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A location-adaptive transmission scheme for indoor visible light communication (VLC) system is proposed in this pa-

per. In this scheme, the symbol error rate (SER) of less than 10~ should be guaranteed. And the scheme is realized by

the variable multilevel pulse-position modulation (MPPM), where the transmitters adaptively adjust the number of

time slots # in the MPPM symbol according to the position of the receiver. The purpose of our scheme is to achieve

the best data rate in the indoor different locations. The results show that the location-adaptive transmission scheme

based on the variable MPPM is superior in the indoor VLC system.
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As an innovative technology, indoor visible light com-
munication (VLC) has been a research hotspot in recent
years'?). T. Komine et al™ proposed an indoor VLC
system and stated that the multipath interference and
reflection can affect the signal to noise ratio (SNR). Ju-
peng Ding!**! proposed an evolutionary algorithm based
on optimization scheme to realize uniform received
power on different locations. A. Burton et al'® focused
on adjusting receiver with varying field of view (FOV).
And C. W. Chow!” proposed an adaptive control of the
orthogonal frequency division multiplexing (OFDM)
modulation to maintain the VLC transmission perform-
ance. But the OFDM has a disadvantage of high
peak-to-average power ratio (PAPR)®. In order to
achieve a high data rate, some papers paid attention to
design receiver™'”. However, these methods have either
high complexity or high cost.

Ref.[11] presented a novel rate-adaptive transmission
scheme using block coding of variable Hamming weight
based on multiple pulse position modulation (MPPM)
technique. And Ref.[12] proposed an digital pulse inter-
val modulation (DPIM) for VLC, but it could not be
adaptive control to maintain the indoor VLC transmis-
sion performance. In this paper, a location-adaptive
transmission scheme for indoor VLC based on MPPM
technique is presented.

In MPPM, the duration of each symbol Tym,=1/Rsyms
is divided into » slots, and each slot has a duration of
Tgo=Tsymy/n. Suppose that we put M bit information
mapping on # slots with » pulses, which expresses as (7,

r) MPPM. A symbol is transmitted in 7 slots, thereby
giving C,” possible symbols. Hence, the potential of en-
coding is log,C," bits, thus a higher bandwidth efficiency
is offered compared with that of the standard PPM
scheme!"?),

We first introduce the multiple-source light channel
model, and demonstrate that the distribution of the SNR
is nonuniform. Then we propose a location-adaptive
transmission scheme in which the data rate is differently
dependent on the position of the receiver. Finally, we
apply variable MPPM to location-adaptive transmission,
and get the proper (7, ) MPPM for the indoor location.

Fig.1 is the propagation model of line of sight (LOS),
where ¢ is the angle of irradiance, y is the angle of
incidence, d is the distance between a light-emitting di-
ode (LED) and a detector, and ¥, denotes the width of
the FOV at a receiver. In typical VLC scenario, the
weight of directed light component in the total received
power exceeds 95%!*). The rate of the reflected light is
small enough compared with that of directed light. Here,
the rate of directed light is 95.16%, those of the first and
the second reflected lights are 3.57% and 1.27%, respec-
tively. Accordingly, we only consider the directed light
for convenience of compute and analysis in this paper.

A room with size of 5.0 mx5.0 mx3.0 m is assumed.
LED lights are installed at a height of 2.5 m from the
floor. Fixtures in the room are arranged as shown in
Fig.2. Each LED chip is filled with 3 600 (60x60) LEDs.
The space between LED chips is 1 cm. Other conditions
are summarized in Tab.1.
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Fig.1 Propagation model of LOS
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Fig.2 The position of LEDs on the ceiling

It is assumed that an LED chip has a Lambertian ra-
diation pattern. Hence, the channel direct current (DC)
gain is given as!'!

H(0) =

m

+1
T Acos O, p)zW)cos(y), 0y <P,

0, v>Y

., (D

where Ty(y) is the gain of an optical filter, 4 is the
physical area of the detector in a photodetector (PD), and
m is the order of Lambertian emission which given by
the semi-angle at half illumination of an LED @, as

m=-In2/In(cos@,,) . 2)
The gain of an optical concentrator g(i) can be given as

P/sin"¥, 0Sy<Y¥

3
0o yew (3)
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where / is the refractive index.

In this paper, we assume that the noise is an additive
white Gaussian noise (AWGN). The optical wireless
channel model is expressed as!'”!

() =Rx()®h(t)+n(1), “)

where y(f) represents the received signal current, x(f)
represents the transmitted optical pulse, n(f) represents
the AWGN noise, the symbol ® denotes convolution, and
R represents an optical/electrical (O/E) conversion effi-
ciency at a user terminal’s PD.

A non-directed LOS path is assumed in the paper. The
channel is given as!

H@zﬁMML (5)
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Tab.1 The Parameters using in the simulation

Parameters Values
Transmitted optical power (mW) 20
Semi-angle at half illumination @, (°) 70
Size of LED light (m) 0.59x0.59
FOV at a receiver ¥, (°) 60
Physical area 4 of a PD (cm?) 1.0
Refractive index of a lens at PD 1.5
Background current f, (LA) 5100
Noise bandwidth factor /, 0.526
Open-loop voltage gain G 10
Fixed capacitance # (pF/cm?) 112
FET transconductance g, (mS) 30
FET channel noise factor I” 1.5
Symbol rate Ry, (MHz) 50
Absolute temperature T (K) 295
O/E conversion efficiency (A/W) 0.53

The received power is the sum of power from all the
LEDs, which can be expressed as

P=> H/(0)P, (6)

LEDs

where the transmitted power P; is

1 ¢
P=y.— | X(t)dr. 7
T lim oy [, % )
We consider the (2, 1) MPPM modulation scheme.
And we compute the SNR at receiver with the slot rate of
Ryot (Rs10=1/T§101 ). The signal component S is
S=RP: ®)

rsignal

where Pigigna is the desired receive signal power :
T, LEDs
P = L (Z h()® X(t)j dr. 9)
i=1

The Gaussian noise has a total variance N that is the
sum of contributions from shot noise, thermal noise and
inter-symbol interference (ISI) noise by an optical path

differencel!:

N = O-szhol + O-lzhsnna] + Ranzsl > (1 O)
where
LEDs
P=[ [Zh(f)@xa)jdz, (1)
“““ i=1
O-szhot = zqR(Prsigna] + Prisl )B + 2q[ngZB > (12)
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where ¢ is the electronic charge, B is equivalent noise
bandwidth, and /., is background current which is as-
sumed from direct sum light. The noise bandwidth factor
is 1,=0.562, K is Boltzmann’s constant, 7, is absolute
temperature, G is the open-loop voltage gain, # is the
fixed capacitance of PD per unit area, /" is the field effect
transistor (FET) channel noise factor, g, is the FET
transconductance, and /5=0.086 gl1el, Fig.3 shows the
influence of noise variance on slot rate in the position
(2.5, 2.5, 0.85). We can see that the ISI noise is the main
influence factor when the slot rate is less 10'° Hz. Be-
sides, we can see from Fig.3 that the noise is increased
with the increase of slot rate.
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Fig.3 The influence of noise variance on slot rate

Fig.4 shows the distribution of the SNR by using (2, 1)
MPPM. We can see that the distribution of SNR is non-
uniform. There is about 10 dB difference between the
maximum and the minimum. The maximum value of
SNR is 23.8554 dB, however the minimum is only
13.146 2 dB. Consequently, for achieving a data rate of
every location communication as high as possible, we
propose a location-adaptive transmission scheme in this

paper.
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Fig.4 The distribution of SNR for (2, 1) MPPM

In the indoor office environment, with the purpose of
avoiding flicker, the average transmitted power of a
symbol should be constant. Thus, in a symbol duration

Optoelectron. Lett. Vol.12 No.1 « 0071 -

Tsymb, We assume r=n/2, which indicates that half of slots

can have power pulse. In one symbol duration time 7y,

and (n, ¥) MPPM can transmit / bit of information as
I=log, C" . (14)

n

We can see from Fig.5 that the information bits line-
arly increase as the increase of the number of slots. In
addition, it shows that MPPM is a high efficiency modu-
lation in indoor VLC system. In consequence, we apply
the MPPM to the location-adaptive transmission scheme.
We can transmit more information with higher (n, r)
MPPM.

Information bits
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The number of slots »

Fig.5 The information bits of (n, r) MPPM

Transmitters can transmit in a high speed by using a
higher (n, ) MPPM in the location where the channel
quality is superior. However, a higher (n, ) MPPM will
result in a dreadful ISI noise which can be seen from
Fig.3, and it will in turn decrease the SNR. As an exam-
ple, Fig.6 shows the distribution of the SNR by using (4,
2) MPPM. Compare with the distribution of SNR by us-
ing (2, 1) MPPM as shown in Fig.4, we can know that
the (4, 2) MPPM has a lower SNR under the same trans-
mitted optical power. Because the (4, 2) MPPM has a
higher slot rate which will trigger ISI more seriously.
Hence, it is difficult to choose a proper (n, ) MPPM in a
location.
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Fig.6 The distribution of SNR for (4, 2) MPPM

To get a proper (n, r) MPPM, we first analyze the
symbol error rate (SER) of (n, r) MPPM. An MPPM
symbol has 7 slots, and there will be some error if any
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slot of the symbol has error. Thus, the SER of the (n, r)
MPPM can be express as

B=1-(=-R)", (15)

where P. is the error rate of a slot. “1” represents that
there is pulse, on the other hand, “0” represents that there
is no pulse. The number of “1” equal to that of “0” be-
cause of n=2r. In consequence, the slot error rate is equal
to the bit error rate (BER) of on-off keying (OOK)
modulation as

P =Q(SNR). (16)
From Eqgs.(15) and (16), we can get that
P =1-[1-OQ(SNR)]". (17)

Fig.7 shows the SER of (4, 2) MPPM in the Gaussian
channel. From Fig.7, we can see that the simulation re-
sults are consistent with the theoretical analysis. Fur-
thermore, we can see that in order to maintain the SER
less than 107, the SNR should be larger than 10.8 dB.
Fig.8 shows the SER of (n, ¥) MPPM, we can see that the
SER performance will decrease when the number of slot
increases. Accordingly, it is necessary to consider the
SER performance when choosing the proper (n, r)
MPPM in different locations.
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Fig.7 The SER of (4, 2) MPPM
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Fig.8 The SER of (n, r) MPPM

We get the best (7, ¥) MPPM based on the step-by-step
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method which is shown in detail in the Algorithm 1. The
output »n represents that the modulation in this position
can use (n, n/2) MPPM modulation to get the best data
rate. Fig.9 shows the distribution of the proper number of
slots 7 in the case of SER less than 10~. From Fig 9, we
can know that »=6 in the position (4.5, 4.5, 0.85), which
means that (6, 3) MPPM is the proper modulation for
achieving a higher data rate in this position under guar-
antee of SER less than 107, For the fixed MPPM, the
modulation depends on the minimum SNR in order to
satisfy the communication quality for every location. In
this paper, it can only use (2, 1) MPPM for our environ-
ment if we apply the fixed MPPM. It is obvious that the
variable MPPM can suit well in the nonuniform indoor
channel.

Algorithm 1
Input
Thsgr: SER threshold
Initialization
i: The number of slots in one MPPM symbol, i =2
z=1
While (z)
i=i+2
Get the P, by solve Eq.(15)
If Pg> Thger
i=i—2
z=0
End
End
n=i
Output »n

Proper number of slots »

Fig.9 The distribution of the number of n with
SER<10°

In summary, in this paper, we show that the distribu-
tion of SNVR is nonuniform due to the optical paths from
LEDs to the receiver are different. To solve this problem
and achieve a high data rate in every location, we pro-
pose the location-adaptive transmission scheme based on
variable MPPM for the indoor VLC system. To maintain
the SER less than 107, we get the best (n, ¥) MPPM and
achieve the distribution of » by simulation. It is clear that
the variable MPPM can achieve higher data rate than the
fixed MPPM. Therefore, the location-adaptive transmis-
sion scheme based on variable MPPM is an efficient
transmission way which can suit well in the nonuniform
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indoor channel.
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