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Abstract—Visible light communications (VLC), a short-range
optical wireless communication scheme using light-emitting diodes
(LEDs) as transmitters, has been proposed to support multiple
users, predominantly in indoor environments. This article explores
using orthogonal frequency division multiple access (OFDMA) for
VLC due to its high spectrum utilization efficiency and potentially
high transmission data rate. The proposed optical OFDMA uses
adjacent subcarriers as a set to support each user. Doing so allows
some users to sample at a lower sampling rate and employ a
smaller fast Fourier transform (FFT) to lower the computational
complexity and hardware cost. A multi-cell structure is naturally
obtained in VLC since more than one LED lamp is usually installed
in an indoor environment. In this article, users located in different
cells can reuse the same subcarrier sets, potentially causing multiple
access interference. Analysis and simulation results are used to
predict the subcarrier-set reuse probability over the entire indoor
space. When the OFDM modulation index is optimized considering
the peak-power-limit of the LEDs, the average transmission data
rate is twice that of using OFDM that does not reuse the spectral
resources, for the scenarios tested.

Index Terms—Multiple access, OFDMA, optical OFDM, visible
light communications.

I. INTRODUCTION

V ISIBLE light communications (VLC) using light-emitting
diodes (LEDs) as transmitters is a short-range communi-

cation technique that has attracted the attention of academic and
industry researchers in the last ten years [1], [2]. Due to its ad-
vantages over radio frequency (RF) communications, such as the
lack of spectrum regulation, low electromagnetic interference,
low power consumption, and high security, VLC has become
an attractive candidate technology to support high-speed indoor
connections for 5G and Internet of things (IoT) applications.
LEDs working as lighting devices are widely deployed, poten-
tially providing a promising market for VLC systems [3]. Since
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non-coherent light is emitted from the LEDs, intensity modula-
tion and direct detection (IM/DD) should be used, requiring a
targeted modulation and multiple access scheme design [4].

The capability of providing multiple access with reliable high
data rate is a critical criterion to evaluate the performance of a
communication system. When multiple LEDs are employed in
a cellular structure, a high density of users with high data trans-
mission rates in indoor applications is possible using VLC [5].
Optical multiple access schemes can generally be classified as
single-carrier or multi-carrier. Time division multiple access
(TDMA) and code division multiple access (CDMA) are typical
single-carrier schemes applied in VLC systems [6], [7]. CDMA
requires orthogonal codewords to separate users; since IM/DD
is used in VLC systems, the optical CDMA codewords are not
fully orthogonal, causing multiple access interference (MAI).
Orthogonal frequency division multiple access (OFDMA) is a
multi-carrier scheme that was originally proposed in RF sys-
tems for frequency-selective channels. In VLC systems, optical
OFDMA is a promising candidate scheme to support multiple
users with high data rates by transmitting spectrally-efficient
orthogonal frequency-division multiplexed (OFDM) signals [8],
[9]. OFDM can reduce inter-symbol interference (ISI) caused
by the bandlimited channel due to the LED’s slow rise-time.
This modulation has therefore been extensively applied in VLC
systems to improve the data rate. The spatial information of users
dispersed in the room can also be exploited to enhance the multi-
ple access performance. Space division multiple access (SDMA)
is often combined with other multiple access schemes. [10].

Cellular access structures designed for telecommunication
systems are powerful for supporting multiple users. Due to the
limited illumination reach of lighting fixtures, cells are naturally
built based on the existing lighting infrastructure. A testbed for
multi-cell VLC systems was built and described in [11]. The
signal to noise ratio (SNR) within the cells was measured, and
a handover scheme and its performance were reported. For a
multi-cell indoor VLC system, inter-cell interference needs to
be considered and mitigated. [12] proposes a jointly designed
precoder and equalizer to combat inter-cell interference and
thus support multiple users. Soft frequency reuse is another
method to mitigate inter-cell interference. In [13], a specifically
designed LED lamp with two fields-of-view (FOVs) is used to
separate a cell into two components, each of which uses a specific
frequency so that it can be reused in different cells. The OFDMA
research described in [14] and [15] includes power allocation and
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Fig. 1. Illustration of a cell structure in VLC systems.

subcarrier allocation algorithms, respectively, for multiple users
in VLC systems. Although [14] considers a multi-cell structure
in an indoor environment, subcarriers and frequency reuse are
not taken into account. [15] uses DCO-OFDM, as do we, but the
peak radiation power constraint of LEDs is not modeled.

We recently proposed a multiuser VLC system based on
OFDMA [16], where a multi-cell structure is used to support
a high density of users. In this paper, we expand on this idea.
In traditional OFDMA systems, a high sampling rate and band-
width are required due to the large fast Fourier transform (FFT)
needed. Many IoT devices, however, are unable to sample at
such high rates. In our work, adjacent subcarriers are used as
a set assigned to a user for transmission. At the receiver, users
assigned a low-frequency subcarrier set may be able to use a
slower sampling rate and a smaller FFT to demodulate the signal,
simplifying the receiver structure. Therefore, the bandwidth
requirement at the receiver of some users can be smaller than
using traditional OFDMA, which is attractive for IoT systems.
In addition, with clever resource allocation across the multi-cell
structure, the OFDMA frequency subcarrier sets can be reused in
different cells, increasing the system throughput. The main con-
tribution of this paper is that it comprehensively considers power
allocation, subcarriers allocation, frequency reuse, sampling rate
reduction, and clipping distortion in OFDM for multiuser indoor
VLC systems.

The remainder of the paper is organized as follows. Section II
describes the multiuser VLC system. The principles of the pro-
posed OFDMA are presented in Section III. Numerical results
are discussed in Section IV. Finally, the paper is concluded in
Section V.

II. MULTIUSER VLC SYSTEM

In this section, the multiuser VLC system is described, which
includes the multi-cell structure and indoor VLC channel model.

A. Multi-Cell Structure

Cellular networks were originally designed to support multi-
ple users in RF systems. In fact, the success of 5G is predicated
on the formation of small cells, which occur naturally in indoor

VLC systems since lamps illuminate a small area Fig. 1 illus-
trates an indoor cellular network for a VLC system. In this figure,
four LED lamps function as lighting devices and simultaneously
support multiple users. Since each LED lamp typically has a
large illumination area (parts of which may be quite dim), we
artificially define the access area of the cell, that we simply
call the cell, which is often smaller than the illumination area.
In this paper, each user is served only by one LED lamp, and
thus a cell is defined as the portions of the room that receive
the strongest light power from that lamp, compared with other
VLC transmitters. Each cell only contains a single VLC-enabled
LED lamp, and each lamp only serves the users within its cell.
The cells are non-overlapping, which often leads to a square or
hexagonal tessellation. For example, in Fig. 1, square cells are
created based on the locations of the LEDs. User 1 is located in
cell 3 and is thus served by lamp 3, while user 2 is connected
to lamp 4. With the help of a multi-cell structure, the frequency
resources can be reused, as in RF systems [17].

B. Channel Model

In a typical VLC system, white lighting LEDs are used for
illumination and downlink communications. Commonly-used
lighting LEDs are bandlimited due to their slow rise-time, the
3 dB bandwidth of which is usually limited to a few tens of
MHz [18]. The light emitted is reflected from walls, obstacles,
and other reflecting surfaces, which results in a dispersive indoor
VLC channel. The overall bandwidth of the system is often
dominated by the LED response because of its strong bandwidth
limitation.

The channel loss is determined by the transmission link ge-
ometry and the LED’s beamwidth, based on the Lambertian law,
and can be represented as [19]

g =
A cosφ

2πd2
(m+ 1) cosm ψ, (1)

where φ is the photodetector (PD) incidence angle and ψ is the
LED radiation angle.m is the Lambertian mode that is related to
the LED beamwidth. d and A are the propagation distance and
the effective area of the receiver’s PD, respectively. Considering
the strong bandwidth limitation of LEDs, in this work the system
response including the transmitter and channel is modeled as
a first order low-pass filter with normalized impulse response
called h(t) [20]. Thus, the impulse response from LED q to the
input of the kth user’s receiver is modeled as gqkh(t), where gqk
is the corresponding channel loss derived using (1) based on the
location of the lamp and user.

III. PRINCIPLES OF PROPOSED OFDMA SCHEME

In this section, the proposed downlink OFDMA scheme em-
ploying the multi-cell structure given in Section II-A to support
multiple users is described. Transmitted and received signal
models, as well as the subcarrier reuse scheme, are presented
and discussed.

OFDM has recently gained popularity for VLC systems. Since
IM/DD must be used, only positive and real-valued OFDM
signals can be transmitted. Many modifications of traditional
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Fig. 2. Block diagram of the multiuser OFDMA system, (b) subcarriers in the proposed OFDMA system.

RF OFDM to satisfy these constraints, jointly called optical
OFDM, have been proposed, such as DC-biased optical OFDM
(DCO-OFDM), asymmetrically clipped optical OFDM (ACO-
OFDM), Flip-OFDM, and clipping-enhanced optical OFDM
(CEO-OFDM) [21]–[24]. DCO-OFDM is the most common
optical OFDM scheme used in VLC systems. The focus of
this paper is not to minimize clipping distortion caused by the
LED’s nonlinearity when optical OFDM is applied, as many of
these schemes do, but rather on the resource allocation and reuse
issue. Any optical OFDM schemes can be employed to support
multiple users in the proposed system. For simplicity, we restrict
our analysis to DCO-OFDM for data transmission.

A. Transmitted Signal

The transmitted downlink signal is a standard DCO-OFDM
signal. We improve upon this basic modulation scheme by opti-
mizing the power allocation across subcarriers while considering
the peak radiation power constraint.

A block diagram of the proposed OFDMA transmitter for K
users sharingN subcarriers is provided in Fig. 2. To simplify the
notation in the figure and subsequent equations, we model the
signal in only one OFDM symbol, assuming a standard cyclic
prefix would be adopted in any implementation to avoid ISI.
The binary data for each user is first modulated using M -ary
quadratic amplitude modulation (M -QAM). Note that, since
baseband IM/DD is used in VLC systems, the data input to the
inverse fast Fourier transform (IFFT) should have Hermitian
symmetry to ensure that the output signal is real-valued. A
bipolar OFDM signal is generated by the IFFT in LED q, which
can be modeled as

xq[n] =
1

N

N/2−1∑
�=−N/2

cq�Xq� exp {j2πn�/N}

n = 0, 1, . . . , N − 1, (2)

where Xq� is the M -QAM data for the �th subcarrier in cell q.
Xq� andXq(−�−1) are Hermitian pairs, generated using the con-
jugate function as shown in Fig. 2cq� represents the modulation
index that controls the scale of the signal Xq�. In this paper, we
optimize this modulation index to maximize the throughput.

With the help of the central limit theorem, xq[n] can
be approximately modeled as a Gaussian distributed random
variable with zero mean. The variance of xq[n] is σ2

x,q =
2σ2

d

N2

∑N/2−1
�=0 c2q�, whereσ2

d is the variance ofXq�, assumed equal
∀ q, and �.

To avoid transmitting negative signals, a constant DC bias is
added to xq[n], turning the OFDM signal into a DCO-OFDM
signal. Then, the nth sample of the signal for LED q can be
written as

sq[n] = ϕ (xq[n] + Pdc) , n = 0, 1, . . . , N − 1, (3)

where ϕ(x) represents the nonlinear LED transfer function,
which is modeled as a piece-wise function given as

ϕ(x) =

⎧⎨
⎩
Pmax, x ≥ Pmax

x, 0 < x < Pmax

0, x ≤ 0
. (4)

Pmax represents the peak radiation power of the LEDs. Time
samples of the signal that have a magnitude beyond this power
constraint must be hard clipped, introducing clipping distortion.
Pdc is the DC power added, which is usually set to Pmax/2 to
account for both the zero and peak power constraints. The signal
sq[n] convolved with a low-pass filter (LPF in Fig. 2) to account
for the LED bandlimit is then emitted as optical power.

After adding the DC bias to xq[n], the probability density
function (pdf) of xq[n] + Pdc, fq(x), is that of a Gaussian
random variable with mean Pdc and variance σ2

x,q.

B. Received Signal

In traditional RF communications, OFDMA is often used in
frequency selective channels, where subcarriers may be assigned
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Fig. 3. Subcarrier allocation in the proposed OFDMA system.

to a user to avoid multipath fading or other interference. The en-
tire spectral band is downconverted and sampled using the same
sampling rate, and then demodulated using the sameN -FFT [25,
Ch.5]. In traditional VLC OFDMA, all users employ the same
sampling rate and N -FFT as well; the signal is baseband, so
there is no downconversion. We want to accommodate a few
IoT users that may have relatively low processing speeds and
computational resources, and thus a lower sampling rate. The
proposed IM/DD OFDMA spectrum allocation shown in Fig. 3
uses adjacent subcarriers to modulate the data for each user.
Based on the user’s hardware capability, the bandwidth used for
userk, labeledBk, could be lower than the entire bandwidth used
in traditional OFDMA systems, depending on which subcarrier
subset is assigned to the user; we show in this section how such
users can employ a lower sampling rate and a smaller FFT,
leading to a simpler receiver’s structure. Note that if all the users
in a cell have tight bandwidth constraints, the low frequency
subcarriers must be shared.

In this section, the received signal is modeled and analyzed
based on the receiver sampling rate. We define the subcarriers
used for user k in one cell as a subcarrier set, Sk, as illustrated in
Fig. 3. The size ofSk is denoted as |Sk|; therefore,

∑K
k=1 |Sk| =

N
2 . Fig. 4 shows a block diagram of the receivers, where the

signal received at the kth user is filtered with its corresponding
bandwidth, Bk. Let the users be sorted in an ascending order of
Bk in each cell. We assume 2Nk represents the size of the FFT
for user k, whereNk, which should be a power of 2, is calculated
by

Nk = 2�log2 (
∑k

j=1 |Sj |)�, (5)

where �x� represents the least integer greater than or equal to x.
Therefore, the bandwidth of user k’s anti-aliasing filter becomes
Bk = NkRs, where Rs is the transmitted OFDM symbol rate.
After low-pass filtering, the sampling rate of 2NkRs may be
employed by user k’s receiver. Adjacent channel interference
and aliasing from the subcarrier near the filter cutoff frequency
may be introduced if the filter is not sufficiently sharp. For the
analysis in this paper, we assume the receiver filters used are
sharp enough to suppress the adjacent subcarriers so that the
interference caused by imperfect filtering can be neglected. This
assumption is validated via simulation in Section IV. In cases
where a sharp filter cannot be employed, the subcarrier near the
transition band of the filter may become unusable and should
remain unmodulated to avoid aliasing and interference.

After low-pass filtering, removing the DC, and sampling the
received signal at a rate of 2NkRs, we represent the nth sample
of the received signal at user k in cell q as

rqk[n] = ρ · hqk[n] ∗ (αq · xq[n] + wclip,q[n]) + wk[n], (6)

where hqk[n] represents the nth sample of the discrete-time
version of the end-to-end channel impulse response from LED
q to the kth user including the LED impulse response h(t)
and channel gain gqk [from Section II-B]. ρ represents the PD
responsivity, ∗ represents discrete-time convolution, and αq is
the clipping coefficient that accounts for the power loss from the
nonlinear clipping due to the peak radiation power constraint on
the LED of lamp q [26]. wclip,q[n] represents the nth sample of
the clipping noise that is caused by the signal clipping at zero
and the peak power at LED q, which is modeled as a Gaussian
random variable with zero mean. wk[n] is the nth sample of
the additive Gaussian noise at the receiver of user k after the
low-pass filter, which combines the shot and thermal noises.

At the receiver, a single-tap equalizer is needed to counter
the phase distortion due to the dispersive the channel. Then,
an estimate of the intended M -QAM data modulated on the
�th subcarrier in the qth cell, after the 2Nk-FFT demodulation
operation at user k, can be modeled as

X̂q� = αqρ
2Nk

N
|Hqk[�]|cq�Xq� +Wclip,q[�] +Wk[�], (7)

where user k served by cell q is assigned subcarrier �. 2Nk

N
represents a signal amplitude loss due to the use of an FFT
of size 2Nk instead of N . Wclip,q[�] and Wk[�] are the effective
clipping noise and additive noise at the �th subcarrier after the
2Nk-FFT at the receiver. Hqk[�] represents the channel gain for
subcarrier � of user k in the qth cell, where � = 0, 1, . . . , Nk − 1.
The derivation of (7) can be found in the Appendix.

The clipping loss coefficient shown in (7) can be calculated
based on the Bussgang theorem [27] as

αq =
1

σ3
x,q

√
2π

∫ ∞

−∞
xϕ(x) exp

(
− (x− Pdc)

2

2σ2
x,q

)
dx

= 1− 1

2

⎛
⎜⎝erfc

(−
√∑N/2−1

�=0 c2q� +
√
2PmaxN

2
√∑N/2−1

�=0 c2q�σ
2
d

)

+ erfc

(√∑N/2−1
�=0 c2q� +

√
2PmaxN

2
√∑N/2−1

�=0 c2q�σ
2
d

)⎞⎟⎠. (8)

Since the additive receiver noise wk[n] is assumed to be white
and Gaussian, the variance ofWk[�] can be calculated as Bk

2Nk
No,

where No represents the noise spectral density. The variance

of Wclip,q[�] is 4N2
k

N σ2
clip,q , where σ2

clip,q is the variance of the
clipping noise wclip,q[n] sampled at the full rate, NRs. σ2

clip,q

can be calculated as [24], [28]

σ2
clip,q =

∫ 0

−∞
x2fq(x)dx+

∫ ∞

Pmax

x2fq(x)dx. (9)
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Fig. 4. Block diagram of the VLC receivers.

TABLE I
AN EXAMPLE OF THE SUBCARRIERS USAGE AND THE CORRESPONDING

FFT SIZE

Table I shows an example to illustrate the number of assigned
subcarriers for the users and their corresponding FFT sizes for
a system using N = 32. User 1 is assigned two subcarriers,
� = 0 and 1; it can thus use a 4-FFT for demodulation due to the
requisite Hermitian symmetry. For user 1, a sampling rate 8 times
lower is required than if it had been assigned higher-frequency
subcarriers. For user 2, although 5 subcarriers are assigned, a
16-FFT is needed since its subcarrier set includes subcarrier 7.
Similarly, a full 32-FFT is used at the receiver of user 3 because
the highest 8 subcarriers are assigned.

C. Subcarrier Set Reuse

As described above, users in the same cell may be served using
different subcarrier sets. With the help of the multi-cell structure
described in Section II-A, the subcarrier sets can potentially be
reused in different cells. This section introduces and analyses
the subcarrier reuse scenario.

MAI caused by signals transmitted using the reused subcar-
rier sets degrades the system performance, which diminishes
the achievable throughput. When the SINR of a subcarrier is
severely impacted by MAI, it cannot be used. Fig. 5(a) illustrates
the subcarriers set reuse scheme for systems using two frequency
sets (high and low). In cell 1 supported by lamp 1, users 1 and 2
utilize the low and high-frequency subcarrier sets, respectively.
In cell 2, the same low and high-frequency subcarrier sets are
reused by users 3 and 4. Two examples, illustrated in Fig. 5(b),
show scenarios in which subcarrier reuse can and cannot be
applied. In both examples, four active users are served by two
lamps. In the figure, the channel loss between lamp q and the
unintended user k, g13, g14, g21 and g22, represent the MAI
channel gains, which are inversely proportional to the distance
squared. The users in example 1 can successfully reuse the
subcarriers since the values of the intended user channel gains
are stronger than the MAI channel gains, because the users are

Fig. 5. Subcarrier reuse illustration showing (a) the subcarrier reuse scheme,
and (b) two examples of user placements and their resulting channel gains.

far from the interfering cell. In example 2, the subcarrier set
reuse fails due to the strong MAI when the users are near the
cell boundaries.

For a general case, we assume there are Q LED lamps in a
room serving Q cells. In each cell, K active users utilize the
entire frequency range,1 i.e., all subcarriers. In this paper, we
assume all the subcarriers in each cell are available to be used.
For the �th subcarrier of user k in cell q, we can derive the SINR
as

γqk�=
2Nk

N2 ρ
2α2

qP
2
max|Hqk[�]|2c2q�

2Nk

N2
ρ2α2

qP
2
max

∑Q

i
=q
|Hik[�]|2c2i�︸ ︷︷ ︸

MAI

+2Nk

N σ2
clip,q+BkNo

.

(10)
The data rate for user k located in the qth cell can be calculated

as

R
(qk)
b = Rs

∑
�∈Sk

log2Mq�, (11)

whereMq� is the QAM modulation constellation size for the data
modulated on the �th subcarrier, and the OFDM symbol rate is
Rs. We assume all the users are synchronized. To maximizing

1In this paper, we assume all cell have exactly K users for the sake of
notational simplicity.
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the throughput fairness among users in the indoor space, the
modulation index can be optimized. The objective function is
given by

max
cq�,Mq�,Rs

min
q,k,|Sk|

∑
�∈Sk

log2Mq�Rs

s.t.

√
Mq� − 1√

Mq� log2
(√

Mq�

)erfc
(√

3γqk�
2(Mq� − 1)

)
< Bmax

∀ � ∈ Sk, q = 1, 2, . . . , Q, and k = 1, 2, . . . ,K (12)

where Bmax is the maximum acceptable bit error rate, usually
set to 10−4 with the help of forward error control (FEC) coding.
The BER constraint shown in (12) guarantees data transmission
reliability. The size of the subcarrier sets, |Sk| ∀ k, are optimized,
which requires integer optimization. The symbol rate,Rs, is also
an optimization parameter, which is optimized to maximize the
bit rate.

Solving the problem shown in (12) requires a nonlinear and
non-convex optimization process. In this paper, we make several
simplifications to make the computation feasible:

- It is not realistic to optimize the modulation index for each
subcarrier due to the large computational burden. In this
paper, we set the modulation indexes for all of a user’s
subcarriers the same, per cell; therefore, a smaller number
of variables needs to be solved compared to optimizing the
modulation index for each subcarrier separately.

- When a large N is used, the computational complexity
of optimizing the assignment of each subcarrier to a user
is prohibitive. Adjacent subcarriers can be banded and
assigned as a set. For example, if N = 512, bands of 8
adjacent subcarriers can be assigned together. For most of
the results in this paper, we further assume that the users
are all assigned the same number of subcarrier bands. For
a more general optimization process, the number of sub-
carriers for each user can be optimized. This optimization
adds K − 1 optimization variables, which is significant if
computational resources are constrained.

- In this work, we use a genetic algorithm (GA) as our
heuristic to solve (12); GAs are powerful and effective at
solving this type of problem [29], [30], but do not guarantee
an optimal solution. Since GAs are well known classic
heuristic searching methods, they are not described in this
paper.

IV. NUMERICAL RESULTS

In this section, numerical results on the performance of the
proposed OFDMA system are shown. Unless otherwise noted,
the parameters used to obtain the results are given in Table II. The
parameters used in this paper, such as the room dimension and
locations of the LEDs, are typical for indoor spaces, and often
used as a benchmark scenario in VLC research literature [31],
[32]. The noise experienced at the receiver is assumed to be
white, with spectral density calculated as in [33]. The testing
environment is a 5 m × 5 m × 3 m empty room with 4 LED
lamps, and each lamp serves one cell. The distance between

TABLE II
PARAMETERS USED FOR NUMERICAL RESULTS

Fig. 6. Indoor environment with four cells used in the numerical results.

lamps is denoted as L, which is a design parameter, as shown in
Fig. 6. The users are assumed to have a bandwidth sufficient for
the subcarriers assigned to them. The users are randomly located
in each cell to evaluate the system performance fairly, and 50
trials of the users’ locations are conducted, the channel gains
of which are computed using (1). For the GA, 50 random initial
individuals and up to 100 generations (iterations) are used for the
optimization. The anti-aliasing low-pass filters at the receivers
are assumed to be ideal.

Fig. 7 shows the received power distribution and the status
of reuse of the subcarriers in the room for two scenarios with
different lamp spacings, L = 1.7 m and 3.3 m. At each point
in the room, subcarrier reuse is a binary status value, 1 or 0,
identifying the area where reuse can successfully be applied or
not, respectively. A subcarrier cannot be reused either because
the MAI is too strong or because of low lighting, both resulting
in a low SINR. As seen in Fig. 7(a) for L = 1.7 m, the received
optical power remains relatively uniformly distributed in the cen-
ter of the room so that an acceptable illumination performance
is achieved.2 Due to MAI, the areas close to the boundaries
between the cells cannot support subcarrier reuse, as shown in
Fig. 7(b). The areas close to the walls and corners of the room
are not usable due to the low illumination level. Fig. 7(c) shows
the received optical power distribution when L = 3.3 m. In this
case, the central part of the room is not well illuminated since
the lamps are quite separate, and the beamwidth (the half-power
full-angle of the LED) is not wide enough to illuminate the center
of the room. Fig. 7(d) gives the reuse distribution forL = 3.3 m,

2Throughout this paper, the only illumination considered comes from the
system’s VLC-enabled LED lighting. Stricter illumination requirements can be
satisfied by using other architectural lighting elements.
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Fig. 7. Illustration of the received power and subcarrier reuse status in the room for an LED beamwidth of 80 degrees. (a) Received power distribution for
L = 1.7 m. (b) Subcarrier reuse status for L = 1.7 m. (c) Received power distribution for L = 3.3 m. (d) Subcarrier reuse status for L = 3.3 m.

where the portions of the room where subcarrier reuse can occur
clearly outline the center of each cell. In both Fig. 7(b) and (d),
the center of the room cannot support subcarrier reuse due to
strong MAI.

We define the subcarrier reuse probability as the frequency of
subcarrier reuse, i.e., the probability that usable subcarriers are
reused when multiple users are randomly located in each cell.
Similarly, we define the coverage ratio as the fraction of the
room that has at least 25 lux (10% of the standard illumination
for offices, according to the Illuminating Engineering Society
of North America [34]). Fig. 8 shows the reuse probability as
well as the illumination coverage ratio as the distance between
two lamps, L, increases. As predicted in Fig. 7, we see in
Fig. 8 that the subcarrier reuse probability strongly depends on
the locations of the LED lamps. When the LED beamwidth is
120 degrees, large enough to provide uniform illumination in the
room, increasing the distance between the lamps improves the
reuse probability since a larger distance between lamps results
in a smaller MAI. For LED beamwidths of 40 or 80 degrees, as
the distance between the lamps increases, the reuse probability
improves at first due to the lower MAI. Further increasingL leads
to a smaller illumination coverage area, and the reuse probability
suffers because of the decreased SINR; some indoor spaces are
simply not sufficiently illuminated, as seen on the right-hand
axis of Fig. 8.

Fig. 9 shows the average per-user throughput as the number of
users varies. For these results, subcarriers are assigned to users in
multiples of 8. As expected, the average data rate decreases as

Fig. 8. Subcarrier reuse probability and illumination coverage as the distance
between lamps varies for K = 4 users per cell.

the number of users increases. What we call the conventional
scheme (does not use the multi-cell structure and optimizes
the modulation index for each user) supports multiple users
without using subcarrier reuse; thus, the number of subcarriers
for each user decreases when more users need to be served.
For the proposed multi-cell OFDMA scheme, the users that are
supported in different cells can reuse the subcarriers to enhance
their utilization efficiency due to the space diversity of the users.
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Fig. 9. Average throughput comparison of the proposed scheme and conven-
tional OFDMA without subcarrier reuse.

Therefore, the average throughput using the proposed OFDMA
scheme is substantially higher (about a factor of four) compared
with the conventional scheme.

In this figure, we also compare the performance if the same
modulation index is used for all the subcarriers in a cell versus
optimizing the modulation indexes for each user. The algorithm
that optimizes the modulation indexes for each user controls the
transmitted power adaptively considering the peak power con-
straint. Since the magnitude of the channel frequency response
rolls off as the frequency increases, optimizing the modulation
indexes can maximize the overall throughput fairly, especially
for users using the higher-frequency subcarrier sets. Using the
parameters in this paper, systems that fix the modulation indexes
within the cell only reach about half of the throughput compared
with optimizing the modulation index for each user.

Fig. 9 also shows the throughput when the number of sub-
carriers assigned to each user is optimized, compared with the
other cases that use the same number of subcarriers per user
(|Sk| = N/2K). Since optimizing the number of subcarriers per
user gives more freedom to utilize the spectrum resources better,
the average optimized throughput is about 10% higher than
setting the same number of subcarriers per user. This advantage
comes at the cost of a more complex optimization problem.

In Fig. 9, we also test the ideal low-pass filter assumption
by comparing the results to using a realistic anti-aliasing filter
prior to sampling. An 8th-order Butterworth low-pass filter is
applied to the case of optimizing the modulation index per cell.
Compared with the results using an ideal low-pass filter, the
8th-order filter can suppress the adjacent subcarriers and provide
almost identical performance.

V. CONCLUSION

In this paper, we propose a cellular OFDMA scheme for VLC
systems to support multiple users based on DCO-OFDM. A
comprehensive model of the system is provided, including filter-
ing effects, power allocation, subcarriers allocation, frequency
reuse, and clipping distortion. In the proposed scheme, sets

containing adjacent subcarriers are assigned to users, allowing
the users assigned low-frequency subcarriers to use a lower
sampling rate and a smaller FFT; thus, the receiver’s complexity
and cost can be reduced. The modulation index for each user
is optimized by maximizing the minimum throughput over the
users, considering the peak radiation power constraint. The
subcarrier reuse status across the room is illustrated for different
scenarios and various system parameters. The subcarrier reuse
probability for different LED’s beamwidths is also presented.
Compared with OFDMA without subcarrier reuse, the proposed
scheme can provide about four times higher throughput for the
system parameters and indoor space tested.

APPENDIX

This appendix verifies that after filtering the OFDM signal at
the receiver, the sampling rate can be reduced to 2NkRs and a
2Nk-FFT can be used for user k. For notational simplicity, we
consider the noiseless case here. Assume that subcarrier � has
been assigned to user k in cell q. The estimate of the intended
data modulated on the �th subcarrier in the qth cell when sampled
at the full rate (NRs) and using an N -FFT can be obtained as

X̂q� = N -FFT(rqk[n]) =
N/2−1∑

n=−N/2

rqk[n] exp

(−j2πn�
N

)

= αqρ

N/2−1∑
n=−N/2

(xq[n] ∗ hqk[n]) exp
(−j2πn�

N

)

= αqρ|Hqk[�]|
N/2−1∑

n=−N/2

xq[n] exp

(−j2πn�
N

)

� ∈ Sk ∈ {0, 1, . . . , Nk − 1}. (13)

Sampling the received signal at 2NkRs is equivalent to down-
sampling the discrete signal by N

2Nk
when the sampling rate is

NRs. Therefore, we can substitute (2) into (13) and obtain

X̂q� = αρ|Hqk[�]|
Nk−1∑

n=−Nk

xq

[
n
N

2Nk

]
exp

(−j2πn�
2Nk

)

= αρ|Hqk[�]|
Nk−1∑

n=−Nk

(
1

N

N/2−1∑
�′=−N/2

cq�′Xq�′ exp

(
j2π�′

N

Nn

2Nk

))

exp

(−j2π�n
2Nk

)
. (14)

Since a sharp low-pass filter is used,Xq�′ = 0 for |�′| >= 2Nk −
1, and (14) is reduced to

X̂q� = αρ|Hqk[�]|
Nk−1∑

n=−Nk

(
1

N

Nk−1∑
�′=−Nk

cq�′Xq�′ exp

(
j2π�′

N

Nn

2Nk

)

exp

(−j2π�n
2Nk

))
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=
1

N
αρ|Hqk[�]|

Nk−1∑
n=−Nk

Nk−1∑
�′=−Nk

cq�′Xq�′ exp

(
j2π(�′ − �)

2Nk

)

= αρ
2Nk

N
|Hqk[�]|cq�Xq�, � ∈ Sk = {0, 1, . . . , Nk − 1}.

(15)

Therefore, after the low-pass filter, the sampling rate for user
k can be reduced to 2NkRs, and a 2Nk-FFT can be used for
demodulation.
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