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ABSTRACT This paper considers the use of infrared wireless communications for uplink transmission
in extra wireless body-area networks. We focus on a multi-user medical application, where the collected
medical data of several patients inside a hospital room is transmitted to one or several access points (APs).
For this uplink transmission, we investigate the performance of optical code-division multiple access in
asynchronous mode, while taking into account the effect of random transmitter orientation. For this purpose
and to consider realistic scenarios, we implement an orientation-based random waypoint mobility model to
consider the mobility of patients inside a hospital ward. Performance evaluation is done in terms of the link
average bit-error-rate and outage probability. We further investigate the performance improvement by using
several APs, compared with the case of a single AP.

INDEX TERMS Wireless body area networks, medical WBAN, telemedicine, wireless optical communi-
cations, infrared data transmission, optical code-division multiple access, random waypoint model, binary
pulse-position modulation.

I. INTRODUCTION
Real-time continuous monitoring of patients is crucial in
hospitals or health-care centers to detect any deterioration in
the patients’ health conditions and to prevent inappropriate
treatments. On the other hand, telemonitoring post-operative
patients or elderly people at home is a very efficient way of
improving the quality of life and, at the same time, reduc-
ing health-care expenditures. Such e-health solutions can be
realized, in particular, through the use of wireless body-area
networks (WBANs) by sending timely data from a number of
on-body or implanted medical sensors [1]. Here, from a data
transmission point of view, the communication architecture
can be divided into intra-WBAN and extra-WBAN, where the
former concerns the communication between the sensors and
a central coordinator node (or hub) [2], and the latter refers to
the communication between the coordinator node (CN) and
an external network or an access point (AP) [3]–[5].

Recently, the use of optical wireless communica-
tions (OWC) based on visible-light (VL) and infrared (IR)
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links has gained increasing attention in medical WBAN
applications, mainly because of their immunity against elec-
tromagnetic interference (EMI) and their license-free and
inherent security features, as compared to radio-frequency
(RF) links [6]. Indeed, the already-proposed RF-based solu-
tions rely on transmission in the unlicensed ISM (Industrial,
Scientific and Medical) band, which is increasingly subject
to EMI. In addition, they are highly vulnerable to data inter-
ception and hacking [4].

A. UPLINK SIGNAL TRANSMISSION
In this paper, we consider the use of IR links for the case
of an extra-WBAN medical network by focusing on uplink
communication between a CN, placed on a patient body,
and an AP. Note that we exclude the use of VL that could
irritate the patient’s vision. Here, special attention should be
devoted to eye-safety, link reliability, and power consump-
tion of the transceiver modules. According to the IEC-62471
(International Electro-technical Commission) standard, for
pulsed IR, a cornea exposure irradiance limit of 100W/m2

and a retina exposure radiance limit of 545.5 mW/mm2/sr
have no eye hazard at a distance of 200mm [7]. Also, from a
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communication theory perspective, an important issue is to
handle the multiple-access interference (MAI) requirement
when several transmitters (i.e., CNs) have to share the same
communication channel.

B. MANAGING MULTIPLE ACCESS
As a matter of fact, in typical situations, several patients
may share a hospital ward, and similarly, a few elderly
people may need to be monitored at a senior’s residence
room. Then, simultaneous data transmission from multiple
patients is unavoidable, which requires the use of appropriate
multiple-access (MA) techniques. Time- and code-division
MA (TDMA and CDMA) are potential techniques of rel-
atively low implementation complexity within this context.
In the context of OWC-based WBANs, different variants of
TDMA techniques including time-hopping, and periodic- and
priority-based data transmission were proposed for multiple-
patient monitoring [8]–[10]. However, these solutions do
not support asynchronous data transmission from different
patients. Recently, the use of optical camera communica-
tion was considered for multiple-patient monitoring inside a
hospital ward [11] but this system loses its reliability in the
absence of line-of-sight (LOS) links. A bandwidth-efficient
sparse code MA technique was also proposed in [12] based
on VL LOS links at the cost of a relatively high implemen-
tation complexity, compared to CDMA. In order to increase
the robustness of the network and relax the synchronization
requirement between multiple transmitters (which is obvi-
ously crucial in the case of TDMA [13]), we propose here
to use the optical CDMA (O-CDMA) technique.

Data transmission is then performed using intensity mod-
ulation with direct detection (IM/DD) [14]. In this work,
we consider the binary pulse-position modulation (BPPM)
scheme [15].Wewill later justify this choice regarding imple-
mentation simplicity.

The performance of O-CDMA depends on the signature
codes used to map the data of different users [16]. The very
well-known optical orthogonal codes (OOC), initially intro-
duced for optical fiber communications [16], can be adopted
here. However, in the OWC context, O-CDMA can suffer
fromMAI and the so-called near-far problem [17], [18] when
used in asynchronous mode. In addition, patients’ mobil-
ity and random transmitters (Txs) orientations may severely
degrade the system performance [19], [20].

It is worth mentioning that IR OWC links can also be used
for intra-WBAN data transmission. To avoid interference
between intra- and extra-WBAN links, different wavelengths
can be used together with optical filters at the Rxs. Therefore,
reasonably, we do not consider any potential MAI corre-
sponding to intra-WBAN connections in this paper.

C. STATE-OF-THE-ART ON OCDMA FOR OWC
The performance of O-CDMA was experimentally inves-
tigated for indoor optical wireless local-area networks
in [21], [22]. The authors in [23] and [24] considered the
impact of ambient noise on the diffuse IR O-CDMA channel.

Also, the near-far problem and MAI effect on a diffuse IR
uplink were studied in [25], [26]. In [27], O-CDMA was
proposed for uplink transmission in medical extra-WBAN
applications, where the effect of patients’ mobility inside a
hospital room was studied as well, while assuming a half-
tracked LOS link between a medical sensor and an AP. Such
a half-tracked link is, however, complex to implement as it
requires a fine knowledge of the user and AP positions to
align the Tx with the receiver (Rx). On the other hand, for
intra-WBAN medical applications, the analytical study of a
diffuse O-CDMA link was presented in [28], [29] based on
a hard-limiter (HL) Rx structure. In a recent work, we inves-
tigated the practical implementation of O-CDMA for extra-
WBAN uplink data transmission [30].

D. PROPOSED STUDY AND CONTRIBUTIONS
In this work, we study the performance of O-CDMA when
used for extra-WBAN links. In contrast to the work presented
in [27], we take into account the Tx power constraint due to
eye-safety considerations, the different noise sources at the
Rx, as well as randomly changing Tx orientations. Based on
the random waypoint (RWP) model [31], [32], we further
consider the user mobility in our study by using the general-
ized model of orientation-based RWP (ORWP) [33] in order
to include the effect of random Tx orientations. Moreover,
we investigate the improvement of the link quality through
the use of multiple APs in the room. Performance evaluation
is mainly done in terms of the link outage probability Pout,
which is studied for the first time within this context, to the
best of our knowledge.

The main contributions of this work can be summarized as
follows:
• Studying the O-CDMA performance using accurate and
realistic channel modeling;

• Elucidating the limitation of the O-CDMA performance
in mobility conditions due to the near-far problem;

• Quantifying the link performance degradation due to
LOS blockage with the presence or absence of MAI, and
showing the contribution of the diffuse link;

• Demonstrating the substantial improvement in the link
performance and reliability by using multiple APs.

The remainder of this paper is organized as follows.
In Section II, we describe the O-CDMA system based
on OOC codes as signature sequences. Next, Section III
presents the mathematical formulations for studying the
link performance. Numerical results are then presented in
Section IV to investigate the bit-error-rate (BER) and Pout
performances of the system for changing users’ locations in
the room and different AP arrangements. The main conclu-
sions of this work and some future directions are provided
in Section V.
Notations : Bold-face upper-case letters are used for

matrices and lower-case letters for vectors. Also, XYZ is the
reference Cartesian coordinate system, (.)T denotes transpo-
sition, E{.} stands for expected value and ln (.) is the natural
logarithm.
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FIGURE 1. Illustration of a typical hospital ward scenario using an IR
based extra-WBAN with multiple patients, each one having a CN (the red
bullet on the shoulder). Here, 4 APs are considered, placed on the ceiling.

II. SYSTEM DESCRIPTION
A. GENERAL ASSUMPTIONS
Figure 1 illustrates a typical hospital ward with potentially
up to four patients inside, where IR links are used for extra-
WBAN uplink transmission. Note that, most hospital guide-
lines recommend a maximum of four patients in a ward [34].

We consider the use of IR light-emitting diodes (LEDs)
because of their relatively low cost and more tolerable eye-
safety features (due to the typically much wider beams),
compared to laser diodes (LDs). In practice, each CN could
be equipped with an IR LED, like [35], with a wavelength of
940 nm, a transmitting area of 1mm2 and a radiant intensity
of 300mW/sr corresponding to a typical transmit power of
1150mW. Then, according to [7], up to 10 LEDs can be
used simultaneously in this configuration and with a 50%
duty cycle while still meeting the IEC ‘‘no risk group’’
requirements. Note that, while a typical IR LED can offer a
bandwidth of about 20MHz [35], an LD can alternatively be
used for applications demanding higher data rates. In such
a case, an optical diffuser should be inserted in front of the
LD to break its spatial coherence and to satisfy the eye-
safety requirement. However, the resulting Tx would be more
expensive and bulkier, compared to the case of using an LED.
Note that considering the power consumption of a battery-
powered CN, we restrict the optical transmit power of an IR
LED to a maximum of 280mW.

The Tx (i.e., the CN) is considered to be placed on the
shoulder of each patient, which has been shown in [36] to be
an appropriate choice due to the patient comfort and also the
relatively high probability of having a LOS connection with
the AP(s), placed on the ceiling. Unless otherwise specified,
only one single AP, placed at the center of the room ceiling,

FIGURE 2. Illustration of a typical LOS link configuration between a CN
and the AP. x and y represent the coordinates of the hub with respect to
the room center, i.e., the AP position.

is assumed in the sequel. The AP is connected through a
backbone cable to a local network switch as shown in Fig. 1.
Patients are considered to be equipped with different medical
sensors to monitor their temperature, blood-saturation, blood
pressure, etc. (not shown in the figure). The CN collects the
data from all sensors before sending them to the AP(s). The
requirement in terms of data-rate for most sensors is less than
100Kbps [37], [38]. Consequently, we consider a data-rate of
up to 100Kbps for the extra-WBAN link.

We consider a hospital ward with room dimensions
8 × 8 × 3m3, which satisfies the general health-care guide-
lines [34]. We assume a relatively large field-of-view (FOV)
at the AP (with no concentrator) and the use of a simple PIN
photo-detector (PD). Note that, compared with an avalanche
PD (APD), the use of a PIN PD allows a less expensive and a
less bulky Tx with simpler electronics, and furthermore less
sensitivity to background illuminations. We denote by d the
horizontal distance of the Tx from the AP, placed at the center
of the room ceiling, see Fig. 2. In the figure, h1 and h2 are the
heights of the AP and the CN, respectively.

Given the relatively low data-rate transmission, the on-
off-keying (OOK) modulation would be a suitable choice
due to its simplicity. Here, instead, we consider the BPPM
modulation, which has almost the same performance as OOK
but with the advantage that no adaptive thresholding is needed
for optimal signal detection at the Rx [39], [40]. Note that,
although non-binary PPM would be more advantageous in
terms of energy efficiency [41], we suggest using BPPM
which has the advantages of a lower required bandwidth, less
constraints in terms of eye-safety, and lower implementation
complexity.

B. CHANNEL MODEL
Denoting the transmit optical power by Pt and the channel
attenuation or channel DC gain for the LOS link by HLOS,
the received power from the LOS is given by Pr0 = HLOSPt .
From Fig. 2, considering the Lambertian source model for the
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FIGURE 3. LOS and diffuse link with randomly oriented Tx. Here, θtx
denotes the elevation angle, ωtx is the azimuth angle, and nAP and n′Tx
stand for the normal vectors corresponding to the AP and Rx, respectively.

LED at the Tx, we have [14]:

HLOS =


Ad (m+1)
2πD2 cosm(θ ) cos(ψ) ; 0 ≤ ψ ≤ ψc

0 ; ψ > ψc,

(1)

where ψ denotes the beam incident angle at the Rx, Ad is
the PD’s area, and θ is the radiance angle of the Tx that
depends on the elevation angle θtx as shown in Fig. 3. The
LOS link distance between the CN and the AP is given by
D =

√
d2 + (h1 − h2)2. Also, ψc in (1) is the FOV of the

Rx and m is the Lambertian order of the LED, related to its
semi-angle at half power φ1/2 [42]:

m =
− ln 2

ln (cosφ1/2)
. (2)

Concerning the diffuse link, we denote by Href the channel
DC gain component corresponding to the signals collected
from the beam reflections at the Rx. To avoid too timely simu-
lations, here only 1st-order reflections are taken into account.
Note that this choice is practically rational as most non-LOS
contributions correspond to the first-order reflections [43].
To calculate Href, we consider a set of small Lambertian
reflecting surface elements, each one with area AE and reflec-
tivity coefficient ρ, as shown in Fig. 3. For each element Eι,
the corresponding channel DC gain is given by [14], [44]:

Href,ι

=


(m+ 1)ρAdAE

2πD2
1D

2
2

cosm(∂) cos(ϑ) cos(δ) cos(ψ ′)

; 0 ≤ ψ ′ ≤ ψc

0 ; ψ ′ > ψc,

(3)

whereD1 denotes the distance between the Tx and the reflect-
ing surface element Eι, D2 is the distance between Eι and the

Rx, ∂ is the radiance angle of the Tx, ϑ expresses the incident
angle on Eι, δ is the radiance angle of the reflected rays from
Eι, and ψ ′ denotes the incident angle at the Rx (see Fig. 3).
Now the total received power Pr taking into account both

LOS and the diffuse links is given by [42]:

Pr =
(
HLOS +

∑
ι

Href,ι

)
Pt . (4)

C. MODELING USER MOBILITY
An important point here is to consider the effect of user
mobility. For instance, it was shown in [45] that the quality
of an RF-based extra-WBAN link is significantly affected
by users’ mobility. A variety of mobility models have been
proposed so far in the context of cellular mobile networks
such as random walk model [46], RWP [31], [32], random
group model [47]–[49], and random trip model [50]. In the
context of RF extra-WBANs, a modified RWP, called random
room mobility model, was proposed in [45] for the case of
mobility within a hospital building. Moreover, [51] showed
that the human walk nature in outdoor follows the levy-walk
model. In indoor environments, RWP is the most widely
used mobility model because of being more realistic and its
implementation simplicity [52]. In the case of OWC, in addi-
tion to user mobility, the effect of Tx orientation on the link
performance can be quite significant. Recently, an ORWP
mobility model was proposed for the light fidelity (LiFi) use
cases, where mobile devices were considered to be oriented
randomly with a Gaussian distribution [33]. Although in our
case of extra-WBAN link, the Tx (placed on the patient’s
shoulder) would have smaller orientation variations, com-
pared to the case of handheld devices in LiFi applications,
here for the sake of modeling simplicity, we also consider the
Gaussian distribution and use it in our ORWPmobilitymodel.

1) TX ORIENTATION
The orientation of a Tx placed on a patient’s shoulder can be
described by the Euler’s rotation theorem [53]. We denote the
yaw, pitch, and roll angles by α, β, and γ , respectively. Let’s
define the reference coordinate systemXYZ , corresponding to
when the Tx is pointing straight towards the ceiling, in con-
trast to the actual coordinate system x ′y′z′, see Fig. 4. Any
spatial orientation can be represented by a 3 × 3 rotation
matrix R given by [54]:

R = Ryaw(α)Rpitch(β)Rroll(γ ) =

cosα − sinα 0
sinα cosα 0
0 0 1


×

1 0 0
0 cosβ − sinβ
0 sinβ cosβ

 cos γ 0 sin γ
0 1 0

− sin γ 0 cos γ

 , (5)

where Ryaw, Rpitch and Rroll are the rotation matrices about
the Z , X and Y axes with rotation angles α, β, and γ , respec-
tively. Let us define the normal vectors nTx = [nxnynz]T

and n′Tx = [n′xn
′
yn
′
z]
T corresponding to before and after Tx
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FIGURE 4. Orientations of a Tx: (a) reference orientation, when the
reference coordinate system XYZ and the actual Tx coordinate system
x ′y ′z ′ are aligned, (b) Pitch rotation, the Tx rotation around the X axis
with angle β, (c) Roll rotation, the Tx rotation around the Y axis with
angle γ , (d) Yaw rotation, the Tx rotation around the Z axis with angle α.

rotation, respectively. According to the Euler’s theorem,

n′Tx = RnTx. (6)

We assume that the reference and the actual Tx coordinate
systems are initially aligned so that nTx = [0 0 1]T , see
Fig. 4a. Then, substituting R from (5) in (6), we have:

n′Tx =

sinα sinβ cos γ + cosα sin γ
sinα sin γ − cosα cos γ sinβ

cosβ cos γ

 . (7)

Now, we convert the rectangular coordinates to spherical
coordinates as shown in Fig. 3 to obtain the elevation θtx and
the azimuth ωtx angles as follows:

θtx = arccos (cosβ cos γ ) (8)

ωtx = arctan
(
sinα sin γ − cosα cos γ sinβ
sinα sinβ cos γ + cosα sin γ

)
. (9)

Note that the radiance angle ∂ in Fig. 3 depends on the eleva-
tion θtx and the azimuth ωtx angles, and can be calculated by
employing the trigonometry of the rectangular triangles.

2) ORWP MODEL
According to the RWP mobility model, within a rectangular
room of areaW ×L, the distance between two random points
is assumed to be distributed uniformly with the probability
density function (PDF) 1

WL [55]. For the transition between
two successive points, the trajectory is a straight path with
a constant speed. The PDF of the distance or the transition
length between two points, denoted by S can be found in [55].

FIGURE 5. Example of frame structure of BPPM O-CDMA signaling.

For the case of an L × L square room that we consider
here, the expected transition length is E{S} = 0.5214 L
[55], [56]. The two dimensional PDF of the node location
(x, y) is then [56]:

fXY (x, y) =
36
L6

(
x2 − L2/4

) (
y2 − L2/4

)
. (10)

Here, we assume that the speed of the node (i.e., the user)
is uniformly distributed between Vmin and Vmax, which is
considered to be unchanged during each transition. Then,
the expected value of the transition time T is [56]:

E{T } =
ln(Vmax/Vmin)
Vmax − Vmin

E{S}. (11)

We consider the user movements with a certain amount
of pause time Tp with the probability of pause, P Pause =

E{Tp}/(E{Tp} + E{T }) [56]. The random location of the
paused nodes is assumed to be uniformly distributed with the
PDF f Pause

XY (x, y) = 1
WL . The global PDF of the node location

taking into account the pause feature will be then:

f Global
XY = P Pause f Pause

XY (x, y)+(1−P Pause)fXY (x, y), (12)

where fXY (x, y) corresponds to (10).
Now, to simulate the general ORWP mobility for a given

user, for each waypoint, we consider an independently gener-
ated random Tx orientation to the user’s location using (12).

D. O-CDMA SIGNALING
An illustrative example of a BPPM O-CDMA transmitted
signal is shown in Fig. 5. Each user is assigned a signature
code (SC), also called spread sequence, which is multiplied
by the corresponding signal. At the Rx (i.e., the AP), signals
of all users are received on the PD, see Fig. 6. In order to
extract and detect the data of a specific user, each BPPM slot
of the received signal is correlated with the corresponding
SC (block ‘‘Correlator’’) over the slot duration. Afterwards,
the demodulator extracts the transmitted bits by comparing
the correlator outputs corresponding to the BPPM slots.

171676 VOLUME 8, 2020



M. J. Hasan et al.: Performance Analysis of Optical CDMA for Uplink Transmission in Medical Extra-WBANs

FIGURE 6. Block diagram of the proposed O-CDMA based extra-WBAN
system; Blocks Mod and DeMod stand for modulator and demodulator.
Signal sampling at the trans-impedance amplifier output is done at
sampling period of Tc , the chip duration.

As explained previously, an OOC is usually used as SC.
This binary sequence, is denoted by OOC (F,K , λa, λc),
where F is the SC length (i.e., the number of chips), K is its
weight (i.e., the number of ones in the sequence), and λa and
λc stand for the auto-correlation and cross-correlation con-
straints, respectively [57]. For given OOCs u and v, the fol-
lowing conditions hold [16]:

0u,u(κ) =
F−1∑
n=0

unun+κ

{
= K ; κ = 0
≤ λa ; 1 ≤ κ ≤ F − 1

(13)

0u,v(κ) =
F−1∑
n=0

unvn+κ ≤ λc ; 0 ≤ κ ≤ F − 1. (14)

Here, 0u,u and 0u,v denote the auto-correlation of u, and
the cross-correlation of u and v, respectively. As a matter
of fact, since IM/DD signal transmission is used, here we
cannot have strict orthogonality between two SCs. For OOCs,
we have λa = λc = 1 which results in minimum MAI. For
OOC (F,K , 1, 1) codes, the maximum number of users N
that can be handled is upper bounded by [16]:

N ≤
F − 1

K (K − 1)
. (15)

For such codes, error-free data recovery for an ‘‘ideal’’ link
(i.e., without noise effect and only from a MAI point of
view) is possible provided that K satisfies the following
condition [16], [57]:

K > N − 1. (16)

Note that, the effect of MAI can be reduced when using M -
ary PPM, M > 2 [58]. This, however, results in relatively
poor bandwidth efficiency and increases the complexity of
signal transmission at both Tx and Rx and the required speed
of electronics. Therefore, we consider the BPPM modulation
in this work, as mentioned previously. Note that, here, each
BPPM slot duration equals F Tc.

III. PERFORMANCE EVALUATION OF BPPM
O-CDMA SIGNALING
To study the performance of BPPM O-CDMA signaling
for an extra-WBAN link, we consider two criteria of BER

and Pout. We mostly focus on the latter as a more appropriate
metric for a randomly changing channel. It is defined as
the probability that the BER for a given channel realization
exceeds a target value, BERth:

Pout = P(BER ≥ BERth). (17)

As mentioned previously, from a system design point of
view, we consider asynchronous transmission from different
users, which results in reduced implementation complexity.
That is, each CN sends its data asynchronously to the AP.
We are hence concerned by the near-far problem, which has
been the subject of extensive research for CDMA-based RF
systems [13], [59], e.g., in the context of the 3rd generation
of cellular mobile networks. Here, in order to simplify the
system performance analysis, we make the assumption of
chip synchronous transmission. This corresponds the worst
case, regarding MAI, and provides an upper bound on the
system performance [60].

A. BER ANALYSIS
As shown in Fig. 5, BPPM symbols are composed of two ON
and OFF slots. Here, without loss of generality, we assume
that ‘0’ and ‘1’ information bits are mapped to (OFF,
ON) and (ON, OFF) BPPM symbols, respectively. With
BPPM O-CDMA, each slot of a given user is multiplied
by its SC code, as illustrated in Fig. 5. For the synchronous
transmission case, the ON chips of two OOCs (satisfying
λa = λc = 1) cannot overlap on more than one chip
position. For two different users, there are K 2 possible ways
of overlapping betweenK ONchips of the two corresponding
OOCs. Then, given the OOC length F , the probability that an
interfering user’s ON chips of a BPPM slot overlapwith those
of a desired user is given by [16], [26]:1

q =
K 2

2F
, (18)

where the factor 1/2 is the probability that the interfering user
sends a one in the first BPPM slot and a zero in the second
BPPM slot. For a total number of N users, the probability
Pi(`) that ` users interfere with a desired user’s signal follows
a binomial distribution that can be expressed as [16], [60]:

Pi(`)=
(
N−1
`

)
q`(1−q)N−1−`; 1≤`≤N − 1. (19)

The overall probability of interference occurrence Pi is then:

Pi =
N−1∑
`=1

Pi(`); 1 ≤ ` ≤ N − 1, (20)

and we consider Pi = 1 for ` = 0. The first step of the
decoding process is to correlate the received signal with the
correspondingOOC code over the BPPM slot duration. Let us
denote by χ1 and χ2 the correlator outputs corresponding to

1Note that the probability of interference between two OOCs with either
OOK or BPPM modulations is the same [26].
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the first and the second BPPM slots, respectively. For demod-
ulation, these outputs are compared to make a decision on the
transmitted bit (the DeMod block in Fig. 6). A detection error
occurs if χ2 > χ1, when the transmitted data bit is ‘1’, or
if χ1 > χ2, otherwise. Assuming equally likely transmitted
bits, the bit error probability PE , or in other words the BER,
is given by [61]:

PE =
1
2
Pi
[
PE (error|′0′)+ PE (error|′1′)

]
=

1
2
Pi
[
Prob(χ1 ≥ χ2|′0′)+ Prob(χ2 ≥ χ1|′1′)

]
, (21)

where 1/2 is the probability of the transmitted bit ‘1’ or ‘0’
and, for instance, PE (error|′0′) denotes the error probabil-
ity conditioned to the transmission of a bit ‘0’. Logically,
we have PE (error|′0′) = PE (error|′1′).

To analyze the worst MAI case, in addition to the assump-
tion of synchronous chip transmission, we consider the case
where the desired user transmits a bit ‘0’, represented by the
( OFF, ON) BPPM symbol, and all the N − 1 interferers
transmit bit ‘1’, i.e., the ( ON, OFF) BPPM symbol. This
allows to evaluate the upper bound on the conditional proba-
bility. Concerning the Rx noise, the corresponding generated
photoelectrons at the PD output over an O-CDMA chip time
Tc has a Poisson distribution [62]. Concerning the correlator
output at each BPPM slot, the resulting Poisson distribution
with a relatively large mean can be well approximated by a
Gaussian distribution. Let us denote by I1 and I2, and σ 2

1 and
σ 2
2 , the means and variances of the correlator outputs corre-

sponding to the first and second BPPM slots, respectively.
We have:

I1 = KId + KIa +
N−1∑
j=1

IIj,

I2 = KId + KIa + KIr ,

σ 2
1 = Kσ 2

Id + Kσ
2
Ia +

N−1∑
j=1

σ 2
IIj + Kσ

2
T ,

σ 2
2 = Kσ 2

Id + Kσ
2
Ia + Kσ

2
Ir + Kσ

2
T . (22)

Here, Id and Ia denote the dark current noise and the ambient
current noise, Ir is the photo-current corresponding to the
desired user’s chip, and IIj is the photo-current corresponding
to the jth interfering user’s ON chips. The factor K in I1 and
I2 is due to the correlation with the OOC, which has weight
K . We have:

Ir =
qe η Pr
h ν

, IIj =
qe η Pr,j
h ν

, (23)

where ν is the light frequency, η is the PD quantum efficiency,
and h is the Plank’s constant. Also, Pr is the received power
from the desired user and Pr,j is the received power from the

jth interferer. The corresponding variances are [63]:
σ 2
Id = 2 qe Id B,

σ 2
Ia = 2 qe Ia B,

σ 2
Ir = 2 qe Ir B,
σ 2
IIj = 2 qe IIj B.

(24)

Here, B denotes the bandwidth of the Rx low-pass filter and
qe is the electron charge. Also, σ 2

T in (22) stands for the Rx
thermal noise variance, defined as [63]:

σ 2
T =

4KB Tr B
RL

, (25)

where Tr is the equivalent noise temperature, KB denotes
Boltzman’s constant and RL is the load resistance of the Rx
trans-impedance amplifier (TIA).

Note that, given that the correlation with the OOC con-
sist of the summation of signals corresponding to non-zero
weights, the noise at the correlator output can be assumed
to follow a Gaussian distribution. Consequently, we can
write [61]:

Prob(χ1 ≥ χ2|′0′) =
∫
∞

−∞

1√
2πσ 2

1

exp−(x−I1)
2/2σ 21

×

∫ x

−∞

1√
2πσ 2

2

exp−(y−I2)
2/2σ 22 dy dx, (26)

The BER for the case of the absence of MAI can be
calculated by setting ` = 0 in (19) and Pr,j = 0 in (23).

IV. PERFORMANCE ANALYSIS
We present here a set of numerical results to study the per-
formance of an extra-WBAN link using BPPM O-CDMA
signaling. Simulation parameters are summarized in Table 1.
In particular, to reduce the probability of LOS block-
age, we consider a relatively wide beam at the Tx, i.e.,
φ1/2 = 60◦ corresponding to m = 1, and a relatively
large Rx FOV, i.e., ψc = 75◦. Also, by default and unless
otherwise mentioned, one single AP is considered, placed at
the center of the ceiling. Note that the body has a rather little
impact on the link performance for relatively low data-rate
applications, provided that the Pout requirement is limited to
about 10−2 [64]. Therefore, to simplify channel modeling and
to reduce the simulation time, the impact of the patient’s body
is not taken into account in our study, assuming that a Pout of
10−2 would be adequate to achieve the required quality-of-
service for the considered WBAN applications.

A. EFFECT OF TX ORIENTATION ON THE RECEIVED POWER
Let us first consider a single Tx in the room, i.e., the case
of no MAI, and see the effect of random orientations of
the Tx. As a link outage can most possibly occur due to
LOS blockage, we study the effect of Tx random orienta-
tions on the received power by neglecting the diffuse link.
Figure 7 shows the received optical power at the AP versus
−90◦ ≤ θtx ≤ 90◦ for different Tx distances d from the room
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TABLE 1. Parameters Used for Numerical Simulations.

center assuming a 100mW transmit power. As seen from the
figure, for too large θtx , the LOS between the Tx and the AP
is lost, resulting in zero received power (remember that we
neglect the diffuse link). For d = 0, the received power falls
to zero for |θtx | larger than the Rx FOV. Logically, random
orientation of the CN can have a more detrimental impact on
the link performance as the Tx moves from the center of the
room to the corner. For instance, for d = 3.5m, the LOS is
lost for θtx > 8◦ only.

Let us now consider the effect of Tx random orientation
−90◦ ≤ θtx ≤ 90◦ on the detected received optical power
at the AP. We have presented in Fig. 8 the minimum and
maximum detectable received power versus d , considering
the cases of LOS and LOS+1st-order reflections and for
different transmit power levels Pt . As expected, the minimum
and maximum received powers decrease with increasing d
when taking only the LOS into account. However, when
taking the 1st-order reflections into account, the maximum
received power increases slightly as the distance d increases
due to the decreasing path length of the first-order reflections
from the walls.

B. MAI EFFECT ON LINK PERFORMANCE
To focus on the MAI effect, we again consider only the
LOS link by neglecting the diffuse link. We start by con-
sidering some special scenarios for a desired user and three

FIGURE 7. Impact of Tx orientation on the LOS outage for distances d
from the room center, Pt = 100 mW. Only the LOS path is taken into
consideration.

FIGURE 8. Impact of Tx orientation on the minimum (min) and
maximum (MAX) detectable received power for distances d from the
room center. LOS and LOS+1st-order reflections are taken into
consideration.

interfering users. First, we consider the scenario where all the
three interferers are at the same position at the room center,
and change the desired user’s position from d = 0 to 5.7m,
i.e., from the center of the room to the corner, as shown
in Fig. 9. These two positions correspond to the least andmost
MAI, respectively.

B.1. FIXED TX ORIENTATION
At first, we assume that all Txs are oriented towards the
ceiling i.e., θtx = 0, regardless of their position. For a given
d , the BER is calculated from (21). The BER plots of the
desired user are presented in Fig. 10 for different transmit
power levels Pt , which is set equal for all users. As expected,
the BER increases as the desired usermoves towards the room
corner, where it undergoes the worst MAI due to the so-called
near-far problem. At the most favorable position, i.e., at the
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FIGURE 9. Trajectory of the displacement of the desired user from d = 0
(room center) to d = 5.7 m (room corner).

FIGURE 10. BER versus the horizontal distance d of the desired user
from the AP for different transmit powers. MAI represents the case where
the three other users are located at the same position at the room center.
NMAI stands for no-MAI. Only the LOS path is taken into consideration.

room center d = 0, the link performance is practically lim-
ited by the least MAI (with no near-far problem) and noise.
As expected, a better performance is obtained by increasing
the transmit power. As benchmark, and in order to elucidate
the MAI effect, we have also shown in Fig. 10 the BER plots
for the no-MAI case, denoted by NMAI. Note that, for NMAI
case, the increase in BER with d is due to decrease in the
received signal-to-noise ratio (SNR), as it can be seen in Fig. 7
for θtx = 0.

B.2. RANDOM TX ORIENTATION
Now we consider the effect of random Tx orientation for the
same scenario as in the previous subsection. For this, we gen-
erate for every user 106 Gaussian-distributed random values
for yaw α, pitch β, and roll γ angles in the intervals of (-180◦,
180◦), (-60◦, 60◦) and (-60◦, 60◦), respectively. Given the
random channel, we consider as performance metric the out-
age probability Pout, calculated considering BERth = 10−3.
The Pout plots are presented in Fig. 11 for different transmit
powers Pt . As expected, Pout increases as the desired user

FIGURE 11. Outage probability versus the horizontal distance of the
desired user from the AP for different transmit powers. MAI represents
the case where the three other users are located at the same position at
the room center. The three interferers and the desired user are oriented
randomly at their positions. Only the LOS path is taken into consideration.

moves from the center of the room to the corner since there
is a higher probability of losing the LOS, see Fig. 7. In fact,
at the center, the performance is mainly affected by decreased
SNR due to random orientations of the Tx, as shown in Fig. 8.
Again, with increased Pt , a lower Pout is achieved for both
MAI and NMAI scenarios. However, almost the same results
are obtained for Pt ≥ 200mW (results are not shown for the
sake of presentation clarity), which means that the limiting
factor resulting in link outage is LOS blockage (rather than
decreased SNR).

B.3. ACCOUNTING FOR NON-LOS CONTRIBUTION
So far, to show the impact of Tx orientation, we only con-
sidered LOS contribution to signal propagation. We now take
into account non-LOS propagation by considering 1st-order
reflections, which correspond to the major contribution from
diffuse propagation. Higher-order reflections are neglected to
avoid considerably increased simulation time. We consider
that each wall is composed of a set of Lambertian reflecting
surface elements, with 100 elements per square meter, which
is sufficient for accurate channel estimation [69], [70].

We have shown the resulting Pout plots in Fig. 12 for the
same scenarios as in Fig. 11. We can notice the significant
difference between the results of these two figures which
signifies the substantial role of the diffuse link in the case of
LOS blockage due to random Tx orientations. For instance,
for Pt = 50mW at d = 1m andMAI case, Pout is around 0.6
from Fig. 11, whereas it is lower than 0.05 from Fig. 12. We
also notice a leveling effect in Pout as d increases, irrespective
of Pt . This is due to the fact that the power received from
the first-order reflections increases with increasing d , as the
corresponding path length (reflections from walls) decreases,
whereas the probability of LOS blockage increases (as shown
in Figs. 7 and 8). Note that at the extreme room corner,
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FIGURE 12. Outage probability versus the horizontal distance of the
desired user from the AP, taking into account LOS and 1st-order
reflections. MAI represents the case where the three other users are
located at the same position at the room center. The three interferers and
the desired user are oriented randomly at their positions.

the calculated Pout from the simulations steeply increases to
one, which is due to considering only 1st-order reflections in
our simulations. To obtain more accurate simulations, higher-
order reflections need to be taken into account, which will
considerably increase the simulation time. Nevertheless, such
user positions are very unlikely to occur in practice, due to the
user’s body volume. For this reason, we have excluded these
values (d & 5.5m) in Fig. 12 and the subsequent figures.
In order to better see the impact of MAI, we have shown

in Fig. 13 Pout plots versus d for different numbers of
users N , for Pt = 50mW and the MAI configuration as
in Figs. 11 and 12, taking into account both LOS and
LOS+1st-order reflections. Note that, N = 1 corresponds
to NMAI case. As expected, Pout degrades with increased
number of interferers.

B.4. ACCOUNTING FOR RANDOM USER MOVEMENTS
Up to now, we considered fixed interferers’ positions (in the
center of the room, i.e., the worst MAI case) to better see
the impact of MAI and random Tx orientations. In order
to investigate the actual effect of MAI in a more practi-
cal scenario, we consider now randomly moving interferers
according to the ORWP model (see Section II) for a given
position of a desired user. The speed variation interval and
the pause time for the ORWP model are specified in Table 1.
As before, we change the position of the desired user from the
center of the room to the corner. Results are presented in the
Fig. 14, where we have generated 106 random positions of the
interferers, as well as 106 random orientations for the main
user and the interferers. Compared with the case in Fig. 12,
here we observe a slightly less destructive MAI effect on
the desired user’s link performance. This could be expected
as in the present case, we consider randomly moving inter-
ferers where the MAI effect will be less significant overall,

FIGURE 13. Outage probability versus the horizontal distance of the
desired user from the AP for different numbers of users N . Interferers are
located at the same position at the room center. Pt = 50 mW. The three
interferers and the desired user are oriented randomly at their positions.

FIGURE 14. Outage probability versus the horizontal distance of the
desired user from the AP, taking into account LOS and 1st-order
reflections. The three interferers are randomly moving and oriented
based on the ORWP mobility model inside the room; the desired user is
randomly oriented at each position.

in particular, for relatively small d . Also, the worst MAI case
in Fig. 12 (where the interferers and the desired user are all
located at the room center) does not happen here since the
interferers are considered to move randomly in the room.

C. INTEREST OF USING MULTIPLE APs
So far we showed how significantly the existence of a LOS
between the Tx and the AP can improve the link performance.
Indeed, we concluded that link outages mostly occur due
to Tx random orientations, where the LOS is lost and the
received signal (from reflections) is too weak. One efficient
technique to reduce this ‘‘fading’’ effect is to employ spatial
diversity by using multiple APs. To evaluate the obtained
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FIGURE 15. Arrangements of APs on the ceiling for the room size
(8× 8× 3) m3: (a) case of 2 APs, (b) 4 APs. Here, dotted blue line
represents the horizontal distance d from the center of the room.

FIGURE 16. Outage probability versus the horizontal distance of the
desired user from the center of the room for the 2 and 4 AP
configurations, considering LOS+1st-order reflections. Three randomly
moving and oriented interferers based on the ORWP mobility model;
randomly oriented desired user at each position.

performance improvement, we consider the case of two and
four APs placed symmetrically on the ceiling, as shown
in Fig. 15. We perform equal gain combining (EGC) on the
signals received on the APs, assuming their perfect syn-
chronization. Note that EGC provides performance close to
the optimal maximal-ratio combining, while having a lower
implementation complexity [13]. The assumption of perfect
time synchronization is quite logical in this context: consid-
ering a maximum data-rate of 100Kbps and the OOC code
length of 49, the slot duration of the BPPM O-CDMA signal
is about 100 ns. So, even a path length difference of 5m
between the Tx and the two APs in Fig. 15(a) would result
in a maximum delay difference of about 15 ns, which can be
effectively neglected.

We have presented the Pout plots in Figs. 16 and 17 for
the cases of 2 and 4 APs with and without MAI, respec-
tively. By comparing these results with Fig. 14, we notice
firstly that for relatively large d where the Pout degrades
due to low received signal power, here spatial diversity helps

FIGURE 17. Outage probability versus the horizontal distance of the
desired user from the center of the room for the 2 and 4 AP
configurations for the case of NMAI. The desired user is oriented
randomly at each position. LOS+1st-order reflections are considered.

FIGURE 18. Outage probability versus the transmit power Pt with
randomly moving and oriented desired user and interferers for the cases
of one, two, and four APs based on the ORWP mobility model. Two cases
of LOS and LOS+ 1st-order reflections are considered.

improve the signal quality and the link Pout. Here, as illus-
trated in Fig. 15, the shortest distance between the desired
Tx and an AP is d ≈ 1.4 and 2.8m for the cases of 2 and
4 APs, respectively, at which we notice the lowest Pout for
a given Pt . Therefore, as the desired user moves from the
center of the room to the corner, Pout decreases at first, due
to the decreasing distance between the Tx and an AP. Then,
as the distance between the Tx and the AP increases, Pout
increases. This explains the non-monotonic trend ofPout plots
in Figs. 16 and 17 with d . Note that as explained previously in
Subsection IV-B3, the results at the extreme corner are
excluded from these figures.

Lastly, we consider a realistic scenario where all users
move randomly according to the ORWPmodel (with random
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speed and pause time) inside the room and random Tx ori-
entations. Pout plots are presented in Fig. 18 for different Pt
and for the cases of 1, 2, and 4 APs when only LOS or
LOS and 1st-order reflections are considered for signal prop-
agation. The interesting result is that the contribution of the
diffuse link (i.e., non-LOS) becomes much more significant
by increasing the number of APs. It is quite marginal for the
case of a single AP, which is consistent with the results of
Fig. 14. This substantial improvement for the case of multiple
APs can be explained by a globally shorter path length to at
least one AP from the 1st-order reflection when the LOS is
lost.

V. CONCLUSION AND FUTURE WORK
We investigated the performance of BPPM O-CDMA based
uplink extra-WBAN signal transmission for multi-user med-
ical applications. We studied the impact of Tx orientation
and changing positions of the users (both the desired user
and the interferers) with respect to the AP, according to a
realistic ORWP mobility model, and evaluated the effect of
MAI on a desired user performance. For this, we considered
two cases where only the LOS or the LOS plus 1st-order
reflections were taken into account. In our analysis, for the
sake of simplicity of analytical derivations, we considered the
case of chip synchronous transmission, which corresponds
the worst MAI conditions.

We showed that random Tx orientations have a more
detrimental effect on the link performance (i.e., link outage
due to LOS blockage) as the distance between the AP and
the CN increases. We showed the substantial improvement
in the link performance by using several APs in the room,
albeit the increased system implementation complexity. In the
meanwhile, we elucidated the important contribution of the
1st-order reflections in the link performance.
As a future research direction, it would be interesting to

investigate the efficiency of using a HL device prior to the
correlator, as suggested in [29], to reduce the MAI effect by
limiting the interference level. Studying the practical interest
of power control [17] at the Tx to reduce the near-far problem
is another interesting direction for future work.
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