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Abstract: An efficient precoding scheme combing adaptive modulation, space-time block code (STBC) and
orthogonal circulant matrix transform (OCT) is proposed to improve the performance of multiple input-multiple
output-orthogonal frequency division multiplexing (MIMO-OFDM) based visible light communication (VLC)
systems in this work. A 2x2 MIMO-OFDM VLC system is designed and established to evaluate the performance
of the proposed adaptive modulation STBC-OCT precoding scheme. The performances of bit error rate (BER),
peak-to-average power ratio (PAPR) are investigated experimentally for different modulation and coding
schemes. The performances of BER are studied in different direct current bias (DC) and driving peak-to-peak
voltages (Vpp) offsets. The experimental results show that the system using proposed adaptive modulated STBC-
OCT precoding obtains a relatively flat and higher signal-to-noise ratio (SNR) values, lower PAPR compared
with other precoding methods. The proposed scheme can obtain the best BER performance, and it is always lower
than the 7% pre-forward error correction (pre-FEC) threshold of 3.8x10*with the transmission distance is 0.5 m,
DC is set to 2.7 V and Vpp is 2.7-2.8 'V, it can effectively overcome the bandwidth limitation of MIMO-OFDM
VLC system and provide the best reliability.
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0 Introduction

Visible light communication (VLC) takes the
characteristics of rich spectrum resources, security and
green energy saving compared with traditional wireless
communication, and is a major development trend of
future mobile communication wireless network, which
can be promoted and applied in smart home, intelligent
transportation and wireless access scenarios. VLC is the
"last mile" wireless service delivery for its indoor
environment, the data rate is limited by the modulation
bandwidth of the LED!", which is the main problem,
signals modulated at high-frequencies are strongly
attenuated by VLCP!, as a result, orthogonal frequency
division multiplexing (OFDM) and multiple-input
multiple-output (MIMO) techniques have been proposed
to be combined to form a MIMO-OFDM system. OFDM
can overcome the inter-symbol interference (ISI) and
improve spectral efficiency great effectively by
decomposing the channel into multiple orthogonal sub-
channels'™, while MIMO can improve the channel
capacity and data rate by equipping multiple transmitters
and receivers simultaneously®”. Usually, signal-to-noise
ratio(SNR) of high-frequency channels is worse than that
of the low-frequency channels in VLC system, so an
adaptive OFDM modulation scheme is proposed to
improve the data rate™®. The channel matrix correlation of
MIMO VLC systems is usually very high, so space-time
block code (STBC) is proposed” . The high peak-to-
average power ratio (PAPR) has always been a problem in
OFDM signal, orthogonal circulant matrix transform
(OCT) is proposed to achieve a relatively flat and higher
SNR curve, the bit error rate (BER) performance of the
system is improved to suppress the channel multipath

fading, high-frequency fading !"'~'* and the PAPR 14,

LA
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The contribution of the paper is to build adaptive
modulation STBC-OCT precoding in MIMO-OFDM
VLC System. Different from the existed works, it can
reduce channel correlation, achieve relatively flat and
higher SNR values by using STBC-OCT precoding, make
full use of spectrum resources and improve data rate by
using adaptive modulation in the system. Finally, a 2x2
MIMO-OFDM VLC system by using the adaptive
modulation STBC-OCT precoding is setup, which anti-
fading performance, BER performance and PAPR
performance of the MIMO-OFDM VLC system without
precoding, with STBC precoding, with OCT precoding
and with proposed adaptive modulation STBC-OCT
precoding is investigated experimentally for different
modulation modes, DC bias (DC) and driving peak-to-
peak voltages (Vpp). The experimental results show that
the proposed scheme can obtain the best BER perfor-
mance compared with other methods, and is always lower
than the 7% pre-forward error correction (pre-FEC)
threshold of 3.8x107 with the transmission distance is
0.5m, DC is 2.7V and Vpp is 2.7-2.8 V, which can
effectively overcome the bandwidth limitation of MIMO-
OFDM VLC system and provide the best reliability.

1 Principle

1.1 Adaptive modulation STBC-OCT precoding

scheme based on MIMO-OFDM VLC

An efficient adaptive modulation STBC-OCT
precoding scheme is proposed due to the problems of high
both of channel matrix correlation and PAPR in MIMO-
OFDM VLC system, where STBC can robustness to the
channel correlation, OCT can reduce the correlation of
input sequence by using ZC matrix to suppress high

PAPR, and propagate the information on each subchannel
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to all subchannels to achieve frequency diversity and
obtain a relatively flat SNR to improve the BER
performance of the system '

In order to simplify the analysis and not lose
generality, taking two transmitters and two receivers as an
example. Figure 1 is the principle block diagram of
adaptive modulation STBC-OCT precoding scheme based
on MIMO-OFDM VLC system. The principle process is

as follows.

STBC encode
Hermitian
CP insertion

Feedback channel

1
Modulation mode| “=———————— _

controller Transmit modulation|
: information

Output]

Demapping
OCT decoding
STBC decode

Channel estimation

CP Removal

Synchronication

Fig.l Block diagram of adaptive modulation STBC-OCT precoding
scheme based on MIMO-OFDM VLC system

At the transmitter: Firstly the original random binary
streams are through serial-to-parallel (S/P) conversion and
the modulation mode and constellation mapping at the
transmitter are selected adaptively according to the
feedback channel, after the OCT precoding and STBC
scheme the Hermite transform is performed to ensure that
the signals are symmetrical in frequency domain!.
Secondly, the inverse Fourier transform (IFFT) is used to
ensure that the OFDM signals are real-valued in the time
domain. The cyclic prefix (CP) is added to the OFDM
symbol to overcome ISI, and the transmitted signals are
generated which are sent to any signal generator to
generate analog OFDM signals after parallel-to-serial
(P/S) conversion. Finally, direct current (DC) is added to
make the signals non-negative and then sent by two LEDs
respectively.

At the receiver: Firstly, two photodetectors receive

the optical signal and convert into electrical signal, then

the synchronization is used to detect the initial position of
each data, channel estimation and noise variance
estimation, and calculate the SNR combining with setting
BER threshold to get the modulation mode of each
subchannel according to the estimation results, and
transmitted to the transmitter through the feedback
channel. Secondly, the time-domain signals are converted
to the frequency-domain signals after serialparallel (S/P)
conversion, CP removing and Fourier transform (FFT)
operations. Finally, the original binary data stream is
recovered by STBC decoding, OCT decoding, demapping
and parallel-to-serial (P/S) conversion.
1.2 STBC-OCT precoding principle

In adaptive modulation STBC-OCT precoding, OCT
precoding after the constellation mapping, where
redistributes the noise on each subchannel to each
subcarrier, so that the SNR value of each OFDM symbol
is uniform.The circulant matrix is generated by ZC
sequence, which has ideal periodic autocorrelation and
low cross-correlation, so that the circulant matrix constr-

ucted has orthogonality. ZC sequence is defined as!">'%:

— jaun(n+2q)/N

_[ e N is even number
Z(k) = { e /munm 20N N is odd number (1

Where k=0,1,...N—-1,0<n<N, O<u<N, N and u
are prime numbers to each other, ¢ is natural numbers,
and N is the length of the sequence, which is the same as
the number of subcarriers in a single symbol.

OFDM symbol after mapping can be expressed as:
X =[X,Xs, - Xy, | <i<N.

The above X; formula represents the subcarriers in
each frequency domain and N is the number of
subcarriers in OFDM symbol. Then, the mapped
subcarriers are precoded by OCT, that is, multiplied by
the orthogonal circulant matrix Z generated by ZC

[14],

sequence
Zi Zy- Zy
1 Zn Zy++ Zy.
S=XXZ=—[X.X,--Xy]x| N M)
\/ﬁ St e
2,25 7,

1 . . .
Where — is to normalize the transmission power, the

signal § after OCT precoding is encoded by STBC
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encoder!'": obtained from equation (7):
S =S5 1.5 SNR (k)
ss:[ v 3) Py = 1— 22N 7
S 5 ) =1 10e 5 BER,) @

Where s« denotes conjugate operation.

At the receiver, after CP removing and Fourier
transform (FFT) operations the received signal is
expressed as:

Y=nH@®)SS(t)+N() 4)
Where 7 is the photoelectric conversion efficiency, N(¢) is
the additive Gaussian white noise matrix, its mean-value
is zero, H(?) is the channel response matrix at #* time.
1.3 Adaptive modulation scheme

The BER performance of the system is poor due to
the high frequency channel attenuation in VLC system, so
an adaptive modulation scheme is proposed. The basic
thought is to calculate the SNR according to the result of
noise variance estimation at the receiver, and then to get
the maximum value of modulation mode and order of
each sub-channel combined with the set BER threshold,
and finally to feed back to the transmitter. Therefore, the
low-order modulation with larger attenuation and high-
order modulation with smaller attenuation on the
subcarriers is adopted, which can make full use of the
spectrum resources and improve the data rate.

So, the received SNR of the signal on the k™
subchannel is!">"™:

1

SNR(k) = - ~ -~
ooz |(Wel) " () ()|

T

®)
Where the transmit power has been normalized, 0 <
k<N, o*(k) represents the noise power of the k™
subchannel, Z” is the n™ row of the Zz#, |||l is the
Frobenius 2-norm , and H; is the channel matrix of the i
subchannel.

Taking QAM as an example, the relationship

between BER, SNR and modulation order is as follow!'":

(6)

SNR (k
BER < 0.2exp (—1.5 ( ))

P-1

In equation (6), if BER, is given, the modulation

order of the k" subchannel in the transmitted signal is

Where |-] means rounding down, because the modulation
order an integer and an exponent of 2 generally, and the
actual BER less than the set BER,. The optimal
modulation order is determined by equation (7).
1.4 PAPR performance

After OFDM, the time domain signal on the k™

subchannel of the i transmitter is expressed as!'?':

nnk

Fiu= \/_ZSSmef ¥

Where n=0,1,2,---, M

(®)

-1, i=1,2 is the transmitter
index, and M is the number of subcarriers, SS;, indicate
the signal of the i transmitter after STBC coding.

The PAPR of OFDM signal can be expressed as'*:
max HF,-,klzJ
E[Ful]

In equation (9), the unit of PAPR is dB, which E[.] is

PAPR = ©

the expectation operation. It can be seen that the sum of
the signal on each subchannel is multiplied by the rotation
factor, and the energy are redistributed by precoding,
which leads to the decrease the correlation of input and
high PAPR in OFDM.

The higher PAPR, the higher the probability of LED
nonlinear distortion, and the worse BER performance of
the system. The complementary cumulative distribution
function (CCDF) is used to evaluate the performance of
PAPR, it represents the probability that the PAPR of
OFDM symbol exceeds the given threshold PAPR,:

CCDF = Prob (PAPR > PAPR,) (10)

2 Experimental setup and result analysis

The experimental setup of a 2x2 MIMO-OFDM
VLC system is shown in Fig.2. At the transmitter, the
generated signals are uploaded into an arbitrary function
generator. DC offffset is also supplied by signal generator
to ensure the positivity of the transmitted signals. Then,

mixed signals are transmitted by two LEDs. At the
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receiver, the optical signals are converted into electrical
signals by two photodetectors (PDs), which are recorded
by a high-speed digital oscilloscope. The parameters used

in the experiment are shown in Table 1.

Fig.2 Experimental setup of the proposed MIMO-OFDM VLC system

Tab.1 Experimental parameters

System parameters Values

Modulation order 8 QAM, 16 QAM, 64 QAM

Bandwidth/MHz 12.5
FFT length 1024
Subcarrier number 256
CP length 16
Transmission distance/m 0.5
Distance between TXs/cm 7
Distance between RXs/cm 10

Figure 3 shows the BER curves of BPSK, QPSK,
8 QAM, 16 QAM and 64 QAM modulation respectively.
The BER of the five modulation methods is gradually
decreasing with the increase of SNR; SNR required for
PSK modulation is smaller at the same BER level
compared with QAM modulation; the BER of the system
is also increasing with the increase of QAM modulation
order; when BER is at the 7% pre-forward error correction
(pre-FEC) threshold of 3.8x107°, the SNR required for
BPSK, QPSK, 8QAM, 16QAM and 64 QAM
modulation are 3.8 dB, 7 dB, 9.6 dB, 13 dB and 20.7 dB;
according to estimate of the SNR on the receiver, the
modulation mode of the transmitter can be adaptively
selected through the feedback channel, BPSK, QPSK or
8 QAM modulation is adopted if the SNR is small,
otherwise 16 QAM or 64 QAM modulation. Under the

same BER, it can greatly improve the utilization of

frequency band adaptive modulation method compared

with a certain fixed modulation method is used.

10°
— —=—BPSK
— T~
k\'\v\‘w\‘ —e—QPSK
A < —a—8QAM
10" | v ™~ —v—16QAM

\ ) N \4 —<—64QAM
102 £ \A ¥ \

107 F \

104 1

BER

SNR/dB

Fig.3 BER curve of adaptive modulation

Figure 4 shows the curves of the SNR with the
subcarrier index in the traditional MIMO-OFDM system,
STBC coding, OCT precoding and STBC-OCT precoding.
In the traditional MIMO-OFDM, the SNR is reduced from
22dB to 8dB, and the higher-frequency fading is
obvious, which is mainly caused by the nonlinear
characteristics of the LED; the SNR of a single STBC
code is reduced from 27 dB to 12 dB, and the average
SNR is about 4 dB higher than that of traditional MIMO-
OFDM. Therefore, it is beneficial for higher-frequency
fading. However, the system using a single STBC code is
still limited by bandwidth, and its SNR curve drops
monotonously; a single OCT precoding has a SNR curve
of about 14 dB within the subcarrier index range; STBC-
OCT precoding still maintains the relatively flat SNR

26
24
22
20
18
16
14
12
10

8 L L L L L L
0 10 20 30 40 50 60

Subcarrier index

—=— MIMO-OFDM
—o—STBC
—4—OCT

—v»— STBC-OCT

SNR/dB

Fig.4 SNR curves of different schemes of MIMO-OFDM VLC system
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advantage of a single OCT precoding, and the SNR is
increased by about 3 dB compared with OCT precoding,
so it can effectively overcome the problem of bandwidth
limitation in MIMO-OFDM VLC system.

Figure 5 shows the simulation results of the CCDF
curves of the traditional MIMO-OFDM system, STBC
coding, OCT precoding and STBC-OCT precoding
schemes. The PAPR performance is similar to the MIMO-
OFDM system, STBC coding and OCT precoding, while
the PAPR of the STBC-OCT precoding system is much
lower. At the CCDF=10", the STBC-OCT precoding
scheme was used to obtain a gain of 2 dB over the PAPR

of the other three schemes.

10° > *

107" |

103  —=—MIMO-OFDM

—eo—STBC

—4—0CT

—v— STBC-OCT

10*4 Il Il Il Il 1 1 1
0 2 4 6 8 10 12 14 16

PAPR/dB

Fig.5 CCDF curves of different PAPR schemes of MIMO-OFDM VLC

system

BER is an important indicator to measure system
performance, so the relationship between BER
performance of MIMO-OFDM VLC system and driving
peak voltage (V) and direct current offset (DC) is further
analyzed.

Figure 6 shows the BER of the traditional MIMO-
OFDM, OCT precoding and STBC-OCT precoding
schemes under different DC bias conditions. Using
Rebel Star 01 LED, the LED’s starting light-emitting
voltage is 2.2 V through experimental tests, and the
LED has a good linearity in the range of 2.5V to
2.9 VIl In the experiment, V,, is set to 2.8 V, and the
DC bias is 2.4-3.1 V, the BER of each curve shows a trend
of first decreasing and then increasing with the DC bias

increases. When the DC is 2.7 V, this value is exactly in

the middle of the linear voltage region of the LED, so the
error performance of the three curves is the best, and the
BER are 5.45x107', 2.3x107", 8.8x10*. The STBC-OCT
precoding has the best BER performance and is always
lower than the 7% pre-FEC threshold of 3.8x107*, which
is mainly due to the flatness of the SNR, which reduces
the higer-frequency attenuation error, thereby improving

the BER performance of the system.

107!
—s— MIMO-OFDM
—o—OCT
—4—STBC-OCT

102 F

ii(

1073

10*4 1 1 1 1 1 1
24 2.5 26 27 28 2.9 3.0 3.1

DC/V

Fig.6 BER curves of different schemes of MIMO-OFDM VLC system

at different DC

In addition, in the experiment, the DC offset is set to
2.7V, and the V,-value is from 2.1 V to 3.3V, the BER
performance of different schemes is shown in Fig.7. The
BER of each curve also shows a trend of first decreasing
and then increasing with the increase of V,,, When V=
2.7V, the BER of STBC-OCT precoding is 1x107?,
Vpp=3.1V, the BER of MIMO-OFDM and OCT preco-

10
—s— MIMO-OFDM
——OCT
——STBC-OCT
=107 |
10*3 L L L L 1 L

22 24 26 28 30 32
Vil V

Fig.7 BER curves of different schemes of MIMO-OFDM VLC system

at different V},,
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ding are 2.6x107, 2.5x10°, the STBC-OCT precoding
performance is the best and it is lower than the 7% pre-
FEC threshold of 3.8x107°. Experimental results show that
the BER decreases first with the increase of Vops because
increasing V,, can improve the SNR, Then the BER

increases again, and when V,, continues to increase,

nonlinear distortion plays a leading role.
3 Conclusions

In this paper, an adaptive modulation STBC-OCT
precoding scheme based on the MIMO-OFDM VLC
system is proposed. The BER performance and PAPR
performance of the MIMO-OFDM VLC system without
precoding, with STBC precoding, with OCT precoding
and with proposed adaptive modulation STBC-OCT
precoding is investigated experimentally for different
modulation modes, DC bias and driving peak-to-peak
voltages (Vpp). The experimental results show that by
using adaptive modulation STBC-OCT precoding the
uniform, high SNR value and a lower PAPR value is
achieved over data subcarriers for the MIMO-OFDM
VLC system compared with other existing schemes,
which can effectively overcome the problem of bandwidth
limitation of MIMO-OFDM VLC systems. Therefore,
when the sample rate of AWG is 100 MS/s, transmission
distance is 0.5 m, DC is 2.7V, V,, is 2.7-2.8 V, the BER
performance using proposed scheme can be reduced to
8.8x10™*, which achieves better BER performance than
other existing schemes, and below the BER threshold of
7% FEC. In summary, the proposed adaptive STBC-OCT
precoding can be considered as a potential and suitable
candidate for MIMO-OFDM VLC systems, which can

significantly improve the reliability of the system.
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