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ABSTRACT In this paper, in order to improve the reliability of Multi-User Multiple-Input Multiple-Output
Visible Light Communication (MU-MIMO-VLC) system, we propose a precoding scheme that based on
Singular Value Decomposition (SVD) and Geometric Mean Decomposition (GMD) assisted Orthogonal
Transformation (OT). In this design, we use SVD to conduct the decomposition of the user’s complementary
channel matrix. Then, the equivalent channel matrix is obtained by multiplying the user’s channel matrix and
the decomposed component. After that, the GMD is carried out to decompose the equivalent channel matrix.
Finally, the precodingmatrix of the proposed scheme is obtained.We then derive the theoretical Symbol Error
Rate (SER) of the proposed scheme. The simulation results are provided to validate the effectiveness of the
proposed scheme, and to demonstrate that the reliability of the proposed design is superior to benchmark
schemes.

INDEX TERMS Multiple-input multiple-output, multi-user visible light communication, singular value
decomposition, geometric mean decomposition, reliability.

DESCRIPTIONS OF SYMBOLS AND ABBREVIATIONS
(·)∗ Conjugate transpose.
(·)! The factorial operation.
βv Atmospheric extinction coefficient.
η SNR.
exp Exponential operation.
0(·) Gamma function.
ln Logarithmic operation.
Hi,GMD The equivalent channel matrix of user i

that is decomposed by GMD.
Hi,SVD The equivalent channel matrix of user i

that is decomposed by SVD.
H i The equivalent channel matrix H i of

user i.
81/2 Divergence semi-angle of transmitters.

The associate editor coordinating the review of this manuscript and

approving it for publication was Walid Al-Hussaibi .

91/2 Field of view (FOV) semi-angle of
receiver.

sec Secant trig functions.
σ 2 Mean square slope of the sea surface.
σ 2
It Logarithmic irradiation variance.∑

Summation
tan Tangent trig operation.
Fi,SVD Precoding matrix of user i generated by

the double SVD scheme.
Fi,SVDandGMD Precoding matrix of user i generated by

the SVD and GMD scheme.
2 Scattering angle.
θp Polar angle.
H̃i The complementary channel matrix H̃i

of user i.
ξ, γ The parameters describing the turbu-

lence experienced by waves.
A LED receiving aperture area.
Bξ−γ (·) ξ − γ order second kind of modified

Bessel function.
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c Photoelectric conversion efficiency.
C2
n A parameter used to describe the tur-

bulence intensity.
D LED receiving aperture diameter.
Es Signal energy.
h The channel coefficient.
hp Path fading.
ht,s The channel coefficient of strong tur-

bulence.
ht,w The channel coefficient of weak tur-

bulence.
ht Turbulent fading.
I (·, ·, ·) Coefficient of Bξ−γ (·).
k Phase constant.
La,u Distance of the propagation link.
m The total number of users.
N0 Noise power.
Nr Sum of the number of LED receiving

apertures Nr,i for each user i.
Nt Total number of LED transmission

apertures.
Q(·) Error complementary function.
sr Separation distance between

receivers.
st Separation distance between transmit-

ters.
V Wind speed.
Z (·, ·) The Lah numbers.
DC Direct Current.
FOC Free-space Optical Communication.
FOV Field of view.
GMD Geometric Mean Decomposition.
ISM Industrial, Scientific, and Medical.
LED Light-Emitting Diode.
MC Monte Carlo.
MIMO Multiple-Input Multiple-Output.
MU-MIMO-VLC Multi-User Multiple-Input Multiple-

Output Visible Light Communication.
MUIs Multi-User Interferences.
OT Orthogonal Transformation.
OWC Optical Wireless Communication.
PAM Pulse Amplitude Modulation.
PEP Pairwise Error Probability.
RF Radio Frequency.
SER Symbol Error Rate.
SM Spatial Modulation.
SMP Spatial MultiPlexing.
SNR Signal-to-Noise Ratio.
STBC Space-Time Block Code.
SVD Singular Value Decomposition.
SVD-GMD-OT Singular Value Decomposition (SVD)

and Geometric Mean Decomposition
(GMD) assisted Orthogonal Transfor-
mation (OT).

SVD-OT Double SVD assisted OT.

UCD Unified Channel Decomposition.
VLC Visible Light Communication.

I. INTRODUCTION
In the traditional Radio Frequency (RF) communication,
spectrum resources are limited as a natural resource. Along
with the increasing applications of wireless user equipments,
the public Industrial, Scientific, andMedical (ISM) bands are
becoming more and more crowded, resulting in insufficient
available bandwidth, increasing interferences, and worse reli-
ability [1]. Therefore, traditional RF communication can-
not meet people’s requirements for communication quality.
Hence, in recent years, except for the efforts of exploiting
the resources in the spectral domain, the resources in the
space domain are also utilized to improve the transmission
performance. For example, Multiple-Input Multiple-Output
(MIMO) technologies have been widely applied to improve
the transmission rate or the reliability by respectively utilizing
the spatial multiplexing or the spatial diversity gain [2], [3],
[4], [5], [6], [7].

MIMO communication utilizes space resources and
changes the number of antennas at the receiving end and
the transmitting end [8]. MIMO technology is not only
widely used in the RF field, but also has been applied by
researchers to many other scenarios [9]. And researchers also
develop many technologies that can be applied on the basis
of this technology, such as diversity coding, precoding [10]
etc. In recent years, MIMO precoding technologies have
been widely studied, such as Singular Value Decomposition
(SVD), Geometric Mean Decomposition (GMD), Unified
Channel Decomposition (UCD) and Space-Time Block Code
(STBC) [11], [12].

To further utilize the broad bandwidth of the optical spec-
trum band, researchers have proposed to apply the Optical
Wireless Communication (OWC) technology for information
transmissions, wherein the Light-EmittingDiodes (LEDs) are
used instead of antennas to transmit the user data and have
been used in Free-space Optical Communication (FOC) [13],
[14]. The OWC has the following merits for delivering the
user data: 1) the optical bandwidth is large; 2) the electromag-
netic interference is relatively low in underwater communica-
tions [15], [16]; 3) user data are transmitted by adjusting the
brightness of the LEDs [17].

Nowadays, LED lighting is mostly composed of a large
number of single LED lamps, which can compose massive
MIMO [18] system to provide transmission services for mul-
tiple users in Visible Light Communication (VLC) system.
In order to further improve the reliability of Multi-User
MIMO Visible Light Communication (MU-MIMO-VLC)
system, the optimal coding technologies are presented, such
as Spatial Modulation (SM) [10], [12], [19] scheme, Spatial
MultiPlexing (SMP) [1], [19], [20] scheme, and Orthogonal
Transformation (OT) [19] scheme.

For MU-MIMO-VLC system, the precoding scheme has
been proposed to provide the following advantages: the
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full spatial diversity gain; the array LED gain; strong anti-
interference performance; low complexity; easy hardware
implementation; being compatible with current wireless com-
munication system; easy to integrate with other technologies.
For example, the precoding matrix generated by the double
SVD has been used for the precoding [20]. The precoding
matrix is generated by the complementary channel matrix
and the equivalent channel matrix. This scheme can reduce
Multi-User Interferences (MUIs). In addition, the precoding
matrix generated by GMD is also proposed for the precod-
ing [21], since each sub-channel has the same Signal-to-
Noise Ratio (SNR) and the complex bit allocation procedure
is removed.

In this paper, a precoding scheme based on SVD and
GMD assisted OT (SVD-GMD-OT) is proposed for the
MU-MIMO-VLC system to improve the reliability. In this
design, the user data are first modulated and encoded by
the Pulse Amplitude Modulation (PAM) and OT. Then, the
SVD operation is performed on the complementary chan-
nel matrix, and GMD is used to decompose the equivalent
channel matrix. Therefore, the proposed scheme not only
inherits the advantages of suppressing the interference but
also removes the complex bit allocation operations. Note that
the OT is applied to expand the Euclidean distance between
different symbols. Subsequently, we derive the theoretical
Symbol Error Rate (SER) of the proposed scheme. Then
the simulation results verify that the proposed scheme can
effectively improve the reliability.

Briefly the major contributions include:
1) A precoding scheme based on SVD and GMD is pro-

posed to improve the reliability for MU-MIMO-VLC
system.

2) We derive the theoretical SER expression for the pro-
posed transceiver.

3) Simulated results are provided to verify the effec-
tiveness of the proposed scheme, and that the pro-
posed MIMO transmission system can achieve higher
reliability.

The rest of this paper is organized as follows. Section II
introduces the structure of the MU-MIMO-VLC system and
the precoding scheme based on SVD and GMD proposed
in this paper. Section II-C briefly describes several channel
environments used in this paper. Section III presents the SER
analysis of the proposed scheme. The simulation results are
provided in Section IV, and Section V concludes the findings.

II. MU-MIMO-VLC SYSTEM BASED ON SVD
AND GMD PRECODING
In this section, we will introduce the transmitter and receiver
structure of MU-MIMO-VLC system which uses the precod-
ing scheme based on SVD-GMD proposed in this paper, and
the channel models applied in this scheme.

A. TRANSMITTER
The transmitter structure of the MU-MIMO-VLC system is
shown in Fig. 1. Each user data are modulated and encoded

FIGURE 1. Transmitter structure.

independently in parallel. Take the user i as an example, the
data will be first modulated and encoded by PAM and OT to
obtain xi.
Next, the precoding is conducted. Let Fi,SVDandGMD denote

the precoding matrix that based on SVD and GMD cor-
responding to user i proposed in this paper, more details
about the Fi,SVDandGMD are presented in the Section II-B. The
precoding procedure is given as follows:

x̃i = Fi,SVDandGMDxi, (1)

where x̃i is the symbol that has been precoded.
After adding the Direct Current (DC) bias, we can obtain

signal vector t that need to be transmitted:

t =
m∑
i=1

(Fi,SVDandGMDxi)+ d, (2)

where m is the total number of users, d is the DC bias [19],
and t = [t1, . . . , tNt ]

T is the signal vector sent to each
LED transmission aperture, Nt is the total number of LED
transmission apertures.

B. PRECODING
As mentioned above, SVD [19] and GMD [21] can be used
for precoding. For the SVD, the decomposition procedure is
presented as follows:

H = U3V∗, (3)

where (·)∗ represents the conjugate transpose operation, the
unitary matrix UNr×Nr and the unitary matrix VNt×Nt meet
U∗U = ENr×Nr ,V

∗V = ENt×Nt , Nr is the sum of the
number of LED receiving apertures Nr,i for each user, E
is the identity matrix, 3 is a diagonal matrix, and the ele-
ments on the diagonal are the singular values of the channel
matrix H.
In the double SVD precoding processes used in the

past [19], [22], the first SVD is to decompose the comple-
mentary channel matrix H̃i of user i, and the process is as
follows:

H̃i = Ũi3̃i

[
Ṽ(1)
i | Ṽ

(0)
i

]∗
. (4)

The quasi-unitary matrix Ṽ(0)
i obtained after decomposi-

tion is used to generate the equivalent channel matrix Hi of
user i, the process is as follows:

Hi,SVD = HiṼ
(0)
i = Ui3V∗i , (5)
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where Hi,SVD represents the equivalent channel matrix of
user i that is decomposed by SVD, Hi represents the channel
matrix of the user i. After generating the equivalent chan-
nel matrix, and performing the second SVD on the equiv-
alent channel matrix, such as the (5). Then multiply the
unitary matrix Vi decomposed by the second SVD and the
quasi-unitary matrix Ṽ(0)

i decomposed by the first SVD to
obtain the precoding matrix Fi,SVD of double SVD scheme,
its expression is as follows:

Fi,SVD = Ṽ(0)
i Vi. (6)

On the other hand, the GMD is an extension of orthogonal
triangular (QR) decomposition given as follows:

H = GRQ∗, (7)

where the unitary matrix GNr×Nr and the unitary matrix
QNt×Nt also satisfy G∗G = ENr×Nr ,Q

∗Q = ENt×Nt . R is
an upper triangular matrix.

In the proposed precoding scheme based on SVD and
GMD in this paper, the complementary channel matrix H̃i
from the transmitter of the user i is also used to first perform
the SVD operation, and then uses the obtained quasi-unitary
matrix Ṽ(0)

i multiplied by the user’s channel matrix Hi to
get the user’s equivalent channel matrix Hi. However, the
difference between the proposed scheme and the double SVD
scheme is that GMD is used instead of SVD to decom-
pose the user’s equivalent channel matrix. This scheme has
the following advantages: 1) inheriting the anti-interference
performance for different users in the double SVD scheme;
2) decomposing the channel into sub-channels with the same
SNR by GMD; 3) removing the complex bit allocation; so
as to achieve the purpose of improving the reliability of the
MU-MIMO-VLC system in this paper. Thus the process of
generating the precoding matrix of the proposed scheme can
be presented as follows:

H̃i = Ũi3̃i

[
Ṽ(1)
i | Ṽ

(0)
i

]∗
, (8)

Hi,GMD = HiṼ
(0)
i = GiRiQ∗i , (9)

Fi,SVDandGMD = Ṽ(0)
i Qi, (10)

where Hi,GMD represents the equivalent channel matrix of
user i decomposed by GMD,Qi is the unitary matrix compo-
nent generated when the equivalent channel matrix is decom-
posed by GMD.

C. CHANNEL MODELS
In this subsection, we introduce the channel models [23], [24]
applied in this paper. In OWC, the main factors affecting the
channel response of the underwater and the atmosphere are
path fading and turbulent fading, the relationship between the
channel coefficient h and the two influencing factors can be
expressed as follows [22]:

h = hp · ht , (11)

where hp is path fading, ht is turbulent fading.

The turbulence intensity is determined by the logarithmic
irradiation variance σ 2

It . When the value is less than 1, the
turbulence intensity is weak. The expression is given as
follows [22]:

σ 2
It = 1.23C2

n k
7/6L11/6au , (12)

whereC2
n is a parameter used to describe the turbulence inten-

sity, whose value is between 10−17 and 10−12. k represents
the phase constant, and Lau represents the distance of the
propagation link.

In atmosphere, path loss can be divided into geometric loss
and the effect of the medium on the light in the link, which
can be expressed as follows [25]:

hp =
A

π (2Lau/2)2
exp(−βvLau), (13)

where A is the LED receiving aperture area, 2 is the scat-
tering angle, and βv is the atmospheric extinction coefficient.
We use Monte Carlo method (MC) [26] to model path loss in
the underwater channel.

Turbulence can be divided into strong turbulence and
weak turbulence. As to the turbulence loss, the log-normal
distribution can be used for the weak turbulence, and the
double-gamma distribution is used for modeling the strong
turbulence [25]. Then the mathematical expression can be
presented as [27]:

f (ht,w) =
1

√
2πσItht,w

exp(−
(ln(ht,w)+ σ 2

It/2)
2

2σ 2
It

), (14)

f (ht,s) =
2(ξγ )(ξ+γ )/2

0(ξ )0(γ )
h(ξ+γ )/2−1t,s Bξ−γ (2

√
ξγ ht,s), (15)

where f (ht,w) refers to the distribution of the channel coef-
ficient of weak turbulence ht,w, while the f (ht,s) means
the distribution of the channel coefficient of strong tur-
bulence ht,s. 0(·) is the gamma function, where 0(x) =∫
∞

0 ux−1 exp−u du [28]. The ξ, γ are the parameters describ-
ing the turbulence experienced by waves. Bξ−γ (·) is the
second kind of modified Bessel function [19], which order
is ξ − γ , the calculation formula [28] is as follows:

Bξ−γ (2
√
ξγ ht,s) = exp−(2

√
ξγ ht,s)

· (
∞∑
q1=0

q1∑
q2=0

I (ξ − γ, q1, q2)

· (2
√
ξγ ht,s)q2−(2

√
ξγ ht,s)), (16)

I (ξ − γ, q1, q2) =
(−1)q2

√
π0(2(ξ − γ ))

2ξ−γ−q20( 12 − (ξ − γ ))

×
0( 12 + q1 − (ξ − γ ))Z (q1, q2)

0( 12 + q1 + (ξ − γ ))q1!
,

(17)

Z (q1, q2) =
(
q1 − 1
q2 − 1

)
q1!
q2!
, (18)

where (·)! represents the factorial operation, I (·, ·, ·) is coef-
ficients of Bξ−γ (·) and involve the Lah numbers Z (·, ·) [28],
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FIGURE 2. Receiver structure.

q1, q2 are the index of the sum in formula (16), Z (0, 0) = 1;
Z (q1, 0) = 0 and Z (q1, 1) = q1!.
The expressions for ξ, γ are as follows [19]:

ξ = {exp[
0.49σ 2

It

(1+ 1.11σ 12/5
It )7/6

]− 1}−1, (19)

γ = {exp[
0.51σ 2

It

(1+ 1.69σ 12/5
It )5/6

]− 1}−1. (20)

For the air-water interface, it is well known that when light
reaches an air-water interface, the refraction and reflection
will occur. The wind affects the point of incidence on the
plane, so the angle of refraction and the angle of incidence
also change, resulting in a change in refraction. The distribu-
tion formula of polar angle [19] is as follows:

f (θp) =
2
σ 2 exp(

−tan2θp
σ 2 )tanθpsec2θp, (21)

where θp is the polar angle, σ 2
= 0.003 + 0.00512V is

the mean square slope of the sea surface, and V is the wind
speed. The wind speed will affect the value of σ 2, and then
affect the size of the influencing pole angle, thus changing the
size of the incident angle, which will cause the optical signal
to be affected by temporal dispersion during transmission.
According to the research data in [19] and [26], under the
influence of different wind speeds, if the transmission rate of
the optical signal is lower than Gbps, the influence of the time
dispersion caused by the wind can be ignored in this paper.

D. RECEIVER
The structure of the receiver is shown in Fig. 2. For the
MU-MIMO-VLC system, the total number of LED receiving
apertures Nr is the sum of the number of LED receiving
apertures Nr,i for each user.

Similarly, for the user i, the received signal can be
expressed as follows:

yi = Hit+ ni, (22)

where yi is the received signal of user i, ni represents the
additive noise in the channel, Hi is the channel matrix cor-
responding to user i, from Section II-B we know the channel
matrix can be decomposed into three parts.

Next, applying the quasi-orthogonality of the unitary
matrix to decode yi that is ri = G∗i yi, after removing the DC
bias, the expression can be expressed as follows:

ri = Rixi +G∗i ni, (23)

where ri is the symbol used by user i for Maximum Likeli-
hood (ML) detection [10] after decoding.

Then we use the ML detection method to restore the
original signal:

x̂i = argmax
xi

p(ri|xi,Ri)

= argmin
xi
‖ri − Rixi‖2F , (24)

where x̂i is the estimated symbol, ‖ · ‖F represents the norm
operation.

III. PERFORMANCE ANALYSIS
In this part, we use the numerical analysis methods in [1]
to derive the theoretical SER expression of the proposed
scheme.

The ML detection method is used to recover the sym-
bols, on the premise of estimating the channel matrix H,
the probability that the transmitted signal xi decoded into
an error code xj is named as the conditional Pairwise Error
Probability (PEP). The xi − xj (xi 6= xj) means an error
vector. The conditional pairwise error probability formula [1]
is expressed as follows:

PEP = Q(

√
c2Es
4N0
‖H(xi − xj)‖2F ), (25)

where c is the photoelectric conversion coefficient and in this
paper is 1, Es means the signal energy, while the N0 is the
noise power, and Q(·) is the error complementary function.
Next we derive the conditional pairwise error probability

of the scheme as below:

PEP(xi −→ xj|R) = Q(

√
η‖R(xi − xj)‖2F

4
), (26)

where η = Es
N0

represents the SNR.
Then we use the traversal method to obtain the minimum

Euclidean distance and substitute it into the above formula,
and average the conditional pairwise error probability of
all transmission signals, the lower bound of the conditional
pairwise error probability can be obtained as [22]:

PEP(e|R, xi) =
1
S

S∑
i=1

Q(

√√√√η ·min
i 6=j
‖R(xi − xj)‖2F

4
), (27)

where S indicates that the symbols that the receiver can
receive by the traversal method.

We use the method of the numerical analysis to approxi-
mate the integral summation of the (27) to obtain the lower
bound of the theoretical SER of the proposed scheme [19]:

Pe,l ≈
1
W

W∑
w=1

PEP(e|Rw, xi), (28)
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FIGURE 3. Theoretical and simulation comparisons in the atmosphere,
σ2

It = 0.2614.

where W indicates that W samples are used in the approxi-
mation using the numerical analysis, w is index number.

IV. SIMULATION
In this section, we first compare the simulation SER and
theoretical SER of the SVD-GMD-OT scheme in this paper
to verify the effectiveness of the proposed scheme. Then
we compare the SER of the SVD-GMD-OT scheme in this
paper with two benchmark schemes that are SM [10], [12],
[19] scheme and Double SVD assisted OT (SVD-OT) [19]
scheme in atmosphere, underwater and air-water interface
channels to verify that the proposed scheme in this paper can
effectively improve the reliability of the MU-MIMO-VLC
system. In addition, SER of air-water interface, underwater
channel and atmospheric channel under different wind speed,
water quality and propagation distance were simulated to
demonstrate the influence of the three factors on the reliability
of the scheme proposed in this paper.

In the simulation, we assume that relatively perfect chan-
nel state information can be obtained. There are two users,
each user has two LED transmission apertures and two LED
receiving apertures, and other fixed simulation environments
are as follows.

In our simulation, we assume that the light source is a
laser with a beam width of 3mm and a beam wavelength
of 550nm. We set the photoelectric conversion efficiency
c as 1 and the field of view (FOV) semi-angle of receiver
as 91/2 = 45◦. Also we set the LED receiving aperture
diameter as D = 0.05m and the divergence semi-angle of
transmitters as 81/2 = 0.5◦. Then the separation distance
between receivers is set as sr = 0.25m, and the separation
distance between transmitters is set as st = 0.25m.
Fig. 3 and Fig. 4 show the theoretical and simulation

SER respectively in atmospheric and underwater scenarios.
We assume that σ 2

It = 0.2614 in the atmosphere and σ 2
It =

0.0734 in the underwater, wherein the atmospheric propa-
gation link is 600m, and the underwater propagation link is
300m. From the comparison results, we can see that with

FIGURE 4. Theoretical and simulation results in the underwater,
σ2

It = 0.0734.

FIGURE 5. Comparison of three schemes in the case of strong turbulence
in the atmosphere, σ2

It = 1.4024.

TABLE 1. The percentage SER of three schemes in the atmosphere.

the increase of the SNR, the simulation and theoretical SER
curves are basically consistent. Moreover, it can be found that
the SER performance of the scheme proposed in this paper
is superior to SER performance of SVD-OT scheme and SM
scheme, indicating that the reliability of the scheme proposed
in this paper is superior to the reliability of SVD-OT scheme
and SM scheme.

Fig. 5 shows the comparison of the three schemes including
the scheme proposed in this paper, SVD-OT and SM in the
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FIGURE 6. Comparison of three schemes in the case of strong turbulence
in the underwater, σ2

It = 1.1401.

atmospheric channel, wherein the turbulence is strong with
σ 2
It = 1.4024, and the propagation link is 1500m. As can be

seen from the figure, with the increase of the SNR, the scheme
proposed in this paper has improved the SER performance,
while the SER performance of the proposed scheme in this
paper is superior to the SER performance of the SVD-OT
scheme and the SM scheme.

From Table 1 obtained in Fig. 5, it can be seen that the
percentage SER of the proposed scheme in this paper is much
smaller than the percentage SER of the SVD-OT scheme
and SM scheme, which proves that the SER performance of
the proposed scheme in this paper is better than that of the
SVD-OT scheme and SM scheme, so the proposed scheme in
this paper can effectively improve the reliability of the MU-
MIMO-VLC system. In the same case, Fig. 3 compares the
reliability when the turbulence is weak with σ 2

It = 0.2614.
Through SER comparison, it can be seen that the reliability of
the proposed scheme in this paper is better than the reliability
of SVD-OT scheme and SM scheme.

Then we compare the SER performance of the three
schemes over the underwater channel when the strong tur-
bulence satisfies σ 2

It = 1.1401, and the propagation link is
1340m. As shown in Fig. 6, the composition of substances
in water is related to the type of water, such as clear water,
coastal water and harbor water. Compared with atmosphere,
because the stones, sand and other aerosol substances con-
tained in clear water or coastal water or harbor water will
have a great impact on the absorption and scattering of light.
So light transmission is more affected underwater than in
the atmosphere. So the SER performance of each scheme is
worse than those in the atmosphere. However, it can also be
seen that under strong turbulence, the SER performance of the
proposed scheme in this paper is better than that of SVD-OT
scheme and SM scheme.

It can also be seen from Table 2 obtained in the Fig. 6 that
with the increase of SNR, the percentage SER of the proposed
scheme in this paper is much smaller than that of the SVD-OT
scheme and the SM scheme. So the SER performance of

TABLE 2. The percentage SER of three schemes in the underwater.

FIGURE 7. Comparison of three schemes in the air-water interface,
C2

n = 10−14.

TABLE 3. The percentage SER of three schemes in the air-water interface.

the proposed scheme in this paper is always better than that
of the SVD-OT scheme and the SM scheme. Thus proving
that the scheme proposed in this paper can still improve the
reliability of the MU-MIMO-VLC system under water, and
its reliability is better than the other two benchmark schemes.
In the same case, for underwater where the turbulence inten-
sity satisfies σ 2

It = 0.0734 and the propagation link is 300m
in Fig. 4, the reliability of the scheme proposed in this paper
is still superior to the reliability of the SVD-OT scheme and
SM scheme.

Moreover, we compared the SER performance of three
schemes, when the wind speed is 1m/s, the atmospheric
propagation link is 1500m, the underwater propagation link
is 1340m, and C2

n = 10−14 in the air-water interface environ-
ment, such as Fig. 7 and Table 3.
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FIGURE 8. SER performance of the proposed system in the underwater
with different water quality.

In the case of small SNR, the SER performance of the
proposed scheme in this paper is almost the same as the SER
performance of the SVD-OT scheme, such as Fig. 7. This
is because the underwater propagation environment is worse
than that in the atmosphere, the light that travels underwater is
just refracted light and the SNR is small. Even though GMD
can decompose the channel into sub-channels with the same
SNR, the performance improvement of the proposed scheme
in this paper is not obvious due to excessive noise.

However, after SNR greater than 150dB, with the increase
of SNR, because GMD divides the channel into sub-channels
with the same SNR, the channel propagation condition is
better than that of double SVD scheme, the SER performance
of the proposed scheme in this paper is better than that of
the SVD-OT scheme, for example, when SNR is greater than
150dB in Table 3.

Moreover, in Fig. 7 and Table 3, the SER performance
of the proposed scheme in this paper is far superior to the
SER performance of the SM scheme. This is because the
proposed scheme in this paper inherits the advantage of the
double SVD scheme to resist interference between different
users and inherits the advantage which brought by GMD
that decomposing the channel into subchannels with the
same SNR.

It can be seen from the simulation results in Fig. 3 to Fig. 7
and Table 1 to Table 3 that the precoding scheme proposed
in this paper can effectively improve the reliability of the
system.

Fig. 8 shows the SER performance of the proposed scheme
in this paper under the conditions of different water quality.
It can be seen from the figure that the propagation in clear
water requires a lower SNR. From the SER conditions of
different water quality, we can conclude that the more under-
water influencing factors, the reliability of the system will
decrease.

Fig. 9 shows the SER performance of the proposed scheme
in this paper in the atmosphere with the different link dis-
tances: 500m, 800m, 1100m and 1400m. As can be seen from

FIGURE 9. SER performance of the proposed system in the atmosphere
with different link distances.

FIGURE 10. SER performance of the proposed system in the air-water
interface with different wind speeds.

the figure, as the link distance increases, the SNR required for
propagation is also higher. The simulation results also prove
that the link distance is larger, the reliability of the system
will decrease.

Fig. 10 shows the SER performance of the proposed
scheme in this paper in the air-water interface environment
with different wind speed: 0m/s, 1m/s and 7m/s. As can
be seen from the figure, as the wind speed increases, the
SNR required for propagation becomes higher, the system
reliability decreases.

V. CONCLUSION
In this paper, we propose a precoding scheme based on SVD
and GMD to improve the reliability of MU-MIMO-VLC
system. In this design, the user data are first modulated and
encoded by PAMandOT. Then SVD andGMDare conducted
to generate the precoding matrix. The precoded symbols
are delivered via multiple LED apertures. At the receiver,
perform the corresponding demodulation operation. After
that, the theoretical SER is derived. The scheme proposed
in this paper has the following advantages: 1) inheriting the
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anti-interference performance for different users in the double
SVD scheme; 2) decomposing the channel into sub-channels
with the same SNR by GMD; 3) removing the complex
bit allocation; thereby improving the reliability of the MU-
MIMO-VLC system. Moreover, the simulation results verify
the effectiveness of the SVD-GMD-OT scheme and show that
the SER performance of the SVD-GMD-OT scheme is better
than the SER performance of the benchmark schemes, thus
proving that the proposed scheme can effectively improve
the reliability of MU-MIMO-VLC system. Therefore, the
precoding scheme based on SVD and GMD proposed in
this paper can be applied to the MU-MIMO-VLC system to
improve the reliability of the system. However, the optical
signal in the MU-MIMO-VLC system is easy to be stolen,
so it is hoped that the security of its physical layer can be
improved in the future.
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