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Abstract: In this paper, we for the first time propose a novel partitioning-based constellation
design approach for discrete Fourier transform-spread-orthogonal frequency division multiplexing
modulation with dual-mode index modulation (DFT-S-OFDM-DM) in visible light communica-
tion (VLC) systems. Specifically, two partitioning-based constellation designs, i.e., block-based
constellation partitioning and interleaving-based constellation partitioning, are proposed to
generate two distinguishable constellation sets for DFT-S-OFDM-DM in VLC, by considering
four 8-ary constellations including 8-ary quadrature amplitude modulation (8-QAM), 8-ary
phase-shift keying (8-PSK), circular (4,4)-QAM, and circular (7,1)-QAM. The superiority of
DFT-S-OFDM-DM using circular (7,1)-QAM constellation with interleaving-based constellation
partitioning over other benchmark schemes has been successfully verified by both simulation
and experimental results. It is shown by the experimental results that a significant distance
extension of 44.6% is obtained by DFT-S-OFDM-DM using circular (7,1)-QAM constellation
with interleaving-based constellation partitioning in comparison to DFT-S-OFDM with index
modulation achieving the same spectral efficiency of 2.5 bits/s/Hz. It is also demonstrated that
the proposed constellation design schemes are also generally applicable to the constellation with
an arbitrary shape and an arbitrary size.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As one of the potential key enabling technologies for the sixth generation (6G) mobile networks
and the Internet of Things (IoT) systems, visible light communication (VLC) has been triggering
tremendous interest from both academia and industry in recent years [1,2]. Although VLC has
many advantages such as abundant and unregulated spectrum resources, low-cost front-ends,
electromagnetic interference-free operation and high physical-layer security [3], the development
of high-speed VLC systems using commercially available LEDs is very challenging due to the
limited modulation bandwidth and the severe nonlinearity of LEDs [4,5].

In order to improve the achievable data rate of practical VLC systems using commercial
LEDs, many techniques have been reported in the literature. On the one hand, the bandwidth
limitation of commercial LEDs can be addressed by the following two methods: one is to extend
the LED modulation bandwidth through analog/digital and pre-/post-equalization [6,7], and
the other is to increase the overall spectral efficiency for a given signal bandwidth via applying
spectral-efficient modulation, multiplexing or multiple access techniques such as orthogonal
frequency division multiplexing (OFDM) using high-order constellations [8,9], multiple-input
multiple-output transmission [10,11], and non-orthogonal multiple access [12,13]. On the other
hand, the LED nonlinearity issue can also be handled by the following two ways: one is to
mitigate the nonlinear distortion by pre-/post-distortion [14,15], and the other is to transmit
signals with low peak-to-average power ratio (PAPR) [16]. More specifically, discrete Fourier
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transform-spread OFDM (DFT-S-OFDM) has been widely shown as a promising technique for
practical VLC systems, due to its advantages of high spectral efficiency and low PAPR [17–19].

Recently, OFDM with index modulation (OFDM-IM) has been introduced for VLC systems,
which exhibits improved bit error rate (BER) performance than classical OFDM [20,21]. To
increase the spectral efficiency and enhance the tolerance against LED nonlinearity, we have
proposed a DFT-S-OFDM with quadrature index modulation scheme for practical VLC systems
in our previous work [19]. Nevertheless, for OFDM with both index modulation and quadrature
index modulation, there are a subset of subcarriers left unmodulated and the existence of these
nulled subcarriers inevitably reduces the achievable spectral efficiency of the VLC system. Hence,
to fully exploit the achievable spectral efficiency, OFDM with dual-mode index modulation
(OFDM-DM) has been further applied in VLC systems, where all subcarriers are used to transmit
constellation symbols [22]. The BER performance of OFDM-DM is highly affected by the
adopted two distinguishable constellation sets and therefore constellation design plays a vital role
in VLC systems using OFDM-DM. So far, several constellation design schemes have already been
reported for OFDM-based VLC systems in the literature. In [23], a collaborated constellation
design scheme has been proposed to improve the performance of OFDM-based VLC systems
over the low-pass frequency-selective fading channel. In [24], an optimized constellation design
scheme has been proposed for colour shift keying (CSK)-aided optical OFDM systems, which
can not only improve the achievable BER performance but also eliminate the colour balance
distortion issue. In [25], a superposed 32-ary quadrature amplitude modulation (32-QAM)
constellation design has been proposed for OFDM-based spatial multiplexing VLC systems, so as
to mitigate the adverse effect of high channel correlation. However, to the best of our knowledge,
the constellation design issue in OFDM-DM-based VLC systems has been barely investigated in
the literature.

In this paper, we propose and investigate a novel DFT-S-OFDM-DM scheme with partitioning-
based constellation design for VLC systems. By taking the 8-ary constellation as an example, the
proposed partitioning-based constellation design can be performed in the following two manners:
one is block-based constellation partitioning and the other is interleaving-based constellation
partitioning. Numerical simulations and hardware experiments have been conducted to evaluate
the performance of VLC systems using DFT-S-OFDM-DM with partitioning-based constellation
design and further compare with that using other benchmark schemes.

2. Principle of DFT-S-OFDM-IM and DFT-S-OFDM-DM

2.1. DFT-S-OFDM-IM

Figures 1(a) and 1(b) illustrate the block diagrams of DFT-S-OFDM-IM transmitter and receiver,
respectively. As we can see, the m input bits are first partitioned into G groups via a bit splitter
and each group has b bits, i.e., m = bG. Each group of b bits are further split into two parts, i.e.,
b = bi + bc, which are fed into an index selector and a constellation mapper to generate an OFDM
subblock with length N, where N = Ndata/G and Ndata denotes the number of data subcarriers.
More specifically, the first part of bi bits are sent into the index selector to obtain the subcarrier
index set I(β) with length k for constellation mapping in the β-th subblock, where β = 1, . . . , G.
The second part of bc bits are passed through the constellation mapper, which has the constellation
set M = [S1, S2, . . . , SM] with size M. The mapping table of DFT-S-OFDM-DM with N = 4 and
k = 2 is given in Table 1. Hence, totally G subblocks are generated which are further concatenated
by a subblock combiner to create a complete OFDM block. Subsequently, DFT spreading is
performed to simultaneously reduce the PAPR of the signal and mitigate the low-pass effect of
the VLC system. Finally, the transmitted DFT-S-OFDM-IM signal is obtained via inverse fast
Fourier transform (IFFT) with the Hermitian symmetry (HS) constraint and parallel-to-serial
(P/S) conversion.
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Fig. 1. Block diagrams of DFT-S-OFDM-IM (a) transmitter and (b) receiver.

Table 1. Mapping table of DFT-S-OFDM-IM for N = 4
and k = 2

Index bits Index set for M Subblocks

0 0 [1, 2] [Si, Sj , 0, 0]

0 1 [2, 3] [0, Si, Sj , 0]

1 1 [3, 4] [0, 0, Si, Sj]

1 0 [1, 4] [Si, 0, 0, Sj]

In the DFT-S-OFDM-IM receiver, as shown in Fig. 1(b), the received DFT-S-OFDM-IM
signal undergoes serial-to-parallel (S/P), FFT and frequency-domain equalization (FDE). After
executing inverse DFT (IDFT), the OFDM block is split into G subblocks through a subblock
splitter. In each subblock, a low-complexity log-likelihood ratio (LLR) detector is employed
for signal detection [20]. Letting yηβ (β = 1, . . . , G; η = 1, . . . , N) denote the input signal, the
corresponding LLR value for β-th subblock of the DFT-S-OFDM-IM signal is calculated by

λ
η
IM,β = ln(k) − ln(N − k) + ln

(︄
M∑︂
i=1

exp
(︃
−

1
N0

|︁|︁|︁yηβ − Si

|︁|︁|︁2)︃)︄ . (1)

According to the descriptions above, the number of index bits that can be transmitted per
subblock is given by

bi =
⌊︁
log2(C(N, k))

⌋︁
, (2)

where ⌊·⌋ represents the floor operator and C(·, ·) denotes binomial coefficient. Moreover, the
number of constellation bits carried by the constellation set M is obtained by

bc = k log2(M). (3)

Hence, the spectral efficiency per OFDM block using DFT-S-OFDM-IM with M-QAM
constellation is given by

SEIM =

⌊︁
log2(C(N, k))

⌋︁
+ k log2(M)

N
. (4)

2.2. DFT-S-OFDM-DM

The block diagrams of DFT-S-OFDM-DM transmitter and receiver are illustrated in Figs. 2(a)
and 2(b), respectively. In the DFT-S-OFDM-DM transmitter, the bi bits are sent into the index
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selector to divide the subcarrier indices of the β-th subblock into two index sets denoted as
I(β)A and I(β)B , while the bc bits are fed into two distinguishable constellation mappers A and B.
The constellation mappers A and B have the constellation sets MA = [SA

1 , SA
2 , . . . , SA

MA
] and

MB = [SB
1 , SB

2 , . . . , SB
MB

], respectively. The sizes of MA and MB are respectively denoted by MA
and MB, and we have MA ∩MB = ∅. The design of two distinguishable constellation sets MA
and MB plays a vital role in DFT-S-OFDM-DM, which will be discussed in detail in Section 3.

Fig. 2. Block diagrams of DFT-S-OFDM-DM (a) transmitter and (b) receiver.

With the aid of the index selector, the selected k subcarriers and the non-selected N − k
subcarriers corresponding to I(β)A and I(β)B are modulated by the constellation mappers A and B,
respectively. The mapping table of DFT-S-OFDM-DM with N = 4 and k = 2 is given in Table 2.
Moreover, letting yηβ (β = 1, . . . , G; η = 1, . . . , N) denote the input signal, the corresponding
LLR value for β-th subblock of the DFT-S-OFDM-DM signal is given by [22]

λ
η
DM,β = ln(k)− ln(N−k)+ ln

(︄ MA∑︂
i=1

exp
(︃
−

1
N0

|︁|︁|︁yηβ − SA
i

|︁|︁|︁2)︃)︄ − ln ⎛⎜⎝
MB∑︂
j=1

exp
(︃
−

1
N0

|︁|︁|︁yηβ − SB
j

|︁|︁|︁2)︃⎞⎟⎠ , (5)

Table 2. Mapping table of DFT-S-OFDM-DM for N = 4 and k = 2

Index bits Index set for MA Index set for MB Subblocks

0 0 [1, 2] [3, 4] [SA
i , SA

j , SB
i , SB

j ]

0 1 [2, 3] [1, 4] [SB
i , SA

i , SA
j , SB

j ]

1 1 [3, 4] [1, 2] [SB
i , SB

j , SA
i , SA

j ]

1 0 [1, 4] [2, 3] [SA
i , SB

i , SB
j , SA

j ]

For DFT-S-OFDM-DM, the constellation bits are carried by the two distinguishable con-
stellation sets MA and MB and hence the spectral efficiency of each OFDM block using
DFT-S-OFDM-DM with constellation sets MA and MB is expressed by

SEDM =

⌊︁
log2(C(N, k))

⌋︁
+ k log2(MA) + (N − k) log2(MB)

N
. (6)
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3. Partitioning-based constellation design for DFT-S-OFDM-DM

The performance of VLC systems applying DFT-S-OFDM-DM is largely determined by the
adopted two distinguishable constellation sets MA and MB. In this section, we propose a novel
partitioning-based constellation design for DFT-S-OFDM-DM in VLC systems.

To introduce the proposed partitioning-based constellation design, we first consider four 8-ary
constellations including conventional 8-ary QAM (8-QAM) and 8-ary phase-shift keying (8-PSK),
and special-shaped circular (4,4)-QAM [26] and circular (7,1)-QAM [27]. Figures 3(a)–3(d)
show the constellation diagram of 8-QAM, 8-PSK, circular (4,4)-QAM and circular (7,1)-QAM,
respectively. Utilizing these 8-ary constellations, two distinguishable 4-ary constellation sets
MA and MB with MA = MB = 4 can be obtained via constellation partitioning.

Fig. 3. Constellation diagrams of (a) 8-QAM, (b) 8-PSK, (c) circular (4,4)-QAM, (d)
circular (7,1)-QAM, block-based constellation partitioning for (e) 8-QAM-b, (f) 8-PSK-b,
(g) circular (4,4)-QAM-b, (h) circular (7,1)-QAM-b, and interleaving-based constellation
partitioning for (i) 8-QAM-i, (j) 8-PSK-i, (k) circular (4,4)-QAM-i, (l) circular (7,1)-QAM-i.

Specifically, constellation partitioning can be performed in the following two manners: one
is block-based partitioning and the other is interleaving-based partitioning. For block-based
constellation partitioning, the 8-ary constellation is divided into two 4-ary sub-constellations in a
block-by-block manner. For simplicity of notation, we define 8-QAM, 8-PSK, circular (4,4)-QAM
and circular (7,1)-QAM with block-based partitioning as 8-QAM-b, 8-PSK-b, circular (4,4)-
QAM-b and circular (7,1)-QAM-b, respectively. For interleaving-based constellation partitioning,
the 8-ary constellation is partitioned into two 4-ary sub-constellations in an interleaved manner.
For simplicity of notation, 8-QAM, 8-PSK, circular (4,4)-QAM and circular (7,1)-QAM with
interleaving-based partitioning are defined as 8-QAM-i, 8-PSK-i, circular (4,4)-QAM-i and
(7,1)-QAM-i, respectively. Figures 3(e)–3(l) show the corresponding constellation diagrams of
8-QAM-b, 8-PSK-b, circular (4,4)-QAM-b, circular (7,1)-QAM-b, 8-QAM-i, 8-PSK-i, circular
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(4,4)-QAM-i and circular (7,1)-QAM-i, respectively. It can be clearly observed from Fig. 3 that
the minimum Euclidean distance of each 4-ary sub-constellation obtained by interleaving-based
partitioning is relatively larger than that obtained by block-based partitioning for all four 8-ary
constellations including 8-QAM, 8-PSK, circular (4,4)-QAM and circular (7,1)-QAM. Moreover,
it also demonstrates that the proposed constellation design schemes can be applied to the
constellation with an arbitrary shape.

Although only 8-ary constellations are discussed above, the proposed constellation design
schemes are generally applicable to the constellation with an arbitrary size. To demonstrate its
general applicability, we further consider the following constellations to perform the proposed
partitioning-based constellation design, i.e., 4-QAM, 16-QAM, 32-QAM and 64-QAM. Fig-
ures 4(a)–4(l) show the corresponding constellation diagrams of 4-QAM, 16-QAM, 32-QAM
and 64-QAM with block-based partitioning and interleaving-based partitioning, respectively.
Similarly, for each constellation, a relatively larger minimum Euclidean distance can be obtained
by the sub-constellation when applying interleaving-based partitioning.

Fig. 4. Constellation diagrams of (a) 4-QAM, (b) 16-QAM, (c) 32-QAM, (d) 64-QAM,
block-based constellation partitioning for (e) 4-QAM-b, (f) 16-QAM-b, (g) 32-QAM-b, (h)
64-QAM-b, and interleaving-based constellation partitioning for (i) 4-QAM-i, (j) 16-QAM-i,
(k) 32-QAM-i, (l) 64-QAM-i.

As the proposed constellation design schemes are directly applicable to the constellation with
an arbitrary shape and an arbitrary size, and constellation optimization is not required. Therefore,
the proposed constellation design schemes are simple and efficient, which are promising for
practical high-speed and low-complexity VLC systems applying DFT-S-OFDM-DM.
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4. Results and discussions

In this section, we evaluate and compare the performance of VLC systems applying DFT-S-OFDM-
DM with the following constellation designs including 8-QAM-b, 8-QAM-i, 8-PSK-b, 8-PSK-i,
circular (4,4)-QAM-b, circular (4,4)-QAM-i, circular (7,1)-QAM-b and circular (7,1)-QAM-i
through both numerical simulations and hardware experiments. For the purpose of comparison,
conventional OFDM and OFDM-IM are also considered in the performance evaluation. In both
simulations and experiments, the length of IFFT/FFT and the number of data subcarriers are set
to 256 and 92, respectively. Moreover, the size of each OFDM subblock is N = 4 and the number
of selected subcarriers to transmit MA is k = 2.

4.1. Simulation results

In our simulations, we first investigate the BER performance of OFDM-DM with the above-
mentioned 8-ary constellation designs achieving a spectral efficiency of 2.5 bits/s/Hz and compare
it with conventional OFDM and OFDM-IM over the additive white Gaussian noise (AWGN)
channel. According to (4), the spectral efficiency of DFT-S-OFDM-DM with MA =MB = 4, N
= 4 and k = 2 is 2.5 bits/s/Hz. To achieve the same spectral efficiency of 2.5 bits/s/Hz, as per
(5), 16-QAM constellation needs to be used in DFT-S-OFDM-IM. Nevertheless, it is impossible
for conventional OFDM to achieve a spectral efficiency of 2.5 bits/s/Hz. It should be noted that
the BER performance of these modulation schemes remains the same over the AWGN channel
without and with DFT spreading. Figure 5 shows the simulation BER versus signal-to-noise ratio
(SNR) for OFDM, OFDM-IM and OFDM-DM with different 8-ary constellation designs over
the AWGN channel. For conventional OFDM, 4-QAM and 8-QAM constellations are considered
which are corresponding to spectral efficiencies of 2 and 3 bits/s/Hz, respectively. As we can see,
OFDM with 4-QAM performs the best while OFDM with 8-QAM performs the worst among
all the schemes. It can be further observed that OFDM-DM greatly outperforms OFDM-IM
with 16-QAM when a proper constellation design is employed. Particularly, for a given 8-ary
constellation, OFDM-DM with interleaving-based constellation design always outperforms that
with block-based constellation design. Moreover, circular (7,1)-QAM is shown to be the best
choice for OFDM-DM among all the four 8-ary constellations. To reach the 7% forward error
correction (FEC) coding limit of BER = 3.8 × 10−3, the required SNRs for 8-QAM-b, 8-QAM-i,
8-PSK-b, 8-PSK-i, circular (4,4)-QAM-b, circular (4,4)-QAM-i, circular (7,1)-QAM-b and
circular (7,1)-QAM-i are 11.6, 10.8, 11.8, 11.1, 11.0, 10.4, 10.2 and 9.8 dB, respectively. As a
result, SNR gains of 1.0 and 1.3 dB can be achieved by circular (7,1)-QAM-i in comparison to
8-QAM-i and 8-PSK-i, respectively. Moreover, circular (7,1)-QAM-i also outperforms circular
(7,1)-QAM-b by an SNR gain of 0.4 dB. Therefore, OFDM-DM with circular (7,1)-QAM-i
achieves the best BER performance among all the OFDM-DM schemes with a spectral efficiency
of 2.5 bits/s/Hz.

We further compare the PAPR performance of OFDM, OFDM-IM and OFDM-DM without
and with DFT spreading, and Fig. 6 shows the complementary cumulative distribution function
(CCDF) versus PAPR for different schemes without and with DFT spreading. It can be seen that
the use of DFT spreading can significantly reduce the PAPR of all the schemes. Specifically,
at a probability of 10−3, PAPR reductions of 3.2 and 1.7 dB are achieved by OFDM with
4-QAM and 8-QAM after performing DFT spreading, respectively. However, the PAPR reduction
at a probability of 10−3 is only about 1 dB for OFDM-IM with 16-QAM. For OFDM-DM,
substantial PAPR reductions of 3.6, 1.7, 4.5, 3.4, 2.5, 2.2, 4.2 and 3.0 dB at a probability of
10−3 are respectively obtained by 8-QAM-b, 8-QAM-i, 8-PSK-b, 8-PSK-i, circular (4,4)-QAM-b,
circular (4,4)-QAM-i, circular (7,1)-QAM-b and circular (7,1)-QAM-i constellations when DFT
spreading is executed. Therefore, DFT spreading is an efficient way to significantly reduce the
PAPR of OFDM-DM signals, and VLC systems applying DFT-S-OFDM-DM with a proper
constellation design can exhibit enhanced tolerance against LED nonlinearity.
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Fig. 5. Simulation BER vs. SNR for OFDM, OFDM-IM and OFDM-DM with different
8-ary constellation designs over the AWGN channel.

Fig. 6. PAPR comparison of OFDM, OFDM-IM and OFDM-DM without and with DFT
spreading.
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Figures 7(a)–7(d) show the simulation BER versus SNR for OFDM-IM and OFDM-DM for
the spectral efficiencies of 1.5, 3.5, 4.5 and 5.5 bits/s/Hz, respectively, over the AWGN channel.
For the spectral efficiency of 1.5 bits/s/Hz, OFDM-DM with 4-QAM-i achieves the same BER
performance as OFDM-IM with 4-QAM. Moreover, it can be clearly seen that OFDM-DM
greatly outperforms OFDM-IM to achieve the same target spectral efficiency. More specifically,
OFDM-DM with 4-QAM-i, 16-QAM-i, 32-QAM-i and 64-QAM-i outperforms OFDM-DM
with 4-QAM-b, 16-QAM-b, 32-QAM-b and 64-QAM-b at BER = 3.8 × 10−3 by SNR gains of
0.89, 0.85, 0.73 and 0.50 dB, respectively. It indicates that the SNR gain is gradually reduced
with the increase of the spectral efficiency.

Fig. 7. Simulation BER vs. SNR for OFDM-IM and OFDM-DM for the spectral efficiencies
of (a) 1.5, (b) 3.5, (c) 4.5, and (d) 5.5 bits/s/Hz over the AWGN channel.

4.2. Experimental results

In this subsection, we experimentally investigate the performance of DFT-S-OFDM-DM with
two 8-ary interleaving-based constellation designs, i.e., 8-PSK-i and circular (7,1)-QAM-i, in a
practical bandlimited nonlinear VLC system. For performance comparison, the following four
schemes are considered as benchmark schemes: 1) OFDM-IM with 16-QAM, 2) DFT-S-OFDM-
IM with 16-QAM, 3) OFDM-DM with 8-PSK-i and 4) OFDM-DM with circular (7,1)-QAM-i.
Figure 8 depicts the experimental setup and the photo of a point-to-point VLC system using a
blue mini-LED. As can be seen, the transmitted signal, which is generated offline by MATLAB,
is first sent to an arbitrary waveform generator (AWG, Tektronix AFG31102) with a sampling rate
of 250 MSa/s. Then, a DC bias current of 120 mA is combined with the AWG output signal via a
bias-tee (bias-T, Mini-Circuits ZFBT-6GW+) to drive a blue mini-LED (HCCLS2021CHI03).
The light emitted by the LED passes through a biconvex lens and propagates over the free-space
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channel. At the receiver side, another biconvex lens is used to focus the light onto the active
area of a photodetector (PD, Thorlabs PDA10A2). Subsequently, the output electrical signal
of the PD is recorded by a digital storage oscilloscope (DSO, LeCroy WaveSurfer 432) with a
sampling rate of 1 GSa/s and the resultant digital signal is further processed offline in MATLAB.
In OFDM modulation, the length of IFFT/FFT is 256 and the number of data subcarriers is 92.
Hence, the bandwidth of the AWG output signal is about 90 MHz and the data rate of the VLC
system using DFT-S-OFDM-DM with 8-PSK-i and circular (7,1)-QAM-i is about 225 Mbits/s.

Fig. 8. Experimental setup of a point-to-point VLC system using a blue mini-LED.

The measured nonlinear current-voltage curve and the frequency response with different bias
currents ranging from 100 to 180 mA with a step of 10 mA are given in Figs. 9(a) and 9(b),
respectively. It can be clearly seen from Fig. 9(a) that the experimental system suffers from
notable nonlinearity which is mainly due to the use of the blue mini-LED. Moreover, the current
becomes stable at about 170 mA when the voltage reaches 5.3 V and further increasing the
voltage cannot lead to the increase of the current. Hence, the peaks of the modulation signal
might be clipped if the applied peak-to-peak voltage (Vpp) is too large. Furthermore, as shown in
Fig. 9(b), the experimental system exhibits a typically low-pass frequency response and a larger
bandwidth can be obtained with a higher bias current. As a trade-off between bandwidth and
feasible dynamic range, the bias current is set to 120 mA and the corresponding −3dB bandwidth
is about 35 MHz.

Figure 10 shows the measured BER versus the Vpp for different schemes with a transmission
distance of 80 cm. As we can see, the BER of DFT-S-OFDM-IM is slightly better than that
of OFDM-IM. Moreover, DFT-S-OFDM-DM with both 8-PSK-i and circular (7,1)-QAM-i
greatly outperforms OFDM-IM and DFT-S-OFDM-IM when Vpp is relatively large. Particularly,
OFDM-IM, DFT-S-OFDM-IM, and OFDM-DM with both 8-PSK-i and circular (7,1)-QAM-i
obtain their lowest BERs at the same Vpp of 2 V, while DFT-S-OFDM-DM with both 8-PSK-i
and circular (7,1)-QAM-i achieves the lowest BERs at the same Vpp of 3 V. Hence, the optimal
Vpp for DFT-S-OFDM-DM with both 8-PSK-i and circular (7,1)-QAM-i is larger than that
of other benchmark schemes, indicating its enhanced robustness against LED nonlinearity. In
addition, the corresponding constellation diagrams of different schemes are given in Fig. 11.

Finally, we investigate the BER versus transmission distance for different schemes and the
measured results are shown in Fig. 12. It can be seen that the BERs of OFDM-IM and OFDM-DM
with 8PSK-i cannot reach the FEC limit of 3.8 × 10−3 within the distance range from 60 to
100 cm. Moreover, the maximum distances that can be transmitted by DFT-S-OFDM-IM and
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Fig. 9. Measured (a) nonlinear current-voltage curve and (b) frequency response with
different bias currents.

Fig. 10. Measured BER vs. Vpp for different schemes with a transmission distance of 80
cm.
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Fig. 11. Measured constellation diagrams of (a) OFDM-IM with 16-QAM and Vpp = 2 V,
(b) OFDM-DM with 8-PSK-i and Vpp = 2 V, (c) OFDM-DM with (7,1)-QAM-i and Vpp
= 2 V, (d) DFT-S-OFDM-IM with 16-QAM and Vpp = 2 V, (e) DFT-S-OFDM-DM with
8-PSK-i and Vpp = 3 V, and (f) DFT-S-OFDM-DM with (7,1)-QAM-i and Vpp = 3 V.

OFDM-DM with circular (7,1)-QAM-i, DFT-S-OFDM-DM with 8-PSK-i and DFT-S-OFDM-
DM with circular (7,1)-QAM-i below BER = 3.8 × 10−3 are 67.5, 78.5, 90.6 and 97.6 cm,
respectively. Hence, a significant distance extension of 44.6% is obtained by DFT-S-OFDM-DM
with circular (7,1)-QAM-i in comparison to DFT-S-OFDM-IM. Moreover, the transmission
distance is extended by 24.3% for OFDM-DM with circular (7,1)-QAM-i when DFT spreading
is performed. For DFT-S-OFDM-DM, the use of circular (7,1)-QAM-i constellation design leads
to a distance extension of 7.7% compared with the 8-PSK-i constellation design. Therefore, the

Fig. 12. Measured BER vs. transmission distance for different schemes.
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performance of VLC systems employing OFDM-DM can be substantially improved by applying
the circular (7,1)-QAM-i constellation design with DFT spreading.

5. Conclusion

In this paper, we have proposed and evaluated a novel DFT-S-OFDM-DM scheme with partitioning-
based constellation design for VLC systems. By employing three 8-ary constellations including
8-QAM, 8-PSK and circular (7,1)-QAM, two partitioning-based constellation designs, i.e., block-
based constellation partitioning and interleaving-based constellation partitioning, are proposed
to generate two distinguishable 4-ary constellation sets for DFT-S-OFDM-DM in VLC. Both
simulation and experimental results verify the superiority of DFT-S-OFDM-DM using circular
(7,1)-QAM constellation with interleaving-based constellation partitioning in comparison to
other benchmark schemes. Moreover, it is also shown that the proposed constellation design
schemes are generally applicable to the constellation with an arbitrary shape and an arbitrary
size. Therefore, DFT-S-OFDM-DM using interleaving-based constellation partitioning can be a
promising candidate for practical high-speed and low-complexity VLC systems.
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