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Abstract—An important issue in visible light communications
(VLC) is how to boost up the system throughput even when the
line-of-sight (LOS) link is blocked by obstacles. In this paper,
we propose reconfigurable intelligent surface (RIS) based spatial
modulation (SM) designs for VLC, which enable RIS to mod-
ulate its own message on the reflected signals. Compared with
conventional RIS-assisted VLC systems, RIS enabled SM VLC
can further increase the overall system throughput. To enable RIS
based SM for VLC, we first study two straight-forward methods
by exploiting the reconfigurability of RIS whose elements are di-
vided into groups, namely RIS enabled SM (RIS-SM) and RIS en-
abled generalized SM (RIS-GSM), which activate one and multiple
groups, respectively. Furthermore, we find that the bit error rates
(BER) performance of RIS-SM and RIS-GSM are highly affected
by channel correlation. That is, there is a trade-off between the
channel correlation coefficients and received signal power. To solve
this problem in RIS-SM and RIS-GSM where only part of the
RIS elements are active, we further propose RIS enabled receive
SM (RIS-RSM), where all the RIS elements can be exploited to
reflect signals. In the three proposed designs, the reflected light
signals received at the destination contain two types of information
streams: one is spatially modulated at the RIS node and the other
is from the light source, and the two signal streams are decoded by
the receiver in a joint manner using maximum-likelihood detections
(MLD). We then derive the corresponding upper bounds according
to BER metric for the three schemes, and simulation results verify
the tightness of our analytical upper bounds. Interestingly, we
find that blockage on the RIS link may have different effects for
RIS-SM, RIS-GSM and RIS-RSM. Without blockage, it is shown
that RIS-RSM always outperforms RIS-SM and RIS-GSM, and the
SNR gain can be 30 dB when BER = 1e-6, showing the advantage
of RIS-RSM for future VLC applications.

Index Terms—Visible light communications, reconfigurable
intelligent surface, spatial modulation, generalized spatial
modulation, receive spatial modulation.

I. INTRODUCTION

A S AN important component of 6th-Generation (6 G) tech-
nique, visible light communication (VLC), which often

uses illumination devices such as light emitting diodes (LEDs)
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as transmitters [1], has gained significant interest recently [2],
[3]. Compared with radio frequency (RF) communications, VLC
can provide more spectrum resources, higher bandwidth and the
potential for higher communication data rate [4]. Besides, the
use of VLC will not interfere with the existing RF systems, thus it
can be a good complementary technique to RF system especially
for indoor scenarios.

Despite its great potential and broad prospects, VLC still has
many challenges for practical applications. On the one hand, due
to light’s line-of-sight (LOS) communication nature, when the
LOS link is blocked by obstacles, the communication capability
of VLC will be much degraded. To full this gap, the use of
non-LOS (NLOS) paths assisted by reconfigurable intelligent
surfaces (RIS) has been taken into consideration. RIS is a
class of tunable surfaces that are composed of massive artificial
elements. These elements can be programmed to change the
propagation environment, then the property of incident signals
such as amplitude and phase can be manually controlled without
consuming an additional extent of power [5]. Up to now, the
concept of RIS has been widely investigated by researchers to
improve the performance of the whole communication system
from RF [6], [7], [8] to VLC [9], [10], [11]. In VLC systems,
the NLOS propagation medium can be designed intentionally
to adjust the properties of incident light – usually the reflecting
direction and amplitude [12], [13] – with the aid of RIS, thus ob-
taining an optimized target performance, such as data rate [14],
signal intensity [15], bit error rate (BER) [16] and so on.

One the other hand, the bandwidth of VLC is often limited
by LED [17], and thus multiple-input–multiple-output (MIMO)
techniques are often considered. Actually in practice, multiple
LEDs are often equipped in VLC systems [18], [19] to provide
sufficient illumination as a basic function, which exactly enables
MIMO architectures. In RF communication systems, MIMO
techniques are developed to increase the spectral efficiency [20],
[21]. However, the spatial diversity gain is limited in indoor
VLC systems, because there are no fading effects caused by
atmospheric turbulence and the channel coefficient does not
contain frequency and phase components [22]. Therefore, the
wireless links in VLC MIMO systems can be highly corre-
lated [22], [23]. As an analysis of this problem, in [24], the
performance of different MIMO schemes for VLC is compared,
including repetition coding (RC), spatial multiplexing (SMP)
and spatial modulation (SM). It was shown that SM can achieve
improved spectral efficiencies and is more robust to high channel
correlation. Spatial modulation (SM), as a member of index
modulation [25], is a combination of conventional MIMO and
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digital modulation techniques [26], [27]. For a transmitter with
multiple antennas, SM only activates one of them and the index
of the active antenna can be used to convey information, thus
a new modulation dimension – spatial domain is added to
the system and the spectral efficiency can be enhanced [28].
Based on the principle of SM, a number of variants have been
developed, such as generalized SM (GSM), receive SM (RSM)
and so on [29].

To combine the best of RIS and SM techniques in VLC
systems, we propose RIS based SM schemes in this paper to
boost up the data transmission rates of VLC even when its LOS
link is blocked by obstacles.

A. Related Works

The techniques of using SM in VLC systems have been widely
investigated in the existing literature. In [30], the authors pro-
posed an optical spatial modulation (OSM) scheme, where only
one transmitter is active to send data. In [31], the GSM scheme
is proposed for VLC, where multiple transmitters can be active,
each sending different data. Compared with SM, GSM provides
a higher spectral efficiency. In [32], the BER performance of
SM and GSM are evaluated by both analytical and simulation
results. To further enhance spectral efficiency, an extension of
GSM called improved GSM (iGSM) was proposed in [33].
Moreover, to reduce performance loss caused by the highly
correlated optical MIMO channels, an LED-grouping based SM
scheme was proposed to alleviate the channel correlation in
VLC [34], where LEDs with strong correlation properties are
classified into the same group. In [35], the authors optimized
the constellation symbols to realize the maximization of average
mutual information in GSM based VLC system. And in order to
further improve the system BER performance, the authors in [36]
proposed an SM scheme with space time block codes (STBC)
and analyzed its performance of BER and achievable rate. In the
above works, spatial modulation techniques are executed at the
transmitter side, which are lack of flexibility, and the data rate
is restricted by the number of transmitters.

As RIS can manipulate the signals propagating in the wireless
channel, it can be also used to implement SM in the reflecting
path to send its own data. Compared with the conventional SM
schemes, RIS enabled SM does not need power amplifiers to
generate new signals, making it more flexible and suitable for
scenarios where the transmitted power is limited or massive
devices need to send data. This concept has been developed
and analyzed in RF communications, where RIS can be used to
simultaneously perform passive beamforming and information
transfer (PBIT) [29], [37], [38], [39], [40], [41], [42], [43], [44],
[45], in which the information transfer is often realized by de-
signing the ON and OFF states of the reflecting elements. In [37],
the concept of RIS based SM is proposed and its performance
is analyzed. In [38], the authors proposed PBIT by adopting
SM on RIS elements. In [39], a reflection pattern modulation
scheme is proposed, where different reflection patterns of RIS
are employed for PBIT. In [40], the authors developed a scheme
to perform SM at both transmitter and receiver for a higher
spectral efficiency, and a closed-form of average BER bound

TABLE I
CATEGORY OF THE RELATED WORKS

is derived. Other kinds of spatial modulation schemes for RIS
based communication system have also been proposed, such
as differential reflecting modulation [41], generalized spatial
modulation [42], and quadrature reflection modulation [43].

Similarly, RIS enabled SM schemes can also be applied to
VLC. This concept has been proposed in [9] based on the prin-
ciple as in RF communications. However, only SM is introduced
and there is no further analysis of this system. A comparison of
the listed works and our work is summarized in Table I.

B. Contributions

In this paper, we propose and analyze RIS based spatial mod-
ulation schemes in VLC. Specifically, we propose RIS enabled
spatial modulation (RIS-SM1) and RIS enabled generalized
spatial modulation (RIS-GSM). Each symbol from LED can
be chosen from a positive real number set, and sent to RIS in
the NLOS path. For RIS node, its elements are equally divided
intoNg groups and only part of them are activated to carry on
spatial modulation, where the index of the chosen group contains
the data from RIS. After that, the light is reflected to the receiver,
where maximum likelihood detection (MLD) is executed to get
data from both LED and RIS. The designs expand the scope of
applications of RIS by making it a data transmitter. Compared
with conventional spatial modulation techniques in VLC, RIS
enabled spatial modulation schemes are easier to realize higher
data rates by adjusting Ng .

In RIS-SM and RIS-GSM, not all the RIS groups are em-
ployed to reflect signals in order to perform different patterns
for spatial modulation. Besides, the channel correlation can be
high in VLC as stated before. These issues will lead to a severe
degradation of the system BER performance. To full this gap,
we put forth RIS enabled receive spatial modulation (RIS-RSM),
where all RIS groups are turned on, but they reflect the incident
light to only one of the receivers, whose index represents the
data from RIS. In RIS-RSM, there is no channel correlation
problem and the reflected signals can be fully employed, making
it outperform the other two schemes. Furthermore, based on the
union bound methods, we derive the closed form expressions
of upper bounds on the BER of the proposed three RIS enabled
spatial modulation schemes, and we validate our analysis by
simulation results.

The main contributions of this paper are listed as follows:
1) To increase the system throughput of VLC even when its

LOS link is blocked, we propose three RIS based spatial
modulation schemes as combinations of RIS and spatial

1To avoid confusion, in the following the term “SM” refers to the systems in
which only one of the transmitters (or RIS groups) are turned on, while “spatial
modulation” has a broader meaning that contains SM, GSM, RSM and so on.
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Fig. 1. System model of RIS enabled spatial modulation scheme.

modulation techniques. Specifically, we propose RIS-SM,
RIS-GSM, and RIS-RSM, where the former two only
activate part of the RIS groups to represent data, while
in RIS-RSM, all the RIS groups can reflect the light to
only one of the receivers.

2) We derive the closed form expressions of the BER for the
proposed RIS enabled spatial modulation schemes based
on the union bound methods, and Monte Carlo simulations
are carried out in order to validate our derived analytical
results.

3) Based on the simulation results, we analyze the influence
of channel correlation and show that it has a large impact
on the the dominating source of errors, and there is a trade-
off between channel correlation coefficients and receive
signal power when adjusting the size of RIS for RIS-SM.
Furthermore, we find that RIS-RSM can make full use of
the RIS reflecting signals, and it outperforms the other two
schemes for all setting-ups.

4) We evaluate the system BER with different levels of
blockage on the NLOS links (namely, the links between
RIS and PDs). For RIS-SM where only one RIS group
is active in each transmission, link blockage can help
improve the BER performance, since the channel cor-
relation is reduced among different groups by blockage.
While for RIS-RSM where the channel correlation is not
important, link blockage may, on the other hand, cause
BER degradation because of the loss of power on the PD
receiver.

II. SYSTEM MODEL

We consider a VLC system consisting of an LED transmitter, a
RIS node and a PD receiver which are placed in a room, as shown
in Fig. 1. The transmitter uses one LED to send the visible light
signal which contains the data from itself, and the receiver uses
a PD array consisting of Nr PDs to receive the light signal. We
assume that the LOS link between the LED and PD is blocked,
thus the NLOS link through the RIS node is employed for
communication. By manipulating the RIS elements individually
to change the reflected directions of the incident light, the NLOS
link, i.e., LED-RIS-PD, is active for communication.

At the RIS node, spatial modulation is used, which means
that RIS can also send its own data to the PD array utilizing

Fig. 2. Illustration of RIS elements and groups.

the light from LED. The number of RIS elements is denoted by
Ne, and they are equally divided into Ng groups. Each group
has Ne/Ng elements which are placed aligned in a quadrati-
cally

√
Ne/Ng ×

√
Ne/Ng array. Here we assumeNe/Ng and√

Ne/Ng are both integers, and denote the length and width of
RIS node by LRIS and WRIS , respectively, as shown in Fig. 2.
In our system, RIS is assumed to be a passive device, i.e., it only
adjusts the reflecting direction of incident light without changing
its amplitude [16].

As shown in Fig. 1, the system comprises two data streams:
one from LED and the other from RIS. We assume that
LED employs M -level pulse amplitude modulation (M-PAM)
scheme [47], allowing it to transmit log2(M) bits in each
transmission process. On the other hand, the RIS node utilizes
spatial modulation techniques to modulate its own data onto
the reflected signals. Take RIS-SM as an example, in each
transmission, one of the RIS groups is selected and its index
is employed to represent the data to be transmitted by RIS. In
the chosen group, all elements can reflect the light to PD, while
those in other groups are turned off and cannot reflect the light.
For simplicity, we call the RIS groups which reflect signals to
PD array as “active” groups, and the elements in these groups
are “active” elements. At the RIS node, each active element in
the active group can be used to reflect the incident light signal,
and the reflecting direction can be manually adjusted, such that
the light reflected by each element can only reach at most one
of the PDs [48]. As one RIS group can have many elements, it
then has the ability to contact with all the Nr PDs by setting
different elements in the group to reflect light to different PDs.
Here we assume that Ne/Ng is also a multiple of Nr, then each
PD can receive signals reflected byNe/(NgNr) elements in the
active group. We provide an example in Fig. 2 to show how
one RIS group reflects light to all the PDs, where there are 16
elements in each RIS group and 4 PDs to receive the light signal.
In each transmission, every 4 elements in the active group reflect
the incident light from LED to one of the PDs, then all the 16
elements can send the light to all the 4 PDs simultaneously.

The reflected signals contain two kinds of data: from LED and
from RIS. At the receiver side, both the data from LED and RIS
are jointly detected based on the received signals by PD array,
which can be represented by

y = rHsRIS · sLED + n = rHRIS · sLED + n, (1)
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where n is real valued additive white Gaussian noise (AWGN)
with zero mean and a variance σ2; r is the optical-to-electrical
conversion coefficient; sRIS contains the data from RIS and will
be elaborated in Section III; HRIS � HsRIS is used to represent
the signal in the spatial domain; sLED is an M -PAM signal
generated by LED and it is chosen from a set of intensity levels
given by

SLED =

{
2I

M + 1
m,m = 1, 2, . . . ,M

}
, (2)

where I is the mean optical power emitted. The channel matrix
H is given by

H =

⎡⎢⎢⎣
h11 · · · h1Ng

...
. . .

...

hNr1 · · · hNrNg

⎤⎥⎥⎦ , (3)

where hig (i = 1, 2, . . . , Nr, g = 1, 2, . . . , Ng) represents the
NLOS channel gain between LED and the i-th PD through the
g-th RIS group, which can be calculated ashig =

∑Ne/Ng

j=1 hig,j ,
where hig,j is the NLOS channel gain through the j-th RIS
element in the g-th group and it can be calculated by [49]

hig,j =

⎧⎪⎪⎨⎪⎪⎩
(k+1)A

2π(dL,gj+dgj,i)2
cosk(φg,j) cos(ψi),

if 0 ≤ ψi ≤ FOV and I(j, i) = 1;

0, otherwise,
(4)

where I(j, i) indicates whether the j-th element can reflect
signal to the i-th PD: I(j, i) = 1 means there is a connection,
and I(j, i) = 0means not.FOV is the field of view of each PD;
A is the detector area; φg,j is the emergence angle of LED; ψi is
the incidence angle of the i-th PD; dL,gj is the distance between
LED and the j-th RIS element; dgj,i is the distance between
the i-th PD and the j-th RIS element in the g-th group; and
k = − ln 2

ln (cos (Φ1/2))
, where Φ1/2 is the transmitter semi-angle.

III. RIS ENABLED SPATIAL MODULATION TECHNIQUES

In this section, we introduce three RIS enabled spatial modu-
lation schemes, i.e., RIS enabled spatial modulation (RIS-SM),
RIS enabled generalized spatial modulation (RIS-GSM), and
RIS enabled receive spatial modulation (RIS-RSM). For RIS-
SM and RIS-GSM, only part of the RIS groups are active to
reflect the incident signal to all the PDs, and the indexes of active
groups are used to represent data from RIS. For RIS-RSM, all
RIS groups are active but they reflect the light to only one of
the PDs whose index represents the data. With respect to Fig. 1,
where both LED and the RIS node can transmit two bits at a
time. In the first transmission, LED sends data ‘00’ and RIS
sends data ‘01’. If RIS-SM is employed, the second RIS group
is activated, allowing it to reflect signals from LED to all the
PDs; while for RIS-RSM, all RIS groups can reflect signals, but
only PD2 receives the signals. Then at the PD receiver, the data
‘00’ and ‘01’ will be jointly decoded using MLD and the first
transmission is finished. Note that although only part of the RIS
groups (or PDs) are utilized in each transmission, for consecutive
packet transmission, all RIS groups and PDs will be used.

Fig. 3. Operation of RIS-SM with Ng = 4 and Nr = 4.

A. RIS-SM and RIS-GSM

For RIS-SM, only one RIS group is active to reflect the signal
at each moment, and the index of the active group is determined
by the data from RIS, thus the data is transmitted in the spatial
domain, as shown in Fig. 3. In this scheme, the bit per channel
use (bpcu) is log2(M) + log2(Ng), where we assume that Ng

is a power of 2. Then the signal sRIS can be represented by a
Ng × 1 vector chosen from a set given by

SRIS-SM = {eg, g = 1, 2, . . . , Ng}, (5)

where eg is the g-th column vector of the Ng ×Ng identity
matrix. Then sRIS is a column vector with only one non-zero
element which equals to 1 representing the active group of RIS
and other elements in the vector are all 0. And we have

HRIS-SM ∈ {hg, g = 1, 2, . . . , Ng},
where HRIS-SM = HsRIS is defined in (1) and hg is the g-th
column of channel matrix H in (3). An example of RIS-SM is
shown in Fig. 3, in which Ng = 4 and Nr = 4.

In each transmission, given the RIS data to be sent, the channel
gain ishg , whose i-th element represents the channel gain of i-th
PD (i = 1, 2, . . . , Nr). Then the average channel gain through
all the PDs can be expressed as

GRIS-SM =
1

NgNr

Ng∑
g=1

Nr∑
i=1

hig, (6)

where hig is defined in (3).
Remark: The channel correlation can be evaluated by the

normalized instantaneous channel correlation matrix (NICCM)
M [34], whose element [M]ij is calculated by

[M]ij =
hT
i hj

‖hi‖2 · ‖hj‖2 ,

where hi is the i-th column vector of channel matrix H in (3)
and ‖ · ‖2 represents the Euclidean norm. The value of [M]ij
denotes the correlation property of channels through the i-th and
j-th RIS group – a large value means they are highly correlated.

The major drawback of RIS-SM is that only one RIS group
can be active at each moment, thus resulting in a high path loss
at RIS side. Besides, the channel coefficient vectors of different
RIS groups can be similar, causing a high correlation. This is
also a severe issue affecting the performance. To fill this gap,
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Fig. 4. Operation of RIS-GSM with Ng = 4, Na = 2, and Nr = 4.

we propose RIS-GSM, where more than one RIS groups can be
active, as shown in Fig. 4. Denote by Na the number of active
groups and 1 ≤ Na < Ng , then there are total

(
Ng

Na

)
patterns that

can be chosen for representing data. However, as
(
Ng

Na

)
may not

be a power of 2, some of the patterns can be neglected. For
example, when Ng = 4 and Na = 2, there are total

(
4
2

)
= 6

possible active patterns, while only 4 patterns are needed. A
selection of active patterns is shown in Fig. 4.

Different from the conventional GSM scheme in VLC, the
data in the signal domain transmitted by different active groups
are the same, because all the RIS groups reflect the same in-
cident light generated by LED. Then the bpcu of RIS-GSM
is log2(M) + �log2

(
Ng

Na

)�, where �x� is the floor function
which returns the nearest integer no more than x. To simplify

the expression, we define N ′
g � 2�log2 (

Ng
Na
)�, then the bpcu is

log2(M) + log2(N
′
g).

The transmitted signal sRIS in RIS-GSM can also be repre-
sented by a Ng × 1 vector whose elements equal to 1 or 0, and
1 means the corresponding RIS group is active. All the possible
vectors sRIS form a set SRIS-GSM with total log2(N

′
g) elements.

Take Fig. 4 as an example, the set SRIS-GSM can be written as

SRIS-GSM=
{
[1, 1, 0, 0]T, [0, 0, 1, 1]T, [0, 1, 1, 0]T, [1, 0, 0, 1]T

}
,

(7)
and we have

HRIS-GSM ∈ {h1 + h2,h3 + h4,h2 + h3,h1 + h4}.
Compared with RIS-SM, RIS-GSM has the ability to send data at
a higher data rate without changing the grouping method of RIS,
thus achieving an enhanced spectral efficiency, and RIS-SM can
be viewed as a special case of RIS-GSM for Na = 1. Besides,
RIS-GSM can help reduce the impact of channel correlation in
RIS-SM by setting the patterns combining the channels with
similar coefficients. Similarly, we can also get the average
channel gain of RIS-GSM as

GRIS-GSM =
Na

NgNr

Ng∑
g=1

Nr∑
i=1

hig. (8)

As can be seen, the power gain of RIS-GSM is higher than that
of RIS-SM because of the more active RIS groups.

We remark that the channel correlation can be evaluated
by the normalized instantaneous channel correlation matrix
(NICCM) M [34], whose element [M]ij is calculated by

Fig. 5. Operation of RIS-RSM with Ng = 4 and Nr = 4.

[M]ij = (HT
i Hj)/(‖Hi‖2 · ‖Hj‖2), where Hi is the i-th col-

umn vector of channel matrix H in (3) and ‖ · ‖2 represents
the Euclidean norm. The value of [M]ij denotes the correlation
property of channels through the i-th and j-th RIS group – a
large value means they are highly correlated.

B. Ris-Rsm

In RIS-SM and RIS-GSM, there exists a power loss at the
RIS node because not all groups are active to present different
reflecting patterns. Besides, the similarity between the channel
gains through different RIS groups bring the channel correlation
problem. To address these issues, we propose RIS-RSM, where
all the RIS groups are active to reflect the light. In this way, an
enhanced receive power can be obtained and the receiver do not
need to distinguish which RIS group is active for reflection.
However, the spatial information of active RIS groups then
cannot carry data bits from the RIS node. To perform spatial
modulation, we utilize the different space information of re-
ceivers, i.e., all the RIS elements can be controlled to reflect the
light to only one of the PDs. In each transmission, there will be
only one of the PDs that can get the reflected signals from RIS,
while other PDs cannot. By detecting the index of which PD
receives the light signals while others do not, the corresponding
log2(Nr) data bits from RIS can be obtained, as shown in Fig. 5.
Although all the PDs are employed to receive successive packets,
in each transmission process only one is used. Hence, there is no
correlation for the receiver in RIS-RSM. The bpcu of RIS-RSM
is log2(M) + log2(Nr), where we assume Nr is a power of 2.

In RIS-RSM, all the RIS groups are active, thus the PD array
receives the signals reflected from all elements, and we have

HRIS-RSM ∈ {hsum,i, i = 1, 2, . . . , Nr}, (9)

where hsum,i is the i-th column vector of a Nr ×Nr diagonal
matrix whose diagonal elements are

Ng∑
g=1

h1g,

Ng∑
g=1

h2 g, . . . ,

Ng∑
g=1

hNrg.

An example of RIS-RSM is shown in Fig. 5, in which Ng = 4
and Nr = 4.
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The average power gain of RIS-RSM is given by

GRIS-RSM =
1

Nr

Ng∑
g=1

Nr∑
i=1

hig. (10)

According to (6), (8) and (10), we haveGRIS-GSM = NaGRIS-SM

andGRIS-RSM = NgGRIS-SM, and we remark that RIS-SM has the
smallest value among three schemes, since only one RIS group
is active. For RIS-GSM and RIS-RSM, the numbers of active
groups areNa andNg , respectively, leading to larger power gain
values.

Compared with RIS-SM and RIS-GSM, RIS-RSM can take
full advantage of RIS elements, thus it has the maximum receive
energy among the three schemes. Besides, RIS-RSM will not
suffer from degradation caused by channel correlation, which
can make it perform better. However, the data rate of RIS-RSM
is limited by the number of PDs, thus can not be set flexibly as
the other two schemes, which is a drawback of RIS-RSM.

C. Performance Analysis

At the receiver, the MLD is used to get the data from both
LED and the RIS node that has the minimum Euclidean distance
between the received signal, which is given by

ŝ = argmin
s∈S

‖y − rHRIS · sLED‖22 , (11)

where s � HRIS · sLED is the signal containing the data from
both LED and RIS;S is the set consists of all the possible signals
s; sLED ∈ SLED and SLED is defined in (2). In RIS-SM and RIS-
GSM, HRIS = HsRIS, sRIS ∈ SRIS-SM for RIS-SM and sRIS ∈
SRIS-GSM for RIS-GSM. While for for RIS-RSM, HRIS is chosen
form the set defined in (9).

The cardinalities of set S, denoted by |S|, for the three
schemes are given by

|S| = 2bpcu =

⎧⎪⎨⎪⎩
NgM, for RIS-SM,

N ′
gM, for RIS-GSM,

NrM, for RIS-RSM,

1) Complexity Analysis: MLD is an optimal detector for
spatial modulation systems and has been widely studied [50],
[51]. We first analyze the computational complexity of MLD in
(11) for our proposed schemes. Note that in VLC, the received
signals at the PD array are all real numbers, then for each s ∈ S,
calculating ‖y − rHRIS · sLED‖22 requires Nr multiplications
(here we assume that each value of rHRIS · sLED has been known
in advance and does not need to be calculated again in the
decoding process). Then the computational complexity of MLD
is given by

CMLD = Nr |S| =

⎧⎪⎨⎪⎩
NrNgM, for RIS-SM,

NrN
′
gM, for RIS-GSM,

N2
r M, for RIS-RSM.

(12)

2) BER Analysis: Now we derive the upper bounds on the
BER of MLD in (11) for the proposed RIS enabled spatial mod-
ulation designs for VLC. First of all, we calculate the pairwise
error probability (PEP), which is defined as the probability that

the receiver mistakes the transmitted data s1 for another data s2
given knowledge of the channel matrix H, and it is given by

PEP = Pr(s1 → s2|H) = ‖y − p1‖22 > ‖y − p2‖22

= Q

⎛⎝√
‖p1 − p2‖22

4σ2

⎞⎠ , (13)

where Q(x) � 1√
2π

∫ +∞
x e−

1
2 t

2
dt is the Q-function; pi is the

corresponding receive constellation point of signal si given by

p=

⎧⎪⎨⎪⎩
rHsRIS · sLED and sRIS ∈ SRIS-SM, for RIS-SM;

rHsRIS · sLED and sRIS ∈ SRIS-GSM, for RIS-GSM;

rHRIS · sLED and HRIS ∈ HRIS-RSM, for RIS-RSM.
(14)

Using PEP, an upper bound on the BER can be obtained by union
bound methods [52], which is given by

BER≤ 1

bpcu · 2bpcu

∑
s1

∑
s2

dH(s1, s2) ·Q
⎛⎝√‖p1−p2‖22

4σ2

⎞⎠,
(15)

where dH(s1, s2) is the Hamming distance between the bits of
s1 and s2.The upper bounds on the BER of RIS-SM, RIS-GSM
and RIS-RSM can be written as in (16), (17) and (18), shown at
the bottom of the next page, respectively, sLED(m) represents the
m-th element of set SLED, sRIS-SM(g) in (16) and sRIS-GSM(g) in
(17) are the g-th elements of SRIS-SM and SRIS-GSM, respectively.
hsum,i in (18) is defined in (9). As can be seen, the three proposed
schemes have similar expressions of upper bounds on BER, but
they have different summation numbers due to their different
operating principles.

D. Link Blockage

It has been demonstrated in [24] that the performance of SM
can be greatly improved when link blockage is present. This
improvement arises from the reduced channel correlation, which
compensates for the loss of received power. Despite the decrease
in received power due to blockage, the lower channel correlation
can enhance the overall performance of spatial modulation.

Considering the link blockage, the NLOS channel gain be-
tween the LED and the i-th (i = 1, 2, . . . , Nr) PD through
the j-th (j = 1, 2, . . . , Ne/Ng) RIS element in the g-th (g =
1, 2, . . . , Ng) RIS group becomes a random variable denoted by
h̃ig,j , whose probability distribution is given by [53], [54]{

Pr(h̃ig,j = 0) = 1−N ,

Pr(h̃ig,j = hig,j) = N ,
(19)

where (1−N ) is the probability of obstacle, N =
exp(−Tdgj,i), T is obstacle probability coefficient, hig,j
and dgj,i have been defined in (4). That is, the channel gain
is 0 when the channel is blocked with probability (1−N ),
otherwise it equals to hig,j . Here we assume that only the links
between RIS elements and PDs can be blocked.
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TABLE II
SIMULATION SETUP

Based on the distribution of h̃ig,j , we can analyze the influ-
ence induced by different levels of blockage, and the correspond-
ing simulation results are shown in Fig. 4.

IV. SIMULATION RESULTS AND ANALYSIS

In this section, we compare and analyze the performance of the
proposed RIS enabled spatial modulation systems. We consider
an indoor scenario located in a room with size of 5 m×5m×3m.
For the sake of description, a corner of room is selected as the
origin of coordinates, as shown in Fig. 1. RIS is placed at the
center of XZ-plane, its long side is parallel to the X-axis, and
the RIS groups are divided along this side. The receiver uses 4
PDs that are aligned in a quadratically 2× 2 array with spacing
dRX = 0.1 m. For RIS-GSM scheme, we setNa = 2 and select
patterns for data transmission in spatial domain as in (7). Other
parameter settings are mainly referred to [24], [31] and they are
presented in Table II unless specified otherwise. And we show
more detailed information about parameter settings in Table III.

TABLE III
DETAILED SIMULATION PARAMETER SETTINGS USED IN DIFFERENT SYSTEMS

As can be seen, modulation orders of both LED and RIS are the
same for all the systems, i.e., they have the same bpcu for a fair
comparison.

To strengthen our evaluation, we also add a benchmark using
conventional RIS-assisted VLC links in which RIS only reflects
the light signal without performing spatial modulation. The RIS
node does not have the ability to transmit data in this system.
In most of our simulations, we only compare the BER perfor-
mance of our three proposed schemes since the conventional
RIS-assisted VLC system cannot utilize RIS to send data. As
such, we focus our analysis on systems where RIS can transmit
data, where RIS-SM and RIS-GSM can be used as benchmarks
to demonstrate the superiority of RIS-RSM. To ensure a fair
comparison in our simulations, we set the bit per channel use
(bpcu) to be the same, as shown in Table III. Specifically, in each
transmission, LED sends a 4-PAM signal, while RIS employs
spatial modulation to transmit 2 bits in the three proposed
schemes. Consequently, all schemes have a bpcu equal to 4.
In contrast, for the conventional RIS-assisted system, we set the
modulation scheme of LED to 16-PAM, enabling it to send 4
bits in each transmission.

BERRIS-SM ≤ 1

MNg log2(MNg)

Ng∑
g1=1

M∑
m1=1

Ng∑
g2=1

M∑
m2=1

dH(s(g1,m1), s(g2,m2)) (16)

×Q

⎛⎝√
r2 ‖s(g1,m1)− s(g2,m2)‖22

4σ2

⎞⎠ , s(gj ,mj) = HsRIS-SM(gj) · sLED(mj), j ∈ {1, 2}

BERRIS-GSM ≤ 1

MN ′
g log2(MN ′

g)

N ′
g∑

g1=1

M∑
m1=1

N ′
g∑

g2=1

M∑
m2=1

dH(s(g1,m1), s(g2,m2)) (17)

×Q

⎛⎝√
r2 ‖s(g1,m1)− s(g2,m2)‖22

4σ2

⎞⎠ , s(gj ,mj) = HsRIS-GSM(gj) · sLED(mj), j ∈ {1, 2}

BERRIS-RSM ≤ 1

MNr log2(MNr)

Nr∑
i1=1

M∑
m1=1

Nr∑
i2=1

M∑
m2=1

dH(s(i1,m1), s(i2,m2))

×Q

⎛⎝√
r2 ‖(s(i1,m1)− s(i2,m2))‖22

4σ2

⎞⎠ , s(ij ,mj) = hsum,ij · sLED(mi), j ∈ {1, 2} (18)
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Fig. 6. Mean reception power comparison against angle of LED illumination
angles. The center of PD array is placed at L1 location.

A. Performance Analysis With Unblocked NLOS Links and
Blocked LOS Links

We first analyze the influence of the transmitter direction. In
Fig. 6, we show how the average received power changes with
the pointing direction of LED, where inclination angle is 0◦

means the LED is vertical, and the mean power received of the
three schemes can be evaluated by utilizing the derived average
channel gain values in (6), (8) and (10), respectively. As can be
seen, the average received power will first become higher and
then decrease as the inclination angle increases. The separation
point is about 68.2◦, which is exactly the direction pointing to the
center of RIS. This means that a mobile direction LED pointing
to the center of RIS can lead to a maximum received power,
because the emergence angle of LED in this case is small and
results in a low channel attenuation. Under a fixed inclination
angle, the average received energy depend on the number of
channels and the corresponding channel gains. As the light
power generated by LED is constant, and RIS only controls the
number of active channels, rather than changing the amplitude
of incident light, the received energy is influenced by the number
of active RIS groups. As a result, we can see from Fig. 6 that
RIS-SM exhibits the lowest received power, while RIS-RSM
demonstrates the highest value. This discrepancy arises because
RIS-SM activates only one RIS group, leading to a minimum
reflected power, whereas RIS-RSM keeps all groups active,
resulting in a maximum reflected power.

In Fig. 7, we show the BER performance of the proposed RIS
enabled spatial modulation schemes, where the red, blue and
green lines are simulation results of RIS-SM, RIS-GSM and
RIS-RSM, respectively, and the markers are the corresponding
numerical upper bounds derived from (16), (17) and (18). Here
“SNR” is defined as the ratio of transmitted signal energy to
noise. The term “vertical LED” means the LED is vertical, while
“mobile LED” means that the direction of LED is set to point
to the center of RIS. As can be seen, the derived upper bound is
tight, especially at high SNRs, which shows the validity of our
analysis in Section III-C. We can also see that the use of mobile
LED can effectively enhance the BER performance compared
with the vertical direction LED configuration, which is the same

Fig. 7. BER performances of RIS-SM, RIS-GSM and RIS-RSM with vertical
and mobile direction LED, where the center of PD array is located at L1.

as the conclusion in Fig. 6. In the following simulations, we will
set the LED as a “mobile LED”, i.e., its direction is pointed to
the center of RIS.

In Fig. 7, we also show the BER performance of the conven-
tional RIS-assisted system for comparison, and they are named
as “RIS vertical LED” and “RIS mobile LED”, as shown by
the black lines in Fig. 7. As can be seen, under the same bpcu,
the conventional system outperforms RIS-SM and RIS-GSM.
This is because the conventional system only transmits the PAM
signal generated by LED and does not transmit data in the spatial
domain, eliminating the channel correlation problem present
in RIS-SM and RIS-GSM. Besides, all RIS elements can be
employed for reflecting the light signal, resulting in a higher
received power. Furthermore, we can see that the conventional
system has a worse BER performance than RIS-RSM. This
is because in RIS-RSM, the RIS elements can also be fully
exploited. Although RIS-RSM transmits data in the spatial
domain, it does not suffer from high channel correlation like
RIS-SM and RIS-GSM. Additionally, the PAM signal constel-
lations generated by LED in RIS-RSM have a larger minimum
Euclidean distance compared to the conventional system (since
the parameter M used in RIS-RSM is smaller than that in the
conventional system). As a result, RIS-RSM outperforms the
other designs and achieves the best performance.

Then we show the influence of number of RIS elements Ne.
Here the size of RIS is fixed, thus the increasing of Ne means
that the elements will be denser and the received signal intensity
will be enhanced. In Fig. 8, we can see that the BER of all
the systems decrease with an increasing of the number of RIS
elements. As a result, to improve the BER performance of the
system, adding the number of RIS elements and changing the
LED pointing direction are both effective methods.

Next we compare the performance of the system with different
bpcu. As the signal contains data from LED and RIS, changing
M and Ng can both alter bpcu. In Fig. 9, we show the results
with different M for M-PAM used in LED. When M is larger,
the BER performance becomes worse, because the minimum
Euclidean distance between the signal constellations becomes
smaller. Changing M in the systems will not affect the channel
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Fig. 8. BER performances of RIS-SM, RIS-GSM and RIS-RSM with different
RIS elements, where the center of PD array is located at L1, Ne = 64, 256, and
1024.

Fig. 9. BER performances of RIS-SM, RIS-GSM and RIS-RSM with different
bpcu, where the center of PD array is located at L1, M = 2, 4, or 8 with Ng = 4,
or Ng = 2 with M = 4.

conditions. However, the alternative ofNg can introduce a large
difference to the channels. On the one hand, as we set the total
number of RIS elements fixed, smaller (or bigger) Ng means
more (or less) RIS elements in one group, which contributes to
a more (or less) receive energy at the PD array. On the other
hand, Ng is smaller (or bigger) means less (or more) channels
will be available and the channel correlation will be less (or
more) severe. In Fig. 9, we also show the results with Ng = 2.
As can be seen, changing Ng has a more remarkable influence
compared with M .

When the space of RIS elements becomes larger, spatial cor-
relation will be lower. In Fig. 10, we show the BER performance
against RIS elements’ spaces (i.e., the length of RIS), where the
link distance between RIS and PD is kept constant. Based on the
simulation results, we have the following observations:
� With the increasing of LRIS , BER of RIS-SM will first

decrease and then increase, and there exists an optimal
value of LRIS . On the one hand, the channel correlation
gets weaker because the coefficients between each chan-
nel become dissimilar as LRIS increases (note that we

Fig. 10. BER performances of RIS-SM, RIS-GSM and RIS-RSM with differ-
ent RIS size LRIS , where the center of PD array is located at L1.

divide the RIS group along the side with length LRIS),
which can potentially lead to an improved performance.
However, on the other hand, the signal power received
by the PD array will be reduced, i.e., a higher attenuation
occurs with the increasing of LRIS . Taking these factors
into consideration, there exists a trade-off between the
channel correlation coefficients and the received signal
power. Consequently, an optimal value of LRIS can be
observed for RIS-SM in Fig. 10, balancing the benefits of
reduced channel correlation with the need for sufficient
signal power.

� With respect to the RIS-GSM curve, we can see that its
variation in BER differs from that in RIS-SM. This is
because multiple channels are combined together in RIS-
GSM. As a result, the correlation coefficients do not exhibit
a monotonic variation with LRIS . This non-monotonic
behavior can impact the BER performance in a different
manner compared with RIS-SM, leading to distinct results.

� As for RIS-RSM, we observe that its BER monotonically
increases withLRIS . This behavior can be attributed to the
fact that RIS-RSM does not suffer from the channel cor-
relation issue, and the received energy is reduced as LRIS

increases, leading to a degradation in BER performance.
The signal received by the PD array contains two kinds of

data: from LED and RIS. In Fig. 11, we analyze the BER of
data from different sources, where M = 4 and Ng = 4, i.e., the
LED and RIS have the same data rate. As can be seen, the error
rate from RIS is higher for RIS-SM and RIS-GSM, while it is
lower for RIS-RSM. This is because in the former two schemes,
a severe channel correlation occurs and the signal in the spatial
domain is the bottleneck of the system, thus their data from RIS
have more errors. On the contrary, RIS-GSM has a higher error
rate for LED data, because its signal in spatial domain can be
recognized easily, thus the bottleneck is from the LED side.

In Fig. 11, we have shown that the BER of RIS is higher in
the high channel correlation conditions. We further analyze how
channel correlation affects the data error rate from both sources
in RIS-SM, as shown in Fig. 12, where we set M = Ng = 2,
(i.e., bpcu = 2). As can be seen, the difference between BER
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Fig. 11. BER of data from LED and RIS in RIS-SM, RIS-GSM and RIS-RSM,
where the center of PD array is located at L1.

Fig. 12. BER of data from LED and RIS in RIS-SM, where M = 2 and
Ng = 2, the center of PD array is located at L1 or L2.

of RIS and LED first gets smaller when the channel correlation
is lower (about 15 dB at BER of 1e-3, while this value is about
24 dB in Fig. 11 with bpcu = 4). We then enlarge the length of
RIS by setting LRIS = 5 m, and the difference between the two
error rates becomes smaller. Furthermore, when the location of
the PD array is set to L2, where the two channel coefficients
are more different, we can see that the data from LED has a
larger BER, meaning that it is the bottleneck. As a result, when
the channel correlation problem is severe, the whole system
performance is limited by the signal in spatial domain and the
data from RIS has more errors; while in less correlated channels,
BER of LED signal is higher and becomes the bottleneck of the
whole system.

B. Performance Analysis With Partially Blocked NLOS and
LOS Links

In this subsection, we evaluate the system BER performance
in the presence of blockages. We first consider the case that
there exist different levels of blockages in NLOS links, and the
the LOS links are still totally blocked. Fig. 13 depicts the BER
performances of the three proposed schemes under different
levels of link blockage, with T = 0 representing the scenarios

Fig. 13. BER performances of RIS-SM, RIS-GSM and RIS-RSM with differ-
ent levels of blocking objects in NLOS links (LOS links are totally blocked),
where the center of PD array is located at L1.

where the links cannot be blocked and serve as the benchmarks
for comparison. The observations from the figure are as follows:
� For RIS-SM, inducing link blockage can lead to an im-

proved performance, with a lower BER achieved as the
level of blockage increases. This is because RIS-SM suffers
from the high channel correlation problem. When some of
the links are blocked, the coefficients between each channel
will become less similar, resulting in reduced channel
correlation. RIS-SM benefits from this reduced correlation,
despite the potential decrease in received signal power.

� On the other hand, for RIS-GSM and RIS-RSM, which
are less affected by channel correlation, the introduction
of link blockage does not provide the same level of gain as
in RIS-SM. In RIS-GSM, the gain is not obvious, and when
the level of blockage increases, the BER will increase due
to the reduced signal power playing a more prominent role.

� In RIS-RSM, where there is no channel correlation issue,
the presence of link blockage primarily results in a lower
received power which degrades the BER performance.

From Figs. 6–13, we only use NLOS links for transmission
and LOS links are always blocked. Now we consider the sys-
tem where LOS can also be employed for communication and
evaluate the system performance in presence of blockages for
all links. In this system, LOS links do not contain data from RIS
because spatial modulation is performed on the RIS node that
is irrelevant to LOS links. Although the induced of LOS links
can enhance received power, it may also introduce interference
to the NLOS signals that contain data from RIS.

In Fig. 14, we present the BER performances where both
LOS and NLOS links can be blocked with some probabilities,
and the conventional RIS-assisted system is used as a bench-
mark (named as “benchmark RIS”). Furthermore, the system
with only LOS links is also plotted for comparison (named as
“benchmark no RIS”). We can get the following observations:
� In RIS-SM, the performance can still be better when a

higher level of blockage exists in both LOS and NLOS
links. This is because the channel coefficients become less
similar and channel correlation is lower.
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Fig. 14. BER performances of RIS-SM, RIS-GSM and RIS-RSM with differ-
ent levels of blocking objects in both LOS and NLOS links, where the center of
PD array is located at L1.

� For RIS-GSM, the benefits of blocking channels are rel-
atively limited compared to those shown in Fig. 13. This
is because when LOS links are considered, the PD array
can receive more energy in each transmission process,
and the presence of blockage leads to an increased path
loss, degrading the BER performance. Furthermore, due to
the comparatively lower impact of channel correlation on
RIS-GSM, the gains obtained from blocking channels are
relatively small.

� For RIS-RSM that does not have the channel correlation
problem, the blockages will only cause a degradation of
performance. Besides, when there is no blockage in the
links (i.e., T = 0), RIS-RSM exhibits a larger BER com-
pared to the situation without LOS links (as shown in
Fig. 13). This is because the data from RIS only exists
in NLOS signals, and the introduction of LOS links will
be an interference, negatively impacting the performance
of RIS-RSM.

� In the benchmarks where RIS cannot send its own data, we
can see that blockages will degrade the BER performance,
and the system with RIS demonstrates a significant im-
provement compared to that without RIS. This highlights
the clear advantage of utilizing RIS in VLC systems.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we studied three RIS based spatial modulation
schemes, i.e., RIS-SM, RIS-GSM and RIS-RSM, where the
spatial modulation is performed by RIS to convey its own infor-
mation. The theoretical upper bounds on BER are derived based
on the union bound methods and Monto Carlo simulation results
show the tightness of the bounds, validating the effectiveness of
our analysis. According to the simulation results, we show that
RIS-RSM always outperforms the other two proposed schemes
for its employing RIS more effectively and lower channel cor-
relation. Besides, adjusting the direction of LED and using
more RIS elements can contribute to an improvement in BER
performance due to the less path loss and more receive energy.

Another important finding is that the increasing of the to-
tal system’s bpcu may cause BER degradation. For example,
changing RIS group numbers is a simple way to change bpcu,

and it may have a remarkable influence on BER, because the
channel coefficients are changed drastically. We also analyze
how channel correlation problem influence the system perfor-
mance. If the channel coefficients are approximately the same,
the data from RIS transmitted in the spatial domain have a
higher error rate. However, if the channels are less correlated,
for example, using a RIS with larger size, or RIS-RSM scheme,
then the system BER is mainly limited by the data from LED.
Thus there is a trade-off between the dominating source of errors
considering the channel correlation coefficients. Furthermore,
we evaluate the system BER performance in the presence of
different levels of link blockages. For RIS-SM that is affected
by high channel correlation, higher level of blockage can reduce
BER. However, for RIS-RSM, blockage may cause a higher path
loss, and hence degrades the BER performance.

As for future work, first, practical system implementation of
RIS enabled spatial modulation schemes in VLC is challenging,
as the materials enabling RIS control function is hard to obtain.
Second, our current study on the link blockage is based on
numerical simulations, and thorough theoretical analysis on the
system performance with link blockages may lead to better
understanding of RIS enabled VLC systems. Last, the current
placement orientation of each PD is straight to the ceiling,
random PD directions in practical system may have more com-
plicated BER results.
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