this gap by proposing the solution. The originality of our solution is the analysis of the
influence of external relief details on the formation of the coverage area resulting in boundaries. This should make it
possible to more accurately predict the propagation of radio waves and provide the design of coverage areas of cellular
communication systems that in turn will lead to reducing the probability of traffic loss, as well as the decreasing
likelihood of mutual interference between neighboring cells. In practice, this allows to better solve the issues of
territorial planning of cellular communications and ensuring electromagnetic compatibility.

2. Analysis of Existing Research Results

The article [1] examines the features of empirical models that are often used in the practice of planning wireless
access networks. Based on the SUI, COST 231-Hata, Macro and, Ericsson models received signal levels are predicted
for various types of urbanized environments. The 3.5 GHz RF power measurements are comparable to those predicted
using these propagation models. However, in the procedures for predicting the propagation of radio waves, the authors
of this study do not take into account the features of the terrain and its external details.

The authors of the article [2] proposed a model for the propagation of radio waves on two different radio paths
characterized by different types of obstacles. The results of the field strength measurements were analyzed. The analysis
shows a significant discrepancy between the measured path loss and the values calculated from known statistical
models. The results of approbation of the model developed by the authors confirm that for each terrain relief a certain
model of radio wave propagation is required, which will allow taking into account the relief details. Such details can be
large buildings and structures, as well as mountains and hills both within the coverage area and beyond its contour.

The article [3] proposes a model of a telecommunication network, which includes parts responsible for organizing
access, as well as distribution and recovery segments. A number of analytical expressions are given that allow
determining the number of active access equipment at all levels of the network and places for its installation based on
information about the area, development, etc. But despite the fact that the authors take into account the difficult terrain,
only the average radius of the circular coverage area is used in the calculations.

In the article [4] an algorithm for calculating the service areas of a cluster of base stations of cellular
communication systems is developed for a given distribution of subscribers in the territory. The algorithm is based on
the description of a cellular communication cluster using a system of linear equations that take into account the
distribution of the load and the distance between stations. The base station load is determined as a function of the
number of subscribers in the coverage area. However, despite the complex topography of urban development and the
resulting possible diffraction and interference phenomena, the authors of this article assume that the coverage areas are
circular.

Authors [5] directed their efforts to solve a problem associated with one of the widespread low-power wide area
networks. The paper [5] presents two main clustering algorithms developed for that. The static algorithm takes into
account the distribution of base stations and gateways over the network in such a way as to achieve the best coverage
and maximum system reliability. The dynamic algorithm takes into account the clustering of distributed devices
associated with each base station to achieve higher energy efficiency. In the process of solving these issues, the authors
assume that the outer contour of the cell is circular. However, in a real environment of radio wave propagation, the
shape of the cell can differ significantly from the circle.

In studies on this problem [6-8] improved methods of designing the coverage area are proposed, however, without
taking into account the phenomena of reflections from external details and interference within their boundaries.

The authors of the article [9] present requirements of M&S software for coverage analysis of the navigation system,
and proposes an M&S software design scheme on the basis of the requirements. The M&S software is implemented, and
coverage analysis is performed to verify the validity of the proposed design scheme. This study also includes the solution of
conjugation of coverage areas. However, a detailed analysis of reflections from external relief details to take it into account
when conjugating coverage areas was not performed in [9].

The analysis of the known research results shows that when designing and optimizing coverage areas, the influence
of obstacles outside the coverage area contour is not taken into account in the known publications. However, the
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significant size of such obstacles can cause the reflection of electromagnetic waves and subsequent interference, which
affects the formation of the coverage area.

Therefore, the purpose of our research is to develop a model of electromagnetic wave propagation for designing a
coverage area that takes into account the presence of large relief details (buildings, structures, mountains, constructions)
located outside the contour of the coverage area and causing reflection and interference phenomena within the contour.
Such problem formulation did not appear in known publications.

3. Problem Statement

Let us look at an example of a coverage area model for a typical urban area as shown in Fig. 1, where 1 is the base
station; 2 - measuring system; 3, 4 - a fragment of a street; 5, 6 - buildings and structures within the contour of the
coverage area. It is obvious that the propagation of radio waves in such conditions is accompanied by reflection and
subsequent multi-beam interference. This leads to the formation of interference zones of maxima and minima in this
area of the terrain.

Fig.1. The scenario of coverage area modeling without accounting for external details of the terrain.

In addition, buildings and structures cause the phenomenon of diffraction and the corresponding attenuation of the
radio wave. As a result, the shape of the contour of the coverage area in fact will differ significantly from the circle
shown in Fig. 1. We have discussed this situation in [10]. Here we discuss new studies on how the reflection of radio
waves from obstacles located outside the contour of the coverage area affects the result of this area formation. Let us
take a look at Fig. 2, where near the coverage area contour, shown by a circle in accordance with Fig. 1, the high-rise
buildings 7 and 8 are located. This combination of terrain fragments is typical for a medium or large city.

Fig.2. The scenario of coverage area modeling taking into account the external details of the terrain.

Buildings 7 and 8 cause the reflection of radio waves with certain amplitudes and phases towards the coverage area
itself. At relatively short distances to these buildings, the amplitudes of the reflected waves will be comparable to the
amplitudes of the direct waves propagating from the base station within the contour of the coverage area. In this case,
radio waves reflected from high-rise buildings outside the contour of the coverage area can significantly affect the
contour formation. This phenomenon was not taken into account in the results [10].

Known models of interference propagation [2...9] can be generally applied to analyze the influence of radio waves

Volume 13 (2021), Issue 4 37



Modeling of the Cellular Communication System Coverage Area Taking into Account the External Details of the Terrain

reflected from obstacles outside the contour of the coverage area on the result of this area formation. However, these
models do not take into account the phenomenon of wave interference within the coverage area, when waves are
reflected from external details of the relief. As a first approximation, based on the classical theory of electrodynamics
we propose to take the external relief details as Huygens elements with a hemispherical radiation pattern. The initial
complex wave amplitude of such elements is obtained by calculation as for a conventional reflected wave. Then, taking
into account the distances to the points of observation (reception) and the difference in the path of direct and reflected
waves, we will make an approximate calculation of the result of interference within the coverage area.

4. Problem Solution

The power of the base station (repeater) is known during the coverage design process. By its value Py, one can
calculate the amplitude of the electrical component, which is determined by the known ideal radio transmission formula
[11].

Em = Epg -V = L2207 @)

where r — the distance from the source, D — the directional factor of the transmitting antenna, V :;—m — is the

mo

attenuation factor, which is defined as the ratio of the field strength E,,, at a distance r from the transmitting antenna in

real conditions to the field strength E,,,q in free unlimited space.
Consider the phenomenon of interference using Fig. 3.

hy - 0|0 I h2

hy

A A

A

Fig.3. The simplest model of the interference phenomenon: two-path propagation case.

Taking into account multipath propagation, the resulting value of the amplitude of the field strength generated by
source A at point B, can be determined as the vector sum of the direct b':ml and reflected §m2 waves:

Em = Em1 + Ena. (2)
In formula (2)
JE‘._ml = JT:1015}711"3_I.'Igrl; E._mz = J};20EmZR"3_[-['8}‘2_]‘{)1—] (3)

where 72, #¢ — unit vectors directed from points 4 and 4’ to point B respectively; r; and r, — distance to point B; R and
v — modulus and phase of the complex reflection coefficient from an obstacle or from the earth's surface; § = ?—
wave phase factor.

When calculating value En (2), we make the following assumptions:

— distance r from the source to the observation point is such that the sum of the antenna heights h, + h, <<, then

the beams 4B and A'B (Fig. 3) are approximately parallel;

— when calculating the amplitude of the resulting wave at point B we assume that r; = r, = r, and when calculating
the phase shifts between the direct and reflected waves at this point, we take into account the path difference between
the direct and reflected waves:

A'D=1ry—1ry=A4r = 2hycos 0. 4)
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These assumptions are quite acceptable for studying the effect of wave reflection from obstacles located outside
the contour of the coverage area.
Further, we substitute the values (3) and (4) into formula (2) and obtain the formula:

£ _E e b R |< E e fLy R v | 14 Re O] o

The value in square brackets is the attenuation factor V =V - e™¥v_ Its modulus V and phase , are determined by
the following formulas:

V =4/1+ R2 + 2Rcos(BAr —g) (6)

_ Rsin(SAr—1pg)
¥y = —arctg 1+2Rcos(BAr—1g) ()
where R and yr — are the modulus and phase of the reflection coefficient.

Then, on the base of formulas (2), (6) u (7), the modulus of the electric field strength can be written in the
following form

J60PzD

r

Em = Emo

J1+RZ+2Rcos(BAr — ). (8)

The resulting expression indicates a periodic change in the attenuation factor depending on the difference in wave
paths Ar, which corresponds to the appearance of interference maxima and minima in space.

To calculate the distance of a stable connection r at known radiation power Py and directional action coefficient D,
and also taking the amplitude of the intensity at the receiving point E, equal to the receiver sensitivity, we write
formula (8) in the form

J60P5D
Em

r = Eno J1+ R2+ 2Rcos(BAr — p). 9

The influence of electromagnetic waves reflected from external features of the relief on the formation of the
coverage area can be significant at small distances from the contour of the coverage area to these details. Therefore, to
take this influence into account, we suggest the following procedure of designing a coverage area. The procedure
consists of 7 steps and some of them are described with more detailed sub-steps.

1. In the process of designing coverage areas, it is necessary to take into account the presence of buildings,
structures and other obstacles outside its contour. This requires:

- perform a breakdown of the coverage area into sectors with an angle of no more than 5 degrees;

- separately take into account the characteristic details of the relief including buildings, structures, natural
formations;

- for each selected sector, calculate the distance of a stable communications using the Walfisch-Ikegami model [10]
for the phenomena of diffraction and interference. In this case, the wave intensity at the receiving point is taken equal to
the sensitivity of the base station receiver;

- set transmitter power value A and receiver sensitivity En of the corresponding base station;

- all points corresponding to the distance of stable communications for each sector, combine with a smooth curve
and get a preliminary contour of the coverage area.

2. With the help of the map, determine the location and dimensions of all substantial external relief details located
directly outside the boundary of the preliminary contour of the coverage area. These may include:

- buildings and structures, the heights of which are equal to or greater than the heights of relief details within the
preliminary contour of the coverage area;

- buildings and structures under construction, the design heights of which are equal to or greater than the heights of
the relief details within the preliminary contour of the coverage area;

- natural relief details (hills, mountains), the height gradient of which exceeds the value of the gradient of the
height of the relief details within the preliminary contour of the coverage area.

3. According to the formula (1), the field strength of the base station is determined at the place of each obstacle
located outside the coverage area contour at a small distance from its boundaries, more exactly at a distance which is
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not more than half radius of the coverage zone.

4. By formulas (5) ... (8), for each selected external relief detail, the resulting field strength is determined within
the limits of the coverage area contour, taking into account the reflection from the external relief details. In this case, the
difference in the path of the waves can be determined by any known topographic or geometric methods.

5. A fragment of the terrain, allocated for the design of the coverage area, is divided in azimuth into sectors with a
step of no more than 5 degrees. The value of the base station power £ , as well as the field strength Er, at the receiver

sensitivity level, are set, and the stable communication distance in each sector is calculated using the formula (9).

6. Based on the obtained data and taking the value of the field strength equal to the sensitivity of the base station
receiver, calculate the stable communication distance in each sector using the formula (9).

7. Points corresponding to the range of stable communications in each selected sector are marked on the map of the
area of the terrain. All obtained points are connected by a smooth curve and the contour of the resulting coverage area is
built.

The proposed procedure is briefly illustrated in Fig. 4.

1. Take into account the presence of buildings, structures

and other obstacles outside its contour - Objects with height equal to or greater than the heights of the
! relief details within the preliminary contour of the coverage area;

- Objects under construction with corresponding heights;

- natural relief details (hills, mountains) of corresponding height

2. Determine location and parameters of relief details

outside the preliminary contour of coverage area gradients.
: : : f e D .
3. Calculate EFS of the base station at the point of "E, = SOKD 5
location of each external obstacle at r<1/2 zone radius . !
- l - E, = E|le™ + Re"#0 |2 E, o " |1+ Re M0 |= £ L+ R0

4, Calculate resulting EFS using reflections from the R .

ternal relief details for each obstacle b = V1R L2 Reolr yy) v, =-arcty —m Y ~Ys)
i 1 E, ~E, YD [ areospar ) 1+ 2Reos(Br - )

5. Divide fragment of terrain in azimuth with 5° step
and set base station power and receiver sensitivity
! .
6. Calculate stable communication distance for given . 460P.D
base station power and receiver sensitivity with 5° step "= Emo
L -
7. Distances of stable communications in each sector
form the contour of the resulting coverage area

\.-'!.l +R* +2Rcos(BAr —yr,)

~

Fig.4. The developed procedure of designing a coverage area.

The simplified diagram in Fig. 4 includes also brief explanations and necessary expressions discussed above.
5. Results of Calculations and Experimental Studies

To carry out calculations and experimental studies according to the scenario presented in Fig. 2, the measuring kit
shown in Fig. 5 was assembled. The reference designation numbers correspond to those that were previously adopted.

The laboratory setup consists of the emitter (1), a field strength detector (2), four metal objects in the form of
parallelepipeds (3-4) for physical modeling of buildings, a metal pyramid (5) and a hemisphere (6) for physical
modeling of structures and natural formations, metal parallelepipeds (7-8) for physical modeling of external relief
details.

The experimental technique is as follows. A generator of high-frequency electromagnetic oscillations is connected
to the emitter 1. The emitter 1 ensures the emission of electromagnetic waves with a uniform directional pattern in the
horizontal plane. The measurement of the electromagnetic wave strength is carried out using a field detector 2
connected to the measuring receiver.

All the specified components of the laboratory setup are located on a metal circle with a diameter of 1.5 m with
corner marks in the horizontal plane. Measurement of the dependence of the wave strength on the angle is performed by
moving the field detector in the horizontal plane around the emitter. The field detector probe is oriented vertically
during the measurements.

40 Volume 13 (2021), Issue 4



Modeling of the Cellular Communication System Coverage Area Taking into Account the External Details of the Terrain

Fig.5. Laboratory setup and equipment.

In carrying out the experiment, the following values were taken, corresponding to the principles of
electrodynamics modeling: the frequency of the electromagnetic wave is 12 GHz, the dimensions of the models of the

relief details are 0.15 ... 0.35 m. Radiation power A = 1.5 mW; field strength at the receiving point is equal to the

sensitivity threshold of the measuring receiver Ey, = 50 pVv/m.

The given terrain relief (Fig. 2 and Fig. 4) is divided into sectors with an azimuth step of 5 degrees. Inside each
sector, measurement and calculation of the value of the stable communication distance (10) with the specified initial
data are made.

The results of the calculations and measurements are shown in Fig. 6, where the following designations are
accepted:

1 - the contour of the coverage area calculated according to the traditional model: COST 231-Hata [1, 6];

2 — the contour of the coverage area calculated according to the proposed technique without taking into account the
external details of the relief (the values of the range of stable communications as a function of the angle accounting for
the reflections from the objects located inside the zone only);

3 — the contour of the coverage area calculated using the proposed technique with taking into account the external
details of the relief (reflecting objects located both inside and outside the zone were taken into account);

4 — the contour of the coverage area for the values of the stable communication range determined by processing
measurement data got by using the experimental laboratory setup presented in Fig. 5.

0
330" e 730

)r,.-..“.'l-f o~ . 45”

Fig.6. The results of the calculations and measurements.

The presented calculation results and measuring data processing allowed to estimate the range of stable
communications at different scenarios and its dependence on the angle in the horizontal plane. In particular, the
calculations based on the traditional model gave the proposed contour of the coverage area in the form of a circle, the
radius of which is equal to the average distance of the stable communications and not depended on the presence and/or
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shape of the terrain features (curve 1).

The results of calculations using the proposed technique without taking into account the presence of external relief
features (curve 2) is characterized by pronounced maxima and minima caused obviously by the interference of direct
and reflected waves and diffraction losses of wave power.

The results of calculations using the proposed method, taking into account the influence of external relief details
(curve 3), differ significantly from curve 2 due to the formation of interference maxima and minima within the contour
of the coverage area caused by the additional external reflectors.

Results of measurements of the dependence of the stable communications range on the angle in the horizontal
plane under the condition of external relief details presence (curve 4) has the same characteristic features as curve 3, but
differs from the calculated values. The relative error is quite evident however does not exceed 24%.

The indicated difference between calculations and measurements can be caused by both an imperfectness of the
model and the error of measurements, in particular, due to the following reasons:

- the results of experimental measurements in practice are influenced by the geometric dimensions (effective
reflecting area, like radar cross-section) of the external features of the relief, while the theoretical calculations here were
carried out only taking into account the laws of geometric optics. The influence of the magnitude of the reflecting area
of the relief details on the formation of the contour of the coverage area due to the complexity of the problem is
supposed to be taken into account in subsequent studies;

- the process of measuring the field strength is associated with the instrumental error of the measuring instruments,
the value of which is 5% for setting the generator amplitude and 2.5% for measuring the field strength with the
measuring receiver.

The research results indicate a significant influence of the external details of the terrain on the formation of the
coverage area resulting contour. It would be advisable to carry out such studies also for the millimeter wavelength range
[12], and it is relevant for 5G.

6. Conclusions and Prospects for Further Research

The problems of predicting the propagation of decimeter and centimeter electromagnetic waves, as well as
designing the coverage areas of cellular communication systems, are relevant and insufficiently studied, while the
quality of implementing these procedures affects directly the tasks of monitoring the frequency resource use, as well as
ensuring the electromagnetic compatibility of radio-electronic equipment. For example, if the actual contour of the
coverage area has pronounced minima that are not foreseen at the design stage, then this will lead to the loss of some
traffic. And if the actual contour of the coverage area has pronounced maxima that were not foreseen at the design stage,
then this will lead to the appearance of interference and deterioration of the quality of the base stations in neighboring
cells.

Thus, the refinement of the procedures for predicting the propagation of radio waves and designing coverage areas
proposed in this study will help in the practical solution of the problems of ensuring the electromagnetic compatibility
of cellular communication systems. This will improve the quality of cellular services through the implementation of the
following recommendations for the application of the results of this study.

The formulated brief conclusions and recommendations based on the results of this article are following.

1. Modeling the propagation of radio waves according to the proposed method, taking into account the reflection of
radio waves from external details of the relief, allows to detect of the zones of the resulting minima and maxima within
the coverage area and more accurately determine its contour.

2. The proposed technique for modeling coverage area differs from the known ones by taking into account the
details of the relief located beyond its contour. This allows improving the quality of the procedures for coordinated use
of the frequency resource.

3. The coverage area of the base station, whose parameters are previously calculated taking into account the
external details of the terrain, has a shape close to the shape of the real zone. This makes it possible to more accurately
place the antenna system of the base station and orient its pattern in order to reduce the mutual interference levels of
different base stations that operate in the same frequency channels that have is really significant for the practice.

4. The proposed solution promotes electromagnetic compatibility of independent radio-electronic equipment by the
combination of the maxima of some coverage areas with the minima of neighboring ones, and vice versa.

5. The direction of further research is the development of the proposed methodology for modeling the coverage
area of cellular communication systems by determining the effective reflecting area of external details of the terrain,
calculating the power of the reflected signal and determining the resulting contour of the coverage area, taking into
account the interference of radio waves.

6. Similar research is reasonable to be carried out mm waves to cover the needs of 5G.
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7. The next step is related to the transition from the analysis of a particular cell to design a cellular network taking
into account the developed approach. This requires additional math models and further research.
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