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Abstract—Visible Light Communications (VLC) represents a
new frontier of communications allowing high data-rate Internet
access, specially in indoor environments, where the use of Light
Emitting Diodes (LEDs) is growing as a viable alternative to
traditional illumination. As a result, LED output intensity can
be varied faster than human eye can perceive, thus guaranteeing
simultaneous wireless communications and illumination. One of
the key challenges is the limited modulation bandwidth of sources
that is typically around several MHz. The use of Multiple Input
and Multiple Output (MIMO) techniques in optical wireless
system helps to increase the capacity of the system and thus
improve the system performance. In this paper we investigate
the use of an optical MIMO technique jointly with Pulse Position
Modulation in order to improve the data rates without reducing
the reliability of the link. PPM is known to be Signal-to-Noise
Ratio efficient modulation format, while it is bandwidth inefficient
so the use of MIMO can compensate that drawback with
reasonable complexity. Furthermore, an off-line tool for VLC
system planning, including error probability and transmission
rate, has been proposed in order to solve the trade-off between
transmission rate and error rate. Finally, several numerical
results and performance comparisons are reported.

I. INTRODUCTION AND GOALS

Recently, the scientific community has paid significant
attention to Visible Light Communications (VLC) systems,
since the idea of using the same light source for illumination,
as well as to provide wireless connectivity, may allow a more
flexible way to access the Internet, and makes simple hardware
installation [1], [2].

In this “dual-use” paradigm, VLC offers several advantages
that make it a great complement to the well-established Radio-
Frequency (RF) communications. Among the main advantages
belonging to VLC, we cite (i) the free use of the visible light
spectrum, (ii) the directional nature of optical transmissions
allowing coexistence of many non-interfering links in close
proximity, and (iii) the secure indoor transmission. These
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features enable greater data rate densities [Mbit/s/m?], as well
as improved security, compared to traditional RF systems [3].

In contrast to optical communications in the Infrared (IR)
and Ultraviolet (UV) wavelengths, VLC is safer to human
eyes, because intense visible light triggers the blinking reflex,
preventing prolonged exposures. Much higher transmission
powers are then allowed by eye safety regulations [4]; as a
result, the ubiquity and the high illumination levels required
for indoor lighting bodes well for VLC to provide area
coverage and link robustness at high receive powers, even in
absence of Line-of-Sight (LOS) links.

Bandwidth-efficient encoding schemes, such as Pulse Am-
plitude Modulation (PAM) and Quadrature Amplitude Modu-
lation (QAM), are also used to increase data rate, assuming
that a higher requirement for signal power is met. These have
been combined with Discrete Multi-Tone (DMT) modulation
to reach data rates of more than 800 Mbit/s in the lab [5], [6].
The main drawback of bandwidth-efficient modulation
schemes and multi-carrier schemes such as DMT is power
inefficiency. This inefficiency is twofold. First, the QAM-like
modulations loaded on sub-carriers are power inefficient, and
second there is the requirement of additional energy to map
the constellation in the first quadrant, and so a bias light
is needed. Even if in the literature some schemes proposed
an interesting modified version of DMT reducing the bias
requested for enabling transmission (see [7] and [8]), they well
perform under the assumption of Additive White Gaussian
Noise (AWGN) environment without taking care of path-loss
(that in general reduces the distance among symbols) and,
more, these contributions do not solve the lack of power
efficiency typical of QAM modulations operated on OFDM
sub-carriers.

A way to improve system performance may be the use of
diversity. This requires the knowledge of how many and which
LEDs are able to serve an end-user especially in large rooms;
as a consequence, information about positioning is mandatory.
However, having a module for transmission/reception and
one for positioning can be costly. This strongly motivates
the use of on-off schemes, such as Non-Return-to-Zero or
Pulse Position Modulation (PPM) for VLC, since it can be
used both for positioning and transmission. Moreover, in this
contribution we consider only downlink transmission even if,
it is reasnable that in the near future also optical wireless
uplink will be considered. Hence it is expected a grow of the
need of power efficient modulation formats [9], [10]. Finally,



PPM transmission can be helpful for localization by using
the same transmitter controller (see [11]), and it is interesting
to evaluate how this Signal-to-Noise Ratio (SNR)-efficient!
modulation can be stressed in terms of transmission rate.

A. Related Work

In indoor environments, illumination is typically provided
by arrays of “white” LEDs working as sources that can provide
sufficient light to achieve an illumination of [400-800] lux
at the height of a table [12]. In such systems, high power
levels are available for communication, leading to very high
SNR channels [13] as compared to traditional IR free space
communications. However, when ’white’ phosophor-converted
LEDs are used, the modulation bandwidth is limited to several
MHz, due to the slow response time of the yellow phosphor
that is used to generate part of the white light spectrum.

For implementation simplicity and cost, Otical Wireless
(OW) systems for indoor use will employ single-element
transmitters and receivers. However, the adoption of MIMO
solutions have the potential to substantially improve capacity
by the use of laser and photodiode arrays so that incoming
data is parallelized and transmitted over multiple beams. OW
MIMO links require spatial alignment among the transmitter
and receiver arrays in order to avoid interference between
the channels or techniques to subsequently resolve signal
overlap at the receiver. On the other hand, in OW MIMO
link, a Spatial-Light Modulator (SLM) can be implemented
as a transmitter, and an array of optical intensity receivers as
a single receiver, so that data is sent by creating a series of
two-dimensional optical intensity images (see [14]).

MIMO techniques are largely used in radio communica-
tions [15], where scattering and interference create channels
decorrelated from each another. This allows MIMO channels
having higher capacity than the Single Input Single Output
(SISO) scheme. The availability of a large number of high
SNR channels with low bandwidth makes MIMO techniques
an attractive solution for achieving high data rates, resulting
in data transmissions in parallel between multiple sources and
multiple receivers. In this regard, in [16] a MIMO VLC system
architecture has been proposed, with the aim of maximizing
capacity, while maintaining illumination requirements.

The use of MIMO together with a space-time coding
technique can provide large gains in spectral efficiency. For
instance, reference [17] combines Orthogonal Frequency Divi-
sion Modulation (OFDM) with Spatial Modulation to provide
better spectral efficiency. MIMO can highly increase the trans-
mission capacity of a wireless optical communication system,
while not excessively increasing the spectral bandwidth [18].
Moreover, through the use of spatial diversity it is possible to
mitigate channel fading.

A recent trend emerging in VLC systems research is the
use of organic devices i.e., organic photodetectors (OPD),
and organic LEDs (OLEDs) [19]. Organic small molecules
and polymer photonic devices are the focus of wide ranging

'We use the term SNR-efficient to indicate that an orthogonal modulation,
as PPM, requires lower SNR for an assigned error rate when the number of
symbols of PPM increases.

research due to fascinating characteristics such as mechanical
flexibility, and very low cost solution-based processing. More-
over, the use of organic devices in VLC systems promises
high luminous efficacies of 100 Im/W, which are into line
with traditional white LED luminous efficacies (i.e., around
120 Im/W). In [20] Haigh et al. present an experimental
demonstration of a MIMO VLC system comprised of four
silicon (Si)-LEDs and four OPDs using On-Off Keying (OOK)
modulation format that can reach a data rate of 200 kb/s
without the need for equalization. Then, through the use of an
artificial neural network, which has been assessed as the most
effective method for reducing Inter-Symbol Interference (ISI)
induced by a communication channel, the bit rate increases to
1.8 Mb/s. In order to increase the data rate of a VLC system,
Haigh et al. [21] exploit equalization techniques. They present
two VLC links comprised of (i) a (Si)-LED, and an OPD,
and (ii) an OLED plus a Si-PD, and implement digital FIR
post-equalizers with and without distortion. For both systems,
the bit rates achieved are 750 kb/s and 550 kb/s, from a raw
bandwidth of 30 kHz, and 93 kHz, respectively.

Because OW signals, unlike RF, are intensity modulated
and non-negative, the signal mapping for OW must be treated
differently. For shorter range systems, Jivkova et al. [22]
proposed a novel MIMO approach to model an indoor sys-
tem, and focused on the capacity of a MIMO system. The
possibility of using MIMO transmission/reception schemes for
OW systems has been already introduced in [23], considering
a MIMO-LED scheme based on imaging with 4 LEDs and
4 photodiodes. Also in [24], a MIMO approach has been
assumed by evaluating performance of different modulation
schemes under the hypotheses of both alignment and unaligned
alinks mong LEDs and photodiodes.

A number of indoor optical wireless studies and experiments
have been undertaken [25]-[33]. In [25], Fath and Haas com-
pare the performance of MIMO techniques applied to indoor
optical wireless communications, under the assumption of
Line-of-Sight (LOS) channel conditions. Several 4 x 4 setups
with different transmitter spacing and receiver array positions
are considered, as well are different MIMO algorithms i.e.,
Repetition Coding (RC), Spatial Multiplexing (SMP), and
Spatial Modulation (SM). The SM approach is a combined
MIMO and digital modulation technique. Results have as-
sessed that SM is more robust to high channel correlation,
as compared to SMP, while enabling larger spectral efficiency
as compared to RC. However, in [34], the authors show
significant performance improvements over the work in [25],
by using imaging receivers.

SM has recently been established as a promising transmis-
sion concept [27], [28], belonging to the single-RF large-
scale MIMO wireless systems family. Indeed, SM can be
regarded as a MIMO scheme that possesses a larger set of
radiating elements, and takes advantage of the whole antenna-
array at the transmitter, whilst using a limited number of
RF chains. In this way, SM-MIMOs can provide high-rate
systems. Again, Fath and Haas in [26] have addressed the
performance of optical SM, while using narrow wavelength
(colored) LEDs. Indeed, they proved that colored LEDs can
improve the performance of SM by more than 10 dB, due to



the fact that the responsivity of photo-diodes is a function of
the optical wavelength.

In reference [35], results from several indoor communi-
cations experiments are reported, considering a four channel
MIMO system using “white” LEDs. Moreover, in [36], Park et
al. design a spatially multiplexed optical wireless MIMO sys-
tem, which supports two data streams simultaneously based on
the singular value decomposition of the channel matrix and the
adaptive modulation. The goal is to maximize data rate under
the constraints of non-negativity, summed optical power, and
the target BER. They also propose a new allocation method
to find the optical power, the offset, and the modulation size
for each data stream for optical wireless MIMO channels.

Experimental studies related to VLC systems have been
presented in references [37]-[40]. In [37], Burton et al. provide
a demonstration of an indoor non-imaging VLC MIMO system
that can achieve a bit rate of 50 Mb/s over a distance of 2 m.
The system has been assessed for different detection methods
i.e., from the basic channel inversion to space-time techniques.
In [38], Wu et al. demonstrate a 1.1-Gb/s VLC system employ-
ing Carrier-less Amplitude and Phase modulation (CAP) that
is the scheme of QAM for single carrier systems. Using CAP
modulation, two orthogonal signals do not need overhead and
carrier; indeed, the CAP modulation is carrier-less, and then,
it is more suitable for band-limited intensity-modulated single
carrier systems.

In [39], Khalid et al. demonstrate a VLC system comprised
of a white LED and an avalanche photodiode (APD) receiver,
achieving a data rate of 1 Gb/s at a standard illuminance level
and with a BER of 1.5x 1073, The proposed approach uses an
optimized DMT modulation technique, and adaptive bit- and
power-loading algorithms. Finally, in [40], Choi et al. provide
experimental results for a low data rate VLC system, by using
PPM and PWM (Pulse Width Modulation) formats, respec-
tively for data communications and dimming. The authors
demonstrate that in a typical indoor environment, independent
control of light dimming is possible while transmitting data,
under the assumption that the PWM dimming period is an
integer multiple of the PPM slot duration.

On the use of techniques based on angle diversity on the
receiver, Tsonev et al. [41] investigate how to enhance MIMO
OW systems by exploiting such an approach. The authors
illustrate a MIMO OWC system with an angle diversity re-
ceiver comprised of multiple detector elements. Such receivers
are able to successfully identify transmitter directions, since
at any given time, each transmitter is within the Field of
View (FOV) of at least one detector. The authors investigate
scenarios including 4 x 4, and 16 x 16 MIMO configurations.

The use of diversity techniques, such as Maximum Ratio
Combining (MRC), can further enhance the performance of
the optical wireless system, and Space-Time Block Coding
(STBC) MIMO techniques have proven to be very promis-
ing [15]. As an instance, in [42] Ntogari et al. introduce a
diffuse Alamouti-type STBC for MIMO system, and exploit
DMT in order to mitigate the effect of ISI due to the channel’s
impulse response. The performance of STBC systems, em-
ploying two transmit elements, is compared against SISO and
MRC systems. It has been proven that STBC techniques can

be used to (i) increase the capacity of diffuse optical wireless
systems, (if) improve their coverage, and also (iii) decrease
the required optical power at the transmitter.

Furthermore, in [43] a Multiple-Input Single-Output
(MISO) scheme has been considered, working jointly with
PPM. In this contribution, space-time coding it is not adopted,
while different symbol mapping is used to guarantee reliable
performance in terms of error probability. The scheme is
simple to implement, even if it does not consider imperfect
channel estimation available at the receiver i.e., the channel is
not perfectly known at the receiver.

Moreover, the works in references [44]-[47] deal with an
approach for merging PPM and MIMO. Specifically, they
propose schemes employing Ultra Wide Band radio techniques
in order to translate the full diversity criterion, originally devel-
oped for non orthogonal modulations [48], for the orthogonal
modulation case.

Lastly, the approaches following in references [49], [50]
and [51] resort to repetition coding jointly with the use of
MIMO, and also compare the performance obtained with con-
ventional STBCs even though both [50] and [51] require the
use of lasers because they are proposed for outdoor scenarios.
Interestingly, these schemes perform well from a BER stand-
point, but do not focus on transmission rate reduction with
respect to conventional STBC schemes required to achieve the
error rate gain. In other words, they aim at optimizing BER
despite performance degradation in the transmission speed.

B. Goals

The main motivation behind this work is to give an addi-

tional element in the literature panorama for another possible
candidate enabling Light-Fidelity (Li-Fi) wireless connec-
tions [52] as a form of VLC. In this paper we propose a
MIMO-LED architecture with STBC based on PPM modula-
tion, with a special focus on flexibility; the system we propose
is able to meet constraints in terms of Bit Error Rate (BER),
as well as transmission rate.
Several contributions in the literature, mainly related to RF
links and dealing with STBCs, emphasize the ability of these
codes to allow very low BERs with interesting power saving
properties. In fact, the behavior of such codes is to present
a relationship between SNR and BER (or Error Probability)
that is, in the best case (see [15]), Pr{e} o« (c- SNR)~%v,
where c is the so called coding gain, and div is the product
of the transmission and receive elements (full diversity). This
gain can be achieved at the expense of a transmission rate re-
duction, since not all the codewords combination possibilities
are explored. On the other hand, SMP uses all the possible
codewords combinations, so maximizing the transmission rate
without (necessarily) achieve full diversity.

This paper tries to follow the so called via media that
is the road in the middle between high transmission rate
and reliability. In fact, the proposed scheme is flexible since,
starting from (possible) requirements in terms of rate and error
probabilities, it offline maps bits in the the codewords, meeting
these constraints according to the (information conservative)
criterion of Trace Orthogonal (TO in the following, see [53]



where TO has been proposed for non-orthogonal modula-
tions), which is able to give rise to a reliable error probability
performance, evaluated via union bound based on pairwise
probability. The use of PPM modulation format is driven
by i) its sufficiently simple implementation that it is not so
different from the widely used OOK, even if the performance
is better and ii) its capability to be SNR-efficient, that is, BER
decreases when the number of PPM symbols increases [54] at
the expense of rate that can be compensated thanks to the
use of spatial diversity. Furthermore, PPM allows the space-
time matrix to have some interesting properties [11], as it will
be highlighted in the next sections. Furthermore, PPM carries
information on delay and this last is strongly related to position
acquisition (see [11]). In fact, generally it is not assured that
all the LEDs in a room can offer connection to a device and,
in this sense, having information about position can help to
select the LEDs for performing space-time coding. In other
words, the knowledge of receiver position can be useful in
those scenarios characterized by large rooms and high number
of LEDs, since it is possible that only few LEDs can serve
the reference user. This justifies the need for positioning so
as to select those LEDs able to operate the STBC for the
reference user, and PPM can aid this operation. Finally, some
impairments will be considered, as the effect of imperfect
channel knowledge, and propagation environment reflecting
on channel delay spread and also spatial correlation.

This paper is organized as follows. The analytical model
is introduced in Section II, where we give background on
existing VLC approaches for indoor wireless communications,
including a description of the relevant characteristics of the
channel model. In Section III, we define the proposed MIMO-
LEDs architecture based on PPM-STBC technique, and also
address considerations on modeling of receiver architecture. In
Section IV, numerical results are expressed in terms of BER
and achievable data rates. Finally, conclusions are drawn in
Sect.V.

II. INDOOR OPTICAL WIRELESS COMMUNICATION
ESSENTIALS

All optical wireless communications, including VLC, use
Intensity Modulation and Direct Detection (IM/DD). We con-
sider the following link model, in which a desired transmitted
optical intensity waveform x(t) of T}, [s] time duration arrives
distorted at a photodiode receiver. It will produce an electrical
current y(t) proportional to x(¢), whose expression is:

y(t) = rAcx(t) = h(t) + w(t), (1

where r [A/W] is the responsivity of the photodiode, A, [m?]
is the effective receiver area, h(t) is the convolutive channel
impulse response, and w(t) is whole noise due to ambient
light, nominally Poisson distributed [55] and additive white
Gaussian thermal noise. About the impact of different factors,
A, depends on the actual photodiode area, the angle of light
incidence, and the concentrator used [56], [57]. Also, the
responsivity r varies with the color spectrum of the light that
is incident on the photodiode surface, which in turn depends
on the spectrum of the LED source, as well as on any color
filter used at the receiver.

For sufficiently low rates, i.e., R [bit/s] of the order of few
Mb/s, the channel is close to be ideal (i.e., h(t) = Hod(t)),
while for higher rates, the signal distortion becomes important
and not negligible, since it may cause inter-pulse (and/or
inter-symbol) interference. A very good short-hand predictor
of optical link performance in the presence of distortion is
root mean square (r.m.s.) delay spread of the response h(t).
Namely, r.m.s delay spread must be short compared to the
symbol time (i.e., T, = R™!), in order to avoid significant
effects from ISI, [58].

Dealing with channel modeling, “white” and “blue” channel
impulse responses are represented by h,, (t) and hy(t), respec-
tively. The term h,,(¢) includes distortions introduced by (i)
the “white” LED i.e., g,(t), (ii) the free-space signal prop-
agation, including multipath i.e., g;(t), and (iii) the receiver
ie., g-(t), as follows:

h () = gu(t) * g (t) * gr (1) 2)

As mentioned early, we consider “white” LEDs optimized
for illumination and, as a result, the choice of design parame-
ters is very limited. Indeed, currently available “white” LEDs
are constructed from a ~ 450 nm “blue”” LED chip encased in
a phosphor material that converts blue light to a broad spec-
trum yellow. The combination of the blue light that escapes
unchanged, plus the yellow phosphor light, appears white
to humans. Only the blue component is modulated directly,
while the yellow one responds to blue pulses with a delay
and a longer phosphorescence effect. This is mathematically
expressed by means of the following “white” LED impulse
response g,,(t), as a combination of multiple terms:

Guw(t) = gu(t) + gy (1), 3)

where g,(t) and g, (t) are respectively the blue and yellow
portions of “white” LED response g,,(t), corresponding to a
3-dB modulation bandwidth of about 2 MHz (see [59] and
[60]). The blue portion g,(t) intrinsically may have a 3-dB
bandwidth up to 20 MHz, which can be accessed by removing
the yellow contribution by using a 450 nm bandpass optical
filter placed in front of the receiver. This allows to represent
the “blue” channel impulse response hy(t) as:

ho(t) = gu(t) * g5 (t) * g (1), O]

which implies a lower received signal power in blue range
than the white, mainly due to removing g,, which is the
slower modulated signal emitted by the phosphor at longer
color wavelengths 2.

In our model, we will use the approximated response for
a “white” Luxeon Star LED, as measured in [59], which is
quite representative of other LEDs. The fit for the blue-only
channel is Gp(w) = e~w/wi with wy = 27 x 15.5 x 10° rad/s.
This approximation gives g,(t) with a r.m.s. delay spread of
10.2 ns 3. For the “white” modulation response, it can be

2Note that this filter also reduces shot noise by rejecting DC ambient light
in the environment at those wavelengths.

3These values come directly from the LED and photodiode considered in
the paper and, more, from the channel model.



approximated similarly as:

Gute) = {

where wy = 27 x 3.26 x 10%, w3 = 27 x 10.86 x 10° and
we = 2m x 108 rad/s. The corresponding delay spread is
47.5 ns. The free-space channel g;(¢) has a relatively smaller
delay spread, though it depends on whether the link is (i)
Line-Of-Sight (LOS), or (if) Non LOS (NLOS, also known as
“shadowed”) [54].

Leveraging these considerations, we can resort to the classi-
fication provided by Kahn and Berry [54], and consider three
different cases of interest for channel modeling:

1) Directed LOS channel (LOS), with attenuation but neg-
ligible multipath component, i.e. g¢(t) ~ Hod(t). This
type of channel occurs with short distance LOS links
(around tens of centimeters), [59];

2) Non-Directed LOS channel (ND-LOS), with LOS com-
ponent but also significant delayed components due to
reflected secondary paths. The energy is spread over
time, resulting in a reduction of the converted current
at the photodiode. This scenario matches well with a
transmission at [1-2] meters so the diversity gain is
expected to be higher than that of LOS;

3) NLOS channel or diffuse (NLOS), with no LOS paths
due to shadowing. The link relies on collecting only the
reflected paths, leading to inter-symbol and inter-pulse
interference. Moreover, pulse overlapping can occur if
the PPM transmission rate is higher with respect to
(w.r.t.) the reciprocal of channel delay spread. The
diversity gain is then expected to be high, and in the case
of very high PPM rate for single LED scenario, equal-
ization is required. However, in the proposed MIMO-
PPM approach, no equalization is expected since our
technique can increase rate without stressing the time
domain.

Notice that a receiver can be chosen to greatly outperform
the LED and the channel in terms of bandwidth. For example,
Minh et al. in [59] use a 15 mm? active area PIN receiver with
a 77 MHz bandwidth. Therefore, we can assume g, (t) = d(¢).
This assumption is in line with the simultaneous use of blue
component and simple post-equalization techniques like that
proposed in [59].

A typical behavior for the channel impulse responses is
depicted in Fig. 1 for the cases LOS, ND-LOS, and NLOS. We
notice that LOS presents higher gain, and exhibits lower delay
—for the first path—, while ND-LOS and NLOS present lower
gain (i.e., higher attenuation), while having higher delays. This
plot has been obtained by posing the reference receiver in
different places in the room —corresponding to a grid mapping
the entire 6m x 6m room with distances of 0.25 meters—, and
we also averaged the received signal power by dividing the
propagation environment in the above three different zones
(i.e., LOS, ND-LOS, and NLOS). These results are obtained
by channel modeling simulations using CandLES (see [61]
for exhaustive details). The simulation considers reflections in
a ray-tracing like fashion including the presence of obstacles
such as walls and furniture.
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TABLE 1
MODEL PARAMETERS

LED Transmitter

Maximum transmit sum power 1 W
(white) Py
Beam angle 45° FWHM (Full Width Half Maxi-

mum)
Room setup
6m X6 m x3.2m
0.8
5.8uW/(cm? x nm)
(2,2), (2,4), (4,2), (4,2)

Dimensions (I X w X h)
Surface reflectivities
Ambient (DC) irradiance
4 LEDs coordinates

Photodiodes spacing 20 cm
Receiver
FOv 90°
Area 15 mm?
Lens gain factor 2.2
Effective area A, 33 mm?
Optical filter 450 = 20 nm, 60% through
Responsivity @450 nm 0.2 A/W
Responsivity @650 nm 0.4 A/W
Load resistor 750 Ohms

"|——ros
—s— ND-LOS
—— NLOS

Log] 0 Power
S

Il Il
0 10 20 30 40 50 60 70
Delay [ns]

Fig. 1.  Log-description of power received in LOS, ND-LOS, and NLOS
propagation environment.

The details about LEDs and photodiodes, as well as re-
flectivities and other parameters, are reported in Table 1. The
CandLES software simulation provides the multipath impulse
response at each receiver. The channel model used by Can-
dLES is able to combine signals from multiple transmitters as
measured at multiple receivers. This functionality is currently
used for volumetric analysis of communications performance,
and modeling of synchronized or array-based LED transmit-
ters. As an example, situating multiple autonomous transmit-
ters into the environment will allow CandLES to quantify the
interference among them.

III. TRACE-ORTHOGONAL MIMO-PPM

Before describing the proposed approach, recall that the
features that a good communication system must retain are



high transmission rate and low error rate. It is well known
that these metrics must be traded off. We focus on achieving
a minimum (not low) required rate using MIMO and STBC,
under a constraint on bit error probability.

We start from a model where the channel is flat w.r.t. the
frequency response (i.e., LOS scenario). We assume np and
ng as the number of LEDs and photodiodes at the transmitter
and the receiver sides, respectively. The wireless-optical link
is characterized by different LEDs placed on the ceiling of
a room. The LEDs are required to be positioned such that
sufficient light coverage (illumination) is provided and that the
LEDs can reliably provide communication, and when defined,
reduce ambiguity in indoor positioning (e.g., [62]). Moreover,
the LED placement should be achieved to guarantee diversity
gain, that is, spatial uncorrelation among channels. As will
appear clearer in the following, the channel features strongly
influence performance not only in terms of attenuation.

In our scheme, the received signal can be written in the
following way

Y=XH+W, 6)

where Y is the [L x ng] matrix collecting the L-PPM symbols
received by the ng photodiodes and H is a [nr x ng] matrix,
where each element in the position (7, ) is the channel path
between the i-th transmitting LED and the j-th receiving pho-
todiode. The term W is a [L x ng] matrix, describing thermal
and ambient noise. Last, X is the STBC [L x ny| matrix that
carries information according to the cardinality of L-PPM and
the number of transmitting LEDs. As previously anticipated,
PPM is chosen for its easy implementation, since the circuit
generating pulses is the same as for On-Off Keying. It is well
known from the literature that PPM is a good modulation
format for reducing BER, while it has poor performance in
terms of rate. This effect is counterbalanced by the use of the
MIMO architecture, as it will be shown later in this work.

Equation (6) is a discrete-time representation of what is
present at the receiver photodiodes. Each of the npr pho-
todiodes receives np analog signals coming from the np
transmitting LEDs and filtered by the channels. The analog
baseband signal can be represented by resorting to (1), where
X (¢) is the signal emitted by a generic LED. When multiple
LEDs are available at the transmitter side, the columns of
X are the discrete time representation of what is emitted by
the LEDs. In particular, by selecting the i-th column and by
spanning its elements, we can identify what the i-th LED
is transmitting; whereas by observing the n-th row, it is
possible to appreciate, at n-th time, what all available LEDs
are emitting.

The corresponding (analog baseband) signal i.e., y;(t),
measured at the output of the j-th receive photodiode* over
a signaling period T = T, + T, (with T}, the pulse period,
and being T, a guard-time interval), can be expressed in its
general form as

1 &

yi(t) = N ; haj(t) * XD (t) + W;(t) =

4We assume a uniform distribution of the light on the surface of photode-
tector.
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n=0

with 0 <t < T, 1<j <ng, (7)

where w;(t) are the noise components at each receive photo-
diode, h;;(t) is the continuous time channel impulse response
related to the channel from the i-th LED to the j-th photodi-
ode, while h,,(7, j) is the amplitude of one out of (V' +1) paths
associated to the 7, (¢, ) delay of h;;(t). The normalization
is to reconcile the need for equal power transmitters, that is,
to compare links with the same power emitted. Moving from
y;(t) to y;[n] can be obtained by sampling the output at the
pulse period T}, as

yiln] = yj(t)|t:[%+nTp]7 0<n<L-1 8)

The element y;[n| is the row vector representing what we
receive at n-th discrete slot on each of L available photodiodes.

Concerning the propagation scenarios, as described in the
previous section, we distinguish that in the LOS case, the chan-
nel matrix can be represented by scalar coefficients h;j;, due
to a very small channel length modeling the link connectivity
among very close transmitting LEDs and receiving photo-
diodes. This reflects on good values —i.e., low attenuation—
of coefficients and severe path diversity loss. For the ND-
LOS case, the reduced current at the photodiode means that
the components of Y are smaller: this reflects on higher
importance of the noise term since the X components are more
attenuated. Lastly, the NLOS scenario models the partial / total
absence of alignment between LEDs and photodiodes [24], and
this may cause pulse overlapping if the PPM transmission rate
is higher than the reciprocal of channel delay spread.

In regard to channel features, notice that different propaga-
tion scenarios imply different received signal properties. We
make a special distinction between path diversity and spatially
singular channels. When a LOS channel is considered, it is
possible to have high spatial correlation so giving rise to only
coding gain and no diversity gain. This does not mean to have
singular channel matrices. On the other hand in the NLOS
scenario the statistical uncorrelation among paths is highly
possible.

A. Space-Time PPM Block Coding with rate issues

The matrix X logically describes the presence of a pulse on
the time axis and the space (due to the LEDs’ deployment).
By considering the signal period 7j, the time length of
each column is L - Ts. Thus, the maximum rate in Spatial
Multiplexing is

— 1 nrt

Rsy = LT, log, (L), ©
which becomes Rgy = T;l in the case of np = 2 and
L = 2, while for a single LED link (i.e., np = 1) the data
rate is R = 0.5 - 771, Notice that an increase of L without
reducing 7T decreases the value of R, while an increase of
the number of LEDs / photodiodes increases the rate. So, the
achievement of high rate values is due to both the possibility
of having several LEDs / photodiodes, that can be installed



also in small rooms, and the LED ability to quickly operate
the electrical-to-optical conversion, this latter related to the
modulation bandwidth of LEDs.

The expression given in (9) does not take into account the
estimation of the channel. Without explaining here the rational
leading to estimate the channel, we can anticipate that the
transmission is frame-oriented with a frame length of IV slots.
Each frame is comprised of a number of N, slots (with N, <<
N), dedicated to channel estimation, while N, slots (i.e., Ny =
N — N.) are used for data transmission.

Notice that, starting from the value of 7, we can argue
that the need for a new channel estimation is due when the
channel changes, and this happens after a time Tipanner [S]-
This value can be of the order of seconds since it depends
on two main aspects. The first one is represented by the
changes of propagation environment due to modifications in
the room (e.g., people walking, tables and reflective objects
close to transmitter or receiver), while the second aspect
is the user mobility. For the latter aspect, a sensor able to
measure the receiver movement can be taken into account so
to proceed with channel estimation when something changes.
A conservative way of setting the time to wait for a new
estimation is essentially due to the speed of a (pedestrian)
user; so half a second can be a reasonable value. The value
of N is given by N = |Tehannet/LTs].

The information-based transmission rate i.e., the rate of the
data transmission by considering that some symbols are used
for channel estimation, can be written as

R SR
(NaNe) = (N + No)L - T,

In the general case of np transmitting LEDs and L-PPM
modulation, the maximum number of possible matrix code-
words (when SMP is considered) is L"7, and the [-th matrix
(with [ < L"T € RY) is given by

(OB (ORE OR

log, (L™7T). (10)
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which, in a more compact form, can be expressed as

C, = {Cgl) Cg) c§-” Cﬁf;} 7 (12)

being cy) the [L x 1] column vector representing the signal
emitted by the j-th LED (related to the [-th codeword), under
the following two constraints:

L

S -1

i=1

and ¢ € {0,1}, (13)
thus meaning that each column vector must contain all zeros
with the exception of a sole 1. The expression used for eval-
uating rate implicitly contains some performance parameters

like L, np together with Ny + N, and 7. Since SMP allows

high bit rate without taking care of error probability, in order to
accomplish the task of achieving a minimum required rate, and
guarantee a (required) maximum bit error probability for an
assigned transmitting power, we must tackle with the following
problem 3:

find a STBC, (14a)

L nr
s.t.ZZcx)cgn) =0, l#m, meM, M =M,

i=1 j=1
(14b)
R*LTs(Ng+Ne)

M>2 Ng , (14¢)

L
Sl =1, and Y € {01}, (14d)

1=1
Pr{e} < Pr{e}". (14e)

The first constraint is related to the choice of proposing
codewords retaining the property of being trace orthogonal
(see [53] for a non-orthogonal modulation case), that is, having

0 j#i

o j=i 4>

The number of codewords must be at least M — the
minimum value (from (14c)) required to achieve the minimum
rate R*. Moreover, M is the cardinality of 91 that is the set
containing all possible codewords retaining the property of
being trace orthogonal. The constraints in (14d) are the same
as reported in (13), while the last constraint (14e) is related
to the error probability, whose expression will be detailed
in Subsection III-C, once introduced the receiver structure in
Subsection III-B.

The above problem is not feasible for each value of R*
and Pr{e}* (and also optical transmission power). Moreover,
without the constraint (14d), it is also possible to have
multiple pairs (L,np) guaranteeing the minimum rate R*,
even if each pair can lead to different Pr{e}.

Remark - On illumination issue

Before providing a simple example, let us remark here that
we do not consider illumination in the above problem. The
additional constraint should be on the received power at
photodiodes expressed in lux (or equivalently in Watts).
In this context it seems that PPM, exhibiting low Peak to
Average Power Ratio (PAPR), can induce flickering and/or
dimming. In this, we must differentiate the light emitted by
LEDs and the light perceived by human eye. By resorting
to the second Bloch’s law (see chapter 3 in reference [63])
stating that the human eye is unable to distinguish two light
flashes as different if they are sufficiently close in time. With
operating frequencies well exceeding 1KHz we can argue
that the light received by the human eye will be perceived
as continuous. Moreover, since we deal with MIMO-PPM,
there is always one LED in an ON state, so this solves the
illumination issue.

3To be solved offline, when the VLC system is provisioned and installed.



A quick and simple example is that obtained by assuming
a (L = 2)-PPM, performed over (ny = 2) LEDs; the matrix
dimension is then [2 x 2]. The maximum allowed number of
matrix is L™” and the codewords are listed below

1 0 0 1
Cl_|:0 1:|7CQ_|:1 0:|7

11 0 0
ooV 1]

By using all the matrices it is possible to achieve SMP while
selecting only matrices Cs and C,, and also it is possible to
achieve an orthogonal space-time block coding (in fact we
have CgTC4 = 02x2). Having Orthogonal STBC (OSTBC)
means having TO-STBC. Using C; and Co allows having
TO even if it does not guarantee OSTBC. This leads to use
only 2 codewords, while the simultaneous use of 4 codewords
allows achieving twice the data rate.

Cs = (16)

B. Receiver Architecture

Before introducing the receiver architecture, we analyze
the properties retained by the space-time block codewords.
As stated in the constraint (14.a), the codewords are trace-
orthogonal. Usually this property is not guaranteed at the
receiver since the rows and columns of the transmitted coder-
words are mixed by the channel. As a consequence, the
channel knowledge at the receiver is fundamental to perform
a correct detection/decoding process.

It is reasonable to assume that some pilot pulses can be
transmitted, allowing the receiver to acquire sufficient infor-
mation about the propagation environment. The receiver is
comprised of two different logical operations that are (i) the
channel estimation, and (ii) the data detection, as depicted in
Fig. 2.

Channel estimation
The channel estimation task requires special training se-
quences. By considering the channel representation in (6), it
appears evident that for a matrix C equal to identity (i.e.,
when L = nr), the received matrix Y equates (H+W),
thus meaning that in the estimation procedure the only source
of error is noise. This implicitly means that a number of L
symbols (with L equals to nr) is needed for the estimation
procedure.

Let us observe the receiver architecture depicted in Fig. 2.
At the i-th photodiode, the i-th signal is filtered by an
integrator bank, in order to compare it with m(t) that is
the receiver mask (in this case, set equal to z(t), so as to
implement the matched filter). Moreover, each integrator is
time-shifted, so that it can capture the energy on different
L-PPM symbols/intervals; this is operated by each branch
corresponding to each photodiode.

The matrix combiner collects all the filter outputs that
represent the estimated channel paths. This simple estimation
requires only np - T, seconds,® under the simplifying
assumption of a flat (frequency) channel, which is reasonable

5This expression is due to the single receiver, which receives ¥ = H,
in low noise condition. Thus, the channel is obtained by the output of each
photodiode.

j ’ (~)m(t)dt -

24
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Channel
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Fig. 2. Block scheme of the receiver architecture. The ¢ inputs are
the signals received by mp photodiodes, with ¢ = {1,2,--- ,ng}, each
one filtered by an integrator bank. The matrix combiner collects all the
filter outputs representing the estimated channel paths. The matrix (pseudo)-
inversion operation is adopted for data detection.

in very short range applications. Otherwise, mechanisms such
as presented in reference [59] can reduce the delay spread,
confirming the importance of channel estimation. This kind
of estimation can be also improved via the transmission of
more extensive pilot symbols (corresponding to NN,), so as to
gather more energy. One important issue is related to how
frequently pilot symbols are required to be sent in order
to acquire channel information. The pilot rate, that is the
rate used for sending pilots, depends on channel coherence
time. We can argue that changes incur over a time horizon
of seconds since the channel changes due to (i) movements
performed by the receiver (user) or (ii) reflecting objects in
the room. So setting pilot rate of the order of half a second
should be sufficient to have sufficiently fresh estimates. W

Data detection
In the more general case of signal spread by the channel, the
performance of the estimator is strongly affected by synchro-
nization. Under the quite satisfied assumption of minimum
phase channel [59], we are required to have synchronization
and a sufficient guard time in order to avoid pulse overlap
and also a good estimation of the main path. Minimum phase
channels are characterized to have main paths in the first
samples. In order to avoid temporal IS, it suffices to introduce
guard times. However, if the channel is not minimum phase
and presents long delays and main components in the middle



of channel impulse response, the guard times are not suitable,
and other mechanisms (e.g., cyclic prefix), should be used.
As stated before, the presence of the channel mixes the
spatial components, and even in the absence of noise, the
trace properties of the matrices are altered due to channel.
This suggests to spatially solve the channel by inverting it
via a matrix inversion operation (in the case of squared
matrix), or via the use of a pseudo-inverse matrix (used for
rectangular matrix), as shown in Fig. 2. From a computational
point of view, this operation is inexpensive because it can
be implemented through a shift register storing data and a
simple algorithm (e.g., QR or Singular Value Decomposition)
to operate the pseudo-inversion before a matrix product.
After the optical-to-electrical conversion operated by the
photodiode, the received matrix Y should be processed in
order to obtain a decision variable (i.e., Z) defined as follows

Z =YH! =X + WH?, a7

where the symbol ¥ means (i) inversion or (i) pseudo-inversion
operation, depending on the matrix dimension i.e., (i) squared
or (ii) rectangular, respectively. This is a spatial Zero Forcing
procedure (ZF).

Once obtained the decision variable Z, the decided code-
word will be

C = argmax Tr{CT Z}. (18)

(2

This decision mechanism directly comes from reference 17.
When the space-filtered noise WH? in (17) is negligible, Z
approaches X, and since the matrices are trace orthogonal we
can recognize the transmitted codeword. Finally, the detection
mechanism is applied to N, consecutive matrix codewords.
Notice that the following three steps: i) matrix inversion, ii)
the product of the received matrix by the pseudo-inverse, and
iii) data detection are quite simple to implement and not
costly from a computational standpoint since L and np,ng
are limited to be in the range [2, 16] for L, and [1, 16] for np
and/or npg.

One important aspect is related to possible rank deficient
property of the channel matrix. It is worthwhile noting that the
channel estimation is affected by noise. So, even though the
matrix rank is deficient (due to correlation among channels),
the effect of noise affects the spatial correlation that is lost.
This meanse we have a performance loss due to imperfect
channel estimation, even if pseudoinversion can be still per-
formed.

C. Performance evaluation

Starting from the orthogonality exhibited in the trace sense,
it is possible to evaluate the performance in terms of bit error
probability that leads to solve possible ambiguities in deter-
mining the ny and M values needed for meeting constraints.
The bit error probability Pr{e} can be upper-bounded by the
so called Union-Bound as follows’:

TWe indicate withAX the detected codeword according to (18). So, we
implicitly state that X = C even if, for sake of readability, we prefer here,
to use the symbolic representation of the detected codeword X related to the
transmitted codeword X.

M M R
Pr{e}g/z > Pr{X =Cy|C;, HIPr{H}. (19)

f i=1j=1j#i

The role played by the channel is conditioning. It is reasonable
that different statistical modeling LOS, ND-LOS, and NLOS
lead to different Pr{e}. Moreover, the inequality holds for
the conditioned probability, and since the average on channel
statistics is performed at right and left side (with the same
weight that is channel probability density function) this holds
also the unconditioned error probability. The upper bound for
the term Pr{X = C,;|C;, H} can be evaluated starting from
the detection criterion in (18), so the transmitted codeword
C, is —wrongly— decoded as C; with the following pairwise
upper bound on probability:

Pr{X = C,|C;,H} < Pr{Tr{C]Z} > Tr{CTZ}}, (20)

that can be rewritten as:

Pr{X = C,;|C;, H} <
Pr{Tr{CTC; + C]WH*} > Tr{C] C; + CTWH"}},
2D
where we replaced Z = C; + WHY.
Once noted that Tr{A + B} = Tr{A} + Tr{B},
Tr{C] Ci} = 0, and Tr{C] C;} = nr, we can rewrite the
probability in (21) as follows

Pr{X = C,|C;, H} <

Pr{Tr{CTWH?} > np + Tt{CTWH*}}}. 22)

This last can be evaluated by resorting to a multivariate
Gaussian distribution. Even if the nature of noise is different
(Gaussian and Poisson), under the hypothesis of several light
sources / reflections, the central limit theorem allows assuming
the white noise as Gaussian. Then, by considering the linear
combination induced among the noise samples by C;, C;,
and Hf —still providing a Gaussian random variable—, and
also starting from a spatially white correlation for W, once
vectorized it through the wvec(.) operator, the new linearly
combined noise variable n should be higher8 than nr, ie.

Pr{X = C,;|C;, H} < Pr{n > nr}. (23)

The Union Bound cannot be expressed in closed form since
it depends on channel statistics. As anticipated, this implicitly
suggests that the problem described in (14) should be tackled
off-line during system planning and setup. Once the channel
statistics are known (and this depends on several parameters
and propagation scenarios), it is possible to determine the L,
np and nr combination for meeting the constraints on R*,
and Pr{e}*. There is no algorithm to solve this but it should

8As an example, let us consider the code represented by matrices C3 and
Cy4, then (23) becomes

Pr{X = C4|C3,H} =
= Pr{(wa1 — wi1)(hf; + hy) — (waz — wia)(hy + hby) > nr}.



be simply computed for exhaustive search. This may appear
costly, however since we are working with small numbers
L = 2,4,8,16, and the maximum rate is upper-bounded by
SMP, giving indication of the feasibility of the system, we can
conclude that this can be implemented with MATLAB calculus
tools in few seconds. Other approaches as binary programming
can be pursued to speed up the solution searching. As a
conclusive remark about computational costs, we can argue
that this is an off-line project tool for TO-SBTC, thus time
saving is not an issue.

IV. NUMERICAL RESULTS

The simulations have been developed under the param-
eter assumptions collected in TABLE I if not differently
specified, both under the optimistic assumption of perfect
channel knowledge at the receiver, and imperfect channel
state information (at the receiver) due to estimation errors.
The BER simulations are obtained via Monte-Carlo method.
The channel model between each LED and photodiode has
been obtained through the CandLES simulator [61]. In the
simulations we assumed that the PPM time shift A equates
T, =12.98 - 1072 s. Also, the numerical results are averaged
over the spatial area described by the assumptions reported in
TABLE 1.

In the simulations, the SNR is referred both to optical and
thermal noise in order to evaluate a worst case scenario. In
particular, the overall noise is given by

N =2¢(I, + I)Af + 4k, TFAf/Ry, (24)

where I, [A] is the average current, I; [A] the dark current,
A f [Hz] the detector bandwidth, g electron charge, &, [J K1
Boltzmann constant, 7' [K] the temperature, F' noise factor,
and Ry [Q] amplifier feedback resistance. From (24), it
follows that

(RPT(UP”)Q
" 2¢(I, + Io)Af + 4k, TFAf/R;’

that represents a worst case since optical and thermal noise
components are simultaneously considered. Here R is the
photodiode responsivity and PT(OP " is the received optical
power.

The tri-dimensional plot in Fig. 3 shows the simultaneous
effect on achievable rate of the number L of PPM symbols and
of the number nt of LEDs, according to (9). The two surfaces
are related to the SMP scenario, that is an upper bound for
rate, and the transmission rate obtained by using TO-STBC.
(From a feasibility point of view, the TO-STBC rate indicates
the maximum achievable transmission rate under the constraint
on the codewords to maintain the TO property. This implicitly
means that a rate over-bounding the STBC rate, for an assigned
value of L and nr, cannot retain the TO properties so its BER
is higher with respect to the one obtained with TO.

By increasing L from 2 to 16, the value of R related to SMP
decreases from 38.5 Mbit/s to 19 Mbit/s, when only 1 LED-
photodiode pair is considered, while for 8 LED-photodiode
pairs, the achievable rate falls from 308 Mbit/s to 154.5 Mbit/s
(with blue filter). This suggests that increasing the order of L-
PPM modulation is not worth, while increasing the number

SNR (25)

D Spatial Multiplexing Rate

TO-STBC Rate

Rate [bit/s]

Fig. 3. Achievable rates for different values of L and nr, when SM and
STBC are considered.

of LEDs / photodiodes allows achieving very high rates. The
limitation given by the L-PPM order may be fixed by adapting
the T value to make the product (L - T) in (9) constant. In
order to do so, a technological issue should be tackled since,
as previously anticipated, this is strictly tied to the ability of
LEDs to quickly perform the electrical-to-optical conversion.
Regarding the STBC rate, its behavior with one LED is the
same of SMP, while for L. = 16 the maximum rate is around
150 Mbit/s.

Fig. 4 depicts the BER obtained for different values of L,
and nr, nr in a NLOS scenario. Notice how while passing
from (L = ny = ng = 2) (with a rate of 38 Mbit/s) to
(L =4,nr = ng = 2) (same rate), the BER decreases with
the same slope since only a coding gain, in SNR sense, is
obtained. The gain offered by the (L = np = ng = 4)
configuration, with a rate of 156 Mbit/s, quickly achieves 10~?
at an SNR less than 14 dB, even if this configuration requires
2 more LEDs and 2 more photodiodes, w.r.t. the previous two
configurations. The above gain can be observed also in terms
of diversity. In fact the slope of np =4,ngp =4 and L =4
case is higher since we are increasing the dimension of the
MIMO system so leading to higher diversity gain). All the
above results are obtained in line with the problem in (14) by
asking for matrices to be TO.

Furthermore, due to the important role of channel knowl-
edge, we evaluated the channel robustness, as compared to
an imperfect channel knowledge for statistically modeled
channels. Even if the channel is slowly time-variant, when
the relative positions between LEDs and photodiodes change,
and new reflections are present, the propagation scenario is
different. So, a sporadic pilot signaling is needed via pilots
for channel knowledge acquisition. Under the hypothesis of
having a data link layer able to operate error detection, the new
estimation may be performed once an error has been detected.
Alternatively, this can also be operated in real devices via
accelerometer sensors, able to detect receiver movements.

In Fig.5, increasing values of 0}21 refers to a imperfect
channel state information detection; in practical scenarios, this
may be due to users moving in the room (i.e., interferers),
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Fig. 4. BER vs. SNR for MIMO-PPM with different values of L, np and
npr in NLOS scenario.

photodiode moved or external light sources added to the LED
signal at the photodiode (i.e., ambient noise).

The channel model is obtained through the use of CandLES
simulator, and the comparison with Maximum Likelihood
(ML) and Minimum Mean Square Error (MMSE) has been
reported. We considered the term o7 related to the amplitude
of channel h(t), formally defined as

Jplh() Pt
S |h(t)2at’

being h(t) the estimation of the channel.

Under the assumption that the channel is perfectly known at
the receiver, the performance in terms of BER are the same and
the curves are very closed to the following ranking: ML better
than MMSE, and MMSE better than ZF. When the knowledge
is corrupted by errors i.e., J,?L = 0.2, the BER increases, and
also the performance hierarchy changes. ZF operated on Z
is better than MMSE and ML, because ZF results to be less
sensible to channel estimation errors, thanks to trace operator
w.r.t. the effect induced on the other approaches. The same
behavior is experienced when JZ = 0.4, even if the BER
values are higher (around 1073 at SN R = 18 dB), while the
perfect channel knowledge assures BER values below 1076,
for the same SNR.

In order to validate the proposed technique w.r.t. other
existing contributions, we provide a performance comparison,
and considered the schemes proposed by Ntogari et al. in [42],
Popoola et al. in [43], Abou-Rjeily in [44] since they represent
recent works that are the best candidates for comparison
purpose. The results are obtained assuming:

1) 4 LEDs and 1 photodiode with 4-PPM, for the solution
in [43] since in this shape that scheme has been devel-
oped,

2) 2 LEDs and 2 photodiode, for the Alamouti code pre-
sented in [42] since the Alamouti-like scheme has been
proposed for 2 x 1 and 2 X 2 systems,

o2 =1 (26)
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Fig. 5. BER vs. SNR for MIMO-PPM with different level of estimation
errors, in the case of [2 X 2] system with 2-PPM.
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Fig. 6. BER vs. SNR for different approaches, in room center scenario.

The proposed scheme MIMO-PPM is compared to the works by Ntogari et
al. [42], Popoola et al. [43] and Abou-Rjeily et al. in [44].

3) 4 LEDs and 1 photodiode with a 4-PPM, for the one
proposed by Abou-Rjeily in [44],

4) 4 LEDs and 1 photodiode with 4-PPM, and 2 LEDs
and 2, 2-PPM of the proposed TO-STBC for a fair
comparison.

The simulation scenario is the same as depicted in [43], i.e.,
the position of the user is evaluated (i) “under” and (if) “far
away” the LED, corresponding respectively to the room center,
and the room corner. We have tested the various techniques
in two different propagation scenarios, respectively under the
assumptions of perfect (Ui = 0) and imperfect (U% = 0.15)
channel knowledge. For comparison purpose, we assumed for
the three techniques common room configuration parameters,
as shown in TABLE L.

Consider Fig. 6 and the behavior of the receiver in the center
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Fig. 7. BER vs. SNR for different approaches, in room corner scenario.
The proposed scheme MIMO-PPM is compared to the works by Ntogari ef
al. [42], Popoola et al. [43] and Abou-Rjeily et al. in [44].

of the room. The Abou-Rjeily et alii approach outperforms the
others because at low SNR it achieves very low BER.

In the case of Imperfect Channel State Information (ICSI)
the performance is, as expected, not as satisfactory. For both
the np,ng, L configurations described before, our proposed
scheme is able to perform better w.r.t. the ones of Popoola’s
and Ntogari’s one, while it fails w.r.t. [44]. The gap is 5 dB.
Not surprisingly, all the systems compared here under the ICSI
case show worse performance compared to Perfect Channel
State Information (PCSI). A particular note should be given
for the Ntogari’s (Alamouti-like) scheme that presents an error
floor when ICSI is considered.

A different behavior occurs when the receiver is far from
the LEDs (i.e., in the room center) as reported in Fig.7.
The SNR values achieving low BERs are higher w.r.t. the
previous case. Also in this case, the scheme proposed in
reference [44] has the best performance; our TO-STBC differs
by approximatively 5 dB. On the other hand, the TO-STBC
performs better w.r.t. the schemes proposed in [42] by Ntogari
et al., and Poopola et al.

When performance is evaluated in the cornervposition with
ICSI, BER increases in all schemes.

The above comparison is perhaps not entirely fair because
each system uses different assumptions about achievable trans-
mission rates. In the performed simulations, all the considered
systems are compared under the assumption of the same
pulse duration, and the same power transmission level. An
interesting way of showing the possibilities offered by the
above cited systems is reported in Fig. 8, where for a BER
of 1072, the SNR needed and the transmission rate R are
reported and compared to the Shannon capacity curves for
the simple case np = nr = 1. Note that the Shannon curve
does not consider the features typical of the optical link (no
negative signals and Gaussian and Poisson disturbance), so in
this sense it is a bit optimistic since, due to a bias optical
signal, the power to be spent must be higher so it is an upper

0 n,=1, n,= 1 Channel capacity

Safari et Alii

SISO 4-PPM

SISO OOK

Poopola et Alii,n, =4, n, = 1,4-PPM

+ ¢ od

Ntogari et Alli, n,=2, n,=2,4-QAM
Abou-Rieily et Alii, n,=4, n,=1,4-PPM
MIMO-OOK, SM, n, =4, n =1

Proposed MIMO-PPM, 1, =4, n, = |, 4-PPM

5«0
A v ¥ O %

Proposed MIMO-PPM, n,.=2, n, =2,4-PPM

Rate [bit/s]

NY4 W: 3

N=% N

0 5 10 15 20 25 30 35 40
SNR [dB]

Fig. 8. Rate vs. SNR at BER 10~ for different schemes with respect to
traditional SISO channel Shannon capacity.

bound.

Safari et al. [49] is able to achieve the target BER with a
very low SNR; however, at the expense of reducing transmis-
sion rate of the PAM-based modulation due to the repetition
coding used (N in the plot indicates the number of repetitions
of the same symbol). On the other hand, the target BER
the scheme proposed by Poopola et al. [43] achieves a very
good transmission rate (i.e., 77 Mbit/s), at the expense of
transmission power. This is not a heavy drawback if we
resort to a downlink scheme, although it strongly increases the
negative effect if an uplink is considered. A modestly higher
performance, expressed in terms of rate, is achieved by Ntogari
et al. [42] under the assumption of 4-QAM even if it requires
perfect channel knowledge and high transmission power. They
achieve 150 Mbit/s. The MIMO-OOK (independent OOK
transmission of 4 different LEDs as SM) performs well in
terms of rate (300 Mbit/s), while fails on power efficiency.
SISO-OOK is under MIMO-OOK in terms of rate even if it
requires less power to achieve the target BER. SISO 4-PPM is
a bit worse w.r.t. SISO OOK due to the spectral inefficiency
of PPM while it gains in terms of SNR.

Regarding the contribution in reference [44] that exhibits
the best considered BER, it clearly is in the left part of
the plot because low SNR is required for the target BER.
Since that scheme presents matrices of dimensions Lnp X nr,
this reduces its rate because LntTy are needed to transmit a
codeword. Finally, the proposed TO-STBC performs well for
the n = 4,nr = 1, 4-PPM because it is at the same level of
MIMO-OOK with a considerable gain in terms of power. It
has half of the rate of Ntogari’s approach but with less power,
more robustness w.r.t. channel knowledge, and has simplicity
of realization. The ny = 2,ngp = 2,2-PPM scheme is in-
between w.r.t. np = 4, ng = 1, 4-PPM performances of the
proposed scheme, and the one of reference [48].



V. CONCLUSIONS

In this paper we have presented a MIMO-PPM scheme
based on STBC under the constraint of matrices to be
trace orthogonal (TO-STBC). The proposed technique aims
to enhance performance in indoor VLC system. The TO-
STBC architecture aims at finding the so called via media
between a low BER and a high data rate without requiring
complex hardware implementation. Even if PPM is known to
be bandwidth inefficient, through the use of multiple LEDs
and photodetectors it is possible to gain in rate and BER, and
counterbalance any PPM inefficiencies.

The performance offered by this system is comparable with
contemporary schemes proposed in the literature. In detail,
the proposed scheme does not present the lowest BER or
the highest rate but it stresses the transmission rate—error-rate
trade-off. Specifically, we argue that the compromise between
theese performance metrics is superior to what exists in the
current literature. Very low BER-achieving systems lose more
than the proposed approach in terms of rate, while better
systems in terms of rate are required to use more transmisson
power to achieve similar performance.
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