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Abstract—The transfer of data from multiple internet of
things (IoT) devices requires the use of a robust and efficient
multiple access (MA) solution. This paper considers the or-
thogonal frequency division MA (OFDMA) technique for the
light-fidelity (LiFi)-based IoT uplink using infrared to transmit
data from multiple mobile users to a fixed access point. The
conventional schemes based on orthogonal frequency allocate
distinct subcarriers to each user sharing the same time slot.
We consider a new approach by allocating distinct time slots
to a group of OFDMA users. Taking into account realistic
opto-electronic components, we study the performance of the
conventional and proposed optical-OFDMA schemes. We show
that asymmetrically clipped optical-OFDMA signaling scheme
outperforms direct current biased signaling in terms of elec-
trical power efficiency. Focusing on the asymmetrically clipped
signaling, we demonstrate the robustness of our proposed time
multiplexed optical-OFDMA scheme against MA interference
caused by signal clipping. We also show the advantages of our
scheme in reducing computational complexity by a factor of 2
compared to the conventional optical-OFDMA schemes.

Index Terms—Light-fidelity; optical wireless communications;
internet of things; multiple access; OFDMA.

I. INTRODUCTION

The internet has already transformed our way of life and
become an integral part of almost everything we do today. The
astounding growth of internet-based ubiquitous connectivity
is predominantly driven by instant mobile communication
devices, e.g., smartphones, tablets, and laptops. Majority of
these devices access the internet through the use of WiFi
(wireless fidelity) technology relies on license-free industrial,
scientific and medical (ISM) radio band. Moreover, billions
of internet of things (IoT) and internet of medical things
(IoMT) devices share the ISM and licensed ultra wide bands
[1, 2, 3], resulting in spectrum congestion and increased
electromagnetic interference (EMI). Therefore, an alternative
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to the existing radio frequency (RF) is required to ensure
uninterrupted internet connectivity. Light-based optical wire-
less networking solutions, such as light fidelity (LiFi), have
emerged as a complementary approach to the existing RF
technology [4].

A. Light-based Indoor Connectivity

LiFi is a bidirectional short-range optical wireless commu-
nication (OWC) technology that is considered to be one of the
key enabling technologies for future 6G networks, in particular
for indoor applications. It may employ both visible and
invisible (e.g., infrared, ultraviolet) lights, where the former
refers to visible light communication (VLC) [5, 6, 7]. Light-
based communication has several advantages compared to its
RF counterparts, e.g., availability of license-free unregulated
spectrum, immunity to electromagnetic interference, high-
speed connectivity, and low latency [4, 8]. Moreover, LiFi
offers unique physical security against eavesdropping and data
theft, as lights do not penetrate opaque walls.

In this paper, we investigate the application of LiFi for
mobile IoT devices and focus on the uplink data transmission,
i.e., the transfer of data from the IoT devices to a ceiling-
mounted access point (AP). Here, we consider employing
invisible light, i.e., infrared (IR), in order to avoid visual
irritation that may result in the VLC uplink. Of course, VLC
could be used in the downlink (i.e., from the ceiling-mounted
AP to the mobile devices), supporting both illumination and
communication simultaneously. Also, this avoids the interfer-
ence between the uplink and downlink transmissions. How-
ever, due to the possible eye hazard may cause by IR, the IEC
(International Electrotechnical Commission) standard imposes
a limitation on the maximum transmit power [9]. Thankfully,
commercially available light-emitting diodes (LEDs) now have
a large surface area producing a wide beam, permitting the use
of reasonably high optical transmit power.

B. Multiple Access Solutions

Typically, several IoT devices in an indoor scenario transmit
their data simultaneously at the same time. This continuous
data transfer is enabled by employing an efficient multiple
access (MA) technique, where all the users share the same
communication channel. MA techniques can be classified into
two categories: orthogonal MA (OMA) and non-orthogonal
MA (NOMA), where the former allocates distinct orthogonal
resources to each user and the latter allows multiple users
to share their allotted orthogonal resources [10, 11]. OMA
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schemes such as time-division MA (TDMA) and code-division
MA (CDMA) have been considered in several multi-user OWC
applications, where the requirement of high data-rate is not so
stringent [12, 13, 14, 15, 16]. However, with the increasing
data-rate and the number of users, they suffer from increased
implementation complexity due to the multi-user timing syn-
chronization needed in TDMA and longer spreading sequence
in CDMA. In order to address these issues power-domain (PD)
NOMA has been proposed for LiFi based IoT networks [17].
In the PD-NOMA, each user is assigned a distinct power
level, and multi-user detection (e.g., successive interference
cancellation, SIC) is performed at the receiver (Rx) on the
aggregate received signal based on the channel gains of each
user [18]. Therefore, performance is highly affected by the
correlations of users’ received signal power. This is typically
the case for the LiFi uplink scenarios for users with IoT
devices in close proximity and mobility. Additionally, SIC
receivers suffer from relatively high computational complexity.
On the other hand, code-domain NOMA techniques share
spreading sequences among multiple users at the expense of
increased decoding complexity at the receiver, in particular,
with the increased number of users [19].

C. Orthogonal Frequency Division MA Technique

Optical orthogonal frequency division MA (O-OFDMA)
is a popular bandwidth-efficient multi-user version of the
optical orthogonal frequency division multiplexing (O-OFDM)
because of its robustness against the frequency-selective fading
channel [20]. Considering the intensity modulation and direct
detection (IM/DD) in the optical transmission, only the real-
valued positive “time-domain” (TD) signal is transmitted. In
contrast to the traditional RF OFDMA, Hermitian Symmetry
(HS) is first imposed on the “frequency-domain” (FD) signal
of the O-OFDMA to construct a real-valued TD signal. Then,
to satisfy the LED’s positive signaling requirement, a DC
bias could be applied to the real-valued TD signal, known
as DC-biased O-OFDMA (DCO-OFDMA) [21]. Alternatively,
modulating only the odd subcarriers followed by zero clipping
the negative TD signals can also be used, referred to as
asymmetrically clipped O-OFDMA (ACO-OFDMA) [22].

One major issue of O-OFDMA is the relatively high peak-
to-average power ratio (PAPR), resulting in further clipping
(modelled as so-called “clipping noise”) the signal in order to
limit the signal peaks in the LED dynamic range (DR). More-
over, clipping the TD signal limits the power consumption of
power amplifiers, but at the cost of performance degradation
[23]. The reduction of clipping noise so far has relied on
techniques, such as block coding, selective mapping, and pilot-
assisted transmission [24, 25]. However, as shown in [23], for
relatively low modulation order, clipping noise has a marginal
degrading effect.

We consider here the O-OFDMA scheme because of the
relatively large transmission bandwidth (BW) required in an
indoor LiFi-based IoT scenario. Power consumption in battery-
powered IoT devices is crucial, which is related to the transmit
optical power and the computational complexity. Compared to
OFDMA, another alternative approach is single-carrier FDMA
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(SCFDMA), which is widely used in the LTE (Long-Term
Evolution) uplink due to its low PAPR [26]. However, the
additional discrete Fourier Transform (DFT) pre-coding and
filtering at the SCFDMA transmitter (Tx), results in relatively
high computational complexity [23].

D. Proposed MA Scheme and Contributions

In this work, we study the performance of O-OFDMA
scheme and compare the ACO and DCO signaling when
used for LiFi-based IoT uplinks. We take into account a
realistic LED model and analyze the performance in terms
of power efficiency and MA interference (MAI) effect. Fur-
thermore, we propose a MA technique called time mul-
tiplexed O-OFDMA (TMO-OFDMA), where we perform
TDMA scheduling among a group of O-OFDMA users, which
is done for the first time within the context to the best of
our knowledge. Focusing on the proposed TMO-OFDMA
scheme based on ACO signaling called “TM-ACO-OFDMA”,
we show the advantage of the scheme to manage MAI and
computational complexity.

The main contributions of this work are:

o Studying the O-OFDMA performance for the LiFi uplink
IoT networks in an indoor scenario;

o Showing the advantage of ACO signaling in terms of
electrical power efficiency, as compared to DCO signal-
ing;

o Proposing the time multiplexed O-OFDMA scheme by
TDMA scheduling of O-OFDMA-based users;

o Performance comparison of the proposed TMO-OFDMA
scheme with O-OFDMA taking into account realistic
opto-electronic front-ends;

o Elucidating the advantage of our proposed scheme in
reducing MAI and the computational complexity.

The remainder of the paper is organized as follows. In
SectionIl, we present the system descriptions of the LiFi-
based IoT networks for an indoor scenario. Next, Section III
presents the considered MA schemes including the proposed
TMO-OFDMA scheme. Afterwards, Sections IV and V inves-
tigate the performance and computational complexity of the
schemes, respectively. Lastly, Section VI concludes the paper
with some research directions for the future.

Notations : .* and In (+) refer to the complex conjugate and
natural logarithm, respectively. E{-} stands for the expected
value.

II. SYSTEM DESCRIPTION
A. General Assumption

Figure 1 illustrates a typical LiFi uplink indoor scenario,
where potentially up-to sixteen users, each one having a single
LiFi-enabled IoT device, transmit data by using IR to an AP
placed on the ceiling. Note that, in this sequel we use “IoT”
and “ToMT” terms interchangeably.

In order to focus on the performance of the MA scheme, we
consider a single-cell network architecture with a single AP.
Note that, a single-cell [13] or a multi-cell [27] architecture
may use several APs to cover a larger space. IoT devices (i.e.,

Page 165



AP \‘.

\ loMT

loT devices

Cell

Fig. 1: Illustration of a LiFi uplink scenario in an indoor environment
for multiple users, each one with a LiFi-enabled IoT device by using
IR. IoMT devices are placed on the users’ shoulder (the red bullet)
and a single AP is placed on the ceiling.

the Txs) are assumed to be transmitted at a rate of 1 Mbps,
which satisfies the data-rate requirement of most IoT and
IoMT devices, e.g., refrigerators, helping robots, room heaters,
vacuum cleaner robots, and health monitoring sensors [28, 29].

At the Rx (i.e., the AP) side, a simple PIN photo-detector
(PD) with a relatively large field-of-view (FOV) is considered
to cover a larger area and no optical concentrator, which
ensures less sensitivity to background noise (i.e., ambient
noise), as compared to avalanche PD.

At the Tx side, we consider each IoT device is equipped
with an IR LED of a relatively wide beam due to the eye-
safety concern. Note that, according to the IEC standard,
an IR exposure limit of 100 W/m? poses no risk to the
human eyes [9]. Here, we consider a Lumiled IR LED of
wavelength 850 nm [30], which meets the requirements of eye-
safety standard.

We assume perfect time synchronization for each mobile
IoT device with the AP. Note that the error in time synchro-
nization is a recurrent problem for OFDMA-based schemes,
which is relatively low for an indoor scenario due to the limited
mobility of the mobile users [31]. Also, in order to avoid MAI
and so-called “near-far problems”, both time and frequency
synchronization is required for the RF OFDMA, typically re-
ferred as initial ranging [32]. However, the inherent absence of
a carrier eliminates the need for frequency synchronization in
O-OFDMA. Moreover, most timing synchronization methods
in the literature rely on obtaining channel state information
(CSID) by transmitting training sequences [33, 34, 35, 36].
Training sequences from each mobile device are typically sent
via the uplink to the AP; based on the received signal, the CSI
is estimated at the AP and transmitted via the downlink to the
mobile devices [23]. Here, we assume a perfect estimation of
the CSI at the AP for each mobile IoT device.
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Tcell

Fig. 2: Tllustration of the LOS link distance between the AP and the
Tx. Here, 7c corresponding to the cell radius.

B. Channel Model

Similar to the radio channel, the propagation channel for
light communication includes both line-of-sight (LOS) and
non-LOS transmissions [37]. However, for the sake of sim-
ulation simplicity and in order to fous on the MA scheme, we
consider only LOS link and neglect the non-LOS contribution.
As a matter of fact, OWC heavily relies on the contributions
from the LOS link, in particular near to the center of the cell
[23]. Considering a Lambertian LED model at the Tx, the
channel DC gain Hypg for the LOS link is given by [38]:

% cos™ () cos(f) ;0<6<80, 0

Hios =
;60 >0,

where App refers to the PD’s active area, 6 denotes the beam
incident angle at the AP (i.e., the Rx), and 6. is the FOV of
the Rx. Also, 9 is the Tx radiance angle that relies on Tx
orientation angle ;,, as shown in Fig.2. Here, di, stands for
the LOS link distance between the Tx and the AP, given by
di = \/d? + h3p — h3,, where hap and hry are the heights
of the AP and the Tx, respectively. Also, d is the horizontal
distance between the Tx and the AP (i.e., the cell center)(see
Fig.2). Moreover, m in (1) stands for the Lambertian order
given by [39]:
i —In2

In (cos ¢1/2)’
where /o is the LED semi-angle at half power. Denoting
the transmit optical power by Pr () and the PD responsivity
by fR, the received photo-current at the PD is [7]:

ir = RHLos Pr(opy) - (3)
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Considering the load resistance R of the trans-impedance
amplifier (TIA), the electrical power P, at the receiver is:

P. =iRy. 4)

For the case of PIN PD, the noise sources at the AP consist of
thermal and background noises, which are modeled as zero-
mean white Gaussian with one sided power spectral density
No [40]

Ny = 4KBT/RL + 2qc1p, 5

where T' stands for the temperature, Kp is the Boltzmann’s
constant, g, refers to the electron charge, and I, denotes the
background noise.

III. CONSIDERED MA SCHEMES

In this section, we first present the conventional O-OFDMA
scheme for both DCO and ACO signaling. Then we describe
our proposed TMO-OFDMA scheme.

A. DCO-OFDMA

Figure 3 represents the block diagram of DCO-OFMDA
scheme. First, the transmitted data bits from each IoT de-
vices are grouped together by the serial to parallel (S/P)
converter and mapped into complex M-QAM symbols xg,
k=0,1---,.# — 1, where .# refers to the number of sub-
carriers per user (i.e., the IoT device). Denoting the number of
users by T, total number of sub-carriers M = .ZT', which are
mapped into symbols xz, k= 0,1,..., M—1, by employing a
sub-carrier mapping technique. Note that the sub-carrier map-
ping techniques are classified into interleaved, distributed, and
localized mapping [23]. We will later present the considered
sub-carrier mapping technique in Section IV-A. Then, a real-
valued TD signal is attained by imposing HS constraint on
the mapped sub-carriers X to get Xy, k= 0,1,...,N — 1;
N = 2M + 2, such that,

)2]; = |:07X07X17"'5XM—1507X.7V1—1""XS :

Next, the inverse fast Fourier transform (IFFT) is performed
on the HS constrained symbols X; to obtain real-valued TD
signal ,,:

1 y 2mnk
B = ZX,;GXp(jﬂ) ‘n=0,1,...,N—1. (6)

The TD signal is then passed through the parallel to serial (P/S)
converter and a cyclic prefix (CP) of length Ncp is appended
at the end of the signal. After that, the resulting signal is
converted into digital signal by a digital-to-analog converter
(DAC) and amplified by an amplifier (AMP) before applying
a DC bias HBpc to obtain I,,:

i’n = i'n + %DCa (7)

where Z,, refers to the signal after the amplification. Lastly,
upper and lower clipping is applied on the signal Z,, and the
LED is driven by the resulting signal x,,.

At the Rx, after the photo-detection at the PD, the DC
bias is removed from the converted electrical signal and then
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amplified by a trans-impedance amplifier (TIA). The amplified
signal is then converted into a discrete time signal r,, by an
analog to digital converter (ADC). Next, after removing the
CP, the signal is passed through a S/P converter and /N-point
fast-Fourier-transform (FFT) is performed, resulting in:

¢

=0,1,...

'2mk) ~ N-1. (8

1 N—-1
n=—— Tpexp (j——
¢ \/N;::O p(J N

Afterwards, HS constrain is removed from the signal (u,; and
a single tap equalization is performed on the resulting signal
5,;. Finally, after sub-carrier demapping, QAM demodulation
is done on the symbols (; and transmitted serial data are
recovered after the parallel to serial (P/S) conversion.

B. ACO-OFDMA

ACO-OFDMA relies on the modulating only the odd sub-
carriers for signal transmission. After imposing the HS con-
straint before the IFFT block, the symbols x;, has the following
structure:

)v(]; = |:07X0707X17"'707XM71707X;F\471 707X(’§j|

After performing the IFFT, the negative signals are zero
clipped without causing any error (i.e., loss of information)
due to the anti-symmetry property of Z, [21]. The rest of
the steps are similar to those of DCO-OFDMA, as described
in the previous subsection. Note that the ACO-OFDMA also
requires the addition of a DC bias in order to fit the signal
to the LED I-V characteristics [23], as will be clarified in the
next subsection.

C. Proposed TMO-OFDMA Scheme

As mentioned earlier, in our proposed TMO-OFDMA
scheme, TDMA scheduling is performed for a group of O-
OFDMA-based users. A set of users transmit data during their
allotted time window, as shown in Fig.4. Here, considering
the number of users I' = 12, users are mapped into three
different time slots for TMO-OFDMA. Each time-slot in
TMO-OFDMA consists of 4 users transmitting data to their
allocated time slots, unlike O-OFDMA, . To attain the same
data rate as O-OFDMA, TMO-OFDMA users must finish their
data transmissions within the same time frame as O-OFDMA.
Denoting the total number of TMO-OFDMA slots by N, each
slot in TMO-OFDMA must transmit N times the rate of the
conventional O-OFDMA scheme. Although, this will increase
the required transmission BW of the system, we will show the
advantage of our proposed scheme particularly for such low
data-rate IoT applications later in Sections IV-C and V.

D. LED Characteristics and DC Bias Setting

Figure 5 shows the LED I-V characteristics curve of a
typical low power Lumiled LED, HDN1102W-TR [41], that
we consider here. In practice, regardless of the OFDMA
signaling, a DC bias is added to the TD signal in order to
fit it to the LED DR. We consider here the realistic non-linear
characteristics of the LED, as shown in the Fig.5 (the green
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Fig. 3: Block diagram representation of the DCO-OFDMA signaling scheme.
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Fig. 4: Conceptual representation of the proposed TMO-OFDMA
versus O-OFDMA for 12 users. Here, in TMO-OFDMA, users are
allocated in 3 dedicated time slots.

plot). We set the the DC bias Zpc at 1.5V for DCO signaling,
i.e., the mid point between the upper and lower clipping bound.
Also, the #pc for ACO signaling is set to 1.35V, which fits
the signaling within the LED DR.

IV. PERFORMANCE ANALYSIS

In this section, we present numerical results to evaluate the
performance of the conventional O-OFDMA and the proposed
TMO-OFDMA schemes. First, we compare the performance
of ACO and DCO signaling for O-OFDMA in terms of power
efficiency and MAI effect. Then, we show the improvement in
MALI effect of the TMO-OFDMA scheme, as compared with
O-OFDMA.
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Fig. 5: LED I-V characteristics curve, HDN1102W-TR [41].

A. Performance Parameters and Specifications

In a typical IoT-based indoor scenario, we consider the num-
ber of users I' = 16, each with a data-rate of %, = 1 Mbps, as
mentioned earlier. Also, unless otherwise specified, the total
number of subcarriers M = 256 and the number of subcarriers
per user .# = 16. The other parameters are summarized in
the TableI. Moreover, for the sake of simulation simplicity,
if otherwise not stated, IoT devices are considered to point
straight upward towards the ceiling, i.e., ¥, = 0 in Fig.2.
Here, we consider the interleaved subcarrier mapping, as
illustrated in Fig. 6 for the case of two users.

We evaluate the bit-error-rate (BER) performance as a
function of electrical signal-to-noise ratio (SNR) per bit
Ei(elec) /4, OF the electrical transmit power Pr(cjec) = E{22},
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TABLE I: Parameters Used for Numerical Simulations

Parameter Symbol Value
Tx height hrx 0.4 m
AP height hap 3 m
Cell radius Teell 3m

Tx orientation angle P 0

Max. Number of users T 16
Data-rate per user Ry, 1 Mbps
No. of mapped subcarriers M 256
Target BER — 1073
LED wavelength [41] A 850 nm
LED semi-angle at half power P1/2 60°
LED BW — 40 MHz
Power conversion efficiency [41] e 0.8

PD active area App 1cm?
PD responsivity R 0.6 A/W
Rx FOV 0. 70°

RX noise temperature T 300K
TIA resistor value Ry, 5002
CP length Ncp 2
DC—bias, ACO %DC(ACO) 1.35V
DC—bias, DCO %DC(DCO) 1.50V
Lower clipping — 1.35V
Upper clipping — 1.65V

¥

.
User2

Fig. 6: Interleaved subcarrier mapping for the case of I' = 2. Here,
So, S1, and Sy refer to the symbols of each user.

NPESNPENN
o [ [WYe [

O

where the Pr (.. is related to the optical transmit power
Propty = NPr(elec) With 1) representing the LED electrical-
to-optical power conversion efficiency.

The limited BW of the LED imposes restriction on the
transmission BW per user, which depends on the signaling
scheme used for the transmission. Given the M-QAM constel-
lation, the maximum number of bits that can be transmitted
per second, i.e., the spectral efficiencies of the ACO and DCO
signaling for O-OFDMA schemes are [20]:

_ logy(M)M _ logy(M)M

0= N N * 40T 2N+ Nep

Remember that, IV is the total number of subcarriers where
N = 2M + 2 with M the mapped subcarriers.

As ACO systems use just half of the subcarriers, their
spectral efficiency is half that of the DCO scheme with the
same modulation order and number of subcarriers. To compare
DCO-based and ACO-based schemes reasonably, we adjust
M accordingly to fix the spectral efficiency. The spectral
efficiencies per user are then given by &pco/I" and &aco/T,

(bps/Hz). (9)
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Fig. 7: BER performance comparison with respect to Pr(ciec)
between DCO-OFDMA and ACO-OFDMA for fixed &yciec); 4, =
15dB and BWs of =~ 8 and 4 MHz for DCO, and ~ 16 and 8 MHz
for ACO signaling with 16-QAM and 32-QAM, respectively.

with the corresponding required BWs per user as:
Bpco = _H_ _ @7 Hl

&pco/T" &pco
Now, given the N number of slots in a TMO-OFDMA

scheme, the spectral efficiencies for the ACO and DCO
signaling are:

Baco = (10)

%I
Brm.pco = N 22—

T
épco’ '

Brm-aco = Ng (1)

ACO

B. Conventional O-OFDMA Scheme

1) Power Efficiency: In this section, we evaluate the electri-
cal power efficiency in terms of the required electrical transmit
power P (cec) to achieve the target BER. To focus on the
power efficiency performance of DCO and ACO signaling,
we take into account the minimum channel attenuation, which
occurs when all users are situated at the cell center, i.e., at
d = Om. In this case, given I' = 16, we set .# = 16, therefore
N = 514 after imposing the HS. Then, with %, = 1 Mbps,
Fig.7 shows the BER performance versus Pr(e) for 16-
QAM and 32-QAM for both DCO- and ACO-OFDMA, cor-
responding to the required transmission BWs Bpco = 8 and
4 MHz, and Baco = 16 and 8 MHz, respectively. To make a
fair comparison between the ACO and DCO signaling, here
we vary Pricec) for a fixed &yelec) /.4, = 15dB.

We can notice, the BER performance degrades with the
increased QAM order due to the increasing clipping noise
for both ACO and DCO signaling. As a matter of fact,
DCO-OFDMA failed to reach the target BER with 32-QAM,
whereas ACO-OFDMA requires approximately 45 mW less
P (¢iecy than DCO with 16-QAM. This is due to the relatively
large Apc in DCO-OFDMA and the resulting increased clip-
ping noise. Also, for relatively large Pr(cec), the increased
clipping affects the BER performance, leading to BER of 0.5,
if we increase the Py (cjec) more (not shown in the figure).
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Fig. 8: BER versus Pr(ccc) performance of ACO-OFDMA scheme
for different distance d of the desired user with M = 16, where the
other 15 users located at the same position as the desired user.

2) BER Performance: Given the relatively low transmit
power requirement and the limited clipping noise effect, lets
focus on the ACO-OFDMA scheme as an appropriate scheme,
as shown in the Fig. 7. Considering the 16-QAM constellation
because of being least affected by clipping noise, we present
BER versus Pr(c. in Fig.8 for different distance d of
the desired user. Here, all users are at the same position
and changing distance d with the desired user. As expected,
with the increasing distance of the desired user the BER
performance degrades due to the channel attenuation. We
notice that for each d distance, the least BER is achieved when
Pr(elec) = 15mW.

3) MAI Effect: Now, in order to see the MAI effect we
set Pr(ciecy = 15mW, which has been shown in Fig.8 as
optimal P (cjec) to achieve the target BER. Figure 9 presents
the BER performance results where we change the desired
user distance d form cell center to the edge for both MAI and
NMALI case. Here, NMALI refers to the No MAL i.e., only a
single user is present in the scenario. For the case of NMAI,
as expected, with the increasing d, the BER degrades due to
the increased channel attenuation. For the case of MAI, we
study two scenarios where the other (i.e., interfering) users are
positioned at d = Om and d = 3 m, respectively. Let us define
the interfering users’ distance as dint, as shown in Fig.9. We
can notice the worst MAI when diyy = 0m. However, the
MALI effect is observed to be less for diyt = 3,m. This is in-
fact so called “near-far” problem caused by MAI, where the
strongest signals of interfering users at the cell center have the
most MALI effect, as compared to the weakest interferers at
the cell edge. This is because of the clipping noise resulting
in spectral regrowth in the adjacent subcarriers resulting in
inter-carrier-interference [23].
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Fig. 9: BER versus desired user distance d.

C. TMO-OFDMA

1) MAI Effect: Here, we apply our proposed TMO-
OFDMA scheme for the worst case MAI scenario as in
the previous subsection. Focusing on the ACO signaling due
to its energy efficiency, we compare the BER performance
between the ACO-OFDMA and TM-ACO-OFDMA. For the
TM-ACO-OFDMA, we transmit a group of users data into
their dedicated two different time slots denoted by tsror; and
tsLor2, each with I' = 8 users, as shown in Fig. 10. For
each slot, we consider the same M = 256 as for the ACO-
OFDMA, where the unallocated subcarriers are replaced by
zeros, resulting in &pco = 0.5 for 16-QAM. Therefore, in
order to transmit data at the same rate as the ACO-OFDMA
scheme, the required BW per slot for TMO-ACO-OFDMA is
Brmaco = 32MHz. Figure 11 shows the BER performance
result for ACO-OFDMA and TMO-ACO-OFDMA for both
MAI and NMALI case. We notice a substantial improvement
in MAI performance for the case of TMO-ACO-OFDMA, as
compared to the ACO-OFDMA. In fact, MAI has negligible
effect on the performance of TMO-ACO-OFDMA scheme.
This is due to the padded zeros in between the adjacent sub-
carriers, resulting in reduced inter-carrier-interference caused
by clipping noise. Moreover, the number of users per slot was
limited to 8, reducing the MAI effect.

V. COMPUTATIONAL COMPLEXITY

The computational complexity of IFFT/FFT is realized in
terms of floating-point operations (FLOPs) related to its real
additions and multiplications [42]. We analyze the compu-
tational cost of the considered schemes based on N-point
IFFT/FFT for N number of mapped subcarriers. The use
of Cooley-Tukey method in developing a higher-order radix
IFFT/FFT algorithm is relatively more efficient in terms of
FLOP count [43]. Furthermore, the development of split-radix
algorithms, e.g., the radix-2/4 and radix 2/8, achieved a better
FLOP count [42, 44]. Without loss of generality, we simply
consider a radix-2 algorithm, where a N-point FFT/IFFT
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Fig. 10: Allocation of 16 users in two different time slots for TMO-
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user 1 to 8 and user 9 to 16, respectively.
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Fig. 11: MAI performance comparison in terms of BER in between
the ACO-OFDMA and TM-ACO-OFDMA. Here, MAI refers to the
case where the desired user changes its position from the cell center
to the edge and the other 15 users are located at the cell center.

requires approximately 5Nlogs(N) arithmetic operations [43].
For TMO-OFDMA, the FLOP count, i.e., computational com-
plexity, reduced to a factor of 2 due to the inserted zeros
in the adjacent subcarriers. An example of radix-2 algorithm
for TMO-OFDMA considering DCO signaling with N = 8§
is shown in Fig.12. Given zeros in both of the symbols in
a butterfly of length 2 and a zero in one of the symbols,
no arithmetic operation is required. At Stage-1, symbols
with zeros produce an identical copy of the result obtained
by precedent non-zero symbols at Stage-3. As a result, no
arithmetic operation is required for symbols containing zeros,
lowering the computational cost of TMO-OFDMA by a factor
of 2.

Table II shows the computational complexity of the studied
ACO signaling at the Tx and Rx for O-OFDMA and TMO-
OFDMA schemes. Remember that the ACO schemes require
twice the subcarriers as DCO schemes.

Now, we study the computational complexity of the consid-
ered ACO schemes. Figure 13 shows the complexity analysis
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Fig. 12: Tllustration of a radix-2 FFT algorithm for DCO signaling
with N = 8 in TMO-OFDMA. W} refers to the so-called twiddle
factor [45].

TABLE II: Computational Complexity of considered schemes for
ACO signaling.

MA Scheme Tx Rx
ACO-OFDMA 10N log,(2N) 10N logy (N)
TM-ACO-

OFDMA 5N logy(2N) 10N log,(2N)

results in terms of FLOP count at the Tx. We focus on the
Tx side since it affects the battery lifetime of mobile IoT
devices. As expected, the number of FLOPs increases with
the increased number of subcarriers /N. Moreover, TMO-ACO-
OFDMA outperforms ACO-OFDMA by a factor of 2 in terms
of the number of FLOPs required.

VI. CONCLUSION

We proposed a time scheduling based TMO-OFDMA
scheme by transmitting group of O-OFDMA users’ data in
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Fig. 13: Complexity analysis of ACO-OFDMA and TM-ACO-
OFDMA.
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their dedicated time slots for the LiFi-based uplink IoT net-
works in an indoor scenario. We studied the energy efficiency
of ACO and DCO signaling and demonstrated the advantage
of ACO signaling in achieving target BER with relatively low
transmit power by quite a large margin. Taking into account
realistic LED characteristics, we studied the MAI performance
of our proposed TMO-OFDMA scheme compared to its O-
OFDMA counterparts. In particular, we demonstrated the
effectiveness of our scheme in reducing MAI, albeit with the
requirement of increased transmission BW. We further showed
that our proposed scheme can significantly reduce Tx energy
consumption for IoT devices compared to the O-OFDMA
scheme, thanks to the reduced computational complexity of
TMO-OFDMA.

As for future research direction, it would be interesting to
analyze the performance of the scheme for random Tx orien-
tation during mobility, particularly for on-body IoT devices.
Moreover, for a large-size indoor space, multiple AP arrange-
ments should be employed, which requires the development of
efficient time synchronization techniques for APs and hand-
over protocols for multi-cell architecture.
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