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Abstract—In multiple-input multiple-output (MIMO) indoor
visible light communication (VLC) systems that employ nonimaging receivers, the bit error performance is degraded due
to high spatial correlation. Imaging receivers can mitigate this
degradation by concentrating the light energy, thereby reducing
the correlation among the elements in the channel matrix. In
this paper, we investigate the performance of the state-of-the-art
MIMO VLC modulation schemes with convex lens-based imaging
receivers. The MIMO modulation schemes considered include
the well known spatial multiplexing (SMP) as well as other more
recently proposed schemes such as generalized spatial modulation
(GSM), quad-LED complex modulation (QCM), and dual-LED
complex modulation (DCM). Performance gains up to 68 dB at
10−5 bit error rate are shown to be achieved with a convex
lens based imaging receiver compared to a non-imaging receiver.
We also study the spatial distribution of the best performing
modulation scheme based on a minimum euclidean distance
based metric. Results show that, with convex lens based imaging
receiver, QCM and DCM outperform GSM and SMP.
Keywords – Visible light communication, MIMO modulation,
spatial correlation, imaging receivers, convex lens.

I. I NTRODUCTION
Visible light communication (VLC) technology is emerging
as an attractive alternative to RF communication technology
for wireless communication in indoor environments [1]. In
VLC systems, signals are transmitted wirelessly in visible
light wavelengths (400nm to 700nm) using light emitting
diodes (LED) at the transmitter and the received signals are
detected at the receiver using photo diodes (PD). An important
advantage of VLC is its ability to simultaneously provide
both energy-efficient lighting as well as high data rate communications. Other advantages include low cost, no spectrum
licensing issues, and security in closed-room applications.
Intensity modulation (IM) of the LED at the transmitter
and direct detection (DD) at the receiver are widely used
in VLC systems. Hence the signals modulating the LED in
VLC are real and non-negative. Signaling using multipleinput multiple-output (MIMO) techniques is an attractive way
to increase spectral efficiency in VLC systems [2]-[4]. In
MIMO VLC systems, analogous to using multiple antennas
at the transmitter and receiver in MIMO RF communications, multiple LEDs and multiple PDs are used at the VLC
transmitter and receiver, respectively. MIMO VLC modulation
schemes popularly considered in the literature include spatial
multiplexing (SMP), space shift keying (SSK) and its generalization, spatial modulation (SM)/optical spatial modulation
(OSM), and generalized spatial modulation (GSM) [2]-[4].
More recent MIMO VLC modulation schemes include quadLED complex modulation (QCM) and dual-LED complex
modulation (DCM) [5].
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While MIMO techniques are attractive to achieve increased
data rates and spectral efficiencies, MIMO VLC systems suffer
from the problem of of high spatial correlation in MIMO
VLC channels. The correlations between the elements of the
channel matrix depend on the system configuration/parameters
including spatial positions of the transmitter (LEDs) and the
receiver (PDs), inter-LED spacing, inter-PD spacing, radiation
pattern of the LEDs, field-of-view (FOV) of the PDs, etc. High
channel correlation is a key cause for significant degradation
in MIMO VLC system performance. Use of imaging receivers
can alleviate this performance degradation [6]-[9]. In imaging
receivers, the signals from different light sources are demultiplexed at the receiver with the help of an imaging lens so that
correlation in the channel gain matrix is reduced.
Imaging receivers with different types of lens such as
convex lens, hemispherical lens, and fish-eye lens have been
studied in the literature [6],[7],[9]. Most of these studies,
however, have considered mainly SMP and SM with imaging
receivers. More recent modulation schemes such as GSM,
QCM, and DCM have been shown better performance compared to SMP and SM [4],[5]. However, the performance of
GSM, QCM, and DCM have not been studied in the presence
of imaging receivers. Our new contribution in this paper is
that we study the performance of GSM, QCM, and DCM
with a convex lens based imaging receiver (which has not
been reported in the literature) and compare them with that
of SMP. Our results show that a performance gain of up to
68 dB at 10−5 bit error rate (BER) can be achieved with
a convex lens based imaging receiver compared to a nonimaging receiver. We also present an analytical framework
to capture the dependence of the performance of various
modulation schemes on the spatial positions of the receiver
by using minimum euclidean distance of the received signal
set as a performance measure in high SNR region. Using
this framework, we obtain the spatial distribution of the best
performing modulation scheme with non-imaging as well as
convex lens based imaging receiver. Our results show QCM
and DCM with convex lens based imaging receiver outperform
SMP and GSM with the same imaging receiver.
II. C ONVEX L ENS BASED I MAGING R ECEIVER
Consider an indoor MIMO VLC system consisting of Nt
luminaires, where each luminaire provides illumination as
well as transmits data. The geometric setup of the considered
MIMO VLC system with convex imaging lens based receiver
is shown in Fig. 1. A room of size 5m×5m×3.5m is considered. The luminaire plane is located at a height of 0.5m
below the ceiling and the Nt luminaires are separated by a
distance of dtx from each other in this plane. The receiver
plane is located at a height of 0.5m from the ground. Each

Fig. 1. Indoor MIMO VLC system model with convex lens imaging receiver.

luminaire consists of an array of LEDs arranged such that the
luminaire’s illumination surface is a square with side length
S. The LEDs inside the luminaire emit unpolarized white
light with lambertian radiation pattern and also perform the
conversion of data from electrical to optical domain. In a
given channel use, a luminaire is either OFF (zero intensity
level) or radiate light with certain intensity level based on the
MIMO modulation scheme used. The transmit signal vector
x of dimension Nt × 1 is x = [x1 x2 · · · xNt ]T , where xj
denotes the light intensity emitted by the jth luminaire. At the
receiver side, a convex imaging lens is used along with a PD
array to receive the optical signals. The PD array consists of
Nr PDs and is placed at the focal plane of the imaging lens
such that the center of the PD array lies below the centroid
of the aperture of the imaging lens (see Figs. 2, 3). The lens
focuses the luminaires onto the PD array and the image of a
luminaire on the PD array is defined as a spot. The size of the
PD array is chosen such that the spot of each luminaire falls
on the PD array for every receiver location inside the room.
Consider the jth luminaire with four corner points A, B, C,
D as shown in the Fig. 2. Let CI at location (xCI , yCI , zCI )
be the centroid of the aperture of imaging lens. The projection
of the jth luminaire on the PD array is a spot with corners
A′ , B ′ , C ′ , D′ . Let the coordinates of point A be (xA , yA ,
zA ). Then the coordinates of the point A′ are given by
xA ′

=

xCI − Mj (xA − xCI ),

(1)

yA′

=

yCI − Mj (yA − yCI ),

(2)

zA ′

=

zCI − Mj (zA − zCI ),

(3)

where Mj is the magnification factor of the imaging lens for
the jth luminaire which is given by
{
f /(dzj − f ), if θj ≤ F OV
Mj =
(4)
0,
otherwise,
where f is the focal length of the convex lens, dzj is the
distance between the jth luminaire and the lens along the zaxis (vertical axis), θj is the angle of incidence of the jth
luminaire at the aperture of the lens, and FOV is the field-ofview angle of the PD. The side length of the jth luminaire is
S (i.e., the distance between the corner points B and C). The
side length of the spot corresponding to the jth luminaire is
given by S ′ = Mj S. While the size of the spot corresponding
to a luminaire depends on the magnification factor and the
side length of that luminaire, its position on PD array depends
on the receiver location, distance between the luminaires, and

Fig. 2. Schematic showing the imaging of a luminaire on the PD array using
convex lens.

(a)

(b)

Fig. 3. (a) Position of various luminaires on the luminaire plane. (b) PD array
with Nr = 36 used in convex lens based imaging receiver.

the magnification factor. The line-of-sight (LOS) channel gain
between the jth luminaire and centroid of the aperture of the
lens, denoted by hLOS
j , is given by
( θ )
m+1
AL
j
hLOS
cosm ϕj cos θj 2 rect
,
(5)
j =
2π
dj
F OV
where dj is the LOS distance between the centroid of the jth
luminaire (Lj ) and the centroid of the aperture of the lens
(CI ), ϕj is the angle of emergence at the jth luminaire with
respect to the normal at Lj , θj is the angle of incidence at
CI , m is the mode number of the radiating lobe given by
ln(2)
1
m = ln−cos
Φ 1 , Φ 2 is the half-power semi-angle of the LEDs
2

inside the luminaire, AL is the aperture area of the lens, FOV
is the field-of-view of the PD, and rect(x) = 1, if |x| ≤ 1, and
rect(x) = 0, if |x| > 1, where |.| denotes the absolute value
operator (or the cardinality of a set).
Let spot j be the spot corresponding to jth luminaire on
the PD array. Let hIM
ij be the channel gain between the jth
luminaire and ith PD due to the imaging lens [8], which is
defined as the ratio of the area of spot j that falls on the ith
PD to the total area of spot j on the PD array, i.e.,
Area(spot j ∩ ith PD)
hIM
.
(6)
ij =
Area(spot j)
The net channel gain between the jth luminaire and ith
PD, denoted by hij , can be defined as the ratio of total
optical power received by the ith PD to the total optical power
LOS
transmitted by jth luminaire, and is given by hij = hIM
ij hj .
The Nr x 1 received vector y at the receiver (in the electrical
domain) is given by
y = aHx + n,
(7)
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Fig. 4. Spots obtained on the PD array using convex imaging lens at different
receiver locations.
Room
Length × Width × Height
5m × 5m × 3.5m
No. of luminaires (Nt )
4
Side length of luminaire (S)
17.68cm
Transmitter
Height from the floor
3m
Half-power semi-angle (Φ 1 )
60◦
2
Mode number, m
1
Inter-luminaire distance (dtx )
3m
No. of PDs
36
Convex lens
PD dimensions in PD array
1mm× 1mm
based
Field-of-view (FOV)
85◦
imaging rx.
Responsivity of PD (a)
0.4 Amp/Watt
Focal length of the lens (f )
1.825mm
Aperture area of the lens (AL )
1mm2
TABLE I
I NDOOR MIMO VLC SYSTEM PARAMETERS .

where a is the responsivity of the PD, H is the Nr × Nt
channel gain matrix whose entry in the ith row and jth column
is hij , and n = [n1 n2 · · · nNr ] is the noise vector. The
optical intensity values of the xi s in x are determined by the
modulation scheme used. The electrical-to-optical conversion
factor is assumed to be unity. The optical-to-electrical conversion factor at the receiver is given by the responsivity a
Amp/Watt. The electrical noise ni s in n are modeled as i.i.d.
real AWGN with zero mean and variance σ 2 . The2 SNR at
r)
a PD (in the electrical domain) is defined as (aP
σ 2 , where
2
Pr is the total received optical power and σ is the total noise
power at a PD. The total power received at the ith PD is given
by (Hi x)2 . Therefore, the average received optical power is
Nr
∑
E{(Hi x)2 }, where Hi is the
given by E{∥Hx∥2 } = N1r
i=1

ith row of H, E{.} is the expectation w.r.t. the signal vector
x. Hence, the average SNR at the receiver in the electrical
Nr
∑
2
domain is given by γ = σ2aNr
E{(Hi x)2 }.
i=1

The system parameters considered for the indoor MIMO
VLC system are given in Table I. The size and position of the
spot on the PD array due to a given luminaire can be found
using (1)-(4). The spots on the PD array corresponding to different luminaires when the receiver is located at (0m,0m,0.5m)
and (1m,-1.5m,0.5m) are shown in Figs. 4(a) and 4(b), respectively. Note that the spots of different luminaires do not overlap
on the PD array, leading to correlation reduction in the channel
matrix when the convex lens is used at the receiver.
III. MIMO M ODULATION S CHEMES
The considered MIMO VLC modulation schemes are described below.
A. SMP scheme: In SMP, Nt positive, real-valued M -ary PAM

symbols are sent simultaneously in a channel use through IM
of Nt luminaires. So the achieved rate in SMP is ηsmp =
Nt log2 M bpcu, where M = |M| and M = {I1 , I2 , · · · , IM }
denotes the M -ary alphabet where the intensity of the mth
ave m
symbol in the alphabet is given by Im = 2I
m =
M +1 ,
1, 2, · · · , M, where Iave is the average intensity level. For
example, if Iave = 1, the 4-ary PAM signal set is given by
M = { 52 , 45 , 65 , 85 }.
B. GSM scheme: In GSM, Na out of Nt luminaires are
activated in a channel use [4]. The selection of which Na
luminaires( are) activated in a channel use is made based
Nt
on ⌊ log2 N
⌋ bits. The activated luminaires transmit with
a
intensity levels taken from the M -ary PAM alphabet, M. The
remaining Nt − Na luminaires transmit zero intensity values
(i.e., they remain
( Nt ) OFF). So the achieved rate in GSM is
ηgsm = ⌊log2 N
⌋ + Na log2 M bpcu.
a
C. QCM scheme: In QCM, one complex modulation symbol
is sent in a channel use using four luminaires [5]. Let A
denote a complex modulation alphabet (e.g., QAM) and s ∈ A
denote the complex modulation symbol to be signaled in a
given channel use. The symbol s can be written in the form
s = sI + jsQ , where sI and sQ are the real and imaginary
parts of s, respectively. Of the four luminaires, two luminaires
(say, Luminaire 1 and Luminaire 2) convey the magnitude
and sign of sI as follows. If sI ≥ 0, then Luminaire1 emits
intensity sI ; if sI < 0, Luminaire 2 emits intensity |sI |. Since
sI ≥ 0 or < 0, only any one of Luminaire 1 and Luminaire
2 will be ON in a given channel use and the other will be
OFF. Therefore, while the magnitude of sI is conveyed using
IM, the sign of sI is conveyed through spatial modulation
(i.e., which among Luminaire 1 and Luminaire 2 is ON).
In a similar way, the other two luminaires (Luminaire 3 and
Luminaire 4) convey the magnitude and sign of sQ . Example:
If s = 1 − j3, then Luminaire 1 emits intensity 1, Luminaire 2
is OFF, Luminaire 3 is OFF, and Luminaire 4 emits intensity
3, so that the transmit vector is x = [1 0 0 3]T .
D. DCM scheme: In DCM, two luminaires are used to
send one complex modulation symbol in a given channel use.
Polar representation of complex symbols is used so that one
luminaire conveys the magnitude and other luminaire conveys
the phase of the complex symbol. Let s ∈ A be the complex
modulation symbol and its polar representation is s = rejϕ ,
where r = |s|, r ∈ R+ and ϕ = arg(s), ϕ ∈ [0, 2π). Luminaire
1 emits intensity r and Luminaire 2 emits intensity ϕ. The
T
transmit vector x is given
√ by x = [r ϕ] . Example: If
s = 3 + j3, then√r = 3 2 and ϕ = π/4, so that the transmit
vector is x = [3 2 π/4]T .
E. Minimum distance of received signal sets: In order to
evaluate the relative performance of the above modulation
schemes at different spatial positions of the receiver across
the room, we consider the following metric that captures the
high SNR performance of a given modulation scheme. Let
STx = {x1 , x2 , · · · , xL } be the the set of all possible transmit
signal vectors for a given modulation scheme. In the absence
of noise, let SRx denote the corresponding received signal
set for a given H, i.e., SRx = {Hx1 , Hx2 , · · · , HxL }. The
set of normalized received signal vectors (i.e., vectors in SRx

normalized by the average received signal power) is given by
i
S̃Rx = {ỹ1 , ỹ2 , · · · , ỹL }, where ỹi = √ 1 ∑Hx
. The
L
2
LNr

i=1

0

10

normalized minimum distance of the received signal set is
∥ỹi − ỹj ∥.

(8)

Let S and S denote the signal sets of two different
(1)
(2)
modulation schemes and d˜min,H
and d˜min,H
denote their corresponding normalized minimum distances for a given H. At
high SNRs, the BER performance of modulation scheme with
signal set S(1)
Tx will be better than that of the scheme with
˜(1)
˜(2)
S(2)
Tx , if dmin,H > dmin,H . Also, the SNR gap between the BER
performance of the two modulation
schemes
in the high SNR
( (1)
)
˜(2)
region is given by 20 log d˜min
,H /dmin,H .
IV. R ESULTS AND D ISCUSSIONS
In this section, we present the BER performance results of
MIMO modulation schemes in the presence of non-imaging
receiver and convex lens based imaging receiver. The modulation schemes considered for comparison are i) SMP: Nt = 4,
M = 2, Iavg = 1, ii) GSM: Nt = 4, Na = 2, M = 2,
Iavg = 1, iii) QCM: Nt = 4, 16-QAM, iv) DCM: Nt = 2,
16-QAM, the magnitude and phase values are sent through
luminaires 1 and 3, respectively. All the above schemes have
the same rate of 4 bpcu. Maximum-likelihood (ML) detection
scheme is used at the receiver.
BER vs SNR performance: The BER performance of the
MIMO modulation schemes with non-imaging receiver located
at (0m,0m,0.5m) is shown in Fig. 5. In this figure, we plot
the simulated BER as well as the analytical upper bound on
BER (obtained using union bounding [4]). At moderate-tohigh SNRs, the BER upper bounds for all the schemes are
found to be very tight. For the case of non-imaging receiver,
the performance of the MIMO schemes suffer due to high
correlation among the elements of channel gain matrix. In
QCM, DCM, and GSM only two luminaires are activated
in a channel use, whereas in SMP, all the four luminaires
are activated simultaneously to transmit data. Hence the SMP
performs worst among all the schemes as shown in Fig. 5.
While spatial indexing conveys information bits in GSM, it
conveys the sign of the real and imaginary parts of the QAM
symbol in QCM. DCM scheme does not use spatial indexing,
and hence the performance of DCM is better than QCM and
GSM at low SNRs.
The BER performance of the convex imaging lens based
receiver located at (0m,0m,0.5m) is shown in the Fig. 6. In
this figure also, the BER upper bounds for all the schemes are
very tight at moderate-to-high SNRs. By employing convex
imaging lens, the performance of all the modulation schemes
has improved when compared to the non-imaging case. This is
because of the decorrelation among the elements of channel
gain matrix achieved with the help of the convex lens. The
performance of QCM, GSM, DCM, and SMP are improved
by 36 dB, 36.4 dB, 27.4 dB, and 67.8 dB, respectively. We
can observe that SMP and DCM achieve the highest and least
performance gains, respectively. This is because SMP is the
most affected by spatial interference and spatial correlation in
the non-imaging case, and so the benefits of imaging effect by
(1)
Tx

(2)
Tx

Bit error rate

min

ỹi ,ỹj ∈S̃Rx ,i̸=j
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Fig. 5. Analytical upper bound on BER and simulated BER for different
MIMO modulation schemes using non-imaging receiver.
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Fig. 6. Analytical upper bound on BER and simulated BER for different
MIMO modulation schemes using convex imaging lens based receiver.

the lens is the maximum. Even with this improvement, SMP
performs worse than GSM and QCM.
Effect of varying dtx : The BER vs dtx performance of
different MIMO modulation schemes using convex imaging
lens based receiver at location (0m,0m,0.5m) at 8 dB SNR is
shown in Fig. 7. At low dtx values, the spots due to different
luminaires get overlapped resulting in non-zero correlation
among the elements of channel gain matrix. Hence for all
the schemes, the BER is high at low values of dtx . But as dtx
increases, the amount of overlap among the spots decreases
and the BER performance gets improved. After certain value
of dtx , the spots due to different luminaires do not overlap
and there is no correlation among the channel gain matrix
elements. Hence for dtx > 0.25m, the BER performance
remains almost the same. As in Fig. 6, QCM achieves the
best performance.
Effect of varying receiver location: As discussed in earlier
section, the MIMO scheme with higher d˜min,H value has better
BER performance than the the one with lower d˜min,H value.
The d˜min,H values obtained for different modulation schemes
at different receiver locations for convex imaging lens based
receiver and non-imaging receiver are presented in Table II. As
the receiver location changes, the LOS channel gain changes
and so the d˜min,H values also changes. For all the modulation
schemes, convex imaging lens based receivers have higher
d˜min,H values than that of non-imaging receivers. Thus at high

SMP SMP (12.2%)
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GSM
DCM
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GSM,Nt=4,Na=2,M=2
QCM,Nt=4,16−QAM

QCM
(20.7%)

DCM,N =4,16−QAM
t

GSM
(17%)

DCM
(50.1%)

Fig. 8. Spatial distribution of best performing MIMO scheme among SMP,
GSM, QCM, and DCM for the non-imaging receiver.
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Fig. 7. BER performance of the convex imaging lens based receiver as a
function of dtx .
Receiver
Structure
Non-imaging
receiver
Convex lens
based
imaging
receiver

Receiver
location
(0,0,0.5)
(1,1,0.5)
(1.5,-1.5,0.5)
(-2,0,0.5)
(0,0,0.5)
(1,1,0.5)
(1.5,-1.5,0.5)
(-2,0,0.5)

SMP
0.0007
0.0168
0.0096
0.0035
1.8952
0.4540
0.4735
0.4688

d˜min,H
GSM
QCM
0.0377
0.0413
0.0370
0.0212
0.0164
0.0113
0.0056
0.0089
2.6808
2.6822
0.8238
0.9080
0.6755
0.9471
0.5967
0.9377

DCM
(23.6%)

DCM
0.0328
0.0296
0.2990
0.1841
0.8027
0.8025
0.6192
0.2118

TABLE II
d˜MIN,H VALUES FOR SMP, GSM, QCM, AND DCM USING NON - IMAGING
AND CONVEX LENS BASED IMAGING RECEIVERS .

SNRs, the BER performance of imaging lens based receiver
is better than the non-imaging receiver. The maximum d˜min,H
value at a given receiver location is shown in bold numbers and
the corresponding modulation scheme is the best performing
scheme at that receiver location.
Spatial distribution of best performing MIMO scheme: In
this subsection, we present the best performing MIMO scheme
among SMP, GSM, QCM, and DCM at various receiver
locations based on their d˜min,H values. At a given receiver
location, we obtain the channel gain matrix and then compute
d˜min,H values using (8) for all the considered MIMO schemes.
The best performing MIMO scheme at that receiver location
is the scheme with the maximum d˜min,H . To obtain the spatial
distribution of the best performing MIMO scheme, the receiver
plane located at a height of 0.5m above the floor is divided into
a grid of 200 × 200 points. Each grid point is considered as a
receiver location for simulation. At every receiver location,
d˜min,H is computed for all the four MIMO schemes. Each
modulation scheme is assigned a particular color; in the
spatial distribution plot, the grid point is filled with the color
of the best performing modulation scheme. This process is
repeated for all the receiver locations across the room. The
spatial distribution plot of the best performing MIMO scheme
obtained in the case of non-imaging and convex imaging lens
based receivers are shown in Figs. 8 and 9, respectively. In
the case of non-imaging receiver, for the system parameters
considered, DCM and QCM are the most favorable and second
most favorable schemes across the room as they cover 50.1%
and 20.7% of the room area. SMP and GSM perform best

QCM
(76.4%)

Fig. 9. Spatial distribution of best performing MIMO scheme among SMP,
GSM, QCM, and DCM for the convex lens based imaging receiver.

across 12.2% and 17% of the room, respectively. In the case
of convex imaging lens based receiver, QCM is the most
favorable scheme as it performs best across 76.4% of the room;
DCM is the next most favorable scheme as it performs best
across 23.6% of the room. SMP and GSM are not the best
performers with convex lens based imaging receivers.
V. C ONCLUSIONS
We investigated the effect of using a convex lens based
imaging receiver on the BER performance of state-of-the-art
MIMO modulation schemes such as GSM, QCM, and DCM,
in comparison with that of the well known SMP scheme.
Because of the spatial decorrelation achieved by the convex
lens, the imaging receiver was able to achieve significantly
better performance (up to 68 dB at 10−5 BER) compared
to a non-imaging receiver. Among the considered MIMO
modulation schemes with imaging receiver, QCM and DCM
outperformed GSM and SMP, and achieved the best spatial
performance.
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