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Abstract—The combination of multiple-input multiple-output
(MIMO) transmission and orthogonal frequency division multiplexing (OFDM) modulation has been shown to be an effective
way to substantially enhance the capacity of bandlimited optical
wireless communication (OWC) systems. In this paper, we propose four OFDM-based generalized optical MIMO (GO-MIMO)
techniques for intensity-modulation and direct-detection OWC systems, including OFDM-based frequency-domain generalized spatial modulation (FD-GSM), frequency-domain generalized spatial
multiplexing (FD-GSMP), time-domain generalized spatial modulation (TD-GSM) and time-domain generalized spatial multiplexing (TD-GSMP). For OFDM-based FD-GSM and FD-GSMP,
spatial mapping is performed in the frequency domain, while it is
carried out in the time domain for OFDM-based TD-GSM and TDGSMP. To efficiently estimate both spatial and constellation symbols in each OFDM-based GO-MIMO technique, a corresponding
maximum-likelihood (ML) detection algorithm is designed. Extensive simulations are conducted to evaluate and compare the performance of OFDM-based GO-MIMO techniques under various
MIMO settings in a typical indoor environment. Simulation results
demonstrate that there exists an optimal GO-MIMO technique to
achieve a target spectral efficiency for a given receiver location,
and the obtained optimal GO-MIMO technique is also related to
the specific location of the receiver.
Index Terms—Optical wireless communication, orthogonal
frequency division multiplexing, multiple-input multiple-output.

I. INTRODUCTION
In recent years, we have witnessed an explosive growth
of smart mobile devices in our daily life, which can provide
many exciting services such as high definition video streaming,
low-latency gaming, virtual/augmented reality (VR/AR) and
Internet-of-things (IoT). In order to meet the demand for these
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data-greedy services, the requirement of mobile data traffic will
face an exponential increase in the near future. It was predicted
that the existing radio frequency (RF) spectrum will be saturated soon and the higher frequency part of the electromagnetic
spectrum, i.e., the optical spectrum including visible light (VL),
infrared (IR) and ultra-violet (UV), has revealed great potential
to support the ever-increasing mobile data traffic [1]. Owing to
its inherent capability to meet the demand of heavy data traffic,
optical wireless communication (OWC) has been triggering
tremendous interest in both academia and industry [2]. In typical
OWC systems, light-emitting diodes (LEDs) or laser diodes
(LDs) are usually used as transmitters and photo-diodes (PDs)
are employed as receivers. More specifically, intensity modulation with direct detection (IM/DD) is generally adopted for
signal transmission in OWC systems, and hence only real-valued
and non-negative signals can be successfully transmitted [3].
Nevertheless, the achievable modulation bandwidth of commercial off-the-shelf (COTS) optical elements is relatively small,
especially for white LEDs which usually have a 3-dB bandwidth
of about several MHz [4]. In order to enhance the capacity of
OWC systems with a relatively limited modulation bandwidth,
the system spectral efficiency should be substantially enhanced.
So far, various techniques have been introduced in bandlimited IM/DD OWC systems for spectral efficiency enhancement,
among which multiple-input multiple-output (MIMO) transmission and orthogonal frequency division multiplexing (OFDM)
modulation are the two most popular ones. For MIMO transmission, several schemes have been widely considered, including
repetition coding (RC), spatial modulation (SM) and spatial
multiplexing (SMP) [5], [6]. Among them, RC is the simplest
MIMO scheme, which can obtain transmit diversity. SM can be
considered as a digitized MIMO scheme, where only a single
transmitter is selected to transmit signal at each time instant,
while SMP can achieve high multiplexing gain since different
transmitters transmit different signals. For OFDM modulation,
high-order quadrature amplitude modulation (QAM) constellations can be applied so as to improve the achievable spectral
efficiency [7], [8]. Moreover, the combination of MIMO transmission and OFDM modulation has been further shown as an
effective way to substantially enhance the spectral efficiency
of bandlimited IM/DD OWC systems. For example, the combination of SM and OFDM was reported in [9]–[12], where
the spatial mapping can be performed in the frequency domain,
i.e., frequency-domain SM (FD-SM), or the time domain, i.e.,
time-domain SM (TD-SM). In [13]–[15], the combination of
SMP and OFDM was also investigated, where different OFDM
signals were transmitted in different SMP channels. In addition,
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some other schemes that combine spatial/index modulation with
OFDM have also been reported. For example, a generalized LED
index modulation optical OFDM (GLIM-OFDM) scheme was
proposed by using 4 × 4 MIMO in [16], where four LEDs are
employed to transmit a complex time-domain OFDM signal.
Although GLIM-OFDM has the advantages of requiring no Hermitian symmetry and DC bias, it can only be applied in the 4 × 4
MIMO system, where only the constellation bits encoded in the
complex time-domain OFDM signal can be transmitted while
no additional spatial bits can be transmitted. Furthermore, a
pulse amplitude modulation (PAM)-based multiple-input singleoutput (MISO) SM system was investigated in [17], where an
adaptive power allocation algorithm was proposed to solve the
mobility problem. Although the SM transmission was applied in
the MISO system, no additional spatial bits can be transmitted.
In brief, only simple MIMO schemes such as SM and SMP have
been mostly considered in the literature, which might not be able
to fully explore the potential of MIMO transmission for spectral
efficiency enhancement of bandlimited OWC systems.
Lately, the concept of generalized spatial modulation (GSM)
has been proposed to enhance the performance of conventional
SM [18]–[20], which has also been applied in OWC systems [21]–[23]. However, the definition of GSM in the current
literature is not accurate. Specifically, the activated transmitters
are assumed to transmit the same signal in the GSM defined
in [18], [19], [22], [23], and meanwhile different signals can
be transmitted by the activated transmitters in the GSM defined
in [20], [21]. In this work, in order to distinguish the difference
of these two categories of GSM schemes, we re-define them as
follows: for the one where the activated transmitters transmit
the same signal, we define it as “GSM”; for the one where the
activated transmitters transmit different signals, we define it as
“GSMP”. Considering the superiority of GSM and GSMP in
comparison to conventional MIMO techniques such as SM and
SMP, it is of great significance to combine them with OFDM for
bandlimited IM/DD OWC systems.
In this paper, we for the first time propose four OFDMbased generalized optical MIMO (GO-MIMO) techniques for
bandlimited IM/DD OWC systems, including OFDM-based
FD-GSM, FD-GSMP, TD-GSM and TD-GSMP. The proposed
OFDM-based GO-MIMO techniques can be considered as the
combination of OFDM modulation with two generalized MIMO
techniques, i.e., GSM and GSMP, to achieve substantially
enhanced spectral efficiency. Specifically, spatial mapping in
OFDM-based FD-GSM and FD-GSMP is performed in the
frequency domain, while it is executed in the time domain for
OFDM-based TD-GSM and TD-GSMP.
The main contributions of this work can be summarized as
follows:
r As an efficient combination of OFDM modulation and generalized MIMO transmission, the proposed OFDM-based
GO-MIMO techniques can benefit from the advantages of
both OFDM modulation and generalized MIMO transmission, making which very suitable for bandlimited IM/DD
OWC systems.
r Maximum-likelihood (ML) detection algorithms are
designed to efficiently estimate both spatial and
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Fig. 1.

Geometric setup of a general MIMO-OWC system.

constellation symbols for the proposed OFDM-based GOMIMO techniques. Moreover, for OFDM-based FD-GSM
and TD-GSM, maximal-ratio combining (MRC) is applied
to achieve transmit diversity.
r Extensive simulation results are presented to evaluate and
compare the performance of the proposed OFDM-based
GO-MIMO techniques under various MIMO settings in a
typical indoor environment.
The rest of this paper is organized as follows. In Section II,
we describe the mathematical model of a general IM/DD-based
MIMO-OWC system. In Section III, we propose four OFDMbased GO-MIMO techniques for OWC systems. Detailed simulation setup and results are presented in Section IV. Finally,
Section V concludes the paper.
N otation: (·)T , (·)∗ and (·)† represent the transpose, conjugated transpose and pseudo inverse of a vector or matrix,
respectively. (·)−1 represents the inverse of a matrix. · and
 · 2 denote the floor and modulus operators, respectively.
II. SYSTEM MODEL
In this section, we describe the model of a general IM/DDbased MIMO-OWC system. Fig. 1 illustrates the geometric
setup of a general MIMO-OWC system within a typical indoor
environment, where the LED array consisting of Nt LEDs is
mounted in the ceiling and the PD array consisting of Nr PDs
is located over the receiving plane. Without loss of generality,
we assume that the LEDs are point sources operating within
their linear dynamic ranges and the overall system has a flat
frequency response1 . Moreover, we also assume that the LEDs
are oriented vertically downwards while the PDs are oriented
vertically upwards2 .

1 The LED nonlinearity can be efficiently mitigated via pre-distortion [24]
and a flat frequency response can be achieved by applying frequency-domain
equalization techniques [25], [26].
2 Random receiver orientation can have a significant impact on the performance of OWC (including MIMO-OWC) systems [27]. In this work, we mainly
focus on the performance evaluation of OFDM-based GO-MIMO techniques.
The impact of random receiver orientation on the performance of OFDM-based
GO-MIMO techniques is beyond the scope of this work and it will be investigated
in our future work.
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Let x = [x1 , x2 , . . . , xNt ]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 obtained by
y = Hx + n,

(1)

where the channel matrix of the Nr × Nt MIMO-OWC system
can be expressed as follows:
⎤
⎡
h11 · · · h1Nt
⎢
.. ⎥ .
H = ⎣ ... . . .
(2)
. ⎦
hNr 1 · · · hNr Nt
In (2), hrt (r = 1, 2, . . . , Nr ; t = 1, 2, . . . , Nt ) denotes the direct current (DC) channel gain between the r-th PD and the t-th
LED. In a practical indoor environment, as shown in Fig. 1, hrt
generally consists of two components: one is the line-of-sight
(LOS) component hrt,LOS and the other is the non-line-of-sight
(NLOS) component hrt,NLOS [28]. Assuming that each LED
follows the Lambertian radiation pattern, the LOS component
hrt,LOS can be calculated by
⎧
(m+1)ρA
⎪
⎨ 2πd2 cosm (ϕ0 )Ts (θ0 )g(θ0 )cos(θ0 ),
0
hrt,LOS = for 0 ≤ θ0 ≤ Φ
(3)
⎪
⎩ 0,
for θ0 > Φ
where m = −ln2/ln(cos(Ψ)) denotes the Lambertian emission
order and Ψ is the semi-angle at half power of the LED; ρ and A
are the responsivity and the active area of the PD, respectively; d0
is the distance between the r-th PD and the t-th LED; ϕ0 and θ0
are the angle of irradiance and the incident angle, respectively;
2
Ts (θ0 ) is the gain of optical filter; g(θ0 ) = 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.
Moreover, the NLOS component hrt,NLOS can be obtained as
follows [28]:
⎧ (m+1)ρεA m
⎨ 2(πd1 d2 )2 cos (ϕ)cos(α)cos(β)Ts (θ)×
(4)
hrt,NLOS = g(θ)cos(θ)dAw , for 0 ≤ θ ≤ Φ
⎩
0,
for θ > Φ
where d1 is the distance between the reflective point and the t-th
LED, d2 is the distance between the r-th PD and the reflective
point, ε is the reflectance coefficient of the wall, ϕ is the angle of
irradiance from the LED, α is the incident angle to the reflective
point, β is the angle of irradiance from the reflective point, and
dAw is a small reflective area on the wall [29].
To recover the transmitted signal vector x, zero forcing
(ZF) equalization is adopted at the receiver side for MIMO
de-multiplexing [30], [31]. After applying ZF equalization, the
estimate of x can be obtained as follows:
x̂ = H† y = x + H† n,
†

∗

−1

∗

TABLE I
FD-GSM MAPPING TABLE FOR Nt = 4 AND N = 2

(5)

where H = (H H) H denotes the pseudo inverse of H.
The additive noise in the IM/DD-based MIMO-OWC system
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.

III. OFDM-BASED GO-MIMO TECHNIQUES
In this section, we introduce four OFDM-based GO-MIMO
techniques, including OFDM-based FD-GSM, FD-GSMP, TDGSM and TD-GSMP.
A. OFDM-Based FD-GSM
The first OFDM-based GO-MIMO technique is OFDM-based
FD-GSM, where the GSM mapping is performed in the frequency domain, i.e., the subcarrier level. Fig. 2(a) illustrates
the schematic diagram of the Nr × Nt OFDM-based FD-GSM
system. For each subcarrier slot, the input bits are first separated
and then mapped into a constellation symbol c and a spatial index vector vF = [v1,F , v2,F , . . . , vN,F ]T , where vi,F ∈
{1, 2, . . . , Nt } and vi,F = vj,F if i = j for i, j ∈ {1, 2, . . . , N },
with N denoting the number of selected OFDM modulators
for constellation symbol transmission. Without loss of generality, we assume that the spatial indices in vF are sorted
in the ascending order, i.e., v1,F < v2,F < · · · < vN,F . After
that, FD-GSM mapping is performed in the subcarrier level,
where N out of totally Nt OFDM modulators are selected to
transmit the same constellation symbol c while the inputs of
the other OFDM modulators are set to zeros. Hence, letting
xF = [x1,F , x2,F , . . . , xNt ,F ]T denote the resultant transmit
vector of Nt OFDM modulators for a given subcarrier slot, xk,F
(k = 1, 2, . . . , Nt ) can be obtained as follows:
xk,F =

c, if k = vi,F for i ∈ {1, 2, . . . , N }
.
0, otherwise

(6)

Table I shows the mapping table of FD-GSM for Nt = 4 and
N = 2. As we can see, taking the spatial bits “01” as an example,
the corresponding spatial index vector is given by vF = [1, 3]T
and hence the OFDM modulators #1 and #3 are selected to
transmit the same constellation symbol c while the inputs of the
OFDM modulators #2 and #4 are set to zeros. As a result, the
obtained transmit vector can be expressed by xF = [c, 0, c, 0]T .
After FD-GSM mapping, the Nt parallel data streams are modulated into digital OFDM signals, which are further converted
to analog OFDM signals via digital-to-analog (D/A) conversion
and subsequently utilized to drive Nt LED transmitters. It should
be noted that OFDM-based FD-GSM with N = 1 becomes the
conventional OFDM-based FD-SM as reported in [11].
Due to the IM/DD nature of typical MIMO-OWC systems,
the Hermitian symmetry constraint is usually imposed at the
input of inverse fast Fourier transform (IFFT) during OFDM
modulation, in order to achieve IM/DD-compatible real-valued
OFDM signals [7], [26], [32]. For the OFDM modulation with
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Fig. 2. Schematic diagrams of OFDM-based (a) FD-GSM and (b) FD-GSMP. Con.: constellation; map.: mapping; mod.: modulation; equ.: equalization; dem.:
demodulation; det.: detection; demap.: demapping.

L-point IFFT, the input vector of IFFT can be expressed by
∗
, . . . , S1∗ ]T .
S = [0, S1 , . . . , SL/2−1 , 0, SL/2−1

(7)

It can be found that only − 1 subcarriers out of totally L
subcarriers can be used for valid data transmission because of the
imposed Hermitian symmetry constraint, and these subcarriers
can be named as “data subcarriers”. After performing IFFT,
a real-valued bipolar time-domain signal can be generated as
follows:


L−1
j2πkl
1 
Sk exp
,
(8)
sl = √
L
L
L
2

k=0

where l ∈ {0, 1, . . . , L − 1}. When L is relatively large (e.g.,
L > 64), the time-domain signal follows a zero-mean Gaussian
distribution with variance σ 2 , i.e., sl ∼ N (0, σ 2 ). To convert the
obtained bipolar OFDM signal into a unipolar one for intensity
modulation in LED transmitters, a proper DC bias is generally
introduced [33]. However, since OFDM signals exhibit relatively high peak-to-average power ratios (PAPRs), zero clipping
is usually first executed to remove the excessive large negative
samples in order to avoid the use of large DC biases. Hence, the
biased and clipped time-domain sample can be given by
sl =

0,
sl < −b
,
sl + b, sl ≥ −b

(9)

where b = ασ denotes the added DC bias with α being the
proportionality constant. The DC bias in decibels is defined as
bdB = 10log10 (α2 + 1).
According to the spatial index vector vF , OFDM modulator
selection is carried out in the subcarrier level. Since only L2 − 1
subcarriers can be used for valid data transmission for a L-point
IFFT in OFDM modulation, OFDM modulator selection can
only be performed with respect to these L2 − 1 subcarriers. As

a result, the spectral efficiency (bits/s/Hz) of OFDM-based FDGSM with Nt LEDs and M -ary constellation is given by
−1
(log2 (M ) + log2 (C(Nt , N )))
L
(10)
1
1
≈ log2 (M ) + log2 (C(Nt , N )),
2
2
   



ηFD-GSM =

L
2

constellation

spatial

where · denotes the floor operator which outputs an integer
smaller or equal to its input value and C(·, ·) represents the
binomial coefficient. The first term in (10) is contributed by the
constellation symbols carried by L2 − 1 subcarriers, while the
second term is contributed by the spatial symbols. Moreover,
the scaling factor 12 corresponding to both the constellation
and spatial symbols is due to the imposed Hermitian symmetry
constraint in OFDM modulation [34].
At the receiver side, the radiated light is detected by Nr
PDs and the resultant outputs are digitized via analog-to-digital
(A/D) conversion. After ZF equalization and parallel OFDM
demodulation, the estimate of the transmit vector xF can be
obtained by x̂F , and ML detection is further performed to
estimate the transmitted constellation symbol vector and spatial
index vector. The detailed procedures to perform ML detection for OFDM-based FD-GSM are presented in Algorithm 1.
The modulus vector zF = [x̂1,F 2 , x̂2,F 2 , . . . , x̂Nt ,F 2 ]T
is first calculated, where  · 2 denotes the modulus operator,
and then the elements of zF are sorted in the descending order
so as to obtain the sorted index vector u = [u1 , u2 , . . . , uNt ]T .
Subsequently, the first N elements of u are abstracted and
the corresponding index vector u = [u1 , u2 , . . . , uN ]T can be
obtained. We further sort the elements of u in the ascending
order and the sorted index vector yields the estimate of the
transmitted spatial index vector, i.e., v̂F = [v̂1 , v̂2 , . . . , v̂N ]T .
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Algorithm 1: ML detection for OFDM-based FD-GSM and
FD-GSMP.
1: Input: x̂F = [x̂1,F , x̂2,F , . . . , x̂Nt ,F ]T
2: Output: [[ĉ]1 , [ĉ]2 , . . . , [ĉ]N ], [ĉ1 , ĉ2 , . . . , ĉN ], v̂F
3: Calculate zF = [x̂1,F 2 , x̂2,F 2 , . . . , x̂Nt ,F 2 ]T
4: Sort the elements of zF in the descending order
5: Obtain the sorted index vector u = [u1 , u2 , . . . , uNt ]T
6: Abstract u = [u1 , u2 , . . . , uN ]T
7: Sort the elements of u in the ascending order
8: Obtain the sorted index vector v̂F = [v̂1 , v̂2 , . . . , v̂N ]T
for both FD-GSM and FD-GSMP
9: for i = 1 to N do
10:
Obtain [ĉ]i = x̂v̂i ,F for FD-GSM and ĉi = x̂v̂i ,F for
FD-GSMP
11: end for

Moreover, the estimate of the transmitted constellation symbol
vector, i.e., [[ĉ]1 , [ĉ]2 , . . . , [ĉ]N ], can be directly obtained by
using x̂F and v̂F . In order to achieve the final estimate of
the transmitted constellation symbol c, i.e., ĉ, MRC is adopted
to combine the N elements in [[ĉ]1 , [ĉ]2 , . . . , [ĉ]N ] [5], [35].
Finally, the output bits can be generated through constellation
demapping and spatial demapping.
B. OFDM-Based FD-GSMP
In OFDM-based FD-GSM, multiple OFDM modulators can
be selected to transmit the same constellation symbol and thus
transmit diversity can be achieved in the frequency domain.
Nevertheless, the achievable spectral efficiency contributed by
constellation symbols is still the same as that of conventional
SM, which limits the overall achievable spectral efficiency.
In order to achieve enhanced overall spectral efficiency, the
second OFDM-based GO-MIMO technique, i.e., OFDM-based
FD-GSMP, is further proposed.
The schematic diagram of the Nr × Nt OFDM-based FDGSMP system is shown in Fig. 2(b). As we can see, the input
bits are first divided into two streams: one is for constellation
mapping and the other is for spatial mapping. The serial bit
stream for constellation mapping is further converted into N
parallel bit streams via serial-to-parallel (S/P) conversion, which
are then mapped into N parallel constellation symbols. Differing
from OFDM-based FD-GSM where the N selected OFDM modulators are used to transmit the same constellation symbol, they
are used to simultaneously transmit different constellation symbols in OFDM-based FD-GSMP. Letting c = [c1 , c2 , . . . , cN ]T
denote the transmitted constellation symbol vector, for a given
subcarrier slot, we can obtain the resultant transmit vector xF =
[x1,F , x2,F , . . . , xNt ,F ]T after FD-GSMP mapping as follows:
xk,F =

ci , if k = vi,F for i ∈ {1, 2, . . . , N }
,
0, otherwise

(11)

for k = 1, 2, . . . , Nt . The mapping table of FD-GSMP for Nt =
4 and N = 2 is given in Table II. Similarly, taking the spatial
bits “01” as an example, the corresponding spatial index vector
is still vF = [1, 3]T , but the OFDM modulators #1 and #3 are

TABLE II
FD-GSMP MAPPING TABLE FOR Nt = 4 AND N = 2

selected to transit constellation symbols c1 and c2 , respectively.
Hence, the transmit vector is obtained by xF = [c1 , 0, c2 , 0]T .
Similarly, OFDM-based FD-GSMP also becomes OFDM-based
FD-SM when N = 1 [11].
For FD-GSMP mapping, N out of Nt OFDM modulators are
selected to transmit different constellation symbols and hence
the spectral efficiency contributed by spatial symbols is the same
for FD-GSM and FD-GSMP. However, since N different constellation symbols can be simultaneously transmitted for each
subcarrier slot in FD-GSMP, the spectral efficiency contributed
by constellation symbols for FD-GSMP becomes N times of
that for FD-GSM. Therefore, the spectral efficiency (bits/s/Hz)
of OFDM-based FD-GSMP with Nt LEDs and M -ary constellation is obtained by
−1
(N log2 (M ) + log2 (C(Nt , N )))
L
(12)
1
N
≈ log2 (M ) + log2 (C(Nt , N )) .
2
2
   



ηFD-GSMP =

L
2

constellation

spatial

After ZF equalization and parallel OFDM demodulation at
the receiver side, ML detection is carried out to estimate the
transmitted constellation symbol vector and spatial index vector
for OFDM-based FD-GSMP. The detailed procedures of ML
detection for OFDM-based FD-GSMP are the same as that of
OFDM-based FD-GSM, which can be found in Algorithm 1.
The N constellation symbols in the estimated constellation symbol vector [ĉ1 , ĉ2 , . . . , ĉN ] are simultaneously demapped and
the obtained parallel constellation bit streams are subsequently
converted into a serial bit stream via parallel-to-serial (P/S)
conversion. Moreover, the spatial bits can be directly obtained
by demapping the estimated spatial index vector v̂F .
C. OFDM-Based TD-GSM
In both OFDM-based FD-GSM and FD-GSMP, the spatial
information is carried by OFDM modulator selection in the
frequency domain3 Due to the imposed Hermitian symmetry
constraint, only approximately half of all the subcarriers can be
utilized to carry valid data and hence OFDM modulator selection
can only be performed with respect to these subcarriers. As a
3 Note that the proposed OFDM-based FD-GSM/GSMP schemes are essentially different from the well-known OFDM with index modulation scheme [36],
[37]. In OFDM with index modulation, the “index” refers to the index of
the subcarriers and only a subset of the data subcarriers within each OFDM
block can be used to transmit constellation symbols. However, in OFDM-based
FD-GSM/GSMP, the “index” refers to the index of the OFDM modulators
corresponding to the LED transmitters and all the data subcarriers within each
OFDM block can be used to transmit constellation symbols.
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Fig. 3. Schematic diagrams of OFDM-based (a) TD-GSM and (b) TD-GSMP. Con.: constellation; map.: mapping; mod.: modulation; sec.: secondary; equ.:
equalization; dem.: demodulation; det.: detection; demap.: demapping.

result, the spectral efficiency contributed by spatial symbols
in both OFDM-based FD-GSM and FD-GSMP is inevitably
halved. To eliminate the impact of the imposed Hermitian symmetry constraint and hence achieve enhanced spectral efficiency
contributed by spatial symbols, we propose the third OFDMbased GO-MIMO technique, i.e., OFDM-based TD-GSM.
Fig. 3(a) shows the schematic diagram of the Nr × Nt
OFDM-based TD-GSM system, where the spatial information is
encoded in the time domain via LED transmitter selection. More
specifically, for each time slot, N out of totally Nt LED transmitters are selected to transmit the same time-domain sample while
the other LEDs are not activated. To successfully encode the
spatial information, the transmitted time-domain sample should
be non-zero. It can be seen from (9) that the biased and clipped
time-domain OFDM signal might have a few zero elements due
to zero clipping. When the time-domain samples are zero or very
small, the spatial information might be lost. Hence, a secondary
DC bias can be added after OFDM modulation so as to guarantee
that all the time-domain samples have positive values [11]. After
adding a secondary DC bias, (9) can be modified as follows:
sl =

,
xl < −b
,
xl + b + , xl ≥ −b

(13)

where = ρb is the value of the secondary DC bias with ρ
denoting the ratio between the secondary DC bias (i.e., ) and
the primary DC bias (i.e., b).
Letting s and vT = [v1,T , v2,T , . . . , vN,T ]T respectively denote the time-domain sample and the spatial index vector, for a
given time slot, the resultant transmit vector of Nt LED transmitters xT = [x1,T , x2,T , . . . , xNt ,T ]T after TD-GSM mapping
can be obtained by
xk,T =

s, if k = vi,T for i ∈ {1, 2, . . . , N }
,
0, otherwise

(14)

TABLE III
TD-GSM MAPPING TABLE FOR Nt = 4 AND N = 2

for k = 1, 2, . . . , Nt . The corresponding mapping table of TDGSM for Nt = 4 and N = 2 can be found in Table III. Taking
the spatial bits “01” as an example, the spatial index vector is
given by vT = [1, 3]T and hence the LED transmitters #1 and #3
are selected to transit the same time-domain sample s while the
inputs of the LED transmitters #2 and #4 are set to zeros. Hence,
the obtained transmit vector can be given by xT = [s, 0, s, 0]T .
Note that OFDM-based TD-GSM becomes OFDM-based TDSM when N = 1 [11].
In OFDM-based TD-GSM, LED transmitter selection can be
performed with respect to all the time-domain samples and hence
the spectral efficiency contributed by spatial symbols is doubled
in comparison to that of both OFDM-based FD-GSM and FDGSMP. Therefore, the spectral efficiency (bits/s/Hz) of OFDMbased TD-GSM with Nt LEDs and M -ary constellation can be
given by
ηTD-GSM =
≈

L
2

−1
log2 (M ) + log2 (C(Nt , N ))
L

1
log2 (M ) + log2 (C(Nt , N )) .


2
   
spatial

(15)

constellation

At the receiver side, ML detection is performed right after
ZF equalization for OFDM-based TD-GSM and the detailed
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Algorithm 2: ML detection for OFDM-based TD-GSM and
TD-GSMP.
1: Input: x̂T = [x̂1,T , x̂2,T , . . . , x̂Nt ,T ]T
2: Output: [[ŝ]1 , [ŝ]2 , . . . , [ŝ]N ], [ŝ1 , ŝ2 , . . . , ŝN ], v̂T
3: Sort the elements of x̂T in the descending order
4: Obtain the sorted index vector
w = [w1 , w2 , . . . , wNt ]T
5: Abstract w = [w1 , w2 , . . . , wN ]T
6: Sort the elements of w in the ascending order
7: Obtain the sorted index vector v̂T = [v̂1 , v̂2 , . . . , v̂N ]T
for both TD-GSM and TD-GSMP
8: for i = 1 to N do
9:
Obtain [ŝ]i = x̂v̂i ,T for TD-GSM and ŝi = x̂v̂i ,T for
TD-GSMP
10: end for

procedures are given in Algorithm 2. Considering that the transmitted time-domain samples have non-negative values, we can
directly sort the elements of the estimated transmit vector x̂T =
[x̂1,T , x̂2,T , . . . , x̂Nt ,T ]T in the descending order and obtain
the corresponding sorted index vector w = [w1 , w2 , . . . , wNt ]T .
The abstracted index vector w = [w1 , w2 , . . . , wN ]T can be
further achieved by abstracting the first N elements of w,
which is then sorted in the ascending order to yield the sorted
index vector v̂T = [v̂1 , v̂2 , . . . , v̂N ]T . By employing x̂T and
v̂T , the estimate of the transmitted time-domain sample vector
[[ŝ]1 , [ŝ]2 , . . . , [ŝ]N ] can be obtained. Given the N estimated
time-domain samples, MRC is applied to generate the final
estimate of the transmitted time-domain sample, i.e., ŝ.
D. OFDM-Based TD-GSMP

si , if k = vi,F for i ∈ {1, 2, . . . , N }
,
0, otherwise

is given by xT = [s1 , 0, s2 , 0]T . Similarly, OFDM-based TDGSMP also becomes OFDM-based TD-SM when N = 1 [11].
For TD-GSMP mapping, N out of Nt LED transmitters are
selected to transmit different time-domain samples for each time
slot, and hence the spectral efficiency (bits/s/Hz) of OFDMbased TD-GSMP with Nt LEDs and M -ary constellation can
be achieved by
ηTD-GSMP =
≈

L
2

−1
N log2 (M ) + log2 (C(Nt , N ))
L

N
log2 (M ) + log2 (C(Nt , N )) .


2   
constellation

(17)

spatial

After ZF equalization at the receiver side, ML detection
is performed to estimate the transmitted time-domain sample
vector and spatial index vector for OFDM-based TD-GSMP.
The detailed procedures of ML detection for OFDM-based TDGSMP are the same as that of OFDM-based TD-GSM, which
can be found in Algorithm 2. After OFDM demodulation, constellation demapping and P/S conversion, the serial constellation
bit stream can be obtained. In addition, the spatial bits can be
generated via spatial demapping.
IV. SIMULATION RESULTS

Similar to OFDM-based FD-GSM, OFDM-based TD-GSM
can only achieve transmit diversity in the time domain while the
overall achievable spectral efficiency is still limited. Hence, the
fourth OFDM-based GO-MIMO technique, i.e., OFDM-based
TD-GSMP, is finally proposed.
The schematic diagram of the Nr × Nt OFDM-based TDGSMP system is depicted in Fig. 3(b), where the serial bit stream
for constellation mapping is converted into N parallel bit streams
via S/P conversion and each bit stream undergoes constellation
mapping, OFDM modulation and secondary DC bias addition.
In OFDM-based TD-GSMP, the N selected LED transmitters are used to simultaneously transmit different time-domain
samples. Letting s = [s1 , s2 , . . . , sN ]T denote the transmitted
time-domain sample vector, for a given time slot, the resultant
transmit vector xT = [x1,T , x2,T , . . . , xNt ,T ]T after TD-GSMP
mapping can be obtained as follows:
xk,T =

TABLE IV
TD-GSMP MAPPING TABLE FOR Nt = 4 AND N = 2

(16)

for k = 1, 2, . . . , Nt . Table IV gives the mapping table of TDGSMP for Nt = 4 and N = 2. For input spatial bits “01,” the
spatial index vector is vT = [1, 3]T and the LED transmitters
#1 and #3 are selected to transit time-domain samples s1 and
s2 , respectively. As a result, the corresponding transmit vector

In this section, we evaluate and compare the performance
of the proposed OFDM-based GO-MIMO techniques in a typical indoor MIMO-OWC system via numerical simulations.
Moreover, the following relevant benchmark schemes have been
adopted for performance comparison which can be viewed as
the special cases of the proposed OFDM-based GO-MIMO
techniques: 1) RC, which is the same as both FD-GSM and
TD-GSM with N = Nt [5]; 2) SMP, which is the same as
both FD-GSMP and TD-GSMP with N = Nt [5]; 3) FD-SM,
which is the same as both FD-GSM and FD-GSMP with N = 1
[11], [12]; 4) TD-SM, which is the same as both TD-GSM and
TD-GSMP with N = 1 [11], [12].
A. Simulation Setup
In our simulations, we setup the MIMO-OWC systems in a
typical indoor room. The geometric setup can be found in Fig. 1,
where the room has a dimension of 4 m × 4 m × 3 m and the
receiving plane is 0.85 m above the floor. The LED array is
mounted at the center of the ceiling and the user equipped with
a PD array is located over the receiving plane. The key simulation
parameters are listed in Table V.
In the following performance evaluations, two MIMO settings, i.e., 2×2 MIMO and 4×4 MIMO, are considered.
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TABLE V
SIMULATION PARAMETERS

Fig. 5. Spectral efficiency (SE) vs. log2 M for OFDM-based 2×2 MIMO
with (a) FD-GSM and TD-GSM and (b) FD-GSMP and TD-GSMP.

Fig. 4.

Top view of (a) 2×2 MIMO and (b) 4×4 MIMO.

Figs. 4(a) and (b) depict the top views of the 2×2 and 4×4 MIMO
settings, respectively. As we can see, for both the 2×2 and 4×4
MIMO settings, the spacing between two adjacent LEDs is 2 m
and the spacing between two adjacent PDs is 10 cm. In order to
achieve full coverage, both the semi-angle at half power of the
LED and the half-angle FOV of the optical lens are set to 65◦ .
Due to the high channel correlation in typical MIMO-OWC
systems, a large signal-to-noise ratio (SNR) is usually required
to achieve a high spectral efficiency [5], [6]. In order to obtain
a relatively large SNR at the receiver side, high-sensitivity
avalanche PDs (APDs) are adopted in the system. Specifically,
the APDs are assumed to have a responsivity of 15 A/W and
an active area of 19.6 mm2 . Note that these two values are the
practical parameters of a commercially available APD used in
the experiments reported in [38].
Moreover, the gain of the optical filter and the refractive
index of the optical lens are set to 0.9 and 1.5, respectively.
The reflectance coefficient of the wall is assumed to be 0.8 [29].
The modulation bandwidth is set to 20 MHz4 and the noise PSD
is 10−22 A2 /Hz [5].
B. Spectral Efficiency
We first investigate the spectral efficiency of the proposed
OFDM-based GO-MIMO techniques in the MIMO-OWC system with M -ary constellation under different MIMO settings.
4 A 20-MHz modulation bandwidth can be achieved by using a commercially
available white LED with frequency-domain pre-equalization, as experimentally
reported in [26]

Fig. 6. Spectral efficiency (SE) vs. log2 M for OFDM-based 4×4 MIMO
with (a) FD-GSM, (b) TD-GSM, (c) FD-GSMP and (d) TD-GSMP.

Fig. 5 shows the spectral efficiency versus log2 M for different
OFDM-based GO-MIMO techniques under the 2×2 MIMO
setting. It can be found that FD-GSM and TD-GSM achieve the
same spectral efficiency with N = 2, while the spectral efficiency
of TD-GSM is 0.5-bit/s/Hz higher than that of FD-GSM when
N = 1 for a given M . Similarly, the spectral efficiencies of
FD-GSMP and TD-GSMP are the same with N = 2, which
greatly outperform the spectral efficiencies of both FD-GSMP
and TD-GSMP with N = 1 for a relatively large M value.
Fig. 6 shows the spectral efficiency versus log2 M under the
4×4 MIMO setting. For FD-GSM, the spectral efficiencies are
the same with N = 1, 2 and 3, which are 1-bit/s/Hz higher than
that with N = 4 for a given M . It is the same for TD-GSM that
the same spectral efficiencies are obtained with N = 1, 2 and
3, which are higher than that with N = 4 for a given M , and
the only difference is that the spectral efficiency improvement
becomes 2 bits/s/Hz. Moreover, different spectral efficiencies
can be achieved with different N values for FD-GSMP and
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Fig. 7. BER vs. transmitted SNR for OFDM-based 2×2 GO-MIMO at the receiver location of (1.5 m, 1.5 m, 0.85 m) with a spectral efficiency of (a) 3 bits/s/Hz,
(b) 4 bits/s/Hz, and (c) 5 bits/s/Hz.

TD-GSMP. For a given M , TD-GSMP generally achieves a
higher spectral efficiency than FD-GSMP.
For the bit error rate (BER) performance evaluation in the
following subsection, we consider different spectral efficiencies
for each MIMO setting, and the corresponding required M
values for each OFDM-based GO-MIMO technique can be
directly obtained from Figs. 5 and 6.
C. BER Performance
Based on the above spectral efficiency analysis, we further
investigate and compare the BER performance of the proposed
OFDM-based GO-MIMO techniques in the MIMO-OWC systems described in Section IV-A. In typical indoor MIMO-OWC
systems, the channel gain defined by (4) might be different
for different LED/PD pairs due to the specific distance and
emission/incident angle of each LED/PD pair. Hence, the received SNRs corresponding to different LED/PD pairs might be
different. To ensure a fair performance comparison of different
OFDM-based GO-MIMO techniques, we evaluate the BER
performance with respect to the transmitted SNR [5]. Specifically, transmitted SNR is defined as the ratio of the transmitted
electrical signal power Ps to the additive noise power Pn , i.e.,
Ps /Pn . Moreover, in order to achieve a trade-off between peak
clipping and clipping distortion, a moderate primary DC bias
of bdB = 10 dB is adopted in the following evaluations [12]. In
addition, the 7% forward error correction (FEC) coding limit of
3.8 × 10−3 is adopted as the BER threshold to compare the performance of different OFDM-based GO-MIMO techniques [39].
In the next, we evaluate the BER performance of OFDMbased GO-MIMO techniques under different MIMO settings.
Fig. 7 shows the BER versus transmitted SNR for OFDM-based
2×2 GO-MIMO at the receiver location of (1.5 m, 1.5 m, 0.85 m)
with different spectral efficiencies. For a spectral efficiency of
3 bits/s/Hz, FD/TD-GSM with N = 2 (i.e., RC) achieves the best
BER performance, which outperforms FD/TD-GSMP with N =
2 (i.e., SMP) by an SNR gain of 5.8 dB at BER = 3.8 × 10−3 .
Moreover, TD-GSM/GSMP with N = 1 (i.e., TD-SM) outperforms FD-GSM/GSMP with N = 1 (i.e., FD-SM), and the

performance of TD-GSM/GSMP with N = 1 can be slightly
improved when ρ is increased from 0 to 0.1. However, further
increasing ρ to 0.2 does not bring much performance gain,
indicating that a secondary DC bias of ρ = 0.1 is large enough
to remove most of the zero samples in the time-domain signal
and hence efficiently reduce the loss of spatial information.
When the spectral efficiency is increased to 4 bits/s/Hz, the
performance gap between FD/TD-GSM with N = 2 (i.e., RC)
and FD/TD-GSMP with N = 2 (i.e., SMP) becomes only 1.5 dB.
For a relatively high spectral efficiency of 5 bits/s/Hz, the best
BER performance is obtained by FD/TD-GSMP with N = 2
(i.e., SMP) and an SNR gain of up to 6.5 dB can be achieved
in comparison to FD/TD-GSM with N = 2 (i.e., RC). It can
be seen from Fig. 7 that FD/TD-GSM with N = 2 (i.e., RC)
performs better for a relatively low spectral efficiency due to
its high diversity gain, while FD/TD-GSMP with N = 2 (i.e.,
SMP) achieves better performance for a relatively high spectral
efficiency because of its high multiplexing gain.
Fig. 8 shows the BER versus transmitted SNR for OFDMbased 4×4 GO-MIMO at the receiver location of (1.5 m, 1.5 m,
0.85 m) with different spectral efficiencies. For OFDM-based
FD-GSM/GSMP with a spectral efficiency of 3 bits/s/Hz, as
shown in Fig. 8(a), the best BER performance is achieved by
FD-GSM with N = 4 (i.e., RC) and the required SNR to reach
BER = 3.8 × 10−3 is 136.4 dB. FD-GSM with N = 4 (i.e.,
RC) outperforms FD-GSMP with N = 2 by an SNR gain of
2.6 dB. For a spectral efficiency of 4 bits/s/Hz, as can be seen
from Fig. 8(b), FD-GSMP with N = 3 performs the best and
the BER performance of FD-GSMP with N = 4 (i.e., SMP)
is slightly worse than FD-GSMP with N = 3. For a relatively
high spectral efficiency of 5 bits/s/Hz, as shown in Fig. 8(c), the
best BER performance is obtained by FD-GSMP with N = 2,
which requires an SNR of 145.1 dB to reach BER = 3.8 × 10−3 .
Moreover, nearly the same BER performance can be achieved
by FD-GSM with N = 2 and 3 in the small SNR region. It can
be clearly observed from Figs. 8(a), (b) and (c) that error floors
occur for FD-GSM with N = 4 (i.e., RC), when the spectral
efficiency reaches 4 bits/s/Hz. For OFDM-based TD-GSM with
a spectral efficiency of 3 bits/s/Hz, as shown in Fig. 8(d), the BER
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Fig. 8. BER vs. transmitted SNR for OFDM-based 4×4 GO-MIMO at the receiver location of (1.5 m, 1.5 m, 0.85 m) with (a) FD-GSM and FD-GSMP,
3 bits/s/Hz, (b) FD-GSM and FD-GSMP, 4 bits/s/Hz, (c) FD-GSM and FD-GSMP, 5 bits/s/Hz, (d) TD-GSM, 3 bits/s/Hz, (e) TD-GSM, 4 bits/s/Hz, (f) TD-GSM,
5 bits/s/Hz, (g) TD-GSMP, 3 bits/s/Hz, (h) TD-GSMP, 4 bits/s/Hz, and (i) TD-GSMP, 5 bits/s/Hz.

performance can be substantially improved when ρ is increased
from 0 to 0.2 and further increasing ρ to 0.4 can only slightly
improve the BER performance for all N values. For a higher
spectral efficiency of 4 bits/s/Hz, as shown in Fig. 8(e), further
increasing ρ to 0.4 does not bring improvement to TD-GSM
with N = 1, indicating that a secondary DC bias with ρ =
0.2 is enough for TD-GSM with N = 1 to eliminate the loss
of spatial information. In contrast, TD-GSM with N = 2 and
3 can still benefit from a higher secondary DC bias with ρ =

0.4. Specifically, SNR gains of 0.7 and 1.1 dB at BER = 3.8 ×
10−3 can be further achieved by TD-GSM with N = 2 and 3,
respectively, when ρ is increased from 0.2 to 0.4. For a spectral
efficiency of 5 bits/s/Hz, as shown in Fig. 8(f), a secondary DC
bias with ρ = 0.2 is enough for TD-GSM with all N values. It can
be observed from Figs. 8(d), (e) and (f) that TD-GSM with N =
3 and ρ = 0.4 always achieves the best BER performance for the
spectral efficiencies of 3, 4 and 5 bits/s/Hz. For OFDM-based
TD-GSMP with a spectral efficiency of 3 bits/s/Hz and ρ = 0, as
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TABLE VI
OPTIMAL GO-MIMO TECHNIQUES FOR VARIOUS SPECTRAL EFFICIENCIES
UNDER 2×2 MIMO

TABLE VII
OPTIMAL GO-MIMO TECHNIQUES FOR VARIOUS SPECTRAL EFFICIENCIES
UNDER 4×4 MIMO

shown in Fig. 8(g), TD-GSMP with N = 2 achieves better BER
performance than that with N = 1 in the small SNR region, and
TD-GSMP with N = 1 outperforms that with N = 2 when the
SNR is larger than 136.8 dB. For both spectral efficiencies of 3
and 4 bits/s/Hz, TD-GSMP with N = 2 and ρ = 0.4 achieves
the best BER performance. However, for a spectral efficiency of
5 bits/s/Hz, the best BER performance is obtained by TD-GSMP
with N = 3 and ρ = 0.4.
According to Figs. 7 and 8, we can find that there exists an
optimal GO-MIMO technique to achieve a target spectral efficiency given a specific receiver location. Table VI and Table VII
summarize the optimal GO-MIMO techniques and the minimum
required transmitted SNRs with spectral efficiencies of 3, 4 and
5 bits/s/Hz at the receiver location of (1.5 m, 1.5 m, 0.85 m) for
2×2 and 4×4 MIMO settings, respectively. For the 2×2 MIMO
setting, FD/TD-GSM with N = 2 (i.e., RC) is found to be the
optimal one for the relatively low spectral efficiencies of 3 and
4 bits/s/Hz, and the minimum required transmitted SNRs are
124.2 and 130.4 dB, respectively. For a relatively high spectral
efficiency of 5 bits/s/Hz, FD/TD-GSMP with N = 2 (i.e., SMP)
becomes the best one and the corresponding minimum required
transmitted SNR is 135.0 dB. For the 4×4 MIMO setting,
TD-GSM with N = 3 and ρ = 0.4 is the optimal one for the
relatively low spectral efficiencies of 3 and 4 bits/s/Hz, while
TD-GSMP with N = 3 and ρ = 0.4 is the best for a relatively
high spectral efficiency of 5 bits/s/Hz.
Finally, we evaluate the BER performance of the proposed
OFDM-based GO-MIMO techniques under the 4×4 MIMO
setting by considering user mobility. Fig. 9 shows the BER
versus receiver location across the receiving plane for OFDMbased 4×4 GO-MIMO with a spectral efficiency of 4 bits/s/Hz.
For FD-GSM with a transmitted SNR of 146 dB, as shown in
Fig. 9(a), an extremely high BER of about 0.4 is obtained by
FD-GSM with N = 1, 2 and 3 when the receiver is located at the
center of the room. It is mainly due to the geometric symmetry5 ,
which will lead to a less well conditioned channel matrix [40]. In
5 The geometric symmetry-induced high channel correlation can be efficiently
reduced by applying methods such as introducing power imbalance between
the transmitters or blocking some of the links between the transmitters and
receivers [5].

Fig. 9. BER vs. receiver location for OFDM-based 4×4 GO-MIMO with a
spectral efficiency of 4 bits/s/Hz for (a) FD-GSM, (b) TD-GSM, (c) FD-GSMP
and (d) TD-GSMP.

contrast, FD-GSM with N = 4 (i.e., RC) can achieve a relatively
stable BER performance over the central area of the room, which
is mainly owing to its high spatial diversity. In addition, the BER
performance of FD-GSM all N values is significantly degraded
when the receiver is moving towards the corners, and the best
BER performance across the room is achieved by FD-GSM with
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N = 4 (i.e., RC). For FD-GSMP with a transmitted SNR of
141 dB, as shown in Fig. 9(b), the BER fluctuates across the
room for all N values, where the worst BER performance is
achieved at the center and the corners of the room, while the
best BER performance is obtained at the locations right under
the LED transmitters. For TD-GSM with a transmitted SNR of
136 dB, as shown in Fig. 9(c), TD-GSM with N = 1, 2 and
3 performs the worst at the center due to geometric symmetry,
while TD-GSM with N = 4 (i.e., RC) achieves the best BER
performance at the center owing to its high spatial diversity.
For TD-GSMP with a transmitted SNR of 139 dB, as shown in
Fig. 9(d), the best BER performance across the room is achieved
by TD-GSMP with N = 2 and ρ = 0.4. As can be seen from
Fig. 9, the performance of OFDM-based GO-MIMO techniques
is also highly related to the specific location of the receiver (i.e.,
user). Therefore, practical GO-MIMO systems can be designed
in a user-centric manner, where an optimal GO-MIMO technique
can be adaptively selected with respect to the specific location
and spectral efficiency requirement of the user.
V. CONCLUSION
In this paper, we have proposed and evaluated four OFDMbased GO-MIMO techniques for bandlimited IM/DD OWC systems, including OFDM-based FD-GSM, FD-GSMP, TD-GSM
and TD-GSMP. For OFDM-based FD-GSM and FD-GSMP,
spatial mapping is performed in the frequency domain before
OFDM modulation. In contrast, for OFDM-based TD-GSM and
TD-GSMP, spatial mapping is conducted in the time domain
after OFDM modulation. For each OFDM-based GO-MIMO
technique, an ML detection algorithm is developed for efficient estimation of both spatial and constellation symbols. Particularly, for OFDM-based FD-GSM and TD-GSM, MRC is
adopted for diversity combining after ML detection. To evaluate
and compare the performance of the proposed OFDM-based
GO-MIMO techniques, extensive simulations are performed in
a typical indoor MIMO-OWC system under both 2 × 2 and
4 × 4 MIMO settings. Our results show that, for a given user
location with a target spectral efficiency, there exists an optimal
GO-MIMO technique to achieve the best BER performance.
Moreover, the obtained optimal GO-MIMO technique might be
different at different user locations. Therefore, a user-centric
OFDM-based GO-MIMO system can be designed by adaptively
selecting the optimal GO-MIMO technique according to the
user’s specific location and spectral efficiency requirement. In
conclusion, the obtained results in this work might be able to
shine some light on the design of a combined MIMO and OFDM
scheme for bandlimited IM/DD OWC systems.
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