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AbstracBThis paper presents the implementation of an using power-saving Light Emitting Diodes (LEDs) on one
integration technique used to combine power line commu- sjde and it gains from the advantages provided by PLC
nications (PLC) and visible light communications (VLC) = tachnology on the other side. A novel and cost-effective
channels in inter-building scenarios. It considers the narrow . .
band PLC (NBPLC). Phase-shift keying (PSK) is used to !ndoor t_)roadband broadcast_mg system k_)ased on the deep
convey the information over the PLC link and colour shift integration of PLC and VLC is proposed in [3]. The PLC-
keying (CSK) technique is used on the VLC link. The colour VLC system is analysed through practical implementation
wheel method is exploited to map PSK symbols to colours. We and prototyping to validate the PLC-VLC channel pro-
de®ne a parameterx, which represents different magnitudes posed model. In reference [4], a system of white LEDs is

of the PSK complex symbol observed over the PLC channel. : . . . .
x is adjusted topan o)p/)timal value to meet the requirement Ntégrated with the PLC channel using binary phase-shift

of the CSK design. The bit error rate (BER) is analysed Kkeying (BPSK). In [5], an interface between PLC and VLC
and the performance of the system is presented for multiple channels using spread frequency shift keying (SFSK) on
values of the modulus of the detected PSK symbol. A practical the PLC link and OOK on the VLC link for low data rate
implementation is performed to verify the PSK-CSK mapping 5 hjications is proposed. A PLC-VLC cascaded channel is
method. The impact of the sun's rays on the red-green-blue . ; .
(RGB) symbols is analysed and the interference source is studied and presented in [6], it uses OFDM on the PLC
highlighted. channel and VLC over the VLC channel. The result shows
Index Term®PLC-VLC integration, PSK to CSK map-  that in a cascaded PLC-VLC channel, the performance of
ping, Inter building communication, PSK modulation, CSK  the system is imposed by the bad channel. Suitable channel
technique, RGB colour space, RGB-LED; chromaticity. models and noise models are proposed for PLC technology
[7], [8] and for VLC technology as highlighted in [9], [10].
Both channels have impulsive noise (PLC channel) and
Firstly, orthogonal frequency division multiplexingshot noise (VLC channel). Both noise are modelled using
(OFDM), spread frequency shift keying (S-FSK), phasdRoisson distribution.
shift keying (PSK), and quadrature amplitude modulation In this paper, we propose a system based on PSK and
(QAM) are examples of applicable modulation schemé&SK modulation techniques to link PLC and VLC chan-
used in power line communications (PLC) technologyels for inter-building applications. The CSK technique
Secondly, visible light communication (VLC) makes itexploits the colour wheel method to map complex symbols
possible to use the visible spectrum for data transmissitm colours. A CSK transmitter redistributes the observed
applications. It promises to transmit data at rate up ®LC symbols over the VLC channel using red-green-
100 Mbps. Modulation techniques such as on-off keyinglue LEDs (RGB-LEDs). A parametex based on the
(OOK), variable pulse position modulation (VPPM), ananagnitude of the PSK received symbol is used to optimise
colour shift keying (CSK) are used in VLC. CSK is preferdata re-transmission. The performance of the system is
ably used in high data rate applications [1]. The recent suaalysed for different values of and the good trade-off
cessful standardisation of PLC (CENELEC EN50065-1s obtained between optimal transmission and illumination
IEEE 1901, ITUT G.9960/61) and VLC (IEEE 802.15.7)for x = 0:133 We practically implement the system to
has enabled the opportunity to consider the integration wdlidate the PSK-CSK combination method for PLC-VLC.
both technologies. Basically, PLC is being considered @$e in uence of the daylight background on the red-green-
the logical backbone for VLC: they both share the electriclue (RGB) channel is also highlighted.
power wires and they both represent a communicationThe reminder of the paper is organised as follows: the
technology. system model is proposed in Section Il. In Section Ill, de-
Various ways are proposed in the literature to combirtails are given on the simulation method and results, while
PLC and VLC. In [2], a semi-hidden Markov modelling ofpractical implementation issues and results are discussed in
a low complexity FSK-OOK in-house PLC and VLC inte-the next section. The equipment, including PLC and VLC
gration is proposed. The system provides an illuminatianodulators and demodulators are presented. Concluding

I. INTRODUCTION



remarks are proposed in Section V. oo Pk | Ze=atibe | zurorsvandros |plnppl?

modulation . mapping

Il. DESCRIPTION OF THE SYSTEM MODEL

The system under consideration is characterised by
capability to connect to PLC and VLC channels simulte
neously. Fig. 1 depicts the communication model. ke informaition ) )
symbol observed over the PLC channel is a PSK compl bit P e = Bt RGZ:;;Z‘:”Z“ T
symbol given byZy = ax + jbx. Zx is converted into —
F:OlOUI‘S using th_e colour wheel method. The colour WheEiIgure 1. Communication system model for hybrid PLC-VLC (PSK-
is a representation of complex numbers using colours [1Hsk) systems proposed for inter-building communications
[12]. It uses the three colour parameters hdé,(saturation
(S) and value V). The argument of the complex number
corresponds to hukl, its magnitude provides the values
of V andS. In general, this method maps the complex set

VLC noise

Two different values

C to the HSV colour coordinates in such a way that each ofs A
pointa + jb of the complex space is associated with the - ” -
colour codeHSV(g+ jb). H, V andS are given by le@iD -
2 H = argla+ jb] (@ It
HSV(a+jb):>S:O:5+O:53in(2r) (b); 1)
"V =0:5+0:5c0q2r ) (c);

Black
wherer = log[l + ja + jbj] is the radius of the wheel. XY
A desgrl_ptlc_)n of the polour wheel is shown in Fig. 2Figure 2. Description of the colour wheel principle used to map complex
The origin is chosen in such a way that +&°) and -1 symbols to colours in HSV colour space
(18(°) are assigned to red and cyan colours, respectively.
The colours are organised by rotation of the wheel. The

argument of the complex number (1-a) gives the pOSitioA‘fterwards, we analyse the HSV parameters that affect

of the colour on the wheel. Brightness and saturation afig, communication performance of the system. The aim

constants for all complex symbols that have the same 1, @nd the best trade-off between illumination and

modulus. Later, this position is matched to the positiog,mmynication. We analyse the communication system
of the PSK symbol in the constellation. Knowing th&t |,oqeq on different values of that provides 85.33%,

is the k' PSK complex symbol observed over the PLGomon value tov and S. The simulation is divided
channelk =1, 2,:::, M, M being the PSK constellation iy, v parts: the ®rst part is performed on two sets of
sise), we exploit the following general knowledge of PSKalues ofx: X, = f0:05;0:075 0:133 0:175 0:25g and X,
modulation: information in PSK is conveyed by the phasgf0:25; 0:4: 0:65, 0:8; 0:8669. X1 andX, are chosen from

of the complex symbdL, not its magnitude. This implies gjier side of A. A is the ®rst upper crossing point between
that the magnitude o, can be altered (reduced ory, 5,45 (see Fig. 3). The values of are chosen on the
increased) witho_ut affecting the message conveyed. Let &Ssumption that 0.79 is the threshold valug\éf+ S)=2
denote the variation of the magnitude of PSK symbolsby¢q,jired to provide good lighting. The second part of the
= JZj, where 2 N. We show that different values &f g 1ation looks at the performance of the communication

resglt in differen.t performances of the sygtem. Afterward§ystem for the values @iV + S)=2 < 0:79, corresponding
Z is converted into the huldy, the saturatiorsy, and the

brightnessVg. Zx " (Hk; Sk; W) ¥ (Rk; Gk; Bk),
where Hy, Vkx and S¢ are the HSV parameters corre- T

- \/=I0.5">0.5::05(I2m : (14:x)) T ! . 1
sponding to th&™ symbol, andRy, Gk and B, are the vas_ o ot-X/ o PR i
intensities of the red, green and blue LEDs required tC 2 = o[ A7 g Somemnenen) |/ TR g
produce the corresponding coloGy. orh ;

0sH

I1l. SIMULATION AND RESULTS

In VLC technology, the design must always meet the . , beywy
constraints and requirements of a CSK constellation de ALY v ' /1

sign. We analyse the HSV parameters and look at the
in"uence on the illumination and communication through- b i X _ RN
put. Colour purity and brightness are calibrated 8y IEERRE SN / m
and V, given in (1-b) and (1-c), respectively. We use S oreReIRaRsOsTRs RS T MR I IS Ie AT e 1 2
the average value of 85.33% oS ¢ V)/2. 0.8533 is

the maximum common value fov and S correspond-
ing to speci®c values of. This is shown in Fig. 3.

Figure 3. Variation ofS andV for different values ofx, highlighting
the upper and lower crossing points.



assuming that the channel does not produce any distortion
and crosstalk. In this simulation, we also assume that
=ng = ng = n, with n having a Gaussian distribution with
zero mean. On the VLC receiver, the currents induced in
the colour photodetectors are exploited to reconstruct the
symbols based on the threshold selection technique.

We performed simulations for BPSK and QPSK con-
stellations observed over the PLC channel. In all cases,
the results con®rm better performance of BPSK-CSK with
respect to QPSK-CSK. Here we present only the results
of BPSK symbols. The results are shown in Figs. 4
and 5. The system performs better for the valuexof
close to the upper crossing point A (see Fig.4). The best
performance for the average values ¥f{ S)/2 between
79% and 85.33% is obtained for = 0.25, owing to the
fact that 0.25 is very close to the maximum chromaticity
that the system can realise (Since the PDs are sensitive
to colours and the maximum chromaticity enables better
colour detection). Fig. 5 shows that for the valuesxof

o ' close to the lower crossing point B, the performance of the
X'Qi”(’fo‘é-y O?g;fg”(‘;ig%‘:‘ glflt;‘; g%/zbsn.d PLC-VLC (PSK-CSK) system fogystem s poor. The worse case is obtainecxfer 0.866,
but further investigation will show a worse communication
performance forx = 1.1, corresponding t& = 0. It is
worthy to highlight that the full analysis of this technique
16" e e e T is submitted to Telecommunication Systems (Journal) and
‘i S o here we present only an excerpt.

IV. PRACTICAL IMPLEMENTATION AN INTERFERENCE
ANALYSIS

As shown in Figs. 1 and 6, there are two half PLC links:
one in the ®rst building, before the VLC channel and the
other is in the second building. This system ®nds its appli-
cation in urban area where buildings are very close to each
other. We can use the VLC to interconnect buildings and
release the radio frequency spectrum. The full architecture
of the inter-building PLC-VLC integration is depicted in
Fig. 6. In order to realise the circuit proposed in Fig. 6
—<—BPSK.HOV-ROB x=0.8 and meet our desire to integrate PLC and VLC systems
,| == BPSKHSV-RGB0866 | as discussed in the overall system setup in Section I, two
e L computers, four ST7580 PLC evaluation boards and two

microcontrollers (Arduino UNO REV3) are required. The
ST7580 evaluation shield presented later in Section IV-B,
_ ' is used as PLC modem. The ®rst (Tx) and the last (Rx)
Eliu(rfzg, O'ffgfg“;%fgyOé.;%%”yb”d PLC-VLC (PSK-CSK) system fogT7580 modules serve as sending and receiving PLC
modems, respectively. The other two modems (showed in

Figs. 6 and 8) serve in PLC to VLC and VLC to PLC

. . conversion modules, respectively.

to the values ok around the lower crossing point between P y
CSK-Rx/

ST7580

V and S (see Fig. 3). LetC} ([C}, ;Cy,:C,]") be the

k™ received colour corresponding to thk& symbol.C] ™ R
differs from the sent colou€¢ ([C5 ; C5y; CiiJ") and its RB-light
expression is give8n by

Bit Error Rate
3,

16 ——BPSK-HSV-RGB,x=0.25
—#—BPSK-HSV-RGB,x=0.3
—e—BPSK-HSV-RGB,x=0.4
—— BPSK-HSV-RGB x=0.65

ST7580
Rx

- ST7580

I = CS +n .
2 Crk rk r (a)’ PC Rx Tx

C = 5 Cok = Cgk + ng (b); 2
" Ci = Co+t np (),
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230V mains building 1
230V mains building 2

. . Figure 6. Full PLC-VLC architecture for inter-building communication
where n,, ng and n, are the noise affecting the RGB 9 9

components of the received colour. Equation (2) is written












