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Electromagnetic pollution has taken on importance in recent decades, as
interest is growing in knowing how the proliferation of mobile communication
devices can affect the environment and generate health problems in
the population. In this document, a systematic review of the methodologies for
measuring electromagnetic radiation is carried out with a view to generating
pollution profiles. It also develops a novel methodology for measuring
electromagnetic pollution (EMP) in urban areas, and is validated with a case
study using a map of EMP in the city of Manizales (Colombia), determining
the spatial distribution of radiation levels. In order to generate the map, EMP
measurements were carried out in the bands of local mobile telephone
operators, in addition to the LPWAN (low power wide area network)

Pollgtion map LoRaWAN and Sigfox networks, Wi-Fi, and those related to loT
Environment technologies.
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1. INTRODUCTION

In recent years, levels of electromagnetic pollution (EMP) have increased, because the number of
mobile devices has exceeded 5 billion, and it is estimated that the amount of them and the sensors associated
with the internet of things (IoT) will reach 50 billion in the next decade [1, 2]. According to the IBSG
(internet business solutions group), the birth of 10T occurs between 2008 and 2009, just when in the world for
the first time were more devices connected to the Internet than people on the planet [3-5], and it is estimated
that by 2020 there will be 6.58 Internet-connected devices per person.

The devices being connected are in turn generators and receivers of EM waves, which are emitted
24 hours a day. The scientific world, motivated by the possible risk factor of EMP for the environment and
human health and considering the high number of EM wave generating devices, is interested in knowing
more about the pollution that the devices can generate [6-9]. Regarding the impact of EMP on
the environment, in [10-13] it is suggested that radiation from mobile phones is one of the many factors
speculated to be responsible for the collapse of bee colonies and the decline in the sparrow population,
so there are serious indications that EMP can affect any living ecosystem such as the human.

Considering then, the factor of possible environmental risk of the EMP, and the increase of base
stations and devices that generate EM waves [14], in the present article a model is exposed to obtain
the value of EMP, and to represent it in a graphical way on a map, allowing this way to evaluate the levels
of pollution in a determined location. The document is organized as follows: Section 2 presents the review
of the literature related to the measurement of electromagnetic pollution; section 3, presents the proposed
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electromagnetic pollution measurement methodology; section 4, gives an account of the measurement
campaign carried out in the City of Manizales, applying the proposed measurement methodology,
to elaborate the electromagnetic pollution map of the city, which is presented in the same section; section 5,
concludes this work.

2. EMP MEASUREMENT

Regarding electromagnetic pollution measurement protocols, there is no explicit norm in
the Colombian regulation, nor articles that detail an international measurement process. The authors who
have contributed the most are those who are named below with their respective contributions, related to
the measurement of electromagnetic field levels. Rappaport in [15], carries out a characterization study of
UHF signals propagation inside buildings and homes. Rappaport, proposes that the measurement equipment,
used for the characterization, be located in a site without immediate obstructions in the center of
the measurement area. At a height of 2 meters with separations, from the measuring points, between
10 to 80 centimeters. On the other hand, Honcharenko in [16], performs measurements of electromagnetic
fields, in order to study radio propagation in radio local area networks (R-LAN) and personal communication
networks (PCN), in this study, proposes to perform the measurements by making a circular route with
the measuring equipment over a spatial area, having linear dimensions of 10 to 20 wavelengths (3).

Trinchero in [17], performs a mapping of electromagnetic field levels associated with radio and
television transmitters. To carry out the mapping, he establishes a mesh with points separated every 50 meters,
this mesh is superimposed on the map of the city, thus defining the measurement points and locating
the receiver equipment at a height of 1.80 meters On the other hand, Trinchero proposes that when
the measurement of E exceeds the threshold of 1 VV/m, or in streets with high field gradients, the separation
is reduced to 10 meters.

Letertre in [18], performs electromagnetic field measurements at a frequency of 2.4GHz, associated
with broadband wireless access technologies (BWA). Letertre separates the measurements into two
typologies: one is the global exposure measurement with a wideband isotropic probe and the other is the full
exposure measurement using a selective frequency spectrum analyser, applying an extrapolation method.
Letertre he proposes to apply a correction factor based on statistics from different measurement
environments. Considering that each environment offers different characteristics for measurement,
Thurdczy, in his study of exposure to radio frequencies in areas accessible to the public, states that the level
of exposure is defined by the absorption and reflection of mountains, buildings, among others [19].
Thurdczy places the receiving equipment at an approximate height of 1.5 mt and uses the peakhold mode that
the equipment brings with it to measure on two or three axes. In relation to the different characteristics that can
offer the environment to the measurements, the effect of the physical structure of the measurement sites was
studied by Turin in [20]. Turin, proposes to carry out a characterization of the measurement sites, considering
only indoor measurements, i.e. for outdoor measurements no characterization of the environment should
be carried out.

3. MEASUREMENT METHODOLOGY

This document presents a case study in the city of Manizales, located in the department of Caldas,
Colombia. The city, according to the projections of DANE (National administrative department of statistics)
and the Statistical Information Center of the Municipal Planning Secretariat [21], has approximately 400.000
inhabitants. The city is located in the central part of the country, on the Central Mountain Range which is
a branch of the Andes. Manizales has mountain topography, quite rugged, so it is necessary to install stations
for mobile telecommunications in various parts of the city that can meet the communication requirements of
the population in the urban area having a large number of telecommunications antennas in the city mainly
mobile. For this reason, Manizales is a propitious scenario to make an EMP map, which allows evaluating
how the EM radiation is spatially distributed. For the elaboration of the EMP map of the city, a measurement
methodology was established that makes use of the immission measurement technique, considering that there
are n radiation sources that contribute to the EMP value of the measurement site.

Considering that each of the n sources is located in a coordinate (x;,y;, z;), it is possible to define
the value of the total electromagnetic field measurement (TEMFM), at the measuring point P(xy, Y4, Z4)
with the following expression:

TEMFM(Xq, Y4, Za) = Xizo Fi(Xi, ¥, 21) 1)
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The n sources generate an electromagnetic pollution wave (EMPW), formed by the set of n, this set
is represented by a vector of the k-th sources, as follows:

K= (f1'f2f3'""fk) @

To this vector K, a vector A is associated, which contains the intensities E or H, or the density
of power S, according to the value measured with the instrument.

A= (ay,a,,as,...,a;) ©))

Considering the above, EMPW (t) for a measurement point, will be the sum of all the intensities
of the vector A associated to K, obtaining:

EMPW (t) = X7_, ae/kekt @)

where:
n is the number of known present sources
wk IS the operating frequency of the k-th radiation source.

The above shows that EMPW is a complex wave, being composed by the contribution of the n
surrounding sources to the measurement point. Thus, all devices located in the electromagnetic environment
are susceptible to receive the EMPW signal, but process the components that their filters let pass. In the case
of the human body, this one does not have filters that reject the diverse spectral components of EMPW, being
susceptible to receive all the components of the signal.

Since EMPW is composed of the contribution of n sources, as indicated by the expression (4),
it is necessary to verify that sources are intermittent, i.e. they appear for short time intervals and in a random
manner. If such sources exist, they should be included in the expression vector (2), since these, in light
of the expression (4), also contribute to the EM pollution value.For each source vector element in (2) at each
measurement site, a sampling time must be set. This time is defined as 6 minutes, as proposed by [22-25],
and is established by the ICNIRP at [26]. If the source k under analysis is intermittent, a sampling time
of 20 minutes is proposed. Each measuring site shall be divided into N measuring points, a mesh of
dimensions j * m shall be drawn over this area and a measurement shall be made in discrete mode, i.e.
point-to-point. Once the measurements have been completed, for one of the vector elements (2), a spatial
average of the values obtained from the measurements made in the mesh must be made, applying
the expression (5):

& 3% _,value(j,m)
average = === °N (5)

Finally, after having the values of the measurements, the expression (4) is applied to calculate the total
contribution of the radiation sources present in the measurement point or zone, as the case may be. In the flow
chart in Figure 1, it is possible to visualize the measurement procedure for an area in a general way:

4, RESULTS

Using the measurement methodology, a measurement campaign was carried out in the city
of Manizales, Colombia a shown in Figure 2. The measuring equipment used was the NARDA NBM-550
as shown in Figure 3 and Table 1, this is a broadband device, which is set to a frequency value. It has an
isotropic measuring probe, allowing to measure E, H or S in the three spatial components X, Y and Z.
The measured value is the RSS (root sum square), expressed in the following equation:

VXTF Y25 22 ()
Table 1. Specifications of NBM-550
Measuring unit mwW/m?, W/m?, V/m, A/m
Types of results Current, maximum, minimum, average, maximum average
Averaging time 4 seg a 30 min (2 seg steps)
Spatial average Discreet or continuous
Storage capacity Up to 5000 results
Memory 12 MB
GPS receiver type Garmin, 12 satellite tracking channels, with DGPS correction
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Figure 1. Flow chart of the measuring process

Figure 2. Measuring campaign
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Figure 3. Measuring equipment NARDA NBM-550, with the probe 100KHz-3GHZ
and on the front GPS GARMIN

For the City of Manizales the measurements were made in the urban area, that is to say, the sector
of the center of the City and on the main roads. Starting from the hypothesis that in these sectors,
higher levels of EMPW can be presented, due to the greater concentration of mobile phone base stations.
The measurement frequencies of the source vector (2) for this measurement campaign are those of mobile
phone operators in Colombia. 850 MHz, 1900 MHz. In addition to these sources, the following bands were
measured 900 MHz (wireless telephony, and LPWAN Low Power Wide Area Network such as LoRaWAN
and Sigfox) and 2.4 GHz (Wi-Fi), related to loT technologies, intermittent sources defined in
the measurement methodology were also included. In relation to the frequencies selected to carry out
the measurement campaign, the maximum permissible exposure limits, E and S, in the general public zone,
according to the laws of the Republic of Colombia [27], which is based on the ICNIRP regulations [26] as
shown in Table 2.

Table 2. Maximum exposure limits
Frequency (MHz) S(W/m”2) E(V/m) H(A/m)

850 33.06 87 0.38
1900 23.09 63 0.38
2400 10 61 0.16

5. EMP MAP GENERATION

After establishing the methodology for measuring electromagnetic pollution, a measurement
campaign was carried out in the city of Manizales, the measurements obtained are captured in a risk map for
electromagnetic pollution. In relation to electromagnetic pollution maps, Durduran in [22], presents a map for
a city in Turgia, in its measurement procedure takes a single measurement, located 20m away from the base
station. On the other hand, Genc [25], using the technique of natural neighbor interpolation generates a map
with ARCGIS, with the measurements in the GMS band, made from a vehicle in motion.

For the elaboration of the map, of the present article, a process of triangulation of Delaunay
of the EM pollution measures was carried out, after these data have been geo-referenced with
the geographical coordinates of the map. According to [28], Delaunay triangulation has as its main objective
to establish a triangulation over a cloud of points in which the nearest points are connected by an edge or,
in other words, in which the resulting triangles are as regular as possible. The recorded measurement values
create a vector [x,y,z] where (x,y) are the coordinates of the measurement point, and (z) represents
the measured value. The coordinates (x,y) refer to the terrain of the City of Manizales, and the terrain,
is according to Berg [29], a two-dimensional surface in the 3-dimensional space with a special property
as shown in Figure 4. Every vertical line that is crossed at a point, if it is crossed at all, i.e., the surface is
the graph of a function f:A c R2 — R that assigns a height f(p) at each point p in the domain, A4,
of the terrain, this assigned height is the value of EMPW.
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Figure 4. Perspective view of a plot of land [29]

The point cloud is the set of all the measurement data that cover the terrain of the City of Manizales,
that is, if each point has an associated geo-referencing vector P = [x, y, z] the total cloud of points will be:

[x1,¥1,21]
[x2, 2, 2,] ©)

[0, Vs Zn]

The map is elaborated locating in the coordinate (x,y) the value of EMPW, after the campaign
of measurements. The values of the measurements of electric field, magnetic field and power density,
in different points of the city, and in the specified frequencies, are registered. Based on the recorded data,
it is possible to obtain the z-value for the triangulation, which is then plotted, finally obtaining the COEM

map as shown in Figures 5 and 6.

Figure 5. Perspective view of EMP levels in Figure 6. Top view EMP city of Manizales
the City of Manizales

The map shows that the levels of EM Pollution in the city are not homogeneous, due to the dispersion
of existing EM radiation sources in Manizales. In the map, it is possible to see in red the points of the city
where the EMP level is high and in blue the points of lower level. The levels in red color are towards
the center of the city, sustaining as it had been previously said, that in where it is presented greater
concentration of mobile communications base stations, it is the center of the city reflecting a greater level
of EMP. The places with the lowest level of EMP, in green and blue, are located on the outskirts of the city,
where the population is smaller and due to topographical and construction issues not too many base stations

are required to cover the respective areas.
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6. CONCLUSIONS

In this article, a measurement methodology was proposed, which starts from considering that
EMPW is not the contribution of a single source, and that on the contrary, it is the sum of the contributions
of n sources. In this methodology, a measurement grid is proposed, with N points, at the measurement site,
which can be a mobile phone base station. Also, a classification of intermittent sources is made in each
measurement point, which will feed the vector of measurement sources. In relation to the risk map,
case study and application, it is observed that the highest levels of EMPW in the city of Manizales are in
the center of the city. This validates the starting hypothesis of the case study, which indicated that due
to the high concentration of base stations, the EMPW levels are higher in the center of the city. Finally, it is
expected that the map, will be included in the plans of territorial ordering of the City of Manizales,
for the definition of the installation of new telephone base stations and other wireless communication
technologies, generating a positive impact on environmental health.
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