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Optical Wireless Channel Simulation for
Communications inside Aircraft Cockpits

Pierre Combeau, Steve Joumessi-Demeffo, Anne Julien-Vergonjanne, Lilian Aveneau, Stéphanie Sahuguede,
Hervé Boeglen and Damien Sauveron

Abstract—Communications inside an aircraft cockpit are cur-
rently based on wired connections especially for the audio
headsets used by the pilots. A wireless headset would be an
advantage in terms of comfort and flexibility but the use of
classical radio frequencies is limited by interference and security
issues. Optical wireless communication technology is an option for
headset connectivity. Indeed, as optical beams are confined, this
technology provides robustness against the risk of hacking, thus
increasing security. In addition, the use of optical waves ensures
the absence of radio-frequency disturbances. Using simulation,
this paper presents a thorough study of the optical wireless
channel behavior inside the cockpit of an aircraft by considering a
headset worn by a pilot possibly in motion and an access point at
the ceiling. The impact of the characteristics of the environment
model, such as the level of geometric description, the reflectivity
of materials and for the first time, the ambient noise induced by
the sun, is highlighted. System performance is evaluated in terms
of optimal half-power angles and the necessary average optical
power of the light sources.

Index Terms—Optical wireless communication, Infrared trans-
missions, Channel modelling, Simulation.

I. INTRODUCTION

ODAY, it is accepted that the exponential development of

wireless communications could lead to saturation of the
radio-frequency (RF) spectrum currently available [1]. Among
the solutions under consideration for future wireless networks,
the use of an unregulated optical spectrum, covering the
ultraviolet (UV), infrared (IR) and visible bands is a heavily
studied option [2f]. Optical wireless communications (OWCs)
are suitable for a wide range of use cases, offering unique
functionality, especially in indoor environments. Indeed, in
hospital, industrial or aeronautical scenarios, OWCs obviously
offer a robustness to electromagnetic interference and to
hacking of communications, because of the confinement of
optical waves [3[]-[6].

Several projects have focused on the deployment of OWCs
in aircraft. These projects have generally focused on cabin
communications as in-flight connectivity can offer new ser-
vices to passengers [[7]-[12]]. For example, the studied scenarios
included entertainment applications [7], video broadcasting
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[8l], communication between passengers [9]], and even medical
surveillance [[10]. One of the main challenges in the context
of an aircraft is to ensure adequate coverage of the cabin
environment, which requires a thorough analysis of the com-
munication channel [[11]. Many factors affect the quality of
the optical channel, such as the geometry of the environment,
the reflectance properties of the materials, and the parameters
of the sources and receivers. The environment can also be
dynamic, causing changes to these parameters that can affect
the channel. These considerations become very important for
a new use case in an aircraft that involves pilots in the cockpit.

Currently, connections in the cockpit are essentially wired,
especially with regard to audio communications with and
between pilots. A wireless headset would bring comfort and
mobility to the pilots, which is important on long-haul flights.
The crew’s effectiveness would be improved especially in
critical phases such as take-off or landing. OWC technology
has advantages in this scenario because there is no interference
with or disruption of existing radio-frequency connections. In
addition, it is robust against hacking problems and can there-
fore offer a higher level of security than RF signals used for
Bluetooth headset for example. Actually, a major drawback of
RF signals is their sensitivity to attacks from the physical layer
such as listening and jamming because RF waves can penetrate
through walls, thus exposing the information conveyed by
these signals to hackers [[13]. One way to improve the security
against eavesdropping is at the physical layer, where optical
technology has advantages because, unlike RF systems, optical
signals are blocked by opaque objects and therefore cannot
pass through walls. Safety against external eavesdropping can
therefore be improved if no light escapes from the cockpit.

For critical flight phases such as take-off and landing, the
brightness is reduced to accommodate pilots’ eyes in the dark,
in the event of an electrical failure. Thus, to communicate in
this context, the visible band is not appropriate; the IR one is
preferable.

In [14]], and for the first time in the literature, a study
of the 940 nm optical channel for wireless communications
inside an aircraft cockpit was presented. This simulation study
showed the feasibility of bidirectional audio communication
between the devices included in the pilots headsets and an
access point (AP) on the cockpit ceiling, using spatial diversity
on the headset side. Based on the simulated channel gains, the
optimal characteristics of the sources, in terms of half-power
angles were determined. Then, using an on-off keying (OOK)
modulation with a fixed transmission power, the maximum
achievable data rate was evaluated according to the desired
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quality of service (QoS).
However, this former study has some shortcomings in its
approach to the propagation channel modeling:

o The results presented in [14] were obtained for a 3D
full detailed environment model, corresponding to a huge
amount of data, often private and so not accessible, which
leads to heavy computational effort;

o All the materials were considered as perfectly diffuse
surfaces with a single reflectivity value of 0.5;

o A single dynamic scenario (pilot’s head movement) was
studied, with no true mobility inside the cockpit;

o The level of ambient optical noise was fixed, according
to the literature, to the measured value in a conventional
indoor environment at ground level, which differs from
the proposed application;

o The analyses were based on analytical cumulative density
functions (CDF) of channel gain, fitted to simulated data.
Consequently, the minimum values of the CDFs used for
the worst case, were under-estimated, which may have led
to biased conclusions about the need for spatial diversity.

In this article, instead of considering spatial diversity, we
deepen and extend the analysis of the optical wireless channel.
The objective is to study the impact of the characteristics of
the propagation environment on the specifications and perfor-
mance of the connected headset system. The first characteristic
of interest is the level of detail of the geometric description
of the propagation environment model. In addition to the
full detailed cockpit model, we consider a more schematic
one of equivalent volume and shape, and assess their relative
impacts. The second characteristic of interest concerns the
reflective properties of the cockpit materials, which are usually
poorly known, especially for such complex environments.
Surfaces are considered to be perfectly diffuse with variable
reflectivities, but also dielectric in terms of the windscreen,
which is made of glass. Then, a new dynamic scenario relating
to the pilot’s body movements in his seat, and a full mobility
scenario inside the cockpit are proposed and investigated.
Next, the sun’s contribution to the ambient optical noise level
inside the cockpit is evaluated by simulation, for the first time
in the literature. Finally, all the analyses are based on real
simulated link budgets, unlike those conducted in [14].

The paper is organized as follows. The description of the
communication system, along with the channel modelling and
the analysis principle for channel behavior, are presented in
Section Section [l focuses on the determination of the
optimal half-power angles of the sources depending on the
propagation environment model and the reflective properties of
the cockpit’s materials. Section [[V] details the overall perfor-
mance analysis of the system in a generic manner, independent
of the considered modulation. The approach is based on a
signal-to-noise ratio (SNR) evaluation, with specific attention
to the ambient noise due to solar radiation. Then, using a
specific level of QoS, it assesses the necessary optical emission
power, still with regard to the propagation environment model
but also taking into account the reflective properties of the
cockpit’s materials. Power is a critical specification of the
system in terms of autonomy and eye safety. Lastly, Section

(a) (b)

©) (d)

Fig. 1. (a) Outside 3D view of AIRBUS A350 cockpit, (b) inside 3D view
including flight crew, with transceivers on the top of the pilots’ headsets (green
spheres) and on the ceiling (red sphere), (c) outside 3D view of the simplified
cockpit, (d) inside 3D view including crew members.

[V] concludes this paper.

II. OPTICAL CHANNEL ANALYSIS
A. System description

The studied environment is a modern AIRBUS A350
cockpit as illustrated in Fig[I|(a). In this context, we focus on a
scenario using optical wireless links to ensure the connectivity
of headsets worn by the aircraft crew (see FigEkb)). We
suppose that at least one member of the crew wears a headset
continuously during flights. Therefore, it is important to assess
link robustness.

In the following, we consider bidirectional IR links at 940
nm between the transceiver (71,/R,) integrated on the headset
and the AP located on the cockpit ceiling. To avoid interfe-
rences between downlink and uplink, the chosen protocol is
based on time sharing in a half-duplex master-slave network
where the master is the AP and the slaves are the headsets.
The method for the AP consists of a regular succession of
downlink transmissions to each headset one after the other,
followed by their responses in uplink. The most efficient IR
configuration is when the emitted optical beam is directly
in the field of view (FOV) of the receiver, corresponding
to a line-of-sight (LOS) link. However, when using directed
sources, LOS links require careful alignment of transceivers,
resulting in a small coverage and high sensitivity to blockages.
Because of headset mobility linked to pilot movements, the

'Buropean aircraft manufacturer
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(b)

Fig. 2. (a) Transceiver configuration at the headset, (b) random orientation
due to pilot movements.

LOS condition cannot always be fulfilled. Therefore, non
line-of-sight (NLOS) links have to be considered. Thus, in
the specific cockpit environment, multipath contributions are
taken into account, according to the distance between the
transceivers, their respective characteristics and orientations,
LOS and multi-reflected (NLOS) contributions on cockpit
elements, and the presence and movements of the pilot and
co-pilot.

We first investigate an uplink between transmitters located
on the top of the headsets and a receiver, located on the AP
at about 1 m from the top of the pilots and co-pilots heads. It
can be seen in Fig[T[b) that the pilot and co-pilot seats have
very different settings, which represent the two limits of seat
configurations. The pilot is the furthest from the control panel
(his/her face is at 60 cm) at the lowest height (the top of the
head is 40 cm below the ceiling and 1.17 m above the floor).
The co-pilot is the closest to the control panel (his/her face is
at 45 cm) and at the greatest height (the top of the head is 15
cm below the ceiling, and 1.30 m above the floor).

We also examine the downlink for the same positions, the
receiver being either on the pilot’s or the co-pilot’s headset.

For both links, the orientations of transmitters and receivers
at the AP are identical and fixed (black dotted line in FigEKb)).
In contrast, the transmitter and the receiver on the headset
are oriented perpendicular to the top of the pilot’s head
(see Fig[2|a)); therefore their orientation may vary randomly
depending of the pilot’s movements (see Fig[2(b)).

Whatever the link, the pilot and co-pilot are considered as
potential sources of blockages because of their movements.

B. Channel modelling

To determine the channel impulse response, we adopt a
modeling approach based on a stochastic Monte-Carlo method,
associated with the ray-tracing algorithm. Our research labo-
ratory has developed the RaPSor software (Ray Propagation
Simulator), which is an extensible tool based on the Netbeans
platform and coded in Java, for modelling wave propagation in
realistic environments in different frequency domains, from the
radio range to the optical one, in IR and in visible wavelengths
[13]-[19]. This software allows determination of the impulse
response h(t) for a defined link.

The following inputs are required for the simulation: geo-
metric model and reflection characteristics of the simulation

Fig. 3. 3D body model (1004 polygons).

environment, including pilot and co-pilot, definitions of key
features as the maximum number of successive reflections,
and the characteristics/locations of the optical transceivers.

1) Geometric models: The detailed 3D geometric model
of the cockpit (see Fig[I{a) and (b)) is first generated from a
STEP file, a classical CAO data format provided by AIRBUS
in the context of the Aircraft Light Communication research
project funded by the European Union. It is then imported
into RaPSor.

This model represents a very large amount of data: 3.3
million polygons stored in a 283 MB file. Its disadvantages
are mainly related to the fact that these data are private and
sensitive, and therefore often inaccessible to researchers out-
side of contractual frameworks. In addition, and as indicated in
Section[l] it is interesting to determine whether such a model is
necessary for the implementation of the OWC system inside
the cockpit. As a result, a second, much simpler geometric
model is considered as illustrated in FigEkc) and (d). It is
composed of only 20 polygons, and generally represents the
shape of the cockpit, according to its main dimensions, without
considering the furniture and onboard equipment.

In addition to the cockpit itself, important parameters
affecting optical propagation are the pilots’ bodies and the
changes in transceiver orientation resulting from the pilots’
movements. The body model representing the pilot and co-
pilot is a 3D realistic human mesh of 1.8 m height and
composed of 1004 polygons (see Fig[3). It was fully articulated
and animated using the Blender software in order to
take into account realistic dynamic scenarios in our channel
simulations. The choice of human body height doesn’t really
matter. As mentioned in Section [[I-A] the pilot and co-pilot
seats are in extreme configurations. This applies particularly
to the co-pilot’s, which corresponds to a worst case scenario
because his head is so close to the ceiling (15 cm) that the
optical contributions arrive with a grazing incidence on the
headset receiver. Regardless of the co-pilot’s size, the headset
transceivers cannot be closer to the ceiling. In contrast, the
pilot’s seat is at the lowest and most distant height from the
control panel. In this configuration, the transceivers can more
easily collect the different optical contributions. In conclusion,
the behavior of the channel for a pilot of given size is
located between the two studied configurations which can be
considered as limits.

2) Reflection properties of materials: The windscreen is
modelled in pure glass with a refractive index of 1.5, thus
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as a dielectric material reflecting the incident light in a
single direction according to the Snell-Descartes laws. To
characterize the rays’ reflection on the windscreen, we use
the Fresnel coefficients [22]], given by:

nq cos #; — no cos Oy nq cos 0; — no cos b;
7ﬂs = 77‘1) = 9 (1)
n1 cos 0; + noy cos 0 n1 cos 0; + noy cos b;

where r; and 7, are the reflection coefficients for s- and
p-polarized light, n; and ng are the refractive indices of the
incident and refracting media, and 6; and 6; are the incident
and refracting angles. Considering un-polarized light, the
overall reflection coefficient applied to the incident luminance
is:

1
Ryier = §(|Ts|2 + |7’p|2)- 2

All other surfaces in the scene are considered as perfectly
diffuse. They are consequently modeled by a Lambertian
bidirectional reflectance distribution function (BRDF) [18§].
In a first approach and as in [14]], we fixed the reflectivity
values of the cockpit surfaces and the human bodies at 0.5,
which is an average between perfectly absorbent and perfectly
reflecting materials [19]. A specific study of the reflectivity
value’s impact is presented in Sections [[II] and [[V]

3) Optical sources and receivers properties: The optical
characteristics of the transceivers are: their radiation pattern,
particularly their semi-angle at half-power 9%; and the surface
area of the photodetector.

In this study, we consider generalized Lambertian optical
sources. The radiant intensity (W.st™ 1) from the transmitter
T, in a solid angle w is given by [23]:

Ry(w) = PG, (w), 3

with P; the total optical emitted power in W, and Gr,
the radiation pattern of the source, depending of the azimuth
and elevation angles ¢ and 6, with regard to the emitter’s
orientation:

Gr. () = O (9,0) = PV

The value of m is linked to 9% by:

—log(2)
m= ————"—. (5)
log(cos(61))

The receiver is a generic IR photodiode whose physical
detection area is 7 mm?. Its FOV defined at the half power
semi-angle is 60°.

4) Dynamic scenarios: For a given half-power angle 9%, we
can obtain from the simulations a set of impulse responses h(t)
corresponding to different IR links according to the orientation
changes of the headset transceivers induced by the pilots’
movements and by crew mobility inside the cockpit. Three
scenarios are considered.

The first one, called “Head movement”, is illustrated in
Figl] It represents the set of potential positions/orientations
of the pilot/co-pilot’s head during the flight: pilot/co-pilot first
looks ahead and then turns his/her head to the left, then tilts

cos(6)™. 4)

Fig. 6.
position of the moving crew member fully obstructs the direct AP-Pilot link.

Ilustration of mobility inside the cockpit. The yellow represented

it forward, and then turns it to the right before returning it to
its initial position.

The second scenario, called “Body movement”, is illustrated
in Fig[3] Its objective is not to represent positions/orientations
with high occurrence, but rather the extreme ones that may
nevertheless occur during a flight, but not during critical
phases; for instance when the pilot/co-pilot has to lean to the
ground to pick up a fallen object.

The third scenario, illustrated in Figl6] is a full mobility
scenario corresponding to a person walking inside the cockpit
while the two pilots are fixed in straight position; for example,
another crew member. In this case the moving body may
behave as a major obstacle to the LOS link. Among the
blocking positions, the one that most obstructs the pilot-AP
link is shown in yellow in Figl6|

5) Considered number of reflections: For all the simu-
lations, we consider a maximum number of 3 successive
reflections, which is a classical approach when considering
NLOS transmissions and has been found to be sufficient for
simulation convergence [24]).
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C. Channel behavior analysis

One of the main parameters characterizing the optical
channel is the gain, which determines the achievable SNR for
a fixed transmitter power [25]]. It is defined as:

+oo
H(0) = / h(t)dt = Hoy, (6)

— 00

where h(t) represents the channel impulse response, and
H(f) the channel frequency response.

Other features are time dispersion parameter related to im-
pulse response length and mean delay spreading. The temporal
dispersion induced by the reflected paths can be ignored for
the cockpit use-case (audio communications) because of the
relatively low signal bandwidth. We thus only focus on the
channel gain.

The set of impulse responses h(t) resulting from movements
of the pilots leads to a set of optical gains Hy. Therefore, H is
statistically analyzed and the channel behavior is characterized
using the statistical distribution.

In this work, we analyze the IR link reliability based on the
optical gain cumulative density function CDF(H,) defined as:

Hy

CDF(H,) =/ p(ho)dho, (7N

— 00

where p(ho) is the probability density function of Hj.
CDF(H,) represents the probability that the channel gain
is lower than a given value Hj. The system reliability is
increased at the highest possible gain values with the highest
probability. Consequently, the smaller the CDF(Hj) for a
given Hj, the higher the reliability. In the context of this
article, the wireless headset system aims for 100% reliability
in critical phases such as take-off and landing, meaning that
communication must be ensured for the worst channel case
as a function of pilot movements; i.e., for the minimum
channel gain corresponding to CDF(H,) = 0. As mentioned
in Section [} this value is under-estimated when we consider
the theoretical statistical laws as in [[14]. For this reason, only
the simulated gains are taken into account in this study to
calculate the CDFs.

III. STUDY OF OPTIMAL HALF-POWER ANGLE

In this section, we investigate the IR channel behavior
according to the two environment models of Fig[l] detailed in
Section This investigation concerns an uplink between
a single emitter (7,) on the top of the headset and a single
receiver (R, ) at the AP, and a downlink between T}, at the
AP and R, on the top of the headset. In both configuration,
the analysis is performed with respect to the half-power angle
91 of the emitter 7T,, the R,’s one being fixed to 60°.
This analysis is applied to the three scenarios (head/body
movements and full mobility) presented in Section
according to the characteristics of the environment.

5

A. Full detailed model

1) Scenario 1, head movement: Fig[l(a) and (b) show the
channel gain CDF for the pilot, for the uplink and the down-
link respectively. For the uplink, the transmitter orientations
randomly vary according with head movements, whereas the
receiver orientation is fixed (since the receiver remains fixed
on the cockpit ceiling). The inverse applies for the downlink.

With regard to the uplink, Fig[7(a) shows that the channel
gain CDF is degraded as the half-power angle of the emitter on
the headset reduces. As an example, considering a gain value
of -60 dB, the CDF value is higher than 75% for 91 <30°.
The CDF is reduced to 59% for 6 1 =60° which is the optimal
angle in this configuration (as indicated above, the objective
of 100% reliability requires choosing the half-power angle
corresponding to the highest Hy gain for CDF(H,) =0).

For the downlink, Fig[7(b) shows similar behavior to the
uplink, but with a smaller gap between curves for 6 1> 10°.
For example, although the channel gain value corresponding
to the smaller CDF is obtained for the optimal angle 6% equal
to 40°, the second best §1 being 50° have a gain difference
of only 0.04 dB. ’

Fig[7/(c) and [/(d) illustrate the channel gain CDF obtained
for the co-pilot position, for the uplink and the downlink
respectively. For the co-pilot position, the channel gain is
degraded compared to the pilot’s, especially for the uplink.
As an example, for the uplink configuration, Fig[7(c) shows
that for a gain value of -60 dB, the lowest CDF value for the
co-pilot is 73% whereas it is 59% for the pilot. However, the
optimal half-power angle obtained for the co-pilot is the same
as that for the pilot for the uplink, i.e. 9% =60°.

Fig[7(d) illustrates that for the downlink, channel perfor-
mance is quite similar to the uplink, with the same weak gap
between the curves when 91 >10°, as it was already noted
for the pilot. Indeed, the two best 01 of 30° and 40° present
a gain difference of only 0.09 dB. Thus to have a common
system in downlink for both pilot and co-pilot, we consider
an overall optimal angle 6 1 of 40°.

2) Scenario 2, body movement: Fig[§[a) and [§(b) show
the channel gain CDFs for the uplink and downlink for the
pilot, respectively, according to the second scenario in Fig[3]
representing body movements.

As for the head movement scenario, the optimal 6 1 appears
to be respectively 60° for the uplink and 40° for the downlink.
Also, although the overall behavior is the same, the channel
performance is significantly less than with scenario 1 (head
movement). Indeed, whereas scenario 1 produced 59% of
gain values Hy below -60 dB according to the pilot/uplink,
scenario 2 gives 86% (see Fig[7[a) and [§[a)). Similarly, with
the downlink, 55% of gain values Hy were below -60 dB for
the scenario 1, while they were about 83% for the scenario 2
(see Fig[7(b) and [§[b)).

Similar observations can be seen in the co-pilot results
provided in Fig[7[c) and (d) and Fig[§{c) and (d).

3) Scenario 3, full mobility: Beyond the movements that
pilots can perform in their seats during the flight, it is
important to evaluate the potential impact of full body mobility
inside the cockpit, illustrated in Fig[6]
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Fig. 7. Head movement: CDF of Hy for (a) pilot uplink, (b) pilot downlink,
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(c) co-pilot uplink and (d) co-pilot downlink.
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Fig. 8. Body movement: CDF of Hy for (a) pilot uplink (b) pilot downlink,

(c) co-pilot uplink and (d) co-pilot downlink.
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The corresponding channel gain CDFs for pilot uplink and
downlink are given in Fig[9] It can be noted that whatever the
9% value, the channel gain is relatively constant when the LOS
link is not blocked (about 75% of the time in the proposed
scenario, in green circles), highlighting the weak impact of the
moving body, regardless of the link direction. When the LOS
link is obstructed (red circles), the optimal 9% angle always
appears to be 60° for the uplink. For the downlink, the impact
of the angle value is much lower. Even if the optimal angle is
10°, the gain difference with an angle of 40° is only 0.4 dB.
Thus, we can always consider an optimal value of 40° as for
the scenarios 1 and 2. We can note that the obstruction of the
LOS link, although due to different obstacles that are the pilots
head in scenario 2 and the body of the third crew member
in scenario 3, leads to almost identical minimum gains, i.e.
about -72 dB. However, these results only relate to the case
of a single obstructing element.

In Fig[TI0] we present the results obtained using the com-
bination of dynamic scenarios 1 and 3, considering the
movement of the pilot’s head and the presence of the body
of another crew member at the worst location in terms of
blockage, shown in yellow in Fig[f] For the uplink Fig[I0[a)
shows similar behavior to that without a shadowing effect (cf.
Figa)). Again it clearly indicates an optimal 9% of 60°.

For the downlink, Fig[T0[b) shows a lower impact of the
angle, the gain difference between 10° (the optimal one) and
40° being only 0.89 dB, whereas it was 2.12 dB in favour
of 40° for scenario 1 (cf. Figb)). So as before, an optimal
angle of 40° can be retained.

Thus we can extend to this third scenario the optimal
half-power angles determined for the two previous scenarios.
Although they are not presented for the sake of brevity,
identical results were obtained regarding the co-pilot and the
combination of scenarios 2 and 3.

We conclude that the optimal values of the source half-
power angles are respectively 40° on the AP side (for the
downlink) and 60° on the headset side (for the uplink)
regardless of the pilot and the dynamic scenario.

4) Impact of reflectivity p: As presented in Section [[I-B2]
all previous results were obtained by considering an overall
reflectivity p of 0.5, for all the materials found in the cockpit
except the windscreen. Although this value is an average, often
used when material properties are unknown, its potentially
significant impact on the optimal half-power angle must be
studied. To this end, simulations were carried out in the cockpit
using different p values between 0.1 and 0.9, in both uplink
and downlink, and for both the pilot and the co-pilot.

Fig[T1] shows the CDF of Hj values for the pilot and the
two extreme values of p, being 0.1 and 0.9, for both uplink
and downlink, using scenario 1 (head movement). The overall
behavior is the same as for p = 0.5: the minimum gain values,
corresponding to an NLOS path and being multi-reflected, are
impacted by the reflectivity coefficients p, but the optimal 0%
is always 60°/40° for uplink and downlink, regardless of the
p value.
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B. Simplified model

1) Dynamic scenarios: FiglI2] reports the results of the
parametric study of the half-power angle 6 1 by considering
the simplified cockpit model of Fig[T{c) and (d), with a single
reflectivity value p equal to 0.5. For brevity, only the results
for the pilot and the first two scenarios (head and body
movements) are presented. Nevertheless, results for co-pilot
and scenario 3, corresponding to a crew member moving inside
the cockpit, led to the same conclusions.

From the analysis of these curves we deduced that the
optimal pairing of 9% is still 60°/40° for the uplink and the
downlink respectively.

2) Impact of reflectivity p and BRDF: Fig[I3] shows the
channel gain CDFs according to the head movement of the
pilot, obtained by considering the simplified cockpit model.
Once again, we find that the optimal angles remain unchanged,
whatever the p value but also the BRDF model. Indeed, let
us recall that for the simplified cockpit, the windscreen is
modeled as a pure diffuse surface, using a Lambertian BRDF,
like all other surfaces.

C. Overall results

Whatever the dynamic scenario, the considered pilot, the
geometric cockpit model and the reflectivity/BRDF of the
materials, the results clearly show optimal half-power angles
of 60°/40° for the optical sources in uplink and downlink
respectively. These values are used in the next section.
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In addition, an important result is that a simple level of
description of the environment is sufficient to determine these
optimal angles. It is therefore not necessary to have a detailed
model of the cockpit. Similarly, it is not necessary to set
the right BRDF for the windscreen to dimension the optical
sources.

In contrast, the resulting gain levels are very different
depending on the geometric model, which will have an impact
on the correct evaluation of performance, as shown in the
following section.

IV. PERFORMANCE ANALYSIS

A. Principle

Linked to the channel gain H,, the SNR is a classical
metric used to evaluate communication channel performance,
taking into account emitted power and noise. It is expressed
as follows:

P2 2
SNR = —f=—. (8)
o

R is the photodiode responsivity set to 1 A/W in the
following; Pp, is the average received optical power given
by:

Pr, = Py Ho, (€))

where P; is the total optical emitted power; and o2 re-
presents the total noise variance assuming an additive white

gaussian noise (AWGN). It is traditionally assumed that
the dominant noise sources in an indoor OWC system are
the background light-induced shot noise and the receiver
preamplifier-induced noise [23], so that o2 is given by:

2 _ 2 2
0 = Oghot + Otherm

(10)

where o2, is the shot noise variance and o3, is the
thermal noise variance generated by the receiver. Shot noise
is generally recognized as the most limiting factor [25] so

we consider here that o2, < 02, and ignore o2, in the
following.
Then,
2 2
0" ~ ogo = NoB, (11)

where Ny is the noise power spectral density and B is the
bandwith of the modulated signal. Noise power is linked to
the induced ambient photocurrent /5 by:

No = 2qI, 12)
where ¢ is the electron quantum charge.
Finally, the SNR can be expressed as:
P?HZR?
SNR = —L -0 13
2qIpB (13)

As it is independent of the chosen modulation, SNR is
a generic criterion for characterizing the performance of a
communication system. Indeed, from the distribution of gains
Hj and the bandwidth of the modulated signal B, @I) enables
the prediction of the required total emitted power P, as a
function of a target SNR value. This approach can then be
linked to any specific modulation, as there are theoretical and
analytical formulae describing the dependency between the
SNR and the bit error rate (BER), e.g. for classical OOK,

where:
1 /SNR
BEROOK = ierfc T

with erfc being the complementary error function.

Thus, to deploy the OWCs headset system in the cockpit,
we propose, from any chosen modulation and according to
a target BER value, i.e. a specific level of QoS, to deduce a
target SNR value and finally to determine the required average
optical emitted power P; to ensure a 100% link reliability, as
imposed by inflight security constraints.

(14)

B. Evaluation of ambient noise

As mentioned in the last section, the ambient noise is mainly
due to the shot noise term, which itself depends on the level of
the induced photocurrent /5. For most indoor optical wireless
communication systems, the main IR contributors are artificial
light sources (incandescent or fluorescent) and the sun [26],
[27]. The latter can even saturate the photodiode in some
extreme cases where the sunlight directly falls on its FOV.

In an aircraft cockpit, the artificial illumination is weak, es-
pecially during the critical flight phases (takeoff and landing),
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Fig. 14. Range of sun light directions of incidence onto the cockpit.

for security reasons. The crew’s eyes must be accustomed to
darkness in anticipation of any technical incident that could
cause the airplane to fail electrically, resulting in a loss of
lighting. Other potential sources of IR radiation are the display
screens. For the same reason, their level of brightness is
reduced. Therefore, the sun is the main source of IR radiation.
There is little information in the literature regarding the level
of ambient noise in the IR band for OWC applications in
specific indoor environment such as aircraft cockpits. The
only available information relates to values measured behind a
window, in a room at ground level, as in [28]], where for the IR
range the typical values are 190 pA and 1000 pA depending
on whether the sunshine is indirect or direct.

To assess the impact of sun noise in the cockpit, we
determine the ambient photocurrent /g from simulations of
the sun contribution through the windscreen. From data on the
solar spectral irradiance (for the sun at its zenith) as a function
of the wavelength [29], we first deduce the contribution to the
wavelength used; 940 nm. We took an average value between
the data outside the atmosphere and those at sea level, which
gave a level of about 0.5 W/m%/nm. For any direction of
sunlight incidence, P4 (m?) is the area of the sunny part of
the windscreen. Then, the illuminated part of the windscreen
is considered as a virtual surface emitter radiating in only one
direction; i.e. the sunlight direction. Finally, the contribution
of this surface emitter is simulated by sampling it using the
Ray-Launching based Monte-Carlo algorithm of RaPSor. Each
elemental surface sample dx of the illuminated part of the
windscreen radiates 0.5dz /P4 W/m?. The single ray from dz
in the sunlight direction either directly illuminates the receiver
or reflects up to three times inside the cockpit before reaching
it.

Sunlight can fall on the windscreen with very different
directions of incidence depending on the season, time, location
of the aircraft and its direction of flight. To take into account all
the possibilities, the elevation and azimuth plans are sampled
in a uniform manner, as illustrated in Fig[T4]

From the elevation plane, the angle of incidence varies from
0° to -60°, whereas the azimuth angle varies from -40° to
40°. Both planes are sampled with a 20° step, which involves
considering 20 directions of incidence. For each direction, and
as the moving crew member does not carry a transceiver, only
the first two dynamic scenarios (head and body movements)
are simulated to evaluate the equivalent induced photocurrent
Ip on the pilot’s and co-pilot’s headsets and on the AP,
corresponding respectively to the downlink and uplink values

10
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Fig. 15. CDF of Ip according to downlink/uplink and p.

of I B-

The same procedure is performed according to the three
considered values of p to evaluate the potential impact of
reflected contributions. The results of scenarios 1 and 2 are
concatenated to obtain the overall CDFs of Ip presented in
Fig[T5]

With regard to the downlink, there is a first zone of high
Ip values, circled in green, which corresponds to direct sun
contributions, where the induced photocurrent goes from 100
1A to 8.8 mA. For this zone, p has no obvious impact. The
second zone of lower Ip values corresponds to indirect sun
contributions. In this case the current values vary according to
the p value. The probability of having low current values is
much higher than that of having high values. To take into
account a compromise between values and probability, for
the rest of the article we consider an ambient noise of 774
uA corresponding to a CDF of 90%. This current value is
consistent with the measurements reported in [28].

With regard to the uplink, because the AP is at the cockpit
ceiling there is no direct contribution from the sun. But there
is an impact from indirect contributions, which depend on the
p value. Therefore we now consider the worst case, i.e. the
100% value of the CDF for p = 0.9, being I5 equal to 44 pA.

Generally windscreen manufacturers include optical filters
for visible, infrared and ultraviolet wavelengths to limit the
impact of the sun. However, this data is confidential. There-
fore, in this article we do not take any filters into account,
which can be considered a worst case scenario.

C. Impact of the environments level of description

1) Impact on Hy: The 100% link reliability objective
means that communication must be guaranteed regardless of
the Hy value for pilots movements. Thus, TABLE |I| shows the
minimum H values obtained considering the two environment
models presented in Section and for different positions
of the pilots and co-pilots according to the two first scenarios
presented in Section [[I-B4] (head and body movements). From
this table, we deduce the global minimum H, values for
downlink and uplink (values highlighted in red), using a
Lambertian reflectivity coefficient p of 0.5. These values are
-75.0/-74.7 dB for the full detailed model and -69.2/-70.3
dB for the simplified one, for downlink/uplink respectively.
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TABLE I
MINIMUM Hg VALUES (dB) FOR 100% RELIABILITY, SCENARIOS 1 AND 2.
Downlink Uplink
Pilot Co-pilot Pilot Co-pilot
Head | Body | Head | Body || Head | Body | Head | Body
p=0.1] -81.1 | -81.4 | -834 | -84.2 || -81.3 | -81.1 | -84.0 | -83.5
Full detailed model | p=0.5 | -71.2 | -72.6 | -73.2 | -75.0 || -71.5 | -72.4 | -73.9 | -74.7
p=09 | -66.5 | -682 | -68.3 | -70.6 || -66.7 | -68.2 | -69.0 | -70.4
p=0.1| -785 | -77.5 | -784 | -775 || -79.3 | -79.0 | -79.3 | -77.6
Simplified model | p=10.5 | -68.8 | -69.2 | -68.5 | -68.4 || -69.4 | -70.3 | -69.3 | -68.6
p=09 | -64.1 | -652 | -63.6 | -63.9 || -64.4 | -68.0 | -64.3 | -64.2
TABLE II

MINIMUM Hg VALUES (dB) FOR 100% RELIABILITY, SCENARIOS 1 AND 2 COMBINED WITH SCENARIO 3.

Downlink Uplink
Pilot Co-pilot Pilot Co-pilot
Se.'1-3 | Se. 2-3 | Se. 1-3 | Sc. 2-3 || Se. 1-3 | Sc. 2-3 | Sc. 1-3 | Sc. 2-3

p=01| -863 -87.8 -89.4 -94.2 -84.8 -86.6 -89.6 -95.6

Full detailed model | p=0.5 | -74.6 -77.4 -77.6 -80.6 -74.4 -77.1 -717.8 -81.6
p=09 | -69.2 -712.2 -72.0 -74.6 -69.4 -72.1 -72.3 -75.5

p=01| -833 -85.8 -81.9 -87.2 -82.6 -85.8 -82.5 -87.6

Simplified model | p=0.5 | -71.9 -73.9 -71.5 -74.1 -71.9 -74.0 -71.9 -74.2
p=09 | -66.6 -68.2 -66.4 -68.2 -66.6 -68.3 -66.6 -68.2

T - -
Sc. is for scenario.

The significant difference of about 5 dB in favor of the
simplified model indicates that considering such a model will
lead to over-estimate the channel optical gain, and so the
system performance. Furthermore, these minimum H( values
are obtained for totally different configurations according to
the two considered environment models. Indeed, we find the
pilot - body movement configuration for the simplified model,
whereas the co-pilot - body movement is found for the full
detailed model.

As presented in Section the third scenario leads
to a strong shadowing effect, when a third body is located
between the AP and the headset. The corresponding minimal
Hj values obtained for the combination of scenarios 1-3 (head
movement + shadowing) and scenarios 2-3 (body movement
+ shadowing) are presented in TABLE The analysis of
this table firstly shows that degradation of the minimal optical
gains due to shadowing implies that the worst configuration
is always the combination of scenarios 2 and 3 (co-pilot body
movement with third crew member shadowing). Secondly, we
deduce from this table the new global minimum H values for
the downlink and the uplink (values highlighted in red), using
a Lambertian reflectivity coefficient p of 0.5. These values are
-80.6/-81.6 dB for the full detailed model and -74.1/-74.2 dB
for the simplified one, for downlink and uplink respectively.
The difference between the two environment models which

was about 5 dB in favor of the simplified model for scenarios
1 and 2, shifts to about 7 dB still in favour of the simplified
model when considering the shadowing effect in scenario
3. This highlights the importance of considering a detailed
environment model to assess the system’s performance in a
realistic manner.

However, the weakest Hy values in TABLE [ which
require the combination of very specific positions of both
pilot/co-pilot and the third crew member, have a very low
probability of occurrence. Furthermore, the 100% reliability
objective is expected only for critical flight phases, such as
take-off and landing. In these specific phases, the pilot and
co-pilot are alone and their movements are limited. For these
reasons, the minimum channel gain values used in the next
sections to assess the impact of the level of description of the
environment and of the reflectivity coefficient on the system’s
performance, are those from TABLE

2) Impact on P,: Figll6| compares P; as a function of the
SNR for the uplink and a bandwidth B of 2 MHz, for the two
cockpit models.

The overall behavior of the two curves seems similar,
indicating that both models have the same relative impact.
Nevertheless, there is a constant difference between the curves,
corresponding to a ratio of 2.75, independent of the SNR.
This means that the simplified cockpit model leads to an
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underestimation of the required emitted power P; by a factor
of 2.75. This corresponds to a relative error of 63.7% taking
the full detailed model as a reference. In [19], the authors
showed that in the case of a classical indoor environment,
a detailed geometric model, including furniture, is necessary
only when a high data rate is considered. The study of a
complex and very confined environment, such as a cockpit,
shows that a detailed model must be considered to properly
assess the system’s performance, even for moderate data rates.

D. Impact of reflectivity p

1) Full detailed model: We now focus on the p impact
on the necessary optical power P;. From (I13) and since
the evolution of p only impacts Hy, the results reported in
Fig[T7] which shows the evolution of P; versus the reflectivity
coefficient p of the cockpit, were obtained for a fixed SNR
value (i.e. a fixed QoS level) of 5 dB, and two B values equal
to 500 kHz and 2 MHz. In this study, the minimum H, values
are those in red presented in TABLE[[in relation to the p value
used.

First, the global behavior was the same regardless of the
link direction (down/up): obviously, the higher the reflectivity
coefficient p, the lower the required optical P;. Secondly and
as indicated by (I3), the impact of p was independent of
the signal bandwidth B. The fact that the downlink needs
more emitted power than the uplink, although the channel
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Fig. 18. Evolution of P;(p)/P:(0.9) vs cockpit’ p.

gains are almost the same (cf. TABLE [l), is explained by the
ambient noise difference, and consequently by the induced
photocurrent Ip difference, as shown in Section [[V-B

Finally, Fig[I8] shows the relative evolution of P; versus p
with regard to its value when p = 0.9, i.e. P(p)/FP:(0.9),
which is independent of the link direction. There was a
relatively weak impact of p between 0.9 and 0.5, since a
ratio shift ranging from 1 to 2.75 was observed. In contrast,
between 0.5 and 0.1, the p impact increased exponentially,
from a ratio of 2.75 to 22.9. This result is very interesting
and generalizes those obtained in the context of the body
area network [30]. It indicates the importance of establishing
the reflectivity coefficients of materials in the environment
under consideration, particularly for the least reflective ones,
i.e. with values of p below 0.5. This result must also be
carefully analyzed with regard to the uncertainty of the emitted
irradiance for classical IR LEDs, which can vary from 2 to 5
due to differences in manufacturing processes [31]], [32]. This
is in the range of the error induced in P; by an incorrect p,
which is set between 0.5 and 0.9. For materials with p values
in this range, it is thus not crucial to know the exact p of the
material.

In contrast, the impact of p values below 0.5 is considerably
higher than the error due to the emitted optical power. In this
specific case it is essential to accurately know the reflectivity
parameters p of each cockpit element in the deployment phase.

2) Simplified model: Fig[I9] compares the evolution of P,
for the uplink, with (SNR, B) set to (5 dB, 2 MHz), according
to the two environment models. Obviously the two curves
behave similarly with p, but the difference between the two
curves, namely the ratio of P; for the full and simplified
cockpit, depends on p. Indeed, it increases with a decrease
in p. This means that the lower the reflectivity coefficient, the
more the emitted power level is underestimated when using
the simplified cockpit model.

To illustrate this phenomenon, Fig[20] shows the evolution
of the relative error in P, between the 3D simplified and full
cockpits versus the reflectivity coefficient p, taking the full
cockpit as the reference. The P; relative error starts at 42%
for p equal to 0.9 and then increases rapidly and stabilizes
at about 67% at p equal to about 0.4. This error, in addition
to that induced by uncertainty in p, shows the importance of
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having a realistic geometric model for the dimensioning of a
wireless optical link inside the cockpit.

V. CONCLUSION

This article has presented a study of optical wireless tech-
nology for communication between headsets worn by the crew
and an AP located at the ceiling of the cockpit. The approach
involved modeling the cockpit environment and the presence
of the pilots using simulation software based on the ray-tracing
technique associated with the Monte-Carlo method. We have
integrated realistic movements of the pilot’s head and body,
which can affect the propagation of optical rays. In addition,
we modeled the presence of another crew member moving
behind the pilots, leading to blocking of the links. The studied
configuration was bidirectional communication, involving only
one transceiver on top of the headset and at the AP.

The overall objective of this study was to highlight the
importance of each parameter involved in a simulation of
light wave propagation for the determination of transceiver
specifications and the communication performance. Thus, we
considered the level of detail of the geometric representation
of the environment, the reflectivity of the materials, and the
impact of ambient noise linked to solar radiation through the
windscreen.

We first studied the statistical behavior of uplink and
downlink channels related to pilots movement and associated
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blocking effects, and to the reflectivity of the materials in the
cockpit. This analysis allowed determination of the optimal
values of the half-power angles of the optical sources for
the uplink (60°) and the downlink (40°). We showed that a
simplified model can be used to determine these optimal angles
whatever the materials’ reflectivity, and whatever the BRDF
used for the windscreen. This is an important observation
indicating that the dimensioning of such an optical wireless
communication system can be achieved in other confidential
environments whose data are private.

Then the performance of the system was analyzed in terms
of SNR to determine the required transmitted optical power
corresponding to a certain QoS have proposed the evaluation
of the solar contribution through the windscreen by simulation.
We demonstrated that even if a simple geometric model
allows the prediction of the overall behavior of the optical
wireless channel, it leads to an under-estimation of the average
emission power, even for moderate data rates, unlike the results
obtained for conventional indoor environments. The lower the
reflectivity of the surfaces, the greater the under-estimation.

Hence, to properly assess performance we could not rely
on an approximate model but need an accurate model of both
geometry and materials. In this case, we showed that the
impact of the reflectivity values of the cockpit’s elements is
quite negligible on the determination of the emission power
for reflectivity values greater than 0.5. In contrast, it is very
important to take into account the reflectivities for values less
than 0.5 because of their higher impact on P;. This result is a
generalization of those already published, in particular in the
case of body area networks.

Consequently, in future work it would be interesting to
experimentally estimate the p values inside the cockpit in
order to improve the design of the system for a given target
performance level. Finally, to increase system robustness,
spatial diversity could be considered not only at the headset
side, as in [[14], but also on the AP side. It would remove the
most significant blocking effects; for example when the pilot
puts his hand on top of his head and thus completely masks
the transceiver from the headset.
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