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Abstract—The transfer of health monitoring data from
multiple patients using wireless body-area networks requires the
use of robust, and energy and bandwidth efficient multiple-
access schemes. This paper considers the frequency-division
multiple access for the wireless uplink to a fixed access point
when using infrared signals to collect medical data from several
patients inside an emergency waiting room. The conventional
optical orthogonal scheme applies Hermitian symmetry to obtain
real-valued signals, which implies increased computational com-
plexity. We consider a new approach transmitting only the real
part of a complex-valued signal, where no such constraint is
imposed. Based on the proposed scheme, and taking into account
the limited dynamic range of an infrared light-emitting diode,
we study the performance of direct current biased and asym-
metrically clipped schemes, and show their advantage in terms
of energy efficiency and computational complexity, as compared
with the conventional schemes. For instance, we show that by
using asymmetric clipping, around 35mW less transmit power
is needed to achieve a bit error rate of 10~3 in the considered
scenario. We also demonstrate the robustness of the proposed
scheme against multiple access interference.
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I. INTRODUCTION

HE DELAY in adequate treatment or hospitalization, due
Tto the long waiting times in an emergency reception
room, is the leading cause of patient mortality in hospitals [1].
This situation can be improved by identifying any deteriora-
tion of patients health conditions at an early stage. Continuous
real-time monitoring of patients inside the emergency waiting
room is crucial for a rapid intervention in order to minimize
severe medical complications. This can be achieved by send-
ing timely data from the health monitoring sensors, through
the use of wireless body area networks (WBANSs) to a cen-
tral computer which causes an alarm if needed [2], [3], [4].
In a WBAN, from a data transmission perspective, at first, all
on-body sensors send the medical data to a coordinator node
(CN), placed on the body, which is referred to as intra-WBAN
communications. Then, the CN transmits these collected data
to an off-body network via an access point (AP), which is
called extra-WBAN communication [5], [6].

A. OWC-Based WBAN

Optical wireless communications (OWC) based on visible
light (VL) and infrared (IR) are considered as one of key
enabling technologies for the future networks, in particular, in
medical applications [7], [8]. This is, in particular, due to their
energy efficiency, immunity to electromagnetic interference,
and availability of unlicensed spectrum, as compared to radio-
frequency (RF) solutions. In addition, in an OWC-based
WBAN, the inherent immunity against eavesdropping on con-
fidential health information (due to the confinement of light
in indoor scenarios) enhances the security features [9].

In this paper, we consider the use of IR links for the uplink
extra-WBANSs, where a CN placed on the patient body trans-
mits the medical data to an AP in an emergency waiting room
scenario. The use of IR rather than VL is to avoid user dis-
comfort and visual annoyance [6]. VL can eventually be used
in the downlink, i.e., from the AP to the CN, by using the
light-emitting diode (LED) based luminaries; this way, the
interference between the uplink and downlink can also be
avoided [10]. Concerning the IR uplink, one major concern is
eye-safety, which imposes a limitation on the transmitted opti-
cal power according to the IEC (International Electro-technical
Commission) standard [11]. Fortunately, LEDs typically emit
a wide beam from a large area, enabling the use of relatively
high optical powers and link ranges of a few meters.
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B. Need for Efficient Multiple Access Solution

In practice, in a typical emergency waiting room scenario,
a large number of patients may need to be monitored
simultaneously. This should be managed by using an efficient
multiple access (MA) solution that allows several patients to
share the same communication channel for the transfer of their
medical data. Considering a few number of patients inside
a hospital ward, orthogonal multiple access (OMA) schemes
such as time- and code-division MA (TDMA and CDMA)
were proposed for WBANS in [6], [12], [13], [14], [15], [16]
because of their relatively low implementation complexity.
However, their complexity increases with increased number of
users due to the increasing synchronization requirements for
TDMA and the longer signatures for CDMA. The increased
number of users also results in reduced per-user data-rate. To
address these issues, non-orthogonal multiple access (NOMA)
have been considered, such as a bandwidth (BW) effi-
cient sparse code NOMA technique that was proposed for
health information monitoring in [17]. However, code-domain
NOMA techniques generally suffer from high decoding com-
plexity, in particular, with increased number of users [18].
Alternatively, power-domain NOMA can be used [19] but in
addition to the high computational complexity of successive
interference cancellation (SIC) detection [20], [21] for large
numbers of users, the performance is highly affected by the
correlation between the users’ channels [22]. This is usually
the case in our considered application due to closely placed
patients inside the emergency waiting room and their mobility.

C. Frequency Division Optical Multiple Access

Optical  orthogonal frequency-division  multiplexing
(O-OFDM) is quite efficient for addressing frequency
selectivity of the aggregate channel (due to BW limited
channel, transmitter (Tx), and/or receiver (Rx)) [23], [24].
Considering intensity modulation with direct detection
(IM/DD), to obtain a real-valued “time-domain” (TD) signal
in O-OFDM, Hermitian symmetry (HS) is usually imposed
on the transmitted “frequency domain” (FD) signal frame.
Due to the constraint of signal positivity, before modulating
the LED, a DC-bias is further added to the signal before
lower clipping; what is usually called direct current offset
(DC) O-OFDM. Alternatively, asymmetrically clipped (AC)
O-OFDM can be used, which modulates only the odd sub-
carriers and zero-clips the negative TD signal afterwards [25],
resulting in a spectral efficiency loss of factor 2, compared to
DCO-OFDM [26].

One main issue with O-OFDM is the relatively high
peak-to-average-power ratio (PAPR) of the modulated signal
given the limited dynamic range (DR) of the optical front-
ends [27], [28], [29]. Although a high PAPR does not affect
the thermal limitations of the LED in the case of relatively fast
signal modulation considered here [30], in order to avoid the
need to low power-efficiency power amplifiers, the PAPR is
further limited by further upper clipping the transmit signal.
The resulting signal distortion due to lower and upper clip-
ping is usually modeled by considering the so-called clipping
noise [31]. Countless solutions have been proposed so far to
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reduce the PAPR of an O-OFDM signal, e.g., based on block
coding, selective mapping, and pilot assisted transmission,
usually at the cost of increased complexity [32], [33].

The extension of O-OFDM to O-OFDMA is known as
an efficient MA technique [34] that we consider here in
order to satisfy the demand for large transmission BW (due
to a relatively large number of users) and to manage the
MA interference (MAI). Considering battery-powered CNs,
power consumption is crucial, which is related to the com-
putational complexity and the transmit optical power. An
alternative approach to O-OFDMA is TDMA scheduling of
O-OFDM, which offers a better energy efficiency at the cost
of reduced performance [35]. However, due to the low sens-
ing rate of the medical sensors (the corresponding duty cycle
can be as low as typically 1% [3]), TDMA based schemes
impose additional complexity with the increased number of
users. Another alternative is the so-called optical single-carrier
FDMA (O-SCFDMA) [36]. SCFDMA has been adopted in
the LTE standard as the uplink MA scheme due to its lower
PAPR [37], [38]. Compared to OFDMA, additional discrete
Fourier transform (DFT) pre-coding is required at the Tx side
when using SCFDMA, as well as some additional filtering
when very low PAPR is required, which results in a relatively
high computational complexity.!

D. Proposed MA Scheme and Contributions

In this work, we propose a MA scheme for extra-WBAN
uplink, which does not need to apply the HS constraint to
the FD signal. This could be seen as an extension of the
scheme introduced in [39]. With this new scheme, called
O-ROFDMA (R standing for real-valued), only the real part of
the TD signal is transmitted. A similar approach was proposed
in [40], where the complex-valued TD signal was used for
phase rotation before removing the imaginary part to con-
struct a continuous phase Flip-OFDM signal.> Focusing on the
proposed O-ROFDMA, we show in this paper the advantage
of the O-ROFDMA scheme compared with O-OFDMA and
O-SCFDMA in terms of energy efficiency, PAPR, bit-error-
rate (BER), and computational complexity. The particularity
of the proposed study is that we take into account the limited
DR of the LED and evaluate the performance of these schemes
for both DCO and ACO signaling.

The main contributions of this work are:

e Proposing a HS-free O-ROFDMA signaling scheme for
extra-WBAN uplink by transmitting only the real part of
the TD signal;

e Performance comparison of the proposed scheme with
O-OFDMA and O-SCFDMA considering realistic char-
acteristics of opto-electronic components;

INote that SCFDMA can be implemented as an add-on in the transmission
chain, but it is likely to be less used in 5G, where it is considered as an
optional mode only, besides the mandatory OFDMA.

2Flip-OFDM is an alternative approach to ACO-OFDM by which the nega-
tive parts of the O-OFDM signal are flipped before transmitting both positive
and flipped parts in two consecutive sequences. Unlike Flip-OFDM, the con-
tinuous phase Flip-OFDM scheme does not require cyclic “midfix” between
the positive and flipped sequences due to its phase continuity [40].
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Fig. 1. [Illustration of a health monitoring system in an emergency waiting
room scenario by using IR extra-WBAN uplink for multiple patients, each
one with a CN on the shoulder (the red bullet). A single AP is considered,
placed on the ceiling.

e Demonstrating the suitability of the proposed
O-ROFDMA scheme for the considered hospital
scenario (i.e., emergency waiting room), as well as its
relatively low computational complexity;

¢ Elucidating the MAI effect in O-ROFDMA due to the
clipping noise;

o Studying the performance of O-ROFDMA by taking into
account line-of-sight (LOS) link blockage due to random
Tx orientations.

The remainder of the paper is organized as follows.
In Section II, we present the system description in the
context of the emergency waiting room scenario. Next,
Section III presents the conventional O-OFDMA and O-
SCFDMA schemes before describing in detail the proposed
O-ROFDMA scheme in Section IV. Afterwards, Sections V
and VI study the performance of O-ROFDMA and discuss
its computational complexity, respectively. Lastly, Section VII
concludes the paper.

Notation: In(-) stands for the natural logarithm, E{-}
denotes the expected value and .* is the complex conjugate.
Also, 9{-} and J{-} stand for the real and imaginary parts,
respectively.

II. SYSTEM DESCRIPTION
A. General Assumptions

An illustration of a typical emergency waiting room sce-
nario in hospital with potentially up to sixteen patients inside
is shown in Fig. 1. IR extra-WBAN links send medical
information from the patients to an AP placed on the ceiling.

For the sake of simplicity and to focus on the performance
of MA schemes, we consider only a single AP, i.e., a single-
cell with radius of 7). For larger spaces, multiple APs can
be used in a multi-cell [41], [42] or a single-cell [6] architec-
ture. CNs are assumed to transmit the medical data at a rate of
500 Kbps for the extra-WBAN link, which satisfies the require-
ment of most health monitoring sensors, e.g., temperature,
blood pressure, ECG, and SPO2 [43], [44].
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CNss are considered to be placed on the shoulder of patients,
which has been suggested as a rational choice in [10], [45],
due to the relatively high possibility of having a LOS link to
the AP as well as the patient comfort. At the Rx (i.e., AP) side,
we consider the use of a simple PIN photodetector (PD) with
no optical concentrator ensuring less sensitivity to background
radiation (i.e., ambient noise), as compared to an avalanche
PD, as well as a relatively large field-of-view (FOV).

At the Tx (i.e., CN) side, we consider the use of low-power
IR LEDs (having a relatively wide beam), due to eye-safety
issues given the relatively large number of patients in the emer-
gency waiting room.> We consider a commercial IR LED as
in [46], with a wavelength of 850 nm and maximum radiant
intensity of 6.4 mW/sr. So, considering the simultaneous trans-
fer of data from sixteen patients, the CNs equipped with such
LEDs meet the IEC eye-safety requirement.

We assume that each CN is perfectly time synchronized with
the AP. Note that, due to the limited mobility of patients in the
room, the sensitivity to time synchronization errors (which is
a recurrent problem in OFDMA-based systems [47]) is rela-
tively low. Note that RF OFDMA requires multi-user time and
frequency synchronization in order to avoid MAI and near-far
problems, this is usually referred to as initial ranging [48].
However, the inherent absence of a carrier in O-OFDMA
removes the need for frequency synchronization [49]. Also,
a number of timing synchronization methods are reported in
the literature [49], [50], [51], [52], which are mainly based on
the transmission of training sequences, also used to acquire
the channel state information (CSI).* We assume that the AP
has a perfect knowledge of the CSI of all CNs.

B. Channel Model

For the sake of simulations simplicity, we neglect the non-
LOS contribution in the received signal. In fact, this is a
rational assumption given the relatively large dimensions of the
emergency waiting room that we consider here. Considering
a Lambertian radiation pattern for the LED at the Tx (i.e.,
the CN), and denoting the channel DC gain by Hi,og, we
have [53]:

0<6<6, )
0; 0 >0,
where 6 refers to the angle of the incident beam at the AP, Appy
is the PD’s active area, . denotes the FOV of the Rx (i.e., the
AP), and d is the LOS link distance between the CN and the
AP, as shown in Fig. 2. We have d = \/D? + (hap — hcon)?,
where hon and hpp stand for the heights of the CN and the
AP, respectively. Also, D is the distance between the CN and
the cell center, and ¢ refers to the Tx radiance angle that
depends on the Tx orientation ¢y, (see Fig. 2). Moreover, m

3Note that, according to the IEC standard, the IR exposed to a cornea with
an irradiance limit of 100 W/m? has no eye-hazard [11]. This irradiance limit
can be calculated as the radiant intensity of 4 W/sr from a distance of 0.2 m,
following the measurement condition in the standard.

4Training sequences from each CN can be sent to the AP in the uplink,
based on which the estimated CSI at the AP is sent to the CNs via the downlink
(which typically benefits from a higher signal-to-noise-ratio (SNR)).
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AP

cell ./ hap d

Fig. 2. Illustration of the LOS link between a CN and the AP. D is the
distance between the patient (i.e., the CN) and the cell center and npy refers
to the normal vector corresponding to the CN.

in (1) is the Lambertian order, related to the LED semi-angle
at half power ®; /5, m = —1In2 /In(cos @y 5) [7].

Considering the transmit optical power Py () and the PIN
PD responsivity R, the received photo-current is [7]:

b = RHLOSPt(opt)‘ 2)

Denoting the load resistance of the Rx trans-impedance ampli-
fier (TIA) by Ry, the received electrical power P; is:

P. = i2Ry,. (3)

Considering a PIN PD at the AP, background and thermal
noises are the dominant noise sources, modeled as zero-mean
additive white Gaussian with the one sided power spectral
density Ny [7], [54]:

No = 4K T /Ry, + 2qela, “4)

where, Kp is the Boltzmann’s constant, T refers to the tem-
perature, q. stands for the electron charge, and I, denotes the
ambient current noise.

III. CONVENTIONAL MA SCHEMES

Here, we present a brief description of the “conventional”
MA schemes, i.e., O-OFDMA and O-SCFDMA, for the two
cases of DCO and ACO signaling.

A. DCO-OFDMA

Figure 3 shows the block diagram of DCO-OFDMA sig-
naling. First, the collected data bits from sensors are grouped
together by the serial to parallel (S/P) converter and mapped
into M-QAM complex symbols X ,k=0,1..., M—1. Here,
M refers to the number of data—carrylng symbols (i.e., sub-
carriers) per user.> Then, these M symbols are mapped into a
subset of subcarriers X3, £k =0,1..., N — 1, where N is the
total number of subcarriers before the HS block. Considering
a maximum £ number of patients, the total number of sub-
carriers is N = M L. We will explain in detail the considered
subcarrier mapping technique in Section V. To obtain a real

SIn the sequel, we use the two terms of “subcarriers” and “symbols”
interchangeably.
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Fig. 3. Block diagram of the DCO-OFDMA signaling scheme.

TD OFDMA signal, HS constraint is then imposed on Xj; to
get X;, k=0,1...,N —1; N =2N + 2, such that,

X; =[0,X0, X1,..., Xn_1,0, X} 1., X5
Then, an N -point inverse-fast-Fourier transform (IFFT) is

performed, that generates the real-valued TD signal z:

1 . 2mnk
iﬂnzﬁ Z X exp <]N,> ;n=0,1,...,. N —1.
%)

After parallel to serial conversion (P/S) and adding a cyclic
prefix (CP) of length Ncp at the end of each frame, the
resulting signal is passed through a digital to analog converter
(DAC) and an amplifier (AMP) before the addition of a DC
bias Bpc to obtain Zy,:

Tp = Tp + BD07 (6)

where I, denotes the amplified signal (see Fig. 3). To fix Bpc,
the DR of the LED should be taken into account, as explained
later in Section IV-C. Lastly, after lower and upper clipping
Iy, the resulting signal z,, will drive the LED.

At the Rx, after photo-detection and removing the DC,
the obtained electrical signal is amplified by a TIA and
passed to an analog to digital converter (ADC) to generate
a discrete-time signal r,. Then, after removing the CP and
S/P conversion, N -point fast-Fourier-transform (FFT) is done
on the signal resulting in:

omnk A
];, \F E rnexp< g 7;\7 ) ; Ek=0,1,...
(7

Afterwards, after removing HS from T j,» single-tap equaliza-
tion is performed on the resulting signal Y. Then, the signal is
passed through a subcarrier demapping block to obtain sym-
bols T ;, corresponding to the desired user data before P/S
conversion and QAM demodulation.

B. ACO-OFDMA

In ACO-OFDMA, only odd subcarriers are used for sig-
nal transmission. After applying the HS constraint, the input
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Fig. 4. Block diagram of the DCO-SCFDMA signaling scheme. The blue-
shaded blocks highlight the additional M-point FFT/IFFT, compared to DCO-
OFDMA in Fig. 3.

Receive
Bits

Subcarrier

symbol frame X i, before the TFFT has the following structure,

X; =1[0,X0,0,X1,...,0, Xy_1,0, X} _1,...,0,X5].

After the IFFT, the negative samples can be clipped with-
out loss of information due to the anti-symmetry property of
2, [55]. The subsequent steps for ACO-OFDMA are similar to
those of DCO-OFDMA, described in the previous subsection.
Note that ACO-OFDMA also requires a DC bias to be added
to &, to adapt to the actual LED I-V characteristics [24], as

will be explained in Section IV-C.

C. DCO-SCFDMA

The block diagram of the DCO-SCFDMA scheme is shown
in Fig. 4. QAM mapped symbols from each user are precoded
by an M-point FFT before subcarrier mapping and apply-
ing HS, and N —point IFFT. This allows to reduce the signal
PAPR at the cost of increased complexity. The other steps of
signal transmission are similar to the case of DCO-OFDMA,
explained above. At the Rx side, after N'—point FFT, equaliza-
tion, and subcarrier demapping, an M—point IFFT is applied
to the resulting signal.

D. ACO-SCFDMA

Similar to the case of O-OFDMA, described in
Section III-B, by ACO-SCFDMA, the transmit signal
frame follows the same steps as for DCO-SCFDMA except
that only the odd subcarriers are used for data transmission.

IV. DESCRIPTION OF THE PROPOSED MA SCHEME

As mentioned previously, in our proposed ROFDMA
scheme, only the real part of the TD signal is transmitted,
hence removing the need for HS. Lets first explain the the-
oretical foundation of recovering a FD signal from the real
part of its IFFT. Consider the FD symbols X, after subcar-
rier mapping without imposing HS, and the corresponding TD
signal z,/, n’ =0,1..., N — 1. We have [56]:

IFFT, oo {20}

®)
IFFT, iy )

[Xk + X7 k}

[Xk — X5 k}

NI—= N
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(a) Real-valued FD signal (b) Complex conjugate & reversed

1
E[Xk + Xyl

(c) Aliasing in recovered signal

Fig. 5. Ilustrating FD aliasing in a recovered signal from the real part of its
IFFT output: (a) Real-valued subcarriers in a FD signal, with the total number
of subcarriers N = 4, (b) The complex conjugate and reversed version of the
FD signal, (c) The FFT output signal taking into account only the real part,
showing FD aliasing.

Xk

>0
=

(a) The original FD signal (b) Zero padded FD signal

N S
Xn_# Y,;=E[XE+X;,_R]

TITHT‘ZT%

(d) FFT output

=
A

(c) Complex conjugate & reversed

Fig. 6. Tllustration of recovering a FD signal from the real part of its zero-
padded IFFT output: (a) Real-valued subcarriers in a FD signal with N = 4,
(b) Zero-padded FD signal with length 2N + 1, (c) Complex conjugate sub-
carriers of the zero-padded FD signal mapped in reverse-order, (d) FFT output
of the signal taking into account only the real part, showing no FD aliasing.
The shaded region shows the recovered signal Xj,.

Here, Xy & refers to the complex conjugate and time-
reversed version of Xj. Given (8), it is obvious that recovering
X} from the real part of z,,/ alone is not possible. This is due
to the complex-conjugate term Xy, _, that overlaps with the
subcarriers X}, and causes FD aliasing, as illustrated in Fig. 5.

The effect of aliasing can be avoided by padding a zero at
the begining of the symbol frame X, and an adequate number
of zeros (at least N) at the end [57].° This increases the number
of subcarriers for IFFT to A/ > 2N + 1. Based on this, Fig. 6
illustrates the reconstruction of the FD signal from the real

SNote that, it is essential to pad a zero at the beginning of the frame if the
signal is complex-valued [57].
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Fig. 7. Block diagram of the DCO-ROFDMA signaling scheme. The green-
shaded blocks highlight the zero-padded mapped sub-carriers (instead of
imposing HS) at the Tx, and removal of redundant sub-carriers at the Rx,
compared to DCO-OFDMA in Fig. 3.

Remove
redundant
subcarriers

Subcarrier |
demap

part of the TD signal. Given the real-valued FD symbols X
in Fig. 6(a), the symbols X 3 of the extended frame (with zero
padding, in Fig. 6(b)) are given by:

0; k=0,
Xp=3X_ ;3 k=12..N, )
0; k=N+1,...,N —1.

Because of zero padding, there will be no FD aliasing between
the complex conjugate and time-reversed version of the signal
X i, (see Fig. 6(c)), allowing the correct recovery of the original
signal X, as seen in Fig. 6(d).

A. DCO-ROFDMA

Figure 7 shows the block diagram of DCO-ROFDMA sig-
naling. The mapped subcarriers X in the FD signal are
zero-padded (before the IFFT block) instead of imposing HS’
as in (9). Then, only the real part of the TD signal R{zy, } is
used for transmission, following the same steps described for
DCO-OFDMA.

At the Rx side, the signal processing steps are similar to

DCO-OFDMA up to the FFT block. The FD signal T; is
recovered by performing FFT only on R{z,}:
X k=1,2,...,N,
. — * . I — _
T; XN—l—l%’ k=N+1,...,N -1, (10)
0; elsewhere .

After the FFT block, the transmitted symbols are recovered:

(1)

Then, channel equalization, subcarrier- and QAM-demapping
are performed in order to recover the transmitted bits.

Tk:’fk; kIl,Q,...,N.

B. ACO-ROFDMA

_In ACO-ROFDMA, after zero padding, the transmit symbols
Xfc before the IFFT block have the same frame structure as

"Note that, in order to keep the same spectral efficiency as for the conven-
tional MA schemes which employs HS, we add one extra zero at the end of
the frame X} such that N =2N +2.
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Fig. 8. -V characteristics of the LED, HDN1102W-TR [46].

for DCO-OFDMA except that only even subcarriers are used
to transmit data:

XA:

= 10,0,X0,0,X1,0,..., Xy_1,0, 0,...,0
——

(2N+2) times

The rest of the processing steps are the same as for DCO-
ROFDMA. Note that, in contrast to the scheme presented
in [39], it is essential to transmit information in the even
subcarriers to ensure orthogonal cardinal sine (sinc) shape.

C. Setting DC Bias and Clipping

In practice, a DC bias is added to the TD signal in order to
adapt the signal to the LED DR [24]. We consider the com-
mercial LED model HDN1102W-TR, with I-V characteristics
shown in Fig. 8 [46].

Note that the LED operates almost linearly within the volt-
age range of 1.38 to 1.62V. For the sake of simplicity, we
consider the approximate linearized characteristics in our anal-
ysis, (the red plot in the figure).® Considering these lower and
upper clipping levels, we set Bpc = 1.38 V for ACO schemes.
For DCO schemes, we set Bpc to the mid point between the
upper and lower clipping bounds, i.e., 1.5V, to affect the TD
signal equally.

V. PERFORMANCE ANALYSIS
A. Parameter Specification and Performance Metrics

We present here a set of numerical results to study the
performance of the proposed O-ROFDMA scheme for extra-
WBANS in the emergency waiting room scenario. We consider
the number of patients £ = 16 and bit rate R; = 500 Kbps per
user. Also, M = 4 subcarriers per user are considered with
the total number of subcarriers N = 64. The other simula-
tion parameters are summarized in Table I, where the LED
parameters correspond to the I-V characteristics in Fig. 8.

8Note that a digital predistorter can be employed at the Tx to reduce the
effect of LED non-linearity [58].
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TABLE I
PARAMETERS USED FOR NUMERICAL SIMULATIONS

Parameter Symbol Value
Max. number of users L 16
Data-rate per user Ry 500 Kbps
Cell radius Tcell 3m

CN height hen 1 m
AP height hap 3 m
LED wavelength [46] A 850 nm
LED semi-angle at half power D0 60°
LED BW [46] — 20 MHz
Power conversion efficiency [46] o 0.8

Tx orientation angle intervals Pta -60°—60°
PD responsivity R 0.6 A/W
PD active area Ag 1cm?
Rx FOV 0 70°
TIA resistor value R 5092

Rx noise temperature T 300K
No. of mapped subcarriers N 64
Subcarriers allocated per user M 4

CP length Nep 2
DAC/ADC — 8 bits
DC-bias, DCO BDC(DCO) 1.50V
DC-bias, ACO BDC(ACO) 1.38V
Upper clipping — 1.62V
Lower clipping — 1.38V
Target BER BER; 107°

User

wsers [S5fsAss——{ 0 [ o [c] o [o i o [0 J4)

Subcarriers

Mapped Subcarriers

Fig. 9. An example of interleaved subcarrier mapping for the case of £L = 3
users, each having three symbols denoted by Sy, S1 and So.

Note that we consider 8-bit ADC and DAC and the presented
numerical results take into account the corresponding quanti-
zation noise. Also, unless otherwise specified, for the sake
of simulation simplicity, the CNs are considered to point
straight upward (towards the ceiling), i.e., ¢4 = 0 in Fig. 2.
Interleaved subcarrier mapping is applied to each user sym-
bols, as illustrated in Fig. 9 for the case of three users. This
leads to a lower PAPR for the case of SCFDMA [59], in
addition to mitigating burst errors. The signal PAPR is con-
sidered as the ratio between the peak electrical power of the
TD signal (before clipping) to its average power, defined as
E{z2}. The PAPR performance is typically studied by con-
sidering its complementary cumulative distribution function
(CCDF) [60].

The link performance is evaluated in terms of the average
BER as a function of the electrical transmit power Py (ooc) =
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Fig. 10. CCDF plots of PAPR for DCO-OFDMA, DCO-SCFDMA and DCO-
ROFDMA schemes, considering different numbers of data-carrying symbols
M per user and the 16-QAM constellation.

E{#2} or the electrical SNR® per bit, Ep(clec)/ No, where
Eb(elec) = Pt(elec)/Rb‘ Note, Pt(elec) = Pt(opt)/a with o
being the electrical-to-optical power conversion efficiency of
the LED. Given the considered LED I-V characteristic curve in
Fig. 8, the part of Pycjec) corresponding to the DC bias equals
7mW and 46.2 mW for ACO and DCO schemes, respectively.

For random link scenarios (e.g., the case of randomly-
oriented Txs, presented later), the outage probability is consid-
ered, which is defined as the probability that the BER exceeds
a given threshold, BER;y,.

Due to the limited modulation BW of the LED, an important
parameter is the required BW per user, which depends on
the signaling scheme. Considering M-QAM constellation, the
spectral efficiencies of DCO and ACO schemes are [23]:

_ logo(M)N _ logo(M)N
I'pco = N+ Nep? LACO = 5NN (bps/Hz) .
(12)

Remember that N = 2N + 2 with N the number of mapped
subcarriers. As ACO schemes use only half of the subcarri-
ers, the corresponding spectral efficiency will be half of the
corresponding DCO scheme, keeping the same constellation
size and number of subcarriers. To make a fair comparison
between DCO and ACO-based schemes, we fix the spectral
efficiency by setting M accordingly. The spectral efficiencies
per user are then given by I'pco/L and T'poco/L, with the
corresponding required BWs per user as:

R, R
I'bco/L  Tpco’

Bpco = Baco = Taco

B. PAPR Analysis

Figure 10 compares the PAPR of the proposed O-ROFDMA
scheme with O-OFDMA and O-SCFDMA for the case of DCO

9Note that the SNR is defined here at the input of the Rx. For instance,
for the case of ACO-OFDM signaling, the SNR refers to the noise at the Rx
input before applying the FFT. In other words, our SNR definition takes into
account the noise on both odd and even subcarriers [61].
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Fig. 11. Contrasting BER performances of DCO schemes, for spec-
tral efficiencies of ~ 1bps/Hz(4-QAM), =~ 2bps/Hz(16-QAM), and
=~ 3 bps/Hz (64-QAM). Pt( y = 48 mW. All users placed at D = 3m
from the AP.

elec

signaling with 16-QAM modulation and different numbers M
of data carrying symbols. We notice that the PAPR perfor-
mances of DCO-ROFDMA and DCO-OFDMA are almost the
same, while being largely outperformed by DCO-SCFDMA,
as expected. This is due to the additional DFT precoder used
in SCFDMA (see blue-shaded blocks in Fig. 4), which spreads
the energy of each symbol across all subcarriers prior to the
N-point IFFT [37], [38], [62].

Also, as expected, PAPR increases with increased M. Given
the typically small number of symbols M for low data-rate
medical applications, we can conclude that the signal PAPR
remains relatively low. Note that for low CCDF values, the
PAPR is almost the same regardless of the constellation size,
in particular, for small M (results not shown).

C. BER Performance

To study the BER performance, we consider the most limit-
ing case of maximum channel attenuation, i.e., when all users
are placed at the cell edge, corresponsing to D = 3m from
the center of the cell.

1) DCO Signaling: In this case, given £L = 16 and
M =4, N' = 130 after imposing the HS. Then, considering
Ry = 500Kbps, Fig. 11 shows the BER performance versus
Ep(clec)/No for 4-QAM, 16-QAM and 64-QAM constella-
tions, corresponding to the spectral efficiencies I'pco ~ 1, 2,
and 3bps/Hz, and the required transmission BWs Bpco =
8,4, and 2.67MHz, respectively. We have fixed Pyejec) to
48 mW, which ensures a low BER for DCO schemes, as we
will later show in Section V-D. We notice that the BER perfor-
mances of DCO-OFDMA and DCO-ROFDMA are almost the
same, while being outperformed by DCO-SCFDMA, in par-
ticular, for 64-QAM. This is due to the relatively low PAPR
of SCFDMA, resulting in lower clipping noise.

2) ACO Signaling: In this case, considering the same R,
and QAM constellation sizes as above, the required transmis-
sion BWs are Baoco = 16,8, and 5.33 MHz, corresponding
to the spectral efficiencies I'yco~ 0.5,1, and 1.5bps/Hz,

1813

10° T T T T

—%— ACO-OFDMA, £ QAM

— % — ACO-OFDMA, 16-QAM
—-%-—ACO-OFDMA, 64-QAM
—&— ACO-ROFDMA, 4-QAM
— & — ACO-ROFDMA, 16-QAM
- g — ACO-ROFDMA, 64-QAM
'®. —©— ACO-SCFDMA, 4-QAM | |
— © — ACO-SCFDMA, 16-QAM
—-6-— ACO-SCFDMA, 64-QAM

BER
A
2

102 \k %‘

10°8

Ejy(elee) /No
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~ 1.5bps/Hz (64-QAM). Pt( y = 23 mW. All users placed at D = 3m
from the AP.

elec

respectively. Note that Baoco values are still below the con-
sidered LED BW of 20 MHz. Here, N = 258 and Py (cjec) i
set to 23 mW, which is lower than that for DCO schemes due
to the smaller required bias Bpc, as explained in Section V-D.
Note that a BER comparison between ACO and DCO schemes
does not make sense here, given the different Pyjec) con-
sidered. Figure 12 shows the corresponding BER perfor-
mances where we notice nearly the same performance for
ACO-OFDMA and ACO-ROFDMA, while ACO-SCFDMA
outperforms both for 64-QAM, as expected. For reduced
Caco =~ 0.5bps/Hz, lower SNRs are reasonably required
to attain a target BER.

D. Electrical Power Efficiency

Let us define the electrical power efficiency as the required
Py(clec) to achieve a target BER. We consider the same sce-
nario as in the previous subsection, where the users are placed
at the same position at the distance D = 3m. BER plots
of the different considered schemes are compared in Fig. 13
for the spectral efficiency of ~ 1bps/Hz, where 16-QAM
and 4-QAM constellations are considered for ACO and DCO
schemes, respectively. Here, Pt(elec) is changed by varying
the amplitude of z,, (see Fig. 3) taking into account Bpc. To
focus on the effect of signal clipping, we set relatively high
Ep (elec) /No = 15dB, which should potentially result in a low
BER, as seen in Fig. 12.

One can notice the BER degradation at relatively large
Py (clec) due to the clipping noise.!? Also, the ACO schemes
require approximately 35mW less Py (e to obtain a target
BER, compared to DCO schemes. The performance of
SCFDMA is close to those of OFDMA and ROFDMA for

1070 go more into detail, the BER leveling effect around 0.3 that we observe
at relatively high transmit powers for ACO schemes is due to signal clipping
of “outer points” in the 16-QAM constellation. When P;(.qc) is increased
too much (not shown in the figure), the BER jumps to 0.5 as all 16-QAM
constellations points get clipped. Also, note that increasing too much the
amplitude of zp does not necessarily result in an increase in Pt(elec)’ as
this latter relies on the symbols after clipping.



1814

0
10 —o— ACO-OFDMA, 16-QAM
— % — ACO-ROFDMA, 16-QAM
* —-%-— ACO-SCFDMA, 16-QAM
—— DCO-OFDMA, 4-QAM
— & —DCO-ROFDMA, 4QAM | _,
—-8-—DCO-SCFDMA, 4-QAM ¥
107 F i 2 1
5 ¥
~
€3]
M ¥
102 F &
Q <§
@
&
103 | | | | | | il

5 10 15 20 25 30 35 40 45 50 55
Py(etee) (mW)

Fig. 13. BER versus Pt(elec) performance comparison between ACO and
DCO schemes for fixed Ey, elec) /Ng = 15dB and the spectral efficiency of
~ 1bps/Hz using 16-QAM and 4-QAM with M = 4 for ACO and DCO
schemes, respectively. All users placed at D = 3 m from the AP.

10°
10" F
1%
2 102¢ 1
x
10°F
b £V b h:4
—&— ACO-OFDMA, 0.5 bps/Hz —6— ACO-OFDMA, 1 bps/Hz
— o —ACO-ROFDMA, 0.5 bps/Hz — s — ACO-ROFDMA, 1 bps/Hz
—-%-— ACO-SCFDMA, 0.5 bps/Hz —-3%-— ACO-SCFDMA, 1 bps/Hz
1 0.4 I — a— I I I
5 10 20 30 40 50 60 70
Pyetee) (mW)
Fig. 14. BER performance comparison of ACO schemes for the spectral

efficiency of =~ 0.5bps/Hz (4-QAM, M = 4) and = 1bps/Hz (16-QAM,
M = 4) with respect to different average electrical transmit power P; (elec)
for a fixed Eb(elec)/NO = 15dB. Users are placed at D = 3 m from the AP.

both DCO and ACO signaling. Meanwhile, as expected, due
to the low PAPR, SCFDMA is less impacted by clipping noise
for relatively large Py (glec)-

Remember from Section IV-C that, due to the added DC
bias, the minimum required Py(elee) for ACO and DCO
schemes is 7 and 46.2 mW, respectively. The slope of the BER
at relatively low Py (glec) that is noticed for ACO schemes is
due to the effect of the quantization noise due to the ADC at
very low effective signal powers (i.e., excluding the part of the
power related to Bpc). This effect is rather negligible for a
small constellation size, i.e., the case of DCO-schemes with
4-QAM. At the aforementioned Py(c1ec) Where the effective
signal power equals zero, BER = 0.5.

Let us now compare the performance of ACO schemes for
spectral efficiencies of ~ 0.5 and ~ 1bps/Hz, as shown in
Fig. 14. As expected, a lower Py(cec) is required to attain a
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Fig. 15. BER versus the average electrical transmit power for different

distances D of the desired user from the AP; (a) I'pco ~ 0.5bps/Hz,
(4-QAM, M = 4); (b) "poco =~ 1lbps/Hz (16-QAM, M = 4). For
MALI case, the other 15 users are positioned at the cell center. Ny is set to
3.93 x 10~ 22 W/Hz according to (4) and the parameters specified in Table 1.

target BER for a lower spectral efficiency, which is due to
using a smaller constellation size at the cost of increased sig-
nal BW. Moreover, for 4-QAM case (I'aco = 0.5bps/Hz),
clipping noise affects the link performance for relatively
large transmit powers, i.e., Py(clec) 2 50mW, while ACO-
SCFDMA again shows a superior performance due to a lower
PAPR.

E. MAI Effect

To elucidate the effect of MAI, lets focus on ACO-
ROFDMA as an appropriate transmission scheme due to its
lower transmit power requirement (as shown in the results of
Fig. 13). Figures 15(a) and 15(b) show the BER performances
of a desired user with different distances D from the cell cen-
ter for I'aco ~ 0.5 and 1bps/Hz, respectively. The other 15
users are placed at the cell center (hence, potentially causing
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Fig. 16. Spectral magnitude of ACO-ROFDMA signals for the case of two
users: (a) Without signal clipping, (b) With the effect of clipping noise.

the maximum MAI), and the same Py (e is set to all users.
We have also presented as benchmark the BER plots for the
case where there is only the desired user in the cell, indi-
cated by NMAI (standing for No-MAI). Obviously, the BER
degrades by increasing D due to the decrease in the Rx SNR.
The important observation is the difference between MAI and
NMAI cases as one would expect no performance degradation
when considering multiple users. This is, in fact, due to signal
clipping, which affects the orthogonality between users’ sig-
nals. The degradation is more noticeable for increased D due
to the well-known near-far problem.

To clarify this, consider the case of two users with 4-QAM
modulation with rectangular pulse shaping on the TD signal
at the Tx. After applying ACO-ROFDMA, the spectra of the
two users’ signals should normally be in the form of two
orthogonal sincs, as illustrated in Fig. 16(a). However, when
signal clipping is applied at the Tx, this orthogonality is lost
due to the spectral regrowth in the adjacent subcarriers, see
Fig. 16(b). As a result, signal reception is effectively affected
by MAI, which is more pronounced at relatively high transmit
powers, for larger constellation sizes, and with increasing D,
as can be seen from Fig. 15.

For the sake of completeness, consider now the more realis-
tic case of random Tx orientations. (So far, we have considered
that all Txs are pointing toward the ceiling in order to avoid
costly simulations and to focus on the performance study of the
MA schemes.) For this, the ¢y, of the CNs in Fig. 2 are gener-
ated randomly according to a zero-mean Gaussian distribution,
while being limited to the interval (—60°,60°). Nevertheless,
still only the LOS contribution is taken into account, which is
justified by the considered large room dimensions, and hence,
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the rather negligible contribution of non-LOS links. Based on
10° random orientations for all users, Pyt results as a func-
tion of D are shown in Fig. 17 for the cases of MAI and
NMALI, considering BER;}, = 1073, Py(clec) is set to 23mW,
corresponding to a low BER, based on the results of Fig. 15.
For the case of 4-QAM with NMAI, Pqyt is less than 1073
and the corresponding plot is not shown. As expected, Pout
increases as the user moves from the center of the cell to the
edge due to the higher probability of losing the LOS link.
Given that the required Pyt for WBAN application is about
102 [6], this is achieved for D < 1.5 mand D < 1.4 m
for 4-QAM and 16-QAM cases, respectively.

In practice, given the large dimensions of an emergency
waiting room, in order to increase the link robustness, multiple
APs should be employed [6] with short enough distance
between them, e.g., less than 3 m for the case of 16-QAM.

VI. COMPLEXITY ANALYSIS

To evaluate the computational complexity of the considered
signaling schemes, we focus on the complexity of realizing the
N -point IFFT/FFT for a number N of mapped subcarriers, as
well as the extra M-point FFT/IFFT used in O-SCFDMA.

The computational complexity of IFFT/FFT is related to
the floating-point operations (FLOPs) for real additions and
multiplications [63]. Without loss of generality, we con-
sider a radix-2-based algorithm, for the sake of simplicity,
using which an N -point FFT/IFFT requires approximately
5N logg (N) arithmetic operations [64]. For O-ROFDMA, the
FLOP count at the Tx is reduced by a factor of 2 due to
applying padded zeros in the last N subcarriers. Figure 18
illustrates an example of radix-2 IFFT algorithm for DCO-
ROFDMA considering A/ = 8. At Stage-1, given a zero in
one of the symbols in a butterfly of length 2, no arithmetic
operation is required, and the outputs follow the input sym-
bols. Therefore, the first half of symbols are in fact identical
copies of the second-half symbols, see Stage-2. This way, no
arithmetic operation is required for half of the symbols (shown
in red color), thus reducing the computational complexity by
a factor of 2.
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Fig. 18.  Illustration of a radix-2 IFFT algorithm for a length N' = 8,

considering DCO-ROFDMA. Wﬁ[ is the so-called twiddle factor [56].

TABLE II
COMPUTATIONAL COMPLEXITY OF DIFFERENT MA SCHEMES

MA Scheme Tx Rx
DCO-OFDMA 5\ log,(\) 5N log, ()
5N logy(N) +
5Mlog,(M)+ 2
DCO-SCFDMA
Nlog2 % 5Mlog, (M)
DCO-ROFDMA 5% log,(¥) 5N log, (N)
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Fig. 19. Complexity analysis of different schemes in terms of required
number of arithmetic operations at the Tx versus the number of data-carrying
symbols M; N' = ML with £ = 16.

The computational complexity of the considered DCO
schemes at the Tx is given in Table II. The ACO schemes
require twice more subcarriers compared to DCO schemes.

Figure 19 shows the complexity analysis in terms of the
total number of arithmetic operations required at the Tx!! for
different ACO and DCO schemes considering a fixed data-rate
Ry . As expected, the required number of arithmetic operations
increases with increased number of data-carrying symbols M.
O-ROFDMA and O-SCFDMA have, respectively, the lowest

I Note that we focus on the Tx side, as it concerns the battery lifetime of
the CN in the considered application.
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and the highest complexity. Moreover, the number of arith-
metic operations required by ACO-ROFDMA is equal to that
for DCO-OFDMA.

VII. CONCLUSION

We proposed a HS-free O-ROFDMA scheme which trans-
mits only the real part of the time-domain signal for the
uplink extra-WBANS in an emergency waiting room scenario.
We investigated the proposed scheme in terms of energy
efficiency and computational complexity. More specifically,
taking into account the parameters of realistic opto-electronic
components, we studied the BER performance of DCO-
ROFDMA and ACO-ROFDMA, compared with O-OFDMA
and O-SCFDMA counterparts. In particular, we demonstrated
the effect of induced MAI due to signal clipping, resulting
in a loss of orthogonality between the signals of different
users. Focusing then on ACO-ROFDMA as a more appro-
priate scheme due to its better energy efficiency (despite the
requirement of a larger BW), we investigated the impact of
MALI under fixed and randomly oriented Txs. We further
showed that, thanks to the reduced computational complex-
ity of O-ROFDMA, compared with O-OFDMA, a significant
reduction in the Tx (CN) energy consumption can be achieved
for medical WBANS.

As future research directions, it will be interesting to investi-
gate the use of multiple AP arrangements for large-size indoor
spaces, and to develop efficient solutions for time synchro-
nization between the APs and hand-overs within a multi-cell
architecture, in order to ensure high-fidelity medical data
transmission under user mobility conditions.
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