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Adaptive STBC MIMO-OFDM system design for indoor visible

light communications
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Abstract: An adaptive multiple-input multiple-output orthogonal frequency division multiplexing (MIMO-
OFDM) visible light communication(VLC) system based on space-time block coding (STBC) modulation
was proposed in the paper, which can overcome the MIMO channel correlation and achieve reliable
communications. Meanwhile, power-and-bit allocation(PBA) was combined with OFDM in order to adapt
to the channel and improve the spectral efficiency. Then a 2x2 MIMO-OFDM VLC transmission over a
distance of 80 cm was demonstrated, where the measured bit error rates were all below 7% of the pre-
forward-error-correction threshold of 3.8x107*. Experimental results show that the STBC MIMO-OFDM
system is robust to MIMO channel correlation, where the data rates can be greatly improved by applying
the PBA.
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0 Introduction

Visible light communication (VLC) based on

white light emitting diodes (LEDs) has recently

emerged as a compelling wireless communication
technology beyond traditional radio frequency (RF)
communications.  Compared to traditional RF
VLC

including cost effectiveness, licensing free, immunity

communications, offers several advantages,
to electromagnetic interference, and high security ™.
The most severe challenge in achieving high-speed
VLC

bandwidth, which is usually about several megahertz

transmission is its very limited modulation
of the commercial LED """?!, resulting in serious inter-
symbol interference (ISI) for high-speed transmission.
VLC

proposed to increase the communication capacity ™,

Various transmission strategies have been
among which the
(OFDM)

particularly useful for

orthogonal frequency division
scheme has
VLC

channel can be decomposed into multiple frequency-

multiplexing been proved

system, because the

flat sub-channels to eliminate ISI. Another advantage
is that OFDM has a large number of tunable parameters,
and the system performance can be further improved

by optimizing the communication parameters.

Considering that the frequency response of VLC

channel is non-flat, the well-known adaptive

transmission technique power-and-bit allocation (PBA)
is introduced in, which is combined with OFDM for

adapting to the channel non-flat fading, and also

improving spectral efficiency'™ .

On the other hand, since multiple LEDs are

usually required to realize full-range illumination,

multiple-input multiple-output (MIMO) becomes a

promising technology in indoor VLC systems to

provide better reliability and higher data rate without

[10]

requiring additional frequency resources™. In the indoor

MIMO VLC system design, one challenge stems from
the high channel correlation, as the signals received by

closely spaced receivers can be almost identical ™",

Therefore, it would be difficult for receiver to separate
the single data streams. Imaging MIMO™ and angular
diversity technique™' have been proposed to deal with
the channel correlation; however, precise alignment or
auxiliary devices are required in these systems, which
can limit their applications.

In this paper, space-time block coding (STBC) is
proposed in the MIMO VLC system to overcome the
channel correlation. STBC has already been proved to
be robust to channel correlation in RF communication'?'.
By coding across the space and time dimensions
orthogonally, same information-bearing signals are sent
from multiple LEDs over several time periods. In such
a way, MIMO channel can be de-correlated and data
streams can be separated by combining signals of both
space and time dimensions. Therefore, STBC benefits
for its high reliability and insensitivity to channel
correlation. There have been researches in the STBC
to offer highly reliable communications™*; however,
previous research did not consider the relationship
between STBC and channel correlation. Moreover, in
most pervious STBC designs for MIMO VLC system,
only optical channels were considered, while the effect
on LED frequency response was ignored.

The contribution of the paper is to build an
adaptive MIMO—-OFDM VLC system based on STBC
modulation. First, the application of Alamouti STBC
in MIMO -OFDM VLC
Different from the existed works, the effect on LED

is investigated system.
frequency response is also considered in the Alamouti
STBC design. Then, PBA is introduced to further
improve the spectral efficiency by optimizing the
parameters of OFDM modulation in the STBC based
MIMO VLC system, where the power and bits are
allocated to different sub-channels for maximizing the
channel capacity. Finally, experimental demonstration
is set up to study the performance of the proposed
MIMO -OFDM VLC system. In the experiment, a
MIMO configuration with 2 transmitters and 2 receivers

is considered, and the measured bit error rates(BERSs)
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are all below the 7% pre-forward-error-correction
(pre—FEC) threshold of 3.8x107* after 80 cm free-air
transmission. Experimental results confirm that the
STBC is robust to channel correlation and the data
rates can be greatly improved by applying the PBA to
the MIMO—-OFDM system.

1 Principle

Alamouti STBC is a well-known MIMO scheme
that combines both space and time diversity, which
offers high

correlation. In the Alamouti STBC scheme, symbols

reliability and is robust to channel
are transmitted from the two transmit LEDs over two
symbol periods, where the channel is assumed flat
fading and the channel gain is constant during two

symbol periods.

In the study, the equivalent channel is considered,
whose response includes the responses of the LED,
optical channel and the photodiode (PD). Alamouti
STBC should be implemented before OFDM
modulation, where the channel is divided into parallel
sub-channels in frequency domain and each sub-
channel can be regarded as frequency-flat. On the
other hand, because the frequency response of the
LED is attenuated gradually with the frequency
increase, the channel gains of the two consecutive
subcarriers are different. To satisfy the Alamouti
STBC transmission condition, the two symbol periods
in our Alamouti STBC scheme are chosen from two
consecutive OFDM symbols with the same subcarrier

index, instead of two consecutive subcarriers in the

same OFDM symbol, as shown in Fig.1.

(k+1)" OFDM symbol

7\[PT/(SZ k.N). 7\/PT2(S1 k,Z)' AIPTJ(SZ kJ)‘

VP (8"

VP (S VP, (S

NP’ A..\SZI...'\'

k" OFDM symbol

S

| J
| M I

Fig.1 Alamouti STBC design

In this way, the received signals of the ith
subcarrier in the consecutive OFDM symbols can be

expressed as:

R, VPs,  VPLeD Ha, M|
Rl |-VEL sy VL | e N,
R, | Ve, P, (5, {H]Jr N o
K.l PSSy VP sy e N,
where R represents the received signals, the

superscript denotes the PD number, the subscript k is
the OFDM symbol number and i is the subcarrier
number. § stands for the Alamouti coded signals as
shown in Fig.1, P is the allocated power coefficient,
and N is the zero-mean additive Gaussian noise. H,,

H,, H; and H, denote the channel gain between the

two LEDs and the two PDs respectively. (-)* denotes
the complex conjugate. Note that all the signals above
are described in the frequency domain.

Although crosstalk exists in the MIMO channel,
the channel can be easily de-correlated since the
Alamouti STBC is designed orthogonally, which is
then equivalent to two parallel channels. Through
matrix conversion, the de-correlated channel can

finally be denoted as
1 * 2
ki Hi,3 HIA Rk,i

+ =
2

(Rk+1,i )*

H;',l Hi,Z R

1 . *
H _Hi,l (Rk+1,i) Hi,4 —Hi3

i,2
{|H,-V1|2+IH,-,2|2+|H,-,3,|2+IH,-AI2 0
0 [H, 1P+ H, o+ H, 1P+ H o

* 1

Hi,2 N

ki

1 1
Pk,i Sk.[ H

il
*

+
2 2 I .
Pk,i (Sk,i) Hi,Z — iy (Nk“’,.)
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is M | [V (3)  max Y. C=max D, log(1+SNR,,)
* 2 B PiyPey i=1 Pea Py i=1
Hi,4 _Hi,?. (Nk+1,i) M
Thereby, the signals are separated and estimated as subject to Z P=M P,;=0 (8)

follows
ol 1 N w2 2 ¥
S‘,l _ (Hi,l) Rk,,»+Hi,2(Rk+]v,-) +(Hi,3) Rk,i +Hi,4(Rk+1,i) —
ki~
(IH; P+ H, P+ H 1P+ H 1)/ Pi,;
o] 1 . a2 2 .
Sl + (Hi.l) Nk,i +Hi,2(Nk+ly,') (Hi,S) Nk,i +Hi,4(Nk+17,')
ki . . . . 1
(I, P4\ H, P+ H 241 H, )\ P
ol 1 . w2 2 N
3,2 _ (H;») Rk‘i _Hi,](RkH_,') +(H, 1) Rk,i _Hfﬁ(RkH,i)
ki™—
(H, P+ H, o+ H, 4 H, 1)\ P
. . 2 2 .
+1,,~) +(H, ) N, _Hi.S(Nk+1,f)
(IH P4 HH >+ H )\ P,
According to Eq.(4) and (5), the signal-to-noise
(SNRs) of the ith subcarrier for the two de-

(4)

ol 1
Sz " (H,2) Nk,i_Hivl(Nk
kit

)

ratios

correlated channels can be computed by

U (IH, P H, P H P H, )P,

SNR, ;= 6
ki N0 ( )
p 2
SNRi,: (IH“|2+IH['2|2+IIVH['3|2+IHM'Z)P](J %
0

where N, is the noise power and we assume that the
noise powers of the two receivers are equal.

As described above, since the frequency response
of the LED is attenuated with the frequency increase,
the PBA is further employed to combine with OFDM
communication

to optimize the parameters and

improve the spectral efficiency. To achieve the
the PBA

proposed in Reference [9] is introduced in, where

maximum spectral efficiency, algorithm
power coefficient is obtained by maximizing the
channel capacity. According to Eq.(3), we find that the
original MIMO channel can be equivalent to the two
de-correlated channels, and the SNRs of the two de-
correlated channels are the same as each other, as
shown in Eq.(6) and (7). As a result, the solutions of
PBA for the two channels are totally the same.

Then the power allocation can be solved by
maximizing the block channel capacity for each de-
correlated channel under the power constraint, which

can be written as

in1
where C; denotes the channel capacity of each de-
correlated channel on ith sub-carrier, M is the number
of sub-carrier and the total transmitted power is
assumed to be equal to M.

Afterwards, given the target BER (BER:), the
results of bit allocation, i.e. the modulation orders can
be given by

1.5SNR,.,
log(5BER,)

Considering that the constellation sizes of the

Qk,i=1_ (9)

quadrature amplitude modulation (QAM) signals must
be powers of 2, finally the modulation orders should
be rounded down to the nearest integer which is the

powers of 2.

2 Experiment setup

Figure 2 and Figure 3 show the experimental setup
and block diagram of the proposed MIMO-OFDM VLC

system, respectively. In the experiment, transmitted

signals are generated by an arbitrary function generator
(AFG, Tektronix AFG3252C). Direct current (DC)

| e ;

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

system

supplied by AFG is also added to ensure that the

transmitted signals are positive. Then the mixed
signals are transmitted through the LEDs in the form
of optical power. At the receiver, the optical signals
are focused on the PDs and converted into electrical
signals. Since light from a single transmitter will reach
multiple receivers, crosstalk exists among co-located

channels. The superimposed signals are recorded by a
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Fig.3 Block diagram of the proposed MIMO-OFDM VLC system(a), block diagram of transmitter (b), block diagram of receiver (c)

commercial high-speed digital oscilloscope (OSC,
Tektronix MSO4104) and then sent for demodulation.
Two commercially available LEDs (Cree XLamp XP-E)
radiating red light are used as the transmitters, whose
center wavelengths are 620 nm. Two PD modules
(Hamamatsu C12702 —-11, 0.42 A/W responsivity at
620 nm) with 1 mm? active area and about 100 MHz
bandwidth are used as the receivers.

At the transmitter, two streams of random binary
input data are converted into parallel sub-streams
separately, each sub-stream corresponds to a
OFDM
Power is allocated to each sub-channel, according to
the feedback of channel SNR. Different bits

decided for sub-channels by the allocated power, the

frequency-flat sub-channel in the system.

are

channel SNR and the target BER. Then parallel binary
sub-streams are mapping to QAM signals according to
the bit allocation. Power control is performed based
on the results of power allocation to adjust the power
of the sub-channels. Afterwards, Alamouti STBC is
encoded and OFDM symbols are generated by inverse
fast Fourier transform (IFFT). Cyclic prefix (CP) is
attached to each OFDM symbol to overcome the ISI.
After OFDM modulation,

parallel sub-streams are

converted to serial data streams and two transmitted data
streams are recovered. Two orthogonal preambles are
generated and inserted in front of the data streams
separately, which are required for synchronization and
channel estimation at the receiver. Finally, data streams
are up-sampled and up-converted to a certain carrier, by
which complex-to-real-value conversion is conducted
and real-value OFDM symbols are generated'”.

At the receiver, the demodulation is performed
with offline signal processing, which is the inverse
process of the signal modulation at the transmitter.
DC is firstly removed from the received signals. After
down-converting and down-sampling, complex-value
symbols are recovered. Frame synchronization is
required to detect the starting position of each data
stream by preamble. CP is removed from each OFDM
symbol, which is then demodulated by fast Fourier
transform (FFT). After OFDM demodulation, parallel
MIMO sub-systems are obtained again in frequency
domain. Channel gain is estimated in frequency
domain, which is required for MIMO equalization and
PBA. After MIMO equalization, channel crosstalk is
eliminated and the Alamouti STBC

symbols are

decoded, where symbols are combined across the time
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and the space dimensions. Finally, constellation de-
mapping is carried out and two binary data streams

are recovered.

3 Results discussion

In this section, the performance of the proposed
MIMO-OFDM VLC system is examined. The system
parameters configured in the experiment are listed in

Tab.1.

Tab.1 System parameters

System parameters Values
Bandwidth/MHz 12.5
Up-converted frequency/MHz 8.75
Subcarrier number 256
Up-sampling rate 4
Distance between transmitters and receivers/cm 80
Firstly, the measured amplitude frequency

responses of MIMO VLC channel are shown in Fig.4,
where |H;I(i=1, 2, 3, 4) represents the channel gain
from the LED to the PD as depicted in Fig.3. Here,
the channel is actually the equivalent one which
consists of the responses of the LED, optical channel
and the PD, and is estimated by least square (LS)
algorithm in frequency domain. As shown in Fig.4,
the frequency response of the equivalent channel is

strongly attenuated at high frequencies.

8x10
7x10°

H]

Frequency/MHz

Fig.4 Measured amplitude frequency responses of the MIMO VLC

channel

In order to measure the channel correlation, the

matrix condition number KD is introduced, which

reflects the correlation of the MIMO channel'®!. By
using OFDM modulation, the channel is divided into
several sub-channels, which results in parallel MIMO
sub-systems in the frequency domain; therefore, the
value of KD here is the averaged matrix condition
number over all the MIMO sub-systems. As previous
discussion, the results of power and bit allocation for
two data streams are the same. For each data stream,
the power and bit allocation results in condition of
BER;=0.003 and K,=3.0 are depicted in Fig.5. The
SNR of each subcarrier is also given in Fig.5. The
simulation results show that more power is allocated
to the subcarriers with higher SNR; as a result, those
subcarriers are also assigned with higher modulation

orders to achieve higher channel capacity.

1.2 — 40
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T Mlad Loy
0.8 20

Power allocated coefficient
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(b) Bit allocation results oom

(k,=3.0,BER,=0.003)

4 6 8 10 12 14
Frequency/MHz

Fig.5 Power and bit allocation results (K,=3.0, BER:=0.003)

The advantage of the PBA is explained by data
rate comparisons between STBC based MIMO-OFDM
VLC system with and without PBA, which is shown
in Fig.6. In order to make the experimental results
comparable, total transmitted power for all the
experiments are kept the same. The solid curve filled
triangles in the figure stands for the data rates of the
PBA. Each point

system  without represents the
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performance of a certain modulation type, plotted with
data rate on the horizontal axis and BER on the
vertical. By increasing the modulation orders, the data
rates are also improved; however the BER
performance is decreased. Solid curve filled triangles
depicts BER versus data rate for the system with
PBA. Each point represents the performance based on
a certain target BER, plotted with data rate on the
horizontal axis and BER on the vertical. Given the
higher target BER, the higher modulation orders
would be allocated according to Eq.(9). Therefore,
the data rates are also increased. As can be seen, the
data rates of the system with PBA can achieve up to
37, 39 and 41 Mbit/s when the target BERs are equal
to 0.001, 0.002 and 0.004. Considering the 7% pre—
FEC threshold of 3.8x107, the target BERs are set as
0.001, 0.002, 0.003 and 0.004 in the experiments.
Then the measured BERs of the system with PBA are
all below the threshold as shown in Fig.6; while the
BER performance of the system without PBA is much
worse, even in the 4 QAM modulated system. The
experimental results also confirm that the data rates of
the system with PBA are higher than the system
without PBA under the same BER level. When the
target BER is set to 0.004, the data rate of the system
with PBA is 41 Mbit/s; however, the data rate of the
system without PBA using fixed 4QAM modulation is
only 22 Mbit/s under the similar BER level, which is

obviously much lower.

16QAM
SQAM

4QAM

~

=4
%=  |BER@38E-3 BER=0.003—
00k BER,=0.002 —/
BER,=0.001

-¥- Without PBA
—o— With PBA

15 20 25 30 35 40 45
Data rate/Mbit-s™

Fig.6 Data rate comparisons between systems with and without

PBA (K»=3.0)

Figure 7 shows data rates of the system with

different channel correlations. Two solid curves depict
the data rates of the proposed system with PBA in
condition of different target BERs. The dashed curve
shows the data rates of the STBC based MIMO —
OFDM VLC system using fixed modulation type of
8QAM. The results indicate that the data rates change
little when the channel correlations are increased,
which prove that the STBC is robust to channel

correlation.

42

4 A
38 — N
36y -o-Fixed 8QAM

34f -= With PBA, BER,=0.001
-« With PBA, BER,=0.003

320
301
281
26

Data rate/Mbit's '

3.4 3.8 4.2 4.6
K,

Fig.7 Data rates with different channel correlations

4 Conclusions

In conclusion, we have proposed and experimentally
demonstrated an adaptive STBC MIMO-OFDM VLC
system. In the system, Alamouti STBC is introduced
to provide reliable transmission, which is proved to be
robust to channel correlation. Meanwhile, PBA is
combined with the STBC MIMO -OFDM system to
further improve the spectral efficiency. Experimental
results confirm the theoretical analysis, and show that

the data rates can be greatly increased.
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