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a b s t r a c t

In this paper, a multiple light emitting diode (LED) chips parallel transmission (Multi-LED-PT) scheme for
underwater visible light communication system with one photon-counting single photon avalanche diode (SPAD)
receiver is proposed. As the lamp always consists of multi-LED chips, the data rate could be improved when we
drive these multi-LED chips parallel by using the interleaver-division-multiplexing technique. For each chip,
the on–off-keying modulation is used to reduce the influence of clipping. Then a serial successive interference
cancellation detection algorithm based on ideal Poisson photon-counting channel by the SPAD is proposed.
Finally, compared to the SPAD-based direct current-biased optical orthogonal frequency division multiplexing
system, the proposed Multi-LED-PT system could improve the error-rate performance and anti-nonlinearity
performance significantly under the effects of absorption, scattering and weak turbulence-induced channel fading
together.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the light emitting diode (LED) devices have been widely
used for green lighting and electronic products. As a result, the LED-
based visible light communication (VLC) is attracting extensive atten-
tion. Meanwhile, the underwater VLC (UVLC) develops rapidly due
to potential high data rate, low attenuation and scattering effects in
the blue–green light spectrum region [1–7]. However, the effects of
absorption, scattering and turbulence in the underwater channel make
the practical communication distance of UVLC is limit 100 m even in
the pure seawater [1,2,7].

To combat the three damaging effects and realize the long distance
transmission, the single photon avalanche diodes (SPAD) devices are
used for UVLC because of its high sensitivity. The channel estimation
and multiple-symbol detection technologies are studied for the long dis-
tance SPAD-based UVLC system with lognormal turbulence model [7].
However, unlike photodiode (PD)-based VLC systems with the additive
white Gaussian noise (AWGN) channel [1–3], the conventional AWGN
detection theory cannot be directly utilized in the SPAD-based VLC
system because of the ideal Poisson photon-counting output distribution
of SPAD receiver [8–13].

To improve the data rate by the multi-LED chips in one commercial
LED lamp, the superposed pulse amplitude modulation and phase-
shifted superposition modulation have been proposed for indoor VLC
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systems [14,15]. Based on driving multi-LED chips in parallel, the
bandwidth efficiency can be improved and the multiplexing gains can be
achieved even though the on–off keying (OOK) modulation is applied.
In fact, the signals from the parallel multi-LED chips are equivalent to
be a high order signal constellation. As a result, compared to the OOK
scheme, the direct current (DC)-biased optical orthogonal frequency di-
vision multiplexing (DCO-OFDM) is susceptible from the LED nonlinear
effect with the high peak-to-average power ratio (PAPR) [8].

However, at present, there are no corresponding research about
the long distance turbulence-based UVLC system with the multi-LED
chips parallel high speed transmission method. Hence, in this paper,
we propose a multi-LED chips parallel transmission (Multi-LED-PT)
scheme with one SPAD receiver for the long distance UVLC system by
combining the effects of absorption, scattering and weak turbulence
together. To distinguish the superposed photon-counting signals by
different LED chips, the user-specific interleavers with interleaver-
division-multiplexing technique are used for increasing the degree of
freedom for signal detection [16,17]. In addition, a serial successive
interference cancellation (SIC) detection algorithm based on ideal Pois-
son photon-counting channel by the SPAD receiver is proposed. Finally,
the simulation results show that our proposed Multi-LED-PT scheme
outperforms that of the SPAD-based DCO-OFDM scheme in terms of
error-rate performance and anti-nonlinearity performance.
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Fig. 1. The multi-LED chips in one commercial LED lamp.

2. System model

The structure of the proposed long distance SPAD-based Multi-LED-
PT photon-counting system is shown in Fig. 2. The intensity modulation
with direct detection (IM/DD) technique are generally used in VLC
system. As a result, the channel coefficients and the transmitted signals
by the LED devices are nonnegative. Furthermore, the average optical
power is given by the average signal amplitude, rather than the average
square amplitude as the radio frequency communication, i.e.

𝑠(𝑡) ≥ 0, ℎ(𝑡) ≥ 0, 𝑃𝑡 = lim
𝑥→0

1
2𝑥 ∫

𝑥

−𝑥
𝑠(𝑡)𝑑𝑡, (1)

where 𝑠(𝑡) is the transmitted signal, ℎ(𝑡) denotes the channel and 𝑃𝑡 is
the average optical power.

2.1. The transmitter of multi-LED chips

The binary bit sequence 𝐮 is divided into 𝐾 data streams after serial-
to-parallel (S/P) conversion, where 𝐾 is the number of LED chips in
one lamp. Then the data bits 𝐮𝑘 = {𝑢𝑘(1), 𝑢𝑘(2),… , 𝑢𝑘(𝑙𝑏)} are coded
by a binary encoder (Enc) which generate a coded sequence 𝐜𝑘 =
{𝑐𝑘(1), 𝑐𝑘(2),… , 𝑢𝑘(𝐽 )}, where 𝑙𝑏 is the data frame length of each LED
chip and 𝐽 is the total frame length. 𝐯𝑘 = {𝑣𝑘(1), 𝑣𝑘(2),… , 𝑣𝑘(𝐽 )} are the
data when the 𝐜𝑘 are permutated by a user-specific interleaver-𝑘 (𝛱𝑘)
proposed in [16,17]. 𝑠𝑘 is the output data after the Non-Return-to-Zero
OOK modulation. Finally, the signals from different LED chips are mixed
when the light beam passes through the lampshade.

The exclusive differences among different LED wicks are the different
interleavers. The pivotal principle of this scheme is that the interleavers
should be orthogonal for different LED wicks. In other words, the adja-
cent signals after the processing of interleave are approximately uncor-
related. By using the user-specific interleaver of each LED wick [16,17],
the superposed signals can be detected at the receiver. Therefore, all
the transmitters can be independent to achieve multiple times spectral
efficiency for increasing the data rate.

2.2. UVLC channel model for multi-LED chips

The diffusion length can be considered as the longest distance that a
photon could travel theoretically, which is defined as 𝜏 = 𝑐𝑤𝐿, where 𝑐𝑤
denotes the cumulative attenuation coefficient and 𝐿 is the communi-
cation distance. According to the contributions of UVLC channel model
in [2,7,11], the underwater channel can be regarded as non-dispersive
when the data rate is 𝑅𝑏 < 50 Mbps and the diffusion length is 𝜏 < 15
for the pure seawater or clear ocean condition. Hence, the inter-symbol
interference could be neglected in the following analysis.

As the UVLC channel model in [6,7], the accumulated UVLC channel
impulse response between the transmitter and the receiver is ℎ = ℎ𝑡ℎ𝑐𝑤
[6,7], where ℎ𝑐𝑤 is the fading-free impulse response due to the absorp-
tion and scattering effects, and ℎ𝑡 denotes the randomly weak oceanic
fluctuations fading. In addition, ℎ𝑡 is modeled as a lognormal fading
model

𝑓 (ℎ𝑡) =
1

2ℎ𝑡
√

2𝜋𝜎2
exp

(

−
(lnℎ𝑡 − 2𝜇)2

8𝜎2

)

, (2)

where 𝜎2 is the variance and 𝜇 is the mean of the weak ocean turbulence
channel ℎ𝑡. The fading amplitude is normalized as 𝐸

[

ℎ𝑡
]

= 1 to
ensure that fading neither attenuates nor amplifies the average power,
i.e. 𝜇=−𝜎2.

The distance from the LED lamp to the SPAD is more than 50
m [7,11], while the distance among different LED chips in one lamp is
only several centimeters as Fig. 1. Therefore, we assume that the channel
impulse responses from different LED chips to the receiver are equal.
Without loss of generality, the channel gain 𝐡 can be given by

𝐡 = [ℎ(1), ℎ(2),… , ℎ(𝐾)] = ℎ[1, 1,… , 1]. (3)

Meanwhile, ℎ can be regarded as a constant over a relatively short time
period.

2.3. The photon-counting model of SPAD receiver

The received photon counts before SPAD in one bit period time can
be calculated by

𝑟(𝑗) = 𝑐𝑝𝑛𝑠𝐡𝐬(𝑗) + 𝑐𝑝𝑛𝑏 +𝑁𝑑𝑇𝑏 = 𝑐𝑝𝑛𝑠𝐡𝐬(𝑗) + 𝑛(𝑗), (4)

where 𝑐𝑝 is the photon detection efficiency (PDE). The transmitted
photons of each LED chip is 𝑛𝑠 = 𝑃𝑠𝑇𝑏∕𝐸𝑝𝐾, where 𝑃𝑠 is the total
optical power of the LED, 𝑇𝑏 is the bit duration and 𝑅𝑏 = 1∕𝑇𝑏 is
the given bit data rate. 𝐸𝑝 = ℎ𝑝𝜈∕𝜆 is the energy of one photon,
where ℎ𝑝 is the Planck’ constant, 𝜈 is the light speed in the water.
𝐬(𝑗) = [𝑠1(𝑗), 𝑠2(𝑗), ⋯ , 𝑠𝐾 (𝑗)]𝑇 is a 𝐾×1 transmitted signal vector whose
entries are chosen randomly, equally-likely, independently distribution
from an OOK modulation constellation. The power of LED is 2𝑃𝑠 and
0 when bit ‘‘1’’ and bit ‘‘0’’ are transmitted respectively. 𝑛𝑏 = 𝑃𝑏𝑇𝑏∕𝐸𝑝
is the photons caused by the background noise, 𝑁𝑑 is the dark count
ratio (DCR) of SPAD, and 𝑛(𝑗) is the sum photon value of background

Fig. 2. The system model of the proposed UVLC scheme.

890



https://isiarticles.com/article/147227

