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Abstract A novel passive link-blocking device is presented that provides the ability to separate spatially
multiplexed data streams in VLC MIMO systems. A typical indoor scenario has been simulated and real
measurements for verification with a 3D-printed specimen have been done.
Introduction
In optical wireless communication systems with
visible light (Visible Light Communication, VLC)
the available spectrum for data modulation is
reused by every transmitter. Nowadays white
phosphor LEDs are quite common for indoor
illumination, so they can be dually used as a VLC
system. There are many possibilities to benefit
from multiple transmitting LEDs, e.g. increasing
the SNR or increasing the throughput by means
of spatial multiplexing. In the latter scenario it is
a challenge to separate the streams due to the
spectrum reuse and the resulting superposition
of the different light intensities. Furthermore,
diffuse scattering by the walls occurs, increasing
the intersymbol interference (ISI). Additionally a
good performance is desired independently of
the current receiver’s position and orientation.
Several approaches have been suggested that
combined multiple photo detectors in one receiver device 1–3 . By interpreting a VLC system
with N light sources (LS) as transmitters and
M photo detectors (PD) as a MIMO system, the
minimum amount of needed detectors for one
receiver device would be M = N .
In this paper we propose a passive link blocking
receiver structure which allows a separation of
spatially multiplexed data streams with the minimum number of required PDs. This novel receiver
structure can increase the system capacity. The
setup has been simulated and we have verified
the derived characteristics by measurements with
a 3D-printed prototype of the receiver.
System Model and Scenario
In this VLC scenario we will differentiate between
the Line of Sight (LOS) and diffuse scattering.
Both can be modelled by the generalized Lambertian cosine law which yields the channel gain
g=
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ARx is the sensor’s surface, m the Lambert mode,
ϑ the angle between the emitted light ray and the
perpendicular of the LS, ϕ the angle between the
incident light ray and the receiver’s perpendicular
and d the distance between LS and receiver. The
LOS is expressed by the generalized Lambertian
law. One possible way to consider the diffuse part
of the received signal is to model the scatterers
as discrete Lambertian reflectors with m = 1.
We place N = 4 isotropic LSs with m = 0
at the ceiling of a 5 m × 5 m × 3 m room with a
reflectivity factor of ρ = 0.8. The positions are
[1.25 m, 1.25 m], [3.75 m, 1.25 m], [3.75 m, 3.75 m]
and [1.25 m, 3.75 m]. The receiver is located at
floor level z = 0. In this scenario with four independent data streams we need at least four photo
detectors for a full separation.
3D Spatial Demultiplexer Design
Inspired by an insect’s facet eye, our receiver is
constructed out of K > N segments of a half
sphere, where each segment has just a small
Field of View (FOV), namely FOV = 180°/K . A
nearly orientation-independent recovery of the
LOS by the N different LSs is possible. Classically each segment contains one single PD, making K PDs in total. Since, however, just N PDs
are used at the same time while for the other
ones no LS is in their FOV, we equip our receiver
with just N PDs in an alternating arrangement.
This reduces the independence of orientation but
saves a lot of receiver complexity. The ability of
separation depends on the specific setup and lies
between an optimal separation and equal intensity superposition. In Fig. 1 the principle is illustrated in a 2D side view. A higher K value leads
to a higher resolution of separating light sources
and a smaller FOV of the segments. As depicted
in Fig. 1 the segments’ FOV can be projected to
the ceiling. Hence the resolution varies also with
the distance between the receiver and the LSs.
For an easier hardware implementation we split

Fig. 1: Spatial demultiplexer receiver with K = 19 segments
and M = 2 alternating photo detectors A and B

the shown device in two objects with a PD each,
where the counter segments are blocked as in
Fig. 2. To span the complete three-dimensional
room we use the same two receivers again but
rotate them by 90° in the xy-plane. The resulting
four receivers are listed in Table 1. Assuming a
rectangular PD, the sensitivity pattern for each is
characterized by a triangular function because a
variation of the incident angle can be interpreted
as a convolution between the PD’s surface and
the blocked segments’ shadow pattern.

Fig. 3: Normalized intensity pattern for fixed LS1 and
non-stationary receiver 1 (top view of room)

Fig. 2: Split receivers optimized for 3D printing
Tab. 1: Variations of the single receivers used for evaluation

Receiver
1
2
3
4

Pattern
A blocked, B sensitive
B blocked, A sensitive
A blocked, B sensitive
B blocked, A sensitive

Orientation
0°
0°
90°
90°

Simulation of LOS
In Figs. 3 and 4 the normalized received LOS intensity by LS1 for variably positioned receivers 1
and 2 are plotted. The orientations of the receivers are not changed. Because of the symmetric setup the influence of the other LSs and
receivers can easily be derived by rotating and
mirroring these patterns. While at greater distance to the LS the cosine and 1/d2 behaviour is
dominating, the segmented structure produces a
high impact in a nearby-distance around the LS.
In direct comparison between receivers 1 and 2
the desired separation ability is visible: where receiver 1 can see LS1 via LOS, receiver 2 cannot
do so. In the transition both can see half intensity.
In Fig. 5 the relation between receivers 2 and 3
is shown by calculating r = 1 − Ismall
Ibig , where
Ismall and Ibig are the intensities as seen by the

Fig. 4: Normalized intensity pattern for fixed LS1 and
non-stationary receiver 2 (top view of room)

photo detectors. It indicates the ability of separating the different light sources: in the bright areas for r = 1 a complete separation is possible
whereas in the dark areas of the plot with a low
value of r both receivers get the same intensity by
LS1. Therefore it is possible to separate the four
LSs. We predict a maximum possible increase of
the system capacity by the factor of four.
Simulation of Diffuse Scattering
Around 50 % of the received energy is caused
by diffuse light 4 . This part of the room’s impulse
response causes the interference between data
symbols, which is why it is highly desired to keep
it as low as possible. For evaluating the influence
of the diffuse light we placed receiver 1 in the
middle of the room at [2.5 m, 2.5 m, 0 m] and simulated the impulse response of the room caused by
LS1. As we only simulated the first reflection, no
light reflected by ceiling and floor is considered.
The simulation shows that the impulse response is significantly lowered by the spatial de-

Fig. 8: Simulation data and measurements overlay,
1: Receiver 1 simulated, 2: Receiver 2 simulated, 3: Receiver
1 measured, 4: Receiver 2 measured, 5: Lambert envelope
Fig. 5: Normalized ability r to separate LOS
for detectors 1 and 3 (top view of room)

Fig. 6: Simulated impulse response for first reflection by LS1,
filtered by receiver 1

multiplexing receiver, namely by the factor of 2.69.
For further reflections we expect similar results.
Measurements
To verify the characteristics we measured the
LOS with an isotropic LS, which we put in a box
with a small hole to prevent diffuse scattering from
the environment. Receiver 1 and 2 were used
and the LS was placed in 1 m distance along the
parallel axis to the receiver’s orientation. Fig. 8
shows that the estimated receiver characteristics
are matched by the measurement.

Conclusion
We introduced a passive spatial filter, called
3D spatial demultiplexer, for decomposing light
sources in a typical VLC indoor scenario. By
sacrificing the strict independence of orientation
we minimized the necessary amount of photo detectors, which results in an easier sensor circuit
handling, while still providing sufficient crosstalk
suppression. MIMO detection schemes like successive interference cancellation are expected
to profit from this receiver type. For best performance the transmitter needs to know the channel
properties to decide, if spatial multiplexing or
intensity combining should be applied. Therefore
an uplink channel is needed for feedback.
There are more ways to realise a link blocking
structure with characteristics like the presented
one. Especially with the use of light guiding
techniques like POF or mirror constructions it
may also be possible to eliminate the cosinedependent loss by ensuring an orthogonal
incident angle of light.
References
[1] A. Nuwanpriya et al., “Indoor MIMO Visible Light Communications: Novel Angle Diversity Receivers for Mobile
Users,” IEEE J-SAC, vol. 33, no. 9, pp. 1780-1792 (2015).
[2] J. C. Chau et al., “Using Spatial Light Modulators in MIMO
Visible Light Communication Receivers to Dynamically
Control the Optical Channel,” EWSN, Graz (2016).
[3] K. H. Park et al., “A novel mirror diversity receiver for indoor MIMO visible light communication systems,” IEEE
PIMRC, Valencia (2016)
[4] J. R. Barry et al., “Simulation of Multipath Impulse Response for Indoor Wireless Optical Channels,” IEEE JSAC, vol. 11, no. 3, pp. 367-379 (1993).
[5] T. Fath and H. Haas, “Performance Comparison of MIMO
Techniques for Optical Wireless Communications in Indoor Environments,” IEEE TCOM, vol. 61, no. 2, pp. 733-

Fig. 7: 3D-printed blocking structure with four photo
detectors used for measurements

742 (2013)

