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Abstract
Visible Light Communication (VLC) is an emerging wireless optical communica-
tion technology based on white light-emitting diode. VLC can fulfill lighting and 
communication needs; however, when illuminated, it produces reflections in the 
room, leading to a multipath effect that affects the signal quality of optical com-
munication, thereby affecting user experience and system performance. This paper 
proposes a VLC system combining Multiple Input Multiple Output and Orthogo-
nal Frequency Division Multiplexing (OFDM) using theoretical analysis. Firstly, the 
OFDM signal is modulated to compare the constellation distortion with the signal to 
noise ratio (SNR) of 25 dB and 30 dB. Experimental results show that the lower the 
bit error rate (BER), the more serious the distortion. Secondly, an optimal MMSE 
detection algorithm is proposed based on the minimum mean squared error (MMSE) 
signal detection algorithm and the least-squares method. Furthermore, the BER of 
the signal is verified by using zero forcing, MMSE and an optimized MMSE detec-
tion algorithm at the receiver of the system. The findings indicate that the optimized 
MMSE linear detection algorithm provides higher performance, with a BER of less 
than 10−4 at 20 dB SNR. The overall experiment results illustrate that the proposed 
method in this work provides the system with low BER and high reliability, improv-
ing overall system performance.
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1  Introduction

With the rapid development of white light-emitting diode (LED) technology, vis-
ible light communication (VLC) has recently emerged as a new wireless com-
munication technology. It uses a white LED as the light source and has good 
modulation characteristics [1]. VLC has the following advantages compared 
with conventional communication technologies: no electromagnetic interfer-
ence, abundant spectrum, and high security. First, compared to the spectrum cri-
sis that conventional WIFI and radio frequency (RF) technologies face, VLC has 
an unauthorized bandwidth of 400 THz. Second, the VLC uses visible light as a 
carrier frequency, avoiding interference with other electronic devices. Third, the 
VLC is easy to implement, requiring only LED lighting and micro-controllers. 
Fourth, the VLC link can easily set up high-speed communication links above 
10 Gb/s. Therefore, it is predicted that in the future, VLC will become one of the 
essential means of communication and also one of the most frequently utilized 
bandwidths [2, 3].

VLC has attracted much attention from both domestic and foreign experts. A 
VLC system with independent uplink and downlink that can realize the interfer-
ence-free transmission of uplink and downlink data and then complete the bidi-
rectional communication has been proposed in Ref. [4]. A visible light orthogo-
nal frequency division multiplexing (OFDM) system for channel estimation and 
interference processing has been developed in some studies. By combining pre-
coding with iterative clipping filtering technology and using FFT/IFFT clipping 
filtering for improvement, a better bit error rate (BER) performance has been 
obtained in Ref. [5]. The Ref. [6] has been proposed that an optical cellular con-
figuration model for the problem of lighting distribution leads to communication 
in the central blind area of the room. This model provides uniformly distributed 
lighting and optimizes the field of view in the communication system to improve 
the system performance. It has been identified that an improved channel estima-
tion algorithm based on cyclic prefix (CP) for multiple-input multiple-output 
(MIMO)-OFDM systems can suppress the noise generated during channel trans-
mission in Ref. [7]. However, the optimization effect did not improve significantly 
compared to traditional algorithms. The Ref. [8] has discussed the denoising 
problem of VLC systems based on MIMO-OFDM. Compared with the conven-
tional VLC system, the proposed scheme has a 10dB improvement in the system 
gain. However, there is no further research on channel equalization techniques in 
this study. Aiming at the problems of inter-channel interference (ICI) and inter-
symbol interference (ISI), the previous symbol’s channel slope eliminates the 
interference received by the current character in Ref. [9]. In Ref. [10], the system 
performance is improved by increasing the diversity gain in the MIMO channel.

However, there are still some critical issues for the VLC system to resolve. 
Due to the inevitable randomness of the free space channel and the complex-
ity of the VLC system structure, the indoor VLC system is subject to different 
kinds and degrees of interference during data transmission. These distractions 
may cause transmission signals to produce error codes, affecting the quality of 
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system communications [11]. If the signal interference is so severe that the signal 
cannot be transmitted, or even if the communication process is interrupted, the 
user experience will be seriously affected. Furthermore, much research has been 
conducted on single VLC and MIMO-OFDM systems [12, 13]. Therefore, less 
research has explored the combined benefits. Given the above problems, the main 
contributions of our work are: 

1.	 It proposes a VLC system based on MIMO-OFDM, where the OFDM technol-
ogy is employed to modulate the signal during transmission in order to eliminate 
various interferences during communication. The MIMO technology is employed 
for data transmission to increase system capacity. The signal is modulated using 
quadrature phase-shift keying (QPSK) technology, and a guard interval is intro-
duced between the signals. The CP and cyclic suffix (CS) in the guard interval can 
ensure that the subcarriers are orthogonal to each other and reduce the interfer-
ence of multipath effects.

2.	 It proposes an optimized minimum mean square error (MMSE) algorithm based 
on least-squares algorithm. The traditional channel detection algorithm and the 
optimized channel detection algorithm are used to detect the signal at the receiver 
under different interference cancellation conditions and compare BER perfor-
mance of different algorithms.

The rest of the paper is structured as follows: the second section is the related work, 
the third section introduces the principle of MIMO technology and OFDM technol-
ogy and constructs a new VLC-based MIMO-OFDM system, the fourth section is 
the simulation experiment and the analysis of the experimental results, and the con-
clusion is drawn in the last section.

2 � Related work

Furthermore, several researchers have investigated VLC interference. In Ref. [14], 
a zero-forcing (ZF) equalizer with successive interface cancellation (ZF-SIC) and 
a MMSE equalization with subsequent interface cancellation (MMSE-SIC) have 
been utilized to enhance the BER performance in the context of VLC. The perfor-
mance of MMSE-SIC is improved by 3dB SNR compared to ZF-SIC to achieve 
the same BER of 10−3 . A model to enhance the performance of MIMO VLC has 
been provided in Ref. [15], which simultaneously employs the ZF-SIC and MMSE-
SIC equalizers in Ref. [14]. Even in higher-order MIMO, MMSE-SIC offers better 
performance in this system. Ref. [16] proposes an non-orthogonal multiple access 
(ISIC) receiver, which significantly reduces the BER of non-orthogonal multiple 
access (NOHO)-OFDM considerably. The ISIC algorithm can converge in a single 
iteration for any NP-hard task.

Table  1 illustrates the findings of comparing the different channel interference 
elimination techniques described in the above research. The method proposed in this 
work is listed in the table.
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3 � System model

3.1 � MIMO technology

MIMO technology has multiple independent channels between the transmitter 
and the receiver. These independent channels eliminate the correlation of signals 
between antennas, hence enhancing signal link performance and improving data 
throughput. The most common MIMO techniques in VLC systems include diversity 
technology and space division multiplexing (SDM) technology [17–19]. However, 
diversity technology suggests the transmission of redundant data, which is ineffi-
cient, whereas SDM technology pursues a significantly increased transmission rate, 
which is unreliable. Therefore, suitable solutions are needed according to different 
situations and practical applications [20].

The principle of MIMO is illustrated in Fig. 1. At the system’s transmitter, the 
serial electrical signal becomes several parallel signals after modulation and data 
processing. Parallel signals are processed by the transmission module and become 
optical signals emitted by LED terminals. Optical signals are transmitted to the 
receiver through the MIMO matrix channel and are processed by photoelectric 
detector (PD) to obtain multiple received signals [21, 22]. Finally, sampling detec-
tion and demodulation recovered the original transmission signal x′ . The formula for 
the receive signal y is expressed in Eq. (1):

Where x is the serial signal of the transmitter, H is the channel matrix, and � is the 
photoelectric conversion efficiency, which indicates how much of the optical signal 
received by the receiving module from PD can be converted into an electrical signal, 
and n is the added noise in the signal. P is the transmit power of the signal at the 
transmitter, and S is the illumination area.

(1)y =�H(x) + n

(2)� =

P

S
× 100%

Fig. 1   MIMO schematic diagram
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3.2 � OFDM technology

OFDM is a method for continuously transmitting multiple data streams on multiple 
subcarriers in a parallel mode. It can be described as a modulation or multiplexing 
technique. The following are its advantages [23, 24]: 

(1)	 Low complexity;
(2)	 High spectrum utilization;
(3)	 Strong resistance to decline;
(4)	 Easy integration with other systems;
(5)	 Resistance to narrowband interference.

VLC systems can use OFDM technology. The implementation of OFDM in 
a VLC system is described and analyzed in Ref. [25], which highlights how con-
ventional OFDM fits within the limitations of an optical system and describes the 
implementation of OFDM in a VLC system. OFDM modulation and demodulation 
are depicted in Fig. 2. It is necessary to maintain orthogonal frequency between sub-
carrier channels in OFDM to eliminate carrier interference effectively. Multipath 
delay results in pulse broadening, overlapping between adjacent signals, and ISI. In 
addition, the OFDM system requires high orthogonality of symbols, and however, 
if the orthogonality between signals is broken, it will affect the demodulation of the 
receiving signal, known as ICI. Furthermore, string conversion and protection inter-
val are two approaches commonly employed to eliminate multipath interference.

3.3 � MIMO‑OFDM based VLC system

Figure 3 depicts a simple indoor multi-cell VLC system. In the system, an external 
signal input to each LED array’s communication access point (AP) can be used for 
bidirectional transmission between users and devices. The architecture of the sys-
tem has four levels: the first layer is for intelligent device nodes that can perceive 
LED visible light signals; the second layer is for clusters of LED optical communi-
cation nodes based on factors such as the actual transmission of light; the third layer 
defines clustered communication protocols in different communication regions to 

Fig. 2   Modulation and demodulation of OFDM
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achieve inter-cluster communication, and the last layer is for optical communication 
across regions to enable LED optical communication nodes to interact with informa-
tion on the internet [26–28].

The signal transmission process modulates the original signal into a drive circuit 
of LEDs, which therefore transmits the electrical signal in the form of an optical 
signal carrying the transmission information. Employing coding modulation at the 
transmitter is intended to achieve high-speed transmission with a narrow bandwidth. 
In areas covered with LEDs, transmission-carrying light signals are transmitted 
as visible light. The information-carrying light signals converge at the receiver on 
the PD. PD converts the light signal back into an electrical signal, which is ampli-
fied, decoded, and demodulated in the amplified plastic circuit to provide the output 
signal.

In order to resist the severe frequency selective fading that occurs when the 
transmitted signal in the VLC system is transmitted in the wireless channel, ensure 
the communication quality, and improve the reliability of the VLC system, the 
MIMO technology with strong anti-channel fading characteristics and the OFDM 

Fig. 3   Indoor multi-cell VLC system model
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technology with anti-ISI characteristics are combined to form a new MIMO-OFDM 
system based on VLC. Figure 4a and b describe the system block diagram of the 
transmitter and the receiver of the MIMO-OFDM system, respectively. The trans-
mitted signal is subjected to space-time encoding in the MIMO encoder, then mod-
ulated by OFDM, and finally sent out by an antenna array composed of multiple 
antennas. The system consists of NT LED transmitters and NR PD receivers.

In the MIMO-OFDM system, the channel state information (CSI) plays a decisive 
role in the detection and recovery of the received signal in the process of coherent 
demodulation. Therefore, the MIMO-OFDM system needs a variety of techniques to 
be used and combined in its operation. Nevertheless, it comprises several methods 
[29–31]: 

(1)	 Achieving a predetermined gain;
(2)	 SDM techniques for enhancing spatial gain;
(3)	 Channel estimation techniques for evaluating CSI;
(4)	 Signal detection techniques for MIMO channel equalization;
(5)	 Methods for adding protection intervals to OFDM symbols to eliminate mul-

tipath interference.

(a)

(b)

Fig. 4   MIMO-OFDM based VLC system block diagram
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After the system modulation, some data streams become OFDM symbols, reducing 
the influence of multipath fading channels by extending the cycle of OFDM sym-
bols. However, the attenuated impact still destroys the orthogonality between sub-
carriers in OFDM communication systems, affects the standard transmission of sig-
nals in channels, and reduces the reliability of communication systems. Therefore, a 
protection interval is added to the OFDM symbol during transmission. The number 
of waveform cycles included in the delayed copy of the FFT cycle is an integer, thus 
ensuring no crosstalk between codes. The length of the protective interval between 
inserts is not a fixed value but must be greater than the maximum delay extension 
of the channel. The addition of CP and CS in the protective interval also ensures 
orthogonality between subcarriers. The choice of CP length is closely related to the 
delay extension of the wireless channel and the cell diameter.

Where C is the channel capacity, x is the random vector at the transmitter, y is the 
random vector at the receiver. I(x; y) is the mutual energy of x and y, H(y) is the dif-
ferential entropy of y, H(y|x) is the differential entropy of y given that the event x 
has occurred. y is the receiving signal, z is the additive white noise of the receiving 
antenna, and Ex is the energy of the transmitting signal.

Where Ryy is the self-covariance matrix of y and N
0
 is the power spectrum density 

of z. H is for channel matrix and (.)H is for transposition operation. Equation (6) 
can be obtained from the independence of x and z. H(z) is the differential entropy 
of z. When H(z) is constant and y is subject to the symmetric complex Gaussian 

(3)C =maxI(x;y)

(4)I(x;y) =H(y) − H(y|x)

(5)y =

√
Ex

N
H(x) + z

(6)H(y|z) =H(z)

(7)

Ryy =E{yy
H
}

=E{(

√
Ex

N
H(x) + z)(

√
Ex

N
xHHH

+ zH)}

=E{(

√
Ex

N
H(x)xHHH

+ zzH)}

=

Ex

N
HRxxH

H
+ N

0
IN

(8)H(y) =log
2
{det(�eRyy)}

(9)H(z) =log
2
{det(�eN

0
IN)}
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distribution of a zero-mean cycle, H(y) reaches its maximum value, which is the 
maximum mutual energy.

Equation (10), the maximum channel capacity, can be obtained by employing 
Eqs. (3–9):

The Vertical-BLAST (V-BLAST) is used to implement spatial partitions in the 
MIMO-OFDM model based on the detection scheme adopted by the receiver after 
receiving the signal. Different detection systems correlate to various algorithms, 
and the BER varies based on the detection scheme. The ZF, MMSE, and optimized 
MMSE algorithms are used to detect the signal at the receiving end of the V-BLAST 
structure. The channel equalization algorithm is based on the following assumptions: 

(1)	 Half-wavelength antenna spacing;
(2)	 Rayleigh fading channel;
(3)	 Channel equalization with perfect channel estimation at the receiver.

3.3.1 � ZF algorithm

The criterion of ZF detection algorithm is to make the interference between users 
and the data flow within users nearly zero.

Where WZF is the weighted matrix of the ZF algorithm. x̂ is the signal of the detected 
transmitting antenna and ẑ is the noise after detection, ẑ = (HHH)

−1HHz . The pur-
pose of the ZF algorithm is to minimize noise power expectations, that is:

3.3.2 � MMSE algorithm and optimized MMSE algorithm

The MMSE criterion minimizes the expected mean square error (MSE) 
value between the linear combination of the transmitted signal and the 
received signal [32–34]. The MMSE algorithm can obtain the optimal 

(10)

C = maxI(x;y)

= log
2
{det(IN +

√
Ex

N
HRxxH

H
)}

(11)y = Hx + z

(12)WZF = (HHH)

−1HH

(13)
x̂ = WZFy

= x + (HHH)

−1HHz

= x + ẑ

(14)E{||ẑ||2
2
} = E{||(HHH)

−1HHz||2}
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signal-to-interference-plus-noise ratio. The MSE of the channel frequency impulse 
response between the receiver and the transmitter is:

Where Ĥ is the minimum estimated value of the channel matrix H under the MMSE 
algorithm. Both Ĥ and H are M*1 matrices, and M is the number of signals. When 
Eq. (15) takes the minimum value, the expression of Ĥ is:

Where x is the input signal, y is the demodulated signal at the receiver, Ryy repre-
sents the self-covariance matrix of the receiving signal, RHy represents the cross-
covariance matrix of the channel transport function and the receiving signal, RHH 
is the self-covariance matrix of the channel transport function, and w2 is the noise 
variance. E(.) is mathematical expectation, (.)H is the Hermitian transpose.

This is a typical form of the MMSE channel detection algorithm; the description 
of optimized MMSE follows is describes as follows.

The minimum error between the demodulated signal value y at the receiver and 
the output signal y′ after channel estimation obtained by the least-square algorithm 
is:

where F is the Fourier transform. Therefore, the Eq. (19) takes a partial derivative of 
h′ , and expressed as follows:

where the H′ is also an M*1 matrix. According to Eqs. (17, 18, 23), Eq.(16) can be 
converted into:

(15)𝜖 = minE{|H − Ĥ|2}

(16)Ĥ =RHyR
−1

yy
y

(17)
Ryy =E{yy

H
}

=xRHHx
H
+ w2

(xxH)−1

(18)RHy =E{Hy
H
} = RHHx

H

(19)e =min{(y − y�)H(y − y�)}

(20)y� =xH�

= xFh�

(21)

�e

�h�
=

�{(y − xFh�)H(y − xFh�)}

�h�

= −2FHxHy + 2FHxHxFh�

= 0

(22)h� = F−1x−1y

(23)H�

= Fh� = x−1y
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In order to simplify, (xxH)−1 is replaced by E{(xxH)−1} in Eq. (24). When each 
channel uses the same symbol mapping method and the probability of all symbols 
appearing at each point on the constellation diagram is the same, there are:

where I is the identity matrix, and according to Eqs. (25 and 26), Eq. (24) can be 
converted to:

where � = E{|x|2}E{|1∕x|2} . When different modulation methods are used to mod-
ulate the baseband signal, the value of � is also different. If 16QAM modulation is 
used, � = 17∕9 , and QPSK modulation is used in this paper, � = 1.

Since the above expression also needs to calculate the second-order matrix of 
the channel and noise, the computational complexity of the above equations is 
still very high, therefore the channel matrix property can be used, that is, replace 
the unknown matrix RHH with a matrix whose elements are known at the receiver, 
thereby avoiding the prior knowledge of the unknown matrix and reducing the 
computation.

Equation (27) can be expressed as:

where Ro
HH

 is a known low-order Hermitian matrix, the eigenvalue is constant, and 
the elements at the pth row, the qth column are:

where 1 ≤ p ≤ M , 1 ≤ q ≤ M , L is the number of constant eigenvectors, and Ro
HH

 
can be diagonalized in the orthonormal basis, that is:

where the diagonal elements of Δ are �i , 1 ≤ i ≤ M.

Meanwhile, Ro
HH

(Ro
HH

+

�

SNR
⋅ I)−1 can be diagonalized in the same way, so Eq. (28) 

can be transformed into:

(24)Ĥ = RHH(RHH + w2
(xxH)−1)−1H�

(25)E(xxH)−1 = E{|1∕x|2} ⋅ I

(26)SNR = E{|x|2∕w2
}

(27)Ĥ = RHH(RHH +

𝛽

SNR
I)−1H�

(28)Ĥ = Ro
HH

(Ro
HH

+

𝛽

SNR
⋅ I)−1H�

(29)(Ro
HH

)p,q =
1 − e−2j�L(p−q)∕M

2j�L(p − q)∕M

(30)Ro
HH

= UΔUH

(31)�i =

{
1

L
, 0 ≤ i ≤ L − 1

0,L ≤ i ≤ M − 1
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where Δ� is the eigen decomposition of Ro
HH

(Ro
HH

+

�

SNR
⋅ I)−1 with diagonal entries 

�′

i
.

4 � Simulation experiment

In the simulation experiment, the Alamouti code is employed, which modulates the 
high-speed information flow from the source into a low-speed subdata stream and 
then transmits the low-speed subdata stream via numerous transmitting antennas. 
QPSK modulates the symbols transmitted by the system. The parameters of modula-
tion are shown in Table 2.

Figure 5a epicts a scatter diagram of the signal modulated by OFDM technology. 
In contrast, Fig. 5b and c illustrate constellations of the signal at the receiver with 
25 dB SNR and 30 dB SNR, respectively. When the received signal is affected by 
fading and Gaussian noise during transmission, distortion and transmission errors 
will occur. Figure 5c has a more concentrated signal than Fig. 5b, namely, the signal 
in Fig. 5b is more distorted, and the transmitted signal has a significantly increased 
BER. 

Figure  6 describes the amplitude of a single OFDM symbol in three cases: 
the original OFDM symbol, the OFDM symbol with windows, and the OFDM 
symbol with CP and CS. It can be seen that adding windows to OFDM symbols 
and adding CP/CS both reduce the effect of multipath interference and eliminate 

(32)Ĥ = UΔ

�UHH�

(33)��

i
=

{
�i

�i+
�

SNR

, 0 ≤ i ≤ L − 1

0 , L ≤ i ≤ M − 1

Table 2   Modulation parameters Parameter Value

Simulation times 20000
Subcarrier number 512
Effective subcarrier number 200
SNR 20 [ dB]
SNR interval 0:2:20 [ dB]
CP length 128 [ �s]
CS length 30 [ �s]
Transmitting antennas number 2
Receiving antennas number 2
Each frame length 10 [ fps]
Frames number 10000
Raised cosine window coefficient 3/64
Modulation mode QPSK
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intercoder interference during transmission. Figure 7a depicts the simulated com-
parison of OFDM signals under a single-path channel and OFDM signals under a 
multipath channel. As illustrated in Fig. 7a, the surrounding environment makes 
the signal reflect, refract, diffuse, and scatter under the multipath channel. In this 

(a) (b)

(c)

Fig. 5   Constellation diagram of the signal at the receiver under different SNRs

Fig. 6   OFDM symbol amplitude 
diagram under different condi-
tions
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case, the phase difference of different signal paths is complex, which may cause 
gain or loss to the receiving signal strength. Figure 7b shows a spectrum simula-
tion comparison of an OFDM signal without a window and an OFDM signal with 
a window. It shows that the spectrum curve of the signal has become smoother, 
and the spectrum leakage has been reduced after window processing. From the 
filter point of view, the addition of windows is an additional layer of filter pro-
cessing facilities, reducing spectrum leakage. 

Figure 8a illustrates a capacity simulation of VLC-based MIMO-OFDM sys-
tems under known CSI and unknown CSI. As shown in the diagram, when the 
SNR is the same, the capacity of available CSI systems is always more significant 
than that of unknown CSI systems. The high reliability of known CSI protects 
high-speed communication. However, this difference is only noticeable when the 
SNR is small and when the SNR is close to 20 dB, which has a minimal effect. 
Figure 8b shows a capacity change diagram when the SNR is 10 dB. When SNR 

(a) (b)

Fig. 7   Simulation diagram of OFDM symbols with different processing

(a) (b)

Fig. 8   Relationship between MIMO-OFDM system capacity and SNR and antenna number
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is a particular value, the system capacity increases linearly with the increase of 
the transceiver antenna.

Figure 9 illustrates a performance curve diagram of different numbers of trans-
ceivers under the Rayleigh fading channel, which are 1-transmit and 1-receive (that 
is, single input and single output, SISO), 2-transmit and 1-receive, and 2-transmit 
and 2-receive systems. Figure 9a and b describe the comparison charts of the SNR-
Capacity and SNR-BER curves. It can be seen from the two figures that when the 
number of LEDs on the transmitter is the same, the more the number of PDs on 
the receiver, the better the system performance. Similarly, when the number of PDs 
is the same, the greater the number of LEDs, the better the system performance 
due to the diversity gain brought by MIMO space-time coding. It can be seen from 
the comparison of the system performance of 2-transmit 1-receiver and 2-transmit 
2-receiver that the effect of adding the receiver is more significant than the effect of 
adding LED lights. Giving the power combining gain at the receiving end signifi-
cantly influences transmitter coding because it improves the LEDs’ gain.

Figure 10a, b and c illustrate the performance of VLC system using ZF algorithm, 
MMSE algorithm, and optimized MMSE algorithm under V-BLAST architecture, 
respectively. The simulation results show the BER performance of the two detection 
algorithms under three conditions: no interference cancellation, non-ideal interfer-
ence cancellation, and ideal interference cancellation. The system’s performance can 
be enhanced by eliminating the disturbance, as indicated by the slope of the curve in 
Fig. 10. Due to the non-ideal interference cancellation using the real-time demodu-
lation effect, the non-ideal disturbance’s performance is significantly worse than that 
of the great disturbance when it is eliminated. The demodulation findings are incor-
rect, resulting in a significant performance loss.

Figure  11 depicts three different detection algorithms’ system performance 
(BER curve) under ideal and non-ideal interference cancellation conditions. The 
algorithms all select 4-layer antennas for simulation. As shown in Fig. 11, in the 
case of non-ideal interference cancellation, real-time demodulation cannot cor-
rect all errors; the signal after detection and processing still exists, and the BER 

(a) (b)

Fig. 9   Performance of different schemes under the Rayleigh fading
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is high. However, real-time demodulation is used to correct errors in the transmit-
ted data. Meanwhile, in the two cases of ideal interference cancellation and non-
ideal interference cancellation, when the SNR is the same, the BER of each layer 
of the system decreases with the increase of layers. The diversity degree of each 
detection layer gradually increases, and the diversity degree of the 1st, 2nd, 3rd, 
and 4th layers is 4, 3, 2, and 1, respectively. The reliability of the layer detected 
first is the lowest among all layers, and the reliability of the layer detected last 
is the highest. Secondly, it can be seen from Fig.  11e and f that the optimized 
MMSE detection algorithm has better BER performance than the other two algo-
rithms under ideal interference conditions.  

Figure 12 shows the MSE curves for different algorithms. The channel estima-
tion accuracy of the optimized MMSE algorithm is greater than that of the con-
ventional MMSE algorithm, which will directly impact the system’s performance. 
Figure 13 illustrates a comparison chart of the BER of the three detection algo-
rithms under the VLC-based MIMO-OFDM system. Table 3 shows the data com-
parison of the BER of the ZF algorithm, the MMSE algorithm, and the optimized 

(a) (b)

(c)

Fig. 10   Performance of different detection algorithms under V-BLAST architecture
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MMSE algorithm. depicted in Fig.  13, the ZF algorithm has the worst perfor-
mance, followed by the MMSE algorithm, and the optimized MMSE algorithm 
has the best performance because the optimized MMSE algorithm uses relatively 
accurate channel statistics. When SNR equals 20 dB, the BER can reach even less 
than 10−4 . When the BER is 10−3 , the optimized MMSE algorithm gains 1 dB 
compared with the conventional MMSE algorithm.

(a) (b)

(c) (d)

(e) (f)

Fig. 11   Performance of different algorithms under different interference cancellations
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5 � Conclusion

This paper proposes a MIMO-OFDM system based on VLC that combines 
MIMO and OFDM technologies to assess system performance in terms of 
capacity and BER. The proposed system uses OFDM technology to modulate 
the signal by adding CPs and CSS to the OFDM signal to ensure orthogonal-
ity between subcarriers and reduce the interference between symbols and chan-
nels caused by multipath interference. Furthermore, the system employs MIMO 
technology to improve system capacity and enhance the communication quality. 

Fig. 12   The MSE curves of dif-
ferent algorithms

Fig. 13   The BER curves of dif-
ferent algorithms

Table 3   BER of different 
algorithms

SNR ZF MMSE MMSE’

18 dB 2.28E − 02 2.49E − 03 8.56E − 04

20 dB 9.26E − 03 2.47E − 04 7.81E − 05
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Finally, the performance of the ZF algorithm, the MMSE algorithm, and the opti-
mized MMSE algorithm under ideal interference and non-ideal interference, and 
the BER of the system under various detection algorithms, are evaluated. This 
research reveals that the optimized MMSE algorithm has low computational com-
plexity and greater channel estimate accuracy than earlier algorithms, decreasing 
the system’s BER and improving overall performance.

Appendix A: List of acronyms

Acronyms English Spelling

VLC Visible Light Communication
LED Light Emitting Diode
RF Radio Frequency
OFDM Orthogonal Frequency Division Multiplexing
MIMO Multiple Input Multiple Output
SISO Single Input Single Output
NOHO Non-Orthogonal Hybrid Optical
SNR Signal-to-Noise Ratio
FFT Fast Fourier Transform
IFFT Inverse Fast Fourier Transform
BER Bit Error Rate
PD Photoelectric Detector
AP Access Point
SDM Space Division Multiplexing
ISI Inter-Symbol Interference
ICI Inter-Channel Interference
CSI Channel Status Information
CP Cyclic Prefix
CS Cyclic Suffix
V-BLAST Vertical Bell laboratories layered space-time
ZF Zero Forcing
ZF-SIC Zero Forcin Successive Interface Cancellation
MMSE Minimum Mean Square Error
MMSE-SIC Minimum Mean Square Error Successive 

Interface Cancellation
ISIC Iterative Successive Interface Cancellation
QPSK Quadrature Phase Shift Keying
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