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Abstract—In order to enhance the overall performance of the to overcome it. Multi-carrier Orthogonal Frequency Divisi
visible light communications system and to achieve the effient  Multiplexing (OFDM) technology modulates the high-speed
use of spectrum resources, by leveraging the characteristiof serial data in parallel onto multiple orthogonal subcasrie
channel frequency selection, we propose a novel visible kg :
communications system based on Carrier Interferometry Orhog- tf) reduce the (_:ode_‘ rate an_d _the impact of ISI. At the same
onal Frequency Division Multiplexing (CI-OFDM) transmission  time, a protection interval is inserted between each OFDM
scheme. Through the frequency domain diversity, the system symbol to further eliminate the residual ISI [3]. Howevéret
performance can be efficiently improved. At the same time, visible light OFDM system has its own inherent shortcomings
with a meticulous designed CI codes, the system Peak-Averag For example, without frequency diversity, the bit errorerat

Power Ratio (PAPR) can be effectively reduced. Analysis and
simulation results demonstrate that, under the same Signato severely affected by the zero channel spectrum, and the Peak

Noise Ratio (SNR) condition, the proposed CI-OFDM scheme t0 Average Power Ratio (PAPR) is so large that the amplifier
performs significantly better in BER than the traditional OF DM nonlinear problem is launched [4][5].
system, and greatly reduces the PAPR of the transmitted sig. To further enhance the overall performance of visible light
communication system, this paper introduces the Carrier In
terferometry OFDM (CI-OFDM) modulation technology into
the visible light communication systems. Different froneth
visible light OFDM scheme, in the CI-OFDM transmission,
the data after the constellation mapping and the serial to
Wireless communication has become not only a pillar gfarallel conversion is not just for their respective sulriea
the world high-tech industry, but also an essential part femodulation, but is simultaneously transmitted on all sub-
global development of informationization. However, itlisti carriers. In order to enable the receiver to separate tferelft
faces the problem of system capacity expansion under #imultaneous transmitted data, all the data are multighgd
existent technology, which contradicts with the explosivenutually orthogonal Cl code during modulation. Research
growth of the growing business demand [1]. Visible lighshows that, through the frequency domain diversity, thevabo
communications will provide an effective way to address thteansmission technology can on one hand effectively im@rov
above problem. The high-speed flashes of light and datie visible light transmission quality, on the other harg t
signals issued by the light-emitting diode, which transm@| code allows each data modulation is evenly staggered in
information, cannot be perceived by the naked eye but canthe time-domain waveform, instead of as a random sum of
captured by the photoelectric detector device. Therefine, multiple sinusoidal signals in the OFDM, which can effeetyw
data transmission can be supplied simultaneously withlaegureduce the OFDM transmission signal PAPR. Therefore, Cl-
illumination. Furthermore, the visible light communicati OFDM can be potentially applied as a multi-carrier transmis
is immune from complicated electromagnetic interferer@e sion scheme in visible light communication system.
provide a very rich spectrum of resources (extra wide spectr The rest of the paper is organized as follows: The system
band of approximately 375THz, 1THz = 1000GHz) for highstructure and principle are presented in Section 2. In Ged;
capacity communications services [2]. the performance analysis is performed. The simulationltesu
However, in the visible light communication system, in oref our system are showed in Section 4. Finally, the conctusio
der to achieve better communication and illumination effec is drawn in Section 5.
and to prevent the "shadow” being produced, it is common to
arrange multiple Light Emitting Diode (LED) lights. Thus,
the light pulses of signal can be overlapped in time arfy C! Code and CI-OFDM
received by detectors through different transmission gath The concept of Cl code was firstly proposed by Nassar,
resulting in the occurrence of Inter Symbol Interferen&)(l et al. in 1999 [6]. It was then regarded as a new multiple
which requires an in-depth study of signal processing negthoaccess technique and applied in the multi-carrier systéimes.

Index Terms—Visible light communication; CI-OFDM; PAPR.

I. INTRODUCTION

Il. SYSTEM STRUCTURE AND PRINCIPLE
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Cl code that is formulated by the row vectors of the Fourier At the receiver of the system, PD receives the light sig-
matrix is given as nals transmitted by the white-light LED and converts it into
C (Wie] 1) electrical signals. After the serial-parallel conversitre CP
N= Hekinn is eliminated. Each subcarrier is then compensated for the
where W, . = exp %—]‘éjzk .0<ik<N—1,and each channel and the phase offsets, and finally all the estimation
values are combined. In Fig2;, denotes the weight of thigh
subcarrier, and it is determined by the combination scheme.
For the MMSE combination, for instance,
ci= (el e Aa
RALR) s &4 2 _ k
= (W1705W1717"' 7Wi,N—1)- ( ) Wk = Oék2+0'2, (4)
The basic idea of CI-OFDM is demonstrated in Fig.lyhere A is a constant representing the normalized energy per
The transmitted symbol is firstly converted infé symbols pit; o, is the amplitude of the channel for subcarrierand
in parallel. Each symbol is then extended onto a Cl codg is the variance of the noise.
sequence with the length d¥, which is then modulated by
N subcarriers. The Cl code for each symbol is unique, and is Ill. PERFORMANCEANALYSIS
orthogonal with all the others Cl-codes. At the receiveg thA. Bit Error Rate (BER) Analysis
orthogonality of the CI codes is utilized to demodulate each The | code of datd; is expressed as equation (2), and then
symbol. the received signals for the visible-light CI-OFDM system i
the frequency selective fading scenario is formulated as
> Z By - ap(t) - di-cf - p(t)-

r(t) =
. 1=0
% Data with CI code ej(QWfktJrek(t)) ] +n (ﬁ) .
>% w The constang, is the normalized energy per bit. The frequen-
" cy fx is defined asf, = f. + k/Ts, whereTy is the period

S5 w,—>®- @ per symbol.p(t) is a rectangular pulse durif@, T]. ax and
® Q g 0, are the altitude and phase of the channel response for the

kth subcarrier respectively.(t) is the AWGN with a mean of

vectors ofCy is orthogonal with the others. Théh Cl code
word ¢;(0 < i < N —1) is theith row vector ofCy, denoted
as

CI codes
|:N 1N-1

Subcarriers

®)

Fig. 1. Basic Idea of CI-OFDM zero and a power spectrum density §§ /2.
When the demodulation and combination are completed at
B. isible-Light CI-OFDM Communication System the receiver of the visible-light CI-OFDM system, the obtd

The baseband model of visible-light CI-OFDMA commuyarlable to be (I:Iitezmmed fak; is Vot

nication system is given in Fig.2. At the transceiver, thauin _ Z Z Z wn, Eydyct (C ) phm A S Wmn
1 m 1 1 ,m m m

bits are mapped into the constellation, which forms the data m=0 [=0 k= m=0

streamdy, do, - - - . Then the serial data stream is converted into = S + Ios + Iso + Iicr +m,

parallel form, and datd; is modulated by theVth subcarrier. (6)
At the receiver, in order to separafé data transmitted si- Where

multaneously , each datg times the corresponding during 1 [T ~

the modulation period and the complete CI-OFDM symbolPk.m = i/o QO COS {277 (fi = frm =€)t + 0 — O | di

)
In (7), ¢ is a constant and it stands for the frequency
path effect, the’ CYC“C prefix(CP) is added and the CP shoeild ffset. § is the estimation of the phase. In (6), the weight for
longer than the delay spread of the multi-path channelllyina combination of thenth subcarrler 80, and it is determined
the discrete CI-OFDM symbai(n) is achieved by the serial-
parallel conversion. During IM/DD visible-light transrsien,
proper direct component is usually needed to warrant aipesitwhile S is the desired signal. "The interferenciss, Iso,

is presented asz d;c;. To mitigate the ISI caused by multi-

by the combination schemg.= Z wm * Ny, denotes noise,

signal. and I;¢; are the interference from other users on the same
After transmitted in the optical channg{n), the CI-OFDM subcarrier, the interference brought about by other suiecay
symbol received is given as and the interference caused by different data transmitted o
r(n) = Rs () @ h () +w (). @) e as
w(n) is the additive white Gaussian noise(AWGNy,is the
efficiency of photoelectric detection, armg means convolu- S = Ad; - sin (TN€) Z WOl @)
tion. - 7NE ’

m=0
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d, modulated

d, on all SCs

d, modulated

Input Serial- d. Insert Light Source
—> Mapping —>| Parallel .I > on all SCs C_B CP DC Bias
Conversion . d. modulated
. N-1

dy, on all SCs
k)
v

A
- Visible-Light
< o /(0h) Channel
2.

Output o efj(zfA/'zw1 )
i 7L
Combin- ﬁ S Eliminate Photoelectric fv\
<—{ Decision [« . 2 - il oy CP | Detecti L
ation : H C < etection 7
No L onversion
N RN P )
5’y v AWGN
P &

-

go e
d, : é\
' PREE eIV cé’()'/vC‘BH

Fig. 2. The baseband model of visible-light CI-OFDM comnuation system

where g is the normalized frequency offset throughout th&. Peak-to-Average Power Ratio (PAPR) Analysis
whole band and the estimation of the phase is govhy=
—7mNZ + 0, mod 2.

When! # i andk = m, Ipg IS given as

In this section, the PAPR of visible-light CI-OFDM system
is analyzed. Without loss of generality, 1&,=—1-, and the
equivalent baseband form for the transmitted signals in one

sin (7NZ) N-1 N-1 OFDM symbol period is achieved by
IOS = Ebw l;;éz WLZZO dlwmamcl (Cl ) . (9) . No1N_1
o s(t)=—= dy - cf - e? ¥Rt/ T (15)
When! =i andk # m, Iso is given as VN 1=0 k=0
N-1 N-1 According to 7], the average power ¢f(t) is N, which means

Iso=Epdi- Y > wnan (") mr- (10) E {|s (t)ﬂ = N (E means the mathematical expectation), and
=0 k=0, k7m the instantaneous power eft) can be expressed as

where
2 N+2R {Nf (NZ_IR K]+
. Nz s(t = ~ he
g = S TNE) e e, ) = ) D ==
7w (m —k+ Ng) N1 N—1 ) (16)
di (dy *Z Mk j2mkt/Ts
Whenl! 7é i1 andk 7& m, Ircr is given as ZZ:O 1'=0,1'#1 l( : ) b [ ]> c
N—-1 N—-1 N-1
N where
Ircr = By Z d Z Z Wmake (¢]") Cnk- (12) Ne—k—1
1=0,l#1 m=0k=0,k#m R [kj] — C;n (C;n—f—k)*, (17)
Afterward, the signal to interference and noise ratio (SINR m=0
is given as [
P Ziv [k] = m(emtRyT 18
SINR — S (13) L K] 2, (") (18)

Pos + Pso + Prer + Py, '

HerePs, Pog, Pso, Prcr and P, are power forS, Iog, Iso, R, [k] is defined as the partial autocorrelation function of

I;cr and the noism_ According to the Gaussian approximathe ith CI code, Wh"eZu/ [k] is the partial cross-correlation
tion, the BER is readily given as function for thelth and thel’th spread spectrum code.

As for (16), the envelop of the CI-OFDM transmitted signal

Pe = / Q (w/g]NR) p(SINR)d(SINR)-  (14) is determined by [k], Z; [k] and information sequencg.
0 According to the definition of PAPR, we uge to stands for
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the PAPR, and it is given as b 4 Tranceiver
p_oBZIOF me kol oy o
E [‘S(t) ‘2] N ,,/’i‘ranceive Height 3m
) N—-1 /N-1
= ng%)%s [1 + x=zRe { kgl < ZZ:O Ry [k]+ (29) Receive‘r//// e
N-1 N-1 ‘ .
> di(dy) Ziw [k;]) eI2mkt/ T }1 Widh om
1=0 U'=0,l'#1 /Y Length 6m Rec'eiver
Due to the orthogonality among different ClI COdeS! we have a) Simulation Scenario b) Channel Model for Transmission
N-1 N—-1N—k-1 ke : i i . ) _
Z R [k] _ Z Z c;n (Clm+ ) Fig. 3. Simulation scenario and optical channel model fangmission
= = m=0
= TR Y
= S oar(egrtt)y =0 . . . : . o
=0 = H (0) is a DC gain for the line-of-sight(LOS) link, and it is
) ) ) calculated as
which means the PAPR of CI-OFDMA is determined only (mi1)A
by the partial cross-correlation function and the inforiorat 5-p7 - cos™ (0) Ts (0) g () cos (¢) ,
sequence. With BPSK being utilized; € {—1,1}, and the H (0) = 0< @<t
upper bound of PAPR is further given as 0, o> (23)
) N-1N—-1 N-1 . where A is the receiving area for the photoelectric detector.
P=1+ R Re kzl l;) l_%,# di(dyr)™ D is the distance between the transceiver and the receiver.
T ¢ is the emission angle, while is the incidence angle.
Zy v [k] €727t/ T T, () is the gain for the optical filter and (y) is the
gain for optical concentratot). is the FOV of the receiver.
N-1N=1 N-1 m = ——22__ js the radiation mode of the light source,

" Incos ®1/2

, * , j2mkt/Ts L A
di(dv) Zy,v [k]e! and ®, , is named the half-angle of the transmission power.

§1+% max

0<t<T: | g=1 1=0 I'=0,I'#l ! . o )
, NotlNo1 N_1 ) The simulation parameters is given in table 1.
<1+ % max di(dy) Zyp |k
- N o<i<T, g::l =0 l,z%,# i) Zue K TABLE |

N—1N—-1 N-1 SYSTEM PARAMETERS FORSIMULATION

Sltge max 3 Y > |Zwk=Q

I0St<Ts g=1 [=0 I'=0,I'#l Parameters Values
(21) Central lightening power of LED 30mw
On the basis of the partial cross-correlation function, the FOV of the receiver) 60°
equation (21) gives out the upper boufdor the PAPR using Half-angle of the transmission power 60°
BPSK modulation. Area of the photoelectric detector lcm?
Refractive index of the optical concentrator 15
IV. SIMULATION RESULTS Efficiency of the photoelectric detector |  0.5(A/W)
The visible-light communication is a new type of wireless Reflection index of the reflection plane 0.8
communication approach, and hence measuring and modeling Room size (lengthwidthx height) Bmx6m>x3m
its channel model is still under investigation. Therefdhere Transceiver coordinator (3,3,3)
is no such multi-path wireless channel model that is unalrs Receiver coordinator (1.3.1)
acknowledged internationally. On the consideration tinat t Number of subcarriers 128

modeling of the channel is not the key point of this paper, ) ) -
the simulation is carried out in a room with the length offght CI-OFDM and visible-light OFDM using MMSE com-
6m, width of 6m and height of 3m. The coordinators of thBination and BPSK modulation. Simulation results show,that
This scenario is given in Fig.3. For instance, for the required BER 063, visible-light ClI-

As for this scenario, [7] achieved the impulse respon§d~DM has a gain of 1dB concerning SNR. _
for the multi-path channel via the combination of computer N the CI-OFDM system, Cl-codes make the peaks of signal

simulation and physical concepts. The impulse response¥ygves staggered from each other in time domain. This is
given as quite different from OFDM whose symbol is the sum of many

stochastic sine waves and solve the PAPR problem in OFDM
11.0561 7,5 systems. Fig.5 plots the PAPR distribution of the whitdHig

6
h(t) =58H(0) <t+11.056177.m8> u(t)- (22) signal for both OFDM and CI-OFDM systems. From the
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V. CONCLUSION

In this paper, we propose a visible-light communication
system and corresponding transmission scheme based on ClI-
OFDM, which can function as an effective technique enhanc-
ing the performance of visible-light communication system
Simulation results show that for a required BER 16f 2 in
the frequency selective channel, the visible-light CI-Q#D
can yield 1dB gain of SNR. Simultaneously, this method can
effectively reduce PAPR with the help of Cl codes.
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