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ABSTRACT

Visible light communication (VLC) systems should be de-
signed to provide illumination and wireless data services si-
multaneously. To achieve this goal at a reasonable cost, the
use of Phosphor-Converted (PC) LEDs for indirect illumina-
tion should be favored to provide a homogeneous and reliable
coverage in the whole service area. Unfortunately, PC-LEDs
found in the market so far have not been designed for data
transmission; moreover, the response of the other (electro-)
optical components of the VLC link are far from ideal. In
this paper, we estimate the data rate that is feasible with VLC
when indirect illumination is used. For this purpose, the end-
to-end response of the VLC link is first modeled using actual
measurements of the spectral power distribution of a PC-LED
lamp and the ceiling reflectance. Then, different power allo-
cation schemes are studied assuming an optical OFDM wave-
form. As commercial LEDs have a relatively slow time re-
sponse, the equivalent VLC channel that results has strong
frequency selectivity; therefore, notable data rate gains are
achievable when waterfilling power allocation is applied.

Index Terms— Visible Light Communication, [llumina-
tion, PC-LEDs, Optical OFDM, Power Allocation.

1. INTRODUCTION

Visible Light Communication (VLC) systems using Phosphor-
Converted (PC) Light Emitting Diodes (LED) have been con-
sidered as an attractive alternative to Radio Frequency (RF)
technologies for indoor short-range communications [1]. PC-
LEDs offer the cheapest lighting among LED technologies
found in the market, providing an optical spectrum that the
human eye interprets as a white light source by combining
blue and yellow light. Specifically, the PC-LED chip emit-
ting blue light is covered by a phosphorescent layer, such that
yellow light is produced from a part of emitted blue light [2].

Most indoor VLC applications found in the literature con-
sider Line-of-Sight (LOS) propagation, where the LEDs are
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generally placed on the ceiling to provide a direct illumi-
nation towards upward-facing Photodetectors (PDs) located
in beneath [3, 4]. However, such an approach might cause
non-homogeneous illumination in the service area, discom-
fort glare effect, and over-exposure problems in light-directed
areas [5]. From this perspective, there are only few exper-
imental demonstrations for Non-Line-of-Sight (NLOS) VLC
application [6, 7]. However, these publications do not address
in detail the data rate that is feasible when the VLC system
should also verify given illumination constraints.

DC-biased Optical (DCO)-OFDM, which generates a real
unipolar baseband signal forcing the Hermitian symmetry
condition in the vector of QAM-symbols that feeds the IFFT,
plus adding a DC-level and clipping the negative values, is
widely employed to mitigate the impact of the low-pass fre-
quency response of the VLC link [8]. In this context, the
choice of power allocation strategy also plays an important
role, as most references assume a flat (electrical) frequency-
response when estimating the achievable data rate [9, 10].

In this paper, the data rate of a VLC system using a
PC-LED lamp with indirect illumination is studied assuming
different power allocation schemes. In contrast to existing
works, real measurements of the PC-LED spectral power dis-
tribution and the spectral reflectance of the ceiling material
are utilized to obtain more realistic estimations. The data rate
that is feasible with indirect illumination has also been char-
acterized for different DCO-OFDM signal bandwidth and
power allocation strategies, while fulfilling the illumination
requirements that exist for indoor office environments.

2. SYSTEM MODEL

Consider the VLC system model presented in Fig. 1, consist-
ing of a floor lamp with a PC-LED in the center of the room, a
ceiling reflecting surface with known spectral reflectance, and
a PD on top of a desk. For simplicity, only the downlink di-
rection of communication is considered. Moreover, all signal
processing is implemented in transmission, where the QAM
symbols are mapped on the different subcarriers of the Opti-
cal OFDM signal. In order to model the end-to-end response
of the VLC link, the three main blocks of it (i.e., transmitter,
channel and receiver) are now described in detail.
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Fig. 1. Indoor VLC system using a floor lamp to provide
optical wireless access in presence of indirect illumination.

2.1. VLC transmitter using PC-LEDs

PC-LEDs consist of a blue chip and yellow phosphor layer,
whose interaction generates white light. The Correlated Color
Temperature (CCT) of the white light that the PC-LED emits
depends on the balance between the power of the blue light
from the Blue (B)-Chip and the green-yellow-red light con-
verted from the Yellow (Y)-Phosphor layer.

2.1.1. Spectral Power Distribution of PC-LEDs

The data sheets of LEDs originally designed for illumination,
such as [11], only provide low-quality plots of the relative
Spectral Power Distribution (SPD) of the LED, i.e.,
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where S{" (M) and St (M) are the SPD of the light emitted by
the B-Chip and Y-Phosphor, respectively. To characterize the
contribution of each of these sources separately, given actual
measurements of the SPD of the aggregate white light that the
PC-LED emits (Cyan solid line in Fig. 2), we apply the curve
fitting model proposed in [12] to obtain
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where A; (A3) is proportional to optical intensity radi-
ated by the B-chip (Y-phosphor) at the peak wavelength
w1 (u2), o1 (o2) is proportional to the Full Width at Half
Maximum (FWHM) optical power emitted by the B-Chip
(Y-phosphor), « indicates the shape of the asymmetric Gaus-
sian function, and sign(x) is the signum function of real
number x that equals 1 for z > 0 and —1 otherwise.

The parameters that minimize the mean square error be-
tween the actual measurement (Solid cyan line) and the curve
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Fig. 2. Measured SPD of neutral white LED light (solid
cyan line), and estimated SPD of light emitted by the B-Chip
(dashed violet line), Y-Phosphor (dashed yellow line), and the
combination of both of them (solid black line).

Table 1. Curve fitting parameters LUXEON Rebel (4000 K).

Intensity [mW] | Peak A [nm] | Std. Dev. [nm]
B-Chip | A; = 3.7880 w1 =450 o1 = 14.41
Y-Phos. | A, = 5.2833 o = 583 o9 = 97.29

fitting approximation (Solid black line) for the LUXEON
Rebel Plus LX18-P140-3 (4000 K) [11] are listed in Table 1.
Note that the area of the curve has been normalized (1 W), and
that best fitting takes place when oo =~ 0. Small discrepancies
between data sheet values and actual measurements are due
to LED junction temperature variation during the experiment.

2.1.2. Modulation behavior of PC-LEDs

In a PC-LED, two colors are added to produce light that is
perceived as white. Due to that, the modulation process with
these LEDs can be described as follows [2]: The electrical
current that drives the LED (410q) passes through the B-Chip.
Then, part of the blue light that the LED chip generates is ra-
diated directly, whereas the remaining part of the emission is
first absorbed by the phosphor layer and then spontaneously
irradiated at a longer wavelength. The response to the impulse
of both B-Chip and Y-Phosphor components can be character-
ized by two exponential decaying functions, namely

h (1) =u(t) exp (=t/m),  hp(t) =u(t) exp (=t/7p), (4

where u(¢) is the unit step function and 7, (73,) is the time
constant for the B-Chip (Y-Phosphor).
The instantaneous optical power of the LED is given by

PORE) o inea * |Gl (8) + Goho(8) + hp(8)], (5)

where G, and G, are the power gain coefficients that take into
account the fraction of the optical power that is received from



the B-Chip and Y-Phosphor, respectively, whereas ‘x’ denotes
the convolution operation. Then, the frequency response can
be obtained by using the Fourier transform, i.e.,
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The time constants 73, and 7, are not easy to measure in prac-
tice; therefore, we use the values reported in [2].

2.2. Optical wireless channel with ceiling reflection

The optical power that the PD receives in case of indirect il-
lumination depends on the SPD of the LED 55 (A) and the
reflectance of the ceiling material pcei1(A). Both of them were
measured experimentally to obtain the simulation results.
Based on [13], the DC gain of the optical channel between
LED and PD after the first-order reflection on the ceiling is
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where i is the index of each of the (small) non-overlapping
reflecting elements in which the ceiling area is divided, and
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are the DC gain of the direct link between the LED and re-
flecting element ¢, and between the reflecting element ¢ and
PD, respectively. In (8)-(9), m is the Lambert index of the
LED, A,cf (Apa) [m?]is the physical area of the i-th reflecting
element (PD), ¢1 (¢2) and 11 (1)) [rad] are the angle of irra-
diance and incidence of the first (second) link, respectively,
dy (d3) [m] is the LED-reflector (reflector-PD) distance, and
W, [rad] is the Field of View (FOV) semi-angle of the PD. In
practice, the Lambert index m = —1/ logy[cos(0max )], where
Omax [rad] is the LED radiation semi-angle at half power,
which is typically provided by the LED data sheets [11].
Finally, the spectral optical power that reaches the PD is

PN (A) peeit(\) HZE 1 (0),  (10)

where Ploq [W] is the total radiant power of the LED. The
reflectance pceii(A) that was measured for the white-painted
sample ceiling material is shown in Fig. 3 (solid blue line).
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2.3. VLC receiver using commercial PD

The DC current at the output of the PD is given by
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where Rpq(A) [A/W] is the responsivity of the PD and f,(\)
is the transmitance of the optical filter with lower (\;) and up-
per (\y) cutoff wavelengths. The responsivity of the PD (solid
red line) and the transmistance of the optical filter (dashed
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Fig. 3. Measured spectral reflectance of white ceiling material
(solid blue), FGS900 visible light filter transmitance (dashed
blue), and PDA100A2 PD responsivity (solid red).

blue line) can be appreciated in Fig. 3, and have been taken
from the data sheets of PDA100A2 [14] and FGS900 [15] re-
spectively, both of them manufactured by Thorlabs.

Finally, the SNR of the signal at the PD output is given by
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where Gy, [V/A] is the gain of the Transimpedance Ampli-
fier (TIA) that is placed at the output of the PD, and v,, is the
RMS of the aggregate noise that is present at the TTA output.

, (12)

3. KEY PERFORMANCE INDICATORS FOR VLC

In this paper, two Key Performance Indicators are defined,
namely: Illuminance and Achievable Data Rate.

3.1. Illuminance requirements to be verified

Taking into account the human eye sensitivity function V (),
the luminous flux and the illuminance [16] on the PD becomes

Im 780nm P
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respectively. When a typical office environment is consid-
ered, the mean illuminance E,y,z = E{E,} > 500 [Lux]
and the illuminance uniformity U = min{E, }/F,,, > 0.6
should be simultaneously verified according to [17].

3.2. Achievable data rate of the VLC link

When DCO-OFDM is utilized, the DC-level 4. to be added
before clipping the negative values of the real baseband
OFDM signal should be high enough to do not affect the
BER floor of the Adaptive Modulation and Coding (AMC)
scheme on each subcarrier. In this situation, the achievable
data rate of the VLC link with DCO-OFDM can be written as

W a I1
Ry = A log, <1+9"‘ (fw)djd(f ))df, (14)
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Fig. 4. Cumulative distribution function (CDF) of room illu-
minance. Red dashed line: Minimum illuminance threshold
(60% of mean value). Green dashed line: Mean illuminance.

where W [Hz] is the (one-sided) DCO-OFDM signal band-
width, whereas gp, (f) depends on the power allocation strat-

egy that is used and verifies fOW gpa(f) df = W. Three dif-
ferent power allocation strategies were considered, namely:

e Equal Power Allocation (EPA): Assumes that power
is evenly divided among the QAM symbols of the differ-
ent DCO-OFDM subcarriers, such that g,.(f) = 1 for
0 < f < W. This way, all the electrical bandwidth of
the PC-LED is utilized, and the spectral efficiency of the
AMC scheme decreases with the indexes of the subcarriers.

e Equal SNR in Reception (ESNR): Assumes that the
power is unevenly allocated, verifying gpa(f)I'pd(f) = Tesnr
for 0 < f < W, such that Iy, is observed in in all subcarri-
ers to achieve the target BER with the same AMC scheme.

o Waterfilling (WF) Power Allocation: As expected, the
achievable data rate of the VLC link is maximized when
gwt(f) = max {07 /v — Oé(f)}, where a(f) = vac/Tpa(f)
and v is the waterfilling level that is selected to verify
fOW max {0,1/v — a(f)} = W. Key point here is to iden-
tify the magnitude of this gain when using commercial LEDs.

4. SIMULATION RESULTS

The office room size is 3mx3 mx2.5 m. The LED floor lamp
has a height of 1.6 m and points up. Similarly, the PD points
up and takes random locations on top of a desk of height
0.85m. The PC-LED has a total radiant power Poq = 50 W, a
measured SPD given in Fig. 2, viewing angle ,,,,x = 60 deg,
and time constants 7, = 0.5 1S and 7, = 0.05 S for the Y-
Phosphor and B-Chip, respectively. Similarly, the measured
reflectance of the ceiling pcei(A), transmitance of the opti-
cal filter f,(\), and responsivity of the PD R,q(\) are shown
in Fig. 3. The gain of the TIA is G, = 750 V/A and the
power invested on the DC-level of the DCO-OFDM signal is
~vde = 13 dB larger than the power used for the data symbols.
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Fig. 5. CDF for the achievable data rate when DCO-OFDM
bandwidth is 2 MHz (upper panel) and 20 MHz (lower panel).
EPA: Solid red. ESNR: Solid green. WF: Dashed blue.

Figure 4 shows the CDF of the room illuminance, follow-
ing the analysis presented in Section 3.1. Note that the mean
illuminance requirements is verified since F,,; = 515 Lux,
and the illuminance uniformity recommendation is also ob-
served in most of the room area, as illuminance is only lower
than 309 Lux in less than 8 % of the places (room corners).

Finally, Fig. 5 shows the CDF for the data rate when the
bandwidth of the DCO-OFDM signal is W = 2 MHz (upper
panel) and W = 20 MHz (lower panel). Since the frequency
response of the PC-LED is almost flat at low frequencies (i.e.,
Y-Phosphor emission range), no notable effects are observed
when comparing EPA and WF for W = 2 MHz. On the con-
trary, since the variability of the PC-LED frequency response
strengthens when the bandwidth of the DCO-OFDM signal
grows (while becoming simultaneously more power-limited),
the gain of WF with respect to EPA is more notable when
W = 20MHz. Finally, it is possible to see that the ESNR
approach is not convenient, as too much power is wasted in
compensating the low-gain frequency response that PC-LEDs
have on the subcarriers with higher indexes.

5. CONCLUSION

We have studied the data rate that a DCO-OFDM VLC sys-
tem can achieve with different power allocation schemes in
an indoor office environment with indirect illumination. To
make a reliable estimation of the actual data rate, the SPD of
a commercial PC-LED and the reflectance of a sample ceil-
ing material have been measured. Moreover, an off-the-shelf
optical filter and PD have been considered. Although the fre-
quency range in which a PC-LEDs has a good response is
relatively narrow, it was observed that much higher data rates
are feasible if the bandwidth of the DCO-OFDM signal goes
beyond the cutoff frequency of the Y-Phosphor. In this case,
WF power allocation outperforms EPA as the VLC link be-
comes more frequency-selective and power-limited.
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