IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

7302306

Deep Learning-Aided OFDM-Based Generalized
Optical Quadrature Spatial Modulation

Chen Chen

Abstract—In this paper, we propose an orthogonal frequency
division multiplexing (OFDM)-based generalized optical quadra-
ture spatial modulation (GOQSM) technique for multiple-input
multiple-output optical wireless communication (MIMO-OWC)
systems. Considering the error propagation and noise amplification
effects when applying maximum likelihood and maximum ratio
combining (ML-MRC)-based detection, we further propose a deep
neural network (DNN)-aided detection for OFDM-based GOQSM
systems. The proposed DNN-aided detection scheme performs
the GOQSM detection in a joint manner, which can efficiently
eliminate the adverse effects of both error propagation and noise
amplification. The obtained simulation results successfully verify
the superiority of the deep learning-aided OFDM-based GOQSM
technique for high-speed MIMO-OWC systems.

Index Terms—Optical wireless communication, orthogonal
frequency division multiplexing, multiple-input multiple-output,
deep neural network.

1. INTRODUCTION

ITH the explosive increasing of mobile data traffic in
W recent years, traditional radio frequency communication
technologies such as WiFi might not be able to support the heavy
mobile data traffic in the near future. Owing to its abundant
spectrum resource, optical wireless communication (OWC) ex-
ploring visible light, infrared and ultra-violet spectrum has been
emerging as a promising candidate to meet the requirement of the
ever-increasing mobile data traffic [1]. Although the spectrum
resource of OWC systems is abundant, the achievable data rate of
practical OWC systems is largely limited by the small modula-
tion bandwidth of the optical components, especially the optical
transmitters. For the OWC systems using commercial off-the-
shelf light-emitting diodes (LEDs), the —3 dB bandwidth is
usually only a few MHz, which greatly limits the achievable
capacity of the system [2].
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To boost the capacity of bandlimited OWC systems, vari-
ous spectral efficiency enhancing techniques have already been
proposed so far. Among them, multiple-input multiple-output
(MIMO) transmission and orthogonal frequency division multi-
plexing (OFDM) modulation are considered as two most promis-
ing techniques [3], [4]. As a digitized MIMO scheme, optical
spatial modulation (OSM) has drawn great attention in OWC
systems lately. In OSM, only a single optical transmitter is
selected to transmit constellation symbols and the spectral effi-
ciency of OSM systems is contributed by both the constellation
symbols and the spatial index symbols [5]. As a result, OSM
systems have the advantages of negligible inter-channel interfer-
ence, high power efficiency and low transceiver complexity [6].
Nevertheless, the achievable spectral efficiency of OSM systems
is mainly limited by the number of the optical transmitters and
it is challenging for practical OSM systems to achieve high
spectral efficiencies.

To increase the spectral efficiency contributed by the spatial
index symbols and thus enhance the overall spectral efficiency
of OSM systems, several modified OSM schemes have been
proposed in the literature. In [7], generalized OSM (GOSM)
has been reported where multiple transmitters are selected to
simultaneously transmit the same constellation symbol, so as
to transmit more spatial bits. In [8], quadrature OSM (QOSM)
has been studied where spatial mapping is performed in both
the in-phase and quadrature components, resulting in a doubled
number of spatial bits. As a joint scheme of generalized spatial
modulation (GSM) and quadrature spatial modulation (QSM),
generalized quadrature spatial modulation (GQSM) has been
introduced in radio frequency (RF)-based vehicular networks
and massive MIMO systems [9], [10]. Moreover, generalized
optical QSM (GOQSM) has also been applied in visible light-
based OWC systems [11].

Particularly, combining spectral-efficient OFDM modulation
with OSM schemes can be an efficient and low-complexity way
to increase the overall spectral efficiency of OWC systems. To
date, OFDM-based OSM has been reported in [12] and [13],
while OFDM-based GOSM has been proposed in [14]. Never-
theless, the combination of OFDM and GOQSM has not yet
been considered in OWC systems.

In this paper, we propose an OFDM-based GOQSM tech-
nique for substantial spectral efficiency enhancement of ban-
dlimited OWC systems. Moreover, we further propose two
detection schemes for OFDM-based GOQSM systems, in-
cluding maximum likelihood and maximum ratio combining
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Fig. 1. Schematic diagram of the proposed OFDM-based GOQSM system.

(ML-MRC)-based detection and deep neural network (DNN)-
aided detection. Simulation results show that the proposed
OFDM-based GOQSM technique greatly outperforms OFDM-
based GOSM when applying deep learning-aided detection.

II. SYSTEM MODEL

In this paper, we consider a general MIMO-OWC system
equipped with N; LEDs and N, photo-diodes (PDs). Letting
s=[s1,52,...,5n,]T be the transmitted signal vector, H be the
N, x Ny MIMO channel matrix and n = [ny,na,...,ny,]7
be the additive noise vector, the received signal vector y =
[Y1,Y2, - --,yn, ]t can be expressed by

y = Hs + n, H

where the channel matrix of the NV, x Ny MIMO-OWC system
can be given by

hii -+ hn,
Ayt -

where h,; (r=1,2,...,N.;t=1,2,..., N;) denotes the di-
rect current (DC) channel gain between the ¢-th LED and the
r-th PD. In this work, we assume that each LED follows the
Lambertian radiation pattern and only the line-of-sight (LOS)
transmission is considered [15]. Hence, h,.; can be calculated as
follows:

@)

- hy, N,

(I+1)pA

<o (@rt) s (0r4) g (Ort)cos(Brt),
0 (0 ) g0 )cos(0r)

hyy = 3)
where [ = —In2/In(cos(¥)) represents the Lambertian emis-
sion order and V is the semi-angle at half power of the LED;
p and A denote the responsivity and the active area of the PD,
respectively; the distance, the angle of emission and the angle of
incidence between the ¢-th LED and the r-th PD are expressed
by d.t, ¢t and 60,.¢, respectively; Ts(0,) is the gain of optical
filter; g(0,+) = % is the gain of optical lens, where n and
® denote the refractive index and the half-angle field-of view
(FOV) of the optical lens, respectively.

In MIMO-OWC systems, the additive noise is generally the
sum of both shot and thermal noises and it can be reasonably
modeled as a real-valued zero-mean additive white Gaussian
noise (AWGN) with power P, = Ny B, where Ny and B rep-
resent the noise power spectral density (PSD) and the signal

bandwidth, respectively.

III. OFDM-BASED GOQSM

In this section, we first describe the fundamental principle
of OFDM-based GOQSM, and then we propose two detection
schemes for OFDM-based GOQSM systems, including max-
imum likelihood and maximum ratio combining (ML-MRC)-
based detection and DNN-aided detection.

A. Principle of OFDM-Based GOQSM

Fig. 1 shows the schematic diagram of the proposed OFDM-
based GOQSM system with N; LEDs and N, PDs. As we
can see, the incoming bit stream is divided into three parts:
one part is mapped into a constellation symbol vector b, while
the other two parts are mapped into an in-phase spatial index
vector zg. and a quadrature spatial index vector zy,, respectively.
The complex-valued element b of the constellation symbol
vector b can be represented as b = bgre + j X by, Where bge
and by, denote the real and imaginary parts of b, respectively.
Before performing GOQSM mapping, the real and imaginary
parts of b are separated through real-and-imaginary separation
(RIS). In OFDM-based GOQSM systems, GOQSM mapping
is performed at each subcarrier slot in the frequency domain
with respect to both the real and imaginary components. More
specifically, for an OFDM-based GOQSM system with totally
Ny LEDs and N (N < Ny) activated LEDs, N out of N; real
parts of the subcarrier-modulating symbols corresponding to N,
LEDs at each subcarrier slot are selected to transmit bgr. while
the remaining N; — N real parts are set to zero. At the same
time, N out of N; imaginary parts of the subcarrier-modulating
symbols corresponding to N; LEDs at each subcarrier slot are
selected to transmit by, while the remaining N; — N imaginary
parts are set to zero. Assuming cg. and cyy, are the resultant real
and imaginary vectors, the finally transmitted symbol vector can
be obtained as ¢ = cg. + jcyy. After that, parallel OFDM modu-
lation and digital-to-analog (D/A) conversion are performed and
the resultant signals are used to drive N; LEDs, respectively.

At the receiver side, the optical signal is first detected by IV,
PDs and then the obtained electrical signals are digitized via
analog-to-digital (A/D) conversion. Subsequently, zero-forcing
(ZF) equalization and parallel OFDM demodulation are per-
formed to generate the estimate of the transmitted symbol vector
¢. To further estimate the constellation symbol vector and spa-
tial index vector, two detection schemes including ML-MRC
detection and DNN-aided detection are proposed, which are
introduced in detail in the following subsection.
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Schematic diagrams of (a) ML-MRC detection and (b) DNN-aided

For OFDM-based GOQSM systems using M -ary quadrature
amplitude modulation (QAM) constellation with totally NV,
LEDs where N out of N; LEDs are activated to transmit data,
the achievable spectral efficiency is given by

1
Rcogsm ~ 3 logy (M) + [logy C(N¢, N)|, “)

where |- | represents the floor operation and C'(-, -) denotes the
binomial coefficient. In (4), the first term on the right-hand side is
contributed by the constellation symbols where the scaling factor
% is due to the imposed Hermitian symmetry constraint for real-
valued time-domain signal generation [14], while the second
term is contributed by both the in-phase and quadrature spatial
index symbols. For the purpose of comparison, the achievable
spectral efficiency of OFDM-based GOSM systems with exactly
the same setup is given as follows [14]:

1 1
Rcosm ~ 3 logy (M) + 3 |logy C(Ng, N)J. &)

It can be found that, by replacing conventional SM with QSM,
the spectral efficiency contributed by the constellation symbols
remains the same while the spectral efficiency contributed by
the spatial index symbols is doubled.

B. Two Detection Schemes for OFDM-Based GOQSM

As shown in Fig. 1, GOQSM detection is performed to gen-
erate the final output bits after parallel OFDM demodulation.
In the following, two GOQSM detection schemes are proposed
including ML-MRC detection and DNN-aided detection.

1) ML-MRC Detection: The schematic diagram of the ML-
MRC detection is illustrated in Fig. 2(a), where the estimate
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of the transmitted symbol vector € = [é1,¢a,...,¢én,]|T is
treated as the input. Firstly, the real and imaginary parts of ¢,
(t=1,2,...,N;) are separated via RIS. Then, ML detection
is performed with respect to both the real and imaginary parts,
S0 as to obtain the corresponding estimates of the real compo-
nents [?JRe]m, the imaginary components [l;lm]m, and the spatial
index vectors Zge and Zy,. The detailed procedures to perform
ML detection can be found in [14], which is omitted here for
brevity. After that, the estimates of bge and by, i.e, I;Re and
Z)Im, can be obtained via MRC, and the estimate of the constel-
lation symbol vector b can be further obtained by combining
ERS and Blm via real-and-imaginary combination (RIC). Subse-
quently, in-phase and quadrature spatial demapping and con-
stellation demapping are executed to recover the transmitted bit
stream.

As discussed above, the ML-MRC detection is a two-step
detection scheme, and the errors occur during the first-step ML
detection, if any, will directly propagate to the second-step MRC,
resulting in error propagation. In the proposed OFDM-based
GOQSM system, error propagation reduces the diversity gain
that can be achieved by MRC and hence degrades the overall bit
error rate (BER) performance of the system. Moreover, since the
input ¢ is generated after ZF equalization and parallel OFDM
demodulation, the system also suffers from the adverse effect of
noise amplification [16].

2) DNN-Aided Detection: To address the error propagation
and noise amplification effects in the proposed OFDM-based
GOQSM system using the ML-MRC detection, we propose a
DNN-aided detection scheme for performance improvement of
the OFDM-based GOQSM system in the following. Fig. 2(b)
illustrates the schematic diagram of the proposed DNN-aided
detection scheme, which mainly consists of a pre-processing
module, a feed-forward DNN module and a decision module.
The pre-processing module is used to separate the real and
imaginary parts of ¢, via RIS and hence generate the input vector
of the DNN module. For the OFDM-based GOQSM system with
N LEDs, the size of the input vector of the DNN module is
given by K = 2N;. The feed-forward DNN module contains
one input layer, three hidden layers and one output layer. The
input layer is composed of K neurons, which is corresponding
to the size of the input vector. The numbers of the neurons of the
three hidden layers are denoted by S7, S and S, respectively.
The three fully connected hidden layers are used to learn the
statistical characteristics from the signals, where the rectified
linear unit (ReLU) function, i.e., frer,u(a) = max(0, c), is used
as the activation function. The output layer is a fully connected
layer with R neurons, which utilizes the Sigmoid function, i.e.,
fsigmoia() = 1/(1 4 exp™®), as the activation function to map
the output into the interval (0,1). Specifically, the value of R is
determined by the number of bits that can be transmitted by the
input vector. Thus, we have R = 2Rgogsm for OFDM-based
GOQSM system. As a result, the input and output relationship
of the feed-forward DNN module with totally five layers can be
expressed by

vi=0(Wis1yis1 +bi1), 1 =2,...,5, (6)
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TABLE I
SIMULATION PARAMETERS

Parameter Value

Room dimension SmX5mXx3m

LED spacing 25 m
PD spacing 10 cm
Semi-angle at half power of LED 60°
Gain of optical filter 0.9
Refractive index of optical lens 1.5
Half-angle FOV of optical lens 72°
Responsivity of the PD 1 A/W
Height of receiving plane 0.85 m
Active area of PD 1 cm?
Noise PSD 1022A%/Hz
Modulation bandwidth 20 MHz
Number of LEDs 4
Number of activated LEDs 2
Number of PDs 4

Receiver location (2 m, 2 m, 0.85 m)

where o;(+) is the activation function, and W, and b, denote the
weight matrix and the bias vector, respectively.

Moreover, the decision module is utilized to generate the
final binary bits. Letting y5 = [y1,%2,...,yr]” be the in-
put of the decision module, the estimated bit information g,

(g=1,2,..., R) can be expressed as follows:
. 0, < 0.5,
=9, )
1, yq>0.5.

Finally, the mean-squared error (MSE) loss function is applied
to measure the difference between the transmitted bit vector g
and the estimated bit vector g, which is given by

1, .
EMSE = E” g-gl’ (8)

IV. SIMULATION RESULTS

In our simulations, we consider a 4 x 4 MIMO-OWC system
in a typical room with a dimension of 5 m x 5 m x 3 m. The
four LEDs are mounted at the center of the ceiling and the
height of the receiving plane is 0.85 m. Moreover, we compare
the performance of OFDM-based GOQSM with OFDM-based
GOSM using ML-MRC detection and DNN-aided detection.
For both GOSM and GOQSM, two out of totally four LEDs are
selected to transmit signals, i.e., N; = 4 and N = 2. To achieve
a target spectral efficiency under the above simulation setup,
the required QAM constellations for GOQSM and GOSM can
be obtained from (4) and (5), respectively. The other simulation
parameters can be found in Table I. Furthermore, the proposed
DNN-aided detection is implemented on the PyTorch platform.
In order to accelerate the training of the neural network, the
mini-batch method is adopted and each mini-batch contains 100
symbol vectors. The training set and the validation set include
1.524 x 10 and 6.35 x 10° randomly generated symbol
vectors, respectively. The key parameters of the DNN-aided
detector are summarized in Table II. Note that the number of
hidden layers and the number of neurons in each hidden layer
adopted in the DNN are obtained after multiple trials, which
can ensure that the DNN achieves satisfactory performance
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TABLE II
PARAMETERS OF THE DNN-AIDED DETECTOR

Value

Number of input nodes K=8
Number of hidden layers 3

Parameter

Hidden layer activation ReLU
Output layer activation Sigmoid
Loss function MSE
Optimizer Adam
Learning rate 0.001
Number of training set 1524000
Number of validation set 635000

Number of neurons@3 bits/s/Hz
Number of neurons @4 bits/s/Hz
Number of neurons@5 bits/s/Hz

51=30, S2=36, S3=16, R=6
51=30, S2=36, S3=17, R=8
S51=30, S2=36, S3=18, R=10

-0 GOSM, 3 bits/s/Hz, 129dB |-
- GOSM, 4 bits/s/Hz, 136dB
-0 GOSM, 5 bits/s/Hz, 146dB
0.4 ——GOQSM, 3 bits/s/Hz, 127dB
—=—GOQSM, 4 bits/s/Hz, 132dB
——GOQSM, 5 bits/s/Hz, 140dB| |

05F

g 03H
=

02F
0.1F

0 g

0 =] 10 15 20 25 30

Epoch
Fig. 3. MSE loss vs. epoch for the DNN-aided detector.

with relatively low computational complexity. Moreover, since
the received signal-to-noise ratios (SNRs) corresponding to
different LED/PD pairs might be different, it is reasonable to
evaluate the BER performance with respect to the transmitted
SNR [3]. The transmitted SNR is defined as the ratio between
the transmitted electrical power and the additive noise power,
which neglects the impact of channel path loss due to free-space
propagation [14]. In typical indoor MIMO-OWC systems, the
channel gain is usually on the order of 1075 to 10~°, which is
corresponding to an electrical path loss of 100 to 120 dB at the
receiver side. Hence, the received SNR at each receiver is about
100 to 120 dB lower than the transmitted SNR [16].

A. MSE Loss

We first analyze the MSE loss of the proposed DNN-aided
detector and the MSE performance for GOSM and GOQSM is
depicted in Fig. 3. As we can observe, the MSE decreases rapidly
with the increased number of epochs for both GOSM and GO-
QSM with different spectral efficiencies and different training
SNRs. Here, training SNR denotes the transmitted SNR adopted
to train the DNN. Moreover, for a higher spectral efficiency, a
larger training SNR is adopted for both GOSM and GOQSM.
It can be clearly seen that the proposed DNN-aided detector
achieves satisfactory performance within 10-epoch training for
both GOSM and GOQSM with different spectral efficiencies
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Fig. 4. BER vs. transmitted SNR for OFDM-based GOSM and GOQSM with
a spectral efficiency of (a) 3 bits/s/Hz, (b) 4 bits/s/Hz, and (c) 5 bits/s/Hz.

and different training SNRs. Hence, the proposed DNN-aided
detector can be implemented very quickly in practical systems.

B. BER Performance

In the next, we evaluate and compare the BER performance
of OFDM-based GOSM and GOQSM systems with different
spectral efficiencies. Fig. 4(a)—(c) show the BER versus trans-
mitted SNR with spectral efficiencies of 3, 4 and 5 bits/s/Hz,
respectively. For a spectral efficiency of 3 bits/s/Hz, as shown
in Fig. 4(a), GOSM performs better than GOQSM in the small
SNR region when using the ML-MRC detection and GOQSM
outperforms GOSM when the SNR is larger than 160 dB. More
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TABLE III
COMPARISON OF COMPUTATION TIME

Spectral efficiency 3 bits/s/Hz 4 bits/s/Hz 5 bits/s/Hz
GOSM, ML-MRC 12.23 s 12.36 s 12.67 s

GOSM, DNN 13.07 s 13.18 s 13.32' s
GOQSM, ML-MRC 21.70 s 21.90 s 22.01 s

GOQSM, DNN 21.81 s 21.95 s 2212 s

specifically, the required SNRs for GOSM and GOQSM to
achieve BER = 1072 are 163.7 and 162.2 dB, respectively,
indicating an SNR gain of 1.5 dB by applying GOQSM in
comparison to GOSM. Moreover, when applying the proposed
DNN-aided detection, there exists an optimal training SNR for
both GOSM and GOQSM. This is because it is easier for the
DNN to learn the statistics of the noise with a small training
SNR and meanwhile the statistics of the data symbols can be
more accurately learned by the DNN with a large training SNR.
Therefore, the optimal training SNR can be seen as the trade-off
for the DNN to learning the statistics of both the noise and the
data symbols. It can be observed from Fig. 4(a) that the optimal
training SNRs for GOSM and GOQSM are 129 and 127 dB,
respectively. With the optimal training SNR, GOQSM using the
DNN-aided detection requires an SNR of 133.6 dB toreach BER
=1073. Compared with GOQSM using the ML-MRC detection,
a substantial SNR reduction of 28.6 dB is obtained, which is
mainly due to the ability of the DNN-aided detector to eliminate
noise amplification. Furthermore, GOQSM outperforms GOSM
across the whole SNR region and it is mainly due to the elim-
ination of error propagation by the DNN-aided detector. When
applying the DNN-aided detection with an optimal training
SNR, the SNR gain achieved by GOQSM in comparison to
GOSM at BER = 1073 is 1.1 dB. For higher spectral efficiencies
of 4 and 5 bits/s/Hz, as shown in Fig. 4(b) and (c), GOQSM
performs worse than GOSM to achieve BER = 10~ when using
the ML-MRC detection. However, GOQSM performs much
better than GOSM to reach BER = 10~2 when applying the
DNN-aided detection. Specifically, the SNR gains are increased
from 1.1 dB to 2.3 and 4.1 dB, when the spectral efficiency is
increased from 3 bits/s/Hz to 4 and 5 bits/s/Hz, respectively.
The presented results show that GOQSM achieves a much more
significant SNR gain than GOSM for a higher spectral efficiency
when employing the DNN-aided detection.

C. Computational Complexity

Finally, we evaluate the computational complexity of the
ML-MRC detector and the DNN-aided detector in terms of
computation time for both OFDM-based GOSM and GOQSM
systems. For the DNN-aided detector, once the detector has been
trained, it can be employed for signal detection for a long time
without further retraining, unless the system parameters have
been changed. Therefore, only the computation complexity of
the online detection phase is considered for the DNN-aided
detector, while the complexity of the offline training process is
not taken into account [17]. Table III compares the computation
time of the ML-MRC detector and the DNN-aided detector for
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OFDM-based GOSM and GOQSM with spectral efficiencies of
3, 4 and 5 bits/s/Hz. As we can see, the computation time for
GOSM with the ML-MRC detector is 12.23 s at the spectral
efficiency of 3 bits/s/Hz, and the computation time is only
slightly increased when the spectral efficiency is increased to 4
and 5 bits/s/Hz. Moreover, the computation time for GOSM with
the DNN-aided detector is comparable as that with the ML-MRC
detector. Similarly, a comparable computation time is required
for GOQSM with the ML-MRC detector and the DNN-aided
detector at the same spectral efficiency. It can also be found
that GOQSM requires a relatively longer computation time than
GOSM with the same detector at the same spectral efficiency,
suggesting that GOQSM has a relatively higher implementation
complexity than GOSM.

V. CONCLUSION

In this paper, we have proposed an OFDM-based GOQSM
scheme for bandlimited OWC systems. By applying GOQSM
instead of GOSM, the achievable spectral efficiency of the
system can be efficiently improved. In order to address the
adverse effects of error propagation and noise amplification in
the OFDM-based GOQSM system using the two-step ML-MRC
detection, we have further proposed a DNN-aided detection
scheme. Our simulation results show that the DNN-aided de-
tection substantially outperforms the ML-MRC detection for
both GOSM and GOQSM. Furthermore, a significant 4.1-dB
SNR gain can be obtained by GOQSM in comparison to GOSM
by using the DNN-aided detection. Therefore, OFDM-based
GOQSM with deep learning-aided detection can be a promising
candidate for high-speed MIMO-OWC systems.

REFERENCES

[1] T. Cogalan and H. Haas, “Why would 5G need optical wireless commu-
nications?,” in Proc. IEEE Ann. Int. Symp. Pers., Indoor Mobile Radio
Commun., 2017, pp. 1-6.

(2]

[3]

[4]

[5

—

[6

=

[7

—

[8

=

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

S. Rajagopal, R. D. Roberts, and S.-K. Lim, “IEEE 802.15. 7 visible
light communication: Modulation schemes and dimming support,” IEEE
Commun. Mag., vol. 50, no. 3, pp. 72-82, Mar. 2012.

T. Fath and H. Haas, “Performance comparison of MIMO techniques for
optical wireless communications in indoor environments,” IEEE Trans.
Commun., vol. 61, no. 2, pp. 733-742, Feb. 2013.

R. Mesleh, H. Elgala, and H. Haas, “On the performance of different
OFDM based optical wireless communication systems,” J. Opt. Commun.
Netw., vol. 3, no. 8, pp. 620-628, Aug. 2011.

R. Mesleh, H. Elgala, and H. Haas, “Optical spatial modulation,” J. Opt.
Commun. Netw., vol. 3, no. 3, pp. 234244, Mar. 2011.

M. D. Soltani et al., “Bidirectional optical spatial modulation for mobile
users: Toward a practical design for LiFi systems,” IEEE J. Sel. Areas
Commun., vol. 37, no. 9, pp. 2069-2086, Sep. 2019.

F. Wang, F. Yang, and J. Song, “Constellation optimization under the
ergodic VLC channel based on generalized spatial modulation,” Opt. Exp.,
vol. 28, no. 14, pp. 21202-21209, Jul. 2020.

Y. Celik and S. A. Colak, “Quadrature spatial modulation sub-carrier
intensity modulation (QSM-SIM) for VLC,” Phys. Commun., vol. 38,
Feb. 2020, Art. no. 100937.

J. Li, S. Dang, Y. Yan, Y. Peng, S. Al-Rubaye, and A. Tsourdos, “Gen-
eralized quadrature spatial modulation and its application to vehicular
networks with NOMA,” IEEE Trans. Intell. Transp. Syst., vol. 22, no. 7,
pp. 4030-4039, Jul. 2021.

L. Xiao, P. Xiao, Y. Xiao, H. Haas, A. Mohamed, and L. Hanzo, “Compres-
sive sensing assisted generalized quadrature spatial modulation for massive
MIMO systems,” IEEE Trans. Commun., vol. 67, no. 7, pp. 4795-4810,
Apr. 2019.

Y. Celik and S. Aldirmaz-Colak, “Generalized quadrature spatial mod-
ulation techniques for VLC,” Opt. Commun., vol. 471, Sep. 2020,
Art. no. 125905.

A. Yesilkaya, R. Bian, I. Tavakkolnia, and H. Haas, “OFDM-based optical
spatial modulation,” IEEE J. Sel. Topics Signal Process., vol. 13, no. 6,
pp. 1433-1444, Oct. 2019.

C. Chen et al., “Enhanced OFDM-based optical spatial modulation,” in
Proc. IEEE Int. Conf. Commun., 2021, pp. 1-6.

C. Chen et al., “OFDM-based generalized optical MIMO,” J. Lightw.
Technol., vol. 39, no. 19, pp. 6063-6075, Oct. 2021.

T. Komine and M. Nakagawa, “Fundamental analysis for visible-light
communication system using LED lights,” IEEE Trans. Consum. Electron.,
vol. 50, no. 1, pp. 100-107, Feb. 2004.

C. Chen et al., “User-centric MIMO techniques for indoor visible light
communication systems,” IEEE Syst. J., vol. 14, no. 3, pp. 3202-3213,
Sep. 2020.

T. Wang, F. Yang, and J. Song, “Deep learning-based detection scheme for
visible light communication with generalized spatial modulation,” Opt.
Exp., vol. 28, no. 14, pp. 21 202-21 209, Sep. 2020.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


