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Abstract: Wireless systems are gaining a relevant role for multiple communication
tasks within commercial aircrafts. In this work, wireless propagation in an indoor
commercial airplane cabin will be analyzed. The impact of indoor elements, such as
passenger seats, luggage compartments and a dual deck structure will be considered,
with the aid of in-house implemented 3D ray launching code. Multipath propagation
plays a relevant role, given by the time domain characteristics obtained by spatially
dependent power delay profiles and delay spread. The use of deterministic techniques
in order to consider the inherent complexity of the airplane cabin can aid in wireless
system planning in order to increase overall system capacity whilst reducing power
consumption.
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1.Introduction

Since the minimization of aircraft weight became a priority in order to gain capabilities
and reduce fuel consumption, there has been an increasing interest on using wireless
communication systems onboard, in order to replace existing cable connections.
Besides, wireless technologies provide easier and cheaper system maintenance,
deployment and upgrade whilst reduction in life-cycle cost is obtained. In addition, the
probability of arc faults is reduced by eliminating some of the signal lines.

Due to the mentioned advantages of wireless technologies, aircraft manufacturers as
well as research groups have shown strong interest in development of wireless
systems for onboard use. These systems can be implemented for applications outside
the aircraft, e.g. GPS landing systems [1], communications with satellites [2], wildlife
research [3], remote sensing applications [4], data transfer within air vehicles [5], air-
to-air communications [6], radar [7] and sensing [8], among others. Focusing in
aeronautic transportation sector, there are also applications within the cabin, e.g.
wireless multimedia networks for in-flight entertainment [9-10], deployment of
Wireless Local Area Network (WLAN) communication systems [11-12], pilot health
monitoring by means of Wireless Sensor Networks (WSN) [13], military [14] and
sensing and monitoring [8, 15]. As it can be seen, there is a wide range of wireless



technologies which are used for a broad range of applications, with different systems
employed depending on the final intended use. The main wireless technologies used
are WiFi, ZigBee, Bluetooth, RFID, 60 GHz mm-wave systems, Ultra Wide Band (UWB)
and energy harvesting systems, such as EnOcean. It is important to note the potential
use of these systems due to the fact that there is a possibility of interfering with other
wireless devices. Therefore unlicensed bands are excluded from applications related to
safety, as the landing and taking off systems. Related to this, there is concern about
the proliferation of portable electronic devices (PED) and the interference with
airplane electronic systems that might be created [16].

Therefore, an aircraft, especially the interior portion, is a complex environment which
requires an in-depth radiopropagation analysis. The behavior of the radio channel in
indoor scenarios is not a trivial issue [17-18] and depends heavily on the complexity of
the environment. The appearance of degradation effects is due fundamentally to
multipath components, but also phenomena like reflection, refraction, diffraction and
scattering proves the study of the radio channel to be a complex task [19].

Several works can be found in the literature addressing wireless channel
characterization within an aircraft cabin. Some of them are focused on optical wireless
networks [20-24], but most of them address the radio channel. For propagation
estimations and characterization of the radio channel within the aircraft cabin,
different wireless technologies and simulation methods have been used in the
literature. Initially the statistical characterization of the radio channel performing
measurements within the scenario [25-29], including MIMO systems [30-31] has been
obtained. Other approaches do not need a measurement campaign to obtain a model
for the radio channel and power distribution within the aircraft cabin . In this case,
different simulation methods have been presented in the literature, as the integral
equation (IE) — multiple image theory (MIT) hybrid technique [32], fuzzy logic [33],
neural network approach [34] and commercially available software code [35-36].
These methods usually define a simple radio channel in a simple aircraft cabin model.
The deterministic Finite Difference Time Domain (FDTD) method improves strongly the
accuracy and precision of the simulation results, obtaining reliable estimations of the
propagation within a more complex aircraft model (with seats, seats, persons, etc.),
since it is based on numerical approaches to the resolution of Maxwell’s equations [37-
38]. But it is highly time consuming due to inherent computational complexity when
large scenarios are simulated. It is necessary therefore to apply alternative simulation
methods to finally obtain estimations in a reasonable way. Offering this reasonable
trade-off between precision and required calculation time, there are the ray tracing
and ray launching methods based on Geometrical Optics (GO) and Geometrical Theory
of Diffraction (GTD) [39]. For these reason, ray tracing is the most widely used method
for simulating the electromagnetic propagation within an aircraft cabin [40-50].



In this paper, the simulation of the cabin of an Airbus A380 by means of an in-house
ray tracing method is presented. The ray tracing algorithm has been developed in the
Public University of Navarre and has been validated in previous works, where the
radiopropagation within indoor complex scenarios has been studied [51-54]. In this
work the Airbus A380 cabin is simulated, which is divided in two 50-meter decks,
making it the largest commercial aircraft in the world since it was built in the middle of
the last decade. The accurate results obtained with the in-house ray tracing method
are determined by the complexity of the cabin modeling as well as the parameters that
can be set for the simulations (e.g. antenna type, radiation pattern, transmitted power
level, scenario cuboids size, etc.). While many of the cabin models used in the
literature have a simple structure, here a full detailed cabin is presented, as shown
later in this work. The shape and size of all the elements and obstacles within the
scenario have been defined according to the real dimensions, as well as their material
parameters (dispersive dielectric constant and loss tangent), which are relevant in
order to calculate an accurate estimation of the electromagnetic propagation and the
phenomena associated to it (diffraction, reflection and refraction). When ray tracing
technique is used for the simulation of an aircraft main cabin, typically the
technologies studied are WiFi (IEEE 802.11) and UMTS [40-50]: 2.4 GHz and 5 GHz
frequency bands for WiFi, and 1900 MHz and 2100 MHz bands for UMTS. The 900 MHz
band has only been used for a MIMO system analysis [45], but the simulated aircraft
cabin is simple in this case.

In this work, an in-depth propagation study is presented for 2.4 GHz (which can also be
considered to create an onboard ZigBee-IEEE 801.15.4 network [55]), 5 GHz and 900
MHz within a detailed large aircraft scenario by means of an in-house 3D ray tracing
algorithm, showing power distribution planes and time domain results, as power delay
profiles (PDP) and delay spread. The differences between an empty cabin and the
cabin with seats are also shown, in order to show the relevance of material absorption
and strong multipath components in the full scenario.

2. Ray Launching Technique and Simulation Scenario

In order to assess the impact of the morphology and topology inside the
airplane, it is highly important to consider an adequate radio planning method. In this
work, an in-house developed 3D Ray launching algorithm has been implemented in
order to verify that the variability and the topology of the environment affect the
electromagnetic propagation [51-53]. Ray launching techniques are based on
identifying a single point on the wave front of the radiated wave with a ray that
propagates along the space following a combination of optic and electromagnetic
theories. Each ray propagates in the space as a single optic ray. The principle of the ray
launching method is based on Geometrical Optics (GO) and Uniform Geometrical



Theory of Diffraction (UTD). Rays are launched from the transmitter at an elevation
angle 6 and with an azimuth angle @, as defined in the usual coordinate system. They
propagate along the space interacting with obstacles, causing physical phenomena
such as reflection, refraction and diffraction, as it is shown in Fig. 1.
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Fig. 1. Principle of operation of the in-house developed 3D Ray Launching Algorithm.

The number of rays considered and the distance from the transmitter to the
receiver location determines the available spatial resolution and, hence, the accuracy
of the model. It is important to emphasize that a grid is defined in the space to save
the parameters of each ray. Thus, the parameters of these rays are stored as they
enter to each hexahedral until the ray has a certain number of reflections or it has
exceeded the pre-propagation time set. The algorithm works in an iterative manner,
considering a ray and its reflections, storing the created ray for processing later the
phenomenon of diffraction. Parameters such as frequency of operation, number of
multipath reflections, separation angle between rays, and cuboids dimension are
introduced. The radiation patterns of the transmitter and receiver antenna are also
taking into account in the algorithm. The received power is calculated at each point
considering the dispersive materials within the scenario, taking into account the
dielectric constant and permittivity at the frequency range of operation for each
obstacle and through the medium.

The coefficients for the vertical and horizontal polarization for the reflected and
transmitted rays are given by the Snell’s law [56] by
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where 7, :1207r/ &1, :1207r/4/gr2 and W¥,¥, and ¥, are theincident, reflected

and transmitted angles respectively.

Once the parameters of transmission 7 and reflection R are calculated, and
the angle of incidence ¥.and¥,, the new angles (6 ,¢,)of the reflected wave and

(6.,9,)of the transmitted wave can be calculated.

The diffracted field is calculated by [57]
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where s,,s,are the distances represented in Fig. 2, from the source to the edge and

from the edge to the receiver point.

Figure 2 Geometry for wedge diffraction coefficients

A full detailed Airbus A380 commercial aircraft model has been implemented for this
work, considering all its characteristics, including two floors with more than 500 seats
(taking in account their position depending on class distribution within the aircraft),
bathrooms, luggage compartments and windows. Realistic dimensions for the cabin
and seats have been implemented programming 49.9 m X 6.58 m X 4.6 m scenario
divided in 49.9 m X 6.58 m X 2.3 m decks including also stairs between two decks (Fig.
3). A typical A380 distribution has been chosen for the position of all items inside the
aircraft, e.g. in first floor four groups of seats can be distinguished, first class with
higher space between seats in the beginning of the plane, a group of second class seats



in the following section and two sections in the last part of the aircraft for tourist class,
a total number of 334 seats for first floor and 216 for second tier.

Figure 3 3D Representation of simulated scenario showing complete A380 aircraft (a)
and the detail of first (b) and second floor (c).

One of the goals of this work is to consider the influence of the topology and
morphology of the elements inside the aircraft cabin. Therefore two kinds of scenarios
have been programmed: an airplane cabin with all seats (Full aircraft) and on the other
hand an airplane without seats (Empty aircraft). This scenarios have been sub-divided
in a mesh with 2.500.000 cuboids of 0.099m X 0,13m X 0.046m dimensions.

In order to obtain coverage throughout the airplane considering a real
communications system, seven antennas have been distributed inside the aircraft
(Depicted as red points in Fig. 3) in a distance of 10cm to the left wall and ceiling, three
in the first floor and four in the second floor emitting all of them with quarter-sphere
shape radiation pattern (Fig. 4) in three different frequencies, 900MHz, 2.4 GHz and
5GHz.



Ray Launching Simulation Parameters
900 MHz/2.4 GHz/5

Frequency GHz
Transmitter Power 27 dBm
Reflections 6
Vertical plane angle resolution AB 1°
Horizontal plane angle resolution
A 1°

Table 1 Simulation Parameters Employed in the Analysis

Figure 4 Radiation pattern of the seven transmitting antennas configured inside the
scenario.

3.Statistical analysis

In order to check the proper operation of developed code within the aircraft cabin, the
statistical analysis of the one antenna scenario is presented in this section.

Path loss (PL) is defined as the ratio of the effective transmitted power to the received power:

PL(dB) = P,(dBm) + G, (dBi) + G,(dBi) - P,(dBm), ~ (0.1)
Where Pr, Pg, Gr and Gr denote de transmitted power, the received power, the transmitter
antenna gain and the receiver antenna gain, respectively.

According to the literature, the modeling method for Path Loss inside the complex
environment of an aircraft is the empirical model of log-distance [25], expressed as follows:

PL(d) = PL, +10nlog, (d)+ X, (0.2)
Where PLy is the intercept, d is the Tx-Rx separation distance in meters, and n is the PL
exponent dependent on the specific propagation environment indicating the rate at which PL



increases with distance. In free space propagation, n equals 2. X, denotes shadow fading with
standard deviation o.

Fig 5 shows the scatter plot of the simulated values path loss for a height of 0.92m with
respect to the transmitter-receiver separation in logarithmic scale. Additionally, the linear
regression line, resulting from a minimum mean square error (MMSE) analysis, is shown. The
corresponding path loss exponent is n=0.98 with a standard deviation of 0=11.6. Accordingly, n
is quite smaller than for free space propagation. This is due to the multipath components
which are really rich and significant; hence energy decreases slowly within the indoor
environment. The value of n lies in the range of values found for indoor radio wave
propagation in complex environments [25, 58].
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Fig. 5. Path loss versus Tx-Rx separation with linear regression fit.

As stated previously, in an indoor environment the median value of the signal strength is
monotonous decreasing with distance. The median level is subject to two major variations.
One is large-scale signal variations, which it has been found to be normally distributed [59], as
it is previously shown in Fig. 5. The second variation is the small-scale variation (on the order of
tens of wavelengths) due to the vector combination of multiple rays arriving at the local
vicinity of the portable communications antenna. The small-scale variation for narrowband
signals is distributed according to Rayleigh statistics [59]. An analysis of the small-scale fading
within the aircraft has been made. The probability density function (PDF) of a Rayleigh-
distributed random variable is given by
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Where f(s) is the envelope of the voltage distribution of the signal, and o? represents the
average signal power. Fig 6 illustrates that the small-scale variations inside this complex

environment lead to a Rayleigh behavior which is typical of the signal statistics encountered in
many indoor environments [59].



Signal statistics (X-axis, Y=3, Z=0.92) and Rayleigh PDF
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Fig. 6. Signal statistics compared with Rayleigh PDF for height 0.92m.

4. Radioplanning Simulation Analysis Results

Once the simulation scenario has been defined, radioplanning results can be obtained.
As it can be seen in Figure. 7 three kinds of cut planes are presented: on one hand
vertical cut planes of RF power distribution are represented by XZ planes and on the
other hand horizontal cut planes of RF power distribution are represented by XY
planes, for first deck or height (H1) and for the second deck or height (H2).

XZ Plane

H2-XY Plane

H1-XY Plane

Figure 7 Representation of the cut planes used for obtaining data

The location of radiating elements which represent potential coverage sectors or
hotspots play a key role in the operation of the planned systems and hence on the
radioplanning election for the final network to be deployed. In Figure 8 XZ planes for
900 MHz and Y=1.70m, Y=2.29m and Y=4.68m are depicted. Considering that XY (0,0)
point is situated in the right wall of the aircraft and the antennas in the left wall, it can
be shown that the highest power levels are in Y=4.86m plane.



Received Power[dBm]
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Figure 8 Estimation of received power for three different values of Y and 900 MHz
frequency in XZ planes with the aircraft overhead (Full Aircraft).

Due to the fact that commercial communication systems such as WLANs or Wireless
Sensor Networks can operate in several frequency bands, radioplanning estimations
should be obtained for the eventual frequency allocation to be adopted. Figure 8(b)
and Figure 9 present simulation results for radiating elements operating at 900MHz,
2.4GHz and 5GHz, where for the same Y=2.39m XZ plane the power level obtained
emitting with 900MHz is higher than for 2.4GHZ and both are higher than the power
received with 5GHz, as can be expected.



Received Power[dBm]
Graph XZ for Y=3.29m, F=2.4GHz
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Figure 9 Estimation of received power for 2.4GHz (a) and 5GHz (b) and Y=3.29m in XZ
planes with the aircraft overhead (Full Aircraft).

In Figure 10 the empty aircraft scenario is represented in the same conditions as the
previous ( Y= 2.29m) for 900 MHz operating frequency. Comparing with the second
graph of Figure 8 where the airplane is full the difference is visible. In the latter case
the level of power is lower, due to the multipath contribution that has been caused by
the absence of seats which absorb a substantial amount of the power which is
ricocheting in full aircraft causing non negatively coupling.

Received Power[dBm]
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Figure 10 Estimation of received power for 900Hz and Y=3.29m in XZ planes with the
aircraft overhead (Empty Aircraft).



This behavior is depicted in Figures 11 and 12 where XY H1 and H2 planes are
compared in empty and full aircraft for 900 MHz. Also, distance dependence is visible,
bearing in mind that the antennas are located in the left wall, higher power is received
in the left side of the aircraft. A low height (0.60m) has been chosen for H1 and H2 so
the antenna influence is visible, because in second deck first height and second height
antennas power is added and a higher power level is received compared with H1's
0.60m(Figure 8).

Received Power[dBm]
Graph XY for Z=0.60m, F=900MHz
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Figure 11 Estimation of received power for 900 MHz and Y=0.60m in XY planes for full
(a) and empty (b) aircraft with its picture overhead (H1).

In Figure 13 a comparison between full aircraft and empty aircraft linear distance
power distributions for 2.4GHz and 5GHz are depicted. Both the frequency
dependence of radiopropagation losses and the difference among full and empty
aircraft can be quantitatively seen, receiving more power in the full aircraft scenario
and a difference of 5 dB between both operating frequencies.
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Graph XY for Z=0.60m, F=900MHz
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Figure 12 Estimation of received power for 900 MHz and Y=0.60m in XY planes for full
(a) and empty (b) aircraft with its picture overhead (H2).

Comparison between Received Power [dBm] in Z= 1.36m height (f:2.4GHz, y:2.90m)
for empty and full aircraft
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Figure 13 Comparison among the estimation of received power for Z=1.36m and
Y=2.90m using 2.4GHz (a) and 5GHz (b) in empty and full aircraft




5. Impact of Multipath Propagation in the Aircraft Cabin

The difference among full and empty aircraft can be derived by observation of Power
Delay estimations (Figure 14) where the power of the equivalent rays that cross one
point for a given time period is depicted. Random seat side points for H1 and H2 have
been chosen for those estimations. The aircraft cabin is mainly composed of metal
giving rise to a very reflective environment and a high level of reflections are
produced, increasing the probability that two or more rays cross the same observation
point. When a ray crosses an absorptive object like a passenger seat a considerable
amount of electromagnetic energy is lost and the number of the rays which can reach
a point in space is decreased. In this sense delay spread is increased when the airplane
is empty due to the fact that multi-path components are higher and some rays will be
received later than in a full aircraft scenario.
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Figure 14 Comparison between power delay estimation for two seat side random points
in H1(a) and H2(b) in full and empty aircraft(2.4GHZ).

In Figure 15 and Figure 16 the comparison between power delay distributions in full
and empty aircraft is depicted for 5GHz and 900 MHz. As expected, higher level of
power is received with lower frequencies but the elapsed times of ray arrivals are
increased.
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Figure 15 Comparison between power delay estimation for two seat side random points
in H1(a) and H2(b) in full and empty aircraft(SGHz).
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Figure 16 Comparison between power delay estimation for two seat side random points
in HI(a) and H2(b) in full and empty aircraft(900MHz).

Delay spread is depicted in Figure 17 for the same two XY planes in full and empty
aircraft. In those graphs the mentioned difference among full and empty aircraft is
more noticeable, given by the absorption within the aircraft cabin.



Delay Spread Graph for Z=1.15 m, F=2.4 GHz (Full Aircraft)
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Figure 17 Estimation of delay spread inside full(a) and empty(b) aircraft in H2
(2.4GHz).

In Figure 18 the differences among the three frequencies delay spread is depicted. As
it can be seen, there is a strong dependence of multipath components with the
observation point, given by the inherent complexity in the morphology of the airplane
environment. Moreover, comparison between the full aircraft and the empty scenario
(i.e., no seats) shows that absorption effects in the full scenario modify the overall
time distribution of the received field components. Therefore, radioplanning tasks
within the aircraft cabin require the consideration of elements such as seats or
baggage compartments in order to fully account for propagation losses and adequately
deploy the on board antenna systems.
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Figure 18 Difference between the delay spread estimated for three frequencies,
900MHz vs 5GHz (a), 2.4GHz vs 5GHz(b) and 900MHz vs 2.4GHz(c).

6.Conclusions

In this work, the characterization of wireless propagation in the main cabin of a
commercial aircraft is analyzed. By means of in house implemented 3D ray launching
code, estimation of radiopropagation losses as well as power delay profiles and power
delay spread are obtained for the complete volume of a two deck Airbus A-380
aircraft. The simulation results have been obtained for different frequencies of



operation (900MHz, 2.4GHz and 5GHz) in order to consider the use of multiple
spectrum allocated systems, mainly on board WLANs and Wireless Sensor Networks.
Topology as well as morphology of the main cabin play a relevant role in the
estimation of radiopropagation losses and hence, on the final radioplanning results.
Complete morphological details, such as passenger seats, overhead luggage
compartments, bathrooms and access stairs has been considered and their impact on
multipath components has been estimated by comparing with an empty cabin. The use
of deterministic simulation techniques such as 3D ray launching and the analysis of
spatial power distribution as well as time dependent characteristics can aid in the
deployment strategy of on board wireless systems, in order to minimize total
interference, increase system performance and reduce power consumption.
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