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Abstract— An efficient practical method for the electromagnetic
(EM) fields reduction around transmitting stations has been
developed. The project has been stimulated by the necessity to
reduce the field levels in the vicinity of transmitting stations,
including FM, UHF, cellular base stations and other
radiocommunication services, to obey regulations concerning
human protection against electromagnetic radiation. The main
constraint in the optimization procedure is the requirement to
preserve the radiated power ERP of a service in operation. The
method joins accuracy with high efficiency, and is based on 3 stages
procedure using the antenna numerical models of different levels of
approximation. An example is given of its application to a real case
of transmitting stations in which the levels of measured EM
exceeded the safety limits.
Index terms— antenna systems, human exposure assessment, non-ionizing
radiation, electromagnetic fields (EMF), radiation limits, radiation patterns

I.

INTRODUCTION

A practical problem often met in antenna techniques is the necessity to modify the electromagnetic fields

(EMF) distribution generated by an antenna system. The problem can emerge due to various reasons, in
particular due to requirements concerning the human protection against EMF radiation [1,2]. Moreover, in some
countries, like in Poland, there are local regulations in which the safety limits are much more restrictive than
that mentioned above. There exists a social need to control the levels of emissions which is connected with some
anxiety concerning the harmful effects of EMF on human health [6, 7, 8]. This work deals with the problem and
offers a method of EMF mitigation. No similar work is known to the authors.
The task is somewhat similar to characteristic synthesis but the difference is that we often deal with already
existing system, and thus there are limited degrees of freedom of possible changes which can be implemented
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(the technical and economic limitations) [4, 5, 10, 11, 15, 22, 23]. Since there is no rigorous mathematical
method for that purpose the only choice is a human-assisted trial-and-error computational procedure which
would, on the one hand, assure a sufficient accuracy and, on the other hand, be efficient enough. The problem is
that the accuracy contradicts efficiency, i.e. the more accurate is the computational method the less efficient it is.
The proposed method is based on the computational analysis which uses the numerical models of different
levels of complication and accuracy. Suppose we meet in practice a situation where the violation of safety limits
for EM field has been detected, via control measurements, somewhere around a transmitting station. Some
protective measures must be taken in order to make the station compliant with environmental protection
regulations. At the first stage of the proposed method the violation has to be confirmed numerically, preferably
with the use of relatively simple but accurate enough numerical model. For that purpose we use a synthetic
model [10], in which the radiation characteristics of elementary sources (antenna panels or patches) are
evaluated by direct numerical solution of Maxwell’s equations. At this stage also the source of radiation
responsible for the violation is identified. In the next step (the main one) a modification of the identified antenna
system has to be made to achieve the wanted reduction of the field levels. The full synthetic model used
previously, although relatively simple, is not efficient enough to do this task, i.e. to perform many trials in the
trial-and-error procedure and find the necessary modification. Thus, in that stage we apply a point source model
being a simplified synthetic model in which the far field (for the whole system) and the scalar wave
approximations are used. The Vertical Radiation Pattern (VRP) of the antenna system [5] is modified in order
to find its new shape that will give the proper radiation levels in the points of interest. The shape of the VRP is
crucial because it determines the distribution of the field level as a function of distance to the antenna tower.
The main constraint in the procedure of modification is that the coverage area of the service must be kept
unchanged and that the excitations above the safety limits in some other points should not appear. With this
method the effect of modifications on the field distribution can be observed immediately in real time of
simulation. Finally, the verification stage is necessary with a more accurate model. Here, the full synthetic
model is used again to check if the emission from the modified antenna system, when contributing to the
cumulative exposure, will be compliant with exposure limits. If some violations are still present the whole
procedure must be repeated.
The proposed procedure is very efficient, flexible, and allows finding the necessary modifications so that they
meet the economic and technical requirements. It has been successfully used and tested in practice. Below we
will describe the method in more detail on the example of its application to a real life problem.

II. DESCRIPTION OF THE PROBLEM
The violation of safety limits was detected via control measurements in certain points around a transmitting
station located on the top of a local mountain (Radio and TV Transmission Station on Swiety Krzyz Mountain,
Kielce, Poland, see Fig.1). The transmitting station was rather typical and contained a number of transmitting
systems operating on many frequencies [7, 14, 16, 17]. The following services were in operation:
• FM broadcast with total ERP 545 kW (3x120 kW+3x60 kW+5kW),
• UHF TV broadcast with transmitted power ERP 1000 kW and 870 kW (two TV channels)
• Two GSM 900 base stations (3 sectors with ERP on the level of 500 W to 1 kW each)
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• Two GSM 1800 base stations (3 sectors with ERP on the level of 500 W to 1 kW each)
• Fixed point to point services (about 22 links in the bands 7 GHz – 23 GHz)
• Radiocommunication services in the band 160 MHz (10 transmitting antennas)
• Radiocommunication systems in the band 450 MHz (4 transmitting antennas)

Fig. 1. Radio and TV Transmission Station on Swiety Krzyz (‘Saint Cross’) mountain, Kielce, Poland

All FM emissions were from one antenna system consisting of 10 bays and 5 faces of typical panels (2
dipoles with screen), operating in horizontal polarization and mounted on the concrete antenna tower at a height
of 95 m above the ground level. On the top (100 m agl) the UHF antenna system was mounted consisting of 16
bays and 4 faces of the typical UHF panel (4 dipoles with screen). The GSM base stations, radiocommunication
and point-to-point services consist typically of one panel or Yagi or dish antennas.
The EMF distribution in the vicinity of the antenna tower had a complex structure with many components of
different frequencies and different field strengths, varying from point to point [4, 5, 7, 9, 14, 16, 17, 19, 22]. In
the case of many emissions the cumulative exposure ratio has to be applied:

 E
Wt = ∑  i
i =1  El ,i
n

where

2


 ≤ 1,



(1)

Ei / El , i is the ratio of the field strength due to a particular emission and the safety level

corresponding to its frequency.
In the case of safety limit

Elim being the same for all frequencies the formula simplifies to:
E=

n

∑E
i =1

2
i

< Elim

(2)

where E is the total electric field, due to all the emissions.
In the above formulas for the electric field its rms (root-mean-square) value should be taken but in practice
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the rss (root-sum-square) values are measured [23].
In practice, the combined electric field strength is usually measured. The use of the cumulative exposure
criterion requires the post processing, according to the exposure limits in force in considered country (for
example ICNIRP or IEEE limits [1,2]). In Poland there is the same exposure limit: 7 V/m for the frequency band
from 10 MHz up to 300 GHz, thus, in the considered case, for the all the frequencies in operation.
The measurement was done in the selective and the broad band regimes in a set of points distributed along
chosen directions. Two kinds of measuring instruments have been applied, for the frequency selective
measurement: NARDA SRM-3000, and the broad band measurement: NARDA EMR-300. It has been
detected that at the point of the worst case the measured combined electric field strength achieved the maximum
level of 12 V/m which exceeded the limit (7 V/m) by factor of 1.7 (the cumulative exposure ratio equal to 2.9).
Also, at many other points the combined electric field strength achieved the level of above 7 V/m, i.e. exceeded
the exposure limit (see Table 1).
TABLE I.

Distance to the Azimuth Measured electric
base station (m) (degree)
field (V/m)
76.3
270
12
46.8
252
8
28.9
180
9
38.6
180
8
78.7
136
9
72.3
130
10
Some protective measures had to be taken in order to make the station compliant with environmental
protection regulations. On the other hand, it was important to preserve the coverage properties predicted for
each service in operation.

III. METHODS OF FIELD REDUCTION
A. Input data required for the calculations
The area in which the cumulative exposure exceeded the limit was located at the distances of 28-79m to the
antenna tower. In the calculations it is important to determine in what kind of field region this area is located for
each source of radiation. The standard condition for the far-field border distance is 2 D

2

/ λ , where D is the

characteristic linear dimension of the source (e.g. the whole antenna system or a single panel) and λ is the
wavelength [4, 16, 21, 22, 23].
In our case the area under consideration was located in the radiated near field region for the FM and UHF
emissions and in the far field region for GSM, radiocommunication and fixed point-to-point services emissions.
This means that components of the electric field strength given by the FM and UHF emission could be
calculated using synthetic model. The validity of the synthetic model is determined by the far-field condition
applied to a single panel. Thus, assuming D ≈ λ (typical for the panel or “patch”) one concludes that the
model is valid for distances in the range ( 2λ , ∞) , i.e. close enough to be valid also in the radiating near field
region of the whole system. A computer program using this method called EMFTS has been developed in
Orange Labs Poland.
received 12 Jan 2015; for review 29 Jan 2015; accepted 18 June 2015
Brazilian Microwave and Optoelectronics Society-SBMO
Brazilian Society of Electromagnetism-SBMag
© 2015 SBMO/SBMag
ISSN 2179-1074

Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 14, No. 1, June 2015
http://dx.doi.org/10.1590/2179-10742015v14i1437

125

The synthetic model takes advantage of the fact that antenna systems are usually constructed of sets of
identical radiating elements (panels in broadcasting or “patches” in mobile communication), whose emission
properties are established independently and only once for a given element (the preliminary stage) [4, 5, 23].
This fact, together with the superposition principle for electromagnetic fields, allows to represent the emission
of an antenna system as a superposition of the fields emitted by single radiators.

E =∑
n,i

30PnGi,n
rn

exp[j ⋅ (φi,n + γ n +

2π ⋅ rn

λ

)]⋅ eˆi,n

(3)

where:

E – complex amplitude vector of the electric field (V/m),
rn – distance between point of investigation and the center of n-th panel
Pn – input average power at n-th panel

γ n – relative phase of applied voltage at n-th panel
Gi , n – antenna gain of n-th panel on the direction of the point of investigation

Φ i , n – phase of the i-th component of the 3D pattern of n-th panel
eˆi , n – polarization vector of the i-th component of the 3D pattern of n-th panel
The quantities Gi , n , Φ i , n , eˆi , n are functions of the panel-to-observation point direction. The resulting
maximum electric field strength (the rss value) is calculated as the square root of the dot product:

E max = E ⋅ E *
where “star” denotes the complex conjugate.
The radiation patterns of elementary radiating elements (panels) are calculated from first principles using
method of moments [9, 12, 13, 16, 18, 20, 21, 23]. If the geometrical configuration and the feeding arrangement
of the whole antenna system are known then the electric field strength for each operating frequency can be
calculated. It should be pointed out that in the formula (3) all the components of both the amplitude (gain) and
the phase are evaluated independently from first principles for a single panel and thus the polarization of the
field is taken into account. As argued above the formula is valid in the range of the far field of a single panel (or
patch) and thus for distances higher than 2λ , where

λ

is of the order of characteristic dimension of a single

panel. This means that for distances higher than 2λ the formula describes to a good approximation the near and
the far field for the whole antenna system.

B. Results of calculation
The electric field strength for all emissions in operation and the combined electric field has been calculated
along the radial horizontal lines starting at the antenna tower. As an example of the results corresponding to the
azimuth 180° at a height of 0.8 m agl are presented in Fig. 2 (colored lines for each emission, black line for the
combined electric field strength).
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Fig. 2. The combined electric field strength obtained from Eq.1 (black line) and contributing field
(colored lines) – azimuth 180°.
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components

It can be seen that the highest contribution to the cumulative exposure comes from the three of the FM
operating frequencies (107.2 MHz, 105.3 MHz and 101.4 MHz). The contributions due to the UHF-TV
emissions and the GSM base stations are much lower and negligible. Both the maximum of the combined
electric field strength (13 V/m) and the placement of the excessive exposure (30m–75m from the antenna tower)
are in good agreement with measurements.
The agreement of the computer simulation with the measurement confirms the validity of the computational
method. The results of simulation allow also to identify emissions responsible for the violation of exposure
limits, in our case these are the emissions form the FM high power antenna system. Thus, the reduction of the
combined electric field strength must be done through some modifications to that antenna system. No changes
are needed in the UHF TV or mobile base station antennas.

C. The FM high-power antenna system
The initial configuration of the FM antenna system of interest was 10 bays and 5 faces of the two-dipoles
panels regularly distributed on the concrete tower with circular cross-section (see Fig. 3).
Az= 324°

Az= 36°

Az= 252°

Az= 108°

Az= 180°

Fig. 3. Top view of the FM antenna system
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The antenna is operating in horizontal polarization. Fig. 4 presents the VRP of the antenna on each of 7
operating frequencies (88.2 MHz, 92.3 MHz, 96.2 MHz, 101.4 MHz, 105.3 MHz, 106.5 MHz and 107.2 MHz)
at the azimuths of the antenna faces (36°, 108°, 180°, 252° and 324°).

Fig. 4. The VRP’s of the FM antenna for 7 operating frequencies, before the modification

Taking into account the FM antenna height (99 m agl) the distances 30–75 m to the antenna tower (the region
with too high radiation levels) correspond to elevation angles 12°–163° (the elevation angle 90° is parallel to the
ground). Thus, in this range the VRP level should be minimized.
It can be seen that for the elevation angles 142°–163° the VRP levels are relatively high, especially for the
highest operating frequencies. The detailed analysis revealed that the three of these frequencies: 107.2 MHz,
105.3 MHz and 101.4 MHz, were the main contributors to the combined electric field strength.

D. Modification of the VRP of the FM antenna system
There are no strict methods of the synthesis/modification of the VRP of an antenna system. So the only way is
a trial-and-error method based on many simulations in which certain changes of the antenna system
configuration have to be checked. In our case the aim is to minimize the sidelobes of the VRP in the range of
angles 142° - 163° in such a way that the other sidelobes do not increase significantly.
The task is not easy because this is a known fact that, generally, when the radiation level is reduced in some
direction then there are other directions where the radiation levels must increase (the total emitted power is
constant). The goal is to achieve a compliance with regulations in the whole area accessible to people, therefore,
the modifications of the FM antenna system should be made very carefully. The thorough consideration of many
possible modifications allows to find configuration that meets the requirements. Three main conditions have to
be always taken into account in the procedure:
• other sidelobes of the VRP should be under control otherwise in other areas the exposure limits may be
exceeded
• the VRP from the service point of view (main beam tilt and null filling) should be preserved
• the proposed changes should be as minimal as possible for economic reasons
For the modification of the VRP of the antenna system an efficient computational tool is needed, which
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would allow someone who does the job to follow the changes in the field distribution instantaneously after a
trial modification to the system is introduced. Such an opportunity is offered by the simplified synthetic model
in which the far field (for the whole system) and the scalar wave approximations are applied. The model has
been implemented in the computer code ANTCHAR, developed in Orange Labs Poland. It should be mentioned
that in the trial-and-error method the human factor (knowledge, experience, proficiency, efficiency) is very
important.

E. Reconfiguration of the high-power FM antenna system
Finally, a new configuration of the FM antenna system has been found that meets the requirements. Many
changes in the antenna system were necessary because of a very big level of required reduction of the radiation
level (from about 12 V/m to 7 V/m). The changes were as follows:
• 5 (of the total 10) bays have been shifted vertically to achieve lower distance between bays
• the step above resulted in additional space and one additional bay have been added (final configuration
is 11 bays and 5 faces),
• the relative phases on 5 bays have been changed (some cables were elongated), and
• 5 bays have been moved forward in horizontal plane from the antenna axis.
Fig. 5 shows the VRP’s for all the operating FM frequencies after the modifications had been introduced. A
comparison between Figs. 4 and 5 shows that VRP’s has changed on each operating frequency and in all cases
this changes are similar and lead to reduction of the radiation in the desired range of elevation angles (142°163°).
In the given example the proposed changes were extended, but the aim has been achieved: a substantial
decrease in the VRP level in the appropriate interval of elevation angles. The field reduction has been biggest
for the three highest operating frequencies, and for the remaining ones it has been smaller. The time needed to
find the proper system reconfiguration was about 4 hours.

Fig. 5. The VRP’s of the FM antenna for 7 operating frequencies, after the modification

The modification of the VRP did not affect significantly the coverage characteristics of the antenna system:
• the antenna directivity has slightly changed (from -0.4 dB for the lowest frequency up to +0.4 to the
highest frequency),
• the main beam tilt (90.7°) is higher by 0.5° – this is fully acceptable because the elevation to the radio
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horizon depends on the azimuth and is varying from 90.4° to 90.7°, thus the previous beam tilt
(90.2°) was too low,
• the first null filling is lower but still acceptable,
• the second null filling is lower but still acceptable.
Thus, the parameters important for the operational performance of the antenna system (directivity, nulls fill,
beam tilt) have been preserved.

F. The combined electric field strength after modification of the VRP of the FM antenna
In the final step the EMF distribution in the area around the transmitting station has been evaluated using the
full synthetic model, in order to confirm that the proposed modification will make transmitting station compliant
with regulations.
In Fig. 6 the results are presented which correspond to Fig. 2. No changes were introduced to the TV UHF
antenna except one additional DVB-T emission in channel 58 (f = 770 MHz) have been added. All the
radiocommunication emissions remained unchanged.

Fig. 6. The combined electric field strength obtained from Eq.1 (black line) and contributing field components (colored
lines) for the FM high power antenna – azimuth 180° – after modification.

A comparison of Figs 2 and 6 shows a substantial reduction of the combined electric field strength. It can be
seen in the above figures that the combined electric field strength is less than 7 V/m in all places accessible to
people. This means that the proposed modifications make the transmitting station compliant with regulations
concerning protection against non-ionizing radiation. The proposed changes have been introduced in the real
system and the control measurement performed. The results of the calculations were confirmed by
measurements: the highest level of the combined electric field strength of the value less than 7 V/m was
reported. The transmitting station could operate with the assigned ERP (effective radiated power) and was
compliant with regulations concerning the protection against non-ionizing radiation.

IV. CONCLUSIONS.
The paper presents a method for modification of EM fields around transmitting stations, which uses the
antenna numerical models of different level of approximation and accuracy. The 3-stage procedure joins high
accuracy with high efficiency, the latter feature necessary in the main human-assisted trial-and-error stage. The
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task is done via the modification of the VRP of an antenna system.
The work has been stimulated by the necessity of reduction of field levels around transmitting stations, in
regions where the levels exceed the safety limits for human exposure. The developed tools have been applied
many times for that purpose and have proven to be effective. The modification is performed of the VRP of the
antenna system carrying the emissions with highest contribution to the cumulative exposure (combined electric
field strength). A real life example of application of the method is described and shows the effectiveness of the
method.
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