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Abstract—We consider error-rate prediction for dual-use light-
ing systems with visible light communication (VLC) functionality.
Since light planning rather than communications engineering is
usually the driving discipline for practical dual-use settings, we
extract VLC channel parameters as a by-product from advanced
3-dimensional (3D) light-planning models. By this means, we attain
realistic signal-to-noise ratios for exemplary positions of a VLC
receiver, which allows us to predict corresponding end-to-end bit
error rates (BERs). Specifically, our procedure accounts for im-
portant aspects of state-of-art lighting systems, such as realistic
light distribution curves of employed luminaires, possible presence
unmodulated light sources, and, particularly, adaptive dimming
operations in response to prevalent sunlight. In this paper, we
(i) devise a methodology for VLC systems with optical receive filter-
ing to convert photometric quantities into radiometric quantities,
(ii) present examples of BER predictions for selected modulation
schemes within some basic office environments, and (iii) conduct
an analysis of the resulting simulation accuracy for a particular
3D light-planning tool. Simulation results show that our approach
is indeed suited to predict realistic end-to-end BERs for dual-use
lighting/VLC systems. Moreover, our procedure is fairly general
and may be tailored to specific practical office settings and partic-
ular light plans of interest.

Index Terms—Wireless communication, visible light communi-
cation, lighting, lighting control, optical communication equip-
ment, channel models.

I. INTRODUCTION

V ISIBLE light communication (VLC) as an alternative to
radio-frequency (RF) solutions has attracted considerable

interest in recent years both in academia and industry [1], [2],
[3], [4]. VLC is an instant of optical wireless communica-
tion (OWC) [5], [6], [7] and utilizes the visible part of the
electromagnetic spectrum. If fully connected and bidirectional,

Manuscript received 7 October 2022; revised 21 November 2022; accepted 26
November 2022. Date of publication 30 November 2022; date of current version
8 December 2022. (Corresponding author: Jan Mietzner.)

Jan Mietzner, Tina Fast, Carolin Liedtke, and Roland Greule are with the
Hamburg University of Applied Sciences, Faculty of Design, Media, and Infor-
mation, D-22081 Hamburg, Germany (e-mail: jan.mietzner@haw-hamburg.de;
tina.fast@haw-hamburg.de; carolin.liedtke@haw-hamburg.de; roland.greule@
haw-hamburg.de).

Andrej Harlakin and Peter A. Hoeher are with the Kiel University, Faculty of
Engineering, Chair of Information and Coding Theory, D-24143 Kiel, Germany
(e-mail: anha@tf.uni-kiel.de; ph@tf.uni-kiel.de).

Robert Heinze is with the Relux Informatik AG, CH-4142 Muenchenstein,
Switzerland (e-mail: r.heinze@relux.com).

Digital Object Identifier 10.1109/JPHOT.2022.3225708

VLC/OWC is referred to as Light Fidelity (LiFi). Corresponding
standardization efforts have been underway for several years
now [8], [9] and have paved the way to first commercially
available products. Among several advantages over RF systems,
VLC systems offer the potential of very high data rates for
short- to medium-range wireless links, unlicensed spectrum
usage, better electromagnetic compatibility, and an increased
physical-layer security [4, Ch. 1.2]. In the context of quantum
networking, it is anticipated that even additional security on the
physical layer of VLC systems can be achieved, for example by
means of quantum key distribution [10]. A particular advantage
of VLC systems is that in downlink direction existing lighting
systems may be reused for wireless communication, thus offer-
ing a cost-effective backbone infrastructure. This is particularly
interesting for office environments, where considerable effort
is usually spent on light planning, in order to meet ergonomic
lighting requirements for each workspace. At the same time,
this offers the potential of dedicated broadband optical wire-
less connectivity exactly at those locations, where it is most
required.

Various publications have addressed aspects of channel mod-
eling for (indoor) VLC, in order to describe the properties of
the physical channel from the perspective of communications
engineering [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20]. Such channel models focus – per definition – on the com-
munications function of joint lighting/VLC systems and offer
valuable insight into the physical mechanisms of VLC signal
propagation. For example, it is found that (higher-order) reflec-
tion paths may contribute significantly [15]. Correspondingly,
multipath signal propagation needs to be taken into account,
in order to predict realistic signal-to-noise ratios (SNRs) at
the receiver, to capture possible intersymbol interference (ISI)
effects, and to study non-line-of-sight (NLoS) communication
scenarios. Yet, often aspects regarding the lighting function of
joint lighting/VLC systems are not fully captured by these mod-
els. For example, light-emitting diodes (LEDs) are often mod-
eled as (ideal) generalized Lambertian sources, which usually
does not sufficiently represent angular light distribution curves
(LDCs) of practical LEDs. This also poses limitations from a
communications engineering perspective, since the available
signal energies at the receiver – and thus resulting bit error
rates (BERs) – might not be predicted accurately [19]. Another
aspect relevant for practical joint lighting/VLC systems con-
cerns interference effects caused by additional (unmodulated)
light sources – for example sunlight illuminating parts of the
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working environment or artificial light sources put into place,
in order to complete the overall lighting design. Furthermore,
state-of-art lighting systems are adaptive systems [21] able
to adjust to prevailing sunlight conditions – with the goal to
provide a constant illumination level for workspaces by dim-
ming LEDs to a level just sufficient to meet ergonomic light-
ing requirements and to avoid dazzle effects. Such dimming
operations have a direct effect on the available signal energy
at the VLC receiver and should therefore be incorporated in
the overall VLC model. On the other hand, aspects of practical
VLC systems – concerning, for example, optical filtering tech-
niques and electrical bandwidths of practical LEDs – should
also be incorporated, in order to arrive at a realistic end-to-end
model.

In fact, for joint lighting/VLC systems the lighting function
is usually the primary one [2], [3], [4], whereas the commu-
nications function is subordinated as an additional dual-use
feature. Correspondingly, light planning rather than commu-
nication channel modeling is the driving design discipline in
such settings. To this end, light planners employ corresponding
tools for 3-dimensional (3D) visualization of resulting light
atmospheres – without considering any VLC channel model-
ing aspects in the first place. Yet, professional light-planning
tools, such as ReluxDesktop [22], Zemax OpticStudio [23], or
DIALux [24] are able to model complex indoor settings and
predict resulting light intensities found across any given test
surface within the 3D simulation model. The primary purpose
is to simplify light planning procedures, e.g., for designing
workspaces with regard to ergonomic lighting requirements,
as time-consuming and costly in-place measurements may be
complemented or entirely replaced by simulations. However,
regarding the VLC part, the same 3D simulation setup may also
serve as a starting point for end-to-end error rate prediction,
when a test surface of suitable size is thought to represent the
area of a corresponding VLC photo detector. By this means,
error rate prediction can be tailored to particular office settings,
specific light plans of interest, and exemplary positions of an
VLC receiver.

The idea to use a light planning/optical design tool as a starting
point for VLC channel modeling was pursued in [25], [26],
which is – to the best of our knowledge – the only exam-
ple found in the literature. The focus of these papers was on
identifying key parameters for VLC channels and incorporating
them into the IEEE 802.15.7r1 reference channel models. In
particular, notable differences to infrared (IR) channel models
were pointed out, which derive from the fact that the visi-
ble part of the electromagnetic spectrum is associated with a
considerably larger optical bandwidth than the IR spectrum,
thus leading to wavelength-dependent reflection characteristics.
Correspondingly, the general assumption for these VLC channel
models was that the entire optical bandwidth (or at least a large
fraction of it) is utilized for VLC signaling. Aspects of limited
optical bandwidths in practical VLC systems were not taken into
account in [25], [26], and end-to-end performance predictions
were also not considered.

For illumination purposes – especially in office environ-
ments – white LEDs are currently most relevant. Technically,

white LEDs are realized either by mixing the light generated
by multiple monochromatic LEDs or by employing a single
blue core LED coated with a phosphor layer.1 The phosphor
coating generates a wide-band optical spectrum via stimulated
emission, which yields a (warm, neutral, or cold) white color im-
pression. Among these two options, phosphorescent white-light
LEDs are characterized by a more favorable color rendering
index (CRI) [4, Ch. 2.4] and are therefore usually preferred for
office and other environments requiring high-quality lighting
systems. Regarding VLC, however, the phosphor coating is
rather undesired, because it entails slow response times, which
severely limits achievable data rates. Therefore, corresponding
VLC receivers usually employ an optical filter tailored to the blue
core LED [27]. By this means, the influence of the phosphor can
be largely eliminated from the modulated light signal, so that
higher data rates can be attained by employing faster switching
times. Correspondingly, with phosphorescent white-light LEDs
effectively only the blue part of the optical spectrum is exploited
for VLC data transmission, while the electrical bandwidth of the
blue core LED is typically limited to a value of about 20 MHz [4,
Ch. 3.2].

In this paper, we consider end-to-end BER prediction for
high-quality dual-use lighting/VLC systems based on 3D light
planning simulations. Our main contributions are as follows:
� We develop a realistic end-to-end VLC model by incorpo-

rating key parameters of a VLC system, including a limited
optical and electrical bandwidth.

� For the case of phosphorescent white-light LEDs, we de-
vise a methodology to convert photometric quantities into
radiometric quantities and derive an analytical expression
for the end-to-end SNR at the VLC receiver, incorporating
adaptive dimming operations as well as possible interfer-
ence caused by unmodulated light sources.

� We present examples of BER predictions for selected mod-
ulation schemes within some basic office environments,
which are based on the 3D light planning simulation tool
ReluxDesktop [22] – including realistic LDCs as well as
higher-order signal reflections.

� We conduct an analysis of the resulting simulation accu-
racy attained with ReluxDesktop, which shows that our
approach is indeed suited to predict realistic end-to-end
BERs for high-quality dual-use lighting/VLC systems.

The remainder of the paper is organized as follows: In Sec-
tion II, some preliminaries are discussed and the underlying VLC
transmission model is introduced. Analytical expressions for the
end-to-end SNR at the VLC receiver are derived in Section III.
End-to-end BER prediction examples for some basic office
settings using ReluxDesktop are presented in Section IV, where
focus is on on-off keying (OOK) and pulse-position modulation
(PPM). Furthermore, the attained accuracy of the simulation
results is illustrated for selected examples. Finally, conclusions
are drawn in Section V, and possible directions for future work
are highlighted.

1We note that practical LEDs are not truly monochromatic, but comprise a
certain optical bandwidth. Correspondingly, the term “quasi-monochromatic”
might be more appropriate.
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Fig. 1. VLC transmission scheme including modulation and demodulation.

II. PRELIMINARIES

Throughout this paper, we consider a phosphorescent white-
light LED-based dual-use lighting system with VLC functional-
ity. As pointed out in the Introduction, such LEDs are well suited
for (moderate-rate) VLC applications and are widely used in
modern high-quality lighting systems – due to their high energy
efficiency and favorable CRI.

A. VLC Transmission Model

Regarding VLC, we focus on simple single-carrier modu-
lation schemes as an example – namely OOK and (Variable)
PPM. Fig. 1 illustrates the underlying system model for the
VLC part according to [4, Ch. 3.6]. In the electrical domain,
the transmitted bit sequence u is first modulated onto an analog
transmit signal s(t), which is passed to a transmit driver. The
output current iF(t) of the transmit driver feeds the LED, which
emits a corresponding light signal with average optical power
PT,opt. In the optical domain, the emitted light signal propagates
through the physical channel and is captured by a photo detector
(PD) at the receiver – typically a positive-intrinsic-negative
(PIN) photo diode. The PD converts the received light signal with
average optical power PR,opt back to the electrical domain and
yields a corresponding output current iPD(t). A transimpedance
amplifier (TIA) finally yields the received signal r(t), which is
demodulated to obtain the estimated bit sequence û (channel
coding is not considered for simplicity, but may be incorporated).
Note that the dynamic range of the TIA must be sufficiently large
(and the operating point of the PD output current adjusted ac-
cordingly), in order to avoid undesired saturation effects. For the
blue core LED, an electrical bandwidth of BLED,el ≤ 20 MHz
is assumed in the sequel. Moreover, an optical bandpass filter is
assumed at the receiver, which is tailored to the optical spectrum
of the blue core LED (e.g., the wavelength region 430 nm –
470 nm).

An important aspect is how to handle ambient light in a practi-
cal VLC system. One option is to employ a liquid-crystal display
(LCD) as an optical receive filter unit [28], [29]. In this paper,
we assume that the driver circuit includes a mixing step to some
carrier frequency fc>0 Hz, so that the data signal in the electri-
cal domain can be separated from ambient (unmodulated) light
found at direct current (DC), i.e., at frequency f=0 Hz. This is
accomplished by means of a corresponding bandpass filter (BPF)

with single-sided bandwidth Bfilt,el ≥ BLED,el placed after the
PD (not depicted). Furthermore, the demodulator is assumed
to include another (digital) filtering step, namely a matched
filter with single-sided bandwidth BMF≤ Bfilt,el tailored to the
employed pulse shape of the underlying modulation scheme.

B. 3D Light-Planning Tool

Within the scope of this paper, we focus on ReluxDesktop
(Version 2020.2.5.0) [22], which is a professional 3D light-
ing simulation and visualization tool employed for indoor and
outdoor light planning tasks. In particular, it features many
functions tailored to typical workflows used by light-planning
architects, includes a large data base of available luminaire and
their corresponding LDCs, and is able to simulate both artificial
and natural light – incorporating even geographic information
for maximal realism. Office or general room settings can be
created directly within ReluxDesktop or can be imported as
computer-aided design (CAD) data. To create complex settings,
walls, doors, windows, and furniture can be placed freely within
basic settings, and various material and reflection properties of
corresponding surfaces may be chosen. Moreover, test surfaces
may be placed within the setting at arbitrary positions and with
arbitrary orientation. This enables corresponding “measure-
ments” of light intensities within the 3D simulation at selected
locations of interest.

ReluxDesktop comprises two different computation kernels
– a ray-tracing kernel, which includes different reflection types
(diffuse, specular, and mixed reflections), and a radiosity kernel
adopted from the field of computer graphics [30], which is
tailored to diffuse reflections. Both kernels may be used for
simulating light propagation within a chosen 3D setting and
assessing corresponding light-intensities, while the radiocity
kernel also serves for visualizing resulting light atmospheres
with realistic optical impressions. Within the scope of this paper,
we will focus on the radiosity kernel, as we are mainly interested
in an end-to-end analysis of received SNRs and corresponding
BERs. For a detailed analysis of VLC channel model parameters
– e.g. along the lines of [25], [26] – the ray-tracing kernel could
yield additional insights, however. In future work, the radiocity
kernel might also be extended to account for signal propaga-
tion delays, e.g., following the frequency-domain approaches
described in [15], [18].
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Basically, the current radiosity kernel incorporates a physical
optics model and deals with the exchange of luminous fluxes be-
tween surfaces within the 3D model. In particular, the luminous
flux fraction Φi,j in Lumen (lm) across a surface Aj , which is
contributed by another reflecting surface Ai, can be calculated
via numerical integration according to

Φi,j =

∫
Ai

∫
Aj

Li
cos(φi) dAi · cos(φj) dAj

r2i,j
, (1)

where Li denotes the luminance in lm/(sr m2) associated with
area increment dAi (sr: steradian), φi and φj denote the angles
between the connecting line of area increment dAi and dAj

and the respective area normal vectors, and ri,j denotes the
distance between dAi and dAj in m. Correspondingly, for
a given (plane) test surface within the 3D simulation setup,
ReluxDesktop provides resulting illuminance values EV in lux
(lx) (= lm/m2). Note that the radiosity kernel currently employs
solely photometric quantities. While in the future this may be
extended to radiometric quantities, our analytical expressions
for the end-to-end SNR derived in Section III will therefore start
from photometric quantities, and we devise a simple method to
convert them into corresponding radiometric quantities.

A particular strength of ReluxDesktop is that simulated illu-
minance values are highly accurate, as they are typically found
within an uncertainty interval of ±5% around corresponding
measurement results [31], [32]. Note that the uncertainty of
measurements is usually on the same order. As will be seen
in Section IV, this allows for accurate BER predictions for
phosphorescent white-light LED-based lighting/VLC systems.
In addition to [31], [32], we will present further accuracy results
for ReluxDesktop in Section IV-F, which are based on a simula-
tion technique employing a special LDC tailored to a particular
3D simulation setting under consideration.

III. SNR PREDICTION BASED ON 3D LIGHT-PLANNING

SIMULATIONS

In the following, we describe an end-to-end procedure to
predict the available SNR at the assumed location of a VLC
receiver based on a 3D light-planning simulation conducted with
ReluxDesktop. Our procedure starts from simulated illuminance
values “measured” at the location of the VLC receiver and in-
volves several steps for converting photometric into radiometric
quantities.

Inspecting Fig. 1, the SNR relevant for the resulting BER
performance (associated with error events û �=u) is the average
SNR in the electrical domain, which is defined as

γel =
PR,el

NR,el
, (2)

where PR,el denotes the average received power of the desired
signal and NR,el the average noise power at the receiver (both
in the electrical domain).

A. Overall Average Received Power of the Desired Signal

The average received powerPR,el can directly be derived from
the illuminance values EV at the location of the assumed VLC

receiver provided by the 3D light-planning simulation. As such,
the test surface defined in ReluxDesktop should represent the
assumed position, orientation, and size of the PD area of the
VLC receiver. Note that the simulated illuminance values EV

include both the direct light signal from a VLC light source to
the PD and possible multipath signal components reflected from
walls or other objects within the simulation setting (including
multiple reflections). Multiplying the illuminance EV with the
area of the PD yields the corresponding luminuous flux ΦV.
By definition, ΦV refers to the radiation characteristics of the
light source and is therefore associated with the VLC transmitter
side. Correspondingly, a suitable test surface would naturally be
defined as a sphere or partial sphere surface, whereas for the PD a
plane test surface should be assumed (with area denoted asAmeas

in the sequel). Yet, as long as the distance between the VLC light
source and the PD of the assumed VLC receiver is sufficiently
large, the curvature of the sphere surface is negligible. Therefore,
we may write

ΦV = EV ·Ameas (3)

for the received luminuous flux. Note that ΦV is a photometric
quantity, which includes the eye sensitivity curve V (λ) for
human vision defined by the Commission Internationale de
l’Eclairage (CIE) [4, Ch. 2.5], where λ denotes the wavelength
of the emitted light. For the VLC part, however, radiometric
quantities regarding received signal powers in Watt (W) are
relevant, which requires a corresponding conversion. Inspecting
the basic definition of the luminuous flux ΦV,

ΦV = 683
lm

W

∫ 780nm

380nm

V (λ)φ(λ) dλ, (4)

where φ(λ) denotes the optical spectral power distribution
(OSPD) in Watt per unit wavelength [4, Ch. 2.5], and comparing
it to the basic definition of the radiated optical power,

PT,opt =

∫ 780nm

380nm

φ(λ) dλ, (5)

it can be seen that a conversion from luminous flux to optical
power is not straightforward for general wide-band light sources
with arbitrary OSPD [33, Ch. 7]. A special case is a (quasi-)
monochromatic light source with wavelength λ0 and (effective)
optical bandwidth Bopt. Assuming an ideal rectangular OSPD
within the bandwidth Bopt, one obtains

ΦV = 683
lm

W
V (λ0)φ(λ0)Bopt

and

PT,opt = φ(λ0)Bopt,

which leads to the relation

PT,opt =
ΦV

683 lm
W · V (λ0)

. (6)

Assuming a phosphorescent white-light LED and an ideal rect-
angular optical filter at the VLC receiver with center wavelength
λb and optical bandwidth Bopt,b tailored to the blue core LED,
we may reuse (6) with slight modifications to arrive at the optical
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power at the receiver:

PR,opt =
ξ · ΦV

683 lm
W · V (λb)

. (7)

Since in the ReluxDesktop simulation the illuminance values
are measured at the VLC receiver, we have replaced PT,opt

by PR,opt. Moreover, 0≤ξ≤1 denotes the effective fraction
of the emitted optical power that falls within the passband of
the optical receive filter, including also the transmittivity of the
optical filter. The value of ξ needs to be calculated numerically
for the particular light source under consideration, based on
corresponding reference curves for the OSPD, which is usually
included in the data sheet of the luminaire. Altogether, we may
write

PR,opt =
ξ · EV ·Ameas

683 lm
W · V (λb)

. (8)

Note that the assumption of ideal rectangular OSPDs and optical
filters is an approximation justified by the relatively small optical
bandwidth of practical LEDs. Furthermore, note that the angle
of incidence does not need to be explicitly accounted for in
(8), since it is already captured by the cos(φj)-term in (1).
Correspondingly, it is included in the simulatedEV-value found
on the right-hand side of (8).

A final aspect to take into account is the fact that state-of-art
lighting systems are required to be energy-efficient and therefore
need to be able to adapt their emitted light intensity to prevailing
sunlight conditions, as discussed in the Introduction. To this
end, we introduce a corresponding (optical) dimming parameter
0≤δ≤1, which leads to our final expression for the received
optical power as a function of the simulated illuminance EV:

PR,opt(EV) =
δ · ξ ·Ameas

683 lm
W · V (λb)

· EV. (9)

Based on (9), the average received power of the desired signal
in the electrical domain results as [4, Ch. 3.6]

PR,el(EV) = κ ·
(
Rλ(λb) · δ · ξ ·Ameas

683 lm
W · V (λb)

· EV

)2

, (10)

where

κ :=
E{i2PD(t)}
E{iPD(t)}2 ≥ 1 (11)

denotes the average-power-to-squared-mean ratio [47], which
only depends on the properties of the modulated transmit signal
s(t) in Fig. 1 (E{.} denotes the expected value). For example,
for non-return-to-zero (NRZ) OOK or PPM, a value of κ=2
results. Furthermore, Rλ(λb) denotes the responsivity of the
PD for wavelength λb (in A/W), which is a device-dependent
quantity.

Note that the simulated illuminance values EV contain both
the contribution of the direct LoS signal path and the indirect
NLoS fraction, i.e., EV = EV,LoS + EV,NLoS. ReluxDesktop
allows to separate both contributions by simulating only the
direct fraction. Yet, as ReluxDesktop is tailored to unmodulated
light signals, the NLoS fraction needs to be weighted with a
factor ψNLoS ≤ 1, which accounts for the low-pass behavior

of the NLoS component of VLC channels. This depends on
the geometry of the room and the considered (electrical) signal
bandwidth, which will be discussed in Section IV-C.

B. Average Noise Power at the VLC Receiver

Due to the assumed mixing step within the transmitter driver
circuit and the corresponding BPF at the receiver, direct inter-
ference effects due to ambient (unmodulated) light sources may
be disregarded. Still, ambient light causes an increased noise
level due to generated shot noise. Correspondingly, the average
noise power at the VLC receiver in the electrical domain can be
written as [34]

NR,el = Nshot +Nth. (12)

Here,

Nshot := 2 e0Rλ(λb)PR,ambBMF (13)

denotes the average shot noise power, PR,amb the accumulated
average optical power of ambient light sources at the position
of the VLC receiver, and e0 := 1.602 · 10−19 As denotes the
elementary charge. (Note that the matched-filter bandwidthBMF

rather than the bandwidth Bfilt,el of the electrical BPF is the
relevant quantity here, since BMF≤ Bfilt,el, cf. Section II-A.)
Moreover,

Nth ≈ 4 kB TaBMF/RF (14)

denotes the average thermal noise power, where kB = 1.38 ·
10−23 Ws/K is the Boltzmann constant, Ta is the absolute
temperature in K, and RF denotes the feedback resistor of the
TIA (in Ω).

In the ReluxDesktop simulation suite, various ambient light
sources can be included in the simulation as desired, including
sunlight and several types of artificial light sources. The accu-
mulated average optical power PR,amb due to ambient light can
then be assessed in the ReluxDesktop simulation by disabling the
VLC light source and successively activating the Lamb ambient
light sources. By this means, one obtains

PR,amb =
Ameas

683 lm
W · V (λb)

·
Lamb∑
k=1

ξ̃k · ẼV,k, (15)

where ẼV,k denotes the illuminance value measured for the kth
light source and 0≤ ξ̃k≤1 the corresponding effective fraction
of the optical power that falls within the passband of the optical
receive filter (including the transmittivity of the optical filter).
Note that saturation effects in the electrical domain have not
been taken into account.

IV. BER PREDICTION FOR BASIC OFFICE SCENARIOS AND

NUMERICAL EVALUATION

Based on the method described in Section III, some basic
office scenarios are evaluated in the sequel. The final objective
is to arrive at BER predictions for (single-carrier) OOK and
M -ary PPM schemes, while taking real-world luminaires (with
corresponding LDCs), multipath signal propagation (including
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multiple reflections), ambient light as well as options for adap-
tive dimming operations into account. First, we briefly discuss
the basic office setups and parameter settings used for our Re-
luxDesktop simulations. Then, we devise a general framework
incorporating dimming operations for two different cases. Based
on this framework, we then conduct numerical evaluations of
the overall average SNR γel in the electrical domain for selected
examples, where we study both line-of-sight (LoS) and NLoS
conditions. To this end, we inspect corresponding analytical
BER results that are valid for propagation scenarios without any
ISI effects. As will be discussed in Section IV-C, this is justified
when assuming a realistic electrical bandwidth of the blue core
LED (BLED,el ≤ 20 MHz). We conclude the section with a
discussion on the resulting accuracy of our BER predictions
that is achieved based on ReluxDesktop simulations.

A. Settings for ReluxDesktop Simulations

As an exemplary scenario, a room with a base area of 5 m
× 5 m and a height of 3 m is set up in ReluxDesktop. The
workflow for planning a joint lighting/VLC system would be
as follows: The given setting would first be optimized by a
light planner, by placing office desks and other furniture within
the simulation setup and varying the locations of luminaires
accordingly – with the final goal to meet requirements regarding
workspace ergonomics and to create a favorable overall light
atmosphere. Once the simulation setting is finalized, SNR and
BER predictions could then be conducted for the VLC part, by
evaluating selected locations of the assumed PD.

Throughout the ReluxDesktop simulations, the radiosity com-
putation kernel is employed using the “high indirect fraction”
simulation mode. To provide a simple benchmark case within the
scope of this paper, we consider a basic setup with a single office
desk and a single luminaire – assuming a VLC-enabled phos-
phorescent white-light LED. Corresponding three-dimensional
and layout views exported from the ReluxDesktop simulation
suite are shown in Fig. 2. The reflection coefficients of surfaces
can be freely chosen in the simulation suite and are set to 0.5
for the walls, 0.7 for the ceiling, 0.2 for the floor, and 0.4 for the
door, which is placed at wall #1 (W1). The surface parameters
were chosen along the lines of [20], [26]. For all simulations
presented in the sequel, the order of reflections taken into account
is adjusted dynamically, such that the simulation accuracies
reported in Section IV-F are attained. Within the simulation
scenario, the luminaire is placed at the ceiling, centered above
the office desk. For the office desk a customary height of 0.75 m
is chosen. In the baseline scenario (“Scenario 1”), the center
point of the luminaire is given by (x, y) = (2.50 m , 2.50 m),
where the reference point (x, y)=(0 m, 0 m) is found at the
intersection of wall #1 and wall #4, cf. Fig. 2. The layout view
at the bottom of Fig. 2 shows the exemplary location of the
test surface (M1), which is placed in the center of the office
desk right underneath the luminaire. The area of the test surface
M1 represents the PD area of the assumed VLC receiver and is
chosen as 100 mm 2 (in accordance to the Hamamatsu S3590-08
PIN photodiode [35]). Furthermore, a window of size 1.50 m ×
1.50 m with a transmittivity value of 0.9 is placed within the

Fig. 2. Views of the considered ReluxDesktop simulation scenario – a three-
dimensional view (top) and a layout view (bottom) showing the location of
the test surface (M1) placed in the center of the office desk. The test surface
represents the PD area of the assumed VLC receiver.

eastern wall #2 with center point at (x, y) = (5.00 m, 2.50m)
and height 1.65 m, allowing sunlight into the room simulated
according to the CIE “clear sky with sun” specifications [36],
tailored to the location of Hamburg and the date June 21. Further
sources of ambient light are not taken into account for simplicity
(Lamb = 1).

As an example, two different luminaire types from the Re-
luxDesktop data base are considered, which are typical for office
environments, namely

1) Regent Solo Slim (luminuous flux ΦV = 4350 lm),
2) Philips Maxos LED (luminuous flux ΦV = 6600 lm).
The corresponding LDCs in candela (cd) per 1000 lm are

shown in Fig. 3 . While the LDC for the Solo Slim luminaire is
rotationally symmetric, the LDC for the Maxos LED is different
for the xz-plane (C0) and the yz-plane (C90), where z denotes
the vertical dimension.
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Fig. 3. LDCs of the considered luminaires – Regent Solo Slim (top) and Philips
Maxos LED (bottom).

In addition to the benchmark scenario (“Scenario 1”), two
alternative geometrical settings are considered, in order to study
different multipath signal propagation conditions. Referring to
the center-point position of the luminaire, these are defined as
follows:

1) Scenario 1: (x, y) = (2.50 m , 2.50 m),
2) Scenario 2: (x, y) = (4.00 m , 2.50 m),
3) Scenario 3: (x, y) = (4.00 m , 4.00 m).
For all simulation scenarios, the center point of the office desk

and the test surface is kept in line with the center point of the
luminaire.

In the following, we assume that the modeled room is
equipped with an (automatic) lighting system able to respond
to prevalent sunlight conditions by means of adaptive dimming.
To this end, optical dimming factors δ ≤ 1 are taken into account
in the sequel.

B. Analytical BER Expressions Incorporating Dimming

In the following, it is assumed that dimming is accomplished
either (i) by adjusting the duty cycle of the transmitted OOK or
PPM signals or (ii) by adjusting the supply current of the VLC-
enabled LED. Alternatively, suitable compensation times could
be used, in order to accomplish a desired (average) brightness
level [37]. For dimming case (i), the pulse length – denoted as T
in the sequel – is adjusted proportionally to the desired optical
dimming factor δ, according to

T = δ · T0, (16)

where T0 denotes the nominal pulse length for maximum light
intensity [4, Ch. 4.3]. For OOK, the maximum duty cycle
(corresponding to δ=1) is equal to one (NRZ signal format),
whereas for M -ary PPM the maximum duty cycle is assumed
to be 1/M in the sequel. Correspondingly, for δ<1 one ob-
tains a return-to-zero (RZ) OOK or a variable PPM (VPPM)
scheme, respectively. Note that the analog BPF at the receiver
(in the electrical domain) will be tailored to the minimum pulse
length Tmin associated with the minimum dimming level δmin,
according to Bfilt,el ≈ 1/Tmin, whereas the (digital) matched
filter should be matched to the actual pulse length T , i.e.,
BMF ≈ 1/T ≤ Bfilt,el. In other words, the adjusted dimming
factor δ must be known at the receiver and either needs to be
measured at the receiver side or conveyed by the transmitter
as side information. For dimming case (ii), on the other hand,
the OOK/PPM scheme always operates with the nominal pulse
length T =T0, so that BMF ≈ 1/T = 1/T0 ≈ Bfilt,el can be
assumed, and no knowledge of the adjusted dimming factor δ at
the receiver is required. Note that the relationPT,opt = f(iF(t))
between the output current iF(t) of the transmit driver and the
resulting optical power PT,opt is in general non-linear [38].
However, this aspect is not relevant here, since we consider
optical dimming factors throughout. Yet, for a desired optical
dimming factor δ (and corresponding optical power PT,opt), the
output current iF(t) of the transmit driver needs to be adjusted
according to the inverse relation iF(t) = f−1(PT,opt), using a
calibrated current control loop.

The analytical bit error probability (BEP) for NRZ-OOK in
the absence of ISI effects is given by [4, Ch. 4.3]

Pb = Q(
√
γs), (17)

where

γs := BMF · T · γel (18)

denotes the average SNR per data symbol (in the electrical
domain) and

Q(x) :=
1√
2π

∫ ∞

x

e−τ2/2 dτ (19)

denotes the Gaussian Q-function. It is related to the complemen-
tary error function according toQ(x) = 0.5 · erfc(x/√2). In the
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following, we assume BMF=1/T for simplicity, i.e., γs=γel.
In the case of dimming, the BEP expression for NRZ-OOK is
still valid, as the optical dimming factor δ<1 is incorporated in
the SNR γel, cf. Section III-A.

Similarly, for M -ary (V)PPM with maximum duty cycle
1/M , the analytical BEP for equal energy orthogonal signals
can be adopted, which is given by [39, Ch. 4.4]

Pb =
M

2(M − 1)

1√
2π

∫ +∞

−∞

[
1− (1−Q(z))M−1

]×
× exp

[
−
(
z −√

2γs
)2

2

]
dz. (20)

The integral expression in (20) needs to be evaluated by means
of numerical integration. Note that under dimming case (i),
a dimming factor of δ=1 means that the considered VPPM
scheme operates with the nominal pulse length T0, correspond-
ing to the maximum duty cycle. Generally, in the absence of
dimming, the different (V)PPM schemes are all normalized to
an average received energy of one, which means that transmitted
pulses are scaled with an amplitude of

√
M (in the electrical

domain). Correspondingly, dimming can be applied on top, and
a fair comparison between modulation schemes with different
cardinality M is possible. As for OOK, the optical dimming
factor δ < 1 is incorporated in the SNR γs=γel, as discussed in
Section III-A.

In particular, the average received power in the electrical
domain, PR,el(EV), scales with δ2 (cf. (10)). Moreover, when
dimming is realized by adjusting the duty cycle of the transmitted
OOK or PPM signals (dimming case (i)), the bandwidth of the
matched filter,BMF, scales with 1/T = 1/(δ · T0). Correspond-
ingly, the average SNR per data symbol scales as

γs = γs,0 · δ3 (21)

in this case, where γs,0 denotes the reference value for maximum
light intensity (pulse length T0). However, when dimming is
realized by adjusting the supply current of the LED (dimming
case (ii)), the bandwidth of the matched filter is constant (BMF=
1/T0), and the average SNR per data symbol scales as

γs = γs,0 · δ2. (22)

Generally, in practice a wide range of dimming factors is de-
sirable – mainly depending on prevalent sun light conditions
(related to adaptive dimming systems) and user preferences.
For unmodulated light sources, very high contrast ratios are
possible, e.g., up to 3000:1. A duty cycle of one is possible
in the limit. With data transmission, the dimming factor is
limited – typically between 0.1 ≤ δ ≤ 0.9, when adjusted via
the pulse length (dimming case (i)) [9]. With current control
(dimming case (ii)), however, a significantly wider range of
contrast ratios is achievable. Note that the optical dimming factor
δ may be relatively small, as the light intensity perceived by
humans is associated with the square-root of δ [40, Ch. 27].
Therefore, for δ=0.01 the perceived light intensity still results as
10%.

While an advanced lighting concept should take material
properties into account – such as the color or the absorption

coefficients of walls, furniture surfaces, and the flooring – this
will mainly affect the choice of the luminaire, regarding its
radiated optical power or OSPD. Simulations in ReluxDesktop
can assist the light planning process by offering both qualitative
results (in terms of 3D visual impressions) and quantitative
results (in terms of simulated illuminance values). However,
the dimming factor δ is associated with dynamic adjustments
of light intensities, e.g., in response to changing ambient light
conditions. Correspondingly, for BER predictions, simulations
in ReluxDesktop should be conducted employing the nominal
optical power of the selected luminaire, and dimming factors
should be incorporated via (21)/(22), depending on the underly-
ing dimming case (i)/(ii), respectively.

C. Parameter Settings and Simulation Results From
ReluxDesktop

In the following, the underlying system parameters are sum-
marized which are adopted throughout for evaluating the average
SNR γel in the electrical domain, cf. (2), (10) and (12)–(14):
� The average-power-to-squared-mean ratio is set to κ=2

both for (NRZ) OOK and M -ary (V)PPM. In the sequel,
rectangular pulse shapes are assumed throughout, i.e. the
corresponding matched filter reduces to the well-known
integrate-and-dump receiver.

� For the blue core LED, a center wavelength of λb= 450 nm
is assumed. The corresponding value of the eye sensitivity
curve is given by V (λb)=0.04.

� For the responsivity of the PD at this wavelength, a value
of Rλ(λb) = 0.28 A/W is adopted from the data sheet of
the Hamamatsu S3590-08 PIN photodiode [35].

� The passband of the corresponding optical filter at the
receiver is assumed to be found between λ = 430 nm –
470 nm, which has been adopted from the data sheet of
the Royal Blue LUXEON Rebel filter [41] (tailored to the
center wavelength of the blue core LED).

� For the effective fraction of the emitted optical power that
falls within the passband of the optical filter, a value of
0.166 has been calculated for the Solo Slim luminaire,
based on an internal measurement report provided by
Regent Lighting. For the Philips Maxos LED luminaire,
a corresponding value of 0.116 has been acquired based
on own measurements of the OSPD. For the sunlight, an
OSPD according to the CIE standard illuminant model D65
has been assumed [42, Ch. 3], which leads to a value of
0.120. Assuming a transmittivity value of 0.9 for the optical
filter, one obtains values of ξ = 0.149 for the Solo Slim
luminaire, ξ = 0.104 for the Maxos LED luminaire, and
ξ̃ = 0.108 for the sunlight.

� The area of the test surface representing the VLC receiver
is given by Ameas = 100 mm2 [35], cf. Section IV-A.

� For the absolute temperature, a value of Ta = 293.15 K is
assumed.

� For the feedback resistor of the TIA, a value ofRF = 10 kΩ
is assumed.

� The LDCs of the considered luminaires, cf. Fig 3, were
directly incorporated into the ReluxDesktop simulation.



MIETZNER et al.: JOINT LIGHT PLANNING AND ERROR-RATE PREDICTION FOR DUAL-USE LIGHTING/VISIBLE LIGHT COMMUNICATION 7362113

From the ReluxDesktop simulations, the following values for
the illuminance EV across the test surface M1 are obtained for
the Regent Solo Slim luminaire: Scenario 1 – EV=319.1 lx
(Δ=0.1 lx), Scenario 2 – EV=328.1 lx (Δ=0.4 lx), Sce-
nario 3 – EV=357.7 lx (Δ=0.2 lx), which illustrates the
growing fraction of NLoS signal components, as the luminaire
is placed closer to the eastern wall #2. The stated illuminance
values EV are averaged across the area of the test surface M1,
while the Δ-values represent the corresponding maximum posi-
tive or negative deviation. In the sequel, the average illuminance
values are employed for assessing the electrical SNR γel at
the receiver. The corresponding (average) illuminance values
associated with the combined NLoS signal components are given
by 15.3 lx, 24.3 lx, and 53.9 lx for Scenario 1–3, respectively.
For the Philips Maxos LED luminaire, an illuminance value of
EV=357, 0 lx (Δ=0.1 lx) results for Scenario 1, while the
fraction associated with the combined NLoS signal components
is given by 21.5 lx. Furthermore, for the simulated sunlight the
following illuminance values are obtained: Scenario 1 – ẼV=
675.4 lx (Δ=2.2 lx), Scenario 2 – ẼV=1792.9 lx (Δ=6.3 lx),
Scenario 3 – ẼV=569.3 lx (Δ=19.8 lx).

In accordance with the typical electrical bandwidth offered
by the blue core LED, we consider a realistic baud rate of
20 MSymbol/s for the OOK and PPM schemes in the sequel
and assume a matched filter bandwidth of BMF = 20 MHz,
which – under dimming case (i) – holds for the maximum duty
cycle, cf. Section IV-B, while for dimming case (ii) it is a fixed
parameter. Additional BER simulations – not included for the
sake of conciseness – incorporating (approximate) power delay
profiles, rectangular pulses, and a matched-filter step realized
by an integrate-and-dump receiver, have shown that ISI effects
can safely be neglected for the room geometry and the moder-
ate baud rates under consideration. This is also in accordance
with the findings in [25], where ISI effect are only associated
with data rates in the Gb/s regime. Correspondingly, we will
employ the analytical BER expressions from Section IV-B
disregarding any ISI effects. Note, however, that OWC chan-
nels are usually characterized by a distinct low-pass behavior
affecting the NLoS fraction generated by multiple signal re-
flections [18], [43], [44]. For the room dimensions considered
within the scope of this paper, a 3-dB bandwidth of 6 MHz
can be assumed. Corresponding, the NLoS fraction EV,NLoS

of EV is scaled with a factor of ψNLoS = 0.3 in the sequel, as
the ReluxDesktop simulations are tailored to unmodulated light
signals.

D. BER Prediction for LoS Conditions

Given the system parameters listed above, resulting analytical
BEP curves for OOK and (V)PPM are shown in Figs. 4– 7 (solid
lines), considering the two different dimming cases outlined
in Section IV-B. For OOK, when dimming is accomplished
by adjusting the duty cycle of the transmitted pulse sequence
(Fig. 4), low BEP values (≤10−6) are attained for dimming
factors of δ ≥ 0.02 for all considered scenarios, corresponding
to a minimum perceived light intensity of 14.1 %. However,
when dimming is performed by adjusting the supply current of

Fig. 4. Analytical BEPs for OOK under Scenario 1 – 3 and dimming case (i),
where the duty cycle of the transmitted pulse sequence is adjusted. Solid lines:
LoS operation; dashed lines: Non-LoS operation.

Fig. 5. Analytical BEPs for OOK under Scenario 1 – 3 and dimming case (ii),
where the supply current of the LED is adjusted. Solid lines: LoS operation;
dashed lines: Non-LoS operation.

the LED (Fig. 5), even smaller dimming factors δ ≥ 0.003 are
feasible (corresponding to a minimum perceived light intensity
of 5.5 %), since the average SNR per data symbol, γs, scales
only with δ2 instead with δ3, cf. (21), (22). Corresponding
analytical BEP curves for (V)PPM under the two dimming cases
are presented in Figs. 6 and 7, respectively. Altogether, similar
results are obtained as for OOK, while an increase of the mod-
ulation cardinality to M=64 leads to moderate performance
degradations. Hence, (V)PPM is an attractive means to increase
the data rate by a factor of log2(M) compared to the baud rate
1/T .

For the LoS case, the direct path is clearly dominant (cf. Sec-
tion IV-C). Since the luminaire and the PD are kept in line
when being moved towards the window and the surrounding
walls (Scenario 1 to 3), the contribution of the LoS component
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Fig. 6. Analytical BEPs for M -ary VPPM for different cardinalities M under
dimming case (i), where the duty cycle of the transmitted pulse sequence is
adjusted. Solid lines: LoS operation (Scenario 3, Solo Slim luminaire); dashed
lines: Non-LoS operation (Scenario 1, Solo Slim luminaire).

Fig. 7. Analytical BEPs for M -ary PPM for different cardinalities M under
dimming case (ii), where the supply current of the LED is adjusted. Solid
lines: LoS operation (Scenario 3, Solo Slim luminaire); dashed lines: Non-LoS
operation (Scenario 1, Solo Slim luminaire).

stays the same in all considered scenarios. Scenario 1 leads to
a superior BEP compared to Scenario 2, since the influence of
the direct sunlight (and thus the resulting shot noise level) is
significantly smaller, due to a larger distance to the window.
Scenario 3 also leads to a superior BEP compared to Scenario
2 (and even compared to Scenario 1), since the (horizontal)
incidence direction of the sunlight is no longer perpendicular
w.r.t. the PD area, which leads to a reduction of illuminance
values according to a cosine law, cf. (1). The influence from
changing the luminaire can be seen when comparing the BEP
curves for OOK in Scenario 1. Despite providing a smaller
luminous flux, the BEP for a VLC-enabled Regent Solo Slim
luminaire is slightly superior compared to the Philips Maxos
LED. This is due to the fact that the LCD of the Solo Slim
luminaire is characterized by a larger value in the direction of

the PD, which is 0◦ in this setting (cf. Fig. 3). For all scenarios,
it is found that the average power of the thermal noise is much
smaller than the average power of the shot noise generated by
the impinging sunlight (Nth 	 Nshot).

E. BER Prediction for NLoS Conditions

In practice, it may happen that the LoS path is (temporally)
blocked, for example because the user accidentally places an
object or his/her hand or arm in between the luminaire and the PD
area of the VLC receiver. It is therefore interesting to evaluate,
whether and for which dimming factors VLC might still work
under NLoS conditions.

In the following, we assume that the NLoS signal components
still reach the PD, while the LoS signal component is completely
blocked. Based on the simulated illuminance values for the
NLoS signal components stated in Section IV-C, corresponding
BEP results have been included in Figs. 4–7 (dashed lines). As
can be seen, low BEP values (≤10−6) can still be attained,
however, only for dimming factors of δ≥0.22 for dimming
case (i) and δ≥0.1 for dimming case (ii), corresponding to
minimum perceived light intensities of 46.9 % and 31.6 %,
respectively. Therefore, for the considered scenarios the VLC
link may theoretically still be maintained based on the received
signal energy offered by the NLoS signal components, provided
that the perceived light intensity is not dimmed by more than
50 %.

As can be seen in Figs. 4 and 5, the BER curves for Scenario
1,2 – employing the Regent Solo Slim luminaire – and Scenario
1 – employing the Philips Maxos LED – are very similar for
both dimming cases (refer to Fig. 4 for an enlarged section of the
BEP plot). Without dimming, the resulting SNR values are given
by 32.86 dB, 32.81 dB, and 32.77 dB, respectively. Obviously,
for the NLoS case the different LDCs associated with Scenario
1 do not play a significant role. Comparing Scenario 1 and 2,
both the luminaire and the PD are moved towards the window
(along a centered line), so that the contributions of the reflected
NLoS components and the sunlight are increased to a similar
extent, keeping the SNR basically unchanged. In Scenario 3,
however, the contribution of the reflected NLoS components is
further increased, due to a closer proximity to the walls, while the
contribution of the sunlight is reduced significantly, due to the
change in geometry (cf. Section IV-D). This leads to a notable
improvement of the BEP curve for both dimming scenarios in
Figs. 4 and 5.

F. Accuracy of Light-Planning Simulations

The accuracy of the underlying light-planning simulations
is crucial with regard to the quality of corresponding BER
predictions. Extensive analyses for ReluxDesktop have shown
that simulated illuminance values are typically found within an
uncertainty interval of±5% around corresponding measurement
results [31], [32]. In particular, simulation results of ReluxDesk-
top were validated against experimental reference data for dif-
ferent CIE test cases. In fact, an uncertainty interval of ±5%
allows accurate BER predictions, as illustrated in Fig. 8, where
analytical BEPs for OOK and PPM (with cardinality M = 64)
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Fig. 8. Analytical BEPs for OOK and PPM (M = 64) for Scenario 1 (Solo
Slim luminaire) under dimming case (ii), where the supply current of the LED
is adjusted. Solid lines: Simulated illuminance values; dashed lines: Deviation
from simulated illuminance values by −5%; dotted lines: Deviation from
simulated illuminance values by +5%.

are shown for Scenario 1 (Solo Slim luminaire) under dimming
case (ii). Solid lines represent the corresponding BEP results
employing the simulated illuminance values from Section IV-C,
as presented in Figs. 5 and 7. Furthermore, alternative BER
predictions are included, which would result if the simulated
illuminance value deviated by −5% (dashed lines) or +5%
(dotted lines). As can be seen, the three predicted BER curves
are relatively close to each other, both for OOK and for PPM.
In particular, the resulting uncertainty regarding the feasible
dimming factor is rather small. Corresponding simulation results
for dimming case (i) – not included for the sake of conciseness
– are very similar.

The results in [31], [32] can be further corroborated by means
of an intrinsic accuracy analysis, which is solely based on
corresponding test simulations within ReluxDesktop. To this
end, for a given 3D room geometry and luminaire position of
interest, an LDC is calculated based on physical optics, which –
theoretically – produces uniform illuminance values across all
surfaces within the room, particularly across the entire walls and
the floor surface. A corresponding software tool for calculating
the test LDC is provided by the German Association of Light
Technology (LiTG) [45]. Fig. 9 illustrates the test LDC which
results for the basic setting in Scenario 1. The calculated LDC
can then be imported to ReluxDesktop, and the variation of
the simulated illuminance values across the walls and the floor
surface can be assessed accordingly. For the basic setting under
consideration – which serves well as a reference case – standard
deviations of 11.8. . .11.9 lx were observed for the illuminance
values across the four walls (assessed over 260 measurement
points per wall), while for the floor surface a standard deviation
of 10.2 lx was assessed (over 400 measurement points). These
values correspond to deviations of ± 3.3...3.4% for the walls
and ± 3.0 % for the floor, which matches well with the accuracy
results reported in [31], [32]. Therefore, the BER deviations
shown in Fig. 9 seem to be a good representation.

Fig. 9. Test LDC for the basic setting in Scenario 1 for the intrinsic accuracy
analysis of ReluxDesktop light planning simulations.

V. CONCLUSION

We have addressed error-rate prediction for dual-use lighting
systems with VLC functionality and have devised methodolo-
gies, how realistic receiver SNRs and corresponding end-to-
end BERs can be predicted as a by-product extracted from
advanced 3D light-planning simulation models. As a result,
our BER predictions may be tailored to particular office set-
tings, exemplary positions of a VLC receiver, and specific
light plans of interest – and may start, as soon as the light
design phase regarding the illumination part has been finalized
(captured in a final simulation model). In particular, realistic
LDCs of luminaires, multipath signal propagation as well as
sources of ambient light are included in the 3D light-planning
simulation model, while (automatic) dimming operations may
be incorporated based on our presented SNR analysis. As our
focus was on high-quality dual-use lighting/VLC systems em-
ploying phosphorescent white-light LEDs, we found that ISI
effects can basically be neglected for the considered scenarios,
single-carrier modulation schemes, and practicable electrical
bandwidths.

In order to provide some simple benchmark cases, a basic
office setup was simulated with ReluxDesktop. For the consid-
ered scenarios, it was found that LoS operation is theoretically
possible for rather small dimming factors (for example δ = 0.02
or smaller, depending on the employed modulation scheme
and dimming technique). When planning dual-use lighting/VLC
systems with automatic dimming function, it is therefore impor-
tant to define a suitable lower brightness limit, in order to enable
continuous operation of the VLC part. Furthermore, it was found
that VLC links may even be maintained under NLoS operation,
provided that only marginal dimming is applied – which may
increase user acceptance.

Furthermore, we have shown that based on simulation results
obtained with ReluxDesktop, accurate SNR predictions are pos-
sible. Given a known relation between the SNR and the resulting
BEP – which was exemplified for OOK and (V)PPM – our work
thus enables corresponding accurate BER predictions.

For future work, it will be of interest to investigate more com-
plex modulation schemes, in particular relevant multi-carrier
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schemes, such as optical orthogonal frequency-division mul-
tiplexing (OFDM) – possibly, including water-filling at the
transmitter side, and to simulate more complex office scenarios
or even more general use cases. In particular, it will be inter-
esting to visualize corresponding coverage maps of acceptable
BERs for complex scenarios and to verify predicted coverage
areas against measurements with practical VLC systems. To
this end, an accurate model of the measurement environment
in ReluxDesktop will be required. Furthermore, an extension
of the presented methodology to wide-band light sources with
arbitrary OSPD and/or larger electrical bandwidths will be of
interest. This will also entail the incorporation of ISI effects in
our BER predictions. Finally, since our presented framework
is based upon simulated illuminance values, from which we
deduce SNR values at the receiver (in the optical and in the
electrical domain), it is in principle also suited for investigat-
ing future hybrid classical/quantum schemes for VLC, such as
the one investigated in [46] for an outdoor free-space optical
link (although atmospheric effects are currently not included in
ReluxDesktop).
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