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Abstract. Today’'s home area networks (HANs) are designedsatisfy the
expectations of subscribers for access in bandwidtigry services, such as High
Definition TV - Video, Telepresence, 3D Gaming, tdal Reality and e-Health.
To this direction the use of wireless optical syseis examined. A simulation
model was developed in MATLAB to compute the impulksgponse of the optical
wireless channel and determine the characteriatidsthe restrictions imposed by
each channel topology. Appropriate equalization amgltiple input multiple
output (MIMO) techniques were investigated as amaea fighting intersymbol
interference and increasing the coverage area atadrdte. In an effort to increase
the receiver’s sensitivity under the intense ambligint noise the use of coherent
sources and homodyne detection is proposed. Ihasvis that coherent optical
wireless systems in combination with space-timedity enable the transmission
of data with rates in the order of ~Gb/s. Finalthe implications of the
incorporation of a dimming functionality in the figemitting diodes (LEDs) of a
visible light communication (VLC) system are invgstied.

Keywords: optical wireless networks, coherent detection, brgiion, space time
block coding, dimming

[. Introduction

As the demand for ultra broadband wireless acdesme networks constantly
increases, the radio frequency spectrum is becorakigemely congested and thus,
attention is drawn towards alternative technologidadoor infrared wireless
communications were first proposed by Gfeller arap® [1] and are since attracting
growing interest due to the abundance of unregdiledwidth, which renders them an
attractive candidate for high speed data commubpitst The infrared channel is not
without drawbacks, however. In many indoor envirents, it is not easy to achieve a
high Signal-to-Noise (SNR) ratio, since there mayiftense ambient infrared noise [2].
This noise is due to the infrared spectrum comptsanising from the radiation of
tungsten or fluorescent lamps and sunlight. In tamidi artificial light introduces
significant in-band components for systems opegadinbit rates up to several Mb/s and
thus induces interference [3], [4]. Moreover, tloevpr constraints on infrared transmitters
imposed by eye-safety regulations, may limit thegeaof these systems. Infrared links are
also susceptible to shadowing caused by objectpenmple positioned between the
transmitter and the receiver.

The effect of shadowing can be dealt with, bingiswon directed configurations, in
which the optical link does not depend on the L@k Sight (LOS) path between the
transmitter and the receiver. Compared to LOS systenon directed configurations
suffer from higher path loss and require higherlswf transmitted power and larger
photodetecting area at the receiver. The multigatipagation observed, gives rise to
intersymbol interference (ISI), which becomes caitiat high data rates. Nevertheless, to
date, the non directed configurations, have reckigeeat interest from the research
community, and a number of experimental links hesnbreported covering bit rates up to
50 Mb/s [5].

Optical wireless communications with (light etini¢g diodes (LEDs) emitting in the
visible spectral range has recently gained incngpgaitention and is commonly referred to
as visible-light communications (VLC) [6]-[9]. Irome use cases, LEDs in VLC systems
serve a dual role in providing both illuminationdamvireless connectivity [8]. The
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pioneering idea of using white LEDs lighting systefar communication is attributed to
the research group of Nakagawa [8]. Phosphoresuediite LEDs have a limited
modulation bandwidth (~ 2MHz), however, by placendlue optical filter in front of the
receiver, the modulation bandwidth can be extene@O0MHz [10]. Using discrete
multitone (DMT) modulation [11], VLC systems canopide >200Mb/s transmission
rates with commercial high-power lighting LEDs [12Dimming is an essential
functionality of modern lighting systems. In theseaof LEDs, pulse-width modulation
(PWM) seems to constitute the most effective meainsiccurately controlling LED
illumination without incurring color rendering die emitted light [13], [14].

The objective of this work is to examine the aaty limits of non directed indoor
infrared wireless systems assuming different trattemand receiver configurations in
combination with appropriate equalization and npldtiinput multiple output (MIMO)
techniques. In addition, the potential of MIMO codm optical wireless systems is
examined. Finally, the possibility of combining PWdmming with VLC, based on
DMT, on the physical layer is considered both atiedyly and numerically.

Il. Results and Discussion

In order to evaluate the effect of different traittgn-receiver configurations on the
performance of a wireless infrared link, a tooltthbamputes the impulse response of the
infrared channel for each configuration, basedhenrhodified Monte Carlo method [15],
was developed in MATLAB. For the simulations a meudisized office room, depicted in
the inset of Fig. 1 was considered. Table I, oedithe basic configuration parameters for
the simulation. In the tabl@morih Psouth Peast Puwindow Peeiing ANAproer deNote the reflectivities
of the corresponding surfaces of the roam,L, andL, are the room dimensions along the
X, y andz axis respectively, depicted in the inset of Figgntt HPSA is the half power semi
angle of the transmitter, which is related to thdeom of the transmitter radiation pattern
through m=-In2/In(cos(HPSA)). Two transceiver configuratiowere considered [16]. In
the first configuration, classified as verticallyiemted, i.e. T1R1, the main lobe of the
transmitter and the receiver is directed upwardgiatds the ceiling. In the second one,
classified as horizontally oriented, i.e. T8R8, sowfi the lobes are also directed parallel to
the ceiling, potentially offering a LOS path andsgibly higher coverage.

Table |
Configuration Parameters
PARAMETERS T1R1 T8R8
Room
(LxLy,Ly) (5.5,7.5,3.5) (5.5,7.5,3.5)
Peast 0.3 0.3
Psouth 0.56 0.56
Prorth 0.3 0.3
Puindow 0.04 0.04
Pceiling 0.69 0.69
Diioor 0.09 0.09
Transmitter
HPSA x60 6 x 30+2 x 30
Azimuthal 0 6x45
separation
elevation 1x 90 6 x 0+2 x 90
position (2,4,1.5) (2,4,1.5)
Receiver
FOV/(¢c) 60 31
Position NW-SE diagonal NW-SE diagonal
height: 0.8m height: 0.8

For the T1R1 configuration, the transmitter lafirst order Lambertian pattern and is
oriented vertically towards the ceiling. The reeeiis a pin photodetector of ardg=1cnf
with an optical concentrator having cutoff angles6f and refractive indem:=1.44, while
the optical filter has a bandwidthi=50nm. For the T8R8 configuration the transmitter
uses six equal power 30° HPSA transmit beams ggsepiiced in the horizontal plane and
two such identical beams pointing straight up. Téweiver uses eight optical concentrators
with cut-off angles 31°, seven of which are horizadly oriented and one is pointing
straight up. The power collected from each receiseadded together to obtain the total



received power. The transmitter has a center wagtheof 806nm and is located at a
height of 1.5 m, near the center of the room. Ideorto incorporate the effect of the
ambient light noise in the room under investigati@ight incandescent lamps were
considered at the ceiling and the west wall of ibem was assumed to be a window (in
order to account for the sunlight) as is depictethée inset of Fig. 1.
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Fig. 1. Impulse response of the optical wireless chaforetonfigurations T8R8 and T1R1.

Taking into account the previously describedtesysparameters, the impulse response
was calculated for all the receiver positions altimg south-east north-west diagonal of the
room and it is depicted in Fig. 1 for the two cgufiations T1R1 and T8RS. It is deduced
that both channels introduce time dispersion, wiitchhigh data rates can lead to severe
ISI and hence to performance degradation. The T&H8iguration is bound to induce
higher ISl for bit rates >100Mb/s than T1R1, sithe corresponding time dispersion is
>20nsec. To this end, the employment of appropegtelization schemes, i.e. linear (LE)
and decision feedback equalization (DFE) was pregas well as the use of multicarrier
schemes, i.e. DMT with MIMO.

A. Equalization schemes for diffuse IR systems

In an effort to mitigate the effects of I1SI, sevatatection schemes have been proposed
[5]. In the case of the unequalized system, the &Niven by [17]:

sng —min,, (™11 W

wherem is the received signal power when symibisltransmitted andlly the ambient light
noise power. In the presence of ISI, for a symbahgmitted at time,=0, one needs to
calculate the values &NR, considering the adjacent symbolst&T, k=0. The parameters
m; are calculated using:

m=%;q[%j e - KD d] @

-T/2

where,P, the peak powet, is the number of the different transmitted symiaglaccording

to the modulation scheme of choide=p for OOK andL=4 for 4-PPM and 4-PAM) and
T=log,(L)/R, is the symbol duration whilg, is the bit rate and assuming that the values of
the symbol sequenag are such that the symbol transmitted,ad corresponds to In (2),

p(t) is a rectangular pulsect(t) (height=1 and width¥) passed through a baseband filter
which represents the combined effects of the trittesmshaping,the infrared channel



propagation and the photodiode responsivity. THeegobtained by (2) are averaged with
respect to the adjacent symbolskT, k=0.

The optimum system performance in terms of SdlBhbtained when the receive filter is
matched tq(t) and is defined as the Matched Filter Bound (MEBgN by [17]:
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In (3), M(f) is the frequency spectrum of the matched filteutput pulse. Alternatively, LE
or DFE equalization schemes are suboptimal stregefgr detecting signals in the presence
of ISI, their primary advantage being a reductiorcomplexity. For the LE equalizer, the
SNR is given by [17]:
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while for the DFE, the SNR becomes [17]:
PT 1/2t
SNR,. =NLexp[ T j In[ § 1) dﬂ (6)
0 -1/2T
The spectrung(f) is given by:
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The transmit power equals 0.6W and the bit-odthe system under examination is 100
Mbps. Three modulation schemes were investigatd?PM (pulse position modulation),
OOK (on-off keying) and 4-PAM (pulse amplitude mdtation). The electrical SNR
obtained for the configurations T1R1 and T8RS8 ipicted in Fig. 2 and Fig. 3
respectively, for 4-PAM which outperforms OOK andPBM [18], [19], when different
equalization schemes are employed.
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Fig. 2.SNR for TLR1 when 4-PAM is employed.

Electrical SNR [dB]

In Fig. 2 according to the MFB curve, the SNRirtat exceed the value of 30 dB at the
center of the room whereas near the corners it doedrop below 20 dB. The DFE and LE
schemes improve the performance of the unequal®etem by almost 9 and 8 dB
respectively.
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Fig. 3. SNR for T8BR8 when 4-PAM is employed.

Better coverage can be obtained using the T8&&mnitter/receiver configuration. The
values of the SNR obtained at different receivesitmmns, are depicted in Fig. 3.
Comparing these values with the ones in Fig. Zidéduced that there are no large
variations in the values of the SNR and hencestistem performance is not expected to
vary significantly (except at the edges of the rpom

As in the case of T1R1, both the LE and DFE bration techniques significantly
improve the system performance. For example, if@mdudes the SNR values obtained at
receiver positions near the two edges of the dialjdhe SNR for T8R8 is higher than
20dB implying a BER much less than™0The worst case SNR is again obtained at the
edge of the room and for the case of the equakzbémes is approximately the same as
those obtained by T1R1. The variations in the SMRies at different positions along the
main diagonal of the room can be interpreted in lwoation to the impulse response
obtained for both configurations, see Fig. 1. Wésluced that in the T8BR8 impulse response
four peaks are observed while in the T1R1 only diés can be attributed to the horizontal
transmit and receive lobes of the T8R8 configuratiod it is the reason for the different
shapes of the SNR distribution between T8R8 and1TTRese results seem to indicate
that the T8R8-4-PAM configuration can carr¥00Mb/s (Fast Ethernet type) data rates in
almost every point in the room and should be careid favorably as a potential hot spot
for future indoor WLANS.

B. Diversity schemes for diffuse infrared wirelessystems

This section provides a framework for the perfance evaluation of al MIMO DMT
M-QAM (quadrature amplitude modulation) system. Il Wwe shown that using multiple
transmitter arrangements in diffuse optical wirsles interesting, since the power
requirements per transmitter can be reduced, veyiem performance can be enhanced.
Alamouti-type Space Time Block Coding (STBC) [20Haepetition coding is investigated
and compared to Single Input Single Output (SIS®) &Maximum Ratio Combining
(MRC) [21] taking into account the channel's freqog response as well as the noise
distribution throughout the simulation room. In erdo mitigate the effects of the channel’s
frequency response, which is necessary for STBCT DiMdulation with QAM is used.

AssumingQ transmitters the optical power of th® transmitter is written as:

P :—Re{ifsk e kT)} (8)

o n=1

whereA is the amplitude of the DMT waveform(t) is the QAM pulse shaps, is thek™
QAM symbol transmitted at the™ subcarrier channel centered arodfgeh/T, T is the
DMT signal duration anpc, is a DC power level added to ensure that thecalppiower is
always positive. The symbokg =ay i+jbk , take their values from a QAM constellation.
Hence, the possible valuesaf, andby , are given by @-(M**+1) where u<M*? andM

is the number of QAM distinct symbols in the cofiaten assumed to be a power of 2, i.e.
M=2". Usually L is an even number. The duration of the QAM symisolgiven by
T=log,(M)/R, whereR, is the bit rate. The pulsgft) are assumed ideal rectangular pulses,
such thap(t)=1 for O<t<T andp(t)=0 otherwise. Note that equation (8) assumestkizgaDC



subcarrier af;=0 is not modulated, as in [22] in order to avaitkiference problems from
electronic ballasts.

In the absence of clipping and sire@)>0 one can choose the amplitudesuch that
min{P(t)}>0. Taking into account that:

N-1 . N-1 . N-1
Re{zs(’néZﬂfnl} < Z §Yn é27ffr1 SZ| §n (9)
n=1 n=1 n=1
and that max§ J}=2"4(M)*? 1], it is easy to show that the following choice A,
P
A= be (10)

V2(VM -1)(N-1)
At the receiver the SNR for tié" subcarrier is computed by:

SNR, =( RA2 @° Y/ M (11)

whereR is the receiver’s responsivity fact®d; the noise power and, the channel matrix
which depends on the selected scheme. For AlansaBICsV,, isVm:Zp,q|hp,q(fm)|2 while
for repetition coding Vm:(Zp,q|hp,q(fm)|)2 where hy(f) is the channel transfer function
between the" receiver and thg™ transmittef. The Bit Error Rate (BER) is computed by
[23]:

R S N T
R “N Q[ M _1SNFan (12)

wherem=log,N.

The configuration used in the simulations is T1fBr the room depicted at the inset of
Fig.1. The noise power distribution was computeduasng irradiance of eight
incandescent lamps and sunlight. The BER was cagdpiatr various receivers’ positions
along the main diagonal of the room (NW to SE) &egght of 0.8 m from the floor. The
transmitters are positioned along the main diagah&qual distances from the center and
1.0 m above the floor. For the single input sche(®SO and MRC) one transmitter was
assumed, positioned in the center of the room agfadrheight of 1.0 m.

Three MIMO schemes were considered [24]; thet 8Bmploying two transmitters and one
receiver (2x1), the second two transmitters andreeeivers (2x2) using repetition coding
and STBC, whereas the third one transmitter andregeivers (MRC). These schemes are
compared to a SISO system. In multiple receivearggements, the spacing between the
receivers was equal to 35 cm. The results were ir@ata for a 100 Mb/s,
16-QAM/DMT of 32 subcarriers, witRpc=0.6W.

Fig. 4 shows the values of the BER as a funatibthe distancel from corner A of the
room (NW corner). As seen by the figure, the 2xamdbuti and the SISO schemes have a
large BER at small values df in which case the receiver is situated near tinelow of the
room (see Fig. 1) and hence the power of the arhligimt noise is high. Regarding the
multiple receiver systems, one notices that MR@eiserally better than the 2x1 and SISO,
a fact that is observed in radio wireless systesnwell [20]. On the other hand, both the
repetition coding and the Alamouti 2x2 systems erftpm the MRC, leading to a
significant performance enhancement.

It is interesting to observe that the 2x2 andl Zystems achieve their optimum
performance nead=7.5m while the minimum BER for single transmitteshemes is
obtained near the center of the diagonal of thentobhis can be explained since the SNR
is not the same in the four systems under congidardn contrast to SISO and 2x1, in the
case of MRC and 2x2 systems there are two receigach one adding a slightly different
noise component. The figures also illustrate thB¥ schemes do not always guarantee a
performance enhancement especially if STBC is usei@restingly enough however,
repetition coding compares more favourably to MRCillistrated by Fig. 4. In addition
repetition coding outperforms STBC and this is sunprising since the systems considered
use direct detection. However, multiple transmitierangements have the advantage of
using lower power transmitters, relaxing the powa@rstraints due to eye or skin safety.
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Fig. 4. Comparison of SISO, MRC, Alamouti 2x1 and 2x2, angd®idon Coding 2x1 and 2x2
schemes for various receiver positions along thia ehagonal of the room.

C. Diversity schemes for coherent LOS infrared wiréess systems

Inspired by the fact that unlike direct detection coherent detection the photocurrent is
proportional to the incident electric field we wikamine in this section the potential of
STBC schemes as a means of further improving thverege and data rate of coherent
indoor optical LOS links. To this end, analytic farlas for the BER are derived for two
Alamouti schemes and are compared to a SISO systée.BER performance of the
system is realistically examined taking into acddowth thermal and shot noise, although
ideal coherent receivers are usually considered sbise limited for a sufficient local
oscillator (LO) power. It is shown that Alamouti BT may increase the capacity of
coherent LOS IR systems, improve their coveragedemlease the required optical power
at the transmitter.

The SISO coherent IR system uses of a phasekshyiing (PSK) modulator which
imprints the information on the phase of the opticarrier wave emitted by the laser
source. The emitted light is collimated and unifgyritluminates the coverage area through
a holographic diffuser [25]. At the receiver homodydetection is employed using a 90°
optical hybrid followed by two balanced photodetest[26]. The received and LO fields
are considered linearly polarized in orthogonatclions.

The approximate closed form formula for the BER tire case ofM-level PSK
modulation and a 2x1 Alamouti scheme is given [8}:[2

2 o 7 "H"2
P =—=_Q|,|2sin’| — |log M*—- 13
€ log, M \/ sin (M) °% o? (13)

whereQ(x) is theQ function ands? is the total noise power calculated by multiplyihg
total noise PSD given by with the bit raf®, of the system antl is a 2x2 array with
channel coefficients given by [27]:

P P (P
H ’ _ 2R LO'T Aéff é(kd”‘ —do) (14)
2A,

whereR is the receiver’s responsiviti, o andg, o is the optical power and phase of the LO
at the receiverPris the average transmitted optical powki™ the effective receiver area,
Ac,y the total coverage area of the system dpdhe distance between transmitfeand
receiver. The distance between the receivers for the 2g8fesywas taken equal to 0.07m,
the total transmitted optical powerRs=20mW and the LO power B o=5mW.

Following a similar approach, it is also possibtederive the BER in the case of a
repetition coding 2x1 scheme. It can easily be shthat formula still holds if one replaces
[H||=H1+H24F by Hir+H.4%. Using, it is possible to show that:

e Hf = a2 Mg, - ) 9
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Equation (15) suggests that, sirtie andd,; are much larger than the wavelengtit/f,,
then the error probability in may undergo largecfliations even for small changes in the
terminal position

The system under investigation is located withim@m of dimensions 6 x 6 x 3 m like
in [25]. Using the equations outlined previouslg tBRER for all three configurations was
obtained at multiple receiver positions. A BPSKenle was considered and the bit rate is
taken atR,=1Gb/s. The transmitters employed in the STBC seseamit half the power
than the transmitter employed in SISO.The domirasise source in the system under
study is the LO shot noise with a PSD=&f pAVHz whereas the PSD of the ambient light
noise and the thermal noises calculated in the sesag as in [24] turn out to be

=0.005AVHz and=5pAVHz respectively.
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Fig. 5. BER along the main diagonal on the receiver planaf Alamouti and a repetition coding
2x1 scheme.
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In Fig. 5 we show the BER computed along the main diagonathe receiver plane for
Alamouti and repetition coding 2x1. It is interestito observe that while for some receiver
positions the BER is lower (~I] than the one obtained using the Alamouti scheore,
other positions which are in close proximity, thEmBis extremely high (~1%¥) rendering
communication impossible. These variations arébatied to the cosine term appearing in
(15). The obtained results demonstrate that a eohemptical wireless system employing
repetition coding may not provide reliable commation due to these large BER
fluctuations.

The SISO, 2x1 and 2x2 STBC systems were alslo@eal in terms of the achievable bit
rate. To this end, the maximum bit rate was conmpuite the various receiver positions
assuming a target BER value, equal t&.Ilhe results are depicted in Fig. 6a), b) andtc).
is shown that the SISO scheme can reach data aastdsgh as 0.6Gb/s while in less
favorable positions the achieved bit rate is betw8& and 0.4Gb/s. The use of STBC
schemes increases the maximum bit rate to 1.5@k/8@b/s for the 2x1 and 2x2 schemes



respectively. The above results demonstrate thfulness of OSTBC in gigabit coherent
IR wireless systems in terms of the achievableabd.

D. PWM dimming for DMT-based visible light communication systems

The proposed VLC system is illustratedig. 7 [28].
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Fig. 7.Basic blocks of a PWM-DMT VLC system.

The data bits to be transmitted are convertém ansequence of symbols, using a QAM
constellation mapper. The produced symbols aredes serial to parallel (S/P) converter
and undergo an inverse Fourier transform (IFFT)rafpen to form the multicarrier signal
X(t). The generated multicarrier signal is multiplteda periodic PWM pulse trajp(t) with
a duty cycle ofd = Ty/Tpwm, WhereT, is the duration of the PWM pulse aifigyyy, is the
period of the PWM signal. The dimming levelis determined by = 1-d. The resulting
composite signay(t)=x(t)p(t) is the driving current of the LED. The transnttgignaly(t)
impinges on the photodiode receiver, undergoes Bh Bperation and the resulting
baseband signal is fed to a parallel to serial etrv. The generated symbols are estimated
using appropriate detection schemes.

The PWM signal is periodic and can thereforekgressed in terms of a Fourier series,

o0 5 a9

n=—0

whereC, are the Fourier coefficients pft). If p(t) is rectangular, the@, will be exhibiting
a sinc-like dependence with respechtd herefore, one can show that the spectrum of the
signal waveforny(t), which is in general given by:

Y(f)= [ diyye’>" a7
can be expressed as: -
Y(£)= 3 G X( - nu) (18)

According to (18), and much as in the case gitali signal sampling, the spectrumygf)
is comprised of a weighted sum of displaced vessiminthe original spectrud(f). In the
case of a DMT signalX(f) can be assumed to be contained in$icfeB B], whereB is
approximately the frequency of the highest subeafi;. Consequently, if the PWM rate
fowwm is chosen to be twice the bandwiditof the DMT signal fewy > 2B = 2fy.1) then the
spectral component€ X(f-nfouwn) Will experience no aliasing. In the case of th&/N®
waveform considered iRig. 8a), Co = T4/Tpwm = d, and consequently, whedpyy > 2B =
2.1,
Y(f)=X(f)d {19

for fe[-B B]. According to (19), the spectrum remains unchdnigeshape upon dimming,
as suggested bkig. &), and hence, iF = fpww/fus > 2, one expects no interference
between the subcarriers. This is an important emieh and will be used to justify the
enhanced system performance obtainedrfar2.

In order to gain a better insight on the systepgrformance the BER was calculated. For
this analysis we resorted to Monte Carlo simulaiofihe system performance was
investigated in terms of the achieved BER for vasidimming levels. Againyl = 32 and



N = 16 are considered, with the last subcarrier tippsd at 500 kHz. The employed
detection scheme takes into account the self-etente term and should produce no errors
in the case of infinite signal to interference gatHowever, it requires knowledge of the
timing as well as the dimming level at the receiveaking into account the the ambient
light noise the mean value of the BER was computed it is shown inFig. 9 for a
synchronized system. An SNR of 45 dB, correspontbrg transmit optical power of 0.6W
and a noise power spectral density of ¥18%Hz, higher than in [29] was assumed, and
two dimming levels (80% and 20%) were considerdw mean BER reaches low values in
the region where the relative rateés approximately larger than 2.
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Fig. 8.a) PWM signal for two different dimming levels,.i&0% and 20%. b) Spectrum of composite
PWM-DMT signal and pure DMT signal fét=2.
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Fig. 9. Mean BER for synchronized signal, detection schBrfmr various dimming levels with
noise.

There is also another important implication regagdhe illumination performance of the
system. The optical power emitted by the LED isgomtional toy(t), and (19) suggests that
in the frequency regimd,_ | < 200 Hz, where the human eye may sense opticaepow
variations [30], incorporation of PWM will not dast the spectrum of the original signal.
Consequently, PWM will not introduce any signifitaaditional flickering.

To further investigate whether LED light flickeg is induced in a PWM/DMT VLC
system, we consider the low frequency comporgt(t) corresponding to the part of the
spectrumY(f) residing insidde[-f_ f ],

f

Yow(® = [ Y(f e dt (20)
—f,
The flickering factotCr, defined as:
C, - max{| y,ow (t) [} —min{| yow (1) [} 21)
Y (0)

whereY(0) is the DC component of the sigyé), is a measure of the LED light flickering.
The values of the averagé: were calculated numerically based on Monte Carlo
simulation. 100 iterations were considered, andeach, 31 QAM symbols, were
randomly chosen, one for each active subcarriee DIMT waveformx(t) was then
calculated and was multiplied by the PWM sigp@) to estimatey(t). The spectruny(f) of



y(t) was calculated using a discrete Fourier transf@fiT) in the low frequency regime,
fe[-f. f]. Performing an inverse DFT according to (20), then calculatey, ow(t) and
estimate the average flickering factG¢ obtained from each of these 100 waveforms. In
Fig. 10the relative deviation of flickering factors withspect to the undimmed case, are
depicted, ford = 80% and ¢ = 20%. This ratio appears to be very low, in thdeorof
~10° and hence no perceivable LED light flicker is esjed.
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Fig. 10.Relative flickering factor for different PWM linetess when 20 and 80% dimming is
considered.

l1l. Conclusions

In this work, the potential of indoor optical wiesk systems was examined for data rates
higher than 100 Mb/s. It was shown that diffuseardd systems can reliably carry traffic
of 100Mb/s inside a medium size room when approrisgualization techniques are
employed. In additiomIMO optical wireless schemes were investigatedifdensity modulated
systems based on STBC and repetition codlhgvas shown that STBC does not provide
significant performance gains while in contraspatition coding based MIMO could be
used to relax the power constraints in future @pbtigireless LANs. On the other hand,
STBC techniques can be used to increase the camdabherent optical wireless systems,
improve their coverage and decrease the requiréidabpower at the transmitter. In an
effort to further enhance the performance of indiddisystems the use of more than two
transmit elementsN>2) would also constitute an interesting and viaddution. Such
arrangements could further alleviate the high powesjuirements of IR systems. An
important implementation issue to consider in tr@sgems is the estimation of the channel
coefficients required in symbol demodulation. Aresthissue to consider is the
incorporation detection schemes that can allow trmlyi signal/local oscillator
polarizations. These issues should be the subjdatwe investigation.

The implications of PWM dimming in the performancka DMT-based VLC system
were also presented. The influence of PWM in thecspm of the DMT waveform was
analyzed both theoretically and numerically. Clegmth formulas were derived enabling
the estimation of the signal-to-interference rattothe receiver. Numerical Monte Carlo
simulations were used to estimate the BER of tistesy. The results showed that reliable
communication is only possible when the PWM samfileDMT waveform at a rate faster
than twice the highest subcarrier frequency of DNFbr slower PWM rates, there is
significant spectral aliasing leading to prohitaliy large subcarrier interference. The
analysis was extended to account for ambient lighise and the main conclusions
remained unaltered. Since the PWM rate should meme@ll within the 3dB LED
bandwidth, the need to use a PWM signal twice & & the frequency of the last
subcarrier ultimately sets a limit on the amounindérmation that can be transmitted over
the system. The results also showed while themoisnherent need to synchronize the
PWM and the DMT waveforms, synchronizing DMT to PWidl making the BER
performance much less independent of clock jitter the like. It the case of “oversampled”
DMT we also showed that combining DMT and PWM does increase the inherent
flicker of PWM-dimmed light.
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