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Abstract—This paper considers the use of infrared-based optical
wireless communications for multi-user uplink wireless body-area
networks. We propose the use of optical-orthogonal frequency
division multiple access (O-OFDMA) signaling to manage the
multiple access (MA) requirement for relatively high-rate medical
applications. In particular, we consider asymmetrically clipped
O-OFDMA and analyze its performance in terms of bit-error-
rate and outage probability in the presence of multi-user time
synchronization errors. These latter may occur due to mobility
and random transmitter orientations, and will impact the link
performance by inducing MA interference (MAI). We show that
the effect of MAI increases with increasing the data rate. For
instance, for 1 and 2Mbps data rates, to achieve a target bit-
error-rate of 1073, the link distance is limited to 1.9 and 1m,
respectively, compared to 2.2 and 1.8m in the absence of MAI.

Index Terms—Wireless body area networks, optical-orthogonal
frequency-division multiple access, synchronization errors, optical
wireless communications.

1. INTRODUCTION

Real-time continuous remote monitoring of patients in hospi-
tals gained particular attention during the COVID-19 pandemic
due to the possibility of detecting patients’ health conditions
at an early stage and minimizing direct contact with them.
Such a monitoring system may use on-body sensor nodes and
a coordinator node (CN) to collect and transmit medical data
to a remote location through the use of a wireless body area
network (WBAN) [1], [2]. At first, using intra-WBAN links,
medical data from different sensors are transferred to the CN
placed on the patient’s body [3]. Then, these collected data are
transmitted from the CN to an access point (AP) via an extra-
WBAN link [4]. Optical wireless communications (OWC) have
recently emerged as a potential alternative to radio-frequency
(RF) communications for medical WBANSs [5], mainly due to
their immunity to RF interference and the availability of a
license-free unregulated spectrum [6]. Moreover, the inherent
security features of OWC prevent the interception and hacking
of confidential health information.
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We focus in this paper on extra-WBAN uplink data trans-
mission. In a realistic hospital ward scenario, several patients
transmit their health data simultaneously, which should be man-
aged by employing an efficient multiple access (MA) scheme.
In optical WBAN:S, time- and code-division MA (TDMA and
CDMA) are the most popular schemes proposed so far for
relatively low data-rate (< 100 Kbps) medical applications [7]-
[9]. However, with increased data-rate, e.g., for specific medical
applications such as Electromyography and capsule Endoscopy,
complexity increases due to short time slots in TDMA and
the required long signatures for CDMA. Therefore, to manage
MA interference (MAI) efficiently, we propose here the use of
optical-orthogonal frequency-division MA (O-OFDMA).

O-OFDMA is a multi-user extension of the popular O-
OFDM modulation scheme [10]. The interest in O-OFDM
is that, in contrast to the classical optical on-off-keying, it
is more energy-efficient, and resilient to channel frequency
selectivity [11]. Here, we consider the use of an light-emitting-
diode (LED) at the transmitter (Tx), where due to intensity
modulation, the “time-domain” (TD) signal must be real and
positive. Therefore, Hermitian symmetry (HS) is imposed on
the “frequency-domain” (FD) signal to obtain a real-valued TD
signal. To ensure positivity, either a DC bias is added to the TD
signal, followed by zero-level clipping, resulting in the so called
DCO-OFDM scheme, or by modulating the odd subcarriers
followed by zero-level clipping, resulting in asymmetrically-
clipped (AC)O-OFDM scheme [12], [13].

One major concern for uplink O-OFDMA is time syn-
chronization. Indeed, users must be strictly time-synchronized
regardless of their positions, i.e., the signals of the different
users must arrive at the receiver (Rx) at the same time. This
timing synchronization is achieved based on the channel state
information (CSI) which is estimated based on transmitting
training sequences [14], [15]. However, as we will explain
later in Section I, CSI may become outdated due to mobility
and random Tx orientations, resulting ultimately in multi-user



synchronization errors and thus MAL

To the best of our knowledge, the effect of MAI on O-
OFDMA due to multi-user timing synchronization errors has
never been investigated so far, which is the aim of this paper
by considering the ACO-OFDMA scheme.

The remainder of the paper is organized as follows. In
SectionII, we present the system model description and as-
sumptions on the hospital ward scenario. Next, Sections III and
IV present the ACO-OFDMA scheme, and its performance
analysis, respectively. Lastly, the main conclusions are drawn
in Section V.

II. SYSTEM DESCRIPTION
A. General Assumptions

Consider a hospital ward scenario with up to four patients.
For extra-WBAN IR uplink transmission, the collected medical
data from the CN placed on the patient’s shoulder (to maximize
the probability of line-of-sight, LOS, existence) are transmitted
to an AP placed on the ceiling. Visible-light (VL) communica-
tion can be used for downlink transmission, as well as for multi-
user synchronization. We consider a single AP covering an area
of radius r.;;, see Fig. 1. A PIN photo-detector (PD) with no
optical concentrator is used at the AP, ensuring a relatively large
field-of-view (FOV). We assume that the data-rate requirement
of each CN is on the order of Mbps [1].

Due to the distinct time and frequency offsets between mo-
bile users, uplink synchronization in OFDMA is more difficult
than in the downlink. Note that, due to the inherent absence
of a carrier as in RF [15], we are only concerned by timing
synchronization. As mentioned previously, timing offsets are
estimated based on the CSI of each user. At first, in the uplink,
each user transmits its training symbols at the beginning of
each frame, based on which, the AP estimates the timing
reference and then transmits the corrected timing information
via the downlink. Note that, reciprocity between VL-uplink
and IR-downlink does not hold for estimating CSI due to
the mobility and different corresponding signal-to-noise ratios
(SNRs) [16]. However, because of the round trip (i.e., uplink
and downlink) propagation delay, residual timing errors may
still be present for the uplink transmission at the AP. However,
this synchronization problem can be avoided by taking into
account two way propagation delay in fixing the cyclic prefix
(CP) length [17]. Also, note that user mobility and random Tx
orientations should be considered as introducing slow channel
fading with a typical average coherence time of 100 ms. This
should result in negligible synchronization errors, given the
frame rates on the order of us [18].

Nevertheless, medical sensors collect data periodically at
different rates, with sensing intervals between 100 and 250 ms,
typically [19]. Therefore, the interval between the transmission
of data frames from users can easily exceed the channel
coherence time, resulting in outdated CSI, which can cause
symbol timing offset when used for uplink synchronization.
This can destroy the orthogonality between users, leading to
MAL In the sequel, for the sake of simplicity, we consider a

Fig. 1: Illustration of a LOS link configuration between a CN and the AP.
nrx represents the normal vector corresponding to the Tx.

maximum of one symbol timing offset of interfering users with
respect to a desired user.

B. Channel Model

For the sake of simulation simplicity, we consider here only
the LOS link in our simulations and assume a Lambertian
source model for the LED at the Tx (i.e., the CN). Denoting
the channel attenuation by Hygs [20],

o | PR cos™ (0) cos(v) 50 << g
570 L > e,

where App stands for the PD’s active area, D is the link
distance, ¢ denotes the incident angle at the AP, v, is the
FOV of the Rx, m is the LED Labmertian order, and 6 refers
to the Tx beam radiance angle that relies on the Tx orientation
angle 60,,.

Considering the PIN PD responsivity R and the transmit
optical power Pr(op), the received photo-current is given by
I, = RHyLos Prop)- Also, power spectral density correspond-
ing to the one-sided background and thermal noises is [21]:

ey

No = 4KpT, /Ry, + 2q.Ip, 2)

where K p stands for the Boltzmann’s constant, Ry, is the load
resistance of the trans-impedance amplifier (TIA), 7). denotes
the Rx equivalent temperature, g, is the electron charge, and
Iy, refers to the background current noise.

III. DESCRIPTION OF THE ACO-OFDMA SCHEME

Figure 2 shows the block diagram of ACO-OFDMA signal-
ing. First, input bits from different sensors are grouped together
and mapped by M-QAM constellation into complex symbols
XK’ K =0,1,--- ,N—1, where N denotes the number of sub-
carriers per user. The total number of subcarriers Ny, = N'T,
where 7 refers to the maximum number of users. Denote by
Xk the symbols after subcarrier mapping. Since by ACO-
OFDMA only odd subcarriers are modulated [12], denoting
the symbols after applying HS by Xfc K= 0,1,---,N —1,
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Fig. 2: Block diagram of the ACO-OFDMA signaling scheme.

we have N = 4N, + 2. Then, after N —point inverse Fast-
Fourier-transform (IFFT), the resulting TD signal x, is [12]:

N—-1 >
1 9 2rkK
xn—\/ﬁlg Xf(exp(]T);n:O,l,...,N
=0

Next, after negative clipping, at the end of each frame, a CP
of length Ncp is inserted, before adding a DC bias Bpc to the
amplified analog signal &, to obtain Z:

-1. (3

Z, = & + Bpc. “4)

Note that, Bpc is usually fixed by taking into account the LED
dynamic range [11]. Finally, after upper clipping the signal z,,
the resulting signal &, drives the LED.

At the Rx, as shown in Fig. 2, after removing DC bias, the CP
is removed from the amplified signal frames, and an N —point
FFT is performed to obtain the output signal [12]:

27WK),K:O,L...,J\u1.

Z T €XP ( N
®)

Afterwards, HS is removed from Yv, which is then passed
through a single-tap equalization block to obtain Yx. Then,
after subcarrier demapping and QAM demodulation, the trans-
mitted bits are recovered.

IV. PERFORMANCE ANALYSIS

We present here a set of numerical results to study the
performance of ACO-OFDMA for medical extra-WBAN uplink
in the presence and absence of synchronization errors. Given
the number of patients 7 = 4, we consider the number of
symbols per patient A/ = 16 with the total number of mapped
subcarriers Ny, = 64 and N = 258 after imposing HS. For
this configuration, considering a fixed transmission bandwidth
B = 8.25MHz, we analyze the performance for R, =
1Mbps and 2Mbps, corresponding to spectral efficiencies
n ~ 0.125 and 0.25bps/Hz/user, using 4-QAM and 16-QAM
constellations, respectively. A low-power IR LED (Stanley,
HDN1102W-TR) is considered [22], where I-V characteristics
is approximated as linear. Given the LED turn-ON voltage,
we set Bpc to 1.30V and further consider upper clipping at
2V to avoid LED overheating. The simulation parameters are

TABLE I: Parameters Used for Numerical Simulations.

Parameter Symbol Value
Max. number of patients T 4
Transmission bandwidth B 8.25 MHz
Threshold BER BERmy 1073
Cell Radius Teell 3m

AP height hi 3m

CN height ha 0.4m
Tx orientation angle Ora -60° — 60°
LED wavelength [22] — 850 nm
LED Lambertian order [22] m 1

Power conversion efficiency [22] v 0.8

PD responsivity R 0.6 A/W
PD active area App 1cm?
TIA load resistance Ry 500

Rx noise temperature T 300K
Rx FOV e 70°
Ambient current noise [23] Iy 1000 uA
Total mapped subcarriers Nim 64
Subcarriers allocated per user N 16

CP length Ncp 2
DC-bias Bpc 1.30V
Upper clipping — 2V

summarized in TableI. We use interleaved subcarrier mapping
in our simulations.

Considering the number A of symbols per user before sub-
carrier mapping and the M —QAM constellation, the spectral
efficiency of ACO-OFDMA,

logy (M)N
n= N + Nep (bps/Hz/user). 6)

Denoting the transmission bandwidth by B, the data-rate
Ry, is then R, = Bn. Considering the LED electrical-to-
optical power efficiency v, we have, Prepy = vVPr(eec),
where Pr () refers to the average electrical transmit power,
Preee)y = E{22}, with E{-} denoting the expected value.
Also, the average transmit energy per bit is given by Ep(clec) =
PT(elec)/Rb-
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Fig. 3: BER performance comparison of ACO-OFDMA for data rates Ry =
1 Mbps and 2 Mbps. Patients are placed at the cell center. The electrical transmit
power Pr(elec) is set to 35mW.

A. BER Performance

Let’s first study the BER performance considering a perfect
time-synchronous extra-WBAN uplink multi-user scenario. We
assume that patients are positioned at the cell center, i.e., at
d = 0m, and CNs are pointing straight to the ceiling. Figure 3
compares the BER performance for different Ry, for Pr(cjec) =
35mW (which allows to have no clipping noise, as we will
show later). As expected, for R, = 2Mbps, a higher E;, /Ny is
required to achieve a target BER, BERty = 1073 due to the
larger signal constellation used.

Now, we analyze the performance with respect to Prciec)
(set equal for all users), where we change the distance d of the
desired user from the cell center, whereas the other three users
are kept at the cell center. BER plots are presented in Fig. 4 for
Ry, = 1 Mbps, where we notice that, as expected, due to lower
received SNR with increasing d, the required Pr ) to attain
a target BER increases. For a too high transmit power, e.g.,
Prciecy 2, 41 mW for d = 3m, we notice a detrimental impact
of clipping noise on the BER. Figure 5 presents similar results
for R, = 2Mbps, using 16-QAM constellation. We notice
a higher SNR requirement as the signal constellation size is
larger, and also, a more noticeable clipping noise effect, which
is due to the increased signal peak-to-average-power ratio.

B. Effect of Synchronization Errors

Here, we investigate the impact of multi-user uplink syn-
chronization errors due to outdated CSI of the interferers on the
desired user performance. For the sake of simulation simplicity,
we assume that the interferers have a maximum offset of one
symbol duration with respect to the desired user, which is, in
turn, perfectly phase-synchronized with the Rx sampling clock.

1) Fixed Tx Orientation: At first, we assume that the CN
of the desired user is pointed straight towards the ceiling,

10° w
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— 6 —d=2m
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Fig. 4: BER performance of ACO-OFDMA for R;, = 1 Mbps for different
distances d of the desired patient with respect to the electrical transmit power
Pr(clec)- The three other patients are placed at the cell center.
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Fig. 5: BER performance of ACO-OFDMA for R;, = 2Mbps for different
distances d of the desired patient with respect to the electrical transmit power
Pr(clec)- The three other patients are placed at the cell center.

ie., 0, = 0° regardless of its position. The interferers are
considered to be placed at the cell center, where their CNs are
randomly oriented based on Gaussian distributed random Tx
orientations 6y, in the interval of (—60°, 60°). Based on this,
we have used 10% randomly generated 6,, in our simulations.

Figure 6 shows the effect of MAI resulting from synchro-
nization errors on the BER of the desired user, with distance
0 < d < 3m from the cell center. As expected, the MAI effect
increases by increasing d. As reference, we have also shown
the BER plots for the no-MAI case, denoted by NMAI. Also,
the impact of MAI is more detrimental for R, = 2Mbps due
to the larger signal constellation used.

2) Random Tx Orientation: Now, we take into account
random Tx orientations for the desired user in addition to the
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Fig. 7: Outage probability versus the distance d of the desired user from the
cell center for R, = 1 Mbps and 2 Mbps under random Tx orientations for all
users (including the desired user).

interferers for the same scenario as in the previous paragraph.
Due to the random nature of the desired user’s channel, we
consider the performance in terms of outage probability Py,
which is defined as the probability that the BER exceeds a
threshold, here, BERy = 1073. The P,y plots are presented in
Fig.7 for different distances d of the desired user. As expected,
P,y increases as the desired user moves from the cell center
to the cell edge due to a higher probability of loosing the
LOS link. Also, MAI increases with increased d. Note that,
for R, = 1 Mbps, the required quality of service Poy = 1072
[8] is achieved for d < 1.9m. For increased data-rate, and
hence, signal constellation size, synchronization errors show a
more penalizing effect.

V. CONCLUSIONS

We investigated the performance of ACO-OFDMA based
uplink extra-WBAN signal transmission for multi-user medical
applications. Considering a low-power IR LED and taking
into account its limited dynamic range, we analyzed BER
and P, performances in a hospital ward scenario exposed to
indirect sunlight and demonstrated the detrimental impact of
MALI resulting from time synchronization errors. In particular,
for relatively high data rates, e.g., 2Mbps using 16-QAM
modulation, we showed a more penalizing effect of MAI,
failing to achieve the target BER of 103 for distances larger
than 1 m. Future work will consider the effect of users mobility
and efficient MAC-layer design to increase robustness against
synchronization errors.
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