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AbstrAct

In the modern era of RF spectrum crunch, VLC 
is a recent and promising alternative technology 
that operates at the visible light spectrum. Thanks 
to its unlicensed and large bandwidth, VLC can 
deliver high throughput, better energy efficiency, 
and low-cost data communications. In this article, 
a hybrid RF/VLC architecture is considered that 
can simultaneously provide lighting and commu-
nication coverage across a room. The considered 
architecture involves a novel multi-element hemi-
spherical bulb design, which can transmit multiple 
data streams over LED modules. Simulations con-
sidering various VLC transmitter configurations 
and topologies show that good link quality and 
high spatial reuse can be maintained in typical  
indoor communication scenarios.

IntroductIon
Multi-element visible light communication (VLC) 
has recently been receiving extensive interest as 
a new paradigm that can simultaneously maintain 
desirable communication properties such as high 
speed and long range, as well as high and even 
intensity of illumination. The directional beams in 
VLC systems, while requiring line of sight (LOS) 
connectivity, open up great opportunities for spa-
tial reuse of optical spectrum resources. Multi-ele-
ment VLC modules can significantly improve the 
efficiency of data transmission as they can take 
full advantage of directional property of light by 
modulating each transmitter (e.g., a light emit-
ting diode, LED) with a different data stream. By 
designing these multi-element modules conform-
ing to spherical shapes, one may also provide uni-
form light coverage across the room.

The existing work in the literature related to 
multi-element VLC are on expanding the field of 
view (FOV), range, and rate of communication, 
and significant advances have been attained in 
increasing what is possible with a single element, 
that is, a transmitter (an LED), a receiver (a pho-
to-detector, PD), or a transceiver (an LED-PD pair) 
[1, 2]. In [3, 4], multi-element receiver approach-
es are introduced to improve system perfor-
mance. There have been earlier works that jointly 
study illumination and communication aspects of 
VLC systems  [5], optical beamforming [6] where 
devices such as micromirrors are used to dynami-
cally improve an optical wireless communications 
link, and hybrid RF/free space optical (FSO) net-

works [7] that consider VLC in the downlink and 
RF communication (e.g., WiFi) in the uplink. Also, 
in [8, 9], the main concept of the VLC architec-
ture is presented in a way where light emitted 
from a single LED is focused in a specific target 
direction using a spatial light modulator (SLM) 
[10]. However, in a single-element architecture, 
it is not possible to take advantage of LED direc-
tionality to achieve spatial reuse as shown in Fig. 
1a, which can be achieved using multi-element 
transceiver architectures.

Considering the limited functionality and effi-
ciency of the single-element VLC architecture, 
the major focus of this work is to explore designs 
using many elements with narrow FOV. In par-
ticular, we use multi-element VLC modules for 
simultaneous transfer of multiple data streams and 
attain higher spatial reuse in short ranges (e.g., a 
room) due to the dense grid formed by narrow 
FOV LEDs. Unlike recent works, our research 
does not focus on the integration of multiple 
spotlighting mechanisms into a single light source 
(base station), thereby creating an apparently 
large FOV, which makes handover easier and 
also serves the purpose of illumination. Instead of 
developing a VLC-based broadcast system [11], 
our research focuses on a unicast data stream 
from an individual spotlight from an overhead 
light source. This approach will likely be more 
practical for the emerging Internet of Things (IoT) 
applications that involve closely placed receivers 
accessing the VLC resources. Further, since most 
of these IoT receivers will not be highly mobile, 
handover across spotlights will not be prohibitive-
ly costly.

We consider our proposed architecture to be 
an example of software-defined VLC systems that 
heavily employ software components (as opposed 
to analog or mechanical components, i.e., for 
detection at the receiver and beam steering at 
transmitter) to solve the inherent VLC problems 
such as alignment, LOS, and seamless integra-
tion with legacy RF-based technologies. The pro-
posed multi-element VLC architecture specifically 
uses software to handle the LOS discovery and 
alignment handling problems that are crucial in a 
mobile setting. These problems become particu-
larly crucial when LEDs have narrower divergence 
angles. The architecture uses software protocols 
to detect, maintain, and optimize the LOS align-
ment to receivers in the room while maximizing 
spatial reuse (for more aggregate throughput) as 
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well as minimizing the variation in lighting quali-
ty. Further, we use software to actively associate 
receivers with LED groups on the multi-LED bulb. 
Since the throughput requirement in the down-
link is much higher than in the uplink in typical 
indoor applications, we focus on the downlink 
VLC design as a complement to existing wireless 
technologies such as WiFi.

MuLtI-ELEMEnt ArchItEcturE
There are two main objectives of our multi-ele-
ment VLC approach: high spatial reuse by fully 
utilizing the directionality of LEDs and seamless 
handling of mobility of receivers by using soft-
ware protocols that steer the data transmissions 
to mobiles. Unlike the traditional design of LEDs/
transmitters with large divergence angles, we pro-
pose to use narrow divergence angles and still 
perform acceptable illumination by using a large 
number of LEDs on a “bulb.” In particular, our 
work: 
• Advocates an architecture with LEDs with 

narrow divergence angles to reap the bene-
fits of spatial reuse

• Uses software protocols for seamless han-
dling of mobility issues such as LOS discov-
ery, alignment maintenance, and receiver 
association

• Utilizes software-based heuristic optimiza-
tions to solve interference problems between 
simultaneous VLC links, which is significantly 
different from the concepts described in [8, 
9]
Even when we use hundreds of LEDs, we still 

have the problem of steering the data transmis-
sion to the corresponding LED when the mobile 
receiver is moving. We tackle this problem with 
a software-defined and enhanced version of elec-
tronic steering [2]. Our architecture takes advan-
tage of spatial reuse and seamless steering, which 
are untapped sources of efficiency in VLC. We 
detail the architecture in Fig. 1b by describing 
three key components below.

thE buLb

The bulb is a hemispherical structure, which will 
act as an access point for the room. There are 
multiple transmitters in the bulb to provide con-
current downloads to multiple receivers. A trans-
mitter is basically an LED board that has a chunk 
of LEDs for transmitting a particular data stream. 
The LEDs on the same transmitter are all modu-

lated by the same signal. For that reason, having 
multiple LEDs on a transmitter board allows oper-
ating in a wide range of configurations involving 
source power, communication range, and illu-
mination quality. However, there remains the 
challenge of seamless steering of data to the cor-
responding transmitters. To address this issue, we 
connect each transmitter to a controller device 
embedded in the bulb and run a software proto-
col for managing LOS alignment.

MobILE rEcEIvEr unIts

The receiver unit can be mobile and needs to be 
equipped with a PD. It is assumed that the PD(s) 
are conformal to the surface of the unit with addi-
tional apparatus like lenses as appropriate. These 
mobiles also need the capability of uploading 
using legacy RF transmitters. We are assuming 
that these mobile devices have one PD receiver 
and one RF transmitter such as WiFi. They receive 
the download data from the transmitter(s) with 
which they are in LOS alignment. The design 
of these units requires joint work of solid-state 
device and packaging as well as communication 
protocols. For example, multi-element conformal 
PDs can be designed so that they cover the sur-
face of a smartphone or laptop.

rF/Fso hybrId Los MAnAgEMEnt

In our hybrid architecture, the multi-element bulb 
follows a software-defined approach to keep track 
of which receiver is best aligned with which trans-
mitter. For this, establishing an optical link by asso-
ciating transmitter(s) to a receiver and maintaining 
this link with mobility of the receiver across the 
room is needed. The controller device also has 
to partition the transmitters so that multiple trans-
mitters can serve a receiver and cease the optical 
link once the receiver is offline. The LEDs located 
close to each other (in the same partition) are 
assigned to the same receiver and transmit the 
same data stream. When a user moves slightly, 
a handover will not be immediately necessary as 
it will still be receiving the data signal from the 
neighboring LEDs in the same partition. Thus, this 
design will require a handover (or re-doing the 
receiver-LED association) only when the receiver 
makes abrupt movements, which is unlikely inside 
a room. This protocol allows smooth and con-
tinuous mobility for the receivers by electrically 
steering the data transmission in accordance with 
the position of the receiver.
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Figure 1. Benefit of a multi-element VLC architecture: a) inefficient use of spatial resources in a single-ele-
ment architecture; b) sample design of a multi-element VLC architecture.
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We group these functionalities into three basic 
bulb-mobile association mechanisms as detailed 
below.

Establishing the Link: To search for new 
receivers in the room, the bulb periodically sends 
SEARCH frames via its transmitter LEDs. Each 
LED on the bulb has a local ID, k, which is includ-
ed in the SEARCH frames being sent from that 
LED k. These SEARCH frames are like Ethernet’s 
request to send (RTS) messages, with the key dif-
ference that they are augmented with the local 
ID of the LED from which they are being sent. 
A mobile receiver X, entering the room, receives 
these SEARCH frames. The receiver might receive 
multiple SEARCH frames depending on its posi-
tion with respect to the bulb. We assume that the 
receivers have the capability to filter the SEARCH 
frame with strongest light intensity. A measure of 
the received signal strength indication (RSSI) can 
be fed into the controller where the decision is 
made over which input has the strongest signal. 
[12].

Once the receiver receives the SEARCH frame, 
it sends back an acknowledgment (ACK) frame 
(like a clear to send, CTS, in Ethernet) via its RF 
transmitter. This ACK includes the Ethernet/medi-
um access control (MAC) address of the receiv-
er and the local ID k of the LED from which the 
SEARCH frame was received. The ACK verifies 
to the bulb that X is aligned with the transmitter 
LED k. After receiving the ACK from X, the bulb 
assigns the LED k or a group of LEDs around the 
LED k to X, and maintains this information as an 
LED-receiver association table (LED-RAT). When 
there are multiple receivers in the room, the bulb 
partitions the LEDs and associates each partition 
with a separate receiver. The LED-RAT will need 
to be updated accordingly. For every data frame 
to be sent, the bulb does a reverse lookup to the 
LED-RAT, with the Ethernet address to which the 
frame is destined. In this manner, the bulb steers 
the data stream destined for receiver X onto the 
transmitters that just got associated with X. The 
partitioning of the LEDs across the receivers will 
be crucial in the overall performance of the spa-
tial reuse.

Maintaining the Link: Once an optical link is 
established between the receiver and the LEDs 
on the bulb, it is maintained by periodic exchange 
of SEARCH-ACK messages as described in the 
previous subsection. When there is a change in 
the LED-receiver association, the bulb will need to 
update LED-RAT and re-partition the LEDs. Since 

such changes can happen frequently, it is crucial 
to keep the complexity of the LED-RAT update 
and partitioning of LEDs small. Furthermore, the 
re-partitioning operation should be performed in 
a manner independent of the number of LEDs, as 
there will be hundreds of LEDs on the bulb.

Terminating the Link: When a receiver leaves 
the room or powers down, the controller in the 
bulb needs to update LED-RAT and re-partition 
the LEDs. There are two possibilities for achieving 
this:
• Graceful Leave: Receiver Y lets the bulb 

know that it is powering down by sending a 
CLOSE frame via its RF transmitter.

• Ungraceful Leave: Receiver Y simply leaves 
the room without informing the bulb about 
its departure. Then the bulb will keep send-
ing its SEARCH frames, and will timeout on 
Y after Nt SEARCH frames without an ACK 
from Y. Nt actually indicates the number of 
search frames without an ACK from a receiv-
er after which the bulb will consider the 
connection between that receiver and itself 
timed out. Therefore, Nt can be changed 
under various circumstances.

dEsIgn oF thE MuLtI-ELEMEnt buLb
The transmitters of our multi-element hemispher-
ical bulb are arranged in layers of circles to max-
imize the coverage in the room. We consider a 
bulb with multiple layers as shown in Fig. 2a. Effi-
cient arrangement of the transmitter LEDs is in 
itself an optimization problem that is not discussed 
in this article (see, e.g., [13] for further discussions 
on a special case of this problem). Several factors 
such as radius and divergence angles of the LEDs, 
and height of the room can affect the light distri-
bution and communication pattern in a room. An 
optimized placement should jointly improve the 
light distribution and communication in the room.

A heuristic algorithm is devised to partition the 
LEDs into groups, each corresponding to a mobile 
receiver in the room, which takes full advantage 
of the multi-element bulb for higher spatial reuse. 
This reduces the load on the LOS alignment algo-
rithm by providing a wider FOV for each receiver. 
Further, all LEDs in a partition are modulated with 
the same transmission signal; hence, the receiver 
for that partition can enjoy an aggregate recep-
tion quality from the LEDs of its partition. For two 
receivers positioned at (X1, Y1) and (X2, Y2) on the 
room floor, we find the midpoint, (Xmid, Ymid), and 
draw an imaginary partitioning line perpendicular 

Figure 2. Transmitters in the multi-element bulb: a) placement of transmitters; b) partitioning algorithm.
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to the line connecting the two receiver positions 
(Fig. 2b). Once the partitioning line is settled, we 
split the LEDs on the bulb into two categories 
based on which side of the line their projections 
fall. This procedure has to be executed every time 
a new mobile device establishes connection with 
a transmitter on the bulb. In that case, the algo-
rithm will reassign all the transmitters giving new 
space for the new connection while maintaining 
the old connections.

sIMuLAtIon-bAsEd EvALuAtIon
In order to get a glimpse of what is possible in 
terms of download and illumination efficiency, we 
first perform an evaluation of our VLC architec-
ture with the partitioning algorithm and coverage 
model above for the hemispherical bulb. Then we 
look at the effect of noise on the multi-element 
VLC architecture.

hEMIsPhErIcAL buLb

For simulation experiments, the multi-element 
bulb is placed at the center of the room ceiling, 
which is considered as the origin point of the 
hemisphere. The room height was fixed to 3 m, 
and a square floor area is assumed. The hemi-
spherical bulb consists of three layers of transmit-
ters. Each layer is distinguished by the elevation 
angle between the norm of the hemisphere and 
the transmitter. In our model, layers 1, 2, and 3 
are placed at an elevation angle of 30°, 45°, and 
70°, respectively. An azimuth angle of 45° is con-
sidered between transmitters. The bulb radius is 
40 cm, and the transmitter radius is 3.75 cm. We 
use the simulation parameters in [14], including 
the light propagation and attenuation models.

In our experiments, we aim at the optimum 
arrangement that provides a good signal-to-inter-
ference ratio (SIR — MATLAB code of the simu-
lations can be found at https://goo.gl/O88lkI). 
To calculate the SIR, we randomly position two 
receivers on the room floor and divide the LEDs 
on the bulb into two partitions, P1 and P2, follow-
ing the heuristic described above. We assume 

that the PD at a receiver conforms to the surface 
of the receiver and can receive the light com-
ing from a partition on the bulb. The PD is fac-
ing upward to the transmitter and has a radius of 
3.75 cm. Light distribution of each LED is simulat-
ed based on a Lambertian pattern. Therefore, a 
receiver is considered to be within the coverage 
of an LED if it lies within the divergence angle 
of the LED. A receiver can be in the coverage of 
one LED or multiple LEDs of the same partition or 
multiple partitions. Thus, the signals arriving at a 
receiver i from partitions other than Pi need to be 
considered as noise.

For the simpler case of two receivers, we let 
S1,1 be the total signal received at receiver 1 from 
LEDs of P1 and S1,2 be the total signal received at 
receiver 1 from LEDs of P2. Then SIR for receiver 
1 is g1 = S1,1/S1,2. Following the same notation, 
SIR for receiver 2 is g2 = S2,2/S2,1. The interfer-
ence considered in the SIR calculation is from 
the light coming from the neighboring transmit-
ters in the bulb. We do not consider any external 
noise factors, which should not be very significant 
in the case of a small room. We experiment at 
three different divergence angles. In the first two 
cases, we check the scenarios with small and very 
large divergence angles to test the correctness of 
the model. In the third case, we experiment with 
other parameters to optimize the lighting and sig-
nal strength.

Varying Room Size and Divergence Angle: 
First, to observe the effect of room size, we exper-
iment with varying room sizes using fixed source 
power for LEDs. The transmit power of LEDs is 
kept constant at 20 mW, while the square floor 
dimension is increased from 4 to 20 m. As expect-
ed, Fig. 3a shows that the SIR is best when the 
receivers are neither too close nor too far from 
each other. The SIR deteriorates as the room size 
(or floor area) increases. This is because for larg-
er room sizes, the likelihood of the two receiver 
pairs being located farther away from the bulb 
(e.g., at the corners of the larger room) becomes 
higher compared to a smaller room.
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Figure 3. Variation of the SIR with respect to various parameters: a) varying room size: square floor dimen-

sion increases from 4 m to 20 m. LEDs’ divergence angle is 20°, and transmit power is 20 mW. The 
total number of transmitters on the bulb is 25. SIR decreases at a much lower rate in the region of high 
interference (depicted by the green arrow) compared to the region of low signal strength (depicted by 
the red arrow); b) varying divergence angle for different amounts of total source powers: square floor 
dimension is fixed at 6 m. The red ellipse covers the region where the SIR is maximum for different total 
source powers.
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We also experiment with different divergence 
angles as divergence angle has a significant effect 
on the coverage area of each transmitter, as 
shown in Fig. 3b. To find the optimum divergence 
angle we varied the divergence angle from 5° 
to 40° for the total source power values of 5 W, 
10 W, 20 W, 25 W, and 50 W. The SIR results 
for each total power value were averaged per 
divergence angle. As observed from Fig. 3b, the 
optimum divergence angle is obtained within the 
range of 10° and 16°.

The Three-Region Behavior: Figure 4a shows 
the average SIR of receivers 1 and 2 (i.e., (1/2)
(g1 + g2)) vs. distance between each of the two 
receiver laptops and the floor center, which 
shows interesting behavior. The SIRs are averaged 
over a large number of user locations, each of 
which satisfies the considered Euclidean distanc-
es to the center of the room as in Fig. 4a. If the 
laptops are placed in region 1 (the center region 
of the room), the distances between them and 
the center of the room floor is small, and if we 
place them in region 3 (in the corners), this dis-
tance has to be large. In the surface plot we can 
see relatively low values of SIR for small and large 
distances between the laptops and the center of 
the room floor and higher values for the medium 
distances, so this indicates that region 2 (the mid-
dle region between the center and the corner) 
is the most favorable one. In the regions shown 
in Fig. 4b, it is assumed that both of the laptops 
are inside that region. The areas outside the red 
dotted circles in Fig. 4a indicate cases where one 
receiver is close to the room center and the other 
is distant, which also produces low SIR.

The top view of the surface plot is shown in 
Fig. 4a, which more vividly points out the three 
regions (the red dotted circles), since the blue 
squares indicate low values and the yellow/green 
squares indicate high values of SIR. The three 

regions in the room floor are shown in Fig. 4b. 
Also, in Fig. 3a, it can be observed that SIR in the 
high interference region 1 reduces much slower 
than the floor area, and in region 3, SIR decreases 
along with the floor size. This behavior can act as 
a useful guide in organizing the room layout for 
the placement of the receivers.

Optimum Bulb Design under the Illumination 
Constraint: We vary the number of transmitters in 
each layer and the transmitters’ divergence angle 
to find the optimum bulb design considering both 
illumination and signal strength. We first explore 
optimum bulb configurations for a particular num-
ber of layers to see which combination produces 
the maximum SIR under an aggregate power con-
straint. We solve this optimization problem (more 
details about problem statement are in [14]) by 
varying the number of LED boards per layer and 
the divergence angles of LEDs. We then updated 
this problem by adding an illumination constraint, 
which is the standard deviation of illumination 
across the room floor, and the objective func-
tion of this optimization problem is defined as 
the SIR divided by this illumination variance. We 
have compared the results of these two scenarios 
under various power constraints.

Figure 5a shows optimum SIR vs. power 
constraint, which shows a rise at the beginning, 
but as expected, the best achievable SIR satu-
rates as the power constraint increases. It is also 
observed that the optimum SIR is significantly 
lower when there is an illumination constraint, 
again confirming our expectations. For the illu-
mination variance, it gradually decreases as the 
power constraint increases, since better configu-
rations are possible at higher power constraints. 
In Fig. 5b the plotted objective function also gets 
saturated, because when the power constraint 
is increased (i.e., the number of LED boards in 
a configuration can be increased), the signal 

Figure 4. Three-region behavior: a) contour plot of SIR vs. the distance of both receivers from the center of the floor illustrating the 
three-region behavior for a bulb with two layers of transmitters. The number of transmitters in the 1st layer and 2nd layer are 11, 
17, respectively, while divergence angle of the transmitters is 45°; b) top view of the room floor illustrating the 3-region behavior in 
the SIR distribution across the room surface.
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strength is also increased. Since we cannot have 
unlimited number of transmitters on the bulb, 
after a certain value of the power constraint, we 
cannot get any more improvement in the SIR. 
Even with the maximum possible number of LED 
boards in each layer, we cannot achieve the best 
SIR because of higher interference coming into 
action. Therefore, after that threshold value, the 
maximum possible SIR value remains the same.

The main objective is to find a good balance 
between the SIR and the lighting quality, which is 
clearly evident from Fig. 5. We can see that from 
every value of the power constraint, SIR consid-
ering the illumination constraint is lower than the 
SIR without considering the constraint because of 
the low value of the variance (which indicates bet-
ter quality of lighting), and that is why the value of 
objective function is the highest.

sInr dIstrIbutIon Across thE rooM

To understand the effect of different transmitter 
structures on the VLC link quality, we evaluate the 
signal-to-interference-plus-noise ratio (SINR) per-
formance of two different multi-element transmit-
ter structures; 3-LED and 7-LED transmitters. The 
transmitter structures of multi-LED transmitters 
and their layout in the room are shown in Fig. 6a. 
A large room of size 15 × 17 × 4 m3 is consid-
ered for simulations, and transmitters are located 
at ceiling height. Up to four wall reflections are 
considered to generate multipath realizations. For 
a fair comparison between different structures, we 
deploy 14 3-LED transmitters for the first config-
uration, and 6 7-LED transmitters for the second 
configuration, as shown in Fig. 6a. The half-inten-
sity radiation angle of the LEDs is 30°, and the 
PD’s FOV is 40°. We capture the SINR at a large 
number of points in the room by slightly changing 
the location of the receiver each time, and pres-
ent the results as cumulative distribution function 
(CDF).

We consider two particular scenarios for cap-
turing the SINR distribution within the room, 
which are explained in detail in [15]. In the first 
scenario (scenario 1), we assume all the LEDs on 

the same transmitter serve the same user. In this 
case, all the signals coming from a transmitter 
constructively add up and yield a good SINR. 
The drawback of this scenario is that although 
the transmitter has many elements, it only trans-
mits a single data stream. SINR CDFs of scenar-
io 1 are shown with a solid line and markers in 
Fig. 6b. Normally, we expect a 7-LED transmit-
ter configuration to give a better SINR distribu-
tion, because more LEDs serve a single user. 
However, in the illustration we see that SINR is 
not proportionally increased, especially in the 
low SINR region. The SINR CDF of the 7-LED 
transmitter is split into two regions, a high SINR 
region and a low SINR region, and there is a 
large gap between those regions. This condition 
is mostly caused by the non-hexagonal layout of 
7-LED transmitters in the room, which results in 
the users at the cell edge observing high interfer-
ence and low SINR. In the high SINR region, a 
7-LED configuration has slightly better SINR val-
ues compared to the 3-LED configuration. These 
high SINRs are reached within the area immedi-
ately below the transmitters, where the received 
signal strength is strong and interference power 
is small. The CDF of the 3-element configuration 
is smoother than that of the 7-LED configuration, 
which implies a more uniform coverage distribu-
tion in the room.

In the second scenario (scenario 2), we assume 
that all the LEDs on a transmitter will serve differ-
ent users, which means they will all transmit dif-
ferent data streams. In this case, LEDs will cause 
interference to each other, and in total this system 
will yield a lower SINR for any user. The advan-
tage of this scenario is that since each transmitter 
will serve many users simultaneously, aggregate 
throughput will be much higher than in scenario 
1, which is left as a future study. The SINR distri-
bution for scenario 2 is shown with no line, only 
markers, in Fig. 6b. As all the other LEDs at a 
given transmitter are assumed to be interference 
sources (since they are serving different users), 
this scenario yields low SINR geometries. When 
the number of LEDs on a transmitter increases, 

Figure 5. Comparison of SIR with and without the illumination constraint. The joint optimization finds a balance between the SIR and 
lighting quality: a) SIR vs. power constraints with and without illumination constraint; b) objective function output vs. power con-
straint.
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SINR decreases dramatically. The reason is that 
since LEDs are closer to each other, they cause 
significant cross-interference. Scenario 2 serves 
more users at the same time, but needs higher 
SINR for high-speed data transmission.

To deal with the low SINR problem of sce-
nario 2 and narrow the SINR gap between 
scenarios 2 and 1, we consider using diversity 
combining techniques at the receiver with 7 PDs 
and optimal combining. The CDF results with 
a multi-element receiver is shown by a dashed 
line along with markers. With the use of receiver 
diversity and optimal combining, a 20 dB gain is 
observed in the 7-LED transmitter configuration, 
and 15 dB gain is observed in the 3-LED config-
uration for the median SINRs. With the receiver 
diversity improvement, a multi-element transmit-
ter can both serve multiple users and provide 
good SINR.

concLudIng rEMArks
We introduce a multi-element VLC architecture 
that employs a hemispherical bulb with multiple 
narrow FOV LEDs. The mobile receivers use VLC 
for download and RF for upload, and the multi-el-
ement bulb uses a software-defined approach to 
manage LOS alignment with receivers. We model 
the bulb structure, and present preliminary results 
showing that the architecture can offer high spa-
tial reuse while keeping a desired illumination 
level. Also, we present a framework for optimiz-
ing the multi-element bulb design taking not only 
the signal quality into consideration, but also the 
evenness of lighting across the room. We believe 
that the software-defined VLC framework will 
greatly contribute to the field of VLC, particularly 
for IoT applications.

The presented framework can serve as a 
basis for future studies for better understanding 
and further improvement. For instance, study-
ing multiple bulbs in a room would lead to 
improvement in the illumination and communi-
cation quality. Moreover, investigation of other 
shapes (triangular, square, etc.) in addition to 
the studied hemispherical shape could provide 

insights on ideal bulb geometry. The algorithm 
for partitioning LEDs among receivers can also 
be further improved to better balance time/
computational complexity and higher spatial 
reuse opportunities. 
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