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Abstract:  White light emitting diodes (LEDs) have been widely utilized
for illumination owing to their desired properties of inherent bright output,
high efficiency, low power consumption and long life-time. They are also
increasingly applied in optical wireless communications for realizing high
data rate transmission. This paper presents an improved scheme relying
on the insertion of a simple predistortion module before the decoder at
the receiver of optical wireless communication systems that use white
LEDs. The proposed predistortion scheme exploits the inherent nature
of mixing the three unequal optical-power primary colours in generating
white light to enhance the system’s performance. Specifically, we design
this predistortion module by minimizing the upper bound of the error
probability in conjunction with a soft-decision decoder. Our simulation
results demonstrate that the detection performance is considerably improved
with the aid of the proposed predistortion module.
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1. Introduction

White light emitting diodes (LEDs) have emerged as a promising technology to replace incan-
descent or fluorescent lights for illumination owing to their inherent benefits of bright output,
high efficiency, high tolerance to humidity, low power consumption, and long life-time. LEDs
are also increasingly applied to indoor and intra-vehicle optical wireless communications due
to their attractive features of fast switching, low cost, and broad bandwidth [1-4]. The visible
light emitted by LEDs can be modulated and encoded to carry a high-rate data while the main
role of illumination remains unaltered, because the blinking rate of modulated light waves is
far beyond the fusion frequency of the human eye. The optical pulses transmitted by the LED
lights can be detected by photodiodes (PDs) or avalanche photodiodes (APDs). Gigabit wireless
transmissions have been achieved by using white LED lights [5-7].

Generally, white LEDs are classified into two types, namely, single-chip LEDs and RGB-
type LEDs. Single-chip LEDs use a single blue LED that excites yellow phosphor to create
white light emission. A 477 Mbps system was implemented using single-chip white LEDs
and on-off-keying (OOK) modulation [8], while the transmission rate can be increased to 1
Gbps by rate-adaptive discrete multi-tone (DM T) modulation [5]. However, the slow response
of the phosphor in the single-chip LEDs limits the modulation bandwidth, whereas the power
efficiency is reduced when combined with a blue filter in order to reject the phosphorescent
components. By contrast, RGB-type LEDs combine the lights from the LEDs of three primary
colours, which are red, green and blue, and these three LEDs emit their corresponding coloured
lights simultaneously. RGB-type L EDs are more desirabl e than single-chip LEDsfor the sake of
enhancing the transmission rate, since their three wavel engths can be used to carry multiple data
streams independently, thus offering a wavelength division multiplexing (WDM) capability.
Recently, a 3.4 Gbps transmission rate has been achieved using RGB-type white LEDs and
DMT modulation [6].

White light may be synthesised as a combination of three primary colours with unequal op-
tical powers. Intriguingly, the human eye exhibits wavelength selectivity [9] and for the sake
of illumination comfort, the white light emitted by RGB-type white LEDs should be closely
matched to the light emitted by fluorescent bulbs, which is the mixture of the three primary
colours each having an inherently different emitted optical power. At the receiver, the con-
version efficiency between the optical and electronic signalsis also different for each primary
colour. Therefore, the signal power received from each optical to electronic (O/E) converter
corresponding to each primary colour is different. Consequently, the achievable system perfor-
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mance is limited by the weakest received signal. Moreover, since convolutional codes, Reed-
Solomon codes, turbo codes or low density parity check (LDPC) codes are widely adopted in
practice as the forward error correction (FEC) mechanism [10] to improve the system'’s per-
formance. However, having different reliabilities for the three received signals will degrade the
performance of soft-decision decoder, which will be dominated by the least reliable component.

In this contribution, a novel scheme is proposed for improving the performance of the soft-
decision decoder by introducing a simple predistortion module before the decoder, which sig-
nificantly enhances the achievable performance of the optical wireless communication system
utilizing white LEDs. The basic idea of the proposed predistortion module is that a more re-
liable received signal should contribute more to both the branch- and path-metric calculation
in the soft-decision decoding process, while a less reliable received signal should have a de-
weighted contribution in the soft-decision decoding process. More specifically, the proposed
predistortion module applies different weightsto the received signal s corresponding to the three
primary colours, where the specific weighting factors are designed for minimizing the union up-
per bound of the error probability for the soft-decision decoder. Our simulation results confirm
that this predistortion scheme significantly improves the achievable decoding performance.

The remainder of this paper is organized as follows. In Section 2, the optical wireless com-
munication system utilizing white LEDs is presented, while in Section 3, the proposed pre-
distortion module is described and its performance is analyzed theoretically. In Section 4, the
performance of the systems with and without the proposed predistortion module are compared
viasimulations, and our conclusions are drawn in Section 5.

2. System model

A typical optical wireless communication system using RGB-type white LEDs is shown in
Fig. 1, apart from the proposed predistortion block. At the transmitter, the information bits are
encoded by the channel encoder. The coded bits are then serial to parallel (S/P) converted into
three streams and each bit-stream is sent to the chip of a primary colour LED for modulation.
Due to the complexity associated with phase or frequency modulation, current optical wireless
communication systemstypically use intensity modulation with direct detection (IM/DD), such
as OOK, pulse-position modulation (PPM) and subcarrier modulation [11]. Since OOK modu-
lation isthe most widely used scheme owing to its simplicity, we consider the OOK modulation
scheme in this paper. The modulated optical signals of the three primary colour LEDs are mixed
using the specific optical power mixing ratio to produce white light, which is emitted into the
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Fig. 1. Optical wireless communication system using RGB-type white LEDs with the pro-

posed predistortion module inserted before the decoder at receiver.
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air. At the receiver, the optical filters tuned for the three primary colours attenuate the ambient
light and separate the three primary colour signals. The optical signals are then converted to
their electronic counterparts by the O/E converters. The three received electronic signals are
then parallel to serial (P/S) converted into the single signal stream which is used as the input to
the soft-decision decoder.

Table 1. Combination of three primary colours and the corresponding optical power mixing
ratio My : Mg : My, for emitting white light [9].

Type Red Green Blue

1. Wavelength (nm) | 600 555 480
Mixture ratio 1 089 251

2. Wavelength (nm) | 610 555 475
Mixtureratio 1 143 229

3. Wavelength (nm) | 610 555 450
Mixtureratio 1 262 196

4, Wavelength (nm) | 610 565 450
Mixtureratio 1 11.17 7.19

Efficient illumination is always treated as the first priority for white LEDs. Therefore, when
using white LEDs for optical wireless datatransmission, it isimportant to ensure that the white
light is produced by using the appropriate optical power mixing ratio of the three primary
colours. Let us denote the optical powers emitted from the red, green and blue LEDs by My, Mg
and My, respectively. In [9] four combinations of the optical power mixing ratio M : Mg : My,
were defined for the sake of emitting the white light. The corresponding wavelengths and the
weighting factors of the three primary colours are listed in Table 1. Clearly, the three primary
colours must have unequal optical emitted powers for producing white light. According to [12],
the O/E conversion efficiency 1 is calculated as

el

=Y @
where vy is the quantum efficiency of the photo detector, e is the electron charge, A is the
signal wavelength, h is Plank’s constant, and c is the speed of light. For different colours, both
the wavelengths and the quantum efficiencies of the photo detector are different. Therefore,
the conversion efficiencies between the optical and electronic signals are also different for the
three primary colours, which are defined as 7, 1¢ and ny, for the red, green and blue colours,
respectively. The amplitude of the electronic signal at thereceiver isproportional to theintensity
of the received light. If we denote the electronic energies received per symbol from the red,
green and blue LEDs as E;, Eg and Ep, respectively, it becomes clear that we have

VEr 1 /Eg: vEp =M1y : Mgng : Mp1pp. @)

Since the energies of the electronic signals received from different LEDs are not equal, the
reliability of the signal received from each O/E converter corresponding to each primary colour
is also different, and this is known to impose a performance degradation on the soft-decision
decoder at the receiver.

3. Proposed predistortion module

Our proposed predistortion module is inserted before the decoder, as shown in Fig. 1, in order
to “predistort” the received signal beforeit is passed to the soft-decision decoder. L et us denote
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the electronic signal received from the P/S converter as r(t), which is formed by the serialy
concatenated signals gleaned from the red, green and blue colour O/E converters. The different
weighting factors of the predistortion block for the red, green and blue signals are denoted as
Fr, Fg and R, respectively. The output signal r (t) of the predistortion block is then given by

r(t)-F, r(t) e redlight;
r'(t) =< r(t)-Fy, r(t) € greenlight; (3
r(t)-F, r(t) € bluelight.

The basic objective of predistortion isto assign amore reliable signal ahigher weight and aless
reliable signal alower weight, in order to assist the decoding process. However, the weighting
factors of the predistortion block must be carefully selected to optimize the achievable system
performance.

We consider a classic convolutional code as an example. When the soft-decision Viterbi
decoder [13] is used, a common technique of estimating the attainable performance of the
decoder is to use the union upper bound of the first event error probability, which is given
by [10]

oo

PR< Y ngPy, (4)
d:dfree

where df e iSthe free distance of the convolutional code, ny denotes the number of trellis-paths
having adistance d from the all-zero path that merge with the all-zero path for thefirst time and
Py representsthe pairwise error probability. Furthermore, ng isthe coefficient of the polynomial
T(B,D)|g=1 derived from the transfer function T (B, D) [13]. The optica wireless channel may
be modelled by an additive white Gaussian noise (AWGN) channel due to the line of sight user
scenario of high-rate optical wireless communication systems using white LEDs [14]. For the
AWGN channel having the noise power spectral density Np/2, the pairwise error probability Py
for OOK modulation can be expressed as

Pd:Q< OI'\,EO> 5)

where E; denotes the energy per symbol and Q(x) represents the standard tail probability of the
Gaussian distribution with zero-mean and unit variance, which is given by

Q)= — [ e (—tzz) dt. ©)

Since the energy received from each O/E converter corresponding to each primary colour is
different, the overall energy of each path is aso different. Thus, the union upper bound of the
first event error probability in the absence of the predistortion block can be rewritten as

Pe < i nde (\/(rd*k\/Eir_'—gd,k\/Eig—de’k\/Eib)z) | (7)

d=dyreek=1 dNo

where k represents the kth path at a distance of d from the all-zero path that merges with the
al-zero path for the first time, while the numbers of ’1s' transmitted from the red, green and
blue LEDs in the kth path is defined as rq x, gax and by, respectively. Apparently, we have
Fdk+ Qd.k + bax = d, and the upper bound in Eq. (7) is larger than that given in Eq. (4).
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In order to improve the performance of the soft-decision Viterbi decoder, the predistortion
block allows the more reliable signals to contribute more to both the branch- and path-metric
calculation, while reducing the contribution of the less reliable signals, by weighting the three
signals gleaned from the three O/E converters corresponding to the primary colours of red,
green and blue with the weighting factors of F, Fy and F,. The weighting changes both the
desired signal energy and the noise power gleaned from each O/E converter simultaneously
and proportionally to the squared value of the weight applied, and therefore the union upper
bound of the first event error probability can be expressed as

adL. \l (raxFrvEr +9dxFg/Eg+ bd,ka\/ETa)z ®

P, <
° d:%reek:ZlQ (raxF? + 9axFg +baxFZ) No

Based on Cauchy-Schwarz inequality, the union upper bound in Eq. (8) is minimized asfollows

d:%reekgiQ (raxF? + 9dkFZ + bakFZ) No

2
ol \l (raxFrvEr 4 9d.xFg/Eg + b kFov/Ep)

iyl | (raxF? + 9akFE + bakFZ) No

- 3 Yo JWmﬁ-W+MF9-M+¢bdkabvbdvkEb>2

. i %Q(\/(rd7k|:r2—|—gd,k|:gz+bd7kaz)'(rd,kEr+gd,kEr+bd,kEr)>

d=dpreekmt (raxF? + gaxFZ + ba kFZ) No

e Er Er + by kEr
= ZQ<\/(rd,k +9dl,\|70 +0d k ))’ )

d=dfree k=1
where the last equality holds only when we have

FiFy:Fo=VE :Eg: VEo (10)

Furthermore, the average energy per symbol after the predistortion block should remain un-
changed, and this requires that

FP+Fy+R =3 (11)

Therefore, the optimal weighting parameters for the predistortion block are given by

F— V31 (12)
\/ M2 +MZng +Mgng

Fy= v 3y (13)
\/ M?Zn2 +M3nZ +Mgng

Ry — V3Mpnp (14)
\/M2n? -+ M0+ M2n2
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Interestingly, the weighting factors given in Eq. (12) to Eq. (14) depend only on the emitted
optical powers and on the conversion efficiencies of the O/E converters, but they are unrelated
to the structure of the convolutional code. Therefore, they are optimal for any convolutional
code.

The computational complexity of the proposed predistortion module Eq. (3) isextremely low,
requiring only a single accumulation and a multiplication operation. The optimal predistortion
module is implemented by using the weightings F, Fy and R, given in Eq. (12) to Eq. (14).
Given this optimal predistortion block, the union upper bound of the first event error probabil-
ity is minimized and, therefore, the performance of the soft-decision decoder is significantly
enhanced. This will be demonstrated by the bit error ratio (BER) simulation results presented
in Section 4.

For other soft-decision decoders, such as the belief propagation (BP) decoder of LDPC
codes [15] and the BCJR decoder of turbo codes [16], the error performance bounds are less
straightforward to obtain, since their code structures are complex and the decoding algorithms
are iterative. Therefore, finding the optimal weighting parameters of the predistortion module
for these other soft-decision decodersis challenging. Fortunately, the optimal weighting param-
eters of the predistortion block derived for the soft-decision Viterbi decoder may nonetheless be
beneficial for employment in soft-decision aided LDPC and turbo decoders, as we will demon-
strate in Section 4.

4. Simulation results

The BER performance of the proposed predistortion block was evaluated by simulation. Two
cases of different mixture ratios of the optical powers emitted from the red, green and blue
LEDs were considered in order to create white light. For Case 1, the mixing ratio of the optical
emitted powerswas M : Mg : Mp = 1:2.62: 1.96 and the corresponding wavel engths of the red,
green and blue colours were 610 nm, 555 nm and 450 nm, respectively. By contrast, for Case
2, the mixing ratio was My : Mg : My = 1:11.17 : 7.19 and the corresponding wavelengths of
the red, green and blue colours were 610 nm, 565 nm and 450 nm, respectively. For both cases
white light was emitted and the main role of lighting was not perturbed by optical wireless
communication. These two cases of white LEDs corresponded to the Types 3 and 4 of white
LEDsdefinedin[9] (see Table 1). Again, OOK modul ation was adopted. For simplicity, the O/E
conversion efficiencies for the three primary colours, namely 1, ng and np, were assumed to
be equal. Naturally, this did not alter the fundamental nature of the unequal powers of the three
received electronic signals corresponding to the red, green and blue LEDs. Case 2 represented a
much more uneven optical power mixture of the three primary colours for emitting white light.

A convolutional code, a LDPC code and a turbo code were used in our simulation study.
The convolutional code employed had a code rate of 1/2, while its constraint length was 7 and
the generator polynomials were [171,133]g. The decoder adopted for this convolutional code
was the soft-decision Viterbi decoder with the trace back length of five times of the constraint
length. The LDPC code used in the simulations was that of the IEEE 802.11 standard with a
codeword-length of 1944 bits and a code rate of 1/2 [17]. The BP decoder was employed for
this LDPC code and the maximum number of iterations was set to 30. Finally, the turbo code
used in the simulations was specified by the 3GPP2 recommendation, which had a code rate
of 1/3 and an interleaver length of 1440 bits [18]. The BCJR decoder was used for this turbo
code and the number of iterations was set to 6. The bandwidth of each primary color signal was
assumed to be 100 MHz, yielding the overall transmission rates of 150 Mbps and 100 Mbps for
the rate 1/2 and 1/3 codes, respectively.

The BER performance obtained both with and without the predistortion block areillustrated
in Figs. 24 for the convolutional code, LDPC code and turbo code, respectively. The BER
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Fig. 2. BER performance comparison of the RGB-type LED based optical wireless systems

with and without the predistortion module. The convolutional code with the soft-decision
Viterbi decoder is employed.
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Fig. 3. BER performance comparison of the RGB-type LED based optical wireless sys-

tems with and without the predistortion module. The LDPC code with the BP decoder is
employed.
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Fig. 4. BER performance comparison of the RGB-type LED based optical wireless sys-

tems with and without the predistortion module. The turbo code with the BCJR decoder is
employed.

curve obtained from the case of the equal optical power radiations from the red, green and
blue LEDs s aso included as the benchmark, which represents the lower bound BER obtained
with the aid of an equal optical power mixture of My : Mg : My, = 1:1: 1. Thisidealised BER
performance however is unattainable in practice owing to the requirement of the unequal optical
power radiations of the three primary coloursin order to emit white light.
It can be clearly seen from the results shown in Figs. 2—4 that a significant performance gain
can be attained using the proposed predistortion block. Specifically, at the BER level of 10°
and for the unequal optical power mixture of the three primary colours of Case 1, we achieved
the performance gains of 0.6dB, 0.7dB and 0.5dB, respectively, for the convolutional code,
LDPC code and turbo code over the corresponding systems operating without predistortion. As
expected, the attainable BER performance of Case 2 is considerably poorer than that of Case
1, because in Case 2 the optical power distribution of the red, green and blue LEDs is much
more uneven. The performance gain attained by the proposed predistortion block however is
significantly higher in Case 2. Quantitatively, at the BER level of 10~°, the predistortion scheme
attained SNR gainsof 2.8dB, 3.9dB and 2.2 dB, respectively, for the convolutional code, LDPC
code and turbo code. The results of Figs. 2—4 aso confirm that the best BER performance is
obtained with the equal optical illumination powers of the red, green and blue LEDs. However,
the equal optical power mixture of the three primary colours cannot produce white light and,
therefore, it cannot carry out the primary lighting function.

Iterative detections aided codes, such as turbo and LDPC codes outperform convolutional
codes at the same code rate. This can be observed by comparing the BER performance of the
LDPC and convolutional codesin Figs. 2 and 3, where the both codes have the same 1/2 code
rate. The BER performance of aturbo code having a code rate of 1/3 is shown in Fig. 4 to be
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Fig. 5. BER performance comparison of the case-1 RGB-type LED based optical wire-
less systems with and without the predistortion module under the blue LED illumination
perturbation. The convolutional code with the soft-decision Viterbi decoder is employed.
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Fig. 6. BER performance comparison of the case-2 RGB-type LED based optical wire-
less systems with and without the predistortion module under the blue LED illumination
perturbation. The convolutional code with the soft-decision Viterbi decoder is employed.
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better than that of the half-rate LDPC code characterized in Fig. 3, which is not unexpected
owing to the turbo code’s lower rate.

Theillumination perturbation isdominated by the LED driversand it isusually very small. To
investigate the robustness of the proposed predistortion scheme to illumination perturbation, we
used the system employing a convolutional code relying on the soft-decision Viterbi decoder to
design the following experiment. We imposed 5% and 20% perturbations on the blue LED, but
the predistortion module still utilized the weight factors designed for no illumination perturba-
tion. The remaining simulation parameters were kept the same. The BER performance attained
both with and without the predistortion block isillustrated in Figs. 5 and 6 for the case-1 and
case-2 RGB-type LED based optical wireless systems, respectively. When imposing a 5% per-
turbation in the blue LED, in case-1 the performance degradation remained negligible, as seen
from Fig. 5. By contrast, the predistortion assisted system suffers from a modest performance
loss of about 0.44 dB when the perturbation is increased to 20%. Nonetheless, the system still
outperforms the scenario operating without the predistortion module by about 0.36 dB.

Similarly, when considering case-2, we observe from Fig. 6 that the predistortion assisted
system suffers from a small performance loss of about 0.26 dB under the 5% illumination per-
turbation imposed on the blue LED. When the perturbation isincreased to 20%, the degradation
of the predistortion assisted case-2 increases to about 0.89dB, but it till offers a performance
gain of about 2.12dB over the system operating without predistortion. The results shown in
Figs. 5 and 6 confirm that the proposed predistortion scheme is robust to illumination perturba-
tion.

5. Conclusions

For high rate optical wireless communication systems utilizing RGB-type white LEDs, the
emitted optical powers of the three primary colours are inherently unequal, when carrying out
the primary function of producing white light for illumination. Using unequal optical power
mixing ratios of the red, green and blue LEDs however results in different reliabilities of the
received signals related to the three primary colours, which degrades the attainable decoding
performance at the receiver. In this contribution, we have proposed a simple yet effective pre-
distortion scheme for enhancing the decoding performance of the soft-decision decoder. The
proposed predistortion module applies different weights to the received signals corresponding
to the three primary colours, so that amore reliable signal contributes more to the soft-decision
decoding process while a less reliable signal makes a lower contribution. Although the opti-
mal predistortion weights are derived by minimizing the upper bound of error probability for
the system employing classic convolutional codes relying on a classic soft-decision Viterbi de-
coder, they are also applicable to LDPC codes using the BP decoder as well as to turbo codes
employing the BCJR decoder. Our simulation results have demonstrated that significant de-
coding performance enhancements can be achieved with the aid of the proposed predistortion
module for all the these three soft-decision decoders. The results obtained also indicate that the
performance of the proposed predistortion module is robust to illumination perturbation.
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