
18 

Modelling of the Wireless Propagation 
Characteristics inside Aircraft 

Carl James Debono, Reuben A. Farrugia and Keith Chetcuti 
University of Malta 

Malta 

1. Introduction      
Advances in wireless communications technology and more sophisticated portable devices 
have led to a drastic increase in wireless services and applications.  This advancement was 
made possible through hardware improvements which allow more functions to be 
implemented in smaller sized devices. The demand for more wireless services has pushed 
the industry and the research community to increase the communication data rates, 
connectivity, and availability. The increase in the user base has also brought a decrease in 
the cost of the services.  
Although wireless access is becoming available in all public places around the world, this is 
still not the case for the air passengers who are cut off from wireless services during the 
duration of the flight. Deployment of wireless technology inside aircraft is still a hot issue 
due to uncertainties related to interference. Yet, the European Commission has prepared the 
legal framework for wireless connectivity inside aircraft in April 2008 (Commission, 2008). 
Aircraft manufacturers will benefit from this technology by exploiting wireless networks to 
reduce the cable complexity, hence the weight of the aircraft, and by providing new in-flight 
services, such as online passenger meal selection, service request and video on demand.  On 
the other hand, provisioning of wireless service during flight would profit passengers, since 
they gain seamless access to common wireless services, such as phone, Internet, and 
multimedia communications. 
A wireless network can always be designed using a measurement campaign, whereby 
transmitters are placed in strategic locations inside the aircraft and measurements are taken 
at all points inside the aircraft. This solution is very expensive and requires repetitive 
readings to measure the propagation losses at all the frequencies lying within the frequency 
band of interest. These measurements have to be done on all the aircraft models and for 
every different furniture configuration. While the latter is not much of concern in 
commercial aircrafts, since these are quite similar in terms of furniture location, this creates a 
sensible issue in the business jet market, where each aircraft’s configuration is tailor-made 
for the customer. With such requirements, it is not possible to find the ideal antenna 
locations using measurement techniques.   
This calls for the development of an accurate computer model that can estimate the 
propagation characteristics inside any aircraft. This model must be capable of estimating the 
power level that can be received at any point inside the enclosed structure, thus creating a 
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propagation map. Therefore, any changes in aircraft model and/or its configuration can be 
easily accommodated and the propagation map recomputed. This map can then be used to 
determine the parameters associated with the quality of the wireless channel, hence making 
the characterisation of the wireless channel possible. 
In this chapter we present the application of ray tracing techniques, which are based on 
geometric optics, to model an IEEE 802.11a wireless system propagation map. This 
technique has become viable with the increased computational power and speeds available 
in today’s computer technology. The developed propagation model can be used to 
maximise the coverage within the aircraft cabin and to minimise the power emitted from 
each access point, by determining the optimum location of its antenna. The cabin presents 
an interesting scenario because the space within it is limited and there is a high density 
clutter, because of the furniture and seats, resulting in merely any line-of-sight transmission 
between the server and the client locations. This implies that propagation inside aircraft is 
mainly due to reflection, transmission and scattering. Also the cabin does not have any 
attenuation caused by walls as present in normal office environments. We will also discuss 
how multipath, coherence bandwidth and time dispersion parameters can be obtained, from 
the computer model, and used to model the channel. These parameters indicate whether 
inter-symbol and inter-carrier interference will be experienced by the channels. 

2. IEEE 802.11a model 
2.1 Overview of the IEEE 802.11 standards 
The IEEE 802.11 standards deployed today are a result of technological advancements, both 
in hardware and software. The first IEEE 802.11 standard was deployed in 1997 with a 
maximum throughput of 2Mbps (Crow, B.P. et al, 1997). This has gone a long way and 
current amendments are looking at high speeds of more than 100Mbps (Paul, T.K. & 
Ogunfunmi, T. 2008). The IEEE 802.11 standard has a mandatory throughput of 1Mbps 
which can be extended to 2Mbps. The standard permits three physical layer 
implementations, namely, frequency hopping spread spectrum (FHSS), direct sequence 
spread spectrum (DSSS), and Infra red (IR). The FHSS technique uses Gaussian frequency 
shift keying (GFSK) for modulation, while DSSS and IR utilise differential binary shift 
keying (DBPSK) / differential quadrature phase shift keying (DQPSK) and pulse position 
modulation (PPM) respectively (Crow, B.P. et al, 1997).  
IEEE 802.11a presents data rates of up to 54Mbps and uses the 5GHz unlicensed national 
information infrastructure (U-NII) frequency band. The physical layer uses orthogonal 
frequency division multiplexing (OFDM) multicarrier transmission. The modulation 
schemes used are binary phase shift keying (BPSK), quadrature phase shift keying (QPSK), 
and quadrature amplitude modulation (QAM) (IEEE standard, 2003). 

2.2 Orthogonal frequency division multiplexing 
The application of OFDM to wireless communications has gained ground in the last decade.  
The main features offered by this technology are: (i) OFDM is spectrally efficient (Can De 
Beek, J.J. et al, 2002) and (ii) it increases robustness against frequency selective fading 
(Yomo, H. et al, 2005). The latter is because in a multi-carrier system, it is highly improbable 
that a fade will affect all the subcarriers and the system can still function.  
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The orthogonal subcarriers overlap one another making the system bandwidth efficient 
when compared to non-overlapping multi-carrier systems. This characteristic makes sure 
that the subcarriers do not interfere with each other. The input stream is divided into N data 
streams, corresponding to the number of subcarriers, and each subcarrier modulates one of 
these low rate data streams. A multiplex of these modulated subcarriers results in an OFDM 
symbol. 
One of the problems with OFDM is that orthogonality can be lost if the signal is transmitted 
over a dispersive channel causing inter-carrier interference (ICI). This problem can be solved 
by introducing a cyclic prefix (Peled, A. & Ruiz, A., 1980). This solution also prevents inter-
symbol interference (ISI) between consecutive OFDM symbols. This means that simple one-
tap equalizers, implemented at the receiver, are enough to offer protection against ICI and 
ISI, making the use of OFDM possible in wireless environments.  

2.3 IEEE 802.11a PHY layer 
The physical (PHY) layer interfaces the medium access control (MAC) layer to the wireless 
medium. The table below (IEEE standard, 2003) gives a summary of the permissible data 
rates and their characteristics. A block diagram illustrating how a symbol is generated in the 
PHY layer is presented in Figure 1. 
 

Mode Data rate 
(Mbps) Modulation Coding rate

(R) 

Coded bits 
per 

subcarrier 

Coded bits 
per OFDM 

symbol 

Data bits per 
OFDM 
symbol 

1 6 BPSK 1/2 1 48 24 
2 9 BPSK 3/4 1 48 36 
3 12 QPSK 1/2 2 96 48 
4 18 QPSK 3/4 2 96 72 
5 24 16QAM 1/2 4 192 96 
6 36 16QAM 3/4 4 192 144 
7 48 64QAM 2/3 6 288 192 
8 54 64QAM 3/4 6 288 216 

Table 1. IEEE 802.11a physical layer parameters. 
 

 
Fig. 1. Block diagram of IEEE 802.11a symbol generation 

The data coming from the higher layers is first scrambled and protected by the 
convolutional encoder. Puncturing is applied to these symbols, when necessary, to obtain 
the output symbol. Symbol interleaving is applied to protect the sequence from burst errors, 
by introducing sparsity between consecutive data elements. The new data sequence is 
mapped using the operating modulating scheme and a serial-to-parallel converter divides 
the data stream into 48 different streams, corresponding to the number of carriers. Pilot 
signals are then inserted to aid in the demodulation and the channel estimation process at 
the receiver side. The inverse Fourier transform (IFFT) converts the signal back into the time 
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domain. A cyclic prefix is added to each symbol before re-converting the streams to a single 
data stream. This cyclic prefix helps in preventing ISI between adjacent symbols and ICI 
between adjacent carriers. The length of this prefix is a design parameter which depends on 
the application, since it must be larger than the delay spread of the channel to guarantee that 
no ISI or ICI distortion effects are introduced in the system. 
The OFDM PHY layer divides the information signal across 52 subcarrier frequencies. From 
these, 48 are used for data transmission and 4 are used by the pilot signals. Another 12 
subcarriers are used as cyclic prefix. The available bandwidth is 20MHz and each subcarrier 
is separated by 312.5kHz. With this configuration, each symbol has a duration of 4μs, where 
the IFFT information has a period of 3.25μs while the cyclic prefix uses the remaining 0.75μs.  

3. Propagation model 
The geometry inside an aircraft contains high density clutter, very different from typical 
office and home scenarios. This means that severe wireless propagation conditions prevail. 
The advances in computer computation power has made ray tracing modelling possible. 
Ray tracing techniques offer an adequate representation of the wireless propagation 
characteristics inside closed, high clutter environments (Diaz, N.R. & Achilli, C., 2003).  
The method uses the theory of geometric optics (GO) and is a brute-force solution. Rays are 
launched from a transmitter at a fixed power level and an estimate of the power levels along 
the path is found. These rays will undergo reflection, refraction and diffraction as they 
impinge on the structure of the cabin and the furniture found along the path.  The result is a 
three-dimensional map of the power levels inside the aircraft.  This map therefore represents 
an estimate of the field strength that would be received by mobile terminals at any position 
inside the aircraft.  

3.1 Ray tracing technique 
The two most popular ray tracing techniques are: (i) the method of images, and (ii) the 
method of shoot and bounce. The first solution gives the exact radiation pattern when the 
environment is smooth, infinite, or made up of semi-infinite perfect electrically conducting 
surfaces arranged in a limited set of canonical geometries (Diaz, N.R. & Achilli, C., 2003).  
The second method is more suitable for complex environments and is therefore used for the 
propagation modelling inside the aircraft. 
In the cabin environment, the signal wavelength, i.e. 5.7cms, is much smaller than the 
dimensions of the clutter inside the structure and therefore the approximation of the GO 
hypothesis holds. This implies that ray tracing can be safely used to model the system. A ray 
is associated with a local plane wave which can be represented by (Diaz, N.R. & Achilli, C., 
2003): 

 0222 =+∇ ψψ nk  (1) 

where ψ is the waveform function which governs the scalar wave propagation, k is the wave 
number, and n is the reflection index of the medium. Solving for ψ gives (Diaz, N.R. & 
Achilli, C., 2003): 

 jkSAe−=ψ   (2) 

https://www.researchgate.net/publication/224794129_Cabin_Channel_Characterization_for_Personal_Communications_Via_Satellite?el=1_x_8&enrichId=rgreq-b40d4faffb38af8768e58b3341e64a53-XXX&enrichSource=Y292ZXJQYWdlOzIyMTkwNjg0NDtBUzo5OTEyMjE1NzcxOTU2OEAxNDAwNjQzOTcyNjUx
https://www.researchgate.net/publication/224794129_Cabin_Channel_Characterization_for_Personal_Communications_Via_Satellite?el=1_x_8&enrichId=rgreq-b40d4faffb38af8768e58b3341e64a53-XXX&enrichSource=Y292ZXJQYWdlOzIyMTkwNjg0NDtBUzo5OTEyMjE1NzcxOTU2OEAxNDAwNjQzOTcyNjUx
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where A is a function which determines the amplitude of the wave and the function S 
determines the direction and phase. Using equations (1) and (2), we can conclude that if 

 2
2

2
n

k
<<

∇
 (3) 

a solution which does not depend on the frequency of operation can be obtained and 
therefore geometric optics can be used. 
As the rays pass through the medium they will experience reflection, refraction and 
diffraction. This occurs because of the obstacles found in the path between the transmitters 
and the receivers.  If we assume that the obstacles found in the cabin environment are made 
up of homogeneous material, we simplify the model as each surface can now be described 
through its dielectric constant, magnetic permittivity and conductivity. This assumption 
implies that diffraction is not taken into consideration.  
If two media possessing different conductivity and permittivity characteristics are assumed 
to be separated by an infinite plane, then we can obtain equations that relate the reflected 
electromagnetic wave to the incident wave and the properties of the media. Polarization 
effects must also be considered and this is done by splitting the electric field into two 
components; a component which lies parallel to the incident surface and another one which 
lies perpendicular to it. The refracted and reflected rays can be estimated by multiplying 
each component to the corresponding Fresnel’s coefficient, given by (James, G.L., 1986): 
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where θ is the angle of incidence, and σλπηεε )2/(ˆ jrr −=  is the relative complex dielectric 
constant.  In this equation, εr is the relative dielectric constant, σ is the conductivity of the 
materials, λ is the wavelength in meters, R is the reflection coefficients, and T is the 
refraction coefficients. These relations are valid in this case as the medium is air, which 
presents a dielectric constant of ε0 (Diaz, N.R. & Achilli, C., 2003). 
The Fresnel reflection coefficients will account for reflections coming from smooth surfaces.  
However, this is not the case for the environment being considered. The Rayleigh criterion 
(Bothias, L., 1987) can be used as a roughness test.  When a surface is rough the incident’s 
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ray energy will be diffused in angles other than the main angle of reflection, and therefore 
there is a reduction in the energy of the main reflected ray (Landron, O. et al, 1993). The 
critical height, hc, in meters, defined by the Rayleigh criterion is given by: 

 
i

ch θ
λ

cos8
=   (8) 

where λ is the wavelength of the signal and θi is the angle of incidence.  
A surface is considered to be rough if the protuberances exceed hc. In such cases the 
reflection coefficients (R⊥ and R║) have to be modified by the scattering loss factor (Hashemi, 
H., 1993): 

 
2 2cos cos
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πσ θ πσ θ
ρ

λ λ
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  (9) 

where σh is the standard deviation of the surface height. The reflection coefficients thus 
become: 

 ( ) ( )smoothsrough RR ⊥⊥ = ρ   (10) 

 ( ) ( )
smoothsrough

RR |||| ρ=   (11) 

Within the IEEE 802.11a frequency band, the critical height varies from 7mm at an angle of 
1° to 40.9cm at an angle of 89°.  Inside the cabin, we will not find large roughness in the 
materials used. Figure 2 shows the profile of the scattering roughness factor for an IEEE 
802.11a system. From this figure, it can be seen that the ray can loose up to 75% of its energy 
when it hits a surface. 
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Fig. 2. Scattering roughness factor against incident angle at 5.25GHz 

https://www.researchgate.net/publication/224529811_In_situ_microwave_reflection_coefficient_measurements_for_smooth_and_rough_exterior_wall_surfaces?el=1_x_8&enrichId=rgreq-b40d4faffb38af8768e58b3341e64a53-XXX&enrichSource=Y292ZXJQYWdlOzIyMTkwNjg0NDtBUzo5OTEyMjE1NzcxOTU2OEAxNDAwNjQzOTcyNjUx
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3.2 Signal strength propagation model 
Considering the layout of a typical A340-600 cabin, an aircraft model which includes the 
furniture is developed. The signal strength at each location inside the aircraft is determined 
by placing the access points at fixed locations inside the aircraft. Rays are then launched 
from each transmitting antenna. By vectorially adding all the rays passing through all the 
points inside the cabin, we obtain an estimate of the signal strength at each position within 
the aircraft.  Therefore, a propagation map which indicates the radio coverage is created. 
A ray leaving the transmitter will travel in free space until it impinges on a surface. At this 
point it is reflected or reflected and refracted as illustrated in figure 3. The rays that result from 
this interaction are launched again with the new power level from the point of collision. This 
process will be repeated until the power of the ray falls below a pre-determined threshold. 
 

 
Fig. 3. The ray tracing technique (a) main ray, (b) reflected ray, and (c) refracted ray 

The power that is received by the path of the kth ray that reaches a single point, is given by 
(Diaz, N.R. & Achilli, C., 2003): 

 
2

4k T T R i j
i j
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π
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⎝ ⎠
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where PT is the transmit power in Watts, GT and GR are the transmitter and receiver gains 
respectively, λ is the wavelength in meters, r is the total unfolded path length in meters, Ri 
and Tj are the reflection and refraction coefficients respectively (determined by equations (4) 
to (7)), and i and j are the indexes that increment over reflection and refraction respectively. 
The polarization model can be simplified using techniques found in (Chizhik, D. et al., 
1998). The phase, φk, of the received field is computed from the fast fading prediction, where 
φk is a function of the unfolded path length and the number of reflections.  The signal 
strength at a point in the aircraft can thus be evaluated using: 

https://www.researchgate.net/publication/224794129_Cabin_Channel_Characterization_for_Personal_Communications_Via_Satellite?el=1_x_8&enrichId=rgreq-b40d4faffb38af8768e58b3341e64a53-XXX&enrichSource=Y292ZXJQYWdlOzIyMTkwNjg0NDtBUzo5OTEyMjE1NzcxOTU2OEAxNDAwNjQzOTcyNjUx
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and 

 shk Rkr +=φ  (14) 

where k is the wave number per meter, r is the length of the path in meters, and Rsh is the 
phase shift due to the reflection in radians. 

3.3 The reflection model 
Reflection is implemented according to Fermats principle.  The direction of the reflected ray 
is found using: 

 nvnvr )(2 ⋅−=  (15) 

where v is the incident ray, n  is the normal to the plane of incidence, and ⋅ is the dot 
product operator.  In the cabin environment we will experience a large number of 
reflections, from every surface.  Using Fresnels coefficients, defined above, the rays will 
experience a phase shift of π radians every time there is a reflection.  The field power of the 
reflected signal becomes: 

 22
|| ⊥+= rrr PPP  (16) 

where 

 
2

|||||| RPP ir ⋅=  (17) 

 2
⊥⊥⊥ ⋅= RPP ir  (18) 

 θcos|| ii PP =   (19) 
and 

 θsinii PP =⊥  (20) 

The subscripts r and i represent the reflected ray and the incident ray respectively.  
The GO principle can also be used to model the propagation of the waves as they hit the 
curved walls of the aircraft. This can be done because the radius of curvature of this surface 
is very large compared to the wavelength of the signal. Therefore, the incident ray is 
reflected at the tangential plane of the surface at the point where the incident ray impinges 
on the cabin wall. 

3.4 The refraction model 
The propagating signal experiences refraction whenever the ray hits an obstacle. The rays 
which are refracted in a direction of travel which lies outside the aircraft are assumed to be 
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absorbed within the material. This is because we are not interested in the rays which leave 
the aircraft. The direction of the refracted ray can be calculated using (Diaz, N.R. & Achilli, 
C., 2003): 

 nnvnnvnvnt ⎟
⎠
⎞⎜

⎝
⎛ −−+−= )),(1(1),( 22  (21) 

where n = n1/n2 and n1 and n2 are the refraction indexes of the two different media. 
The refracted power is calculated using the following: 

 22
|| ⊥+= ttt PPP  (22) 

where 
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|||||| TPP it ⋅=  (23) 

 2
⊥⊥⊥ ⋅= TPP it  (24) 

where the subscripts i and t represent the incident ray and refracted ray respectively.  The 
model assumes that the obstacles encountered by the rays have constant dielectric 
properties. 

3.5 The access point model 
Each IEEE 802.11a access point is assumed to have an omni-directional antenna. This 
simplifies things as the access point can be modelled as a point source which radiates the 
rays uniformly in the three-dimensional space. The Monte Carlo stochastic launching model 
(Diaz, N.R. & Achilli, C., 2003) is then used to model each transmitter deployed on the 
aircraft.  This will generate rays having random directions within the cabin with equal 
probability. This ensures that no region within the cabin will contain more rays than 
another, something which would otherwise skew the results. 
The one-dimensional probability density functions are given by (Diaz, N.R. & Achilli, C., 
2003): 

 ∫ ==
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φθθ
θφφθθ
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, 2
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π

φθφ π
θφθθ
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, 2
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where φ and θ are the spherical coordinates, with 0 ≤ φ ≤ 2π and 0 ≤ θ ≤ π.  These two 
randomly distributed variables are generated using: 

 ( )121arccos ξθ −=  (27) 

and 
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 22πξφ =  (28) 

where ξ1 and ξ2 are random variables which are distributed in [0,1] and in [0,1) respectively.  

3.6 Multipath characteristics 
We know that the aircraft layout has a very high object density. These objects produce a lot 
of reflections and refractions as the signals propagate. Therefore, the signal strength arriving 
at a receiver is highly affected by the large number of multipath signals arriving at that 
location. These signals will be added vectorially by the receiver hardware. The impulse 
response can be used to obtain the channel characteristics in these scenarios. 
The impulse response of the channel can be modelled using (Hashemi, H., 1993) and (Saleh, 
A.A.M. & Valenzuela, R.A., 1987).  The time invariant impulse response is expressed as a 
sum of k = 1 …. N multipath components, each having a random amplitude ak, delay τk, and 
phase θk: 
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=
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The three main distributions that are used in communications theory to model multipath 
effects are the (i) Nakagami, (ii) Rician, and (iii) Rayleigh distributions. At a point inside the 
aircraft, the signal will experience different fading characteristics as the number of 
multipath components reaching that point varies. The Rician distribution is more 
appropriate to scenarios having a dominant line-of-sight signal, which is not the case for the 
cabin environment. The choice is therefore between the Nakagami and the Rayleigh 
distribution models. The study in (Can De Beek, J.J. et al, 2002) shows that the multipath 
distribution of an indoor channel can be better represented by a Nakagami distribution.  
This distribution is characterised by the cumulative density function: 

 2 1 22( , , ) exp
( ) up x x x

μ
μμ μμ ω

μ ω ω
− ⎛ ⎞= −⎜ ⎟Γ ⎝ ⎠

 (30) 

where μ is a shape parameter and ω controls the spread of the distribution. 
These distribution parameters have to be extracted from the simulation model. In order to 
do this, the total number of multipath rays and the maximum and minimum delay times 
must be recorded for each location inside the cabin. The area inside the cabin is divided into 
areas, called cells.  All the data that is located within the same cell number, which represents 
the cell distance from the transmitter, is clustered together. The Nakagami model is then fit 
to this data. Hence, this will give a list of fit parameters that model the multipath 
propagation inside the cabin.  

3.7 Time dispersion parameters 
The IEEE 802.11a channel parameters are characterised by the time dispersion parameters.  
The main components are composed of: (i) the mean excess delay, and (ii) the root-mean-
square (rms) delay spread. These parameters give an estimate of the expected performance 
that the wireless system will achieve if deployed in the cabin environment. These 
parameters are then input to the top level IEEE 802.11a system model to obtain the bit error 
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rate (BER) of the channel. The BER results are then used to get an estimate of the quality of 
service (QoS) and other data transmission characteristics. 
The mean excess delay, τm, is defined as: 
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while the rms delay spread, τrms, is: 
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where τk is the delay of the kth multipath ray with a normalised amplitude of ak, and τ1 is the 
delay of the line-of-sight signal. 

3.8 Coherence bandwidth 
The coherence bandwidth, Bc, is a measure of the range of frequencies over which two 
frequency components are likely to have amplitude correlation (Rappaport, T.S., 2002).  This 
bandwidth is related to the rms delay spread. Two signals centered at frequencies that have 
a separation which is less than or equal to Bc will have similar channel impairments.  
Otherwise the signals can experience frequency selective fading. 
For a frequency correlation function of 0.9 or above, Bc can be approximated by (Lee, 
W.C.Y., 1989): 
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while for a frequency correlation function above 0.5, this approximation becomes: 
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Results within a business jet can be found in (Debono, C.J. et al, 2009). For the system to 
guarantee that the receiver does not experience inter-symbol interference and/or inter-
channel interference, the guard interval at any location within the cabin must be less than 
800ns (as specified in the IEEE 802.11a standard). Moreover, the system will only introduce 
flat fading if the coherence bandwidth is greater than the bandwidth of the subcarriers, 
which is equal to 312.5kHz. 

4. Simulation results 
4.1 The cabin model 
A three-dimensional model of the cabin can be developed using any computer aided design 
(CAD) software. This model can then be imported in the simulation software, which for this 
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work was developed in Matlab®. The propagation characteristics presented here relate to an 
Airbus A340-600 but further results on a Dassault Aviation business jet can be found in 
(Debono, C.J. et al, 2009) and (Chetcuti, K. et al, 2009). The structure of the aircraft is 
modelled through a cylinder which represents the fuselage and a horizontal plane to model 
the floor. Furniture and the stowage bins were also included as shown in Figure 4. 

 

Fig. 4. Cross-section of cabin without seats (a), and with seats (b). 

The seats have a specific thickness and are modelled as two intersecting planes. The 
dielectric constant, permittivity and conductivity depend on the material used. Typical 
values of the materials used inside the cabin of the aircraft are given in Table 2. 
 

Material Electric 
Conductivity 

Relative 
Permittivity 

Aluminium 4E7 Inf 
Leather 1E-2 3 
Wood 1E-2 3 

Table 2. Electrical characteristics of materials used inside a cabin 

4.2 Simulation environment 
The ray tracing algorithm is implemented in Matlab®. A flow chart of the main algorithm is 
shown in Figure 5. The geometry file used by the developed simulator represents the typical 
environment of the aircraft under test. The signal strength propagation map is determined 
by launching 200,000 rays from each transmitter antenna. The equivalent isotropic radiated 
power from each access point is 30dBm. At any particular cell inside the cabin, the signal 
strength is determined by summing the power levels of all the rays passing through that 
point. This implies that the received signal is a distorted version of the transmitted signal. 
As discussed in section 3.5, the starting direction of each ray is determined using Monte 
Carlo techniques, where two random numbers, representing the angles in spherical 
coordinates, in the range 0 to 2π and 0 to π respectively are generated. Each ray is traced one 
cell size at a time, where at each cell position, the simulator assesses whether the ray is still 
inside the aircraft. If it is found to lie outside the aircraft, then the trace ends there and the  
 

(a) (b)
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Fig. 5. Flowchart of the ray tracing method 

simulator goes back to the antenna to start a new ray trace. If the ray is still inside the 
aircraft, the propagation loss is calculated. The new power level is compared to the 
predetermined threshold, which in our case is set to -120dBm, and if it is above this 
threshold a check is performed to test whether the ray has impinged on a surface. The  
-120dBm level is well below the minimum detectable signal for IEEE 802.11a, but because of 
the multipath effects some margin is required to allow for the eventuality that the 
vectorially summed power level could still exceed the -100dBm limit defined in the 
standard. The received signal strength at the receiver affects the signal-to-noise ratio (SNR) 
posing a limit on the maximum useable data rate for error free communication. 

4.3 Results 
Placing just one access point inside the aircraft limits the number of users that can access the 
network. This occurs because of the limited capacity that would be offered and the radio 
propagation coverage that can be obtained with reasonable transmit power levels. The 
higher the power emanating from the access point, the more interference it is likely to cause 
to the aircraft’s electronics. The simulator developed can be used to determine the optimum 
number of access points and their position within the aircraft.  An analysis for the optimum 
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antenna locations for a Universal Mobile Terrestrial System (UMTS) is found in (Debono, 
C.J. & Farrugia, R.A., 2008).  
The resulting propagation map for the A340-600, using four IEEE 802.11a access points, is 
shown in figures 6 to 9.  Figure 6 presents the view from the antenna plane, Figure 7 shows 
the top view at the middle of the aircraft, Figure 8 shows the side view, while Figure 9 
shows cross-sections looking from the front of the aircraft. 
 
 

 
 

 

Fig. 6. Propagation map at the antenna plane. The four access points are shown by the areas 
of maximum signal concentration.  

 
 

 
 
 

Fig. 7. Propagation map at the middle of the aircraft as seen from the top. 
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Fig. 8. The propagation map as seen from the side; (a) aisle, and (b) across a column of seats. 

 
 

 

 

Fig. 9. The propagation map as seen from the aisle; (a) at the front row, and (b) near one of 
the access points.  

(b)(a)
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The simulator has also been used to model the propagation inside a business jet. A 
measurement campaign was done in this case to compare the results obtained and 
determine the confidence level of the simulations. The results have been presented in 
(Chetcuti, K. et al, 2009) and show that the model is reasonably accurate, especially within 
the cabin area. 

5. Conclusion 
This chapter has given the theoretical background necessary to develop a radio propagation 
map for an IEEE 802.11a system. The method is based on ray tracing techniques which rely 
on the theory of geometric optics.  This solution can be applied to both commercial aircraft, 
like the A340-600 used in this case, and business jets. The flexibility of the simulator allows 
easy modifications to simulate different frequency bands and different furniture location 
and material. This makes the simulator very attractive especially in the business jet 
environment, where the interior furniture of each aircraft is specifically designed for each 
customer. 
The simulator allows the user to insert the number of access points required and their 
location. Using an intelligent optimisation technique, such as neural networks, genetic 
algorithms and support vector machines, one can find the optimum number of access points 
and their optimum location within the aircraft. This can be done given some constrains 
imposed by the wiring system of the aircraft. 
Moreover, the propagation map gives an idea of the electromagnetic radiation field strength 
hitting the fuselage of the aircraft. A similar method can be used for each portable device 
held by each passenger in the aircraft to simulate the uplink. Therefore, the designer can 
estimate the electromagnetic interference that is generated by the system. Through optimum 
design of the system the electromagnetic interference can be kept within acceptable limits 
and thus ensure that no interference occurs with the aircraft’s navigation and control 
system. 
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