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Abstract—Optical spatial modulation (OSM) and orthogonal
frequency division multiplexing (OFDM) are two promising
techniques for bandlimited intensity modulation/direct detection
(IM/DD) optical wireless communication (OWC) systems. In this
paper, we for the first time propose a novel enhanced OFDMbased OSM scheme for spectral efficiency improvement of bandlimited IM/DD OWC systems. The proposed enhanced OFDMbased OSM scheme can be considered as the combination of timedomain OSM (TD-OSM) and non-Hermitian symmetry OFDM
(NHS-OFDM). In an OWC system adopting enhanced OFDMbased OSM, a pair of light-emitting diode (LED) transmitters
are selected from the LED array, which are used to separately
transmit the real and imaginary parts of a complex-valued NHSOFDM signal. A modified maximum-likelihood (ML) detector is
further developed to efficiently estimate the indexes of the LED
pair and the real and imaginary parts of the transmitted complexvalued NHS-OFDM signal. We show that the proposed enhanced
OFDM-based OSM scheme can achieve substantially improved
spectral efficiency with moderate inter-channel interference and
low transceiver complexity. Simulation results clearly verify the
superiority of the proposed enhanced OFDM-based OSM scheme
over the existing OFDM-based OSM schemes.
Index Terms—Optical wireless communication (OWC), optical
spatial modulation (OSM), orthogonal frequency division multiplexing (OFDM), multiple-input multiple-output (MIMO).

I. I NTRODUCTION
Recently, there has been a rapid growth of smart mobile
devices in our daily life, due to the increased requirement
of emerging services such as high definition video streaming,
low-latency gaming, virtual/augmented reality and Internet-ofthings. In order to meet the demand for these data-greedy
services, there will be an exponential increase of the mobile
data traffic in the near future. Considering that the existing
radio frequency (RF) spectrum will be saturated soon, the
optical spectrum (including visible light, infrared and ultraviolet) reals great potential to support the ever-increasing
mobile data traffic [1]. Lately, optical wireless communication
(OWC) has been attracting great interest in both academia and
industry due to its inherent ability to meet the demand of heavy
data traffic [2], [3].
Typical OWC systems usually utilize light-emitting diodes
(LEDs) or laser diodes (LDs) as transmitters and photo-diodes
This work was supported by the National Natural Science Foundation of
China under Grant 61901065.

(PDs) as receivers. Moreover, intensity modulation with direct
detection (IM/DD) is generally adopted for signal transmission
in OWC systems. Therefore, only real-valued and non-negative
signals can be successfully transmitted [4]. Although OWC
systems exhibit many advantages, the achievable modulation
bandwidth of commercial off-the-shelf optical elements is
relatively small, especially for white LEDs which usually
have a 3-dB bandwidth of about several MHz [5]. In order
to enhance the capacity of OWC systems given a limited
modulation bandwidth, the overall system spectral efficiency
should be substantially enhanced.
To date, many techniques have been proposed for spectral
efficiency enhancement of bandlimited IM/DD OWC systems. Particularly, orthogonal frequency division multiplexing (OFDM) modulation and optical multiple-input multipleoutput (MIMO) transmission have shown to be two effective
techniques that have been widely investigated in OWC systems [6]–[8]. For OFDM modulation, high-order quadrature
amplitude modulation (QAM) constellations can be applied
to improve the spectral efficiency. Nevertheless, due to the
IM/DD nature of OWC systems, conventional complex-valued
OFDM signals cannot be directly transmitted in OWC systems.
To obtain a real-valued and non-negative OFDM signal for
intensity modulation, the Hermitian symmetry constraint is
usually imposed and a direct current (DC) bias is usually
added to convert the bipolar OFDM signal into a unipolar
one [9]–[11]. However, the imposing of the Hermitian symmetry constraint in OFDM modulation inevitably halves its
achievable spectral efficiency. For optical MIMO transmission,
several schemes have been considered for OWC systems, such
as spatial diversity, spatial multiplexing and spatial modulation
[7]. Particularly, optical spatial modulation (OSM) has been
attracted intense attention lately, due to its inherent advantages
of negligible inter-channel interference (ICI), high power efficiency and low transceiver complexity [12], [13].
The combination of OFDM modulation and SM has been
further proposed as a promising candidate for efficient spectral
efficiency enhancement in bandlimited IM/DD OWC systems.
In [14], [15], frequency-domain OSM (FD-OSM) was investigated, where SM was implemented in the frequency domain
before OFDM modulation. In FD-OSM, all the transmitters
are activated to transmit different time-domain samples at each

time instant, and thus FD-OSM suffers from severe ICI which
cannot fully benefit from the inherent advantages of original
OSM. Moreover, the transceiver complexity of FD-OSM is
high since it requires multiple OFDM modulator/demodulator
pairs. In [16]–[18], time-domain OSM (TD-OSM) was further
proposed, where SM was realized in the time domain after
OFDM modulation and a secondary DC bias was added so as
to avoid any zero-value time-domain samples. Compared with
FD-OSM, TD-OSM has completely eliminated ICI because
only a single transmitter is activated at each time instant.
In addition, the transceiver complexity of TD-OSM is much
reduced since only a single OFDM modulator/demodulator
pair is required. It has been shown that the spectral efficiency
contributed by constellation symbols is the same for both FDOSM and TD-OSM. In contrast, a doubled spectral efficiency
contributed by spatial symbols can be achieved by TD-OSM
in comparison to FD-OSM, which is due to the fact that the
encoding of spatial symbols in TD-OSM is performed in the
time domain. Nevertheless, the Hermitian symmetry constraint
is still imposed in OFDM-based TD-OSM, which might be
another key factor that can be considered to further enhance
the achievable spectral efficiency of OWC systems.
In this paper, we for the first time propose and investigate
a novel enhanced OFDM-based OSM scheme to substantially
improve the spectral efficiency of bandlimited IM/DD OWC
systems. By replacing Hermitian symmetry-based OFDM (HSOFDM) with non-Hermitian symmetry OFDM (NHS-OFDM)
in TD-OSM, the Hermitian symmetry constraint is removed.
By transmitting the real and imaginary parts of the complexvalued NHS-OFDM signal via a pair of LEDs in TD-OSM,
the overall spectral efficiency of the OWC systems can be
significantly enhanced. The main contributions of this work
can be summarized as follows:
•

•

•

An enhanced OFDM-based OSM scheme combining TDOSM with NHS-OFDM modulation is for the first time
proposed for bandlimited IM/DD OWC systems, which
enjoys the advantages of substantially improved spectral
efficiency, moderate ICI and low transceiver complexity.
A modified maximum-likelihood (ML) detection algorithm is designed for efficient estimation of the indexes
of the LED pair, as well as the real and imaginary parts
of the transmitted complex-valued NHS-OFDM signal.
Simulation results are presented to verify the superiority
of the proposed enhanced OFDM-based OSM scheme
over conventional FD-OSM and TD-OSM in a typical
indoor environment. The impact of the added secondary
DC bias on the bit error rate (BER) performance of TDOSM and enhanced TD-OSM is also analyzed.

The rest of this paper is organized as follows. In Section
II, we first introduce the principle of NHS-OFDM and the
MIMO-OWC channel model, and then we discuss our newly
proposed enhanced OSM scheme using NHS-OFDM. Detailed
simulation setup and results are presented in Section III.
Finally, Section IV concludes the paper.
N otation: (·)T , (·)∗ and (·)† represent the transpose, con-

jugated transpose and pseudo inverse of a vector or matrix,
respectively. (·)−1 denotes the inverse of a matrix.
II. S YSTEM M ODEL
In this section, the basic principle of NHS-OFDM and the
MIMO-OWC channel model are first introduced, and then an
enhanced OSM scheme using NHS-OFDM is proposed and
described in detail.
A. NHS-OFDM
The NHS-OFDM scheme was originally proposed for performance improvement of spatial multiplexing-based MIMOOWC systems [19], [20]. In NHS-OFDM, the Hermitian symmetry constraint, which is generally required in HS-OFDM so
as to obtain a real-valued OFDM signal [9], can be removed
by separately transmitting the real and imaginary parts of the
complex-valued signal via a pair of LEDs.
For a N -point IFFT, totally N −2 subcarriers can be utilized
to transmit valid data. As a result, the input vector of IFFT is
given by
X = [0, X1 , · · · , XN/2−1 , 0, XN/2+1 , · · · , XN −1 ]T ,

(1)

and the complex-valued time-domain signal at the output of
IFFT can be represented by


N −1
j2πkm
1 X
Xk exp
.
xm = √
N
N k=0

(2)

In order to obtain real-valued time-domain samples, the real
and imaginary parts of xm , i.e., xRe,m and xIm,m , are extracted.
When N is large enough, xRe,m and xIm,m can be assumed
2
to follow zero-mean Gaussian distributions with variances σRe
2
and σIm , respectively. Similarly, the biased and clipped real
and imaginary parts can be obtained as follows:
(
0,
xRe,m < −bRe
sRe,m =
,
(3)
xRe,m + bRe , xRe,m ≥ −bRe
(
sIm,m =

0,

xIm,m < −bIm

xIm,m + bIm , xIm,m ≥ −bIm

,

(4)

where bRe = ασRe and bIm = ασIm are the corresponding
DC biases added to the real and imaginary parts of xNHS,m ,
respectively. The DC bias in decibels is defined as bdB =
10log10 (α2 + 1) with α being the proportionality constant.
At the receiver side, the transmitted real and imaginary
parts (i.e., xRe,m and xIm,m ) can be separately estimated. Let
x̂Re,m and x̂Im,m denote the recovered real and imaginary parts,
respectively. The transmitted complex-valued time-domain signal xNHS,m can be estimated by
x̂NHS,m = x̂Re,m + j x̂Im,m .

(5)

Fig. 1. Schematic diagram of the proposed enhanced TD-OSM (eTD-OSM) using NHS-OFDM. Con.: constellation; map.: mapping; mod.: modulation; equ.:
equalization; dem.: demodulation; demap.: demapping.

B. MIMO-OWC Channel Model
In the following analysis, we consider a general IM/DDbased MIMO-OWC system equipped with Nt LEDs and Nr
PDs. Let s = [s1 , s2 , · · · , sNt ]T be the transmitted signal
vector, H represent the Nr × Nt MIMO channel matrix and
n = [n1 , n2 , · · · , nNr ]T denote the additive noise vector. The
received signal vector y = [y1 , y2 , · · · , yNr ]T can be given by
y = Hs + n.

(6)

The DC channel gain between the r-th PD and the t-th LED,
i.e., the element in the r-th row and the t-th column of H,
can be calculated by
hrt =

(l + 1)ρA m
cos (ϕrt )Ts (θrt )g(θrt )cos(θrt ),
2πd2rt

(7)

where l = −ln2/ln(cos(Ψ)) is the Lambertian emission order
and Ψ denotes the semi-angle at half power of the LED; ρ
and A are the responsivity and the active area of the PD,
respectively; drt is the distance between the r-th PD and
the t-th LED; ϕrt and θrt are the emission angle and the
incident angle, respectively; Ts (θrt ) is the gain of optical filter;
2
g(θrt ) = sinn2 Φ is the gain of optical lens, where n and Φ are
the refractive index and the half-angle field-of-view (FOV) of
the optical lens, respectively.
To recover the the transmitted signal vector x, zero forcing
(ZF)-based MIMO de-multiplexing is adopted [21], [22]. After
applying ZF-based MIMO de-multiplexing, the estimate of s
can be obtained as follows:
†

†

ŝ = H y = s + H n,

(8)

where H† = (H∗ H)−1 H∗ is the pseudo inverse of H.
The additive noise usually consists of both shot and thermal
noises, which can be reasonably modeled as a real-valued
zero-mean additive white Gaussian noise (AWGN) with power
Pn = N0 B, where N0 and B denote the noise power spectral
density (PSD) and the modulation bandwidth, respectively.

and high transceiver complexity, we propose and investigate
a novel enhanced OSM scheme in this work. The proposed
enhanced OSM scheme can be considered as the combination
of TD-OSM with NHS-OFDM modulation.
The schematic diagram of the proposed enhanced TD-OSM
(eTD-OSM) scheme using NHS-OFDM modulation is shown
in Fig. 1. As we can see, the input vector of bits d is first
mapped to a constellation vector X as defined by (1) and
a spatial vector cT = [c0 , c1 , · · · , cN −1 ]T . The constellation
vector X is fed into a NHS-OFDM modulator which generates
two outputs, i.e., sRe,m and sIm,m , for m ∈ {0, 1, · · · , N − 1}.
Differing from conventional TD-OSM using HS-OFDM which
only selects a single LED to transmit the constellation symbols, the proposed enhanced TD-OSM selects a pair of LEDs
to separately transmit sRe,m and sIm,m . Let cRe,m and cIm,m
denote the indexes of the selected two LEDs to transmit sRe,m
and sIm,m , respectively. More specifically, here we assume that
cRe,m < cIm,m , i.e., sRe,m is transmitted by the LED which
has a smaller index in the selected LED pair while sIm,m is
transmitted by the LED with a larger index.
For the MIMO-OWC system with Nt LED transmitters,
the number of combinations to select two out of Nt LEDs
is obtained by C(Nt , 2), where C(·, ·) denotes the binomial
coefficient. As a result, the spectral efficiency (bits/s/Hz) of
the proposed enhanced TD-OSM using NHS-OFDM with Nt
LED transmitters and M -ary constellation is calculated by
ηeTD−SM = log2 (M ) + blog2 (C(Nt , 2))c .
{z
}
| {z } |
constellation

In order to substantially improve the spectral efficiency of
IM/DD-based MIMO-OWC systems while averting severe ICI

spatial

For the purpose of comparison, the spectral efficiencies of
conventional FD-OSM and TD-OSM using HS-OFDM are
given as follows [17], [18]:
ηFD-OSM =

1
1
log2 (M ) + blog2 (Nt )c,
2
| {z } |2
{z
}

(10)

1
log2 (M ) + blog2 (Nt )c .
|2 {z } | {z }

(11)

constellation

ηTD-OSM =

constellation
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(9)

spatial

spatial

Compared with conventional FD-OSM and TD-OSM using
HS-OFDM, we can see that the scaling factor 21 corresponding
to the spectral efficiency contributed by constellation symbols

is eliminated in the proposed enhanced TD-OSM using NHSOFDM, which is basically due to the removal of the Hermitian
symmetry constraint in NHS-OFDM. Moreover, the spectral
efficiency contributed by spatial symbols in enhanced TDOSM is increased from blog2 (Nt )c to blog2 (C(Nt , 2))c in
comparison to conventional TD-OSM using HS-OFDM.
After LED pair selection, a pair of LEDs are activated to
transmit the real and imaginary part of a complex-valued signal
at each time instant. Therefore, the transmitted signal vector
s = [s1 , s2 , · · · , sNt ]T can be generated. At the receiver side,
after applying ZF equalization as given by (8), the recovered
signal vector can be obtained by ŝ = [ŝ1 , ŝ2 , · · · , ŝNt ]T .
Subsequently, a modified ML detector is employed to identify
the indexes of the selected two LEDs and estimate the real
and imaginary parts of the transmitted complex-valued signal.
Algorithm 1 Modified ML detection for enhanced TD-OSM
using NHS-OFDM
Input: ŝ = [ŝ1 , ŝ2 , · · · , ŝNt ]T
Output: ŝRe,m , ŝIm,m , {ĉRe,m , ĉIm,m }
for m = 0 to N − 1 do
Sort the elements of ŝ in the descending order
Obtain the sorted index vector i = [i1 , i2 , · · · , iNt ]T
Abstract i0 = [i1 , i2 ]T
Sort the elements of i0 in the ascending order
Obtain the sorted index vector c = [c1 , c2 ]T
Obtain ŝRe,m = ŝc1 , ŝIm,m = ŝc2
Obtain {ĉRe,m , ĉIm,m } = {c1 , c2 }
end for
The detailed procedures of the modified ML detection are
presented in Algorithm 1. The recovered signal vector ŝ is
treated as the input and its elements are first sorted in the
descending order so as to achieve the sorted index vector
i = [i1 , i2 , · · · , iNt ]T . Then, the first two elements of i are
abstracted and an index vector i0 = [i1 , i2 ]T is obtained. After
that, the elements of i0 are further sorted in the ascending order
to get the sorted index vector c = [c1 , c2 ]T . Consequently, the
estimated real and imaginary parts of the transmitted complexvalued signal can be obtained by ŝRe,m = ŝc1 and ŝIm,m = ŝc2 ,
respectively. Moreover, the combination of the indexes of the
two selected LEDs can also be obtained by {ĉRe,m , ĉIm,m } =
{c1 , c2 }. Given the estimated ŝRe,m and ŝIm,m , the transmitted
complex-valued signal can be recovered by using (5), which
is further fed into a NHS-OFDM demodulator to obtain the
estimate of the transmitted constellation vector X, i.e., X̂.
The estimate of the transmitted spatial vector cT , i.e., ĉT , can
also be obtained via serial-to-parallel (S/P) convention. Finally,
the output vector of bits d̂ are generated after constellation
demapping and spatial demapping.
As we can observed from Fig. 1, the ICI in the proposed
enhanced OFDM-based OSM scheme is moderate, since only
a pair of LEDs are activated to transmit different time-domain
samples, which is substantially lower than that of FD-OSM
and slightly higher than that of TD-OSM when the number
of LEDs is relatively large. Furthermore, the transceiver com-

Fig. 2. Spectral efficiency vs. M for FD-OSM, TD-OSM and enhanced TDOSM (eTD-OSM) with Nt = 4.

plexity of the proposed enhanced OFDM-based OSM scheme
is relatively low, due to the fact that only a single pair of
NHS-OFDM modulator/demodulator is needed.
III. S IMULATION R ESULTS
In this section, we evaluate and compare the performance
of conventional FD-OSM and TD-OSM using HS-OFDM and
the proposed enhanced TD-OSM using NHS-OFDM in typical
indoor MIMO-OWC systems through numerical simulations.
A. Simulation Setup
In our simulations, we consider a 4×4 MIMO-OWC system
in a typical indoor environment with a dimension of 5 m ×
5 m × 3 m. The 2 × 2 LED array is located at the center of the
ceiling and the spacing between two adjacent LEDs is 2.5 m.
The user equipped with a 2 × 2 PD array is located at (2 m, 2
m, 0.85 m) over the receiving plane, which is 0.85 m above the
floor, and the spacing between two adjacent PDs is 10 cm. The
LEDs are oriented downwards to point straight to the receiving
plane and the PDs are vertically oriented towards the ceiling.
The semi-angle at half power of each LED is 60◦ . The gain of
the optical filter is 0.9. The refractive index and the half-angle
FOV of the optical lens are 1.5 and 72◦ , respectively. Each
PD has a responsivity of 1 A/W and an active area of 1 cm2 .
The modulation bandwidth is set to 20 MHz and the noise
PSD is 10−22 A2 /Hz.
B. Spectral Efficiency
We first investigate the spectral efficiency of conventional
FD-OSM and TD-OSM using HS-OFDM and the proposed
enhanced TD-OSM using NHS-OFDM in the MIMO-OWC
system with Nt LED transmitters and M -ary constellation.
Fig. 2 shows the spectral efficiency versus constellation order
M for FD-OSM, TD-OSM and enhanced TD-OSM with Nt
= 4. As we can see, a much smaller constellation order is
required to achieve the same spectral efficiency as conventional
FD-OSM and TD-OSM when applying the proposed enhanced
TD-OSM. More specifically, the required constellation orders
for FD-OSM, TD-OSM and enhanced TD-OSM to achieve
the same spectral efficiency of 4 bits/s/Hz are 64, 16 and 4,
respectively.

Fig. 3. BER vs. transmit SNR for FD-OSM, TD-OSM and enhanced TD-OSM (eTD-OSM) with (a) bdB = 13 dB, (b) bdB = 10 dB, and (c) bdB = 7 dB.

C. BER Performance
We further compare the BER performance of conventional
FD-OSM and TD-OSM using HS-OFDM and the proposed
enhanced TD-OSM using NHS-OFDM. In a typical indoor
MIMO-OWC system, the channel gain, as defined by (7),
might be different for different LED/PD pairs due to the
specific distance and emission/incident angle of each LED/PD
pair. As a result, the received signal-to-noise ratios (SNRs)
corresponding to different LED/PD pairs might not always be
the same. To ensure a fair performance comparison of different
OFDM-based OSM schemes under different MIMO settings in
the indoor OWC system, we evaluate the BER performance
with respect to the transmit SNR [7].
Fig. 3(a) shows the BER performance versus transmit SNR
for FD-OSM, TD-OSM and enhanced TD-OSM (eTD-OSM)
with a DC bias of bdB = 13 dB. As discussed in Section
III.B, the constellation orders are set to 64, 16 and 4 for FDOSM, TD-OSM and enhanced TD-OSM to achieve a spectral
efficiency of 4 bits/s/Hz. Moreover, for both TD-OSM and
enhanced TD-OSM, two secondary DC biases values with the
ratio of ρ = 0 and 0.1 are considered. It can be seen that
FD-OSM requires a transmit SNR of 167.6 dB to achieve a
BER of 10−3 . For TD-OSM, nearly the same BER can be
obtained when ρ = 0 and 0.1, which is because a relatively
large 13-dB DC bias is added and the number of zeros in
the time-domain samples is negligible. The required transmit
SNR for TD-OSM to achieve a BER of 10−3 is 164.2 dB
and hence a 3.2-dB SNR improvement is attained by TDOSM compared with FD-OSM. For enhanced TD-OSM, the
BER performance is also comparable when ρ = 0 and 0.1,
due to the use of a relatively large DC bias. It is worth
noticing that a significant 6.6-dB SNR gain to achieve a BER
of 10−3 can be obtained by enhanced TD-OSM in comparison
to conventional TD-OSM. When the added DC bias is reduced
to bdB = 10 dB, as shown in Fig. 3(b), the number of zeros in
the time-domain samples becomes non-negligible. Hence, the
BER performance of TD-OSM with ρ = 0 is dominated by the
errors of spatial demapping due to the existence of increasing
zeros in the time-domain samples. It can be found that the

BER performance of TD-OSM can be greatly improved when
ρ = 0.1 and further increasing ρ to 0.2 leads to marginal BER
improvement, indicating that a secondary DC bias with ρ =
0.1 can efficiently reduce the number of zeros in the timedomain samples. It can also be observed that enhanced TDOSM performs worse than conventional TD-OSM in the high
SNR region when ρ = 0, suggesting that enhanced TD-OSM
is more sensitive to the existence of zeros in the time-domain
samples. Furthermore, the BER performance of enhanced TDOSM can be gradually improved when ρ is increased to 0.1
and 0.2. More specifically, a 5.5-dB SNR improvement at a
BER of 10−3 can be achieved by enhanced TD-OSM over
conventional TD-OSM. By further reducing the added DC bias
to bdB = 7 dB, we can observe that error floors might occur for
both TD-OSM and enhanced TD-OSM when ρ = 0, due to high
spatial errors caused by a large number of zeros in the timedomain samples. In addition, the use of a larger secondary DC
bias can substantially reduce the spatial errors and improve the
overall BER performance, especially for enhanced TD-OSM.
When ρ = 0.4, enhanced TD-OSM achieves an SNR gain of
3.9 dB at a BER of 10−3 compared with TD-OSM.
D. Impact of Secondary DC Bias
Finally, we analyze the impact of the added secondary DC
bias on the BER performance of TD-OSM and enhanced
TD-OSM. Fig. 4 presents the BER versus the ratio between
the secondary DC bias and the primary DC bias, i.e., ρ, for
different primary DC bias levels with Nt = 4 and a transmit
SNR of 165 dB, where the achieved spectral efficiency is 4
bits/s/Hz. As we can observe, for a DC bias of bdB = 13 dB,
TD-OSM achieves a stable BER of about 5.6×10−4 when ρ is
in the range from 0 to 0.5. It indicates that the adverse effect of
zeros in the time-domain samples is negligible. However, the
BER of enhanced TD-OSM can be reduced from 9.8 × 10−6
to 1.5 × 10−6 when ρ is increased from 0 to 0.1 with bdB = 13
dB. With the decrease of bdB to 10 dB, TD-OSM and enhanced
TD-OSM have nearly the same BER of about 10−3 when ρ
= 0. Further increasing ρ can only slightly reduce the BER
of TD-OSM and an error of about 6 × 10−4 occurs when
ρ is larger than 0.3. In contrast, the BER of enhanced TD-

Fig. 4. BER vs. ρ for TD-SM and enhanced TD-SM (eTD-SM) for different
DC bias levels with Nt = 4 and a transmit SNR of 165 dB. The achieved
spectral efficiency is 4 bits/s/Hz.

OSM is gradually reduced with the increase of ρ. Moreover,
for a small DC bias of bdB = 7 dB, TD-OSM performs better
than enhanced TD-OSM when ρ is smaller than 0.1. However,
enhanced TD-OSM achieves lower BER than TD-OSM when
ρ is larger than 0.1. It can be seen that TD-OSM exhibits
a BER floor of about 1.7 × 10−3 when ρ reaches 0.4, but
enhanced TD-OSM can achieve further improved BER by
applying a larger secondary DC bias. It can be concluded from
Fig. 4 that enhanced TD-OSM is more sensitive to the adverse
effect of zeros in the time-domain samples and can benefit
from the addition of a relatively large secondary DC bias.
IV. C ONCLUSION
In this paper, we have proposed and investigated a novel
enhanced OFDM-based OSM scheme for bandlimited IM/DD
OWC systems. The proposed enhanced OFDM-based OSM
scheme can achieve substantially improved spectral efficiency
while keeping moderate ICI and low transceiver complexity,
when compared with the existing OFDM-based OSM schemes.
To verify the superiority of the proposed enhanced OFDMbased OSM scheme over the existing ones, simulations have
been conducted in a typical indoor 4×4 MIMO-OWC system.
With a DC bias of 13 dB, it has been shown that enhanced
OFDM-based OSM achieves a transmit SNR gain of 6.6 dB
compared with conventional TD-OSM at a BER of 10−3 .
When the DC bias is reduced, a proper secondary DC bias is
required for both TD-OSM and enhanced OFDM-based OSM
to mitigate the adverse effect of zeros in the time-domain
samples. It has also been found that enhanced OFDM-based
OSM achieves better BER performance when a relatively large
secondary DC bias is added, making it very suitable for the
application in OWC systems using visible light LEDs, i.e.,
visible light communication systems, where large DC biases
are generally required to guarantee sufficient illumination.
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