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ABSTRACT In this paper, we investigate link adaptation for an orthogonal frequency division multiplex-
ing (OFDM)-based multiple-input multiple-output (MIMO) visible light communication (VLC) system. The
proposed adaptive OFDM VLC system supports both repetition coding (RC) and spatial multiplexing (SM)
as MIMO modes and allows spatial mode switching based on channel conditions. Regarding to the instanta-
neous signal-to-noise ratio for both RC and SMmodes, the maximum constellation size that can be supported
for each MIMO mode on each subcarrier is determined. The MIMO mode that gives the highest spectral
efficiency (SE) is then selected. The proposed jointMIMOmode selection and bit loading schememaximizes
the SE while satisfying a target bit error rate. Our numerical results reveal that a peak data rate up to
18.3 Gb/sec can be achieved in a 16× 16 MIMO setting using light emitting diodes with cut-off frequency
of 10 MHz in typical indoor environments.

INDEX TERMS Visible light communication, OFDM, adaptive transmission, bit loading, MIMO mode
switching.

I. INTRODUCTION
Visible light communication (VLC) is a short range wireless
communication technology that uses the existing illumina-
tion infrastructure for data transmission [1]. VLC relies on
intensity modulation and direct detection (IM/DD) where the
information is encoded in the intensity of light and then recov-
ered at the receiver with a photodetector (PD). In IM/DD,
the information waveform that modulates the light intensity
must be non-negative and real valued. In order to satisfy these
conditions, earlier works on VLC have considered simple
modulation techniques such as on-off keying (OOK) and
pulse position modulation (PPM) [2].

To boost data rates over frequency-selective VLC
channels, more recent works have adopted multicarrier
transmission [3]–[7], particularly orthogonal frequency-
division multiplexing (OFDM). The upcoming VLC stan-
dard IEEE 802.15.7m1 that targets a peak data rate of

1The IEEE Task Group ‘‘Short Range Optical Wireless Communication’’
was originally named as 802.15.7r1. As of September 2016, it was renamed
as 802.15.7m.

10 Gbit/sec [8] is also expected to adopt OFDM [9], [10].
In order to achieve such ambitious data rates, other techniques
such as adaptive transmission and multiple input multiple
output (MIMO) techniques should be further considered in
conjunction with OFDM [11].

For indoor VLC systems, MIMO communica-
tions [12]–[17] can easily be realized through the deploy-
ment of multiple light sources which are readily available
in most indoor spaces. In [12], a comparative perfor-
mance evaluation of MIMO techniques, namely repetition
coding (RC), spatial multiplexing (SM) and spatial modula-
tion (SMOD) are presented for single-carrier VLC systems
under the assumption of frequency-flat channels. In [13],
the performance of SM is investigated using sub-optimal
receiver techniques such as zero-forcing (ZF) and mini-
mum mean square error (MMSE) and the effect of chan-
nel correlation is discussed. In [14], SM is considered and
joint optimization of pre-coder and equalizer are studied for
MIMO VLC systems. In [15], a power-efficient constellation
design technique for MIMO VLC systems is proposed and
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FIGURE 1. Block diagram of the proposed adaptive MIMO OFDM VLC system.

compared with RC, SM and SMOD. In [16], the combination
of MIMO and OFDM is considered and performance com-
parison among RC, SM and SMOD techniques is presented
for multi-carrier VLC systems. In [17], pre-coder design for
a multi-user MIMO OFDM system is investigated.

Adaptive transmission, also known as link adaptation,
refers to the selection of transmission parameters such as
modulation size, transmit power etc. according to the channel
conditions. Adaptive transmission has been extensively stud-
ied in the context of radio frequency (RF) communications
and recently applied to VLC systems. Particularly, OFDM-
based adaptive VLC systems have been explored in [18]–[20]
where bit and power loading are considered. Link adaptation
for coded OFDM VLC systems is further studied in [21]
where code rate andmodulation order are selected as adaptive
transmission parameters.

Link adaptation for MIMOVLC systems has also attracted
some attention [22], [23]. In [22], a MIMO system utilizing
SM technique is considered and optimal power control and
modulation selection scheme are studied. In [23], a transmit-
ter/receiver selection algorithm is proposed for MIMO VLC
systems with SMOD. It should be noted that the works in [22]
and [23] are mainly limited to single-carrier architectures.
To the best of our knowledge, the only existing work on
adaptive MIMO OFDM VLC systems is [24] where SM is
considered and the performance improvements through bit
and power loading are presented.

In this work, we revisit the design of adaptive MIMO
OFDM VLC system. Unlike [24] where the system archi-
tecture is built on a specific MIMO technique, we fur-
ther consider spatial dimension as an adaptation parameter.
The proposed adaptive OFDM VLC system supports both
RC and SM modes and allows MIMO mode switching
based on channel conditions. Specifically, we propose a joint
MIMO mode selection and bit loading scheme to maximize
the spectral efficiency (SE) while satisfying a given bit-error-
rate (BER) target. Our results reveal that a peak data rate up
to 18.3 Gbits/sec can be achieved in a 16× 16 MIMO setting
under realistic indoor channel conditions.

The remainder of this work is organized as follows.
In Section II, we present MIMO OFDM VLC system model.
In Section III, we present numerical results and finally con-
clude in Section IV.
Notation: (.)∗, [.]T, [.]H and ||.||2 denote complex con-

jugate, transpose, Hermitian and Euclidean distance opera-
tions. F{.} represents the continuous Fourier transform and
Q(.) is the tail probability of standard normal distribution.
dxe rounds x to the nearest integer greater than or equal x.
Vectors are denoted by bold face regular letters, e.g., X.
X [k] denotes the k th element of X.

II. SYSTEM MODEL
We consider a MIMO system with L light emitting diode
(LED) luminaries and P PDs (see Fig. 1). The proposed
adaptiveMIMO system supports two differentMIMOmodes.
In RC mode, all the LEDs emit the same information to
extract diversity gain through repetition. In SM mode, each
LED emits different information to extract multiplexing gain.
Based on the channel conditions, our adaptive scheme selects
the MIMO mode and modulation order per subcarrier.

A. MIMO OFDM TRANSMISSION
The system architecture is built upon direct current biased
optical OFDM (DCO-OFDM). In DCO-OFDM, binary
information is first mapped to complex symbols using
either M−ary phase-shift keying (PSK) or quadrature
amplitude modulation (QAM) with the average symbol
energy E . Assume that N is the number of subcarriers.
Let sl,1 sl,2 . . . sl,N/2−1 denote the complex-valued
modulated symbol sequence to be transmitted from the
l th LED. To ensure that the output of inverse discrete Fourier
transform (IDFT) is real valued, Hermitian symmetry is
imposed resulting in the transmitted sequence of Xl =[
0 s1 s2 . . . sN/2−1 0 s∗N/2−1 . . . s

∗

2 s
∗

1

]T
. The IDFT output

is xl whose nth element is written as

xl[n] =
1
√
N

N−1∑
k=0

Xl[k]ej
2πnk
N , n ∈ {0, 1, . . . ,N − 1} . (1)
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The imposed Hermitian symmetry ensures that xl[n] is real
valued. A cyclic prefix with the length of NCP is appended to
xl in order to compensate the intersymbol interference (ISI).
Finally, a DC bias, BDC , is applied to shift the amplitude
values to the dynamic range of the LEDs. The resulting
signals then propagate through the optical channel to the PDs.

The received signal by each PD is first sampled at a rate
of TS and then discrete Fourier transform (DFT) is performed
to obtain the frequency domain signal. The output of DFT at
the pth PD on the k th subcarrier can be written as

Yp[k] =

√
E
L
R

L∑
l=1

Xl[k]Hp,l[k]+ Vp[k], (2)

where R is PD responsivity (A/W) and Vp[k] is additive white
Gaussian noise (AWGN) term with zero mean and N0B vari-
ance. Here, N0 denotes noise power spectral density (PSD)
and B = 1/2TS is system bandwidth at Nyquist rate. In (2),
total electrical information energy is shared among L LEDs
in order to maintain the same average electrical transmitted
signal energy for different configurations. In (2), Hp,l[k]
is the DFT response of the band-limited electrical channel
impulse response (CIR) between the l th LED and the pth PD,
i.e.,Hp,l(f ) = GT (f )HE2E

p,l (f )GR(f ) whereGT (f ) = F{gT (t)}
and GR(f ) = F{gR(t)} respectively denote transmit and
receive filter frequency responses and HE2E

p,l (f ) is the end-to-
end channel frequency response between the l th LED and the
pth including optical CIR and low-pass filter characteristics
of receiver front-end.

B. MIMO MODES
As earlier mentioned, the proposed scheme allows selec-
tion between two different MIMO modes. In RC mode,
the same information is transmitted from each LED. There-
fore, the transmitted sequences are identical, i.e., X1[k] =
X2[k] = . . . = XL[k] = X [k]. If perfect channel state
information is available at the receiver, the Maximum Likeli-
hood (ML) decision rule is given by

X̂ [k] = argmin
X [k]∈�k

 P∑
p=1

∥∥∥∥∥Yp[k]− X [k]R
L∑
l=1

Hp,l[k]

∥∥∥∥∥
2, (3)

where �k is the set of constellation points on k th subcarrier.
In SM mode,2 we use ZF receiver.3 The ZF receiver mul-

tiplies the received signal with the pseudo-inverse of H[k]
which can be written as W[k] =

(
HH[k]H[k]

)−1HH[k]
and then the equalized signal becomes Ỹ[k] = W[k]Y[k].
Finally, the decision is made based on

X̂l[k] = argmin
Xl [k]∈�l,k

[
Ỹl[k]− Xl[k]R

]
, l ∈ {1, 2 . . . L}, (4)

2It should be noted that for SM mode, P should be equal to or greater
than L.

3Although ML decoder is optimal, it requires an exhaustive search among
ML options which might be computationally prohibitive.

FIGURE 2. Flowchart of the proposed algorithm.

where�l,k is the set of constellation points on l th subchannel
(independent parallel paths between LEDs and PDs after ZF
equalization) and k th subcarrier.

C. LINK ADAPTATION ALGORITHM
For the MIMO OFDM VLC system under consideration,
the receiver first calculates the instantaneous signal-to-noise
ratio (SNR) per subcarrier for both RC and SM modes. The
receiver then determines the maximum constellation size on
each subcarrier that can be supported for each MIMO mode
while satisfying a predefined target BER. The receiver selects
the MIMO mode that provides the highest SE. The flowchart
of the proposed technique is presented in Fig. 2 and the bit
loading step is further detailed in Algorithm 1.

For RC mode, SNR available at the output of ML receiver
and for SM mode, SNR at the output of ZF are used. Specifi-
cally, for RC mode, the SNR for the k th subcarrier is given by

SNRRC[k] =
ER2

LN0B

P∑
p=1

∣∣∣∣∣
L∑
l=1

Hp,l[k]

∣∣∣∣∣
2

. (6)

For SM mode, the SNR at the output of the equalizer on the
k th subcarrier and the l th subchannel is obtained as

SNRSMl [k] =
ER2

LN0B
∑P

p=1

∣∣Wl,p[k]
∣∣2 . (7)
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Subcarrier-based BER for different constellations can be
calculated as in (5) given at the bottom of the page [25].
Required SNR levels to achieve a predefined BER target can
be obtained by taking the inverse of (5). For instance, for
2−PSK and square M -QAM, we can directly calculate it by

SNR[k] =


0.5Q−2 (BER[k]) , 2− PSK

M−1
3 Q−2

(
√
M log2

√
MBER[k]

2
(√

M−1
)

)
, M − QAM .

(8)

For rectangularM = U×J QAM, the inverse is not available
in closed-form, but can be easily calculated through numeri-
cal means.

Algorithm 1 Pseudo-Code of Bit Loading Mechanism

1 Set each element of DRC and DSM to one;
2 for each k in {1, 2, . . .N/2− 1} do
3 for each modulation order in given set do
4 if SNRRC[k] ≥ required SNR to satisfy given

BER target then
5 Set DRC[k] with this modulation order;
6 for each l in {1, 2, . . .L} do
7 if SNRSMl [k] ≥ required SNR to satisfy

given BER target then
8 Set DSMl [k] with this modulation order;

As an example, assume that a BER of 10−5 is targeted.
Based on (8), the required receive SNR levels for different
modulation sizes are obtained and provided in a look-up table
(LUT) (see Table 1). We consider the modulation sizes up
to 4096−QAM that is being considered for DCO-OFDM in
ongoing standardization work of VLC [26].

From this LUT, the subcarrier-based maximum constella-
tion sizes that can be supported for RC and SM modes are
determined. Let DRC[k] denote the maximum constellation
size on the k th subcarrier for RC mode. Similarly, for SM
mode, let DSMl [k] denote the maximum constellation size
that can be supported on the k th subcarrier and l th subchan-
nel. The corresponding SEs for RC and SM modes are then
respectively calculated as

SERC =
1

N + NCP

N/2−1∑
k=1

log2 DRC[k] bits/sec/Hz, (9)

TABLE 1. LUT for target BER of 10−5.

TABLE 2. Feedback data frame structure.

SESM =
1

N + NCP

L∑
l=1

N/2−1∑
k=1

log2 DSMl [k] bits/sec/Hz.

(10)

Based on (9) and (10), the receiver selects either RC or SM
as theMIMOmode to give the highest SE. The corresponding
data rate is equal to SE/TS [bits/sec]. Selected MIMO mode
and related bit loading information (i.e., constellation size for
each subcarrier) is sent to the transmitter through a feedback
link. It should be noted that SNR level may not be sufficient
for the target BER with neither RC nor SM modes. In this
case, power increment signal is transmitted through feedback
link to ensure that the transmission starts and then the process
ofMIMOmode andmodulation order selection per subcarrier
is repeated.

D. FEEDBACK LINK
The proposed adaptive MIMO OFDM relies on a feedback
link that conveys selected MIMO mode and related bit load-
ing information (i.e., constellation size for each subcarrier)
to the transmitter. In the literature, uplink for VLC systems
is usually supported by the use of RF, infrared or wavelength
division technologies (e.g., [27]–[29]). The required packet
structure for the feedback information is shown in Table 2.
The first two bits represent the transmission mode, i.e., ‘‘00’’
denotes RC and ‘‘01’’ denotes SM. ‘‘10’’, on the other hand,

BER[k] ≈



Q
(√

2SNR[k]
)
, 2 - PSK

2
(√

M − 1
)

√
M log2

√
M
Q

(√
3SNR[k]
M − 1

)
, square M − QAM

2
log2 (U×J)

[
U − 1
U

Q

(√
6SNR[k]

U2 + J2 − 2

)
+
J − 1
J

Q

(√
6SNR[k]

U2 + J2 − 2

)]
, rectangular M = U×J − QAM

(5)
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FIGURE 3. (a) Top view of the office space, (b) arrangement of luminaries.

indicates power increment signal. The following bits rep-
resent the deployed modulation order on each subcarrier.
B is equal to dlog2(OM )e and OM is the total number of
available modulation orders. In the case ofOM = 12 different
modulation orders as in Table 1 (i.e., 2−PSK, 4−QAM,
. . .4096−QAM), B becomes 4 bits. If the total number of
subcarriers N = 1024, the feedback information becomes
2046 bits.

III. RESULTS AND DISCUSSIONS
In this section, we present the performance of our proposed
adaptive MIMO OFDM VLC system.

A. INDOOR CHANNEL MODEL AND SIMULATION SETUP
We consider an office space with dimensions of 5 m ×
5 m × 3 m (see Fig. 3a) and 16 LED ceiling light sources
(see Fig. 3b). For typical indoor scenarios, the Illuminating

Engineering Society of North America (IES) Standard [30]
suggests surface illumination levels between 100 lux and
1000 lux. The illumination level depends on the properties
of luminary (i.e., lighting output) as well as the arrangement
of luminaries (i.e., number of luminaries, intra-distance, etc).
In our case, we consider 17 W for each LED. This achieves
illumination levels in the range of 365 − 612 lux com-
plying with the IES standard. Note that for DCO-OFDM
systems, the brightness is controlled with the bias voltage
BDC that neither conveys information nor affects the SNR at
the receiver [31], [32].

The destination terminal is in the form of a laptop computer
placed on the desk. It is connected to four USB hubs each
of which is equipped with 4 PDs (see Fig. 4). We further
consider different PD separations within a hub. Specifically,
the separation between adjacent PDs, each with a surface area
of 0.07 cm2 (e.g., [33]), is taken as 1 cm, 3 cm and 5 cm. The
distance between adjacent USB hubs is set at 12.5 cm. The
other specifications are summarized in Table 3.

FIGURE 4. Top view of the desk with laptop computer and PDs labeled
from 1 to 16.

Let hoptp,l (t), l ∈ {1, 2 . . . L}, p ∈ {1, 2 . . .P} denote optical
CIR for the link from the l th LED to the pth PD. Optical CIRs
for each link are obtained using ray tracing simulations sim-
ilar to those in [34]. As an example, we present the CIRs for
the first PD, i.e., hopt1,l (t), l ∈ {1, 2, . . . 16} in Fig. 5. In addition
to the multipath propagation environment, the low-pass filter
nature of the LEDs should be further taken into account. The
frequency response of LED is commonly modelled as [35]

HLED(f ) =
1

1+ j f
fcut-off

, (11)

where fcut-off is the LED 3−dB cut-off frequency. In order
to extend typical modulation bandwidth (e.g., 2 − 3 MHz)
of commercial white LR24-38SKA35 LED, blue filtering
is applied at the receiver with a drawback of reducing the
received optical power by %50 [36]. The end−to−end chan-
nel frequency response taking into account the LED charac-
teristics can be then expressed asHE2E

p,l (f ) = HLED(f )H
opt
p,l (f )

where Hopt
p,l (f ) = F{hoptp,l (t)}.

In our simulation study, we consider 4 × 4, 4 × 16 and
16 × 16 MIMO scenarios (see Table 4). System parameters

26010 VOLUME 5, 2017
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TABLE 3. Office room model specifications.

FIGURE 5. Optical CIRs for the first PD.

TABLE 4. Different MIMO scenarios under consideration.

are summarized in Table 5. In Scenario I, we have a 16× 16
MIMO system where all LEDs in the room and all PDs
attached to the destination terminal are used for data trans-
mission. In Scenario II, we consider a 4 × 4 MIMO system
where the LEDs indexed by 1, 4, 13 and 16 and PDs indexed
by 1, 5, 11, 16 (one from each hub) are used for data trans-
mission. In 4 × 4 MIMO system considered in Scenario III,
LEDs indexed by 6, 7, 10, 11 and PDs indexed by 1, 2, 3, 4
are assumed to be active. It can be noted that the intra-
distances between LEDs/PDs are smaller in Scenario III in
comparison to Scenario II. Furthermore, we consider a 4×16

TABLE 5. Simulation parameters.

MIMO system to investigate the impact of receive diversity in
Scenario IV. It should be emphasized that in all four scenarios
under consideration, all LEDs are always on and used for
illumination. The above scenarios describe LEDs and PDs
which are only used for data transmission/reception.

B. NUMERICAL RESULTS
In Fig. 6, SE and the corresponding data rate of the
proposed algorithm (indicated by ·) are presented for
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FIGURE 6. SE and data rate of the adaptive algorithm for Scenario I.

Scenario I. The results are given with respect to ERX/N0B

where ERX = ER2
L

∑P
p=1

∣∣∣∑L
l=1 Hp,l[k]

∣∣∣2. As benchmarks,
we consider stand-alone RC and SM systems with and with-
out bit loading. When bit loading is not implemented, all
subcarriers are modulated with the same modulation order.
The highest possible modulation order is chosen based on the
average BER among subcarriers and target BER. It can be
observed that in low SNR region, RC outperforms SM as a
result of diversity gains. Specifically, for ERX

N0B
< 69.37 dB,

it is observed that RC has better performance. At 69.37 dB,
this trend reverses. After this point, SM significantly out-
performs its counterpart taking advantage of the multiplex-
ing gains. It should be also noted that the performance of
RC saturates at 59.55 dB where all the subcarriers employ
4096−QAM. The maximum achievable SE with RC mode
is 5.72 bits/sec/Hz and this corresponds to a data rate of
1.14 Gbits/sec. At 135.5 dB, SM saturates (in the case where
adjacent PDs are separated by 5 cm) and maximum SE of
91.52 bits/sec/Hz (equivalent data rate of 18.3 Gbit/sec) is
achieved. As observed from performance plots, the proposed
algorithm benefits from both RC and SM through mode
switching based on channel conditions and has a superior
performance over stand-alone cases.

In the same figure, we also investigate the effect of PD
separation. When the adjacent PDs are separated by 1 cm,
SE of 76.35 bits/sec/Hz is achieved using SM with bit load-
ing at the ERX/N0B of 112.4 dB. This value increases to
81.08 bits/sec/Hz and 83.64 bits/sec/Hz when the PD sep-
aration is 3 cm and 5 cm, respectively. The impact of PD
separation is more apparent for SM without bit loading.
Numerically, 15.25, 22.88 and 38.13 bits/sec/Hz are obtained
for 1 cm, 3 cm and 5 cm separation, respectively, at the
same ERX/N0B value of 112.4 dB. The increment is due to
weaker channel correlation as a consequence of wider PD
separation. When diversity is considered, SEs of 3.86, 3.864
and 3.871 bits/sec/Hz are achieved for the PD separations
of 1 cm, 3 cm and 5 cm, respectively, at the ERX/N0B of
40.37 dB. The differences are negligible and this is due to the

FIGURE 7. SE and data rate of the adaptive algorithm for Scenario II.

fact that the path loss, instead of channel correlation, is the
main factor which determines the diversity performance.

In Fig. 7, we present the performance of 4 × 4 MIMO
system for Scenario II where one PD is selected from each
hub. Similar to the previous scenario, our adaptive algorithm
benefits from both MIMO modes in different SNR regions.
When ERX/N0B is less than 53.93 dB, adaptive algorithm
selects RC mode. At the 53.93 dB, SE of 5.33 bits/sec/Hz
is achieved. For ERX/N0B values larger than 53.93 dB,
SM outperforms RC in terms of SE and the proposed system
switches to SM mode. When ERX/N0B becomes 99.93 dB,
all subcarriers are modulated with 4096−QAM symbols and
a data rate of 4.58 Gbits/sec is achieved whereas RC achieves
1.14 Gbits/sec at this point. As compared to the 16 × 16
MIMO system (Scenario I), the ERX/N0B range where 4× 4
RC outperforms 4× 4 SM is much smaller than the 16× 16
MIMO system under consideration due to the fact that chan-
nel correlation is weaker as a result of the relatively larger
space between active LEDs at the transmit side and PDs
at the receive side. However, the data rate reduces from
18.3 Gbits/sec to 4.58 Gbits/sec since the multiplexing gain
is determined by min{L,P} = 4.

In Fig. 8, the performance results are provided for the 4×4
MIMO system of Scenario III. In this scenario, the PD separa-
tion is kept at 5 cm as in Scenario II, however, the correlations
of the channel gains are higher than those in Scenario II due
to the reduced distance between the LEDs and PDs. In this
case, SM requires higher ERX/N0B to satisfy the target BER
due to higher correlation between the channel gains. There-
fore, our adaptive algorithm switches to SM mode at higher
ERX/N0B value, 69.86 dB, with respect to Scenario II. On the
other hand, RC satisfies the BER target with lower transmit
power since higher channel gains as a result of better field-of-
views (FOVs) and shorter distances between LEDs and PDs.

In Fig. 9, we present the performance results for 4 × 16
MIMO system in Scenario IV. As compared to Scenario II,
RC and SM modes require less ERX/N0B in order to start
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FIGURE 8. SE and data rate of the adaptive algorithm for Scenario III.

FIGURE 9. SE and data rate of the adaptive algorithm for Scenario IV.

transmission. This is due to the increased number of receivers,
effectively providing diversity gains. This also leads earlier
switching from RC mode to SM mode in adaptive transmis-
sion. Furthermore, we evaluate the effect of PD separation for
this 4×16 MIMO system. It is observed that the effect of PD
spacing within a hub is negligible. On one hand, they have
an impact on multiplexing performance, however, the effect
decreases since 4×16MIMO system provides diversity gains.
It is also observed that stand-alone RC and SM systems

with bit loading outperforms the systems without bit-loading.
When bit loading is not implemented, all subcarriers are
modulated with the same modulation order. The highest pos-
sible modulation order is chosen based on the average BER
among subcarriers. As a result, achieved SEs are the same
for particular ERX/N0B range and increase gradually (step by
step) as the transmit power increases.

IV. CONCLUSION
In this paper, we have proposed an adaptive algorithm for
MIMO OFDM VLC systems. The proposed algorithm was
designed to maximize SE while satisfying a given BER

target. Based on the channel conditions, it performs bit load-
ing (i.e., selection of modulation size) and switches between
RC and SM modes to extract either diversity or multiplex-
ing gain. Our simulation results demonstrated data rates up
to 18.3 Gbit/sec for a 16 × 16 MIMO system. We further
investigated the effects of transmitter-receiver alignment and
receiver diversity on the system performance. It was observed
that weaker channel correlations lead performance improve-
ment in the SM mode and that diversity provides additional
performance gains on both types, especially in the RC mode.
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