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Abstract: In this paper, we for the first time propose and investigate a novel discrete Fourier
transform-spread-orthogonal frequency division multiplexing with quadrature index modulation
(DFT-S-OFDM-QIM) scheme for practical visible light communication (VLC) systems. By
performing subcarrier index modulation on both the in-phase and quadrature components of each
subcarrier, OFDM-QIM achieves a higher spectral efficiency than conventional OFDM with index
modulation (OFDM-IM). Moreover, the peak-to-average power ratio (PAPR) of OFDM-QIM can
be substantially reduced by applying DFT spreading, and hence DFT-S-OFDM-QIM exhibits
high tolerance against light-emitting diode (LED) nonlinearity. The superiority of the proposed
DFT-S-OFDM-QIM scheme over other benchmark schemes has been successfully verified by
both simulation and experimental results.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, visible light communication (VLC) has been envisioned as one of the key enabling
technologies for 6G and Internet of Things (IoT) systems [1–3]. By leveraging commercial off-
the-shelf (COTS) light emitting diodes (LEDs) for simultaneous illumination and communication,
VLC enjoys many inherent advantages such as abundant and license-free spectrum resources,
low-cost front-ends, no electromagnetic interference (EMI) radiation and enhanced physical-layer
security [4]. However, practical VLC systems built upon COTS LEDs face two critical challenges:
one is the limited available modulation bandwidth and the other is the severe nonlinearity [5,6].

So far, many techniques have been introduced to address the two challenges faced by practical
VLC systems. On the one hand, in order to break the bandwidth limitation of COTS LEDs, their
available modulation bandwidth can be efficiently extended by applying various analog or digital
equalization techniques [7–9]. Moreover, for a given modulation bandwidth, the available data
rate of VLC systems can also be improved by applying spectral-efficient modulation techniques.
Specifically, orthogonal frequency division multiplexing (OFDM) with high-order quadrature
amplitude modulation (QAM) constellations has been widely considered in high-speed VLC
systems [10–12]. In addition, spectral-efficient multiple access techniques such as non-orthogonal
multiple access (NOMA) can also be adopted to enhance the achievable data rate for a given
modulation bandwidth [13–16]. On the other hand, in order to address the LED nonlinearity issue,
distortion techniques have been proposed to linearize the overall system nonlinearity [17], while
nonlinear equalizers have been designed to mitigate the adverse effect of LED nonlinearity [18,19].
Furthermore, for a given nonlinear characteristic of LED, its adverse effect can be mitigated
by transmitting signals with low peak-to-average power ratio (PAPR). Hence, spectral-efficient
OFDM modulation with reduced PAPR can be a promising candidate for practical VLC systems
[17].
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Lately, OFDM with index modulation (OFDM-IM) has been proposed as a novel multi-carrier
transmission scheme for 5G wireless networks, which has been shown to be able to achieve better
bit error rate (BER) performance than classical OFDM [20]. In OFDM-IM, the information bits
are conveyed not only by the M-ary signal constellations, but also by the indexes of the subcarriers
[21]. Due to its excellent BER performance, OFDM-IM has already been applied in VLC
systems [22,23]. Nevertheless, it is challenging for OFDM-IM-based VLC systems to obtain high
spectral efficiency (SE). As an enhanced version of OFDM-IM, OFDM with quadrature index
modulation (OFDM-QIM) has been further proposed for SE improvement, where subcarrier index
modulation is performed on both the in-phase and quadrature components of each subcarrier [24].
Nevertheless, since only a subset of subcarriers are activated to transmit constellation information
in both OFDM-IM and OFDM-QIM, the spectral efficiencies of OFDM-IM and OFDM-QIM
might be lower than that of classical OFDM. Hence, OFDM-IM and OFDM-QIM are generally
suitable for low-SE applications where a relatively small constellation size is required, e.g.,
cell edge of a practical cellular VLC system [25]. Moreover, OFDM-IM and OFDM-QIM can
achieve a finer-grained spectral efficiency than classical OFDM. However, both OFDM-IM and
OFDM-QIM suffer from high PAPR as classical OFDM, which might not be suitable for practical
VLC systems with LED nonlinearity.

In this paper, we for the first time propose a novel discrete Fourier transform (DFT)-spread
OFDM-QIM (DFT-S-OFDM-QIM) scheme for practical VLC systems relying on COTS LEDs.
By performing DFT spreading, the PAPR of OFDM-QIM can be substantially reduced and hence
DFT-S-OFDM-QIM exhibits high tolerance against LED nonlinearity. Both simulations and
experiments have been conducted to verify the superiority of the proposed DFT-S-OFDM-QIM
scheme over other benchmark schemes.

2. Principle of DFT-S-OFDM-QIM

Figures 1(a) and (b) illustrate the block diagrams of the DFT-S-OFDM-QIM transmitter and
receiver, respectively. In the DFT-S-OFDM-QIM transmitter, a total of b information bits enter
the bit splitter, which are divided into G groups and every group has p bits, i.e., b = pG. Every p
bits is used to generate the in-phase and quadrature components of an OFDM subblock of length
N, where N = Ndata/G and Ndata is the number of data subcarriers within each OFDM block.
More specifically, the input p bits of each OFDM subblock mainly consist of three parts: 1) pC
bits are first sent into the M-QAM mapper to generate the complex-valued M-QAM constellation
symbols, whose in-phase and quadrature parts are then separated via an I/Q separator; 2) pI bits
are fed into the in-phase index selector to identify the indexes of k out of N subcarriers which
are activated to transmit the in-phase parts of the M-QAM constellation symbols; 3) pQ bits are
fed into the quadrature index selector to select the indexes of k out of N subcarriers which are
activated to transmit the quadrature parts of the M-QAM constellation symbols. Hence, we have
p = pC + pI + pQ. In the g-th (g = 1, 2, . . . , G) OFDM subblock, the set of indexes of the selected
subcarriers corresponding to both the in-phase and quadrature parts is denoted by Ig =

{︂
II
g, IQ

g

}︂
,

and we have
II
g =

{︂
iIg,1, . . . , iIg,k

}︂
, IQ

g =
{︂
iQg,1, . . . , iQg,k

}︂
, (1)

where iIg,γ, iQg,γ ∈ {1, . . . , N} for γ = 1, . . . , k. Therefore, the in-phase and quadrature signals in
the g-th OFDM subblock are obtained by

xI
g,η =

{︄
sI
g,η , η ∈ II

g
0, otherwise

, xQ
g,η =

{︄
sQ
g,η , η ∈ IQ

g

0, otherwise
, (2)

where sI
g,η and sQ

g,η for g = 1, . . . , G and η = 1, . . . , N denote the corresponding in-phase and
quadrature parts of the M-QAM constellation symbols, respectively. After that, the obtained
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in-phase and quadrature signals are combined to yield the output of the g-th OFDM subblock as
follows:

xg,η = xI
g,η + jxQ

g,η . (3)
Subsequently, a complete OFDM block is created by concatenating totally G OFDM subblocks.

In order to reduce the PAPR of the OFDM-QIM signal, DFT spreading is further performed. After
executing inverse fast Fourier transform (IFFT) with the Hermitian symmetry (HS) constraint and
parallel-to-serial (P/S) conversion, the transmitted DFT-S-OFDM-QIM signal is finally obtained.

Fig. 1. Block diagrams of DFT-S-OFDM-QIM (a) transmitter and (b) receiver.

In the DFT-S-OFDM-QIM receiver, as shown in Fig. 1(b), the received serial DFT-S-OFDM-
QIM signal is first converted into a parallel signal through serial-to-parallel (S/P) conversion.
After performing FFT and frequency-domain equalization (FDE), inverse DFT (IDFT) is executed
before the OFDM block is divided into G subblocks via subblock splitter. In each subblock, the
in-phase and quadrature components of the input complex-valued signal are first extracted via an
I/Q separator. Then, log-likelihood ratio (LLR) detection is carried out individually with respect
to both the in-phase and quadrature components of the input complex-valued signal [24]. Letting
yg,η (g = 1, 2, . . . , G; η = 1, . . . , N) be the input complex-valued signal, the corresponding LLR
values for the g-th OFDM subblock are calculated by

λI
g,η = ln(k) − ln(N − k) +

|︁|︁Re(yg,η)
|︁|︁2

N0
+ ln ⎛⎜⎝

MI∑︂
m=1

exp
(︃
−

1
N0

|︁|︁Re(yg,η) − sI
m
|︁|︁2)︃⎞⎟⎠ , (4)
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λQ
g,η = ln(k) − ln(N − k) +

|︁|︁Im(yg,η)
|︁|︁2

N0
+ ln ⎛⎜⎝

MQ∑︂
m=1

exp
(︃
−

1
N0

|︁|︁|︁Im(yg,η) − sQ
m

|︁|︁|︁2)︃⎞⎟⎠ , (5)

where Re(·) and Im(·) denote the operations to extract the in-phase and quadrature parts of a
complex-valued input, respectively; N0 denotes the noise power; sI

m and sQ
m respectively represent

the one-dimensional constellations corresponding to the in-phase and quadrature components
of the two-dimensional M-QAM constellation, and MI and MQ are the corresponding numbers
of the one-dimensional constellation points. It should be noted that MI = MQ =

√
M when

square M-QAM constellations are adopted in the DFT-S-OFDM-QIM system. Moreover, due
to the parallel index modulation in both in-phase and quadrature components, the detection
complexity of DFT-S-OFDM-QIM is twice as that of DFT-S-OFDM-IM. After LLR detection in
each subblock, the corresponding M-QAM constellation symbols are recovered which are further
demapped to recover the constellation bits. Finally, the output bits can be generated by combining
the obtained in-phase index bits, quadrature index bits and the constellation bits together via a bit
combiner.

For VLC systems using DFT-S-OFDM-QIM with M-QAM constellation, the number of bits
that can be transmitted in one OFDM subblock with length N and k activated subcarriers is
obtained by

bDFT-S-OFDM-QIM = pI + pQ + pC = 2⌊log2(C(N, k))⌋ + k log2(M), (6)

where ⌊·⌋ represents the floor operator and C(·, ·) denotes binomial coefficient. Therefore, the SE
per OFDM block using DFT-S-OFDM-QIM with M-QAM constellation is expressed by

SEDFT-S-OFDM-QIM =
bDFT-S-OFDM-QIM

N
=

2⌊log2(C(N, k))⌋ + k log2(M)

N
. (7)

Moreover, for the purpose of comparison, the SE per OFDM block using DFT-S-OFDM-IM
with M-QAM constellation is also given as follows:

SEDFT-S-OFDM-IM =
⌊log2(C(N, k))⌋ + k log2(M)

N
. (8)

It can be clearly observed from (7) and (8) that the proposed DFT-S-OFDM-QIM scheme can
transmit a doubled number of index bits in comparison to DFT-S-OFDM-IM.

3. Results and discussions

In this section, we evaluate the performance of the proposed DFT-S-OFDM-QIM scheme and
compare it with other three benchmark schemes including OFDM-IM, DFT-S-OFDM-IM and
OFDM-QIM through both numerical simulations and hardware experiments. In both simulations
and experiments, the size of IFFT/FFT is set to 256, the length of each OFDM subblock is N = 4
and the number of activated subcarriers in each subblock is k = 1, 2. Moreover, the numbers
of data subcarriers are set to Ndata = 118 and 108 for k = 1 and 2, respectively. In addition, we
adopt 4-QAM constellation for the proposed DFT-S-OFDM-QIM, and hence the corresponding
SEs for k = 1 and 2 are 1.5 and 2 bits/s/Hz, respectively. The required M-QAM constellations to
achieve a target SE for four schemes are summarized in Table 1.

3.1. Simulation results

In this subsection, we evaluate and compare the performance of OFDM-IM, DFT-S-OFDM-IM,
OFDM-QIM and DFT-S-OFDM-QIM via numerical simulations. Figures 2(a) and (b) show
the BER versus signal-to-noise ratio (SNR) for four schemes over the additive white Gaussian
noise (AWGN) channel with N = 4, k = 1 and N = 4, k = 2, respectively. For the case of N = 4
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Table 1. Required M-QAM constellations to achieve a target SE for four
schemes.

Scheme SE = 1.5 bits/s/Hz (N = 4, k = 1) SE = 2 bits/s/Hz (N = 4, k = 2)

OFDM-IM 16-QAM 8-QAM

DFT-S-OFDM-IM 16-QAM 8-QAM

OFDM-QIM 4-QAM 4-QAM

DFT-S-OFDM-QIM 4-QAM 4-QAM

and k = 1, as shown in Fig. 2(a), the required SNRs for OFDM-IM and OFDM-QIM to reach
the 7% forward error correction (FEC) coding limit of BER = 3.8 × 10−3 are 9.4 and 6.3 dB,
respectively, indicating that OFDM-QIM outperforms OFDM-IM by an SNR gain of 3.1 dB.
However, as shown in Fig. 2(b), the SNR gain of OFDM-QIM in comparison to OFDM-IM is
reduced to only 1.6 dB for N = 4 and k = 2. The reduction of SNR gain when k is increased
from 1 to 2 is mainly due to the decrease of constellation order required by OFDM-IM as given
in Table 1. Moreover, it can also be clearly observed that, for both OFDM-IM and OFDM-QIM,
performing DFT spreading does not affect their BER performance.

Fig. 2. BER vs. SNR for OFDM-IM, DFT-S-OFDM-IM, OFDM-QIM and DFT-S-OFDM-
QIM over the AWGN channel with (a) N = 4, k = 1 and (b) N = 4, k = 2.

Although maximum-likelihood (ML) detection is the optimal detection scheme for DFT-S-
OFDM-QIM, it has high computational complexity. Instead, LLR detection is a low-complexity
scheme which is adopted in our work here. Figure 3 compares the performance of LLR detection
and ML detection for DFT-S-OFDM-QIM over the AWGN channel with N = 4 and k = 1, 2.
It can be clearly seen that the low-complexity LLR detection achieves nearly the same BER
performance as the optimal ML detection for both N = 4, k = 1 and N = 4, k = 2.

Figure 4 further compares the PAPR performance of OFDM-IM, DFT-S-OFDM-IM, OFDM-
QIM and DFT-S-OFDM-QIM. For the case of N = 4 and k = 1, as shown in Fig. 4(a), the use of
DFT spreading cannot reduce the PAPR of OFDM-IM. Instead, OFDM-IM performs about 1-dB
better than DFT-S-OFDM-IM at a probability of 10−3. In contrast, the PAPR of OFDM-QIM can
be efficiently reduced by 1.6 dB at a probability of 10−3 by applying DFT spreading. Moreover,
for the case of N = 4 and k = 2, DFT-S-OFDM-IM only slightly outperforms OFDM-IM, while
DFT-S-OFDM-QIM significantly outperforms OFDM-QIM. It can be seen from Fig. 4(b) that a
PAPR reduction of 2.8 dB is obtained by DFT-S-OFDM-QIM compared with OFDM-QIM. As a
result, DFT spreading is shown to be an efficient approach to substantially reduce the PAPR of
OFDM-QIM for both cases.
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Fig. 3. Comparison of LLR detection and ML detection for DFT-S-OFDM-QIM over the
AWGN channel with N = 4 and k = 1, 2.

Fig. 4. PAPR comparison of OFDM-IM, DFT-S-OFDM-IM, OFDM-QIM and DFT-S-
OFDM-QIM with (a) N = 4, k = 1 and (b) N = 4, k = 2.

3.2. Experimental results

In this subsection, we conduct experiments to investigate the performance of DFT-S-OFDM-QIM
in a practical nonlinear VLC system and further compare it with other benchmark schemes.
Figure 5 illustrates the experimental setup of a point-to-point VLC system using a blue mini-LED.
The transmitted signal is first digitally generated offline by MATLAB, which is then loaded
into an arbitrary waveform generator (AWG, Tektronix AFG31102) with a sampling rate of 250
MSa/s. A 120-mA DC bias current is further added to the AWG output via a bias-tee (Mini-
Circuits, ZFBT-6GW+) and the combined signal is subsequently used to drive a blue mini-LED
(HCCLS2021CHI03). At the receiver side, the optical signal is detected by a photodetector
(PD, Thorlabs PDA10A2) with a bandwidth of 150 MHz and an active area of 0.8 mm2. The
received electrical signal is recorded by a digital storage oscilloscope (DSO, LeCroy WaveSurfer
432) with a sampling rate of 1 GSa/s and further demodulated offline in MATLAB. Moreover, a
pair of biconvex lenses each with a diameter of 12.7 mm and a focal length of 20 mm are also
employed to align the LED and the PD. The inset (a) in Fig. 5 shows the photo of the overall
experimental system. The measured nonlinear optical power-current curve and the low-pass
frequency response of the system are given by the insets (b) and (c), respectively. As we can
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see, the experimental system exhibits notable nonlinearity which is mainly caused by the blue
mini-LED. Moreover, a larger bandwidth can be obtained when a larger bias current is applied.
As a trade-off between the achievable system bandwidth and the adverse effect of nonlinearity,
the bias current is set to 120 mA and the corresponding −3dB bandwidth is about 32 MHz.

Fig. 5. Experimental setup of a point-to-point VLC system using a blue mini-LED.
Insets: (a) the photo of the overall experimental system, (b) the measured nonlinear optical
power-current curve and (c) the measured frequency response with a bias current of 120 mA

In our experiments, in accordance with the above simulations, we consider the following two
cases: 1) N = 4 and k = 1; 2) N = 4 and k = 2. During the offline signal processing, the size
of IFFT/FFT is 256, while the numbers of data subcarriers are 118 and 108 for k = 1 and 2,
respectively. Given the AWG sampling rate of 250 MSa/s, the signal bandwidths for k = 1 and 2
are about 115 and 105 MHz, respectively. Hence, the corresponding transmission data rates for k
= 1 and 2 are 172.5 and 210 Mbits/s, respectively.

Figure 6 shows the BER versus the peak-to-peak voltage (Vpp) of AWG output signals for two
different cases, where the transmission distance is fixed at 90 cm. For N = 4 and k = 1, as shown
in Fig. 6(a), the BER of DFT-S-OFDM-IM is slightly worse than that of OFDM-IM, which is due
to the high PAPR of DFT-S-OFDM-IM as discussed in Section 3.1. It can be clearly seen that
OFDM-QIM greatly outperforms both OFDM-IM and DFT-S-OFDM-IM, which achieves the
lowest BER of 4.4 × 10−3 at Vpp = 2 V. Compared with OFDM-QIM, DFT-S-OFDM-QIM can
achieve further significant BER improvement, which obtains the lowest BER of 1.0× 10−3 at Vpp
= 3 V. In contrast, as shown in Fig. 6(b), DFT-S-OFDM-IM performs much better than OFDM-IM
when k is increased from 1 to 2. Moreover, OFDM-IM, DFT-S-OFDM-IM and OFDM-QIM
achieve the lowest BER at the same Vpp of 2 V, while DFT-S-OFDM-QIM achieves the lowest
BER 1.9 × 10−3 at Vpp = 3 V. For both cases, the optimal Vpp for DFT-S-OFDM-QIM is larger
than that of other benchmark schemes, indicating its excellent tolerance against LED nonlinearity,
which is mainly due to its superior PAPR performance. The corresponding constellation diagrams
are depicted in insets (1)-(9) in Fig. 6.

Figure 7 shows the BER versus the transmission distance for different schemes, where the
optimal Vpp is applied for each scheme. As we can see, the BER of every scheme is gradually
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Fig. 6. BER vs. Vpp for OFDM-IM, DFT-S-OFDM-IM, OFDM-QIM and DFT-S-OFDM-
QIM with (a) N = 4, k = 1 and (b) N = 4, k = 2 with a transmission distance of 90 cm.
Insets (1)-(9) show the corresponding constellation diagrams.

increased with the extension of transmission distance for both k = 1 and 2. Specifically, for N = 4
and k = 1 as shown in Fig. 7(a), the BERs of OFDM-IM and DFT-S-OFDM-IM cannot reach the
FEC limit of 3.8×10−3 when the distance is in the range of 80 to 110 cm. Moreover, the maximum
distances that can be transmitted by OFDM-QIM and DFT-S-OFDM-QIM below BER= 3.8×10−3

are 87.5 and 108.1 cm, respectively. As a result, a distance extension of 20.6 cm is obtained
by DFT-S-OFDM-QIM in comparison to OFDM-QIM, which is corresponding to a 23.5%
improvement of transmission distance. For N = 4 and k = 2, as shown in Fig. 7(b), OFDM-IM
and OFDM-QIM cannot reach the FEC limit of BER = 3.8×10−3 for the distance within the range
of 70 to 100 cm. In contrast, the maximum transmission distances achieved by DFT-S-OFDM-IM
and DFT-S-OFDM-QIM are 84.1 and 97.5 cm, respectively. Hence, DFT-S-OFDM-QIM achieves
a distance improvement of 15.9% compared with DFT-S-OFDM-IM.
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Fig. 7. BER vs. transmission distance for OFDM-IM, DFT-S-OFDM-IM, OFDM-QIM,
and DFT-S-OFDM-QIM with (a) N = 4 and k = 1, (b) N = 4 and k = 2.

4. Conclusion

In this paper, we have proposed and evaluated a novel DFT-S-OFDM-QIM scheme for practical
VLC systems with LED nonlinearity. Owing to the parallel index modulation on both the
in-phase and quadrature components of each subcarrier, OFDM-QIM obtains a higher SE than
conventional OFDM-IM. Moreover, DFT spreading has been shown to be a very efficient way
to reduce the PAPR of OFDM-QIM, and DFT-S-OFDM-QIM exhibits much lower PAPR than
OFDM-QIM and DFT-S-OFDM-IM for both cases of N = 4 with k = 1 and 2. Simulation results
validate the excellent BER and PAPR performance of the proposed DFT-S-OFDM-QIM scheme
over the AWGN channel. Furthermore, experimental results show that DFT-S-OFDM-QIM can
use a larger Vpp to achieve the minimum BER than other benchmark schemes, which suggests that
DFT-S-OFDM-QIM enjoys enhanced tolerance against LED nonlinearity. Specifically, a distance
extension of 23.5% is obtained by DFT-S-OFDM-QIM compared with OFDM-QIM for the case
N = 4 and k = 1, while a distance improvement of 15.9% is achieved by DFT-S-OFDM-IM
in comparison to DFT-S-OFDM-IM for the case N = 4 and k = 2. Therefore, the proposed
DFT-S-OFDM-QIM scheme reveals great potential for practical nonlinear VLC systems.
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