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ABSTRACT New services and applications within vehicular environments employ multiple wireless communication systems,
within a Heterogeneous Network framework. In this context, evaluation of electromagnetic field impact is compulsory, in
order to warrant compliance with current exposure limits. In this work, E-field strength distribution within urban transportation
buses is studied, in which different types of buses as well as network configurations are considered. E-field estimations are
obtained within the complete interior volume of the urban buses, considering all of the characteristics in terms of bus structure
and materials employed, by means of an in-house developed deterministic 3D Ray-Launching (3D-RL) code. In this way,
relevant phenomena in terms of electromagnetic propagation and interaction are considered, such as multipath propagation
and shadowing, which determine exposure levels as a function of transceiver location within the bus scenarios.

The behavior in terms of E-field distribution of wireless Public Land Mobile communication systems within transportation
buses have been analyzed by means of measurement campaigns employing personal exposimeter devices. In addition, E-field
volumetric distributions by means of 3D-RL simulations have been obtained as a function of user distribution within the buses,
with the aim of analyzing the impact of user presence within complex intra-vehicular indoor scenarios such as urban
transportation buses. A comparison with current exposure limits given by currently adopted standards is obtained, showing
that E-field levels were below the aforementioned limits. The use of deterministic simulation techniques based on 3D-RL
enables E-field exposure analysis in complex indoor scenarios, offering an optimized balance between accuracy and
computational cost. These results and the proposed simulation methodology, can aid in an adequate assessment of human
exposure to non-ionizing radiofrequency fields in public transportation buses, considering the impact of the morphology and
the topology of vehicles, for current as well as for future wireless technologies and exposure limits.

INDEX TERMS Radiofrequency electromagnetic fields (RF-EMF), Personal exposimeter (PEM), Electromagnetic Safety,
E-field strength distribution, 3D Ray Launching (3D-RL), Urban Transportation Buses

I. INTRODUCTION network operation is pivotal in order to provide context-

awareness, inherently increasing the use of wireless systems
The use of public transportation systems has increased in the in these scenarios. ITS systems are, unavoidably, sources of
last years, particularly in the case of buses in urban scenarios. electric and magnetic fields, to which a large proportion of the
According the Eurostat’s passenger transport statistics [1], the  population is exposed. Hence, investigation of the effects of
relative importance of the use of passenger transport by motor exposure of the general and occupational public to
coaches, buses and trolley buses at European Union (EU-28) electromagnetic fields in transportation system is critically
level was quite stable between 2004 and 2014, totaling  jmportant, because these scenarios can be affected by different
approximately 9% of passenger transport modes. In the sources of EMF exposure, such as passengers’ personal
context of Smart Cities/Smart Regions, Intelligent  communications, communication systems that provide
Transportation Systems (ITS) play a key role in resource  coverage inside the vehicles, vehicular communications
optimization as well as in improving user quality of  (Vehicle to Vehicle V2V and/or Vehicle to Infrastructure
experience. Within ITS service, heterogeneous wireless  V2I), and exposure due to external sources present in urban
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environments. Moreover, this impact will increase in large
urban areas, owing to larger user densities and consequently
more intensive use of urban transportation systems, as well as
the greater deployment of wireless communication systems.
In general, wireless technologies in vehicular communications
can range from short distance communications systems
(RFID, WiFi, ZigBee, etc.) [2], which are normally used as
Real Time Location Systems (RTLS) and to collect traffic data
in order to inform users about the expected waiting time or the
occurrence of incidences, to long range communications
systems, such as UHF television signal, mobile technologies
(UMTS, GSM, HSPA, LTE) or location systems like GPS [3]
or GLONASS. In the near future, 5G communication systems
will also be present, both in sub 6GHz frequency bands as well
as on millimeter wave bands in order to provide low latency
and high-speed communication capabilities. Fig. 1 presents a
schematic view of different kind of vehicular communication
systems that can be involved in urban environments. This
work is focus on users to base station communication links
(up-link).

FIGURE 1. Schematic of vehicular communication systems: V2V, V2I,
user communications. This work is focus on User to BS links as mobile
phones are the main source of electromagnetic field for human exposure.

Transport systems such as urban transportation buses are
complex indoor micro environments in terms of wireless
system operation and RF-EMF exposure, exhibiting specific
radio wave propagation characteristics [4], with the largest
RF-EMF field strengths attributed to mobile-phone use [5].
This exposure is caused by several factors [6]:

(1) The mobility of the bus, which can force the mobile phone
to repeatedly connect to a different base station (umbrella
cell/macrocell) (i.e., a handover), which can lead to transmit
power variations.

(2) The structure of the bus, with the presence of metal
elements and multiple scatterers, can increase transmit power
levels of mobile devices, as compared to their use in exterior
environments.
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(3) The large amount of people confined in a small
environment, increasing the chances of mobile-phone use, and
thus reinforcing the aforementioned factors.

Taking into account the popularity and widespread use of
transportation buses and their specific electromagnetic
propagation characteristics, where several wireless
technologies coexist, it's compulsory to analyze in-depth
non-ionizing radiation exposure in this type of urban
environment and verify compliance with legal exposure
limits. As the main source of electromagnetic field for human
exposure is the mobile phone, in this work, a complete E-field
strength  distribution  study, focusing on mobile
communication technologies, is carried out considering the
usual E-Field exposure levels in real transportation bus routes.
Simulations have been performed by means of an in-house
3D-RL algorithm. In addition, a dynamic approach has been
implemented with the use of a PEM to monitor EMF exposure
in a rigid and articulated bus along two different routes,
showing accordance with simulation results. It must be
pointed out that considering the very low exposure levels and
research results collected to date, there is no convincing
scientific evidence that the weak RF signals from wireless
networks or base stations can cause adverse health effects.
Nevertheless, research is still being promoted by WHO [5]
to determine whether there are any health consequences from
the higher RF exposures levels.

Several works have studied the human exposure to EMF in
public transport systems, such as cars, airplanes, and subways
[7-9]. In these environments, electromagnetic fields exposure
presents particular features, given by the fact that individual
exposure levels can be affected by the emission from personal
communication devices of nearby users. Reference [10]
evaluates the absorption in a train environment. The work
compares GSM and UMTS exposure and concludes that the
UMTS femtocell installation in this environment drastically
reduces the total absorption, making other users’ contributions
to total absorption negligible. The work in [9] presents a
mobile network service on a train through a miniature mobile-
phone base station or small cell in order to improve coverage
and capacity. Moreover, brain exposure of the user could
realistically be reduced by a factor 35 and the whole-body
exposure by a factor 11. In recent years, the study and analysis
of magnetic fields have notoriously increased due to the
development of hybrid vehicles, which have generated a
relevant contribution to the total exposure. Electric and hybrid
vehicles give rise to particular concerns because they use
currents and voltages that are much higher than those used in
conventional vehicles, and which can therefore potentially
generate much higher intensity fields. However, comparison
of electromagnetic field levels from different modes of
transport concluded that there was no major difference in
fields between electric vehicles and conventional vehicles [11-
12].

Although several works have been presented in different
transportation systems (cars, airplanes, metro subways,
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trains), for the author’s knowledge, there isn’t a specific study
of EMF exposure in public transportation buses. In [4], the
electromagnetic propagation characterization inside the buses
is presented, showing that these types of vehicles exhibit
unique characteristics related with radio wave propagation.
These particular features of the environment make necessary
the assessment of emissions produced by different wireless
communication technologies in these types of vehicles, due to
the fact that user density variations can lead to different
distributions of RF power and hence, variations in overall
exposure levels.

This work is organized as follows: in Section II, the current
legislation regarding the non-ionizing radiation exposure for
different countries is presented. In Section III, the
implemented campaign of measurements in the different
urban routes with the PEM is explained, as well as the in-house
deterministic methodology used for simulation of the two
models of real urban buses where different wireless
technologies,  transmission  frequencies, transmission
positions, and user densities, have been considered. Section IV
presents the simulation and measurements results for the
different buses, and discussion in relation with different
exposure level thresholds, showing that for all cases, E-Field
results are below the maximum reference levels of ICNIRP. In
consequence, a simulation-based analysis methodology is
provided, aiding in the assessment of future wireless
deployments. Conclusions are presented in Section V.

Il. LEGISLATION

The publication of the European recommendation
1999/519/EC allowed a harmonized vision of the protection of
health against non-ionizing radiation in all the European
Union [13]. The recommendations are based on the Guidelines
from the International Commission on Non-lonizing
Radiation Protection (ICNIRP) [14] which are recognized by
the World Health Organization (WHO) [15] and by the
International Labour Organization (ILO).

Limits for general public and worker exposure are different in
the ICNIRP recommendation. The main difference is based on
the fact that workers are exposed under known conditions,
they are aware of the RF emissions and trained to take
appropriate precautions, while the general public comprises
individuals of all ages and of varying health status and may
include particularly susceptible groups of individuals. In
addition, general public may not be aware of the presence of
the RF emissions. In the high-frequency range 10 MHz-10
GHz, the general reference levels for electric and magnetic
fields are lower by a factor of 2.2 than those set for
occupational exposure. The factor 2.2 corresponds to the
square root of 5, which is the safety factor between the basic
restrictions for occupational exposure and those for general
public exposure. Fig. 2 shows the exposure limits for electric
and magnetic fields, for occupational and general public
exposure, published by ICNIRP.
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FIGURE 2. ICNIRP reference levels for Electric and Magnetic Field for
Occupational and General Public Radiation Exposure with the frequency
dependency.

Exposure limits in different countries vary by factors of 10 or
more, depending on the frequency range and the type of public
exposure: occupational (workers) or the general public. The
difference between regulatory frameworks on RF exposures
are based on different factors, starting from precautionary
principle application [16-18] and involving specific and local
socio-political contests [19].

Most countries follow the ICNIRP recommendations for
limiting exposure to RF fields. However, some differences
exist between North America, Eastern Europe and Western
Europe [20-21]. Regulations in EU countries are based on the
adoption of at least three different approaches [22], as shown
in Table 1.

TABLE 1. Different regulatory approaches by EU countries.

Group Countries Regulations National RF Basis
Limits
G1 Cyprus, Mandatory. Based on | As ICNIRP,
Czech Identical to | ICNIRP science-based
Republic, EU reference
Estonia, Directive levels
Finland, 2013/35/CE
France,
Hungary,
Ireland,
Malta,
Portugal,
Romania,
and Spain
G2 Austria, No binding | Recommended | As ICNIRP,
Denmark, regulations limits based on | science-based
Latvia, ICNIRP
Netherlands, reference
Sweden, UK levels but not
mandatory
G3 Belgium, Mandatory. Inferior to | Precautionary
Bulgaria, More ICNIRP principle,
Greece, Italy, | stringent reference socio-
Lithuania, rules than | levels political
Luxembourg, | EU factors
Poland, Directive
Slovenia
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There are clear differences between exposure limits in Eastern
Europe (EE) countries (Russia, Hungary, Bulgaria, Poland,
Czech Republic, among others) and Western countries,
referring to the over 50 countries that have adopted the rules
of ICNIRP [14] and the American standard of IEEE C95.7
[23].

Safety standards of Western countries protect against known
and acute biological effects and thermal effects, which
normally are compensated by the human body defense
mechanisms (sweating, heart beating increasing), but that can
become dangerous if electromagnetic field levels are so high
as to defeat the human body compensation mechanisms. The
basic restrictions are defined in terms of Specific Absorption
Rate (SAR). In contrast, the rules termed as "hygiene"
(hygienic standards) in the countries of EE aim to protect
against non-thermal effects that may be caused by the chronic
and continuous exposure over time at low levels of exposure.
The basic restriction is a parameter called power load defined
as the product of the field intensity and the duration of
exposure [14, 24]. Another feature of the EE countries is the
dose concept, defined as the limitation of exposure duration to
EMF cumulatively. It is calculated by multiplying the duration
of exposure by 2W/m?, with a limit of up to 8 hours in the case
of occupational public. For the general public, a similar
formula is applied but with a time limit of 24 hours of exposure
[25]. In general, the exposure thresholds in EE countries
(Bulgaria, Poland, Romania and Slovakia) are far lower than
in the countries of Western Europe. Moreover, the approach
to the protection, and in particular, the parameters used when
setting exposure limits, are different from those used in other
international standards in Western countries [26]. They could
also be attributed to differences in the stages of development
of regulations and standards, such as the methodology used in
experimental studies, different philosophies for the
development of standards, the scientific data used as a basis
for standards, or differences in risk perception.

In relation with regulations in the rest of the world, the safety
standards are based on the FEuropean or American
recommendations: ICNIRP [14] and ANSI/IEEE C95.7 [23].
The exception is Australia, where in 2002, the Australian
Radioprotection and Nuclear safety Agency (ARPANSA)
published its own standard entitled Radiation Protection
Standard - Maximum Exposure Levels to Radiofrequency
Fields - 3 kHz to 300 GHz [27], where the specified limits are
based on the ICNIRP 1998 Guidelines. In Fig. 3 RF exposure
limits comparison for different world-countries is presented at
different frequency bands.
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The European Union adopted the reference exposure levels to
time-varying EMFs proposed by ICNIRP for both the general
public and workers. This initiative had a positive effect and
most countries transposed this Recommendation in its
legislation. In Spain the publication of the RD 1066/2001 [28]
involved the incorporation of the Recommendation
1999/519/EC to the legal system, and filled a gap in legislation
that served to address community concerns about the health
consequences of RF-EMF exposure.

For what concerns professional exposures, in 2013, the
European Parliament and the Council of the European Union
issued the Directive 2013/35/EU [29], which aims to address
all direct and indirect biophysical effects of EMF, in order not
only to ensure the health and safety of each worker, but also to
create a minimum basis of protection for all workers in the
Union. New international exposure limits are included,
leaving some flexibility in the military sectors and areas of use
of resonance imaging equipment, and forcing employers to
establish assessment measures for risk reduction.

Transport systems are microenvironments where general and
occupational exposure limits must be considered to verify the
compliance of EMF exposure legislation. In the case of public
transport systems, such as transportation buses, “occupational
exposure” is applied to those individuals who are exposed to
EMFs as a result of performing their regular job activities (i.e.
bus driver). On the other hand, “general public exposure” is
applied to all passengers of public transportation systems.
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lll. MATERIALS AND METHODS
A. MEASUREMENT CAMPAIGN

A measurement campaign was designed and implemented in
two different urban transportation bus routes, to analyze the
different wireless technologies, specifically mobile phones as
they are the main source of EMF to which passengers are
exposed. The corresponding received E-field distribution
levels has been obtained, thus, compliance with legal exposure
thresholds can be assessed.

Recent works have evaluated the exposure levels in urban
environments and dynamic conditions, employing personal
exposimeters (PEM) [30-31], typically used for measuring
exposure to EMF in epidemiological studies, due to their small
size and weight. There are different strategies and
methodologies to monitor the EMF exposure in wide areas,
such as urban environments. Specifically, it is possible to
distinguish two types of procedures, static and dynamic [32].
Static methods are generally carried out with a spectrum
analyzer to determine the contribution of a specific frequency
band to the total E-field measured in a specific position. This
method consumes considerable resources in terms of
equipment, training and staff costs. On the other hand,
broadband exposure assessment methods are very accurate for
determining exposure at a specific point in time and space, but
not in dynamic conditions over the time. In these cases, PEMs
are devices that allow obtaining numerous measurements at
different locations and with little effort.

FIGURE 4. EME Spy 121 personal dosimeter used for the campaign of
measurements within the buses

The selected tool for this study is the EME Spy 121 personal
dosimeter (SATIMO, Courtaboeuf, France,
http://www.satimo.fr/), which is shown in Fig. 4. The EME
Spy 121 is a portable measurement device which detects
power flux density and electrical field strength over time. It
has been configured to obtain an E-field sample every four
seconds (lowest device possible setup) at frequency bands
ranging from radio FM (frequency modulation; 88—108MHz)
to WiFi 5G (5.1-5.8GHz). The measured frequency bands of
the EME Spy 121 are summarized in Table 2.
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TABLE 2. Measured frequency bands of the EME Spy 121 PEM.

Technology Frequency (MHz)
FM 88 -108
TV3 174 -223
TETRA 380 - 400
TVA&S 470 - 830
GSM+UMTS 900 (UL) 880 -915
GSM+UMTS 900 (DL) 925 - 960
GSM 1800 (UL) 1710 - 1785
GSM 1800 (DL) 1805 - 1880
DECT 1880 - 1900
UMTS 2100 (UL) 1920 - 1980
UMTS 2100 (DL) 2110-2170
WIFI 2G 2400 - 2500
WIIMax 3400 - 3800
WIFI 5G 5150 - 5850

The measurements have been performed in normal business
days and respecting the usual routine of the bus. Fig. 5 shows
both itineraries, which are part of the city of Pamplona (Spain)
public transport system which is used every day by thousands
of users.
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FIGURE 5. Different routes of the buses chosen for the measurement
campaign in the city of Pamplona, Spain: (a) Line 4 with a rigid bus (b)
Line 6 with an articulated bus

One of the key elements in wireless system operation is the
analysis of coverage/capacity relations, which are conditioned
by overall interference levels. In this sense, user density is a
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relevant aspect in the determination of coverage/capacity
values. Therefore, high and low population density areas have
been considered, enabling inter-area data comparison. With
this goal, the chosen bus lines start in suburbs, crosses the
center of the city and ends in suburbs. The round trip was also
evaluated.

A single trip along the complete route of Line 4 has a duration
of 45 minutes with a rigid bus, and a single trip along the route
of Line 6 has a duration of 30 minutes with a metallic
articulated bus. The main difference between the two types of
buses is the length of each one, their different topology and
morphology and the metallic bouncy structure in the center of
the bus in the articulated one. Along the different routes of the
buses, different mobile voice connections were performed by
members of our group, emulating a passenger of the bus
making a call. With this procedure, we were able to analyze
different areas of the buses, measuring E-field levels in the
closest area where the phone call was being made. For all
cases, the PEM was located in the closest sitting place within
an area of 2m around the user who was making the phone call,
as it can be seen in Fig. 6. This approach was considered
knowing that the highest EMF exposure levels were achieved
when making a phone call in proximity to the terminal [33].
Moreover, this location was employed in order to measure the
EMEF exposure levels in the most probable location for another
passenger within the bus. In addition, no other electronic
devices, such as laptops, other phones or tablets were used
during the data collection process, avoiding inaccurate or
incorrect measurements. On the other hand, considering the
structural differences of the two models of buses, different
areas were chosen to perform the phone calls and analyze the
corresponding E-field levels. Thus, the transmitter was located
in three different locations in the articulated bus: in the front
part of the bus in the central aisle, in the central part of the bus
in a dedicated sitting area and in the rear part of the bus in
another dedicated sitting area. For the rigid bus, the transmitter
was located in two different positions: in the front part of the
bus in the central aisle and in the rear part of the bus in a
dedicated sitting area. Transmitter and PEM locations are
depicted in Fig. 6. Measurement results and discussion are
presented in Section IV.D.

Articulated bus - Tx and PEM Locations

FIGURE 6. Transmitter and PEM locations scheme for the measurement
campaign in the different urban transportation buses.
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B. RAY LAUNCHING TECHNIQUE

With the aim of analyzing non-ionizing radiation exposure for
each passenger within the buses, an in-house 3D-RL technique
has been used. The algorithm has been developed in Matlab
programming environment and it has been widely tested [34]
including transportation scenarios such as airplanes [35] or
cars [36]. Other simulation approaches such as FDTD or other
full wave methods [37] could have been employed, but the size
of the bus and the consideration of all the elements inside it,
considerably increase computational time. On the other hand,
empirical simulation methods [38-40] reduce computational
cost with lower accuracy. These techniques are unsuitable for
complex scenarios, such as urban buses leading to high
deviation in field estimations. Hence, 3D-RL techniques are
the best option in this case, considering that they provide high
accuracy, a Root Mean Square Error (RMSE) of 3-6 dB, an
absolute mean error of 4-5 dB and Standard Deviation (SD) of
1-7 dB, with a low processing time [41-45].

The 3D-RL algorithm is based on Geometrical Optics (GO)
and Geometrical Theory of Diffraction (GTD) [46]. The main
principle of the RL techniques is to identify a single point on
the wave front of the radiated wave with a ray that propagates
in space following a combination of optic and electromagnetic
theories. It is performed three-dimensionally, with angular
resolution (horizontal and vertical planes) in a predefined solid
angle that considers the radiation diagram of the transceiver
sources. Spatial resolution is also defined by a uniform
hexahedral mesh. Parameters such as frequency of operation,
antenna radiation patterns, maximum number of reflections
until extinction, ray angular resolution, and cuboid dimensions
are considered. Moreover, the material properties for all the
elements within the scenario are considered, given the
dielectric constant and the loss tangent at the frequency range
of operation of the system under analysis. When a ray impacts
with an obstacle, reflection, refraction and diffraction will
occur, depending on the geometry and the electric properties
of the object. The 3D-RL tool is based on a modular structure,
where electromagnetic safety analysis has been implemented
as a new module for non-ionizing radiation exposure analysis.
In this library, once the power level results have been obtained
for all the spatial points of the scenario, E-field results are
obtained using equation (1) [47]:

EZ (2
R = 7a0m2 72 UR )

Where Py is the received power in Watt, E is the E-field level
in V/m, ¢ = 3 * 108 m/s is the light speed, f is the frequency
under analysis and Gy, is the receiver antenna gain.

The 3D-RL tool enables the inclusion of human body models
in the scenario under analysis. These models have been
implemented considering skin dielectric properties in a
modular way and have been previously tested [48].

The proposed in-house developed 3D-RL algorithm gives a
RMSE of 0.22-1.5 dB, an absolute mean error of 1-3 dB and a
SD of 1-6 dB, when compare with real measurements, as
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presented in [43,49]. It must be pointed out that the RL
approach provides an uncertainty near field results area in the
vicinity of the transmitting antenna, which has not been
considered in the presented work. Thus, an exclusion area of
1.2m (42 for 900MHz frequency band) and 1m (64 and 71 for
1800 and 2100MHz frequency bands, respectively) around the
transmitter has been considered in order to avoid near field
results.

C. SCENARIO DESCRIPTION

Fig. 7 (left) shows the two types of urban buses employed for
measurement tests: the articulated bus (top) and the rigid bus
(bottom). The internal distribution of one of the articulated
buses, with seats and handhold distribution can be seen in Fig.
7 (right). As it can be observed, the buses have two types of
seats: the red ones, reserved for seniors, pregnant women,
adults with children or individuals with disabilities, which
have different dimensions or are prepared to engage
wheelchairs or prams, and the turquoise blue seats, for the rest
of the passengers. The main differences between the two types
of buses is their length, their interior structure and the metallic
bouncy structure in the center of the bus for the articulated
ones.

The same scenarios of Fig. 7 have been implemented in the
3D-RL tool, considering in both cases all furnishings and the
dielectric properties of the materials employed, considering
not only the free space losses, but also other phenomena like
reflection, diffraction or refraction. Since the ultimate aim of
urban buses is the transportation of people and their influence
inradio electric propagation is relevant owing to the dispersive
characteristics of the human body, simplified human body
models have been randomly introduced within the vehicles. In
addition, not only the position of individuals has been varied,
but also their density has been modified to evaluate their
impact in EMF distribution according to their location and
proximity to the transmitting antenna.

FIGURE 7. Real vehicles used in the campaign of measurements (left) and
internal distribution of the articulated bus (right).
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Fig. 8 depicts the six scenarios implemented along with the
human body model densities considered for simulation. Low,
medium and high-density conditions have been considered for
both types of buses, which represent the 25%, 50% and 75%
of the maximum capacity of passengers of the buses,
respectively. The maximum capacity of passengers in the
articulated bus has been considered to be 56 passengers, and
in the rigid bus 39 passengers.

Articulated bus — Low Density

Articulated bus — Medium Density

Articulated bus — High Density

Rigid bus - Low Density

..1

Rigid bus - Medium Density

FIGURE 8. Articulated and rigid bus scenarios implemented for
simulation with different indoor designs and passenger densities.

Different simulations have been performed emulating a
mobile phone device making calls at the same positions inside
the buses as the phone calls made in the measurement
campaign. These simulations give results for E-field levels for
the whole 3D scenario, which enable the comparison of the
received E-field levels at the same spatial point as the
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measurements. The mobile phone frequency bands simulated
have been GSM 900MHz, GSM 1800MHz and UMTS
2100MHz. The considered transmitted power for simulation
follows the maximum and minimum transmitted power
permitted for the different mobile frequency bands, shown in
Table 3 [7]. Simulation results have been obtained considering
maximum transmission power, in order to provide assessment
in worst case scenarios.

TABLE 3. Maximum and minimum transmission power for the different
frequency bands.

Maximum Minimum
Band Frequency .. ..
transmission transmission
name band (MHz)
power power
GSM 900 880-960 2W 3.16mW
GSM 1800 1710-1880 1w ImW
UMTS 2100 1920-2170 125mW 12.6mW

The rest of the simulation input parameters employed in the
scenarios under analysis, are shown in Table 4.

TABLE 4. Parameters for the 3D-RL Simulations.

Simulation Selected Parameters Ref.
Frequency of operation (MHz) 900/ 1800 /2100
Transmitted power level See Table 2.
Tx /Rx Gain 0dB
Horizontal angular resolution (AD) n/180 rad [46]
Vertical angular resolution (A9) n/180 rad [46]
Permitted maximum reflections 6 [46]
Angular resolution Diffracted rays /20 rad [50]
Cuboids size 10cm

IV. RESULTS AND DISCUSSION
A. HUMAN BEINGS DENSITY COMPARISON

As stated above, the comparison of E-field exposure levels as
a function of user distribution within both type of urban buses,
has been obtained. Simulations have been performed for the
articulated and rigid bus, with the maximum transmitted
power per frequency band, to assess the highest E-field
exposure level distribution within the scenarios.

Fig. 9 shows the comparison of the articulated bus E-field
exposure levels for the three different human body model
density values, in the GSM 900MHz frequency band. The
transmitter antenna has been placed at the location X=1.18m,
Y=2.49m, Z=1.1m, emulating a standing passenger making a
hands-free phone call in the front part of the bus.
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FIGURE 9. Comparison of the simulated E-field exposure levels within
the articulated bus at GSM 900. The transmitter is placed in the front of
the bus with the maximum allowed transmitting power. 44 m exclusion
area around the transmitter has been considered in order to avoid near
field results.

The E-field exposure levels vary from very low values close
to zero in far areas from the transmitter location, to higher
values, around 30V/m, showing the most remarkable values in
the transmitter close range (2m-2.5m radius). This E-field
exposure trend increases as a higher user distribution is
considered. This pattern is the result of the body shielding
created by the passengers located close to the emitting device,
which block and concentrate the signal in the front part of the
vehicle. On the other hand, for the low-density case, E-field
exposure levels exhibit a more homogeneous distribution
along the complete volume of the scenario, due to a decrease
of obstacles (i.c., lower passenger densities equal better signal
propagation in open spaces due to lower shadowing). Hence,
a relevant increase in E-field average levels is obtained
especially, in the central aisle of the bus. In Fig. 10, the same
comparison is depicted for the rigid bus for the GSM 1800
frequency band. In this case, the transmitter has been placed at
X=1.9m, Y=8.75m, Z=1.3m, emulating a sitting passenger
making a phone call in the rear part of the bus.
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FIGURE 10. Comparison of the simulated E-field exposure levels within
the rigid bus at GSM 1800. Transmitter placed in the rear part of the bus
with the maximum allowed transmitting power. 6A m exclusion area
around the transmitter has been considered in order to avoid near field
results.

Although the maximum transmitted power for this frequency
band is lower (1W in contrast with 2W for the previous case),
higher E-field exposure values are obtained for the rigid bus
cases. However, for both types, the highest exposure levels are
in compliance with current EMF exposure limits, as it is
presented in Section IV.C. As in the articulated bus case, the
same signal propagation pattern and E-field exposure trend is
obtained for the rigid bus case, but with a higher impact in the
vicinity of the transmitter. The high-density case presents the
highest E-field exposure distribution in the vicinity of the
emitting antenna (1.5m radius). These effects are generated by
a combination of the body shielding created by the passengers
surrounding the transmitter location and a non-open
transmitter location, placed in a dedicated sitting area in the
rear part of the bus. As expected, a decrease in the number of
obstacles within the bus, along with a shorter length of the
vehicle, results in higher E-field exposure levels for the three
user density cases considered.
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In order to provide clear insight in relation with E-field
behavior within the bus scenarios, Table 5 presents the E-field
average values for the different impact areas, considering
concentric rings surrounding the transmitter antenna ranging
from 1m to 4m radius (near field results have been excluded).
The different concentric rings impact areas are presented in
Fig. 11, depicted with different colors. These colors match
with the rows of Table 5.

TABLE 5. Comparison of E-field average values per different concentric

rings impact areas and users’ distribution, with the maximum allowed
transmitting power.

Articulated Bus Rigid Bus

Range (F =900 MHz) (F =1800 MHz)
Concentric E-field average (V/m) E-field average (V/m)
Rings Low Med High Low Med High
Dens Dens Dens Dens Dens Dens
Im - 1.5m NF* NF* NF* 8.59 8.79 9.04
1.5m - 2m 9.62 8.90 9.32 4.53 4.73 4.73
2m - 2.5m 9.94 9.78 7.83 3.25 3.27 2.96
2.5m - 3m 5.34 5.72 5.49 2.85 2.67 2.55
3m-3.5m 542 4.64 443 2.67 242 2.27
3.5m - 4m 4.97 4.81 3.76 1.91 1.58 1.79

NF* = Near Field
Articulated bus - Concentric rings impact areas

FIGURE 11. Concentric rings impact areas for the articulated and rigid
buses.

For the articulated bus case, the highest exposure E-field
values are concentrated in an area delimited by 2m-2.5m
radius from the transmitter location. On the other hand, for the
rigid bus case, a smaller impact area is observed (1.5m radius)
due to the presence of multiple users close to the emitting
device, and its location in a dedicated sitting area. Thus,
passengers located surrounding the emitting antenna will be
exposed to higher E-field exposure levels than users
distributed in a further distance. As expected, this
phenomenon is more pronounced for the high-density cases.
Moreover, it’s worth noting that a higher density of passengers
within the buses increases the probability of new emitting
sources, expanding at the same time, the EMF exposure to
other nearby passengers and consequently, multiplying the
impact area.

The previous analysis reveals that dimensions, morphology
and topology of the scenario, as well as human body model
densities within it, highly influence radio wave propagation,
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leading to significant E-field exposure level variability, which
must be analyzed.

B. ANALYSIS OF IMPACT AREAS

In this section, the analysis and comparison of E-field
exposure levels for the different impact areas within both type
of buses is presented. Low human density and the maximum
transmitted power allowed per frequency band, have been
considered for simulation, emulating the best EMF
propagation case. Multiple transceiver locations and different
frequency bands have been selected to assess accurate and
relevant E-field exposure patterns. In order to provide clear
insight of E-field exposure average values, results have been
divided per areas along the different analyzed planes.

Electric Field [V/m] - f=900MHz -z=1.1m

0 09 1.8 2.7
X distance [m]

Vim

[z ][z [z ] iz ZN Dz N S Il Zones
E
L
v
c
s
v
2
=

o ~ © " < = N = o

o < o~ o o] o < o~

= - - _

Y distance [m]

FIGURE 12. E-field exposure levels (top) and averages per areas (bottom)
within the articulated bus at GSM 900. Transmitter placed in the front of
the bus with the maximum allowed transmitting power. 44 m exclusion
area around the transmitter has been considered in order to avoid near
field results.
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FIGURE 13. E-field exposure levels (top) and averages per areas (bottom)
within the rigid bus at GSM 900. Transmitter placed in the front of the bus
with the maximum allowed transmitting power. 42 m exclusion area
around the transmitter has been considered in order to avoid near field
results.
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Fig. 12 and Fig. 13 present the E-field exposure levels at GSM
900 frequency band, for the articulated and rigid bus. For both
cases and regardless the different indoor design, the
transmitter location has been placed in the front part of the bus,
emulating a standing person making a phone call in the center
aisle. As it can be observed, E-field exposure results are
clearly attenuated by body shielding created by the user who
is making the phone call. In addition, the indoor open areas
within the vehicles, present the most homogeneous EMF
exposure distribution patterns, based on the distance to the
transmitter location (E-field decreases as the transceivers
distance increases). For the articulated bus case, as the length
is larger than the rigid bus, it can be observed that the E-field
exposure levels in the medium — rear portion of the bus are
almost negligible. Both scenarios tend to a similar EMF
exposure distribution pattern with no other users nearby the
emitting antenna or interfering normal signal propagation.

Electric Field [V/m] - f = 1800MHz-z=1.1m
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FIGURE 14. E-field exposure levels (top) and averages per areas (bottom)
within the articulated bus at GSM 1800. Transmitter placed in the rear part
of the bus with the maximum allowed transmitting power. 64 m exclusion
area around the transmitter has been considered in order to avoid near
field results.
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FIGURE 15. E-field exposure levels (top) and averages per areas (bottom)
within the rigid bus at GSM 1800. Transmitter placed in the rear part of
the bus with the maximum allowed transmitting power. 64 m exclusion
area around the transmitter has been considered in order to avoid near
field results.
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In Fig. 14 and Fig. 15, E-field exposure comparison for both
buses is presented, for the GSM 1800 frequency band. For this
analysis, different transmitter locations have been placed in
the rear part of the buses. In the articulated bus case, the
transmitter has been placed in a semi-open delimited area,
emulating a standing passenger making a phone call, while in
the rigid bus, the transmitter has been placed in a dedicated
sitting area emulating a sitting passenger making a phone call
surrounded by other passengers. As it was expected, the E-
field exposure concentration in the dedicated sitting area is
significantly larger than the one in the medium open area. The
E-field average distribution pattern follows a homogeneous
trend in open spaces and presents large variability in delimited
or dedicated areas due to multipath propagation phenomena,
caused by the morphology of the scenario, indoor design
(seats, handholds, panels), user distribution, body shielding
and the large amount of metal within the buses.

The EMF exposure results obtained for the bus driver critical
area must be carefully analyzed. For both type of buses and
configurations, E-field exposure levels in the driver location
were very low (below 5V/m), even when the transmitter
antenna was placed in the front part of the bus, as it can be
seen in Fig. 12 and Fig. 13. It can be observed that, for all
cases, these exposure results have been attenuated by the
morphology of the scenario (driver delimitated area, furniture
and obstacles) and the presence of nearby users. Therefore, an
adequate vehicle indoor design (open spaces vs delimited and
dedicated sitting areas), with a protected driver location (by
means of an EMF exposure blocking wall or a closed panel),
avoids high E-field hot spots within public transportation
buses. In addition, a uniform passenger distribution is
recommended when the bus has a high user density, in order
to decrease the exposure multiplying effect and minimize the
E-field exposure concentration due to body shielding.

C. ICNIRP COMPARISON WITH MAXIMUM
TRANSMITTED POWER

In this section, the linear E-field exposure distribution levels,
obtained within the different transportation buses, have been
compared with the current ICNIRP legal EMF exposure
limits. For the different frequency bands, the maximum
transmitted power allowed has been considered for
simulations, emulating the mobile call set-up uplink
connection, which correspond with the highest device emitting
power, as it is described in Table 3. Simulations have been
performed with a medium value of passenger density, due to
the fact that it is statistically the most probable distribution for
an urban transportation business day, in terms of users per day
average.
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FIGURE 16. Comparison of the linear E-field exposure distribution along
the articulated bus with the current ICNIRP legal limits. The
corresponding exclusion areas around the transmitters have been
considered in order to avoid near field results.

Fig. 16 presents the comparison of the articulated bus
maximum E-field exposure distribution levels obtained for the
different transmitter locations and frequencies analyzed. Three
different transmitter locations (depicted in Fig. 6) have been
considered for simulation: for the 900MHz frequency band,
the transmitter has been placed in the central aisle of the
vehicle’s front part, for the 1800MHz frequency band, in the
central part and for the 2100MHz frequency band, in a
dedicated sitting area at the rear part of the bus. The obtained
E-field exposure impact area, for the 900MHz frequency band,
covers an area of 1.75m-2.25m radius approximately from the
transmitting location due to an indoor open space location
(central aisle) with less obstacles and passengers surrounding
the antenna. On the other hand, for the 1800MHz and
2100MHz frequency bands, E-field results present a higher
exposure concentration, with a smaller impact area delimited
by 1.25m-1.5m radius respectively, from the emitting device.
The transceiver locations and the involved obstacles (metallic
structures, furniture and other passengers), have a relevant
impact in exposure level concentration and distribution. In
addition, it can be seen that E-field exposure levels for the
2100MHz frequency band present the highest tolerance with
the current EMF exposure limits. This is because the
maximum transmitting power allowed for this frequency band,
is the lowest, as it is shown in Table 3.
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FIGURE 17. Comparison of the linear E-field exposure distribution along
the rigid bus with the current ICNIRP legal limits. The corresponding
exclusion areas around the transmitters have been considered in order
to avoid near field results.

A similar comparison has been obtained for the rigid bus
which is presented in Fig.17. In the same way, two different
transmitter locations (depicted in Fig. 6) have been chosen for
simulation: for the 900MHz frequency band, the transmitter
has been placed at the front part of the rigid bus, in the central
aisle, and for the 1800MHz, in the rear part of the vehicle, in
a dedicated sitting area, where more obstacles (metallic
structures, furniture and other passengers) are involved. As
expected, the exposure results show a remarkable difference
between open spaces and delimited dedicated spaces. Results
for the 900MHz case cover a bigger exposure impact area of
1.5m-2m radius approximately from the transmitting antenna.
On the other hand, a 1m-1.5m radius impact area is obtained
for the 1800MHz case. In addition, and regardless of the
selected frequency band, the obtained E-field exposure levels
for the rigid bus case follow a more heterogeneous
distribution, due to the difference in bus lengths.

Regarding legal compliance, the highest E-field exposure
values are below the ICNIRP limits, considering the highest
transmitted power for all cases. Moreover, for all analyzed
cases, a high exposure impact area of approximately 2m is
observed, where a significant attenuation decrease pattern is
presented outside this area. To gain insight in the behavior of
E-field levels of this impact area and remote areas, a minimum
reference E-field value (border) has been considered to
compare the E-field decrease between both exposure areas.
Table 6 presents the E-field decrease percentage, along with
the maximum E-field level in the impact area and the
minimum reference level, for all cases presented in Fig. 16 and
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Fig. 17. As it can be seen from the results, the lowest E-field
difference is 22.5V/m, which represent a 60.13% E-field
decrease for the rigid bus scenario at 900MHz frequency. On
the other hand, for the articulated bus scenario, the highest E-
field difference is 49.71V/m, which represent a 92.66% E-
field decrease, at I800MHz frequency.

TABLE 6. Comparison of E-field decrease percentage per frequency for
the medium human density case, at the maximum allowed transmitting
power. The corresponding exclusion areas around the transmitters have
been considered in order to avoid near field results.

Maximum Reference Percentage
Type of E-field E-field E-field
Frequency
Bus Value Value Decrease
. (MHz)
Scenario (V/m) (V/m) (%)
(R=2m)
Articulated 900 38.12 12.73 66.61
Bus 1800 53.65 3.94 92.66
Scenario 2100 22.13 6.04 72.71
Rigid Bus 900 37.42 14.92 60.13
Scenario 1800 53.89 8.41 84.40

D. MEASUREMENTS RESULTS

As previously explained in detail in Section III.A, an EMF
campaign of measurements was designed and performed
within different types of public buses, along real transportation
routes of the city of Pamplona. In Fig. 18 and Fig. 19, the E-
field PEM’s measurement results for two different routes are
depicted. The measured EMF exposure levels within the
different kind of buses are extremely low (below 3V/m). For
all cases the highest E-field levels are produced by mobile
communication systems (GSM/UMTS), initiated by the
mobile voice connections during the measurement campaign.
In Fig. 18, the highest E-field exposure values correspond with
the different transmitter locations within the articulated bus
(i.e. the exposure values in the GSM 900 frequency band
correspond with the first transmitter location in the front part
of'the bus, the values in GSM 1800 with the second transmitter
location in the central part of the bus and the highest values in
UMTS 2100 are linked to the third transmitter location in the
rear part of the bus). In the same way, the highest E-field
exposure values correspond with the different transmitter
locations within the rigid bus. It’s worth noting that the PEM
measurements can be affected by the presence of passengers
within the analyzed scenarios [51] and the selected
measurement procedure and locations. The E-field exposure
values measured using PEM devices, tend to underestimate
true exposure levels by about a factor of two due to shielding
effects of the human body, as it has been presented in [52].
Hence, the reliability and accuracy of the PEM measurements
must be analyzed carefully. To reduce or avoid
underestimation, measurements were performed with the
PEM in the vicinity of the body, but not directly on the body.
Following this approach, the highest E-field exposure level
(2.8V/m) correspond with the transmitter placed at the bottom
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of the rigid bus. Therefore, the presented exposure levels
verify compliance with current EMF legal exposure limits
(56V/m allowed by the ICNIRP).

Articulated Bus Measurements
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FIGURE 18. Measurement results within the articulated bus along the Line
6 route, by means of EME Spy 121 personal dosimeter.

Rigid Bus Measurements
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FIGURE 19. Measurement results within the rigid bus along the Line 4
route, by means of EME Spy 121 personal dosimeter.

As in the real measurements, the same transmitter locations
have been considered in the simulations to compare the
obtained results with the measured ones. For that purpose, the
minimum transmitted power was considered (see Table 3),
emulating the best transmission uplink case, as the specific
transmission power of the mobile phone during the calls was
unknown. In Fig. 20 and Fig. 21, simulated EMF exposure
levels are presented for the different frequency bands assessed.
Notice that the scale used in these figures has a maximum of
1V/m instead of the previous 40V/m scale shown in previous
sections, when considering the maximum transmitted power.
The transmitter position is represented with a red and white
triangle and measurements were performed in the closest
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available sitting location within an action area radius of 2m,
depicted with a red passenger in the figures (PEM location).
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FIGURE 20. E-field exposure levels within the articulated bus for different
frequencies and transmitter locations, at the minimum allowed
transmitting power. The corresponding exclusion areas around the
transmitters have been considered in order to avoid near field results.
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FIGURE 21. E-field exposure levels within the rigid bus for different
frequencies and transmitter locations, at the minimum allowed
transmitting power. The corresponding exclusion areas around the
transmitters have been considered in order to avoid near field results.

As it was expected, for all the analyzed results, the PEMs EMF
exposure values are lower than those from the real
measurements because simulations were performed with the
best transmitted power set up. As Fig. 20 presents, the
articulated bus measurements were affected by body shielding
due to the bus indoor morphology design which allows a
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confronted passenger’s location between the emitting source
and the PEM. As stated above, to minimize or prevent this
shielding effect, which can reduce measurement values
significantly [53-54], the PEM was located in the vicinity of
the body, not on the body. Thus, as it can be observed in Fig.
18 and Fig. 19, this procedure reduced in approximately 1V/m
the differences between the PEM measurements of the
articulated bus versus the rigid bus measurements, which were
not affected by body shielding.
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FIGURE 22. CDF of simulation and measurement values within the
articulated bus for different frequencies.
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FIGURE 23. CDF of simulation and measurement values within the rigid
bus for different frequencies.

To have clear insight into the comparison between simulation
and measurements, the cumulative distribution functions
(CDFs) have been obtained and are presented in Fig. 22 and
Fig. 23, for the articulated and rigid bus respectively. It can be
seen that simulation results are in accordance with
measurements, with 90% approximately of the measured and
simulated values below 0.5V/m for all cases.

In Table 7, a comparison of simulated EMF exposure levels in
different body areas (chest and head) is presented. As it was
expected, simulation results show huge differences in
estimated E-field exposure values depending on the
transmission power (maximum transmitted power Vs
minimum transmitted power). For all cases, passenger heads
are more exposed to non-ionizing radiation, but it can be
remarked that the obtained EMF exposure levels are low in
comparison with the ICNIRP limits.

TABLE 7. Comparison of EMF exposure levels for users' different body
areas, considering a medium human density simulation case with the
minimum allowed transmitting power. The analyzed user is represented
as the red colored passenger in Fig 16 - 17.

Chest (Rx) Head (Rx)
E-field (V/m) E-field (V/m)
Type of Freq Min Max Min Max
Bus Scenario (MHz) Power Power Power Power
900 0.37 6.15 0.87 16.87
Articulated
. 1800 0.18 18.20 0.81 25.87
Bus scenario
2100 1.15 5.76 1.30 17.11
Rigid Bus 900 0.45 11.24 0.47 14.79
Scenario 1800 1.46 26.09 1.49 30.24
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Therefore, the comparison with current legal exposure limits
has been presented, verifying that, for all cases, E-field levels
were below the aforementioned limits. These results and the
proposed simulation methodology, can aid in an adequate
assessment of EMF exposure recommendations and limits, for
current and future wireless communication systems, in urban
transportation buses.

V. CONCLUSIONS

This work presents a complete E-field strength distribution
spatial characterization for different types of urban
transportation buses. E-field exposure level estimations have
been obtained by means of an in-house developed
deterministic 3D-RL algorithm, for the complete indoor
volume of the transportation buses. By using this
methodology, the impact of topology, dimensions and
morphology as well as materials, body shielding and user
distribution, has been considered with an effective and
efficient balance between accuracy and computational cost.
For both type of public buses, EMF exposure level
measurements have been performed, by means of a PEM,
along the analyzed routes for different scenarios setups,
verifying compliance with the current international legal
exposure benchmark limits. A validated measurement
procedure has been followed, with the PEM located in the
vicinity of the body, not on the body, decreasing body
shielding effect (only 1V/m when a confronted passenger’s
location is between the emitting source and the receiver) and
achieving accordance between measurements and simulation
results.

The presented simulation results confirm the large influence
of user presence within the scenarios due to their body
shielding effect and the corresponding exposure concentration
in the transmitter vicinity. User E-field exposure levels
increase in the vicinity of the emitting antenna, being much
more pronounced for the high-density cases within the buses.
For these sensitive setups, a uniform passenger distribution is
recommended to decrease the probability of new emitting
sources and the undesirable exposure multiplying effect. The
indoor design (dimensions, morphology and topology of the
scenario) has a relevant influence in EMF exposure
distribution results. A homogeneous E-field exposure
distribution is obtained for open spaces, while highly variable
distribution patterns are presented for delimited and dedicated
areas, due mainly to multipath propagation.

The results reveal the complexity of EMF exposure
characterization in this type of vehicular scenarios, due to the
significant impact of multipath propagation. These results and
the proposed simulation methodology are an appropriate
approach to  adequately assess EMF  exposure
recommendations and limits, for current and future wireless
communication systems in urban transportation buses.
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