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In this paper, an orthogonal circulant matrix transform (OCT) precoding technique is proposed to combine with the entropy
loading in the multiple-input multiple-output and orthogonal frequency division multiplexing (MIMO-OFDM) visible light
communication (VLC) system where the space-time coding (STBC) is chosen for its robustness to the channel correlation.
Benefitting from the OCT precoding technique, the uniform signal-to-noise ratio (SNR) among all the subchannels can be
achieved. As a result, only one SNR value is required to be fed back, and the same distribution matcher is employed during
probabilistic shaping (PS), which means much lower feedback overhead and system complexity than the conventional entropy
loading scheme. Experimental results show that the OCT precoding does not cause the system performance loss where the
achievable information rate (AIR) of the proposed system is comparable with the conventional systemwithout precoding.With an
available bandwidth of ∼25MHz, the proposed scheme can realize the AIR of 50.75Mb/s at the expense of 0.45% average forward
error correction (FEC) overhead (OH).

1. Introduction

Recently, the emergence of “smart home” and the rapid
spread of intelligent devices have made a great challenge to
the conventional technology of the network. *e world is
experiencing a profound revolution of access technology
called “Anywhere, Anytime” [1]. As a result, new access
technologies are urgently required where visible light
communication (VLC) using white light-emitting diodes
(LEDs) as light sources to transmit the optical signals
through the air has received particular attention in both
academia and industry [2]. Compared to conventional radio
frequency (RF) communication, VLC has numerous ad-
vantages such as rich spectrum, safe to human eyes, low
power consumption, immune to electromagnetic interfer-
ence, and so on [3].

High-speed indoor communication is considered as one
of the most important applications for VLC systems.

However, the modulation bandwidth of the LED is limited
ranging from a few megabytes to tens of gigabytes where the
channel response is attenuated exponentially with the fre-
quency increasing [4]. To improve the data rate of the VLC
system, numerous techniques have been proposed, among
which orthogonal frequency division multiplexing (OFDM)
[5] and multiple-input multiple-output (MIMO) [6] are
considered especially effective to increase the spectral effi-
ciency for VLC systems. By dividing the channel into several
subchannels, OFDM is able to overcome the intersymbol
interference (ISI) caused by a nonideal LED frequency re-
sponse under the condition of high-speed transmission.
While MIMO has been proposed to increase the data rate or
improve the performance without the extra need of fre-
quency resources by equipping multiple antennas at the
transmitter and receiver. Since usually several LEDs are
required to support sufficient illumination of the room, it is
natural to implement the MIMO technique in VLC systems.
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However, as intensity modulation with direct detection (IM/
DD) is applied in VLC, the value of transmitted signals is
real, that is, no phase information can be provided, which
leads to a high correlation of the VLC MIMO channel [7].
Consequently, the conventional MIMO scheme based on
spatial multiplexing (SMP) cannot be applied successfully in
the VLC system, as the bit error rate (BER) performance
decreases sharply as soon as the channel is highly correlated.
Compared with SMP, MIMO scheme based on transmit
diversity has been proved to be robust to the channel
correlation, so it is more suitable for VLC systems [8].
However, as the transmit diversity scheme mainly enjoys the
advantage of diversity gains, it lacks multiplexing gains. So,
how to improve the data rate remains to be studied.

Adaptive modulation implemented by bit allocation has
been proposed to improve the data rate close to the Shannon
capacity in MIMO-OFDM VLC systems [9]. *rough
adaptive modulation, it has been shown that data rate can be
increased without sacrificing the BER performance. Fur-
thermore, some papers mentioned that the bit allocation
algorithm can only assign discrete bits to each subchannel,
leading to a gap from the channel capacity. Consequently, an
entropy loading scheme has been proposed to narrow the
gap from the channel capacity [10]. By introducing the
probabilistic shaping (PS) quadrature amplitude modulation
(QAM) technique [11, 12], the uniformly distributed signal
source is transformed to Gaussian distribution, and the
continuous entropy can be realized in the entropy loading
scheme. Moreover, the effect of the nonlinear distortion
induced by the LED can also be reduced for the modulated
signals with a higher power tend to appear with lower
probabilities according to the idea of the PS technique.
However, the main disadvantage of the entropy loading
scheme is that a large feedback is required, and the com-
plexity is high. Since the frequency response of the LED is
attenuated exponentially with the frequency increasing, the
signal-to-noise ratios (SNRs) on each subchannel are dif-
ferent.*us, it is necessary to feedback all the SNRs from the
receiver to the transmitter. Moreover, different distribution
matchers are required to generate signal sources with dif-
ferent probabilistic distribution for each subchannel when
employing PS.

To deal with this problem, a precoding scheme based on
orthogonal circulant matrix transform (OCT) [13, 14] is
proposed to be combined with the entropy loading in the
MIMO-OFDM VLC systems in this paper. *anks to the
equalization effect of OCT, SNRs are almost the same on all
the subchannels, which means that only one SNR value is
needed to be fed back. Meanwhile, only one distribution
matcher is required benefiting from the SNR equalization
effect on all subchannels, which maximally reduces the
complexity of the entropy loading scheme. Experimental
results show that achievable information rate (AIR) of the
proposed system is comparable with the conventional sys-
tem without precoding. With an available bandwidth of
∼25MHz, the proposed scheme can realize the AIR of
50.75Mb/s at the expense of 0.45% average forward error
correction (FEC) overhead (OH).

2. Operation Principle

Under the condition of limited modulation bandwidth, the
entropy loading transmission scheme based on PS can ef-
fectively narrow the gap with the Shannon limit. In the
entropy loading scheme, channel capacity is approached by a
Gaussian source where constellation points of M-QAM are
assigned different probabilities by a probabilistic distribu-
tion matcher. Obviously, SNR has to be known at the
transmitter during the calculation of the channel capacity.
However, due to the frequency selective characteristics of the
LED, the SNRs of different subchannels are also different,
which indicate that lots of information have to be fed back.
Moreover, different kinds of distribution matchers are re-
quired to implement PS on each subchannel. In order to
reduce the feedback and the system complexity, we proposed
an OCT precoding scheme to combine with the entropy
loading. OCT precoding was first proposed [13, 14] where
preequalization is realized without feeding back channel
state information. *erefore, we introduce OCT precoding
in the entropy loading scheme to equalize the SNRs uni-
formly over all subchannels. In this way, the feedback
overhead and the system complexity can be greatly reduced,
that is, only one SNR is required to be fed back, and data
source on different subchannels can use the same distri-
bution matcher.

Without the loss of generality, consider a MIMO-OFDM
VLC system configured with two LEDs as transmitters (TX)
and two photoelectric detectors (PDs) as receivers (RX). In
our scheme, OCT precoding is jointly employed over all
subchannels where the MIMO channel can be equivalent to
two decorrelated channels by using space-time block coding
(STBC).

According to the Hong et al. [14], the OCTmatrix, which
is constructed by the Zad-off Chu (ZC) sequence [15], can be
expressed by
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, (1)

where K denotes the subchannel number for each decor-
related, channel and fl(1≤ l≤ 2K) is the corresponding
element of the ZC sequence with a length of 2K.

*en, the precoding signals can be given by

X �
X1

X2

⎡⎣ ⎤⎦ � F ·
X1

X2
􏼢 􏼣, (2)

where Xi � [Xi(1), Xi(2), . . . , Xi(K)]T denotes the vector
of the signals from the ith transmitted data stream (i � 1, 2).
As shown, signals on the frequency domain aremultiplied by
an orthogonal circulant matrix through OCT precoding;
then, the information on each subchannel is spread across all
subchannels to achieve the frequency diversity.

2 Advances in Condensed Matter Physics



Generalized mutual information (GMI), normalized
GMI (NGMI), and FECOH are chosen as themain figures of
merit (FOM) to evaluate the performance of the system [16].
GMI quantifies the maximum number of information bits
per transmitted symbol after ideal decoding, and the GMI
can be obtained by log-likelihood ratios (LLRs) based on
Monte Carlo simulations [17].

Assume that the discrete channel input
X′ � X1′, X2􏼈 ′, . . . , XN

′} is independent and identically dis-
tributed, and the Y′ represents the corresponding channel
output, in which Xi

′ ∈ χ, χ � x1, x2, . . . , xM􏼈 􏼉 and the symbol
X′ consists of m bits levels:

GMI ≈ − 􏽘
x∈χ

PX′(x)log2PX′(x)

+
1
N

􏽘

N

k�1
􏽘

m

i�1
log2

􏽐x∈χbk,i

qY′ X′| yk | x( 􏼁PX′(x)

􏽐x∈χ qY′ X′| yk | x( 􏼁PX′(x)
,

(3)

where PX′(x) denotes the corresponding distribution
probability mass function, qY′|X′(yk | x) is given by
qY′|X′(yk | x) � (1/

����
2πσ2

√
) · e((− |yk− x|2)/2σ2), bk,i ∈ 0, 1{ } is the

ith bit of the kth transmit symbol, and the χbk,i
is the set of

constellation symbols whose ith bit value is bk,i.
After the GMI is estimated, the NGMI of the PS-M-

QAM source [11], which is used to evaluate the BER per-
formance after the forward error correction (FEC), can be
obtained by

NGMI � 1 −
H PX′( 􏼁 − GMI

m
, (4)

where H(PX′) is the entropy of the constellation.
Once the NGMI is calculated, the FEC OH can be de-

termined, which is a threshold for error-free post-FEC re-
sults [18, 19]. After removing the OH, the AIR of the
individual subcarrier can be calculated by Equation (5). And
the average of them is the total AIR of the whole system:

AIR � B · GMI · (1 − OH), (5)

where B denotes the baud rate, and the OH is given by
OH � ((1 − NGMI)/NGMI).

3. System Configuration and Results

In this session, an experimental demonstration is set up to
study the performance to prove the excellence of the pro-
posed system. In Figure 1, the block diagram and the ex-
perimental setup of the proposed VLC system are illustrated.
*e distance between the transmitter side and the receiver
side is 0.8m. At the transmitter, the source distribution is
determined by the channel capacity, which is calculated
according to the feedback information of SNR. *en, the
certain distributed source is PS by the distribution matcher.
After QAM modulation and serial-to-parallel (S/P) con-
version, the OCT precoding is jointly implemented over all
subchannels. Finally, STBC and OFDM are applied to
generate the transmitted signals. Noted that signals trans-
mitted by the VLC system must be real-valued, so only half

of the subcarriers are used to transmit signals during OFDM
modulation, and the other half is used to transmit complex
conjugate signals of the above signals. Besides, among the
half of the subcarriers, there are six subcarriers (from the 1st
subcarrier to the 6th subcarrier) of the low frequency suf-
fering from the severe fading SNR, which may degrade the
system performance. As a result, zero-padding is used.

In the experiment, the arbitrary function generator
(AFG, Tektronix AFG3252C) is used to generate the
transmitted signals at 100MSa/s. Meanwhile, direct current
(DC) offset supplied by AFG is set to ensure that the
electrical OFDM signals are positive.*en, the mixed signals
are transmitted in the form of optical power by the two
commercially available LEDs (Cree XLamp XP-E) radiating
red light, whose center wavelength is 620 nm and maximum
power is 1W. Because the LED is a point light source, a
reflection cup with 60° is used to concentrate the light. At the
receiver, PDs (Hamamatsu C12702-11, 0.42A/W respon-
sivity at 620 nm) with 1mm2 active area and about 100MHz
bandwidth are used. *en, optical signals entering the PDs
are converted into electrical signals and amplified by an
electrical amplifier (EA) circuit. Finally, electrical signals are
collected by a real-time oscilloscope (OSC, Tektronix
MDO4104C) with a sampling rate of 100MSa/s. *e system
parameters of our experiments are listed in Table 1.

*e signal processing at the receiver is the inverse
process of the transmitter. After frame synchronization, the
signals are first converted to the frequency domain by
OFDM demodulation. *en, the channel and the noise
variance are estimated with the help of the preamble for the
sake of signal decoding and the SNR estimation. Since the
SNR values of different subcarriers and different receivers
are slightly different due to the random noise, the SNR value
used for feedback is calculated by averaging the SNR values
over different subcarriers and different receivers, that is, only
one SNR value is required to be fed back from the receiver to
the transmitter. Here, we assume that the transmitter can
obtain the exact SNR information. *rough STBC decoding
and OCT decoding, finally, the binary bit sequence is re-
covered after M-QAM demapping.

To make the comparison fair, the same QAM order is
used for the conventional entropy loading scheme and the
proposed OCT precoding based on the entropy loading
scheme. In Figure 2, the SNR results of the conventional and
proposed entropy loading schemes for two receivers are
given. As shown, there are slight differences among the SNR
values of different receivers because of the random noise. As
a result, the SNR curves of two receivers are similar with the
same trend. As displayed, the flat SNR curve across the
spectral can be obtained in the proposed scheme owing to
the application of the OCT precoding. While for the con-
ventional scheme, the SNR fluctuations over subcarriers are
more than 10 dB because of the attenuation of channel
frequency response.

In Figure 3, the experimental results are illustrated when
32-QAM is employed in the system. In the experiment, the
BERs of the conventional scheme and the proposed scheme
are 8.04×10− 4 and 7.15×10− 4, respectively, which are both
below the 7% the preforward error correction (pre-FEC)
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Figure 1: Experimental setup of the proposed MIMO-OFDM VLC system.

Table 1: System parameters.

Parameters Values
Bandwidth 0–25MHz
Subcarrier number 256
Upsampling rate 4
Transmission distance 0.8m
DC offset 2V
Vpp 2V
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Figure 2: Estimated SNR as a function of subcarrier index.
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Figure 3: Experimental verification when the modulation order is 32-QAM: (a) GMI as a function of subcarrier index, (b) NGMI as a
function of subcarrier index, (c) corresponding constellation density of the scheme without precoding, and (d) corresponding constellation
density of the proposed scheme with OCT precoding.
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the proposed scheme with OCT precoding.
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threshold of 3.8×10− 3. As shown in Figure 3(a), the results
of the GMI curves agree with the estimated SNR curves
where the GMI of the conventional scheme decreases
sharply because of the attenuation of channel frequency
response, while the GMI of the proposed scheme is uniform
across all subcarriers, thanks to the OCT precoding. In
Figure 3(b), the results of NGMI are given. It can be seen that
NGMI of the conventional scheme is close to 1 on most of
the subcarriers. However, the severe fading NGMI of several
subcarriers may degrade the total performance. While the
NGMI curve of the proposed scheme with OCTprecoding is
flat just as the GMI curve in Figure 3(a). Figures 3(c) and
3(d) represent the constellation density of two schemes.
Because of the PS technique, the constellation points with
lower energy are assigned higher probabilities. In this way,
the nonlinear distortion induced by LEDs can also be re-
duced. Furthermore, the system performance is studied
when 64-QAM is used, and the experimental results are
shown in Figures 4(a)–4(d). *e GMI and NGMI curves are
similar to the case of 32-QAM.*e BERs of the conventional
scheme and the proposed scheme are 0.0021 and 5.12×10− 4,
both of which are a little higher than the results of the 32-
QAM case. *e results indicate that the nonlinearity of the
LED would impact the BER performance as the modulation
order grows.

In Table 2, the results of AIR performance comparison
are listed. When the modulation order is equal to 32, the
total AIRs of the conventional and proposed systems are
51.88Mb/s and 50.75Mb/s, respectively, and the average
FECOHs are 0.42% and 0.45%.*e results indicate that both
systems have nearly the same transmission rate and the OH,
which proves that the OCT precoding does not cause the
performance loss. When 64-QAM is applied to the system,
the total AIRs of the conventional and proposed systems are
51.25Mb/s and 50.65Mb/s, with the average FEC OHs equal
to 1.15% and 0.48%, respectively. Compared with the 32-
QAM-based system, the AIRs decrease slightly because more
nonlinear distortion tends to occur in the high-order
modulation system. Consequently, more OHs are required
especially in the conventional system without precoding.

4. Conclusion

In this paper, the OCT precoding scheme is proposed to
combine with the entropy loading in MIMO-OFDM VLC
systems to reduce the system feedback and complexity
significantly without performance loss. *rough OCT pre-
coding, SNRs among different subchannels are equalized
uniformly owing to the advantage of the frequency diversity.
As a result, only one SNR value is required to be fed back to
the transmitter, and only one distribution matcher is needed

in the process of PS, leading to a much lower feedback
overhead and system complexity. Finally, an experimental
demonstration is set up to evaluate the performance of the
proposed system. *e experimental results confirm that the
AIR of the proposed system is similar to the value of the
conventional system without precoding. With an available
bandwidth of ∼25MHz, the proposed scheme can experi-
mentally achieve the AIR of 50.75Mb/s at the expense of
0.45% average FEC OH.
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[12] G. Böcherer, P. Schulte, and F. Steiner, “Probabilistic shaping
and forward error correction for fiber-optic communication
systems,” Journal of Lightwave Technology, vol. 37, no. 2,
pp. 230–244, 2019.

[13] Y. Hong, X. Guan, L. Chen, and J. Zhao, “Experimental
demonstration of an OCT-based precoding scheme for visible
light communications,” in Proceedings of the Optical Fiber
Communications Conference and Exhibition (OFC), pp. 1–3,
Anaheim, CA, USA, March 2016.

[14] Y. Hong, L.-K. Chen, and J. Zhao, “Performance-enhanced
gigabit/s MIMO-OFDM visible light communications using
CSI-free/dependent precoding techniques,” Optics Express,
vol. 27, no. 9, pp. 12806–12816, 2019.

[15] R. Heimiller, “Phase shift pulse codes with good periodic
correlation properties,” IEEE Transactions on Information
9eory, vol. 7, no. 4, pp. 254–257, 1961.

[16] C. E. Shannon, “A mathematical theory of communication,”
Bell System Technical Journal, vol. 27, no. 3, pp. 379–423, 1948.

[17] Z. He, W. Liu, C. Xie et al., “Achievable information rate
enhancement of visible light communication using probabi-
listically shaped OFDM modulation,” in Proceedings of the
Optical Fiber Communications Conference and Exposition
(OFC), pp. 1–3, San Diego, CA, USA, March 2018.

[18] J. Cho, L. Schmalen, and P. J. Winzer, “Normalized gener-
alized mutual information as a forward error correction
threshold for probabilistically shaped QAM,” in Proceedings of
European Conference on Optical Communication, pp. 1–3,
Göteborg, Sweden, September 2017.

[19] T. Yoshida, A. Alvarado, M. Karlsson, and E. Agrell, “Post-
FEC BER benchmarking for bit-interleaved codedmodulation
with probabilistic shaping,” Journal of Lightwave Technology,
vol. 38, no. 16, pp. 4292–4306, 2020.

Advances in Condensed Matter Physics 7


