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Abstract
We propose a new MIMO visible light communication

(VLC) receiver architecture that can dynamically adjust the
optical channel by using a spatial light modulator (SLM).
This capability enables the VLC receiver to track moving
transmitters to support mobility. We also present operating
procedures and control algorithms for this SLM VLC re-
ceiver to measure the gain from each transmitter, to configure
the SLM, and to track the transmitters as they move relative
to the receiver. Through the design of a two-photodetector
prototype and simplified models for imaging systems, we
demonstrate that the SLM VLC receiver can outperform sim-
ilar traditional imaging VLC receivers that do not use an
SLM, even if the traditional VLC receiver is equipped with
more photodetectors.
Categories and Subject Descriptors

B.4.1 [Input/Output and Data Communications]: Data
Communications Device; I.4.1 [Image Processing and
Computer Vision]: Digitization and Image Capture
General Terms

Algorithms, Design
Keywords

visible light communication (VLC), spatial light modula-
tor (SLM), MIMO, imaging receiver
1 Introduction

Like MIMO radio-frequency (RF) communication sys-
tems, visible light communication (VLC) systems can use
multiple transmitters and receiver elements to increase the
wireless communication capacity. Unlike MIMO RF sys-
tems though, the line-of-sight components tend to dominate
over the multipath components in MIMO VLC systems [14].
In the absence of significant fading due to random multipath

signal propagation, the channel gain from each transmitter to
each receiver element can be approximated as a determinis-
tic function of the relative positions and orientations of the
transmitter and receiver (assuming that the line-of-sight is
not obstructed).

The deterministic and position-dependent nature of VLC
channel gains presents both disadvantages and advantages.
On one hand, MIMO VLC systems do not benefit from the
rich scattering that provide the well-conditioned channel ma-
trices in MIMO RF communication systems. This problem
is illustrated in the work of Zeng et al., which shows that the
bit error rate of a non-imaging VLC system becomes unac-
ceptably high whenever the transmitters are positioned sym-
metrically about the receiver [14].

On the other hand, the negligible random fading yields a
more predictable VLC channel. This predictability presents
opportunities to deliberately engineer the VLC channel to
improve the resulting MIMO channel capacity.

In this paper, we introduce a new MIMO VLC receiver ar-
chitecture that incorporates a spatial light modulator (SLM).
This built-in SLM enables the VLC receiver to dynamically
adjust the optical communication channel to better adapt to
changing transmitter and receiver positions in a variety of use
cases, such as wireless networking for mobile devices and
vehicular networks, where the transmitters or receivers may
move freely. As a result of this adaptability, the SLM-based
MIMO VLC receiver requires fewer photodetectors than tra-
ditional MIMO VLC receivers do to achieve the same per-
formance in mobile use cases.

Section 2 presents background information. Section 3 in-
troduces the SLM MIMO VLC receiver and details its opera-
tion. Section 4 presents the channel model for the SLM VLC
receiver. Section 5 presents the preliminary procedures and
algorithms for controlling the proposed receiver. Section 6
compares the performance of the proposed receiver against
other imaging VLC receivers. And Section 7 concludes the
paper.

2 Background
In the high signal-to-noise ratio (SNR) regime, MIMO

communication systems aim to maximize the rank and min-
imize the condition number of the channel matrix in or-
der to improve the multiplexing capacity gains [10, p. 294–
295]. Two general classes of MIMO VLC receivers have
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Figure 1. Parameters used in Equation 1 to calculate the
gain from a uniformly diffuse transmitter to an imaging
receiver pixel.

been previously proposed for this purpose: imaging VLC re-
ceivers [14, 1, 3, 13, 2, 7] and non-imaging VLC receivers
[11, 6, 12]. Although both types of MIMO VLC receivers
can yield full-rank and well-conditioned channel matrices
when the transmitters are sufficiently separated from each
other, these receivers may yield poorly conditioned channel
matrices when the transmitters are close to each other.

For example, the gain from a uniformly diffuse (Lamber-
tian) transmitter to an imaging receiver pixel is

Pr

Pt
=

AtrAr

πAt l2 cosθcosφ (1)

where Ar is the area of the imaging receiver’s aperture, Atr is
the transmitter area seen by the pixel, At is the total area of
the transmitter’s uniformly diffuse emitting surface, l is the
distance between the transmitter and the receiver’s aperture,
θ is the angle between the normal of the transmitter’s surface
and the straight path from the transmitter to the receiver, φ is
the angle between the normal of the receiver’s aperture and
the straight path from the transmitter to the receiver, Pt is
the transmitted optical power, and Pr is the received optical
power.1 These parameters are illustrated in Figure 1.

If two transmitters are close enough that their optical
signals are entirely received by the same imaging receiver
pixels, then the position-dependent parameters (l,θ,φ,Atr)
would be approximately equal between the two transmit-
ters. Thus, the corresponding columns of the channel matrix
would be approximately equal, resulting in a poorly condi-
tioned channel matrix.

In mobile use cases, this situation may arise if the trans-
mitters move near each other or if the receiver is oriented
to receive from transmitters that are farther away. Although
this problem can be mitigated by increasing the number of
pixels in the imaging VLC receiver to reduce the likelihood
that signals from neighboring transmitters are received by the
same pixels [2], adding additional pixels may require com-
promises in pixel sensitivity, sampling rate, power consump-
tion, cost, and device size.

Similarly for the non-imaging VLC receivers [11, 6, 12],

1Derived from [5, ch. 3] assuming only path loss, assuming that neither
the transmitter nor the receiver are facing away from each other, assuming
no blur in the transmitter’s image, and assuming that the transmitters and
receivers are small relative to the distance between them.
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Figure 2. A MIMO VLC system using the SLM Cam-
era Optical Receiver is shown. In this system, an imag-
ing lens focuses light from multiple transmitters onto a
reflective SLM that redirects the light from each trans-
mitter to a separate photodetector.

the channel gains to the receiver elements also vary gradually
with respect to the relative position and orientation of the
transmitters. When the transmitters are positioned close to
each other, the corresponding columns of the channel matrix
would be similar, resulting in a poorly conditioned channel
matrix.

3 Imaging SLM VLC Receiver
The proposed MIMO VLC receiver architecture is an

imaging receiver architecture that replaces the traditional
image sensor (i.e., photodetector array) with a spatial light
modulator (SLM). Unlike traditional imaging receivers, the
incoming optical signals are not measured at the image plane
(where the images of the transmitters are focused). Rather,
an SLM at the image plane redirects the incoming optical
signals toward a separate array of photodetectors to be mea-
sured.
3.1 Structure of the Receiver

As shown in Figure 2, this SLM Camera Optical Receiver
(SLMCOR) architecture consists of an imaging lens, a re-
flective SLM, and multiple photodetectors; implementations
would also require signal-processing and control devices,
which are shown in Figure 5. Although a variety of SLMs
can be used in imaging SLM VLC receivers, to simplify the
description of the architecture, this paper assumes that the
SLM is a reflective SLM that consists of a rectangular ar-
ray of flat micromirrors. Each micromirror can be rotated
in place across a range of angles to direct reflected light and
each mirror in the array can be independently controlled. By
varying the orientation of a pixel’s micromirror, the SLM
can control the direction that light reflected from that pixel
travels2, and thus, aim the pixel’s light towards a selected
photodetector. The photodetectors are arranged around the
SLM, facing the SLM, so that each micromirror can redirect
light towards any of the photodetectors.

This setup is similar to (and in part, inspired by) the
“single-pixel” camera by Duarte et al. [4]. By separat-
ing the photodetector(s) from the image plane, the architec-

2For the SLMCOR, “pixel” refers to a single SLM pixel rather than a
photdetector because the focused image is formed on the SLM.
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Figure 3. Since each micromirrors can rotate ±12◦, the
reflected beam can be deflected by 24◦ in either direc-
tion. The photodetectors should be positioned at ±24◦ to
detect the reflected beams.

ture enables the imaging system to have very high resolution
with very few photodetectors. This capability allows us to
work around the trade-offs described in Section 2 between
the quantity of photodetectors and the performance of each
photodetector.

Due to the similarity in structure, the SLMCOR can also
be used to capture photographs and videos through com-
pressed image sensing as described in [4]. This secondary
function may eventually enable the SLMCOR to replace tra-
ditional cameras in mobile devices, providing both the capa-
bilities of a camera and a high-speed MIMO VLC receiver
in the same device.

Our proposed receiver also differs from the single-pixel
camera in significant ways in order to greatly improve the
receiver’s sampling rate for high-speed communication sig-
nals. One difference is that our receiver uses more than one
photodetector—we use one for each transmitter—to sample
signals from multiple transmitters simultaneously. Further-
more, as detailed in Section 5, SLMCOR uses different algo-
rithms to generate the SLM patterns by using feedback from
the received VLC signals.

3.2 2x2 MIMO SLMCOR Prototype
The SLMCOR was implemented using a Texas Instru-

ments (TI) digital micromirror device (DMD) from the DLP
LightCrafter 6500 evaluation kit [8] as the reflective SLM.
This DMD has an array of 1920 by 1080 (1080p resolution)
micromirrors that are flat in the “reset” state. From this reset
state, each micromirror can be independently rotated either
+12◦ or−12◦ about its diagonal [9]. Since each micromirror
can be configured for one of only two possible angles (be-
cause pixels cannot be individually placed in the reset/flat
position), the micromirrors can be used to switch between
two photodetectors. These two photodetectors are positioned
at +24◦ and −24◦ as explained in Figure 3.

Since each micromirror rotates about its diagonal, we
rotated the DMD 45◦ about its normal vector to align
the reflected beams with the photodetectors in the optical-
breadboard implementation shown in Figure 4.

As labeled in Figure 4, the DLP-based SLMCOR uses
three lenses: one concentrator lens for each photodetec-

DLP Controller

DMD

Imaging Lens

Photodetector 1

Photodetector 2

Concentrator
Lenses

Incoming Light

Figure 4. The 2-photodetector SLMCOR prototype using
a TI DLP as the SLM.

tor and the main imaging lens. The main imaging lens
is a 25.4 mm diameter biconvex lens with a 50.0 mm fo-
cal length from Thorlabs (part number LB1471-A). For the
DMD’s image area of 14.52 mm by 8.16 mm [9], this rel-
atively long focal length unfortunately yields a relatively
narrow field of view (FOV) of approximately ±8.3◦ by
±4.7◦. Although a shorter focal length would provide a
wider FOV (enabling the receiver to receive from transmit-
ters in a wider range of positions), we were unable to accom-
modate a shorter focal length using commercially-available
off-the-shelf (COTS) lens holders without obstructing the
beams reflected from the DMD. Future revisions of this pro-
totype may be able to improve the FOV, optical gain, and
size of the VLC receiver by using custom lenses and optome-
chanical components.

Another consideration in selecting the main imaging lens
was the lens diameter. Although larger lens would enlarge
the aperture over which the receiver gathers light, thus im-
proving the receiver’s optical gain, enlarging the aperture
would also widen the beam angle of both the light focused
onto the DMD and the light reflected from the DMD. Given
that the central ray of the reflected beam is offset 24◦ from
the imaging lens’s optical axis, the beam half-angle should
not exceed 12◦; otherwise, a portion of the reflected beam
would be directed back toward the main imaging lens, where
it cannot be detected by a photodetector.

The prototype uses two Thorlabs PDA36A photodetec-
tors. Since the photodetector bodies are relatively large, they
are positioned further away from the DMD than the main
imaging lens to avoid blocking light from the main imaging
lens to the DMD. A Thorlabs LB1723-A 50.8 mm diameter
lens is placed in front of each photodetector to focus the re-
flected beams of light from the DMD onto the photodetector.

Zemax was used to perform ray-tracing simulations to op-
timize the focus of the lenses and the placement of the com-
ponents.

4 SLMCOR Channel Model
Applying the small-signal approximation, we make the

simplifying assumption that the received shot noise is inde-
pendent of the transmitted signals. Furthermore, we assume

349



that each micromirror directs all of its light towards one se-
lected photodetector. Using these assumptions, when the
system has nt transmitters, nr photodetectors, and ns SLM
pixels, the channel can be modeled as

y = S(Hx+ws)+wt (2)

where x ∈ Rnt represents the transmitted signal, y ∈ Rnr

represents the received signal, ws ∈ Rns represents the shot
noise contribution of each SLM pixel (e.g., due to back-
ground illumination), wt ∈ Rnr represents the thermal noise
for each photodetector, H ∈ Rns×nt represents the gain from
each transmitter through each SLM pixel to a photodetector,
and S ∈ Rnr×ns represents the fraction of the optical power
incident on each SLM pixel that is distributed to each pho-
todetector. For the 2-photodetector DLP-based SLM VLC
receiver (2-PD SLMCOR), nr = 2 and ns = 1920 ∗ 1080 =
2.0736∗106.

Effectively, the resulting channel matrix, representing the
gain from each transmitter to each photodetector, is

G = SH (3)

where G is a nr by nt matrix. By controlling the pattern
shown by the DMD, the receiver controls S, and is thus able
to adjust the resulting channel matrix.

For the purpose of modeling shot noise (in ws), we apply
the simplifying assumption that the shot noise variance is
identical across all SLM pixels. We further approximate the
shot noise, which is actually due to a Poisson process, as
additive white Gaussian noise (AWGN).

The elements of wt are modeled as independent and
identically-distributed AWGN. We neglect other sources of
noise.

5 Operation of the 2-PD SLMCOR
In addition to decoding the received signal, SLM VLC

receivers also need to configure the SLM to obtain a use-
ful channel matrix. This configuration is orchestrated by the
receiver controller using feedback from the received VLC
signals as illustrated in Figure 5. For the DMD in the 2-
PD SLMCOR, the receiver controller configures the DMD
by sending the DLP controller a bitmap image consisting of
1920 by 1080 pixels. Each pixel in the image specifies the
orientation of the corresponding micromirror in the DMD: a
dark pixel orients the micromirror to direct light towards one
photodetector while a bright pixel orients the micromirror
to direct light towards the other photodetector. In turn, the
DLP controller generates the appropriate electrical signals to
move the micromirrors in the DMD. In this paper, we refer
to an instance of this SLM configuration as a “pattern”.

The generation of SLM patterns can be split into three
sub-problems: initially measuring H, generating the appro-
priate SLM pattern given H, and tracking the transmitters as
they move relative to the receiver. We present preliminary
solutions to these sub-problems for a proof-of-concept. Fu-
ture strategies will likely further improve the performance of
SLM VLC receivers.
5.1 Initially Measuring H

As explained in Section 4, the resulting channel matrix is
determined by both S and H. To optimize the channel matrix,

tx1

tx2

ADC
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PD2

DMD

DLP
Controller

Receiver
Controller

&
DSP

data
out

Imaging
Lens

DLP pattern

Figure 5. A block diagram of the 2-PD DLP SLM VLC
receiver showing the control loop and signal chain.

the receiver controller first measures H: the gain from each
transmitter to a photodetector through each SLM pixel. For
simplicity, we assume that this gain is the same for either
photodetectors.

To facilitate transmitter-to-photodetector gain measure-
ments, to enable the receiver to identify which transmit-
ter transmitted any signal, and to facilitate the tracking of
transmitters as they move relative to the receiver, we pro-
pose allocating a small portion of the available bandwidth for
each transmitter to embed a continuously-transmitted unique
identification signal of a known amplitude. At the receiver,
the identification signal can be isolated by filtering to pass
the identification band, and (assuming that the gain of the
identification signal is representative of the gain at other fre-
quencies) the channel gain (in H) can be determined by di-
viding the amplitude of the received identification signal by
the amplitude of the transmitted identification signal.

To ensure that the identification signals can be separated
from each other in case of interference between multiple
transmitters, the unique identification signals should be or-
thogonal to each other. This orthogonality can be achieved
by selecting mt evenly spaced frequencies within the iden-
tification band as the unique identification signals, where
mt is the maximum supported number of active transmitters
that can be in the receiver’s field of view. Assuming that
H varies very slowly (compared to the VLC symbol rate),
these identification symbols can be sampled over long pe-
riods of time, allowing the receiver to finely resolve differ-
ences in frequency. As a result, the identification band can
have a very narrow bandwidth, and thus, reserving this band
for identification and channel-state measurements would not
significantly decrease the capacity of the system.

The transmitter-to-photodetector gain through each pixel
can be measured by first splitting the pixel array in half, di-
recting half of the pixels toward photodetector 1 (PD1) and
the other half toward photodetector 2 (PD2). The signals re-
ceived by both photodetectors are checked for the presence
of any transmitter’s identification signal (that is significantly
above the noise floor). If no identification signal is found,
then the rows of H corresponding to those pixels are 0. The
process is then repeated recursively for each partition of pix-
els that do receive an identification signal, splitting the parti-
tion in half and using just PD1 to sample one sub-partition at
a time (since PD2 must be used to receive from all other pix-
els), until the partition consists of just one pixel. When the
partition consists of just one pixel, the originating transmitter
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and gain of the signal that is received by the pixel can be de-
termined by measuring the identification signal as described
above.

Future protocols may be able to further reduce the time
needed to initially measure H.

5.2 Generating the SLM Pattern
Given H, the receiver controller can determine how many

active transmitters are in the receiver’s field of view and
which transmitter images are incident on which SLM pixels.

If only one transmitter is in the FOV, the receiver con-
troller can generate an SLM pattern to remove shot noise
from the received VLC signal by directing the VLC signal
and background light toward different photodetectors. This
can be done by directing background light from the pixels
that do not receive from the transmitter toward PD2 while
directing the VLC signal from the pixels that do receive
from the transmitter toward PD1. In this single-input and
multiple-output (SIMO) scenario, the SLMCOR performs
selection diversity combining.

If two transmitters are in the FOV, pixels receiving signals
from the first transmitter can be directed towards PD1 and
pixels receiving signals from the second transmitter can be
directed towards PD2. Pixels that receive from both trans-
mitters can be directed based on which transmitter has a
greater gain through that pixel. Since every DMD pixel must
direct light towards one of the two photodetectors, the re-
maining pixels that receive no VLC signal and only con-
tribute to shot noise can be directed randomly toward either
photodetector.

The 2-PD DLP SLM VLC receiver cannot simultaneously
receive from more than two transmitters due to the limited
number of photodetectors. However, if more than two trans-
mitters are available, the additional transmitters can each be
configured to duplicate one of the two transmitters’ signals
to improve the received signal strength.

5.3 Tracking the Transmitters
Since the 2-PD DLP SLMCOR requires both photodetec-

tors to receive from any transmitter, the method described in
Subsection 5.1 cannot be used to update the measurements of
H (i.e., track the transmitters) while the SLMCOR is receiv-
ing any VLC signal. To update a row of H after initialization,
we propose a procedure to perturb the SLM pattern to mea-
sure the incremental changes in gain from the transmitters.

First, measure the amplitude of each identification signal
received by both photodetectors. Since the identification sig-
nals are continuously transmitted and orthogonal to the data
portion of the VLC signals, this measurement can be done
without interrupting data transmission.

Then, toggle the DMD pixel corresponding to the row of
H to be updated so that the pixel switches from one pho-
todetector to the other. We assume that the resolution is
sufficiently high that the VLC signal from any transmitter
would land on many pixels, so changing the state of one
pixel would not alter the transmitter-to-photodetector gains
enough to significantly increase the probability of error.

After toggling the pixel, measure the amplitude of each
identification signal received by both photodetectors again.

Table 1. Simulation parameters used for the performance
comparison.

Parameter Value
Aperture radius 25.4 mm
Lens to array distance 49.9 mm
Pixel array width 14.52 mm
Pixel array height 8.16 mm
Receiver position (0,0,0) (imaging lens at origin)
Receiver zenith angle 0◦ (in the +z-axis direction)
Transmitter shape 40 mm by 40 mm (square)
Transmitter position z = 2.5 m
Transmitter orientation downward

Assuming that no other event altered the transmitter-to-
photodetector gains during this procedure, the change in am-
plitude of each identification signal is entirely due to the tog-
gled pixel. Thus, the difference in amplitude of each identi-
fication signal can be treated as the incremental contribution
of the toggled pixel, and can be used to calculate the gains
through that pixel by dividing this incremental contribution
by the amplitude of the identification signals at the transmit-
ter.

The receiver may prioritize updating the rows of H that
correspond to pixels near the boundaries of the DMD and
near the boundaries of transmitter images to better track
transmitters as they move incrementally or as they enter the
field of view.

6 Performance
We compare the 2-PD SLMCOR against traditional imag-

ing VLC receivers with 2, 4, and 9 photodetectors to illus-
trate the advantage of the SLMCOR architecture. In this
comparison, we simulate each of the receivers with two
pseudo-randomly positioned transmitters in the receiver’s
field of view to determine the average channel matrix rank
and median channel matrix condition number. These two
metrics (the rank and condition number) indicate the ca-
pacity of the MIMO channel in the high SNR regime [10,
p. 294–295].3 We use the median condition number instead
of the mean condition number as the metric because the con-
dition numbers may be infinite.

To isolate and highlight the effects of adding an SLM, we
use the same optical system parameters for both the DLP-
based and the traditional imaging VLC receivers. These sim-
ulation parameters are chosen to match the SLMCOR proto-
type described in Subsection 3.2 and are listed in Table 1.
For each imaging receiver in the simulations, the pixels are
tiled in a rectangular array to cover the entire area of the pixel
array without overlap (for a 100% fill factor).

In each of the 1000 trials simulated to obtain the mean
rank and median condition number, the centers of the two
transmitters are uniformly distributed within the receiver’s
field of view on the plane at z = 2.5 m.

To determine where each transmitter’s image lands on the

3Although the RF channel model used in [10] differs in significant ways
from VLC channels (e.g., VLC signals are non-negative and may be non-
Gaussian), we assume that these metrics remain sufficiently valid for a
rough comparison between VLC systems.
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Table 2. Simulation results comparing average rank and median condition number of VLC systems using the 2-PD
SLMCOR versus using 2-, 4-, or 9-pixel traditional imaging VLC receivers. The standard deviation (SD) of the rank is
also shown.

Average rank Rank SD Median condition number
2-PD SLMCOR 2.00 0.00 1.02

2-pixel traditional 1.53 0.50 6.12
4-pixel traditional 1.81 0.40 1.21
9-pixel traditional 1.94 0.24 1.18

receiver’s pixel array, we assume that the imaging receiver is
perfectly in focus, and apply the paraxial thin-lens approxi-
mation. With this simplification, the transmitter image lands
where the ray from the transmitter that goes through the
center of the imaging lens intersects with the image plane.
Conversely, the portion of the transmitter seen by a pixel
can be determined by projecting the pixel’s polygon through
the center of the imaging lens to the transmitter’s plane (at
z = 2.5 m) as illustrated in Figure 1.

Given this projected pixel polygon on the transmitter’s
plane, Equation 1 can be used to determine the gain from
each transmitter to each pixel. Atr can determined as the area
of the intersection between the transmitter polygon and the
projected pixel polygon. We assume that each pixel is suffi-
ciently small that l, θ, and φ does not vary significantly over
the area of the pixel.

The simulation results are highlighted in Table 2. A
higher rank and a condition number closer to one indicate
better MIMO performance in the high SNR regime. These
results show that the 2-photodetector DLP SLM VLC re-
ceiver is able to significantly out-perform the traditional
imaging VLC receivers, even when the traditional imaging
VLC receivers use more photodetectors.
7 Conclusion

MIMO VLC systems differ from MIMO RF systems in
significant ways. Due to a lack of multipath signal propa-
gation, VLC channel gains depend strongly on the relative
positions of the transmitters with respect to the receiver and
do not vary significantly from random fading. As a result,
a VLC system may perform poorly whenever the transmit-
ters and receiver are in certain positions; in the absence of
random fading over time, these poor channel conditions may
persist until the transmitters or receiver moves. These dead
spots limit the utility of MIMO VLC systems for mobile use
cases.

In this paper, we propose a new MIMO VLC receiver ar-
chitecture that can dynamically alter the channel matrix us-
ing a spatial light modulator to both avoid dead spots and to
enhance the performance of the resulting channel. By tak-
ing advantage of the relatively slow-changing nature of VLC
channel gains, the proposed SLM VLC receiver can measure
and adjust the channel matrix to improve SNR and to track
transmitters as they move relative to the receiver.

Although the current DLP-based SLM VLC receiver can
only support two photodetectors, we demonstrate through
simulations that the SLM VLC receiver still outperforms
imaging VLC receivers that have more photodetectors in re-
gards to channel matrix rank and condition number. In fu-
ture work, we aim to increase the number of photodetectors

that can be supported by the SLM VLC receiver, refine our
preliminary algorithms for controlling the VLC receiver, val-
idate our simulation results through our physical prototype,
and develop better metrics to compare VLC receivers.
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