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In this article, we propose an all-optical bidirectional wireless communication system for off-body sensor communication. Optical
technology uses infrared (IR) for uplinks and visible light communication (VLC) for downlinks. From numerical simulations, we
discuss the impact of body sensor positions on IR and VLC channels. Our goal is to evaluate the possibilities of using optical
technology to transmit sensor data for extreme positions such as the ankle, for which the presence of the body creates blockages. In
addition, we also consider the variations in orientation of transceivers due to random mobility of body parts during normal
movement. Based on a statistical approach, we evaluate performance in terms of outage probability using channel impulse
response sets corresponding to the studied scenario, which is health monitoring. Considering a given quality of service, we address
trade-offs related to emitting power and data rate. We discuss the results regarding sensor node position and body reflectivity
specifically for ankle sensors, corresponding to an extreme but realistic position in the health-monitoring context.

1. Introduction

Optical wireless communications (OWCs) have been in-
tensively explored in recent decades, particularly in the
visible domain [1-6]. This is related to the penetration of
LEDs for lighting, the switching properties of which also
make it possible to use them for communication functions.
Such smart lighting offers many benefits, including no
license requirements, high bandwidth, and no electromag-
netic interference. This technology is applied today in a wide
range of use cases including healthcare devices in hospitals
and homes and medical body sensor networks [7]. The use of
classical radiofrequency (RF) technologies can be limited in
some environments because of potential interference with
sensitive devices. For example, IEC 60601-1-2 standard [8]
recommends a minimum separation distance between
medical electrical equipment and RF communications
gateways to avoid performance degradation. OWC tech-
nology can be deployed as an alternative to ensure adequate
performance, avoiding interference. In addition, since op-
tical rays are confined to the environment, this easily permits
avoiding signal interception from outside of the room and

also deploying the same device in neighboring rooms. Be-
sides, OWC appears as one of the alternatives to reduce
pressure on the already overloaded RF spectrum because of a
growing number of connected devices [9] especially in in-
door environment. One limitation when using OWC is
about optical power, which has to respect eye safety stan-
dards. Infrared LED power is generally limited according to
the laser safety standard [10]. However, this standard is very
restrictive for most noncoherent light sources. Thus, stan-
dard for conventional lamps and LEDs [11] is also classically
used.

OWC systems applied in the medical field have been
studied for several years. To replace cables between medical
sensors and monitoring stations, IR links are a solution that
is already adopted. International standards define com-
munications services and protocols that are consistent with
IrDA specifications and are optimized for portable devices
near the patient such as bedside medical ones [12].
However, this is for static point-to-point communications.
Some works have considered IR transmissions between a
mobile patient equipped with connected sensor and an
access point in the environment for both classical indoor
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OWC schemes, that is, line-of-sight (LOS) and diffuse
systems [2].

In [13], LOS configuration based on directed optical
propagation has been studied for a sensor on the top of the
head, which is quite limited regarding practical case. It was
shown that the misalignment of transmitter and receiver can
significantly increase the BER, and a tracking system was
required. In diffuse scenario, the communication link is
established thanks to the optical reflections over the envi-
ronment. This scheme is investigated in [14] where the IR
sensor is located at the belt pointing towards the floor. The
authors in [15] experimentally confirmed the potentialities
of IR system based on the diffuse configuration for mobile
patient monitoring. Besides, a custom-made wearable device
is presented in [16], which allows OWC-based transmission
of accelerometer data in the context of physical activity
supervision of poststroke patients in hospital. On the other
hand, Alyan and Aljunid [17] and Chevalier et al. [18] have
proposed multiple access schemes based on CDMA
spreading codes. In [17], the access point is classically lo-
cated on the ceiling, whereas Chevalier et al. [18] considered
that all IR nodes were on-body, exploiting only diffuse re-
flections over the patient environment to establish trans-
missions. However, in all these works, the body carrying the
sensors has not been taken into account. Our first contri-
bution in this study is to analyze the IR uplink channel
behavior regarding both user movement and sensor location
on the body.

With the development of new possibilities offered by
visible domain, many studies also deal with the potenti-
alities of VLC related to health monitoring. The majority of
works have proposed VLC uplink use to transmit health
data from sensors. The studied configurations are generally
static as in [19-22] and concern ECG and EEG data. In
[23, 24], an image sensor is used for the visible signal
reception. The receiver is either located on the ceiling [23]
or included in the smartphone [24]. In these cases, mobile
monitoring is investigated, but the performance is limited
in terms of distance and data rates. Another limitation of
VLC uplink is due to potential discomfort when a visible
signal is emitted from sensors worn by a user. VLC is more
suitable for downlinks when illumination and communi-
cation are coupled. Experimental works are reported in
[25, 26] using visible LOS configurations to transmit health
data. However, VLC challenges related to mobility are not
addressed.

Therefore, we also present the study of downlink visible
channel with regard to the body’s optical properties and
orientation changes in the transmitters resulting from pa-
tient movements. Based on IR and visible channel numerical
analysis, our goal is to determine the overall performance of
both optical links, taking into account all the impacting
parameters.

The rest of this paper is structured as follows: Section 2
shows relative work; Section 3 introduces the investigated
scenario and Section 4 the approach we follow to study IR
and visible channel behavior; Section 5 presents the per-
formance results and discussion; and Section 6 closes with
conclusions.

Wireless Communications and Mobile Computing

2. Related Works

In [27], a mobile IR/VLC scenario was studied, but for a
sensor position on the shoulder so that the behavior of the IR
channel is not affected by the body presence. Therefore, body
has not been modeled for the analysis of the IR channel.
These results cannot be applied when the sensor is posi-
tioned at other places on the body. Indeed, in this case, the
presence of the body can induce blockages and all the more
so that the patient is mobile.

Published works have mainly addressed scenarios where
optical devices are located on the upper body, e.g., as ECG
sensors [19]. However, several use cases such as activity
monitoring or rehabilitation applications need the sensor
nodes to be positioned at the knee and/or ankle [28]. In this
case, the effect of the human body on optical wireless
transmission can be significant. This has been experimen-
tally verified in [29] for a sensor located at the ankle, jus-
tifying the need for accurate and realistic models in order to
explore performance in this context. Therefore, one of the
main challenges remains the limitation of performance due
to sensor positioning on the patient in particular at positions
below the knee, for infrared and visible channels.

In this paper, we investigate an optical wireless body
sensor scenario by considering different positions of the
sensor on the patient, not only the shoulder but also par-
ticularly the ankle, which is an extreme but realistic use case
position. In addition, to introduce realistic scenarios, we
model changes in the transceivers’ orientation due to ran-
dom mobility and movements of the patient. The bi-
directional all-optical scenario considers both an infrared
emitter node and a visible light receiver. The infrared
transmitter is located at a fixed position on the body of a
patient, and the VLC receiver is held in the hand of either the
patient or another person in another room. IR receivers and
VLC transmitters are included in ceiling luminaires, as in
[27].

3. System Description

To discuss the potentialities of an all-optical solution for
body sensor communication, we consider a lighting system,
which is a classical flat, square LED panel ready for VLC with
four identical IR receivers placed at the corners and oriented
in such a way able to enlarge coverage (Figure 1). VLC is
used for the downlink since it permits combining illumi-
nation and communication functions. On the contrary, it is
worth using IR uplink in order to avoid any visual
discomfort.

An IR single-input multiple-output (SIMO) uplink is
established between the sensor (T, 1g) positioned on the
body and the IR receivers (Ry g ; with i=1 to 4) included
in the luminaire as shown in Figure 1(a). The visible
communication downlink is described in Figure 1(b)
where the emitter (Tyvic) is the LED luminaire and
the receiver (Ry vic) is integrated, for example, into a
tablet. This bidirectional scheme can be considered in the
same room, for example, when the patient himself wears
the tablet. The system can also be deployed in several
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FIGURE 1: System description: (a) infrared (IR) uplink; (b) visible downlink.

neighboring rooms. Power line communication (PLC)
technology can be used as example to interconnect the
different luminaires and transmit the data to them [30]. In
this case, the patient is only wearing the IR transmitter
and it may be a medical staff in another room receiving on
their tablet information about the patient’s status.

In this work, we do not study the processing performed
between the sensor data collected at the luminaire and the
information transmitted to the tablet. We focus on IR and
VLC links regarding both user movement and sensor lo-
cation on the body. In particular, we explore the case of
sensors for motion monitoring applications. It can be ac-
celerometer, gyroscope, and magnetometer to track the
patient’s gait, postures, and movements. They are generally
positioned at the lower limbs on the knee and ankle.
Therefore, body can affect transmission robustness by
blocking some links during the movement. Besides, data rate
is below Mbps and is not the main challenge [7].

For both links, the emitter is supposed to have a Lam-
bertian radiation pattern, whose directivity is characterized by
the half-power angle ¢,,, or the m order, linked by [2]

()
™= T (cos(9y)) )

3.1. VLC Downlink Description. The smart panel is in a
central position on the ceiling of a room of dimensions
(6.7%6.6x2.8) m® (length, width, height). It has an area of
0.36 m” and is situated 20 cm from the ceiling. We assume
that it is possible to control the brightness of a LED emitter
placed at the center of the panel, directed towards the
ground. In the rest of the study, the transmitter is charac-
terized by the average optical power transmitted by the LED
P, y1c, which is linked to the light level [3-6]. In addition, we
suppose that the LED radiation pattern is a Lambertian one
with an m order equal to 1 that corresponds to a half-power
angle ¢, = 60° [4-6].

The patient moves randomly in the room while holding a
device equipped with a VLC receiver. We consider that this
device is held at a distance of 20 cm in front of the body and at

a fixed height of 1.2m from the ground. Patient positions
anywhere in the room induce nondirected line-of-sight (LOS)
links related to the optical properties of the environment. In
addition, the patient’s body can cause blockages depending on
its reflectivity properties. As mobility also implies body
movements and consequently receiver orientation variations,
we define azimuthal and polar angles, respectively, as ¢ and 0,
as illustrated in Figure 2, whose values are uniformly and
randomly chosen within ¢ € [0, 277] and 6 € [0, /3] with a
step of /6. Actually, we limit the variation to 77/3 because we
suppose that the user carrying the tablet consults the results,
which means that we do not consider that the tablet is directed
towards the ground for example.

The parameters of the VLC downlink are given in Ta-
ble 1, together with the values used for responsivity R, field-
of-view (FOV), and photodetector physical area, which are
typical values for VLC receivers.

3.2. IR Uplink Description. The patient carries an infrared
emitter for the transmission of medical sensor data.
Therefore, we consider IR emitter mobility and the effect
related to the position of the sensor on the body, defined by
the height Hy of the emitter from the floor as shown in
Figure 3.

For this purpose, we consider a range of Hr values
between 0.2 m, corresponding to a sensor at the ankle, and
1.7 m for a position near the top of the head (Figure 4). We
do not consider values upper than the height of the body
since the transmitter is supposed to be worn by a person.
Furthermore, we consider a Lambertian radiation pattern
for the IR source, with an optimal m order equal to 2,
corresponding to a half-power angle of 45°. This is the
optimal value for nondirected indoor transmissions, as
shown previously by several authors [31, 32]. For such a
scenario, the received IR power is due to the power from the
LOS path and from reflected paths over the room surfaces. In
addition, the body can have a more or less significant
blocking effect depending on the position of the emitter.

Patient mobility and movements also induce random
changes in IR emitter orientation. As the emitter is located
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TaBLE 1: VLC downlink parameters.

Parameter Value
T Coordinates [x, y, 2] [3.35, 3.3, 2.8] (m)
X-vie Half-power angle ¢, 60°
Height of receiver from the floor 1.2m
Distance from the body 20 cm in front of the body
Polar angle 0 Random in [0, 7/3], with a step of 7/6
Rx.vic Azimuthal angle ¢ Random in [0, 27], with a step of 7/6
Field-of-view (FOV) 65°
Physical surface area 1cm®
Responsivity 1A/W
A
Al
Hp=15m
Shoulder
Hy 1.7m
A/' 0.2m
FIGURE 3: Definition of height of IR emitter.
on the body, we restrict the variation range of the azimuthal |
angle to ¢ € [0, ]. The polar angle values are the same as -
previously reported, i.e., 8 € [0, 7/3]. Hpy=02m
To improve IR coverage with regard to mobility, we use v o
four identical IR receivers located at each corner of the v e

lighting panel. Previous studies have shown that their FiGURE 4: Definition of body model.
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optimal orientation is 45° [31]. To exploit diversity, various
combining techniques can be used such as selection com-
bining (SC), maximum ratio combining (MRC), or equal
gain combining (EGC) [33]. Here, we use the simplest one,
which is switching combining (SwC), selecting the in-
formation only once whether one or several receivers cor-
rectly receive it. Table 2 lists the parameters for IR uplink
including the main features of IR photodetectors.

4. Optical Channel Analysis

One of the main parameters of the optical channel is the DC
gain, which determines the achievable signal-to-noise ratio
for a fixed transmitter power. It is defined as

H, = Ji:h(t)dt, 2)

where h(t) represents the channel impulse response.

Other features are time dispersion parameters related to
impulse response length and mean delay spreading [2].
However, for medical body sensor applications, bit rates are
generally less than 10 Mbps but with a high quality of service
[7]. We thus only focus on DC gain and neglect intersymbol
interference for both IR and VLC channels.

Patient mobility induces different link configurations
related to random positions and orientations of the VLC
receiver and IR emitter. Consequently, the optical DC gain is
a random variable so that channel behavior will be analyzed
from statistical distributions. More precisely, we will eval-
uate its cumulative density function (CDF) defined as

H
CDE(H,) = J " p(H)dH, (3)
where CDF (H,,) represents the probability that the channel
gain is lower than a given value H,,. Therefore, since the
system reliability is increased when reaching the highest
possible DC gain values with the highest probability, it is
thus worth reaching smallest CDF (H,) values for a given
H,. Consequently, in the following, we discuss about the IR
and VLC link reliability from the evaluation of CDF (H,).

4.1. Channel Modeling Approach. To determine the channel
impulse response, we adopt a modeling approach based on a
stochastic Monte Carlo (MC) method, associated with the
ray-tracing (RT) algorithm. Such MCRT approaches first
proposed in [34] allow the evaluation of impulse response in
the case of complex scenes even considering a large number
of reflections. It consists in launching a given number of rays
in random directions over the scene, based on a given
statistical distribution. Each ray is tracked until it reaches the
detector. For simulation time purpose and complexity, a
maximal number of reflections per optical beams can be set.

We use the MCRT method in this work for both IR and
visible channel modeling. Our research laboratory has de-
veloped the RaPSor software (Ray Propagation Simulator),
which is an open source and extensible tool, based on the
NetBeans platform for modeling optical links [35, 36]. It
offers the use of two simulation algorithms: ray shooting

(RS) and ray gathering (RG). They are each based on for-
mulations resolved by the method of MC and incorporate
optimization techniques to reduce computing time. In the
case of the RS method, the rays are launched from the
transmitter while the RG method consists in generating rays
from the receiver.

Due to patient mobility inside the room, we use here
MCRT simulations with RS algorithm to obtain a set of
impulse responses h(t) corresponding to different IR and
VLC links. We use 10,000 links corresponding to random
positions of IR/VLC transceivers since we have verified that
this produces convergent results. For all the simulations, in
order to manage trade-offs between calculation times and
accuracy, we limit number of reflections to three, consid-
ering only the optical beams having at maximum three
reflections, which is a classical approach for nondirected
LOS transmissions. Furthermore, Behlouli et al. [36] showed
that objects present in the scene have a weak impact on the
link performance for low bit rates. Thus, for simplicity and
without loss of generality, we do not model furniture and set
the room surface reflection coefficients equal to 0.8 corre-
sponding to the classical value for standard walls and ceiling
[36]. Consequently, we consider that the main element af-
fecting optical beam propagation is the patient’s body.

To study the impact of the human body on an optical
channel, we have to model its geometry and its reflectance
properties. We have shown previously that level of detail is
not important for evaluating channel DC gain when con-
sidering low data rates [36]. Consequently, we will use the
3D body model presented in Figure 4. The height of the body
is set to 1.7 m and its width to 20 cm. We investigate different
sensor positions between the ankle location at Hy=0.2m
from the floor and the shoulder location corresponding to
Hp=1.5m. Wealso consider a position at the top of the body
with Hy=1.7 m.

A human body surface is composed of two main parts:
skin and clothing. These surfaces can add reflecting or ab-
sorbing effects to the optical propagation. As there is a large
range of body reflectivity values [37], we investigate in the
following the importance of a precise value of p for both IR
and VLC channels.

4.2. IR Channel Behavior. To determine the DC gain H,_ 1z
for infrared uplink, we define H; as being the DC gain between
Tx.1r and the receiver Ry g ; with i varying from 1 to 4. The
emitter Tx g is characterized by a given position and ori-
entation. Taking into account the SwC method, we determine
H,_jr as the best gain considering the four active receivers:

Hy = Max[H,,H,, H;, H,]. (4)

As the patient position is random within the environ-
ment, H, 1 follows a statistical distribution p(Hp). The
CDF of the gain H,, p can be thus expressed as

HO*IR
CDF(H_r) = J_Oo p(H)dHig. (5)

Figure 5 shows the CDF obtained according to the Tx g
positions on the body defined by the height Hy. These
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TaBLE 2: IR uplink parameters.
Parameter Value
Height Hy from the floor Variable between [0.2-1.7] (m)
Tx.Ir Polar angle 6 Random in [0, 7/3], with a step of 7/6
Azimuthal angle ¢ Random in [0, 7], with a step of 7/6
i=1: [3.05, 3, 2.8] (m)
. i=2:[3.05, 3.6, 2.8] (m)
Coordinates [x, y, z] i=3: [3.65, 3, 2.8] (m)
R . i=4: [3.65, 3.6, 2.8] (m)
KR Orientation at each corner of the panel 45°
Field-of-view (FOV) 45°
Physical surface area 34.5 mm®
Responsivity 1A/W
10° towards the ceiling. The number of position is set to 10,000
in both cases since we have verified that the results converge
10-1 with this number of samples. In random orientation case,
with a step of 71/6, this corresponds to 12 samples per po-
2 Lo sition, i.e., 120,000 samples.
Whatever the Hy value, the curves are almost the same
whether considering random orientations or not. Within the
107 died f angle variations, the channel has th
studied range of angle variations, the channel has the same
behavior as when the transmitter is oriented towards the
—4

-64 -63 -62 -61 -60 -59 -58
H, (dB)

-68 -67 -66 -65

—o— HT: 0.2m
—— Hp=0.5m
—+ Hp=09m

—— Hp=12m
—— Hp=15m
—— Hp=17m

FIGURE 5: Cumulative density function of H,_p for several Tx g
positions on the body (p=0.1) defined by the height Hr.

locations could correspond to the ankle, knee, wrist,
shoulder, and head. The body reflectivity is set to p=0.1. We
observe that performance deteriorates when the height Hris
small. The results show that the presence of the body has a
significant impact if the transmitter is located at a height less
than 1.5m above the floor. Therefore, it is important to
model the presence of the body to avoid underestimating the
performance of IR communication.

To estimate the impact of body as a function of its optical
properties, Figure 6 shows the CDF of the gain as a function
of p for two extreme positions, one near the ground at the
ankle (Hr=0.2m) and the other at the shoulder
(HT =1.5 m)

In Figure 6, we observe the influence of p on the DC gain
values corresponding to the smaller CDFs. The gain values
degrade as p decreases for the two positions studied. We can
note, however, that the value of p has a smaller effect when
the sensor is on the shoulder than when it is at the ankle.

To complete the analysis, we study the impact of polar
and azimuthal angles representing changes of orientations of
the transmitter related to the movements of the patient. The
results are shown in Figure 7 for the two previous extreme
positions, Hy =0.2 m and Hy=1.5m. The CDF of the gain is
plotted for random values of the angles as defined in Table 2
and for ¢=0=0, corresponding to a fixed orientation

ceiling. Therefore, it is not useful to take into account the
changes in orientation of Ty ig. Consequently, the IR
channel modeling can be simplified.

4.3. Visible Channel Behavior. The VLC emitter Tx_yyc is at
the center of the ceiling and communicates with a receiver
Rx.vic whose characteristics are defined in Table 1. We
consider the impact of the position of the receiver in the
room because of the mobility of the patient and consider
10,000 links in the simulation. For a given position, we
assume that patient movements can induce random changes
in receiver orientation modeled by azimuthal and polar
angles of ¢ and 0, respectively, as defined in Table 1.
Consequently, the gain H,_y; is a random variable and
follows a statistical distribution.

We analyze the channel behavior by discussing the
evolution of the CDF of the gain H,_y;. We also study the
effects linked to blockage of the link by the patient’s body,
characterized by the reflectivity coefficient p. First, we
consider a body with p=0.1; the results are provided in
Figure 8. The reported CDF corresponds to a scenario taking
into account the presence of a body with a receiver Rx vic
whose orientation is either fixed (perpendicular) or ran-
domly variable. We also plot the results for the case withouta
body model.

By observing the gain values corresponding to the
smallest CDF, we see that when the receiver orientation is
fixed perpendicular to the ceiling, the body impact is not
significant. This is related to the fact that the receiver is
supposed to be placed 20 cm in front of the body. In contrast,
the results are highly impacted when the orientation of the
receiver is variable. Indeed, in this case, some optical rays
cannot be collected by the photodetector FOV. In addition,
the body can block them and reflect a part of the rays.
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FiGgure 7: Cumulative density function of H,_jy for several Tx 1r orientations; two Tx _jr positions: at the ankle (0.2 m) and on the shoulder

(1.5m); p=0.1.

Consequently, for visible downlink channel characteriza-
tion, it is important to model body presence along with the
random orientation of Ry v1c. To complete these results, we
studied the impact of the reflectivity value p. The results are
reported in Figure 9.

As expected, DC gain is degraded when p diminishes, in
particular, for p lower than 0.5. Thus, it can be important to
take into account body reflectivity properties while esti-
mating performance.

4.4. Summary on Channel Modeling. Channel behavior was
studied with regard to the channel gain variations when a

patient moving within the environment wears an IR emitter
and a VLC receiver. We found that IR uplink performance
depends on the position of the transmitter on the body.
Whatever the position, it is not necessary to take into ac-
count variations in emitter orientation. However, it is es-
sential to model the body with a reflectivity coeflicient value
that is as accurate as possible, particularly when the sensor is
close to the floor.

With regard to the visible downlink, modeling the body
with the knowledge of its optical properties and taking into
account VLC receiver orientations variations are key points
for the determination of performance.
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FIGUure 9: Cumulative density function of H_y; for several values of body reflectivity p.

In the next section, we evaluate the overall system
performance for body sensor communication taking into
account IR and VLC channel models.

5. Performance Results

5.1. Overall Performance Definition. Linked to the channel
DC gain H, and depending on the system modulation, the
signal-to-noise ratio (SNR) is a key metric used to evaluate

performance, taking into account emitter power and noise
contribution. Considering the on-off keying (OOK) mod-
ulation and equiprobable emission, the SNR is given by

= 5 (6)

where Ry is the data rate, P, is the average optical emitted
power, N, is the noise power spectral density value
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assuming an additive white Gaussian noise (AWGN), and R
is the photodiode responsivity.

Noise power is mainly linked to the induced ambient
photocurrent I by [2]

NO = 2[]13; (7)

where q is the electron quantum charge.

Visible and IR channels are both impacted by ambient
noise but the effects are more severe in visible since it shares
the same spectrum as lighting sources.

In our context, we have taken account for ambient light
source mainly related to background illumination condi-
tions as direct sun light. Other artificial ambient light sources
are not supposed to be present as we consider that the
communicating LED-based fixture ensures the illumination
function. Therefore, we consider in the following analysis
values of Iy around 5100 pA for visible link and 200 yA for IR
that are values reported from indoor measurements in [38]
for several typical ambient light conditions.

Based on the SNR, the bit error rate (BER) is classically
used to discuss performance. However, as H, follows a
statistical distribution because of the patient moving within
the environment, the SNR also randomly varies. Therefore,
the system BER varies according to the patient’s position and
the movements of the IR transmitter or the VLC receiver.

To account for these variations, we use a metric based on
the probability of meeting a given performance in terms of
BER. A given performance corresponds to an SNR limit
value called SNR,. If the SNR is smaller than SNR, the
targeted performance cannot be reached and the system is in
outage. Therefore, we discuss link performance considering
the outage probability P, expressed as

P, = p(SNR<SNR,). (8)

As we have seen in the previous section, statistical
channel behaviors are different for VLC and IR links. So, we
compute two different outage probabilities corresponding to
each link and involving pairs of emitted power and data rates
((P_1r> Ry_r) and (P_yic» Ry_vic)> respectively):

Poyir = P(SNRyg <SNRy 1),
Poyvic = P(SNRyrc <SNRy_yic).

Considering that the system is in outage as soon as one of
the links (uplink or downlink) is in outage (defined in re-
lation to a given SNRg 1, resp. SNRg_y1 ), we determine the
global outage probability to evaluate the system performance
as follows:

P,y = p(SNR <SNR_jg USNRy;c <SNRy_yic)
= p(SNRyg <SNRy_j) + p(SNRy;c <SNRg_y;()
~ P(SNR <SNRy_1z) - p(SNRy ¢ <SNRy_yic)

(9)

= Poyir + Pouvic ~ Pout-ir * Pour-vic:
(10)

The SNR limit values (SNRy.;r and SNRy.yrc) can be
different depending on the target application, for which

different kinds of data can be sent in the uplink and
downlink.

In this study, we consider that they are fixed to the same
value: SNRg g =SNRg.yv c=15.6dB, corresponding to a
BER of around 10~° for OOK modulation. This corresponds
to classical on-body sensor links requirements for medical
applications [18].

However, we will consider in the analysis that data rates
and emitted power are different and the aim is to evaluate
which pairs satisfy a targeted global outage probability.

5.2. Results and Discussion. Considering the conclusions of
the IR and VLC channels study, the first discussion concerns
the overall performance of the IR transmitter for different
positions on the body. This analysis can be done for a fixed
data rate Ry g = Ry_vic

From expression (8), and knowing the SNR distributions
for a given system configuration, it is possible to determine
which pairs (P,_y;c, P._ir) generate a given P .. An example
is given in Figure 10 for the OOK modulation, with IR and
VLC transceiver parameters defined in Tables 1 and 2. Two
positions of the IR emitter, Hr=0.2m and Hy=1.5m, are
studied, assuming body reflectivity p=0.1.

We determined the pairs (P,_y;c, P,_g) for 3 different
targeted P, and a data rate of R,=1Mbps in VLC
downlink and IR uplink. Firstly, regardless of the Hr value,
the required VLC or IR powers are higher as the overall P,
target weakens. This is consistent with the IR channel be-
havior with regard to emitter position on the body. In
addition, to guarantee a given overall quality of service, if the
IR power decreases, the VLC power related to the lighting
level of the room must be increased and vice versa. From
these curves, we can thus extract the two pairs of limit values
for IR and VLC power. For example, for P,,=0.1 and
Hp=0.2m, the first pair of values corresponds to a minimal
IR power P,_jg_min around 83 mW with a maximal VLC
power P, yic_max Of 0.88 W. The other pair is P,_yic_min
around 0.39W with a P,_jg_p..x of 161 mW. However, the
range of power values is reduced when the target outage
probability P, becomes low, i.e., when the quality of service
is high.

Next we focus on the sensitive sensor location regarding
body impact that is at the ankle Hy=0.2m. The goal is to
show the potential of the proposed technology for this sensor
position, the most impacted by body presence.

Figure 11 shows the pairs of values (P_ig_min>
P, vic-max) corresponding to 3 different outage probabilities
as a function of body reflectivity value p for the height
HT =0.2m.

For P,_ir_min @a0nd P, = 0.1, the reflectivity value p does
not have a significant impact, whereas the impact is more
important when the required outage probability is lower.
P vic-max evolution does not follow the same pattern of
behavior. It is not so heavily impacted by the required outage
probability, regardless of the reflectivity value p. In addition,
the reflectivity value has an impact only for p values lower
than 0.5.

out
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F1GURre 10: Evolution of IR and VLC emitted power for 3 given values of P, ; body reflectivity p = 0.1; height Hyr = 0.2 m and Hy =1.5 m; data

rate Ry, = 1 Mbps.
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FI1GURE 11: Evolution of P_j_:» (in plain lines) and P,_y;_p.y (in dotted lines) for 3 given values of P, as a function of body reflectivity p;

height Hr=0.2 m; data rate R, = 1 Mbps.

For the same configuration, i.e., Hr = 0.2 m and for the 3
different targeted outage probabilities, Figure 12 shows the
corresponding pairs of values (P,_yic_min> ProiR-max)-

P _y1C-min Variations, as for the P,_y;c_.. value, do not
depend on reflectivity values when p is higher than 0.5.
However, for lower p values, they vary as a function of p and
as a function of the required outage probability. We also note
that the maximal power P,z ... for the IR link is always
lower than the admissive value for IR diffuse radiation
considering IEC/EN 60825 standard (around 300 mW [2]).
This is of great importance for consumption and highlights

the potentiality of this VLC/IR solution for body sensor
communication.

Besides, the results indicate that the VLC power is always
lower than 2W. This corresponds to weak illumination,
barely perceptible by the human eye, similar to night watch
use (around 20lux [39]). This is important for monitoring
applications for which data transmission has to be reliable
whatever the lighting conditions.

To extend the conclusions, this analysis can be done for
any other data rates, which are not necessarily the same for
IR and VLC links. Thus, we analyze the variations of
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FI1GURE 12: Evolution of, P,_jp_., (in plain lines) and P,_y; ;i (in dotted lines) for 3 given values of P, as a function of body reflectivity p;

height Hr=0.2 m; data rate R, = 1 Mbps.
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FiGure 13: Evolution of, data rate for IR and VLC links for 2 given values of P

height Hr=0.2m.

available data rates to reach a given outage for fixed power
values. We consider the case with maximal IR power, i.e.,
P, g =300mW. We also assume that P,_y;c=2W as in
night watch use. Results are shown in Figure 13 for a
reflectivity value p=0.1 and Ht = 0.2 m and for two different
levels of quality of service corresponding to P, =0.1 and
P, =0.01.

The curves indicate that the proposed system can operate
at data rates higher than 1 Mbps. This illustrates the theo-
retical potential of all-optical communication technology for
body-sensor based health monitoring even for extreme
position of the sensor on the user body like the ankle. For
example, the pairs of maximal data rates for IR and VLC are
(Rp_1R-max = 13-2 Mbps, Ry_vic_max = 26 Mbps) for P, =0.1
and  (Ry_jg_max =4-5Mbps, Ry _vic_max =7-5Mbps) for

out

8 10 12 14
Data rate IR x10°

P,_1x =300 mW and P,_y; =2 W; body reflectivity p =0.1;

out>

P, =0.01. As expected, the range of data rate is reduced
when the targeted outage probability is lower.

6. Conclusion

In this work, we proposed a bidirectional all-optical com-
munication system using infrared uplink and visible
downlink. The context is body sensor communications for
medical applications. The studied scenario considered an
infrared communicating sensor worn by a patient and as-
sociated receivers positioned in a ceiling luminaire. This
luminaire can communicate in the visible range with a
receiver also worn by the patient.

Performance was analyzed taking into account the main
impacting parameters, i.e., the movements and the mobility
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of the patient in the environment, the position of the
communicating sensor on his/her body, and the presence of
the body and its impact on optical propagation.

First, we analyzed the statistical behavior of both IR and
VLC channels using ray-tracing simulations, allowing
modeling of LOS and non-LOS links.

The results showed that regardless of the position of the
communicating sensor on the body, it is not necessary to take
into account variations in orientation of the infrared emitters,
which simplifies the modeling. However, it is essential to
model the body with a reflectivity coeflicient value as close to
reality as possible, especially when the sensor is close to the
ground, for example, at the ankle. In contrast, for the visible
downlink channel, it is important not only to model the body
but also the variations in orientation of the VLC receivers.

Then, the channel statistics were used to determine the
overall performance in terms of outage probability, jointly
considering IR uplink and visible downlink transmissions.

First, we focused on a scenario with a data rate of 1 Mbps
and BER of 107 for both links. The analysis of overall
performance was done by examining the emitting power-
related issues. We determined the compromises required in
IR and VLC powers to satisfy a given quality of service. Thus,
the minimum power possible in infrared will correspond to a
maximum power in visible and vice versa.

An important result is that even with an ankle sensor, the
maximum power for the uplink did not exceed the maxi-
mum permissible value in IR diffuse emission. Moreover,
when the IR emitted power was minimized, the corre-
sponding maximum VLC power did not depend on the
quality of service or body reflectivity when it was greater
than 0.5. This was the same when considering minimal VLC
power regarding body reflectivity. We also found that VLC
maximal power corresponds to a very low level of illumi-
nation, so the application does not depend on lighting
conditions.

Finally, we determined the maximum rates for which
these conclusions are still valid, which shows the potenti-
alities of optical wireless technology in a body sensor
context.
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