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Reconfigurable MISO-VLC via Joint Light Source
Identification and Localization Using a Receiver

With Spatial LCD Filter
Andrej Harlakin , Jan Mietzner , Senior Member, IEEE, and Peter A. Hoeher , Fellow, IEEE

Abstract—This paper presents a novel concept for joint light
source identification and localization (JLIL) with subsequent in-
terference suppression using a liquid crystal display (LCD)-based
receiver. The JLIL concept is particularly suitable for multiple-
input single-output visible-light-communication settings, where an
LCD-based receiver must be able to identify a desired light source
before suppressing interfering ones. Given a basic visible-light-
communication setup, in a first step modifications required both on
the transmitter and the receiver side are identified. Subsequently,
the concept for LCD-based JLIL is introduced, and its performance
is illustrated by means of simulation results. In this context, in-
tersymbol interference effects are investigated and a known am-
biguity problem is overcome. Finally, results of an experimental
verification are reported as a proof of concept. It is shown that the
derived simulation model accurately predicts measurement results.
The latter confirm a virtually error-free light source identification
and precise localization within system accuracy range. Further-
more, an improved peak detection is reported. Signal-to-noise ratio
measurements suggest good performance for up to 3m using the
developed hardware demonstrator.

Index Terms—Angle-of-arrival estimation, interference sup-
pression, light emitting diode, liquid crystal display (LCD), optical
communication, photodetector, visible light communication, visible
light positioning.

I. INTRODUCTION

THE ever-increasing demand for mobile data is expected to
grow further with the advance of virtual and augmented

reality services, cloud-computing, Internet of Things, and video
on demand [1]. This has prompted researchers around the world
to explore alternative wireless communication technologies that
can complement the highly utilized radio frequency based com-
munication.

Due to the rapid development in the lighting industry and
the associated switch to energy-efficient light emitting diodes
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(LEDs) as illumination devices, LED-based visible light com-
munication (VLC), originally proposed in [2] and subsequently
called light fidelity (Li-Fi) if fully networked [3], has quickly
attracted the interest of researchers, see for example [3], [4], [5],
[6], [7]. LEDs are well suited for communication purposes, as
they can support fast on/off-switching without taking damage.
Depending on the diode type, switching frequencies of up to
several tens of MHz are common. If, furthermore, flicker miti-
gation and dimming are taken into account, illumination can be
combined with communication enabling power and cost efficient
systems [8], [9].

Compared to the established Wi-Fi technology and its future
evolutions [10], VLC/Li-Fi has several advantages. Besides the
reusability of existing LED lighting hardware, VLC may be em-
ployed in areas where Wi-Fi is prohibited, e.g., in high-security
areas of companies, government agencies, and the defense sec-
tor. Furthermore, VLC is advantageous in areas with high spatial
user density (such as apartment buildings) and in areas with
restrictive electro-magnetic compatibility constraints (such as
airplanes) [6].

Nevertheless, LED based VLC also poses some challenges.
First, the light emitted by LEDs is non-coherent, i.e. the phase
is not available as signal carrier. This reduces the selection
of modulation schemes to intensity modulation together with
direct detection (IM/DD) [3], [4], [5], [6], [7]. Second, the
modulation bandwidth of commercially available LEDs is typ-
ically limited to a few tens of MHz, because most diodes are
designed for illumination [11]. Consequently, novel LEDs have
to be developed with innovative substrate compositions [12],
[13]. Third, LED light adds up constructively. This poses a
major challenge for optical spatial multiplexing scenarios, where
several light sources (LSs) transmit different data to different
receiving photodetectors (PDs) to increase the throughput [3],
[11]. As soon as a PD is located in more than one light cone,
modulated light from different LSs reaches the same receiver.
This causes modulated interference at the PD which has a severe
impact on the communication performance [11]. A frequently
mentioned worst-case example is an office space equipped with
many LSs with overlapping light distributions to fulfill strict
lighting requirements.

Numerous approaches have been developed to address this
challenge. These can be categorized in software- and hardware-
based solutions. A well-known software-based solution is zero-
forcing (ZF) precoding [14], [15]. The authors in [16] employ
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non-orthogonal multiple access with successive interference
cancellation to optimize the power allocation. Other approaches
include code-division multiple access, time-division multiple
access, and wavelength-division multiple access [4], [6]. A
major challenge with the techniques mentioned above is that they
do not physically reduce crosstalk between LSs. Thus, strong
interference results in reduced performance (caused, e.g., by
saturation effects), because resources have to be shared either in
spatial, time or frequency domain.

To address these issues, our group has recently introduced
an alternative hardware-based approach to interference suppres-
sion [17], [18], [19]. Instead of modifying interfering light and
potentially influencing the light distribution with ZF precoding
for instance, a receiver-based solution has been developed for
channel decorrelation. In particular, a liquid crystal display
(LCD) has been proposed as a dynamic optical filter in front
of the PD. To this end, the LCD backlight is removed, which
makes the display transparent in the light passing state and
blocking in the opaque state. Since the LCD is fully controllable,
opaque areas can be generated anywhere on the screen, blocking
interfering LSs while leaving other areas transparent for desired
ones. Using this technique, an interference suppression of up to
35 dB has been achieved (cf. Section VI-C) at the expense of a
reduced received signal power. In particular, since our approach
is physics-based, receiver saturation effects can be mitigated
by this means, which is not possible with software-based tech-
niques. Corresponding measurement results regarding the link
budget are provided in Section V. Further results regarding
transmissivity values of the LCD are provided in Section VI.
Further capabilities of liquid crystals include light amplification
when used as reconfigurable intelligent surfaces [20]. Other
hardware-based solutions exploit angle diversity with multiple
receivers [21], [22], or use mirrors [23], [24], [25]. However,
only the LCD-based solution actively suppresses interfering
LSs.

In [17], [18], [19], the positions of the LSs were assumed
to be known, and focus was on interference suppression. In
fact, determining the positions of the LSs is the first necessary
step. Therefore, we have introduced angle-of-arrival (AoA)
estimation of a single and of multiple LSs in our subsequent
contributions [26], [27], [28]. In order to estimate the AoA of
an LS in the field-of-view (FoV), only a fraction of the LCD
is switched transparent. The transparent area is then iteratively
moved across the display, and light intensity measurements are
taken in between the steps. As soon as the LS, the transparent
area, and the PD form a line, i.e. the LS is in line-of-sight (LoS)
of the PD, the maximum light intensity is measured. Since the
distance between the PD, the LCD, and the position of the trans-
parent area on the LCD is known, the AoA can be determined
through trigonometric relationships. The LCD-based principle
has several advantages over state-of-the-art visible light po-
sitioning techniques. Most importantly, after AoA estimation,
the system can switch determined LCD pixels opaque enabling
interference suppression of unwanted LSs. Furthermore, the
performance of the proposed system does not depend on the
knowledge of the LS radiation patterns. To estimate the AoA,
merely the LCD pixel positions are required that cause a change

Fig. 1. Flow chart of a reconfigurable MISO-VLC system employing the JLIL
procedure developed in this paper.

in received light intensity when switched between opaque and
transparent state. Contrary, received signal strength techniques
strongly depend on perfect radiation patterns [29].

So far, an LCD-based system has been investigated that is
capable of detecting multiple LSs, determining their AoAs,
and suppressing interference from unwanted LSs. However, no
solution has yet been provided for identification of the best
LS for high-rate communication. There are several contribu-
tions equipping LSs with unique identification codes (IDCs).
However, these are typically used for visible light positioning,
known as proximity estimation [4], [6]. A receiver can estimate
its own position with the received LS IDC and the known LS
position [30], [31]. The accuracy is typically limited by the LS
grid and the beamwidth. ‘CELLI’ improves the accuracy by
employing an LCD in front of a single LS to project a fine grid
of spatial cells with varying opacity [32]. While more accurate,
the setup is valid only for a single LS, and data rate is limited by
the LCD frame rate. Other contributions obtain the IDCs with a
camera and its rolling shutter effect [33], [34], [35].

In this work, we investigate a fundamentally different ap-
proach in which the IDC is not relevant for positioning. The
novel procedure collects IDCs of all LSs in the FoV during the
LCD-based AoA estimation routine proposed in our previous
work [26], [27], [28]. Thus, after completion of the routine,
the system is aware of both the AoAs as well as the LS IDCs.
Compared to proximity estimation, the accuracy of the novel
LCD-based approach is not limited by the LS grid or the LS
beamwidth. Furthermore, compared to [32], the approach is not
limited to a single LS, and the data rate is not limited by the
LCD frame rate.

The practical relevance of our joint light source identification
and localization (JLIL) procedure concerns VLC settings with
multiple available modulation-enabled LSs, referred to as a
multiple-input single-output (MISO) VLC settings. In partic-
ular, our procedure can be used as an initialization step in
a reconfigurable MISO-VLC system, as illustrated in Fig. 1.
As the wireless communication function is subordinated to the
illumination function, the VLC system must be able to react to
changes in the illumination setup (e.g., due to dimming of single
LSs) and to select the best available LS for the VLC link. To this
end, an initial JLIL procedure can localize and identify all LSs
in the FoV, so that the receiver can then select a single LS for
high-rate VLC by initializing a corresponding handshake pro-
cedure. All interfering LSs are suppressed in this step. Finally,
the VLC system initiates high-rate communication by switching
to a sophisticated modulation scheme, e.g., optical orthogonal
frequency-division multiplexing suitable for IM/DD [36], [37],
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[38], [39]. In case the connection to the chosen LS is lost, the
initialization step is repeated, and another LS is selected.

Novel contributions extending our previous work are as fol-
lows:
� We develop and investigate a method for joint LS identi-

fication and AoA estimation with subsequent interference
suppression using a receiver with spatial LCD filter.

� We provide corresponding simulation results, which in-
corporate joint LS identification and AoA estimation and
accurately predict subsequent measurement results.

� We consider a simple receiver-based algorithm – the bar
algorithm – and show how to resolve a known ambiguity
challenge.

� We simulate and measure the voltage at the output of
the optical receiver for varying distances and are able to
confirm the methodology to convert photometric quantities
into radiometric quantities, as proposed in our previous
work [40].

� Finally, our theoretical findings are verified by means of
measurements conducted with an LCD-based hardware
demonstrator.

The outline for the remainder of the paper is as follows: In
Section II, an overview of relevant aspects of VLC, AoA esti-
mation, and interference suppression is provided. In Section III,
the JLIL concept is introduced and supported by corresponding
simulation results. Furthermore, ISI effects and ambiguities are
investigated. Section IV presents the advanced experimental
setup and describes the hardware implementation of the JLIL
procedure. Next, in Section V measurement results obtained
with the experimental setup are reported and compared to previ-
ous simulation results. Further practical aspects such as runtime,
challenging environments and infrared light are investigated in
Section VI. Finally, conclusions are drawn in Section VII.

II. OVERVIEW OF RELEVANT TECHNICAL ASPECTS

The general concept of LCD-based JLIL with subsequent in-
terference cancellation is depicted in Fig. 2. All LSs are assumed
to transmit their own IDC using VLC. As a receiving unit, an
LCD is mounted above a single PD, allowing light from certain
directions to reach the detector, while blocking interference from
other directions. This is achieved by switching specific areas of
the display in transparent mode or in opaque mode, respectively.
To establish a high-rate communication link to a single LS
and block other interfering sources, first the AoA of all LSs is
estimated using a suitable algorithm. During the AoA estimation
routine, the system simultaneously determines the IDC of each
LS by collecting data samples as soon as a peak light intensity
is measured. Based on this, the system decides, which LS is
to be used for high-rate VLC. Finally, all interfering LSs are
suppressed by switching dedicated areas on the LCD opaque. In
Fig. 2, this is exemplified for LS3. The following sections present
details on AoA estimation, communication and interference
suppression relevant for our proposed JLIL procedure.

Fig. 2. Concept of JLIL. The receiver localizes all LSs, selects one LS (here
LS1) for communication, and suppresses all other LSs (shown for LS3) as well
as ambient light (e.g., sunlight admitted through windows).

A. AoA Estimation

To explain the AoA estimation procedure, Fig. 3 shows the
receiving unit in side view. To this end, the model depicted in
Fig. 2 is cut along the xz-plane. An LCD is mounted at height h
above a PD with square photosensitive area APD = a2. The PD
is located in the center of the xyz-coordinate system, and the
centers of LCD and PD align. The LCD features an active area
of ALCD = l · w, with l being the length and w the width of the
display. Inside the active area, there are nx × ny pixels with an
assumed square pixel size of dpx = l

nx
= w

ny
. Due to continuous

development, current LCDs feature very high resolutions. If
required, κ pixels can be controlled simultaneously, resulting in
virtually enlarged pixels with an edge length of dvpx = κ · dpx.
In [26] they are designated as ‘virtual’ pixels.

Assume several LSs in the FoV of the AoA estimation system.
Furthermore, assume a far-field scenario where the distance
between LCD and LSs is much greater than h. This implies
that incident light arrives as a planar wavefront at the display.
In order to estimate the AoAs of all LSs, several strategies are
conceivable. A very intuitive approach, known as raster scan
or exhaustive search, would divide the LCD into a grid and
check every grid point by switching it transparent and measuring
the incident light intensity. While being reliable, this strategy
is very time consuming. As an alternative, the bar algorithm,
introduced in [26], can be used. The bar algorithm scans the
FoV row- and column wise with two transparent horizontal and
vertical bars of size l · a and a · w. Compared to the raster scan
with nxny

κ2 iterations for a full search, the bar algorithm only
requires nx+ny

κ steps. During these iterations, light intensity
measurements are taken by the PD located below the LCD. As
soon as the transparent area is aligned in the LoS path between
an LS and the PD, the highest light intensity is measured. The
width of the bar is intentionally chosen as the PD width, i.e.
bbar = a. The reason is that moving a rectangular transparent
area over a rectangular PD and measuring the resulting light
intensity replicates the convolution operation. Only in the case
where the rectangles have the same width, the resulting signal
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Fig. 3. Side view of the LCD-based receiver consisting of an LCD placed
above a PD. As soon as the center of the transparent area on the LCD is in LoS
between an LS and the PD, the maximum light intensity is measured, and the
AoA can be estimated with geometric relationships. Modified from [28].

is of triangular shape, i.e., its maximum is unambiguous [26].
Note in this context that bbar = a must be an integer multiple of
a single pixel edge length dpx. Without loss of generality, this is
exemplified for three transparent pixels in Fig. 3.

As soon as both horizontal and vertical bar iterations are
completed, the bar algorithm estimates the angles-of-arrival by
searching the light intensity measurements in x- and y-direction
for local maxima, i.e. triangle peaks. Since for each light inten-
sity measurement the corresponding bar position is known, also
the distances daz and del between the centers of the transparent
bar and the display are known. Fig. 3 displays two distances
daz,1 and daz,2 of two LSs. Note that the y-direction is not visible
because the model is depicted in side view along the xz-plane.
Together with the aperture height h, both daz,1 and daz,2 form a
right-angled triangle. Thus, the AoA of an arbitrary LS can be
calculated as [26]

φ = arctan

(
daz

h

)
θ = arctan

(
del

h

)
. (1)

The distances daz,1, del,1 . . . daz,NLS , del,NLS for all NLS LSs are
stored for the subsequent interference suppression task.

The described procedure works well as long as the LSs are
clearly separated. In [28], we have investigated AoA estimation
performance for LSs being located in close proximity as shown
in Fig. 3. The first LS has an azimuth angle ofφ1 which results in
a distance daz,1 between the center of the LCD and the center of
the corresponding transparent area. The azimuth angle of the sec-
ond LS is φ2 resulting in daz,2. The angular difference between
both LSs is denoted as ξ = Δφ = φ2 − φ1. Furthermore, the
distance between the transparent areas on the display is saz and
the distance between their centers is daz,1,2, see Fig. 3. As long as
the transparent areas do not overlap, saz ≥ 0 holds. Otherwise,
saz < 0. Given these parameters, five different separation cases
were devised in [28], ranging from completely separated LSs
to fully overlapping ones. An analysis of the corresponding

convolution results shows that the triangular signals of each LS
do not overlap for saz ≥ a (separation case 1) and start to overlap
for 0 < saz < a (separation case 2). The overlap is characterized
by an increasing plateau between the triangle peaks, which
eventually disappear, if saz = 0 (separation case 3). A simple
peak detection algorithm fails to detect both LSs in this case.
The reason is that the algorithm requires a measurement value
which is larger than its two neighboring values. Therefore, only
separation cases 1 and 2 are suitable. A detailed explanation for
a real-time peak detection algorithm is provided in Section V-A.
Regarding a detailed analysis of the resulting angular separation,
the interested reader is referred to [28]. To enable LS separation
for more challenging scenarios, an angular separation algorithm
was developed in [28], which includes a non-negative least
squares estimation step. With this algorithm, error-free AoA
estimation is possible in noiseless scenarios as long as the LSs
do not fully overlap, i.e. −a < saz < 0 (separation case 4). A
full overlap is the worst case where no separation is possible
(separation case 5).

As soon as the AoAs of all LSs present in the FoV have
been determined, the system has to decide with which LED a
communication link is to be established. A smart and efficient
approach is to gather information for this decision during the
AoA estimation process by including VLC already in this ini-
tialization procedure.

B. Communication via VLC

1) Transmitter: On the transmitter side, a fast switch is in-
cluded into the driver circuit to create a simple on-off keying
(OOK) LED transmitter. Alternatively, the OOK signal may
be generated via digital signal synthesis using the identical
hardware as for the subsequent high-rate VLC. Note that AoA
estimation is to be performed simultaneously using the bar algo-
rithm [26], [28]. To affect the resulting triangular light intensity
signal as little as possible, variations in light intensity should be
minimized. This can be achieved by Manchester coding (MC),
which encodes a zero into the ‘10’ pattern and a one into the
‘01’ pattern. By this means, the number of zeros and ones is
always equal, which results in a data-independent, i.e. constant
DC component. To guarantee a constant light intensity during the
entire AoA estimation process, the data sequence is transmitted
continuously. Since this complicates the detection of the start of
the data sequence at the receiver, a starting sequence is included.
It consists of eight consecutive zero patterns with a halved pulse
duration. This sequence structure is chosen to enable differenti-
ation from the data sequence. The synchronization procedure is
explained in Section III.

2) Receiver: On the receiver side, the required modifications
concern the receiver circuit connected to the PD. In our pre-
ceding papers, a simple single-stage transimpedance amplifier
(TIA) has been used. Since the LCD attenuation is significant,
a large amplification value, i.e. Rf = 500 kΩ is required in
conjunction with a feedback capacitance Cf = 2pF parallel to
Rf to prevent oscillations of the operational amplifier (OpAmp).
However, this turns the circuit into a first-order lowpass (LP)
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Fig. 4. Circuit used on the receiver printed circuit board (PCB). An initial TIA
stage is complemented by a non-inverting amplifier splitting the high amplifi-
cation between the two stages. An HP filter is used to block DC components
originating from sunlight, for example. As last stage, a Sallen-Key LP filter
reduces noise.

filter with a cutoff frequency of fTIA ≈ 159 kHz. With the calcu-
lated value, high-rate communication in the MHz region is not
possible. For this reason, a dedicated circuit is designed with
the aim to combine a high signal amplification while keeping
a reasonably large bandwidth. Similar circuit designs are also
employed in state-of-the-art VLC systems, so that this hardware
component may be utilized both for our JLIL procedure and for
the subsequent high-rate VLC.

The circuit, shown in Fig. 4, consists of four stages. The initial
TIA stage transforms the photocurrent IPD into a proportional
voltage VTIA, which is then fed into the second stage. It consists
of a highpass (HP) filter with CHP and RHP and a voltage
divider (VD) with RVD = RHP. Particular values used in this
contribution are provided in Section IV. The HP filter blocks
the direct current (DC) component such as sunlight but exhibits
the so-called ‘zero wander’ effect. It causes DC subtraction from
signals containing a DC-component, such as OOK pulses [41].
As a countermeasure, the VD adds a DC voltage of VVD = Vs2+/2
to the signal. The output of the VD is connected to the third stage,
a non-inverting amplifier operating in single-supply, restricting
the output voltage to 0 < Vout < Vs2+. The amplification of this
non-inverting stage is Gninv, resulting in a bandwidth Bninv,
which is determined by the gain-bandwidth product (GBP) GBP

of the chosen OpAmp [42]. In order to prevent amplification of
VVD, a large-value capacitor C1 is placed in series with R1 [42].
Finally, the output of the non-inverting amplifier is connected
to a second-order Sallen-Key LP filter to reduce noise from the
power supply and the circuit components [42]. In summary, the
described circuit splits the required high amplification into two
stages with moderate amplification, blocks large DC compo-
nents and takes output voltage limitations into account.

C. Interference Suppression

After all LSs in the FoV have been detected and identified, the
communication system needs to select a single LS for high-rate
VLC and suppress interfering LSs by switching dedicated areas
of the LCD opaque. However, there is a condition for achieving

TABLE I
PARAMETERS USED IN THE FOLLOWING SIMULATIONS

“perfect interference suppression”, i.e., suppressing interfering
sources, while the LS of interest remains unaffected [17]. Re-
visiting Fig. 3, it becomes clear that this is only possible as
long as the transparent areas on the LCD do not overlap, i.e.
saz ≥ 0 [19]. In this paper, we therefore specify saz,min = dvpx,
i.e. the transparent areas need to be separated by at least one
(virtual) pixel. Regarding LS separation, this represents the
smallest distance for separation case 2, see Section II-A. For a
full analysis, the interested reader is referred to [28]. In Fig. 3, it
is also found thatdaz,1,2 = saz,min + a = dvpx + a. Including this
expression into the formula given in [28], the resulting minimum
angular distance can be calculated as

ξ(φ1, dvpx + a)

= arctan

(
dvpx + a

h+ h tan2 (φ1) + tan (φ1) (dvpx + a)

)
. (2)

Here, φ1 is the AoA of the innermost LS, dvpx = κ · dpx is the
virtual pixel size, and a is the width of the transparent window.
One property of (2) is that the size of the PD directly influences
the minimum angular distance ξ(φ1, daz,1,2). If, for example, a
smaller value of ξ(φ1, daz,1,2) is desired, the size of the PD can
be reduced at the expense of received signal power.

III. JOINT LIGHT SOURCE IDENTIFICATION AND LOCALIZATION

This section is divided into three parts. In the first part, a
signal model is derived for JLIL of a single LS supported by a
subsequent Matlab simulation. In the second part, the simulation
is extended to multiple LSs to investigate inter-symbol inter-
ference (ISI) effects. In the third part, the ambiguity challenge
of the bar algorithm pointed out in [28] is eliminated. Unless
otherwise specified, the simulation parameters used throughout
this section are given in Table I.

A. Joint LS Identification and Localization Concept

To derive the signal model, the LS transmit signal is de-
fined in the first step. Therefore, a suitable data sequence d =
[d0, . . ., dS−1] is assumed with ds ∈ {0, 1}. In this example, it
consists of an LS IDC, the x- and y-coordinates of the LS, and
the room height. The overall length of the data sequence is S. To
generate a constant light intensity, MC encoding as discussed in
Section II-B is used. The MC encoded data signal can be written
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as

sd(t) =

S−1∑
s=0

rect

(
t− sTds − dsTdc

Tdc

)
, (3)

with Tds and Tdc being the symbol and chip duration, respec-
tively. The counting variable s iterates through the data sequence
d and yields ds. The expression rect(t/τ) denotes a rectan-
gular pulse of width τ with unit amplitude, centered around
t = 0 [43]. Preceding the data sequence, a known sequence
s = [s0, . . ., sQ−1] with sq ∈ {0, 1} is appended to mark the
start of the transmission signal. Without loss of generality, it
consists of Q subsequent zeros. Compared to the data sequence,
the symbol duration is halved for better distinctiveness. Thus,
Tss =

Tds
2 and Tsc =

Tdc
2 . The MC encoded start sequence is thus

given as

ss(t) =

Q−1∑
q=0

rect

(
t− qTss − sqTsc

Tsc

)
. (4)

Here, q is the counting variable iterating through the sequence
s yielding sq . The overall transmit signal is obtained by con-
catenating the start sequence and the data sequence, according
to

s(t) = ss(t) + sd

(
t−Q

Tds

2

)
. (5)

As described in Section II, the transmit signal is repeated con-
tinuously:

s̃(t) =

+∞∑
m=−∞

ss

(
t−m

(
S +

Q

2

)
Tds

)

+ sd

(
t−m

(
S +

Q

2

)
Tds −Q

Tds

2

)
. (6)

To this end, the counting variable m is incremented continu-
ously. Next, s̃(t) is embedded in a forward current which, when
supplied to the LS, generates an optical transmit signal of propor-
tional powerPT,opt(t) ∝ s̃(t). The optical signal then propagates
to the receiver and impinges on the LCD. To focus on the JLIL
principle and to provide clear and comprehensible simulation
results, three assumptions are made. First, the calculation of the
signal propagation attenuation Lsys is omitted. The interested
reader is referred to [26] and corresponding calculations in
Section V. Second, an ideal LCD is assumed with a transmission
factor of 0 if the display is opaque and 1 if it is transparent.
Third, the noise-free case is considered. Both noise effects as
well as diffraction effects caused by hardware non-idealities are
investigated in Section V, where we deliver a proof of concept
by means of corresponding measurement experiments.

At some point, the receiver initiates the bar algorithm, and a
moving transparent bar of width a is generated on the LCD.
Initially, the transparent bar does not intersect the LoS path
between the LS and the PD. Thus, no light reaches the detector.
As soon as there is an intersection, the intersected area and
thus the received optical power PR,opt(t) increases, until a full
overlap of the transparent bar and the PD is attained. For a
decreasing intersection, PR,opt(t) decreases again. The duration

of the intersection and thus the duration of the resulting non-zero
signal is given by

2Tw =
Ntri

fLCD
=

2 a
κ dpx fLCD

, (7)

where Ntri is the number of LCD steps during the intersection
and fLCD is the LCD refresh rate. The intersection process
corresponds to a convolution yielding

PR,opt(t) = PT,opt(t) · Lsys · tri

(
t− tc

2Tw

)
, (8)

where tri(t/τ) denotes a symmetrical triangular signal of width
τ with unit amplitude, centered around t = 0. In (8), we have
considered infinitely small bar steps for simplicity and have
formulated PR,opt(t) as a continuous convolution.

After passing the LCD, light with optical power PR,opt(t)
reaches the PD where it is transformed into a proportional photo
current IPD(t), obtained with the known PD responsivity Rλ.
The current IPD(t) is then fed into the receive circuit shown
in Fig. 4. There, the TIA transforms it into a voltage and
amplifies it by GTIA = Rf. Afterwards, the HP filter subtracts
the DC-component VDC(t), before the signal is amplified by
Gninv. Finally, VVD is added by the VD. The output voltage of
the optical receiver is given as

Vout(t) = (PR,opt(t) ·Rλ ·Rf − VDC(t)) ·Gninv + VVD. (9)

In order to verify the above signal model, the output voltage
signal (9) is simulated in Matlab. To this end, additional as-
sumptions are made. First, only the x-direction of the LCD is
investigated. The y-direction yields identical results. Second,
as shown in Table I, a fast 500Hz display is assumed. To
perform a full bar scan in x-direction with 256 steps, 0.512 s
are required. In this simulation, only the relevant pixels above
the PD are scanned. This takes Ntri = 32 steps in 2Tw = 64ms.
These values can be calculated with (7). The reason for choos-
ing a fast display and a highly limited time range is to limit
the memory requirements of the Matlab simulation. As pre-
viously, the calculation of Lsys is omitted. Instead, it is assumed
that that the maximum measured photo current is IPD,max =
4µA. This is the case, as soon as the transparent bar is in LoS
between the LS and the PD. As will be seen in Section V, the
value for IPD,max is specifically selected to match the measure-
ment results.

Fig. 6(a) shows the simulated output signal Vout(t) of the
circuit for 2Tw = 64ms. As can be seen, the signal has the
enveloping shape of a rhombus instead of a triangle. This is a
result of the zero-wander effect induced by the HP filter. Also, the
DC offset voltage of VVD = 1.65V added by the voltage divider
is clearly recognizable. In order to derive both identification
information and localization information from this signal, two
steps are necessary. For an improved comprehension of the joint
implementation, the following explanations are supported by a
flow chart in Fig. 5.

The first step concerns LS identification. To recover the trans-
mitted data, a snapshot is taken during the bar algorithm routine.
The timing of the snapshot is important. Since the best possible
signal-to-noise ratio (SNR) should be aimed for, a snapshot
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Fig. 5. JLIL concept for a bar algorithm scan either in azimuth or elevation
direction. If multiple LSs are present in the FoV, the peak detection loop is
executed several times.

around the rhombus maximum, i.e., its peak (Fig. 5), is best
suited. The duration of the snapshot is even more important. To
reliably capture a single data sequence without knowing its exact
position in the continuous repetition, the minimum snapshot
duration must be larger than or equal to twice the data sequence
duration. In this example, the snapshot duration is 2.72ms. This
value can be calculated with twice the number of data bits and
start bits multiplied by the respective chip duration. During this
snapshot, the sample rate should be as high as possible in order
to fully recover the rectangular signal. In this simulation, the
sample rate is5MHz. The selected snapshot is marked by a black
rectangular window in Fig. 6(a). Its timing is determined by a
peak detection algorithm (Fig. 5). The zoomed snapshot is shown
in Fig. 6(b). As expected, it shows two start sequences clearly
indicating the start and end of one data sequence in between.
A slight decrease in amplitude is also recognizable. After the
completion of the bar algorithm, the information within a single
data sequence can be recovered by cross-correlating the snapshot
with a start sequence. This generates a cross-correlation signal
which has peaks at the start sequence positions. In between two
peaks, a single data sequence can be extracted. Afterwards, the
data sequence is MC decoded, and the LS IDC is checked (Fig. 5)
to decide, whether further communication with the LS is desired
or whether the LoS path should be blocked by the LCD. To block
the LS, the AoA has to be determined.

Fig. 6. Simulated output of the receiver PCB for a bar algorithm routine. The
signal has an enveloping shape of a rhombus (a) as a result of the HP filter and
a DC bias of 1.65V. Zooming in on the peak (b) shows a full data sequence
located between two start sequences and a decrease in amplitude. The bottom
plot (c) shows the result for a discrete bar algorithm scan in x-direction. The
blue dots mark the sample points. To estimate the AoA, the distance to the center
(black line) has to be calculated and inserted into (1).

The second step concerns localization. To estimate the AoA
of an LS, not only the shape of the signal is required, but also
its position within the iterative bar algorithm scan, see Fig. 5.
Remember that Fig. 6(a) shows only the most important fraction
of the scan to limit the memory requirements of the Matlab
simulation. To obtain the signal required for localization, we
now consider a full bar scan with the peak of the rhombus
reached at 0.29 s. With the given parameters in Table I, φ ≈ 10◦

is expected. To replicate the bar algorithm measurement, the
signal is resampled with a sampling interval TLCD = 1/fLCD,
yielding a total of N = nx

κ = 256 measurement points, each
of which is obtained by averaging over K = 1000 consecutive
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signal samples:

Vout[n] =
1

K

K∑
k=1

Vout((K n+ k)TLCD) (10)

This results in manageable Matlab variable sizes and a smooth
signal required for peak detection. Finally, the transform

Vtri[n] :=

∣∣∣∣Vout[n]− Vs2+

2

∣∣∣∣ (11)

is carried out, flipping every part of the signal (Fig. 6(a)) below
1.65V upwards. This restores the triangular signal shape. The
simulation result is shown in Fig. 6(c) for the x-direction. The
signal is plotted over the number of samples and the sample
points are displayed with dot markers. As expected, the signal is
of triangular shape. To determine the AoA (second last step in
Fig. 5), the distance to the center of the LCD daz (black vertical
line in Fig. 6(c)) needs to be calculated as a multiple of dvpx.
In this example, daz = 17 · κ · dpx = 1.0625 cm. Inserting this
value into (1) with h = 5.9 cm, φ ≈ 10.2◦ is obtained. If no
communication is desired with the LS, the known pixel positions
can simply be turned opaque.

When comparing the snapshot in Fig. 6(b) to the AoA esti-
mation signal in Fig. 6(c), one major difference stands out. The
sample rate of the AoA estimation signal is very low with merely
256 samples for the full scan. Within this slowly sampled AoA
estimation signal, a snapshot is taken with a very high sample
rate. This principle is somewhat reminiscent of the slow-time and
fast-time classification known from radar [44], when considering
one bar algorithm routine as being a pulse repetition interval.
For the remainder of this paper, we therefore refer to the AoA
estimation signal, generated once every bar algorithm routine
with a low sample rate, as the slow-time signal. The snapshot
with high sample rate is denoted as fast-time signal.

In conclusion, it is proven that the devised JLIL procedure
can be realized with an LCD-based receiver.

B. ISI Effects for Closely-Spaced Light Sources

In this section, the simulation is extended by adding a second,
equally bright, communicating LS and placing it close to the
first. The goal is to investigate, whether a reducing distance
between neighboring, communicating LSs causes ISI. In [28],
five separation cases were distinguished. A summary is given in
Section II-A. The rhombus shaped signals of the communicating
LSs are expected to behave in the same way, because LED light
is non-coherent and adds up constructively. For separation case
1, there will be no overlap and hence no ISI. The overlap starts
with the second separation case. In [28], it is characterized by
an increasing plateau in between the triangle peaks. For the
communicating LSs, this area is expected to be subject to ISI.

To prove this, a simulation is conducted for the second sep-
aration case, more precisely for saz,min = dvpx, cf. Section II-A.
With this distance, a minimum of a (virtual) pixel is preserved
between the transparent areas on the LCD. This specific sep-
aration case is chosen for two reasons. First, as described in
Section II-C, saz,min = dvpx is the minimum required distance
for perfect interference suppression. Second, for this separation
case the respective triangle peaks are still distinguishable. This

Fig. 7. Simulation result for two LSs in separation case 2 (a). For clarity, the
enveloping curves of the first LS (orange), the second LS (light blue) and their
sum (red) are included. Two peaks are visible with a plateau in between. There,
ISI occurs. Zooming in (b) reveals a data sequence between two start sequences
and increasing ISI. The bottom plot (c) shows the result of a bar algorithm scan,
where the blue dots mark the sample points.

is important for a real-time peak detection algorithm, which
triggers the recording of the fast-time signal to recover the LS
IDCs, see Fig. 5. Of course, both LSs can be localized for a
smaller angular distance. In [28], an algorithm is developed
obtaining good results even for separation case 4. However,
the algorithm requires the entire slow-time signal in advance
to estimate the positions. Since in this paper we focus on joint
LS identification and localization, we limit the investigation to
separation case 2.

The first LS generates the signal displayed in Fig. 6(a). The
second LS generates a similar signal, but with a different, random
64 b sequence. Then, a shift on the time axis is applied, until the
desired separation case is obtained. The result of the simulation
can be seen in Fig. 7(a). For improved clarity and comparability,
the figure includes triangular curves of the first LS (orange), the
second LS (light blue) and their sum signal (red). The sum signal
has been shifted upwards for better legibility. When comparing
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this figure to results from [28], several observations can be made.
First of all, the angle-dependent attenuation is not considered in
this work. The reason is that for this separation case, the impact
is negligible. Second, the overall shape is very similar. On close
inspection and with the aid of the enveloping curves, in Fig. 7(a)
two signal parts are distinguishable with a plateau in between.
The two respective peaks are clearly recognizable and suitable
as a trigger for a peak detection algorithm.

To show that ISI occurs in this area, Fig. 7(b) depicts a section
marked by a black rectangular window in Fig. 7(a). In the
zoomed plot, ISI is clearly recognizable as a random additive
or subtractive superposition. However, it is also recognizable
that the influence is small. The reason is that the amplitude of
the desired signal is almost maximum (orange triangle) while
the amplitude of the interfering signal is just above minimum
(light blue triangle). Thus, in the noiseless case, no errors will
occur during the recovery of both fast-time signals, if a simple
comparator with a threshold of Vth = Vs2+

2 is used. The recovery
is error-free, because the timing around the triangle or rhombus
peaks is optimal. The worst possible position is in the center
of the plateau, i.e. where the amplitude of both signals is equal
(see colored triangles, Fig. 7(a)). At this position, a recovery is
impossible, due to maximum distortion. On close inspection of
Fig. 7(a), a general rule regarding ISI mitigation can be derived
for all separation cases. As long as the fast-time window does
not include parts, where the amplitude of both signals is equal,
i.e. the intersection of the triangles, ISI effects are negligible.

In the next step, the slow-time signal containing localiza-
tion information is simulated. The procedure is equal to Sec-
tion III-A: a full bar algorithm scan is considered, the signal
is transformed with (11) and resampled with 256 measurement
points, each averaged over 1000 consecutive samples. The result
in Fig. 7(c) shows two clearly distinguishable peaks. Given
the known virtual pixel indices at these positions, φ1 ≈ 0◦ and
φ2 ≈ 10.2◦ are obtained with (1). Considering the red envelop-
ing curve in Fig. 7(a) representing the sum signal of the triangular
curves, the shape of the slow-time signal might be less expected.
Instead of exhibiting a pronounced plateau between the peaks,
the slow-time signal drops considerably in this region. The
reason for this descent is the signal averaging combined with
the strong ISI. In the overlapping area, the signals randomly
interfere constructively and destructively. At the center of the
overlapping area this is most pronounced. The signals either
fully add up or cancel each other out. If averaging is done in
this area, the mean voltage drops. The large number of samples
is the reason, why the overlapping area in Fig. 7(a) looks like
a plateau. Averaging with many samples over this signal leads
to a shape shown in Fig. 7(c). Thus, although the LSs are in
separation case 2, by means the peak-detection algorithm the
peaks are clearly distinguishable in the slow-time signal. This is
a considerable advantage compared to AoA estimation without
communicating LSs.

C. Elimination of the Bar Algorithm Ambiguity

In [28], where the AoA estimation of multiple LSs is inves-
tigated, a challenge of the bar algorithm is reported. Assume

Fig. 8. Elimination of the bar algorithm ambiguity through recovering the LS
IDCs using the JLIL concept. During the slow-time measurement in x-direction,
the fast-time measurements yield ID1 for the first triangle peak and ID2 for the
second. The same applies for the y-direction. Thus, an LS assignment is possible
without ambiguity.

two LSs in the FoV. Then, the vertical bar measurement in
x-direction will yield two target positions. Unfortunately, the
horizontal bar measurement in y-direction will also yield two
target positions. In short, because the bar algorithm measures the
light intensity of the entire row or column, it adds ambiguity to
the estimation. Both bar measurements result inN2

LS possible LS
positions, where NVLS = NLS · (NLS − 1) positions are virtual,
i.e. not existent LSs (VLSs). In [28] it was proposed to resolve
the ambiguity with dedicated measurements at all N2

LS possible
positions. Compared to the initial bar algorithm measurements,
the cost of additional measurements is small.

In this work, we revisit the challenge and show that the
ambiguity can be resolved without additional measurements,
if the LSs communicate. Therefore, we re-create the simulation
from [28] with two LSs instead of three for the sake of concise-
ness. Assume a worst case scenario with two equally bright LSs
located at (φ1, θ1) = (−10◦,−10◦) and (φ2, θ2) = (10◦, 10◦).
This represents the worst case, because the positions of the
LSs are point-mirrored. Thus, the measured intensity is equal
for all N2

LS = 4 positions. Furthermore, assume that LS1 trans-
mits IDC1 and LS2 transmits IDC2 and that the receiver is
capable of simultaneously determining the AoA and recover-
ing the data sequence including the LS IDC, as described in
Section III-A.

The result is shown in Fig. 8. The first slow-time measurement
in x-direction yields the lower plot. As soon as the receiver
detects a peak, it starts collecting the fast-time signal (see Fig. 5),
which includes the LS IDC. At the first peak (φ1 = −10◦), ID1

is recovered. The second peak yields ID2. The same applies
for the y-direction in the left plot. There, at θ1 = −10◦, ID1

is recovered. The second peak yields ID2. The surface plot
generated by the outer vector product of the two measurements
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Fig. 9. Graphical representation of the experimental setup located in an
aluminum cubic support frame. A computer generates two data sequences and
passes them to a μC, which controls two LSs using an LED driver. The same
computer also controls the LCD-based receiver performing the JLIL procedure.
Updated from [28].

shows the four possible positions of the LSs and the assignments
of the IDCs. Thanks to the recovery of the LS IDCs, LS1

can be assigned to position (φ1, θ1) = (−10◦,−10◦) and LS2

can be assigned to (φ2, θ2) = (10◦, 10◦) without ambiguity. No
additional measurements are required.

IV. EXPERIMENTAL SETUP

The experimental setup built in [28] is further advanced in this
paper. The structure can be seen in Fig. 9. A cubic aluminum
support frame withdcube = 1m holds the receiver in the center of
the ground plane. At the top of the frame, two LSs are mounted
on movable aluminum rods. By this means, full adjustability
of the LSs is achieved. One LED is the interfering LS and the
other LED is the LS of interest. The distance between the LCD
and the LS plane is dLS,LCD = 90 cm. Thus, the distance to the
PD is dLS,PD = dLS,LCD + h = 95.9 cm. Note that this introduc-
tory work assumes arbitrary LS constellations. If simultaneous
illumination is desired in an office environment for instance,
a grid-like LS arrangement is typically selected to meet strict
lighting regulations.

A. Transmitter

The transmitting system consists of several components. At
the top of the frame, two LEDs are mounted. In this work, the
LZ4-00B208 royal blue LEDs from LED Engin are used. This
is done for two reasons. First of all, the LZ4-00B208 features
a high luminous flux density. Second, the data sheet provides
photometric quantities such as the luminous flux ΦV, which
will be required for a calculation in Section V-C. The LEDs
are driven around their maximum operating point VLED = 13V,
ILED = 1000mA at an identical brightness, which is ensured

TABLE II
VALUES OF COMPONENTS USED ON THE DESIGNED PCB

by calibration. The maximum operating point is selected to
obtain the highest possible signal power. The resulting luminous
flux is provided in Section V-C. Both LEDs are connected to a
board with two IXDN 614 high-speed gate drivers with rise- and
fall-times in the ns-region and a logic ‘high’ input voltage above
3V. Thus, it is controllable with a microcontroller (μC). Both
logic inputs are connected to an Analog Discovery 2 μC from
Digilent (green cuboid in Fig. 9) which converts the binary, MC
encoded data provided by the computer to a rectangular pulse
sequence. For all subsequent measurements, chip frequencies of
fdc = 1/Tdc = 100 kHz and fsc = 1/Tsc = 200 kHz are selected.
These rather low values are chosen, because of the limited sam-
ple rate of the receiving μC. Switching to a more sophisticated
controller would enable chip frequencies in the MHz range,
because both the LED driver and the receiver described below
provide a sufficient bandwidth. However, as a proof of concept,
the chosen frequency is completely sufficient.

As in Section III, the data sequence consists of 64 bits with
identical division in LS IDC, coordinates, and room height. The
data sequence is MC encoded yielding 128 MC encoded bits.
The start sequence consists of eight consecutive zero patterns.

B. Receiver

The 3D printed receiving unit is located in the bottom center of
the cube. In the upper section, the Sharp DXQ608-X04, a 6 inch
monochrome 2K LCD is placed without backlight. The display
features an active area of ALCD = 13.056 · 8.255 cm2, a resolu-
tion of 2560× 1620 pixels, and a refresh rate of fLCD = 60Hz.
Below the LCD ath = 5.9 cm, the S3590-08 large-area PD from
Hamamatsu is located featuring an active area of APD = 1 cm2.
The heighth = 5.9 cm is chosen to provide an angular resolution
of about 0.5 ◦ at κ = 10 and a FoV of approximately 95 ◦. These
two properties are in a trade-off relation. The interested reader is
referred to [26]. The PD is placed on the newly designed PCB.
The chosen components are provided in Table II for an overview.

The initial TIA stage employs the THS4631 OpAmp from
Texas Instruments with a GBP of GBP = 210MHz. Thus,
with a gain of GTIA = 2500, a bandwidth of about 32MHz
is obtained. The cutoff frequency of the subsequent HP fil-
ter is fHP ≈ 1600Hz and the VD adds a DC bias voltage of
VVD = 1.65V. Next, the non-inverting amplifier stage adds an
amplification of Gninv = 201 and restricts the output voltage
range to 0 < Vout < 3.3V. This stage employs the LTC6268-
10 OpAmp from Linear Technology with GBP = 4GHz and
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a resulting bandwidth of Bninv ≈ 20MHz. The output of the
non-inverting stage is connected to the Sallen-Key LP filter with
fsk ≈ 40MHz. Finally, the output of the PCB is connected to
two analog-to-digital converters (ADCs) on the Arduino Por-
tenta H7. Both ADCs sample at around 1Msps. The Portenta
features an STM32H747 dual-core processor with cores (M7
and M4) being able to communicate with each other via remote
procedure call (RPC). In summary, the initial one-stage TIA
board is replaced by a newly designed PCB, combining a signal
amplification of GTIA ·Gninv ≈ 5 · 105 with a corresponding
bandwidth of min(BTIA, Bninv) ≈ 20MHz.

Comparing the chip frequencies of the transmitter to the
significantly larger bandwidth of the receiver, the question of
necessity may arise. There are two reasons for a large receiver
bandwidth. The first reason is the well-known relationship be-
tween signal rise-time and the required 3 dB bandwidth of an
LP system [45]. Since the selected LED drivers feature rise- and
fall-times in the two-digit ns-region, a receiver bandwidth in the
two-digit MHz region is required to prevent LP filter induced
pulse shaping. Second, both the transmitter as well as the receiver
are designed for chip frequencies in theMHz-region. If emphasis
is laid on selection of a sophisticated μC with powerful ADCs,
a high-rate JLIL system can be built based on this work.

C. Hardware Implementation

This section describes the implementation of the JLIL concept
in hardware. The system depicted in Fig. 9 is operated by a single
computer running both Waveforms and Matlab. Waveforms is
used to control the Analog Discovery 2, which in turn controls
the LEDs. On demand, the Analog Discovery 2 transmits the
chosen data sequences continuously. Matlab controls the LCD
as well as the μC and thus the generation of the slow-time and
fast-time signal. To obtain the slow-time signal, Matlab initiates
the bar algorithm and issues serial commands to the Arduino μC
each LCD step. On the μC, this results in the M7 core ordering
the first ADC to collect 1000 samples. Afterwards, the arithmetic
mean is calculated, the transform given in (11) is performed, and
the result is returned to the computer, cf. Fig 9. As soon as a peak
is detected by Matlab, a different serial command is transmitted
to the μC. Besides triggering the measurement on the M7 core,
an RPC command is transmitted to the M4 core. Parallel to the
M7 operation, the M4 core triggers the second ADC to collect
the fast-time signal consisting of 4096 samples. The parallel
implementation is visualized in the flow chart in Fig. 5. After
the recording of the fast-time signal, a threshold decision is
performed, and the samples are stored. Because multiple LSs
may be present in the FoV, the fast-time signal collection can
be triggered multiple times, as soon as the system detects a
peak in the slow-time signal. This is visualized in Fig. 5. With
completion of the bar algorithm, the computer transmits the data
retrieve command to theμC. There, an RPC request is forwarded
to the M4 core. The stored data is then returned to the computer
via the M7 core. On the computer, one data sequence is extracted
from the fast time signal, the data sequence is MC decoded and
compared to the transmitted data for error analysis. Then, the LS
IDCs are retrieved. Next, the AoAs of all LSs are determined,

and the LS IDCs are analyzed to determine, which LS is to be
suppressed. Finally, the corresponding area on the LCD is turned
opaque.

The system shown in Fig. 9 has been developed to enable
a convenient access to recorded data for subsequent process-
ing and evaluation with Matlab. Nevertheless, the receiving
algorithm could also be implemented on alternative hardware
platforms, such as a Raspberry Pi (RPI). Parts of the algorithm,
in particular the bar algorithm and the interference suppression
step, have already been implemented on an RPI, see [19]. How-
ever, both LCD shield and ADC shield are rather slow compared
to the chosen system. Therefore, if an RPI-based solution is
desired, emphasis should be laid on selecting and optimizing
RPI components such as the LCD shield and the ADC shield to
obtain adequate algorithm runtimes.

V. MEASUREMENT RESULTS

A. Single Light Source

The first experiment is conducted to verify the simulation
results from Section III-A. To this end, a single LS is initially
placed at x = y = 0 above the receiver in the experimental
setup, cf. Fig. 9. To switch the LS on, the Analog Discovery
2 continuously transmits a data sequence. At some point, the
computer starts the bar algorithm with κ = 10, and the resulting
signal is recorded. In order to obtain the full rhombus shaped
signal as in Fig. 6(a), the receiving Arduino Portenta is replaced
by the Rohde & Schwarz RTO 1004, a 4-channel 10GSa/s
oscilloscope. The oscilloscope is capable of recording a signal
for several seconds with a sufficiently high sample rate.

The measurement result can be seen in Fig. 10(a). As pre-
dicted, the signal has an enveloping shape of a rhombus with a
DC component ofVVD ≈ 1.65V. Now the measurement result is
compared to the theoretical signal in Fig. 6(a). While the general
shape is similar, there are also some differences. First of all, the
measurement contains noise. To calculate the SNR, the mea-
surement from Fig. 10(a) is compared to a noise measurement
with all LSs switched off. At the peak of the rhombus, the SNR
is measured as approximately 32.5 dB. At the lowest point, the
SNR is reduced to around 3.5 dB. In the subsequent section it is
investigated, whether noise has an influence on AoA estimation.

A close comparison of the simulation and the measurement
reveals a smoothing of the measurement around the transition
points and the peak. In [28], it has been observed that the
smoothing of the signal is a result of diffraction effects of the
LCD. Thus, the smoothing is also expected for the slow-time
measurement. Another difference concerns the signal amplitude,
if the LoS is obstructed by opaque pixels. In Section III-A, an
ideal display has been assumed, which fully blocks incident
light. The monochrome display used in the experimental setup
does not achieve this. Measurements conducted in [46] for the
same display reveal a contrast of approximately 450 : 1 over a
broad spectrum of wavelengths. For this reason and due to noise,
the amplitude does not drop to zero. Finally, the significantly
longer signal duration compared to Fig. 6(a) is a result of the
rather slow 60Hz display used in the experimental setup. Recall
that the simulations have been performed assuming a 500Hz
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Fig. 10. Measurement result for a single LS. The enveloping signal shape (a)
is in line with the simulation. The measurement contains noise, and the signal
duration is extended compared to Fig. 6(a). Zooming in on the peak (b), a full data
sequence is recognizable between two start sequences. The signal is distorted by
noise, but the influence is negligible. The bottom plot (c) shows the slow-time
signal for an LS at φ = 10◦. The blue dots mark the sample points. The red
circle marks the trigger point of the peak detection algorithm.

display. To elaborate on the impact on the measurements if a
state-of-the-art LCD with fLCD = 500Hz is used, it is therefore
sufficient to compare the measurement results with the simula-
tion results in Fig. 6. First of all, the signal shape from Fig. 10(a)
will not change. Only the runtime will be significantly reduced
to a few milliseconds, as can be observed from (7). Furthermore,
since both the symbol and chip duration are equal for simulation
and measurement, the relative width of the fast-time signal will
increase, cf. Figs. 6(a) and 10(a). Thus, since the differences are
only marginal, LCDs with other frame rates can be employed
in a straightforward fashion. A detailed evaluation on runtime
with different LCDs is provided in Section VI. However, since
this work aims to demonstrate the proof of concept, the used
hardware is sufficient.

To verify the available data, a snapshot is taken as in Section II-
I-A. The resulting fast-time signal is shown in Fig. 10(b), and
the area is marked in Fig. 10(a) with a black window. Compared
to Section III-A, the window size is the same. Only the bar
algorithm runtime increased due to the hardware LCD. Because
of the excellent SNR, a full data sequence in between two start
sequences is clearly visible. Thus, the LED IDC and the position
in the room can be recovered without error. To analyze the
localization result, the oscilloscope is replaced by the Arduino
Portenta and the measurement is repeated for the same LS,
which is now positioned at x = 17 cm, y = 0 cm (φ ≈ 10◦).
The result for the AoA estimation can be seen in Fig. 10(c). As
expected, the signal exhibits a smoothed triangular shape. The
quasi distortion-free measurement is a result of the extensive
averaging done on the M7 core. This mitigates the influence of
noise on the AoA estimation. The triangular shaped signal has
a maximum at around φ = 10◦. The amplitude is less that 1V
due to the angle-dependent attenuation. To verify the estimated
angle, the true AoA can be calculated with the known position
of the LS and the distance dLS,PD between LS plane and PD (cf.
Fig. 9), using the relation

φmeas = arctan

(
x

dLS,PD

)
. (12)

With the known values, φmeas ≈ 10.1◦ is calculated. The red
circle in Fig. 10(c) marks the point, where the real-time peak
detection algorithm triggers the recording of the fast-time signal.
As previously mentioned, a peak detection algorithm sets a flag
as soon as a measurement value is larger than its two neighboring
values. This is true if all measurements are readily available.
However, if peak detection is to be performed in real-time,
a processing delay must be tolerated. Assume that the AoA
estimation signal in Fig. 10(c) reached its highest value. Then,
the real-time peak detection algorithm requires the subsequent
measurement value to compare it to the peak value. Only then, its
condition is fulfilled. For this reason, the trigger point is shifted
one sample to the right of the true maximum. At this point, the
recovery of the fast-time signal is error-free due to the high SNR.

In conclusion, the simulation results are similar to the mea-
surements obtained with the experimental setup. Thus, the de-
veloped receiver is able to simultaneously determine the IDC of
an LS and its AoA.

B. Multiple Light Sources

In the next experiment, a second LS is added to the setup
shown in Fig. 9 to confirm simulation results from Section III-B.
To this end, the first LS is placed at φ1 = 0◦. Using (2), the
required angular difference to the second LS can be calcu-
lated as ξ(0◦, dvpx + a) = 10.1◦. Thus, for dLS,PD = 95.9 cm,
the distance between the two LSs is dLS1,LS2

= 17 cm. As in
Section III-B, both LSs transmit different data sequences, and
the RTO 1004 oscilloscope is used to record the signal.

The measurement result is shown in Fig. 11(a). Comparing
it to the simulation result from Fig. 7(a), it can be seen that
the overall shape is similar. One notable difference is that the
peaks are barely visible due to noise and the diffraction effects of
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Fig. 11. Measurement result for two LSs at φ1 = 0◦ and φ2 = 10.1◦ repre-
senting separation case 2 (a). The enveloping shape is similar to the simulation,
however the signal peaks are barely visible due to smoothing and noise. Zooming
in on the center shows the worst case timing with maximum distortion (b). The
bottom plot (c) shows the corresponding slow-time measurement signal (blue)
with the blue dots marking the sample points. The red circles mark the trigger
points of the peak detection algorithm.

the LCD. The impact on peak detection and AoA estimation is
investigated subsequently. First, however, the area of maximum
distortion is examined. As found in Section III-B, this is in the
center of the plateau, where the amplitude of both signals is
(nearly) equal. Fig. 11(b) shows a snapshot taken at the center
of the measurement signal. In Fig. 11(a), the area is marked by
a black rectangular window. It can be seen that the statement
from Section III-B is correct. The two data signals either fully
overlap or cancel each other out. Compared to the simulation
in Section III-B, where a snapshot is chosen close to the signal
peak, this is the worst case. Recovering the data sequences is
not possible at this point. Next, the oscilloscope is replaced by
the Arduino μC, and the measurement is repeated to analyze the
JLIL procedure. The result of the slow-time measurement signal

Fig. 12. Measurement of Vout,max for a distance 0.75m ≤ dLS,PD ≤ 4m in
5 cm steps. The red dot marks the experimental setup distance used in Sec-
tion V-A. The curve follows the square-distance-law confirmed by a simulation.

can be seen in Fig. 11(c). The measurement signal exhibits two
peaks at the desired angles of φ1 ≈ 0◦ and φ2 ≈ 10.1◦. The
trigger points of the peak detection algorithm are shown with
red circles. To extract the data sequences, each fast-time signal
is cross-correlated with a start sequence. Given the positions of
the peak detection trigger, both data sequences can be recovered
without error. As in Section III-B, the slow-time measurement
signal drops in between the peaks instead of forming a plateau.
This is a result of the strong ISI and the signal averaging, which
significantly improves peak detection.

In conclusion, also for two LSs the measurement results are
similar to the simulation. In between the signal peaks, maximum
distortion due to ISI is confirmed. This ISI in combination with
averaging improves peak detection in the slow-time signal.

C. Distance Variation

In this experiment, a single LS is used to determine the
maximum voltage Vout,max and the SNR over a varying distance
dLS,PD. Since the experimental setup from Fig. 9 provides only a
fixed distance dLS,PD, both the receiver and the LS are mounted
on two movable aluminum rods attached to a 4m aluminum
profile. This ensures that the centers of the LS and the LCD
align. The distance dLS,PD is now variable. The measurement
series is conducted as follows. First, a distance dLS,PD is set.
Then, the computer performs a bar algorithm routine, and the
Rohde & Schwarz RTO 1004 oscilloscope captures the signal
at the output of the PCB, just as in Fig. 10(a). Afterwards, the
signal is stored and analyzed with Matlab.

In the first investigation, the maximum voltage Vout,max is de-
termined for each distance. The measurement result is provided
in Fig. 12 with the blue dots for 0.75m ≤ dLS,PD ≤ 4m in 5 cm
steps. The minimum distance is given by 0.75m, where the
maximum voltage of 3.3V is measured. For smaller distances
the signal would be clipped by the PCB. The red dot shows the
maximum voltage for the distance dLS,PD = 95.9 cm employed
in the experimental setup in Section V-A. The reason for the
approach of the curve to approximately 1.6V is that VVD is
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TABLE III
PARAMETERS USED TO SIMULATE THE OUTPUT VOLTAGE VOUT

OVER THE DISTANCE dLS,PD

added on the PCB. Taking all measurements into account, it
can be seen that the shape of the curve is of exponential form.
An intuitive explanation is the square-distance-law applied in
optical communication to describe the path loss [6].

To verify this, a simulation is conducted supported by our
work from [40]. Assuming that the LS is Lambertian and both
LS and PD directly face each other without tilt, the well known
propagation path loss formula reduces to

PR,opt =
PT,opt ·APD · LLCD

π · d2LS,PD
, (13)

where PR,opt, PT,opt is the transmit/receive optical power and
LLCD denotes the loss associated with the light passing the
transparent LCD. Next, the approximated relation

PT,opt =
ΦV

683 lm
W · V (λ0)

(14)

is included into (13). Here, ΦV denotes the luminous flux of the
LS (which is a photometric quantity tailored to human vision),
and V (λ0) is the eye sensitivity function for photopic vision
at the center wavelength λ0 [6], [40]. In fact, (14) is valid for
monochromatic LSs. In this work and in [40] it is used as an
approximation for the center wavelength λ0 of the employed
LED, which is (strictly speaking) a non-monochromatic LS. In
the next step, PR,opt is replaced by

IPD = Rλ · PR,opt. (15)

The parameter Rλ denotes the responsivity of the PD [6]. With
Vout = IPD ·GTIA ·Gninv + VVD, (13) is modified to

Vout =
ΦV ·APD · LLCD ·Rλ

683 lm
W · V (λ0) · π · d2LS,PD

·GTIA ·Gninv + VVD . (16)

The values used in the simulation are provided in Table III. These
are either adopted from data sheets, taken from [6], or measured.
For example, the loss of the LCD LLCD is measured by dividing
the measured output voltage with transparent display in front of
the PD by the measured output voltage without display.

The simulation result is plotted in Fig. 12 with a yellow
line. As can be seen, the shape of the curve is nearly iden-
tical, confirming the explanation above. Small deviations are
attributed to the fact that (14) is used as an approximation.
Yet, since the royal blue LED has a relatively narrow spectral
power compared to, e.g., a phosphorescent white-light LED,
the employed approximation is quite accurate. This is similar

Fig. 13. Measurement of the SNR for a distance 0.75m ≤ dLS,PD ≤ 4m in
5 cm steps. The red dot marks the experimental setup distance.

to [40], where (14) was justified by the assumption of an optical
blue filter at the receiver.

In the second investigation, the SNR is evaluated for 0.75m ≤
dLS,PD ≤ 4m. To this end, the stored measurements from the
first investigation are analyzed. To measure the SNR for a given
distance, a snapshot is taken around the peak of the respective
rhombus shaped measurement. The signal power is then deter-
mined by calculating the root-sum-of-squares and subtracting
the noise power. The latter is obtained for a measurement with
all LSs switched off. For the SNR, the signal power is then
compared to the noise power. The results are depicted in Fig. 13.
As previously, the red dot shows the SNR measurement for the
distance dLS,PD = 95.9 cm employed in the experimental setup
in Section V-A. The value matches with the SNR measurement
from Section V-A and enables virtually error-free operation.
Given these measurements, the theoretical bit error probability
for transmitting the LS IDCs can be assessed by inserting the
SNR values into well-known bit-error-rate formula for OOK [4].

In the uncoded case, for OOK an SNR of about 12.6 dB is
required to achieve a bit error rate of 10−5. Hence, the maximum
distance is almost 3m for the parameters under investigation
(note that the employed LS provides a rather limited luminuous
flux, which is typically exceeded by luminaires installed in office
spaces). This distance is sufficient for most office applications.
If a larger distance is desired, an amplification can be included
in the Sallen-Key LP filter. A corresponding circuit is provided
in [42]. Furthermore, channel coding provides additional means
to extend the range.

VI. EVALUATION OF FURTHER PRACTICAL ASPECTS

A. Runtime and Algorithm Complexity

The runtime of the bar algorithm has been assessed in our
previous work [28]. With the employed LCD and a step size of
κ = 10, a full search takes around 6.7 seconds. However, this
should be regarded as the upper limit. If state-of-the-art displays
with advertised refresh rates of 500Hz are used and the resolu-
tion is adjusted, runtimes of about 0.4 seconds are possible [28].
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A major advantage of the developed JLIL procedure is that
the runtime will barely increase compared to the bar algorithm
runtime. The reason is that the identification procedure runs in
parallel to the bar algorithm. Thus, after completion of the AoA
estimation, the IDCs are readily available and LS selection and
interference suppression can start directly afterwards.

Concerning algorithm complexity, we divide the JLIL proce-
dure into separate parts. We begin with the bar algorithm. The
time it takes to complete a full search depends linearly on the
number of steps. For example, if the step size κ is reduced by a
factor of ten, the overall processing time increases by a factor of
ten. Therefore also the complexity is linear. The same applies to
the real-time peak detection algorithm, since each measurement
value has to be compared to its neighboring values. Finally, the
recording of the fast-time signal, the AoA estimation and the IDC
extraction all depend linearly on the number of detected peaks,
i.e. LSs. It is obvious that each process needs to be repeated for
every detected LS.

B. Challenging Environments

The JLIL principle is well suited for enabling interference-
free VLC in scenarios with multiple modulation-enabled LSs.
However, there are some limitations in challenging environ-
ments that need to be examined. These include mobility, large-
scale LS networks and multipath propagation.

At this stage of development, the LCD-based receiver is able
to perform the invented JLIL procedure while being stationary.
However, this initialization step only takes about 0.4 s if the
previously mentioned runtime optimizations are taken into ac-
count. Thus, if the position of the receiver is changed to another
stationary position, the initialization can be repeated in less
than half a second to restore connection. Afterwards, high-rate
VLC can be continued. This type of mobility model, commonly
known as nomadic mobility [47], is suited for non-real-time
applications such as file download or video streaming with
corresponding buffering. If a fully mobile receiver is required,
where continuous data reception is desired during motion, future
research could focus on tracking of the desired LS and including
this step into the JLIL procedure. Revisiting the flow chart
in Fig. 5, the tracking procedure could be included after the
LS IDC extraction. Then, as soon as connection is lost, the
JLIL procedure is repeated. In an initial laboratory experiment,
tracking a single LS has been successfully tested using the
LCD-based receiver in conjunction with an extremum seeking
control algorithm [48].

Scenarios with multiple LSs get increasingly challenging as
the number of LSs increases. The reason is that the distance
between the luminaries is typically reduced, which exacerbates
the interference and increases the possibility of receiver satu-
ration. In this context, the LCD-based receiver employing the
JLIL principle has a decisive advantage compared to other
interference suppression techniques. By switching parts of the
display opaque, interference is actively suppressed and receiver
saturation is mitigated. Nevertheless, as stated in Sections II-A
and II-C, there is a limitation on the angular distance of neigh-
boring LSs. To enable both detection with a real-time peak

Fig. 14. Transmissivity measurements (a) of the employed LCD using the
Agilent Cary 5000 UV-Vis-NIR spectrophotometer. The resulting contrast of the
LCD is depicted in the bottom plot (b).

detection algorithm as well as perfect interference suppression,
either separation cases 1 and 2 are suitable. Fortunately, the
minimum angular distance for separation case 2 can be adapted
by changing the size of the PD, cf. (2).

Interference through multipath propagation creates another
complex scenario. In such settings, it is possible that interfering
light reaches the receiver even though no LoS path is available.
Considering the LCD-based receiver, however, only a small
window with the size of the PD is switched transparent. Thus,
the chance that an interfering multipath signal aligns with the
transparent window and the PD below the LCD after multiple
reflections can be considered to be very small.

C. Infrared Light

An alternative to VLC is optical communication with light in
the infrared (IR) range [49], [50]. Compared to VLC, existing
lighting infrastructure is not reused, however. On the one hand,
this poses a drawback in terms of cost efficiency. On the other
hand, IR light is not visible to the human eye, so that the wireless
communication functionality is decoupled from the lighting
functionality. While VLC can be combined with dimming [40],
IR communication is still possible in the complete absence of
lighting, e.g., during daytime with sufficient sunlight.

To evaluate whether the developed LCD-based JLIL prin-
ciple is suitable for IR light, it is necessary to investigate
whether an LCD is capable to modulate light in the IR range.
For this purpose, a transmissivity measurement of the selected
LCD is carried out using the Agilent Cary 5000 UV-Vis-NIR
spectrophotometer. The wavelength range is selected between
380 nm to 2000 nm. Two measurements are performed. For
the first, the LCD is switched opaque and for the second, the
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LCD is switched white, i.e. fully transparent. The results can
be seen in Fig. 14(a). The measurement with the opaque LCD
shows almost 0% transmissivity in the visible range between
400 nm and 800 nm. In this range, the transparent LCD features
a transmissivity of approximately 12%. This leads to a contrast
of about 35 dB as can be seen in Fig. 14(b). At 800 nm, a drop
of the red curve is visible. It is attributed to a known calibration
issue of the spectrophotometer. At this wavelength, it switches
to a different light source. Above 800 nm up to 2000 nm, the
overall transmissivity increases to over 20 %. However, the
difference between the opaque and transparent state becomes
barely distinguishable. This can also be seen in Fig. 14(b) where
the contrast drops to approximately 0 dB. The reason is that
the LCD polarization filters as well as the liquid crystals are
optimized for the visible range. Therefore, research on liquid
crystal based IR light modulators, e.g. [51], [52], should be
continued to develop LCDs capable of modulating IR light.

VII. CONCLUSION

In this work, a method for joint LS identification and
localization using an LCD-based receiver was developed and
investigated. This method can be used, for example, as an
initialization step in a reconfigurable MISO-VLC system.

First, relevant concepts of AoA estimation, VLC, and inter-
ference suppression were described. An efficient approach for
obtaining each LS IDC is to perform identification in parallel
to the AoA estimation routine. To this end, VLC was included
into the system, allowing each LS to continuously transmit its
own IDC. On the receiver side, a dedicated circuit was designed
to combine a large signal amplification with a sufficiently large
bandwidth and suppress DC components and noise. By analyz-
ing interference suppression, separation case 2 was shown to be
the limit, as long as best possible performance is desired.

Next, the concept of LCD-based JLIL was introduced with a
signal model. The derivation was subsequently supported by a
simulation for a single LS. It was proven that both localization
information and communication information can be obtained
jointly from the resulting signal. For the next simulation, a sec-
ond LS was added to investigate ISI. Regarding separation case
2, it was found that ISI effects are negligible for a correct timing
of the fast-time signal. With regard to the slow-time signal, it
was indicated that strong ISI and extensive signal averaging
improves peak detection. Furthermore, the ambiguity challenge
of the bar algorithm was resolved, because LS positions can
be clearly assigned to LS IDCs. No further measurements are
required.

Subsequently, hardware components used in the new experi-
mental setup were introduced followed by a detailed explanation
regarding the hardware implementation of the JLIL concept. The
new experimental setup was then used to perform measurements
and compare them to previous simulations. First, a single LS was
used. Due to a measured peak SNR of 32.5 dB and an LCD con-
trast of 450:1, the measurement has shown a good compliance
to the simulation. Minor differences were attributed to signal
smoothing, noise contribution, and the extended runtime due to
a slow hardware LCD. Because of the high SNR, the LS IDC

could be recovered without error and the AoA estimation error
of 0.1 ◦ was within the accuracy range of the system. The second
experiment used two LSs and confirmed both ISI investigation
as well as improved peak detection compared to the case without
IDC transmissions. Due to sufficient LS separation, both IDCs
could be recovered without error and the AoA estimation error
remained at 0.1 ◦. The final experiment investigated the received
maximum voltage and the SNR at a varying distance. In this con-
text, the exponential attenuation was investigated and confirmed
by a methodology derived in our previous work. Subsequent
SNR measurements have shown that good performance can
be expected for a distance of up to 3m, which is sufficient
for most office applications. Finally, the potential runtime and
algorithm complexity of the JLIL procedure were assessed and
a statement on challenging environments was given. If state-of-
the-art hardware is employed, algorithm runtime of about 0.4 s
can be expected. With regard to mobility, it was determined
that the current technology is suitable for a nomadic mobility
model. Improved mobility could be achieved with LS tracking.
Considering large-scale LS networks, the angular distance of
LSs is restricted to separation case 2.

In this work, focus was on the general principle of LCD-based
JLIL. For this task, readily available hardware components have
been chosen. Future work could aim to improve runtimes and
achievable distance, by investigating brand-new LCDs currently
entering the market. For example, high refresh rates of up to
500Hz and improved contrast are currently advertised. Run-
time could also be optimized by researching novel localization
algorithms, which require less iterations compared to the bar
algorithm, as for example proposed in [27].
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