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Broadband Information Broadcasting
using LED-based Interior Lighting

Jelena Grubor, Sebastian Randel, Klaus-Dieter Langer, and Joachim W. Walewski

Abstract—Emergence of white-light LEDs allows the
combination of lighting and information broadcast functionality
in one optical source. We investigate analytically and by Monte
Carlo simulations feasible data transmission ratesin a moder ate-
size office room, where we assume illumination conforming to
standards and the use of commercially available LEDs and
photodiodes. The performances of systems relying on base-band
(i.e. Pulse-Amplitude Modulation -PAM) and discrete multi-tone
(DMT) transmission show that data rates of more than
100 Mbit/s can be expected despite the rather low bandwidth of
the system.

Index Terms—Discrete multi-tone, Optical wireless, Visible
light communication, White-light LED.

[. INTRODUCTION

PTICAL wireless technology (OW) presents a promising

supplement to already existing wireless radio-frequency

(RF) technologies like e.g. WLAN and Bluetooth. It
offers broad, worldwide available and unlicensed bandwidth,
which does not interfere with radio bands. Hence, this
emerging technology is very attractive for RF-sensitive
operating environments. A special case of OW is
communication via visible light, where an additional
advantage lies in synergetic potential for simultaneous use of
light sources for lighting and communication.

The idea of bringing these two worlds together was
recently re-invigorated through the emergence of high-power
white-light LEDs, which offer a considerable modulation
bandwidth (~2-20 MHz), [1], [2]. Moreover, they posses
clear advantages over conventional lighting sources (such as a
potentially high power efficiency and long life-time
expectancy), which makes them a strong candidate for future
illumination scenarios. With visible-light wireless systems, it
would be possible to broadcast broadband information
wherever general lighting is used, e.g., in offices or public and
private transport. One could also imagine transmission using
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illuminated advertising [6], communication between cars
(using their rear and front lights), between traffic
infrastructure and cars [7], [8], or between machines (robots).
Moreover, visible light communication may be part of a
system to provide broadband internet and mobile services
even on board of aircrafts.

Several reported investigations for office application relied
on complex tri-chromatic LEDs with idealized bandwidths of
100 MHz and more, [3]-[5]. In our study, we revisit the work
of Komine et. al., [4], but consider commercially available
“single-chip” white-light LEDs (blue LED plus phosphorous
layer). By theoretical analysis, we investigate the potentials
for high-speed transmission in a moderate-size office, with
both base-band and discrete multi-tone (DMT) modulation.
The use of DMT signals was previously considered in [9],
[10], however in combination with very low bit rates.

This paper is organized as follows. Section II provides the
framework for investigation, including an overview on the
relevant characteristics of LED chips as well as a scenario for
the chip layout in order to achieve the target lighting levels.
Within Section III, the communication channel is introduced
and discussed in terms of inter-symbol interference, after
which the system performance and achievable transmission
rates are investigated analytically and by simulations of base-
band (i.e. pulse-amplitude modulation, PAM) and DMT-based
transmission. Finally, results of our investigations are
summarized and major conclusions are drawn in Section I'V.

II. ILLUMINATION WITH WHITE-LIGHT LEDS
A. Framework for Investigation

In order to make the results of our investigation comparable to
those used in the pioneer study of Komine et al. [4], we
consider an empty model room with identical dimensions (see
Fig. 1).
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Fig. 1: Model room. Definition of the shown parameters will be introduced in
section II B.
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The room is a 5x5x3 m’ cube, and the optical sources are
installed 2.5 m above the floor. The room is assumed to serve
as office, and the main purpose of the lighting is to illuminate
the writing desk. Therefore, we evaluate the system
performance at desk-top height (0.85 m above the floor).

For proper lighting, a certain brightness of the illuminated
surface is required, and for a reliable high-speed data
transmission, sufficient optical power is needed. Both of these
conditions need to be considered in the system design.

B. LED Chip Characteristics

Even though white light can be produced by proper mixing of
red, green and blue light (3 chips), most of the present white-
light LEDs are based on a blue LED chip topped with a phos-
phor layer. The power spectrum of such an LED, [11], was
measured with an optical spectrum analyser (Yokogawa, AQ-
6315A), and the inferred spectrum is displayed in Fig. 2.
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Fig. 2: Measured radiation spectrum of a phosphorescent white-light LED [11]
together with the transmission characteristic of the used blue filter.

From radiation spectrum p(ﬂ)[W/m], one can obtain the

luminous flux, ® [Im], of the source by evaluating

720nm

j p(A)V(2)da, (1)

380nm

d)=6831£

where V(l) denotes the eye sensitivity function [12]. The

luminous flux is the optical power of the source as perceived
by the human eye. The parameter of interest for us is the
illuminance, E [Ix], which expresses the brightness of the
illuminated surface. According to [12], it is defined as lumi-
nous flux per unit area

E=0®/0A=1(0)/r", )

and depends on the source luminous intensity, |(6) [cd], in

the direction @. E accounts for the radiation pattern of the
light source and the distance to the illuminated surface, r (see
Fig. 1). For a source with Lambert radiation characteristic and
an angle of incidence y [rad], the horizontal illuminance is

E,=1,cos™ (@) cosy /1, (3)

where |, =1(6=0)=(m+1) CD/(Zn) is the maximal lumi-

nous intensity [12]. The Lambert index m depends on the
source radiation semi-angle 8, as

m=—1/log, (cosb,,, ). 4)

Relevant optical source parameters for data transmission
are its radiant power and modulation bandwidth. The source
optical power, P [W] (radiant flux), is given as

P=j p(2)dA. 5)

Note, that there is no relationship to the eye sensitivity.
With the knowledge of p(4) and V (1), both P and ®
were evaluated and a conversion factor of 4.2 mW/Im for this

type of LEDs was obtained. Figure 3 shows the measured
modulation bandwidth of the LED [11].
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Fig. 3: Measured modulation spectrum of a phosphorescent white-light LED
[11]. The gain represents the electrical gain of the detector. The solid
horizontal line tags the 3-dB modulation bandwidth.

This measurement has been carried out by supplying the DC
driving voltage from a current source and the AC voltage from
a network analyser. The emitted light was detected with a pre-
amplified photodiode and the diode output was then
monitored with the a network analyser. From this figure one
can see that, by suppressing the slow phosphorescent portion
of the optical spectrum (~500-700 nm), the modulation
bandwidth can be enhanced from 2 to ~20 MHz. In order to
attain high modulation bandwidths and thus high data rates,
only the blue part of the spectrum should be detected (see
Fig. 2). About 50% of the optical power resides in this
spectral region, so that the conversion factor for the optical
power available in the blue peak region (for a source with
luminous flux ® ) is 2.1 mW/Im at maximum.

Although bandwidth measurement and conversion-factor
calculation were done for a particular LED, it is reasonable to
use the obtained values for other chips manufactured in a
similar way.
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C. Fulfilling the Lighting Function

Since the general lighting can be considered as the primary
purpose for an LED source (with data transmission as its
secondary function), we need to ensure sufficient horizontal
brightness at the desk-top surface. In accordance with EN
12464-1, we regard 400 Ix as a minimal brightness at the
desk-top height in the area where a working place is set, and
aim for a 200-800 Ix span in the whole room [13].

Throughout our study, we investigated several commer-
cially available LEDs and concluded that using a chip with a
large radiation angle is of practical importance, since in this
case only a moderate amount of LED chips is needed for room
illumination, keeping the overall complexity of the system
low. We chose an LED chip, whose characteristics are given
in Table 1, and which is a good match for our lighting
purposes. The figures for radiation angle and possible lumi-
nous intensity were provided by the manufacturer, and the
output optical power was calculated with the conversion factor
of 2.1 mW/Im, as reported in the previous section.

TABLE 1: SUMMARY OF RELEVANT PARAMETERS

Parameter Scenario A Scenario B
LED characteristics
Half-intensity radiation
120°
angle, 260
Max1mum luminous 95¢d
intensity, lo
Source optical power, 63 mW
PCHIP

Scenario characteristics

LED configuration at Uniformly 4 lamps of 1 x 1

the ceiling distributed m’

LED chip spacing 16 cm 7 cm

Total number of chips 961 900

Brightness statistics

Brightness Eat desk-top | )37 g55) 1y (176, 854) Ix

(min, max)

Normalized area with o o

E > 400 Ix 93 % 86%
Transmission statistics

max delay on LOS 5.5ns

3 dB channel bandwidth >90 MHz (approximately)

Received optical power

Ps (min. &, tua) (0.1,0.4, 0.5) mW

SNRy (min, max) (62,73)dB (60, 73) dB
Normalized area with o o
SNR, > 66.6 dB 4% 87%

Two scenarios were considered, both of them based on the
above-mentioned LED chip. Scenario A represents a ceiling
that is uniformly covered with 16-cm-spaced LEDs, whereas

in scenario B four distinct areas of 1x1 m? (referred to as
lamps), contain 7-cm-spaced LEDs. In Fig. 4, the ceiling
layout for the two scenarios is illustrated.

LEDs uniform across 5x5 m? 1x1 m? LED Lamp
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Fig. 4: Layout of ceiling lighting design for scenarios A and B (dashed areas
are used for further discussions).

It is assumed that one LED chip covers a surface of 1 cm?.
Both scenarios need less than 1000 chips (see Table 1). In
comparison, Komine et al. considered more than 14000 chips
for the very same room dimensions [4]. This large difference
in the number of needed LEDs is readily explained by the
more than ten times higher luminous intensity of the phospho-
rous LED considered here. Fig. 5 displays the distributions of
the illuminance E, at the desk-top surface. Due to the

geometric symmetry of both scenarios, only the upper right
quarter of the desk-top surface (directly under the areas within
dashed lines in Fig. 4) is considered in Fig. 5 (and all the
following contour plots).
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Fig. 5: Horizontal brightness distribution E in Ix at the desk-top surface for
Scenarios A and B (corresponding to dashed areas in Fig.4).

In both scenarios, the aimed brightness span is met, with a
major portion of the plane receiving at least 400 Ix, and thus
being suitable as a work place. The exact values are given in
Table 1.

III. DATA TRANSMISSION WITH WHITE-LIGHT LEDS

A. Communication Channel and Inter-Symbol |nterference

The illumination at any point of the receiving surface
includes lines of sight (LOS) from the LED chips as well as a
contribution of reflections off the walls or objects in the room.
The channel response of the LOS contributions can be
modelled by Dirac pulses, whereas the diffuse portion can be
represented by an integrating-sphere model (an exponential
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function as discussed by Jungnickel et al., [14]). The channel
frequency response, in terms of optical power, can then be
written as

. exp(—j2nfAr
H ( f ) = anOS,l exp(_JzanTLOSAI ) + Toiee % ’ (6)
i it/

where 77,5 and 77, represent the channel gain for the LOS
and diffuse signal respectively; A7 s [s] and Az [s] are

the corresponding signal delays, and fo [Hz] the cut-off (3-
dB) frequency of the purely diffuse channel. The LOS gain
from the i LED chip is given by

Mosi = Ac(M+1)cos™ D, cos://,/(aniZ), (7

where Ag [m”] is the effective receiver surface (together with
filter and concentrator gain), and the other variables are intro-
duced in Fig.1. For the purpose of easy comparison, we follow
the work of Komine et al. [4] and assume a Si PIN photodiode
with 1 cm? surface and a concentrator with gain 3 (120°
FOV), together with a blue spectral filter without pass-band
attenuation, summing up to an effective surface of Ag=3 cm?’.
This is realistic with available technology (see, e.g. [15]).
Nevertheless, in contrast to [4], where the optical filter pass-
band covers the whole white-light region, we are detecting
only blue light, and can therefore use a filter of much
narrower spectral width (~130 nm), and thus considerably
reduce the influence of ambient light. According to the used
model, the diffuse signal gain is constant everywhere in the
room, and depends only on Ay and the room properties (room
area Aroom [mz] and average reflectivity, p )

_ A P 3
77DIFF %OM l—p ( )

The cut-off frequency, fy depends on the room properties,
and is about 10 MHz for a medium-sized room [14]. Never-
theless, as will be shown below, the diffusive component has
no significant influence on the overall channel bandwidth.

Inter-symbol interference (ISI) stems from multi-path
propagation of the emitted signals (through cables as well as
air), and limits the transmission speed. The amount of ISI
depends on the chosen transmission scenario (room properties,
distribution of emitter chips at the ceiling and chip properties
itself). We assume that for each submitted symbol all signals
arriving at the receiver with a delay of more than half of the
symbol period after the first signal contribute to ISI.
Therefore, the received optical signal power is

Prsg = 2 Pa(t <T./2) and Pyq =D Pe(t >T./2). (9)

Given the bandwidth of the transmitted signal is limited to
20 MHz (LED modulation bandwidth), the Nyquist symbol
period is limited to 25 ns, and ISI will occur if transmitted
data symbols experience delays larger than 12.5 ns. In a more

realistic case, when raised-cosine pulses with a roll-off factor
of e.g., £ =0.3, ISI will occur when delays are larger than

18 ns.

We investigated the possibility for ISI in the introduced
scenarios. The maximal delay between two optical LOS paths
was determined by the receiver FOV, and the distance
between transmitter and the desk-top surface. In our case, this
delay is At,, <5.5ns, so ISI stemming from different optical

LOS paths alone is not present. Nevertheless, this is the case
when all LEDs are synchronously driven. A large difference
in electrical signal paths from a common distribution point to
each of the LED chips can also lead to ISI. Minimal difference
in cable length, between two chips for which one can expect
ISI to occur, is given by

As>0.75¢c(Tg/2-At,, ), (10)

where 0.75cC is assumed for the speed of signals through cable.
Assuming the maximal delay through air, this critical cabling
difference comes to 2.8 m in the case with raised cosine
shaping (1.6 m with the Nyquist symbol period). If this path
difference is exceeded, ISI occurs and one can expect major
influence on achievable transmission rates. Therefore, it is of
interest to set the maximal electrical path difference as a
requirement on cabling design. This tolerance of few meters
should be quite comfortable to fulfill by implementation,
especially in scenario B. For example, a convenient
distribution point could be in the center of the ceiling, leading
to the four lamps. Hereby, it is realistic to assume that the
chips within one lamp are simultaneously driven. In the
scenario A, the appropriate cabling would be more
challenging. This is one of the reasons why scenario B is more
realistic than A, apart from the fact that it requires the lower
amount of LEDs. Our further investigations will therefore be
based primarily on the scenario B.

To determine the influence of signals coming via diffuse
reflections, we obtained the 3-dB frequency of the total
channel at the desk-top surface, according to

2 2

H ()| =05|H(0)[ , (11)
and (6).

Figure 6 shows the distribution of 3-dB frequencies for

both scenarios. It can be observed that the f,,, pattern some-

what reflects the ceiling design for both scenarios (i.e., the
available bandwidth in scenario A is quite uniform, whereas
for scenario B much larger variation of bandwidth is observ-
able due to concentrated distribution of sources). Moreover, it
can be concluded that the given bandwidth patterns are result
of destructive as well as constructive interference of LOS
signal phases stemming from different chips (i.e. lamps). In
both scenarios, spans of available bandwidth are well above
20 MHz (with minimal frequencies of 90 MHz at the worst
location at the desk-top surface, coincidentally for both
scenarios A and B). Thus, the channel can be considered flat
over the bandwidth of interest, and the influence of ISI can be
neglected. With appropriate cabling, all LOS signal
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components arrive at the receiver within less than half of the
symbol time and the influence of diffuse reflections is
suppressed by strong LOS light all over the room.
Nevertheless, even with Tg = 25 ns, ISI can potentially be
encountered in large rooms with high ceilings (e.g.,
conference halls) where differences in optical paths become
significant with respect to the symbol length.
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Fig. 6: 3-dB cut-off frequency (bandwidth) [MHz] distribution for the
scenarios A (left) and B (right).

Note that, even though the channel is flat over 20 MHz, the
LED modulation response at this frequency will be about 3 dB
below the maximum and will therefore determine the fre-
quency response in the realistic system. For the sake of sim-
plicity, we have neglected this effect in the investigations in
this paper, which leads to a slight overestimation of results. In
a subcarrier-based system, this issue would be counteracted by
e.g., pre-emphasizing the transmission power spectrum at
higher frequencies [1] or allocating lower modulation orders
to them [16], [17].

B. System Performance and Achievable Transmission Rate

We assume that all LEDs are driven by the same (electrical)
signal. Since the tolerance for the electrical path difference
between the lamps in scenario B is relatively large, we assume
that cabling is within this tolerance. Then, in a flat channel,
the received optical signal power is the sum of powers coming
from all light emitting chips

P :Z|Hi(0)| Ri= PCHlpanos,i = PCHIP|H|' (12)

For simulation it is easier to regard it as one source, P, and
one virtual channel, |H | , which is the sum of all LOS gains.

We define a reference signal-to-noise ratio as the total electri-
cal signal power generated by the photodiode (containing the
DC component) over the AWGN power in bandwidth B
(20 MHz)

SNR, =27°F2/(N,B) =27°P2, o [H[ /(N,B),  (13)
where y [A/W] denotes the receiver responsivity, and N, the

double-sided power spectral density of the noise [A*/Hz]. The
responsivity of Si-based photodiodes is ~0.28 A/W in the blue
region. The dominant noise contribution is assumed to be the

shot noise stemming from ambient light from windows. As a
sort of a worst case, bright sky irradiance of
5800 pW/(nm-cm?) was considered [18]. After blue-light
filtering, the induced photocurrent at the assumed receiver is
la=0.62 mA (about four times smaller than assumed in [4]),
and the noise power spectral density is
N, =Ny, =ql, ~107 A’/Hz, (14)
where ( is the electron charge.
Figure 7a presents the SNR, distribution at the desk-top

surface for scenario B in the case where cabling design is
within tolerance, and the values are summarised in Table 1.
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Fig. 7: Distribution of the reference SNR (SNR, [dB]) on the working plane
for the scenario B (a) with appropriate cabling, (b) with unfortunate cabling.
The crosses stand for the receiver positions for which simulations are
performed later on.

Since the SNR is not affected by ISI and the illuminance level
is comparably high, the SNR, remains above 60 dB over the
whole plane. After simple mathematical transformations, the
SNR, can be expressed as a function of the brightness level, E:

NR, =2E*(yAa) /(N,B). (15)
For 400 Ix, SNR, is slightly above 66.6 dB, making this the
minimal SNR, on the recommended working plane (covering
~87% of the desk-top surface for scenario B).
Just for comparison purposes, SNR, distribution was also
calculated with the worst-case cabling scenario, when the
signals arriving to the receiver from three out of four lamps
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cause ISI, and presented in Fig. 7b. In this case SNR, is given
as

SNR, =27°Pi g, [(NB+7" i ). (16)

It can be seen that difference in electrical path lengths can
cause significant reduction of SNR, and consequently limit the
transmission rate. Clearly, the drop is greatest towards the
centre of the working plane, where the three lamps causing ISI
have the greatest influence. Therefore, awareness by cabling
design is of great interest.

In our system, the signal bandwidth is limited to 20 MHz
by the modulation bandwidth of the LED. If raised-cosine
pulses with a roll-off factor of #=0.3 are assumed, bit rates

much higher than 30 Mbit/s can only be achieved if bandwidth
efficient modulation formats are used. Due to intensity modu-
lation/direct detection (IM/DD) type of optical wireless
systems, pulse-amplitude modulation with M levels (M-PAM)
is a bandwidth-efficient modulation format for base-band
transmission. It is, however, well known from electrical
communication theory that, for the same BER, QAM requires
a lower SNR than PAM (also than PSK) assuming the same
order of modulation M [19], but this type of modulation is
only possible in our system if sub-carrier modulation is used.
In the following, we evaluate and compare the performances
of base-band transmission (using M-PAM) and sub-carrier
transmission (based on DMT [19], [20], in combination with
M-QAM).
Figure 7a shows that the SNR can exceed as high levels as
70 dB. For such high SNR values the random optical beating
of the optical power emitted by the incoherent white-light
LEDs becomes noticeable. According to the literature, LEDs
are to a good approximation thermal emitters [21] and when
neglecting all other sources of random variation, the achiev-
able SNR for un-polarised thermal light is given by
R

=2AV/AT, (17)

cat
where Av is the optical bandwidth of the detected light and
Af is the bandwidth of the detection system. Notice, that this

equation only holds for Av[] Af . A thorough discussion of

the optical beating of (thermal) light can be found elsewhere
[21], [22]. In our case the former is ~ 125 THz. Assuming the
measurement bandwidth to be around 40 MHz, equation (15)
yields an SNR of 69 dB, i.e., throughout the whole area for
which the luminous flux is above 400 Ix the achievable SNR
is capped to about 69 dB.

1) M-PAM based transmission

An M-PAM transmission scheme is shown in Fig. 8. The LED
is modulated by a stream of M-PAM symbols,

X(t):(A<+AtH|P)g(t—kT5ym), (18)

where A, represents the mean signal amplitude, A the
scaled amplitude of the K™ symbol interval of length Tym» and
g(t) the pulse shape.

Ambient Light

M-PAM &
Amp. sc.

; Fenre J ’ % Eg

Ac= % Awe X0

Fig. 8: Block scheme for an M-PAM transmission chain.

Namely, the M-level symbol alphabet has M different values
a/(M-1), a e{-(M-1),...-LL...,(M-1)},
which are occurring with equal probabilities. To properly

drive the optical source (i.e., to ensure the mean optical power
of P.,,,) symbol amplitudes need to be scaled with

Acip =Peup /S, (S being the LED conversion factor in

where

[W/A]) so that A, :% Acp,and aDC of A, needs to

be included. The SNR is then given as

EZSZ<A3>|H|Z72:<a:>Pc2H|P|H|272
N, N,B (M —1)2 N,B (19)
2 L)

_ M+l PCH|P|H| 1% = o (M)

NRy
3(M-1) N,B '

2

Given that the factor f,,, (M) presents a monotonic

decreasing function of M, which approaches 1/3 for M — o0,
it is clear that for higher M more power is needed for the same
SNR, i.e., the power-efficiency decreases. This factor actually
represents the ratio between the mean and peak electrical
power.

According to [19], the relationship between BER and
Es/N, for 20-MBd M-PAM signals is

M-1 2

3 E
BE = =S
Rucemn =y log, M Q{ M? -1 NJ

M-l 2 Q[JSNRO/z}

(20)

T M log,M M -1

The approximation sign is here introduced since with Gray
coding, each symbol error “only” most likely causes one bit
error.

Now, for a chosen bit-error performance and taking into
account the SNR; span present in the considered scenario, we
can determine the maximal allowed order of M-PAM at the
desk-top surface. Then, the achievable transmission rate is
given by
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This is illustrated in Fig. 9, where rates as high as
300 Mbit/s can be achieved for BER=10".
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Fig. 9: M-PAM order of modulation (left ordinate) and transmission rate (right
ordinate) for various bit-error ratios and as function of the base-band SNR.

To support the above conclusions, Monte Carlo simula-
tions have been performed in points T and U (shown in Fig.
7a), and the BERs obtained from simulations were compared
to the BERs rendered with (18). In simulations, perfect
synchronization and decision thresholds are assumed. Since
the available SNRs at the receiver plane are extremely high,
the Monte Carlo simulations with given parameters would
consider very high modulation orders or very low BERs,
which in turn would result in a prohibitively large number of
calculation steps. Therefore, the simulations in points T and U
were performed assuming LED chips of ten times smaller
optical power (leading to a 20 dB lower SNR). The BERs
inferred from theory and simulations were found to differ less
than 5%. This discrepancy is a consequence of the fact that the
number of simulated symbol errors is limited by computation
complexity to about 100. However, such difference is well in
the range of a 90% confidence interval.

2) DMT transmission

In a fading channel, sub-carrier modulation enhances system
robustness. In an optical wireless system on the other hand,
moving the signal spectrum away from DC offers better
robustness against ambient-light noise and interference form
fluorescent lighting, which is particularly strong around DC.

In particular, DMT is a special type of modulation tech-
nique that offers high bandwidth efficiency, inherently deals
with ISI, allows for simple equalization at the receiver, and
can be entirely realised with digital signal processing [19],
[20].

As shown in Fig. 10, at the Tx the input data are divided
into several parallel streams, which will be encoded and
imprinted onto different sub-carriers. These are then mapped
to M-QAM symbols by aid of Gray coding. A DMT symbol is
formed via digital signal processing, and used to directly
modulate the optical source. At the input of the Inverse Fast
Fourier Transformation (IFFT) block, conjugate symmetry is

enforced on the vector of QAM symbols, to ensure a real-
valued modulation signal. This means that for N-1 inde-
pendent sub-carriers (first input of the IFFT block corresponds
to DC, which does not carry any data), a 2N-IFFT block is
necessary.

data ) N-1
Decision and
de-mapping

Channel
estimation

data fN-1
M-QAM
mapping

DMT mod

DMT demod

Ambient
light - ===

PD (DCblock)

Fig. 10. Block scheme of a DMT transmission chain with M-QAM mapping.

OW channel
H

After detection and DMT demodulation, sub-carriers are
separately processed. Following the channel estimation, the
data are equalized (e.g., multiplied with an inverse channel
coefficient).

The SNR on each subcarrier is

e, S,

E ) H)’

N, 2N, B,

; 22)

where 2N, B, is the noise power on one sub-carrier. For a

system with N independent sub-carriers and M-QAM
mapping, the SNR of each sub-carrier will be
2 H 2
EZ(PCHIPJ f (M) (7/| |)
DMT
N, N -1 2BN,/2N ' 23)
N
=—f M) SNR,
2 ( N _ 1)2 DMT ( )

The SNR is a function of the number of sub-carriers and
the receiver position.
Here, the factor fDMT(M) corresponds to the ratio be-

tween the mean electrical power (i.e. mean of the square
signal amplitude) and the square of the mean optical power
(i.e. mean signal amplitude)

(xF)

o) DL
ST (Ree ]

24
N-1
Such approach will lead to a certain amount of clipping

noise, especially for low numbers of sub-carriers. The optimi-
zation of the clipping level is currently under investigation. In
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order to ensure negligible clipping at the optical source, it was
assumed that the sum of the mean signal amplitudes on indi-
vidual subcarriers is Reyp/S. According to [19] the

theoretical formula connecting BER and Eg/N, for M-QAM
is

BER=

4 M -1 ol [_E]| s
log, M M M -1 N,
where the approximation is valid for high SNRs and Gray

coding. By introducing (23) into (25), the BER dependence on
NR, can be found as

4 N—lQ[«/ﬁ VR, J 26)

BERElogZM N N-1 (A(M))

where N is the number of used sub-carriers and <Ag(M )> is

the mean amplitude of the symbol alphabet. For square M-
QAM constellations

\M-1 M-I
<A5(M)>=% PADINER 27)

can be easily derived.

Again, we can determine the maximal order of M-QAM
modulation according to the chosen system bit-error perform-
ance and SNR, span present in the considered scenario. The
corresponding net transmission rate will also depend on the
assumed length of the cyclic prefix L, i.e.,

(28)

In Fig. 11 the maximal number of bits per sub-carrier are
given for the cases N =8 (with L=1) and N= 16 (with L =2),
as well as the corresponding transmission rates (right
ordinate).

We also conducted simulations for the DMT system in
points V and W as depicted in Fig. 7a, and also found them to
deviate less than 5% from the predictions in Fig. 11. The
chosen cyclic prefix lengths are sufficient, since the channel
memory (calculated to be up to 5.5ns in the considered
scenario) is well below the sampling interval of 25 ns.

When comparing Fig. 11 and Fig. 9 the achievable rates
with DMT and PAM are quite within the same range. The
decision between the two approaches would thus have to be
made depending on the environment (noise and ISI) and
desired system complexity. Even though QAM combined with
DMT is more complex than PAM, it provides a slightly higher
maximum data rate for the same optical SNR and it is more
robust regarding noise. In practice, one should also aim
towards a flexible system that is robust in ISI-degraded envi-
ronments, e.g. large lecture halls. ISI degrades the channel
response on certain frequencies. In the case of base-band

transmission, performance in the whole channel is corrupted
(without any equalization), so the resulting SNR can be
significantly lower. For instance, in a scenario where 10% of
the total received power is delayed enough to contribute to
ISI, it can be shown that the SNR will be in the range of about
20 dB, (since instead of ambient light now the delayed signals
present the major interference), allowing for, e.g., only
60 Mbit/s with 4-PAM (4=0.3, BER=10"). In this case,

DMT allows for much better performance close to the values
shown in Fig. 11. In the case that the degradation involves
only some sporadic frequencies, only some of the sub-carriers
would suffer performance degradation, whereas the rest of
them would still have high SNRs. If the response is degraded
on a whole frequency band, then one could deploy adaptive
DMT, i.e. modulating the sub-carriers with different QAM
orders depending on the SNR of each one [16], [17].
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Fig. 11: M-QAM order of modulation (left ordinate) and achievable
transmission rates (right ordinate) for N = 8 (top) and N = 16 (bottom) DMT
sub-carriers for various bit-error rates and as a function of base-band SNR
with cyclic prefix L = 1 and L = 2, respectively.

IV. CONCLUSIONS

Using white-light LEDs simultaneously for illumination and
data transmission promises synergy, which is increasingly
gaining attention in R&D [23]. We have shown that the
modulation bandwidth of commercially available LEDs can be
enhanced to ~20 MHz when suppressing the phosphorescent
portion of the optical spectrum upon detection. Starting from
requirements for office illumination, as defined in lighting
standards, we investigated achievable transmission rates in a
medium-sized room model. Assuming that the cabling is done
within what was found to be a comfortable tolerance, the
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transmission channel can be regarded flat over the bandwidth
of interest, due to high optical power distributed via many
line-of-sight links. The system performances were compared
for base-band M-PAM and M-QAM on DMT modulation. It
was found that the achievable rates are comparable for both
techniques and lie in the region of several hundreds Mbit/s. It
can be expected that benefits of DMT are even pronounced in
the ISI degraded environment. Analytical assumptions were
corroborated with Monte Carlo simulations for both
modulation schemes. Even though a DMT system is more
complex, it can be fully realized with standard FPGA and
DSP units. In practice, we expect the reported large SNR
values to be limited by the linearity of the transmitter and
receiver, and experimental investigations are necessary to
fully assess the practical potential of high-speed white-light
wireless transmission.
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