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ABSTRACT Recently, newwireless communication systemswithin aircrafts cabins have drawn higher atten-
tion due to the growing demand of passenger services and applications and their corresponding requirements
and constraints. In this regard, the fifth generation (5G) of wireless communication becomes an attractive and
promising alternative to enable aircraft passengers’ comfort and entertainment along the flight, considering
its potential benefits in term of high data transfers and low latencies. Nevertheless, general population
concern about radio frequency electromagnetic fields (RF-EMF) safety in general and, in particular to the
environmental exposure at which we are all exposed in these flights, increases at the same time. Thus,
in this work, we present an experimental campaign of measurements for current passengers’ environmental
exposure assessment, performed in different real generalizable type of flights and aircrafts’ cabins, in order
to provide current RF-EMF exposure insight within these complex heterogeneous environments. In addition,
worst-case uplink 5G scenarios, where all 5G cellular handsets of the passengers operate at the same
time, have been simulated by means of an in-house developed 3D Ray Launching (3D-RL) deterministic
technique. Before takeoff and after landing, critical scenarios with the aircrafts’ doors closed have been
selected and assessed considering different types of modeled aircrafts full of passengers, considering 5G
frequency range 2 (5G-FR2) operating links. The obtained results show that the operation frequency and
the morphology and topology of the aircraft cabin have a great influence in the environmental RF-EMF
passengers’ spatial distribution and overall exposure, but not exceeding, even in worst case conditions, the
international established regulatory limits.

INDEX TERMS Radiofrequency electromagnetic fields (RF-EMF), personal exposimeter (PEM), 3D ray
launching (3D-RL), 5G, aircrafts.

NOMENCLATURE
LIST OF ACRONYMS
3D-RL Three-Dimensional Ray Launching.
3GPP 3rd Generation Partnership Project.
5G Fifth Generation.
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5G-FR2 Fifth Generation Frequency Range 2.
5G-NR Fifth Generation New Radio.
BS Base Station.
CDF Cumulative Distribution Function.
CF Collaborative Filtering.
DE Diffusion Equation.
DL Downlink.
EMC Electromagnetic Compatibility.
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EMF Electromagnetic Field.
EU European Union.
FR1 Frequency Range 1.
FR2 Frequency Range 2.
GO Geometrical Optics.
HD High Density.
ICNIRP International Commission on Non-Ionizing

Radiation Protection.
KPI Key Performance Indicator.
LD Low Density.
LTE Long Term Evolution.
MIMO Multiple Input Multiple Output.
ML Machine Learning.
MU Multi-User.
NN Neural Network.
PEM Personal Exposimeter.
RF Radio Frequency.
RF-EMF Radio Frequency Electromagnetic Field.
RL Ray Launching.
RX Receiver.
SU Single-User.
TDD Time Division Duplex.
TX Transmitter.
UE User Equipment.
UL Uplink.
USA United States of America.
UTD Uniform Theory of Diffraction.
UWB Ultra-Wideband.

I. INTRODUCTION
With the growing demand of user service application require-
ments anywhere and anytime, wireless communications in
aircraft cabins have widely attracted people attention. One of
the reasons is that airplane passengers’ desire to enjoy strong
and secure in-flight personal wireless communication ser-
vices with unlimited access to information data. In this sense,
the fifth generation (5G) of wireless communication offers
this unlimited access to information and sharing data [1].
Nowadays, many airline companies have offered wireless
service access for aircraft cabins using terrestrial base station
communication systems and satellite-based communication
systems [2], [3]. However, with the incoming 5G technology,
there is an increase population concern about radio frequency
electromagnetic field (RF-EMF) exposure in general pas-
sengers as well as aircraft workers and staff. Electromag-
netic fields (EMFs) can be roughly split into two important
divisions, ionizing and non-ionizing electromagnetic radia-
tion, depending on the system operating frequency [4]. The
main important difference is that ionizing EMFs can break
chemical bonds and thus cause radical changes in materi-
als and biological tissues, while non-ionizing EMFs do not
break chemical bonds, but they can cause heating owing to
the contribution of the imaginary component of the electric
permittivity. In the context of an aircraft cabin and flights,
ionizing radiation is natural and comes from cosmic sources.

It can be referred as cosmic or galactic radiation, and the
exposure intensity depends on the flight altitude, latitude,
length of exposure, and time of the year [5]. On the one hand,
over the years, several works have been assessed the ionizing
radiation that passengers and staff can be exposed within
aircraft cabins. In reference [6], an estimate of the total ioniz-
ing radiation dose received by the worldwide civilian flying
population is presented. Other references [7], [8] present
overviews of the different radiation exposure presented in
the atmosphere and gives guidelines to aviation safety at
large. On the other hand, the assessment of non-ionizing
electromagnetic field radiation exposure within the aircraft
cabins has had less attention in the literature over the years.
In the context of aircraft cabins and flights, some sources
of non-ionizing radiation exposure can be the interferences
caused by the electronic devices/equipment within the air-
craft or the passengers use of cellular handsets inside the
cabin aircraft just before the takeoff or after landing (aircraft
taxi mode). The work in [9] presents the assessment of the
electromagnetic field produced by the equipment of three
different training aircrafts and shows the comparison with
the limits and the corresponding normative. The same air-
crafts were used to analyze exposure in aircraft crew caused
by radio navigation devices in [10]. The intensity of the
electromagnetic field during one flight in high frequencies
was also assessed in [11], showing results which did not
reveal any exceedances of the permissible levels for these
frequency ranges. Nevertheless, with the growing demand of
wireless communication systems within these scenarios and
the arrival of new technologies such as 5G, it becomes crucial
to assess RF-EMF exposure in current flights as well as to
estimate radiation exposure for next generation of wireless
communication systems. 5G mobile communication systems
provides data services at tens of Gbps, higher mobility range,
lower latencies, and massive connectivity density devices
when compared with previous generations. According to 3rd
Generation Partnership Project (3GPP), the 5G New Radio
(5G-NR) spectrum distinguishes between two ranges operat-
ing frequencies [12], which are:

• Frequency range 1 (FR1), which consists of the exist-
ing and new bands between 410 MHz to 7.125 GHz
(including the frequency bands for Long Term
Evolution (LTE)).

• Frequency range 2 (FR2), which consists of the new
frequency bands (mmWave) range of 24.25 – 52.6 GHz.

The specific details of the operating bands and channel
organization can be found in [13]. The mmWave spectrum
(above 24 GHz) has been recently introduced for commercial
use in mobile communications, with the main advantage of
supporting high traffic demands with increased capacity in
terms of data rates. However, mmWave spectrum suffers
higher signal absorption and channel impairments, leading to
an increase in the number of small cells in crowded scenarios.
As a result of all these significant developments in technol-
ogy, a considerable body of science is required, addressing
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the relationship between radiofrequency EMFs and possible
adverse health hazards. In this sense, short- and long-term,
continuous, and discontinuous radiofrequency EMFs expo-
sure scenarios must be rigorously analyzed, in order to
provide high level protection for all users against substanti-
ated adverse health effects [14].

Recently, several works in the literature have presented
different models for the RF-EMF assessment of 5G com-
munication systems. On the one hand, most of these works
are focused on outdoor scenarios and present the EMF
assessment focused on the downlink (DL) of a 5G sys-
tem [15]–[18]. On the other hand, the works which present
the EMF assessment of the uplink (UL) from the user
equipment (UE) in a 5G system are usually focused on
a unique user device and its interaction with the human
body [19]–[22]. Nevertheless, less attention has been given
in the literature to the assessment of human EMF exposure
in complex heterogeneous crowded environments. In this
regard, the passenger cabin of a commercial aircraft has
distinctive characteristics in terms of radio wave propaga-
tion compared to typical indoor environments such as office
environments, because of the special structure with relevant
metallic clutter and high density of seating within it, which
leads to have a high density of people in a confined volume.
Although some research groups have characterized aircraft
passenger cabins in terms of radio wave propagation for
conventional wireless technologies [23] and ultra-wideband
(UWB) [24]–[26], for the author’s knowledge, nothing has
been reported concerning RF-EMF personal exposure within
commercial flights, and less considering 5Gwireless commu-
nication systems.

The aim of this study is encouraged by the need to provide
an accurate method to assess environmental occupational and
general public RF-EMF exposure within complex generaliz-
able aircrafts, including deterministic techniques to predict
power density levels. Therefore, the main contributions are
summarized as follows.

1) An in-house developed 3D-RL simulation tool for 5G
EMF exposure assessment and dosimetric characteri-
zation within generalizable aircrafts is proposed.

2) From a complete analysis of different critical uplink
5G frequency range 2 (5G-FR2) case study scenar-
ios within generalizable aircraft cabin models, it is
demonstrated the unique and challenging spatial behav-
ior regarding personal RF-EMF assessment and power
density distribution levels within them.

3) In addition, to have clear insight into real onboard envi-
ronmental RF-EMF personal exposure, a campaign of
measurements is presented performed in different com-
mercial flights of several durations, confirming current
negligible values, when compared with the established
regulatory limits.

The paper is organized as follows: Section II describes
the system and simulation models, where the measurement
setup is specified as well as the in-house developed enhanced
RF-EMF exposure assessment simulation tool. Section III

FIGURE 1. Real photos of the indoor area of the selected aircrafts.

TABLE 1. Main features of the selected aircrafts for the campaign of
measurements.

presents simulation and measurement results, as well as dis-
cussion. Finally, Section IV shows conclusions and future
work.

II. SYSTEM AND SIMULATION MODELS
A. MEASUREMENT SETUP
An experimental campaign of measurements has been
performed in order to provide clear insight of the real per-
sonal EMF exposure to which general flying public and
occupational aircraft crew are exposed within commercial
routine flights. For that purpose, an empirical environmental
RF-EMF exposure assessment analysis is proposed consid-
ering worst case conditions in different types of challenging
generalizable aircraft models with their corresponding spe-
cific cabins in terms of design, structure, morphology and
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FIGURE 2. Real photo of the EME Spy evolution PEM within the
measurement campaign in the aircraft.

topology. Specifically, measurements were continuously per-
formed during all flights’ duration in full flights, with special
emphasis in the considered worst-case conditions scenarios:
before the takeoff and after landing, when RF electronic
devices are allowed while the aircraft is closed. These are
critical scenarios to evaluate EMF safety compliance with
current international regulation limits.

The campaign of measurements was carried out in three
different continental and inter-continental flights with their
corresponding different aircrafts. Precisely, one flight was
inter-continental flying from America to the European Union
(EU), with a flight duration longer than eight hours, while
the two others were continental flights (one of them in
America and the other one in EU) with flight duration
of approximately one hour. The inter-continental flight air-
craft was an Airbus A380 model, while the American
continental flight was an Airbus A320 model, and the EU
continental flight was a Bombardier CRJ-1000 model. Real
photos of the indoor cabin area of the selected aircrafts and
their main features can be found in Fig. 1 and Table 1,
respectively.

The characterization of environmental RF-EMF exposure
within the aircrafts has been made by means of a frequency-
selective exposure meter (known as exposimeter, or more
precisely E-field exposimeter PEM). The main advantages
of this measurement approach are its low cost, portability,
and relatively easy use. Besides, PEMs are receiver/scanner
devices that cannot transmit any signal, which was crucial
to be used during flights, respecting the air regulations for
the use of electronic devices on board and thus, ensuring
safe operation mode, not interfering other communication
systems or devices. The selected PEM device was an
EME SPY Evolution frequency selective exposimeter (from
Microwave Vision Group MVG, https://www.mvg-world.
com/es), shown in Fig. 2 within the aircraft. The device is
easily transported, pocket-size and battery powered. It mea-
sures environmental RF-EMF exposure levels over time, and
it can be customizable in terms of predefined scenario region
setups, sampling rate and frequency bands. The sensitivity
of the EME SPY Evolution is 0.005 V/m in each indi-
vidual frequency band and the E-field measurement range
is 0.02-6 V/m. Moreover, the device is equipped with an

TABLE 2. Measurement settings.

TABLE 3. USA and EU scenarios measured frequency bands of the EME
Spy Evolution PEM device setup.

internal memory which allows more than 16K samples with
the maximum recording sampling rate.

For this particular campaign of measurements, the spe-
cific region setups used correspond with the EU and United
States of America (USA) predefined scenarios, based on
the different measured flights: intercontinental from America
to EU and continentals within America and EU. It must
be remarked that the recording sampling rate is restricted
according to the predefined region scenario setup. Specifi-
cally, measurements have been performed with the minimum
measurement recording sampling rate allowed in both scenar-
ios, which corresponds with a sampling rate of five seconds.
Measurements were performed at frequencies below 6 GHz,
due to the lack of current commercial PEM devices which
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FIGURE 3. Timeline describing the measurement campaign procedure:
continental flight (up) and intercontinental flight (down).

permit measurements at higher frequencies and the scarcity
of mobile systems operating in these bands. The campaign of
measurement settings in the different flights are presented in
Table 2, and the measured frequency bands with the EME
Spy Evolution PEM device for both scenarios are shown
in Table 3.

The same measurement campaign procedure has been fol-
lowed for all flights, regardless the type of aircraft or the
region. Fig. 3 presents the timeline description of the mea-
surement campaign procedure. The main characteristics of
the measurement campaign design were the following:

- For the continental flights, measurements have been
performed continuously during the complete duration
of all the flights, starting from the passenger boarding,
the time of our entry to the plane, and finishing with
the passenger departure, at the time of our exit from the
plane.

- For the inter-continental flight (from America to
EU), measurements have been performed continu-
ously during the passenger boarding and takeoff with
the USA predefined region scenario and landing and
passenger departure with the EU predefined region
setup.

- Measurements respected the normal routine of all the
aircraft crew and passengers, with no interaction and
without conditioning any passenger nor aircraft staff.

- Measurements’ location during the flights was deter-
mined by the selected seat we had onboard, which was
an aisle seat in the middle of the aircraft for all flights.
It must be pointed out that all flights during the measure-
ment campaign were full of passengers.

- The EME Spy Evolution PEM device was always
located on the vicinity of the body, but not directly on
the body, to avoid or at least decrease underestimation
(only 1 V/m of body shielding effect when another
user/scatterer is located between the radiating antenna
and the receiver) [27].

B. SIMULATION MODEL
Different methodologies can be found in the literature that
adequately characterize radio wave propagation channels,
each of them with its advantages and disadvantages
depending on the scenario and characteristics under
consideration. These methodologies can be roughly divided
into three categories. One category comprehends the empiri-
cal methods [28], [29], which are based on campaign of mea-
surements in the considered scenario. They are characterized
for its rapid computational time but cannot be generalized for
other scenarios with different geometries and spatial char-
acteristics. Another disadvantage of empirical approaches is
that they can also be time and cost expensive.

A second category includes the stochastic methods [30],
[31], which detail the statistical behavior of the channel
characteristic parameters. From this category, two subcate-
gories can be considered, the non-geometry based stochastic
models and the geometry-based stochastic models, depend-
ing on the assumption or not of the underlying geometry
of the environment. These methods are commonly used in
non-stationary environments, such as the model presented
in [32], which characterizes the time-changing statistics of
high-speed vehicular environments.

However, when the surrounding environment of the con-
sidered scenario have a large impact on electromagnetic prop-
agation, such as the case of the commercial aircraft cabin,
because of the large number of scatterers within a confined
small area and the material properties of the obstacles within
it, a fourth category is considered, which comprehends the
deterministic methods. Deterministic methods can be full
wave approaches based on solving Maxwell’s equations [33]
or, approximations of them based on ray optics, such as ray
tracing or ray launching techniques. Full wave deterministic
methods are very accurate but also time-consuming for large
environments, which can be unaffordable in realistic scenar-
ios such as the commercial aircraft cabin. As a trade-off,
ray tracing or ray launching techniques based on geometrical
optics achieve a good accuracy with reasonable computa-
tional time for these complex scenarios [34], [35].

In this work, an enhanced in-house three-dimensional
ray-launching (3D-RL) 5G-FR2 EMF simulation tool for
different types of aircrafts is presented. The proposed
methodology is based on reference [36], where the 3D-RL
EMF exposure tool is presented for the radiation expo-
sure analysis of different cellular technologies within public
trams. A further step is proposed in this work, with the
design, development, and implementation of a new module
in the 3D-RL EMF simulation tool, which allows to recreate
radio propagation channels considering multipath propaga-
tion within different generalizable full passengers’ aircraft
cabins for multiple 5G-FR2 communication links. In this
sense, the enhanced EMF exposure tool enables the assess-
ment of mmWave operating frequencies, with flexible beam-
forming and Single User/Multiple User (SU/MU) MIMO
in both uplink (UL) and downlink (DL). The algorithm is
based on geometrical optics (GO) and the Uniform Theory
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FIGURE 4. System model flowchart description.

of Diffraction (UTD) and comprises three stages. The first
one is the creation of the scenario, where all the geometry
and dimensions of the aircrafts are created in 3D consid-
ering the different material properties of all the obstacles
within the environment. At this stage, parameters such as
the transmitters and receivers’ antenna locations and physical
properties, operating frequency, number of rebounds, and
rays angular and spatial resolution are defined. During the
second stage, rays are launched from the transmitter antenna
to the receiver. Electromagnetic phenomena, such as reflec-
tion, diffraction and refraction, are considered in this stage.
During the last processing stage, the E-field is calculated
for each spatial point of the scenario under consideration,
following equation (1) [37].

PR =
E2

480π2

c2

f 2
GR, (1)

where PR is the received power in Watt, E is the E-field
level in volts per m (V/m), c = 3∗108 m/s is the light
speed, f is the frequency under analysis andGR is the receiver
antenna gain. From these results, the incident power density
can be calculated as the modulus of the complex Poynting
vector [38]:

Sinc =
∣∣E×H∗

∣∣ , (2)

whereE is the E-field inV/m andH∗ is the complex conjugate
of the magnetic field in amperes per m (A/m). In the case of
the far field, the incident power density is derived as:

Sinc =

∣∣E2
∣∣

Z0
= Z0

∣∣∣H2
∣∣∣ , (3)

where Z0 is the characteristic impedance of free space
(i.e., 120π�).

The enhanced 3D-RL EMF tool permits the incorporation
of human body models within the scenario under considera-
tion. Thesemodels have been applied considering skin dielec-
tric properties modularly [39]. The system model flowchart
description is shown in Fig. 4 and the detailed information
of the algorithm can be found in [40]. Following the same
methodology as described in [41], [42], the proposed 3D-RL
EMF algorithm provides an absolute mean error of 1-3 dB
and a standard deviation of 1-6 dB, when compare with
real measurements, as presented in [43], [44]. In addition,
in order to decrease the computational time of the presented

FIGURE 5. Rendered view of the two modeled aircrafts by means of the
3D-RL technique (a) Airbus A380, (b) Airbus A320.

algorithm, hybrid modeling approaches have been proposed
combining the RL approach with different techniques, such
as Neural Networks (NN) [43], Diffusion Equation (DE)
[45], Collaborative Filtering (CF) [46] or Machine Learning
(ML) techniques [47]. These hybrid methods achieve precise
results whilst reducing the computational cost, leading to an
Optimized 3D-RL approach, more efficient and robust for
complex scenarios.

In addition, the potentiality to simulate UL and DL high-
users density communication links within indoor complex
environments can lead to the assessment of potential critical
scenario situations, such as the landing of a commercial
aircraft, where a large amount of people is confined in a
small metallic area switching on the mobile phone at the
same time. It must be pointed out that RL simulation results
are uncertain in the near field region of the transmitter
antenna. Thus, in order to avoid uncertain results in this
area, an exclusion area of 5λ distance have been considered
around the transmitter location based on the frequency under
analysis [37].

In order to assess the potential critical scenario situations
presented before, (i.e., the moment just after landing but
before the opening airplane doors when passengers switch on
their mobile phones at the same time), two different commer-
cial aircraft cabins have been modeled in the 3D-RL EMF
tool. These aircrafts correspond with an Airbus A380 and
an Airbus A320, which are the same as the inter-continental
aircraft and the America continental flight were the cam-
paign of measurements has been performed, respectively.
A realistic and detailed configuration, dimensions and air-
craft’s characteristics have been considered for both aircrafts,
taking into account the positions of the seats depending on
the class distribution within the aircraft, bathrooms, aisles,
luggage compartments, and windows. Fig. 5 presents a
detailed view of the two modeled cabin aircrafts. The A380
cabin aircraft has a 49.9 m× 6.58 m× 2.3 m dimensions and
a total of 334 seats for the first floor divided into four group
of seats: first class, at the beginning of the plane with larger
space between seats; second class in the following section,
and finally two sections for tourist class in the last part of the
cabin aircraft. The aircraft seats distribution consists of three
seats on each side of the cabin and four seats in the middle,
with two aisles between them. For the A320 aircraft, a total of
168 seats have been included with 32.5 m × 3.7 m × 2.3 m
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TABLE 4. Different cases considered for simulation for the different
aircrafts.

FIGURE 6. Schematic view of the considered simulation case study.

TABLE 5. Setting of main input parameters for 5G simulation setup in the
considered scenario.

dimensions. The aircraft seats distribution is three seats on
each side of the cabin with one aisle.

The objective of this work is to assess RF-EMF expo-
sure within the cabin aircraft for 5G-FR2 technology at
the specific moment just after landing but before the open-
ing airplane doors, considering that the aircrafts are full of
passengers, when different active users’ densities are con-
sidered. Two different operating frequencies are considered
for 5G-FR2 technology (28 and 39 GHz frequency bands)
for both aircrafts. Besides, low, and high density (LD/HD) in
terms of uplink active users have been considered to assess
a realistic scenario where different number of passengers
can be using their mobile phones. In LD, 50% of the total
passengers of the aircraft are active, and in HD, 75% of the
total passengers of the aircraft are active, for each aircraft

respectively. Table 4 presents the different cases considered
for simulation, where two different aircrafts have been con-
sidered, with two different operating frequencies and two
different active passengers within the aircrafts. Fig. 6 presents
a schematic view of the considered uplink for simulation,
where the base station (BS) is placed 50 meters at the right
from the aircraft.

Each obstacle within the aircrafts has been modeled with
its corresponding dimensions and electromagnetic mate-
rial properties (considering the conductivity and relative
permittivity) for the operating frequency under analysis.
Table 5 shows the setting of the main input parameters used
for each uplink active passenger within the aircrafts.

III. SIMULATION RESULTS
In most countries, EMF regulations and legislation and thus,
RF-EMF radiation exposure limits, are based generally on the
twomost international adopted guidelines and standards [52],
[53], the International Commission on Non-Ionizing Radia-
tion Protection (ICNIRP) guidelines (ICNIRP 2020) [52], and
the Institute of Electrical and Electronics Engineers (IEEE)
standard C95.1-2019 by the IEEE International Committee
on Electromagnetic Safety [53]. The new version of both
guidelines was last updated in 2019 and 2020 respectively,
accordingly with the health agencies and official entities.
In both updated versions, the reference levels delimitation,
or Key Performance Indicators (KPI) are defined in terms of
power density for frequencies higher than 2 GHz and lower
than 300 GHz for whole-body and far-field exposure con-
ditions (which is the analyzed case presented in this work),
with a maximum permitted of 50 W/m2 and 10 W/m2 for
occupational and general public, respectively [52], [53].

A. AIRBUS A320
Firstly, the exposure assessment within the Airbus A320
aircraft model has been analyzed. In order to have
insight into the power density levels within the aircraft,
the cumulative distribution functions (CDF) have been
depicted. Fig. 7 presents the power density CDF for the
XYbi-dimensional plane of the passengers’ head height when
seated in the aircraft, considering both operating frequencies
(28 and 39 GHz) and both user densities (HD and LD).
Results show that for both operating frequencies, higher
power density levels are obtained in the HD cases, yet lower
than 0.3 W/m2 for all spatial positions. Specifically, the dif-
ference between HD and LD is approximately of 0.05 W/m2

higher for the HD case with a 90% probability at both oper-
ating frequencies. In addition, slightly higher power density
levels for the higher frequency can also be observed, due to
the smaller exclusion area of near field. Thus, spatial samples
closer to the transmitter antenna are considered, leading to
a CDF with slightly higher values at 39 GHz, yet for both
frequency cases far below the current legislation limits.

In order to have clear insight of the power density levels
spatial distribution within the aircraft when considering the
HD case, in Fig. 8, the power density XY bi-dimensional
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FIGURE 7. Power density CDFs for the XY bi-dimensional planes of the
passengers’ head height within the A320 aircraft for the HD and LD cases
(a) 28 GHz frequency and (b) 39 GHz frequency.

FIGURE 8. Power density XY bi-dimensional planes for the passengers’
head height within the A320 aircraft for the HD case (a) 28 GHz frequency
and (b) 39 GHz frequency.

planes at the same height (passengers’ head height when
seated in the aircraft) are presented. From the results

FIGURE 9. Power density XZ bi-dimensional planes for the A320 HD case
at 28 GHz frequency (a) Right aisle seat row and (b) Right window seat
row (see Figure 5 and 6 for reference).

FIGURE 10. Power density XZ bi-dimensional planes for the A320 HD
case at 39 GHz frequency (a) Right aisle seat row and (b) Right window
seat row (see Figure 5 and 6 for reference).

obtained, it can be clearly observed that the highest power
density levels are obtained in the window right seats loca-
tions. This is because all communication beams are focused
on that direction, which is directly linked to the BS (placed
at 50 m on the right side of the aircraft). Another spatial
distribution pattern can be observed in the areas where the
signal is confined between the rows of seats. These areas are
more pronounced in the front right part of the aircraft due
to the proximity to the BS (see Fig. 6 for reference). In both
operating frequencies, the seats, and aircraft structure act as
signal shielding, causing hot spots areas between seats, with
highest values of 0.67 and 0.73 W/m2 at 28 and 39 GHz
respectively, both in the aircraft’s front right area, closest to
the BS, following the same distribution pattern trend. As in
the CDF results, frequency impact is also observed, obtaining
higher power density levels for the higher frequency, because
the considered near field exclusion area is smaller in this case.

A further study is proposed, analyzing the vertical XZ
bi-dimensional planes, to provide more information regard-
ing the spatial distribution of the power density inside the
aircraft. For that purpose, in Fig. 9 and Fig. 10, the vertical
XZ planes on the right side of the aircraft, considering the
window seat row and the aisle seat row at 28 GHz and 39 GHz
respectively, are presented. For the first analyzed frequency,
the difference of power density levels in the passenger head
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for the aisle and window row seat can be clearly perceived.
The exposure is concentrated in the window row seats, as this
is the intersection area where all the direct connection links
from all UEs to the BS. Therefore, confined exposure areas
or hot spots could emerge due to the presence of obstacles,
which behave as signal shielding in these challenging areas,
instead of in the aisle seats, where the open space makes
the signal tend to disperse. Besides, a remarkable signal
concentration in the front area of the aircraft is presented as
in previous results due to the proximity with the BS.

Analyzing the second frequency (39 GHz), the same expo-
sure distribution trend is observed, showing a significant
increase in terms of power density levels in the window seat
rows. Comparing with the previous frequency case (28 GHz),
slightly higher levels are captured, as the exclusion area
is smaller due to the higher operating frequency. Besides,
a more homogeneous distribution can be observed along the
aircraft’s body, with the highest power density levels at the
passenger head height, much more concentrated in the win-
dow seat rows. At the same time, and given by the obstacles’
presence, exposure concentrations or hot spots are presented
in the confined row areas, as in the previous analysis. Nev-
ertheless, the highest power density levels are well below the
established regulation limits (10 W/m2) [52], [53].

B. AIRBUS A380
Following, the exposure assessment analysis has been per-
formed in a different aircraft’s configuration. For this second
study, an Airbus A380 has been selected, which is mainly
characterized by being wider than the previous model and
therefore, presenting a different seating arrangement. In this
case, the aircraft has two aisles with a 3/4/3 passenger seating
distribution for each row. It must be remarked that this new
airplane scenario has been modeled in the simulation tool
following the same structure, morphology, and dimensions
as a real Airbus A380 aircraft (for instance, same distance
between seats, toilets, compartments, different classes of
passengers, spaces/areas in emergency exits, among others),
following the same process as in the airbus A320 previous
case.

To provide insight into radiation exposure levels within
this aircraft, the power density levels within the complete
volume of the scenario have been calculated. Fig. 11 presents
the power density CDFs for the 28 and 39 GHz operating
frequencies, as well as for HD and LD cases. Higher power
density levels are obtained for both operating frequencies in
the HD study case, as this case considers more active links
within the aircraft. The larger dimensions in length and width
of this second aircraft, cause wider opened areas, which in
turn cause less signal confinement, showing lower power
density levels when compared with the previous analyzed
aircraft (A320). Thus, the obstacles density and distribution,
as well as the aircraft morphology and topology have a great
impact in RF-EMF exposure levels.

To have information about the spatial distribution of power
density levels within the A380 aircraft, Fig. 12 presents the

FIGURE 11. Power density CDFs for the XY bi-dimensional planes of the
passengers’ head height within the A380 aircraft for the HD and LD cases
(a) 28 GHz frequency and (b) 39 GHz frequency.

XY bi-dimensional power density planes at the passengers’
head height for 28 and 39 GHz frequencies. As in the
previous case, a signal confinement is observed between
the passengers’ seats rows since the seats themselves
with the passenger’s act as a signal shielding. This can
be clearly observed in the wider open areas, such as
emergency exit zones, where power density levels drop
considerably.

The highest power density levels in this case (A380) are
0.33 and 0.35 W/m2, for 28 and 39 GHz, respectively. These
values are lower than the previous case (A320), showing the
impact of the larger dimensions in width and length of this
second aircraft, as well as the obstacles distribution within it.

As previously stated, the layout and obstacles distribu-
tion within the aircraft have a great influence in signal
confinement. To further analyze this impact in the A380
aircraft, the vertical XZ bi-dimensional planes of the aisle
and the window rows within the aircraft have been depicted in
Fig. 13 and Fig. 14, for 28 and 39 GHz operating frequencies,
respectively. From the results, slightly higher power density
values are encountered in the window area, due to the closer
proximity to the BS, rather than the aisle seats row. Never-
theless, the bigger dimensions and different seats distribution
within the aircraft, cause a more evenly signal distribution,
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FIGURE 12. Power density XY bi-dimensional planes for the passengers’
head height within the A380 aircraft for the HD case (a) 28 GHz frequency
and (b) 39 GHz frequency.

FIGURE 13. Power density XZ bi-dimensional planes for the A380 HD
case at 28 GHz frequency (a) Right aisle seat row and (b) Right window
seat row (see Figure 5 and 6 for reference).

FIGURE 14. Power density XZ bi-dimensional planes for the A380 HD
case at 39 GHz frequency (a) Right aisle seat row and (b) Right window
seat row (see Figure 5 and 6 for reference).

resulting in lower power density levels than the previous
analyzed case (A320). Nonetheless, in all cases, the values

FIGURE 15. Power density results from the measurement campaign with
the PEM during the continental flight in the American continent.

FIGURE 16. Power density results from the measurement campaign with
the PEM during the takeoff of the inter-continental flight between the
American continent and the European continent.

do not exceed the 7% of the maximum established limits [52],
[53], even considering an indoor complex environment such
as an aircraft, with unique and distinctive characteristics in
terms of signal propagation.

IV. MEASUREMENT RESULTS
As it has been previously described in Section II.A, a cam-
paign of measurements has been performed during three
different continental/intercontinental flights as well as differ-
ent types/models of aircrafts. The purpose of this empirical
study is to provide clear insight of personal non-ionizing
EMF exposure to which general public and aircraft crew are
exposed during a flight, and specifically, considering worst-
case conditions as the presented before the takeoff and after
landing, when RF electronic devices are allowed while the
aircraft is closed.

Firstly, Fig. 15 presents the measurement results for the
continental flight within America. The main features of the
aircrafts used for the measurement campaign can be seen in
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FIGURE 17. Power density results from the measurement campaign with
the PEM during the landing of the inter-continental flight between the
American continent and the European continent.

Table 1. The continental flight in America had a duration of
50 min approximately, while measurements were performed
during 120 min, since the moment we were allowed to enter
the aircraft to the moment we went out. Results clearly show
that during the flight (i.e., after takeoff and before landing),
power density levels are negligible. It is also noticeable that
the higher measured power density levels before takeoff and
after landing within the aircraft correspond with UL cellular
frequency bands in all cases, with the highest measured power
density level of 0.037 W/m2 in the 2600 MHz frequency
band.

Secondly, Fig. 16 and Fig. 17 present the measurement
results for the inter-continental flight between America
and Europe, where Fig. 16 shows measurements within
the entrance to the aircraft and takeoff in America and
Fig. 17 presents landing and aircraft departure measurements
in Europe. As the continents are different, it can be noticed
that the measured frequency bands were also different (see
Table 3 for reference). FromFig. 16, it can be clearly observed
that after takeoff, power density levels are negligible, and
the main important measured levels before takeoff were UL
cellular frequency bands, with a maximum of 0.018 W/m2

in the 2600 MHz frequency band. Regarding the performed
measurements in the same flight, in Fig. 17, the same flight
trend with negligible power density levels before landing can
be observed. Then, just after landing, it is noticeable the
presence of higher power density levels, with a maximum
of 0.031 W/m2 which corresponds with an UL cellular fre-
quency band at 1900 MHz.

Finally, Fig. 18 depicts the performed measurements
within a continental flight of 40 min duration within
Europe. It is noticeable that in this last case, the maxi-
mum peak of 0.037 W/m2 was measured within the flight
duration, at the 2300 – 2400 MHz frequency band, which
is not an UL cellular frequency band, as in the previous
cases.

FIGURE 18. Power density results from the measurement campaign with
the PEM during the continental flight in the European continent.

Nonetheless, all maximum measured peaks for all the dif-
ferent flights were below 0.037 W/m2, which is far below the
established regulation limits (10 W/m2) [52], [53].

V. CONCLUSION
In this work, the spatial modeling of the environmen-
tal general public and occupational RF-EMF exposure
assessment in complex heterogeneous generalizable air-
crafts environments has been presented considering 5G-FR2
worst case conditions in terms of passenger densities and
simultaneous uplink operation. For that purpose, an in-house
developed 3D-RL simulation tool for EMF exposure assess-
ment and dosimetric characterization has been proposed, for
the simulation of several critical 5G case study scenarios, con-
sidering different aircrafts cabin models as well as different
high-node 5G uplink connection links operating at 28 and
39 GHz frequency bands.

Results show that confined complex heterogeneous envi-
ronments such as aircrafts cabins, with a large content of
metallic clutter within them, present a unique and challenging
spatial behavior regarding the distribution of power density
exposure levels. The narrow aircraft model (A320) presents
slightly higher overall power density levels (∼0.7 W/m2)
than the widest one (A380) (∼0.3 W/m2), due to the human
body shielding effect and the high impact of the topology and
obstacles density in a smaller area. While the morphology
of both type of aircrafts’ cabin design is relativity similar,
the influence of the open space concept in the widest design
(A380) versus a more limited/dedicated (A320) design has a
great influence in the signal propagation behavior and the cor-
responding spatial exposure distribution. Nevertheless, power
density exposure levels remain far below the international
established regulatory limits (10 W/m2) [52],[53], even con-
sidering critical scenarios with the aircrafts full of passengers
in worst-case operation conditions.

Finally, an experimental campaign of measurements
performed in three different commercial flights (continental in
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USA, inter-continental between USA and EU, and conti-
nental in EU) have been included in order to provide clear
and real onboard environmental RF-EMF exposure insight.
Measured results confirm critical scenarios: just before the
takeoff and after landing; with negligible highest EMF power
density exposure levels rounding 0.037 W/m2.
It must be remarked that RF-EMFs may also interfere

with electrical components or equipment, referred as elec-
tromagnetic compatibility (EMC), which can potentially
affect human health indirectly due to possible malfunctions
(on body e-health wireless solutions or active implantable
medical devices, among others). Such effects depend on
numerous EMF factors and conditions, including frequency,
signal level, polarization or distribution in space and time.
In this regard, stringent and strict international legislation
and regulations, standards, and guidelines, in terms of EMC
interference management, manufacturing and exposure con-
ditions [54]–[57] were issued to set out the minimum require-
ments for the protection of occupational and general public
health and safety, regarding a defined set of direct and indirect
biophysical effects of EMF exposure at frequencies ranging
from 0-300 GHz. Emissions, exposure, or interferences from
5G-FR2 wireless communication solutions, as the presented
in this work, are far below the aforementioned limits even
in worst-case conditions. Affection or possible effects on
aircraft navigation (instrumentation of avionics) is negligible
as well, due to their inherent use characteristics in term of
frequency and power.

In general, the proposed 3D-RL simulation tool for
RF-EMF exposure assessment can potentially assess critical
complex heterogeneous environments and predict in advance
exposure distributions and levels considering different
scenario morphologies and topologies as well as different
passenger densities and operation conditions. Consequently,
the presented in-depth results can aid to calm down the
general flight population and occupational crew concern
regarding the non-ionizing radiation exposure within flights
and specifically, to settle down the basis about 5G in-flight
personal wireless communication services and applications
as well as radiation exposure distributions and levels within
different generalizable aircrafts’ cabin models.
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