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Abstract—Use of multiple light emitting diodes (LED) is an operation. Several papers have investigated OFDM in VLC
attractive way to increase spectral efficiency in visible tiht [5]-[10], which have shown that OFDM is attractive in VLC

communications (VLC). A non-DC-biased OFDM (NDC OFDM)  gystems. A 3 Gbps single-LED VLC link based on OFDM has
scheme that uses two LEDs has been proposed in the literature been reported il [11]

recently. NDC OFDM has been shown to perform better than
other OFDM schemes for VLC like DC-biased OFDM (DCO Several techniques that generate VLC compatible OFDM

OFDM) and asymmetrically clipped OFDM (ACO OFDM) in  gignais in the positive real domain have been proposed in
multiple LEDs settings. In this paper, we propose an efficien

multiple LED OFDM scheme for VLC which uses coded index the literature [[TPHLTB]. These techniques include DCsbih

modulation. The proposed scheme uses two transmitter blocks, Optical (DCO) OFDM [[12], asymmetrically clipped optical
each having a pair of LEDs. Within each block, NDC OFDM (ACO) OFDM [13]-[15], flip OFDM [16],[17], and non-DC
signaling is done. The selection of which block is activateth a  piased (NDC) OFDM[[18]. In the above works, DCO OFDM,
signaling interval is decided by information bits (i.e., irdex bits). ACO OFDM. and ﬂiF; OFDM are studied for single-LED
In order to improve the reliability of the index bits at the re ceiver ' g

(which is critical because of high channel correlation in mitiple _systems. The NDC OFDM in_[18] uses two LEDs. In [181'
LEDs settings), we propose to use coding on the index bits @le. it has been that NDC OFDM performs better compared with

We call the proposed scheme as CI-NDC OFDM (coded index DCO OFDM and ACO OFDM that use two LEDs.

NDC OFDM) scheme. Simulation results show that, for the same U f ltiole LEDS i tural d attracti
spectral efficiency, CI-NDC OFDM that uses LDPC coding on Sé or mufliple S IS a natural and altractive means

the index bits performs better than NDC OFDM. to achieve increased spectral efficiencies in VLC. Our study
in this paper focuses on multiple LED OFDM techniques
to VLC. Our new contribution is the proposal of a scheme
which brings in the advantage of ‘spatial indexing’ to OFDM
|. INTRODUCTION schemes for VLC. In particular, we proposeiadexed NDC

Optical wireless communication, where information is corl-"NDC) OFDM’ scheme, where information bits are not only
veyed through optical radiations in free space in outdoar affonveyed through the modulation symbols sent on the active
indoor environments, is emerging as a promising compleméﬂE_D' [?Ut also thrlough.the index of the active LED. This
tary technology to RF wireless communication. While conp,”ngs in the benefit of higher rate and better performance. O

munication using infrared wavelengths has been in existeriimulation results show that, for the same spectral efftyien
for quite some time[1][2], more recent interest centeosiad "€ Proposed I-NDC OFDM outperforms NDC OFDM in the

indoor communication using visible light wavelengths [&], 'OW-to-moderate SNR regime. This is because, to achieve the
A major attraction in indoor visible light communicationS@me spectral efficiency, I-NDC OFDM can use a smaller-

(VLC) is the potential to simultaneously provide both ererg i

Keywords — Multiple LED VLC, DCO OFDM, ACO OFDM, Flip
OFDM, NDC OFDM, coded index modulation, LDPC.

sized QAM. However, in the high-SNR regime, NDC OFDM

efficient lighting as well as high-speed short-range corrimurPerform_S better. We find .that this_ is .because of the high error
cation using inexpensive high-luminance light-emittirigctes  "2(€S witnessed by the index bits in I-NDC OFDM due to
(LED). Several other advantages including no RF radiatighigh channel correlation in multiple LED settings. In order
hazard, abundant VLC spectrum at no cost, and very hi _ewate this pr_oblem and improve the rehgblhty of th_@lm( _
data rates make VLC increasingly popular. its at the. receiver, we propose to use coding on the index bit
Orthogonal frequency division multiplexing (OFDM) which2/0ne. This proposed scheme is calledded I-NDC OFDM’
is popular in both wired and wireless RF communicatiod$!-NDC OFDM) scheme. Our simulation results show that,
is attractive in VLC as well[[5]. When OFDM is used info_r the same spectral eff|(_:|ency, Fhe proposed CI-NDC OFDM
RF wireless communications, baseband OFDM signals in th#h LDPC coding on the index bits performs better than NDC
complex domain are used to modulate the RF carrier. OFD¥f DM In VLC systems.
can be applied to VLC in context of intensity modulation and The remainder of this paper is organized as follows. Section
direct detection (IM/DD), where IM/DD is non-coherent andll gives an overview of DCO OFDM, ACO OFDM, flip
the transmit signal must be real and positive. This can @DM, and NDC OFDM schemes. The proposed CI-NDC
achieved by imposing Hermitian symmetry on the informatioB@FDM and performance results and discussions are presented
symbols before the inverse fast Fourier transform (IFFT) SectionIll. Conclusions are presented in Secfioh IV.
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Fig. 1. A general single-LED OFDM system model in VLC.
[I. OFDM SCHEMES FORVLC signal without DC bias. Then the unipolar OFDM signal (¢)

Here, we present an overview of the existing OFDI\}Pat drives the transmit LED is given by

schemes for VLC reported in the literature. Figlife 1 shows 24e(t) = x(t) + Bae,

the block diagram of a general single-LED OFDM system

with N subcarriers for VLC. In this system, a real OFDMvhere B;. = k+/E{z%(t)}. We define this as a bias of
signal is generated by constraining the input vector to tH&log;o(k*+1) dB. Note that: = 0 corresponds to the case of
transmit N-point IFFT to have Hermitian symmetry, so thano DC bias. For the DC bias to be not excessive, the negative
the output of the IFFT will be real. The output of the IFFTgoing signal peaks must be clipped at zero. The performance
though real, can be positive or negative. It can be madeipesitof DCO OFDM depends on the amount of DC bias, which
by several methods, namely, 1) adding DC hiRCO OFDM  depends upon the size of the signal constellation [14]. For
[12]), 2) clipping at zero and transmitting only positive pareéxample, large QAM constellations require high SNRs for
(ACO OFDM [13;]-[15]), and 3) transmitting both positive acceptable BERs, and therefore the clipping noise must be
and negative parts after flipping the negative (éip OFDM  kept low, which, in turn, requires the DC bias to be large.
[16]). While the block diagram in Fig] 1 is for OFDM for VLC AS the DC bias increases, the required transmit power also
in general, the transmit and receive processing and achieWcreases. This makes the system power inefficient.

rates in bits per channel use (bpcu) can differ in the OFDM Due to Hermitian symmetry, the number of independent

schemes listed above. These are highlighted below. QAM symbols transmitted per OFDM symbol is reduced from
N to % — 1. Thus, the achieved rate in DCO OFDM is
A. DCO OFDM N_2
In DCO OFDM, (¥ — 1)log, M incoming data bits are Nldco = —5 77— logy M bpeu. 1)

mapped to(£ — 1) QAM symbols, wherelM is the QAM
constellation size. The DC subcarrier (i.&3) is set to zero.

The (4 — 1) QAM symbols are mapped to subcarriers 1 t
N

At the receiver side, the output of the photo detector (PD),
g(t), is digitized using an analog-to-digital converter (ADC)
(X _ 1), i.efX1, Xa,---, X, }. Hermitian symmetry is a_nd t_he_resultlng sequenaggn), is processed furthe_zr. The DC _
- . 2 . ) . bias is first removed and the sequence after DC bias removal is
applied ftohthe rerga:nlnéz\l rs]ubf(?arrlerst; €., complex Conju(;fed as input to theV-point FFT. The FFT output sequence is
gates of the symbols on the firgf subcarriers are mappe qu’ Yi, -, Yy_1]T. Only {Y1, Ya, -+ ,Yx_,} in the FFT

ogthe second half su.bcarners in the reverse ordfer, where Utput need to be demapped and demodulated to recover the
(% + 1)th subcarrier is set to zero. That is, the input to the, o (i

N-point IFFT is given by
B. ACO OFDM

ACO OFDM does not use DC bias to convert the bipolar
This Hermitian symmetry ensures that the IFFT output wilDFDM signal to unipolar. Instead, all negative values in
be real and bipolar. These bipolar OFDM symhe(s), n = the bipolar signal are clipped to zero. Clipping is a simpler
0,1,---,N—1, at the IFFT output are converted into unipolaoperation in terms of implementation compared to DC bias.
by adding a DC biasBg.. Let z(t) be the bipolar OFDM But this can introduce clipping noise. The effect of clippin
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noise can be alleviated significantly by sending data symbdlhe positive partz™(n) is transmitted as the first OFDM
only on the odd subcarriers. More specifically, if only theymbol. The polarity inverted (i.e., flipped) negative p(ama
odd subcarriers are used, the intermodulation productstermx—(n)) is transmitted as the second OFDM symbol. Note
generated due to clipping fall on the even subcarriers, lwhithat the positive and negative parts of the bipolar OFDMa&ign
are ignored. While this addresses the clipping noise ighee, are transmitted as two consecutive OFDM symbols with the
achieved data rate is compromised by a factor of two compamehative part flipped. Sincé% — ) M-QAM symbols are

to DCO OFDM, i.e., in anV-subcarrier ACO OFDM scheme, sent in two slots, the achieved data rate in flip OFDM is

only % subcarriers are used for data transmission, whereas N
DCO OFDM uses — 1 subcarriers for data transmission. Npip = =2 logy, M
In ACO OFDM, X log, M incoming bits are mapped to 1 2N
% M-QAM symbols. These symbols are mapped on the ~ Z1og2 Mbpcu, for largeN. (5)

first % odd subcarriers. The even subcarriers are set to zero.
To ensure Hermitian symmetry, the complex conjugates 8f the receiver, the received signalt) is first digitized. Let
the symbols on the firs) subcarriers are mapped on the/" (n) and y~(n) represent the time samples belonging to
remaining subcarriers in the reverse order, i.e., the input the first and second OFDM symbols, respectively. These two
the N-point IFFT is given by sample sequences are added; the polarity of thén) is

. . . inverted before adding. Thus, the resulting bipolar sigital
[0, X1, 0, X3, 0,---, Xuy, 0, Xy, 0, X3, 0, X" s given byy(n) = y*(n)—y~(n), which is S/P conver?e,fj f?md
The real bipolar signal at the IFFT output is then convertddd to the/N-point FFT. The FFT output values of subcarriers
to unipolar by clipping the signal at zero. Le{n), n = 1 to & — 1 are demapped and demodulated to recover the
0,1,---,N — 1, be the bipolar IFFT output signal. Thetransmit data.
unipolar signal is obtained as

| D. NDC OFDM
s(n) = z(n), ff z(n) >0 NDC OFDM is similar to flip OFDM except the number
0, if 2(n) <0, of time slots used. Instead of sending the OFDM symbol in

which drives the transmit LED after D/A conversion. Sincévo consecutive time slots, this scheme exploits the spatia
only & subcarriers among th¥ subcarriers are used to carrydimension. That is, this scheme uses two LEDs to send the

data, the achieved data rate in ACO OFDM is given by  bipolar signals; positive and negative parts drive twoedgéht
LEDs. Figurd® shows the block diagram of NDC OFDM. As

1
Mlaco = 7 logy M bpcu (2) in flip OFDM, the input to theN-point IFFT is given by

At the receiver side, the received signgt) is first digitized 0, X1, Xo, -+, Xn_y, 0, X&_,-+, X3, X7
to gety(n), n =0,1,--- , N — 1. This sequence is input to : 2
the N-point FFT. From theV-point FFT output, we take only Let 2(n) be the bipolar IFFT output. As in flip OFDM, this
the ﬁrst% odd subcarrier data, i.e{Y7, Y3,---,Y~ ,},and output is fed to a polarity separator, which separates tlse po
demodulate them to recover the transmit data. - itive and negative parts af(n), i.e.,z(n) = z*(n) + 2~ (n),
C. Flip OFDM wherex’“(n)_ andz~(n) are as deflr!ed in _fllp OFDNtz;+(n_)
) o _ . drives the first LED, and-x~(n) (i.e., flipped or polarity

Flip OFDM is similar to DCO OFDM except DC biasing.jnyerted signal) drives the second LED. Therefore, at argive
Instead of DC biasing, it uses two OFDM symbols {0 senghe only one LED will be active, where the index of the
the bipolar signals, i.e., positive and negative parts ant 8 gqtive LED (i.e., LED1 and LED?2) is decided by the sign of
two consecutive OFDM symbols. Like in DCO OFDM, in flipthe OFDM signal. This scheme can be viewed as OFDM with
OFDM also, the input to theV-point IFFT is spatial modulation (SM), where the LED to activate in a given

0, X1, Xo,-+, Xy_y, 0, X3 4,00, X5, X;T. channel use is chosen based on the sign.

2 Due to Hermitian symmetry, the number of independent

Letz(n), n=0,1,---, N — 1, be the bipolarV-point IFFT  5Anp symbols transmitted per OFDM symbol is reduced from
output. The IFFT output:(n) is fed to a polarity separator, yr 1o N _ 1. Thus, the achieved data rate of NDC OFDM is
which separates the positive and negative parts(ef. That 2

is, the sequence(n) can be written in the form N-2 6)

Mhde = 57 log, M bpcu
a(n) = 2™ (n) + 27 (n),

which is the same as that of DCO OFDM.

where The unipolar OFDM signal is transmitted over the VLC
N _Jx(n), ifxz(n)>0 MIMO channelH, whereH is a N, x N; channel matrix/V;
v (n) = 0, if z(n) <0’ ) is the number of LEDs, andV,. is the number of PDs. Here,
) N; = N, = 2. The output of the PDs are fed to the ADCs. The
v (n) = {g(n)a if IE”% <0 (4) digitized output of the ADCs, denoted lyy= [y1(n) y2(n)]",

if z(n) > 0. is fed as input to the SM detector. The SM detector, for
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Fig. 2. Non-DC biased OFDM.
example, can be zero forcing (ZF) detector. That is, the SM source
. A !
detector output, denoted by(n), n=0,1,---,N — 1, is I
0.5~ X XN ] 3.5m
)l = e [zi(o), @ L T
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where Fig. 3. Geometric set-up of the considered indoor VLC systémdot

represents a photo detector and a cross represents an LED.

-1
{Zl(n)] B [(h?hl) hi Y] ©)
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and h; is theith column of channel matrifl,: = 1,2. The :e!g:: ]EZ) — 2'5”‘
. . el rom the rioor m
SM detec_tor outpug(n) is then fed to ther-pomt FFT. From Ele\g/]atlon —90°
the N-point FFT output, the subcarriers 1 (& — 1) are Transmitter || Azimuth 0°
demodulated to get back the transmit data. P1/9 60°
Mode numbern 1
E. DCO/ACO/Flip/NDC OFDM performance comparison dix im
. . Height from the floor| 0.8m
Here, we illustrate a BER performance comparison between Elevation 90°
DCO OFDM, ACO OFDM, flip OFDM, and NDC OFDM. Receiver Azimuth 0°
The indoor VLC system set up is shown in Fi@. 3. The ng/pons'v'ty’r é5émpere/\Natt
system parameters of the indoor VLC system considered in dom 0.1m
the simulation are given in Tablé I. All systems ubg = 2
LEDs, N, = 2 PDs. The PDs are kept symmetrical on top TABLE |
of a table with respect to the center of the floor Wltm@ SYSTEM PARAMETERS IN THE CONSIDERED INDOOR/LC SYSTEM.

of 0.1m. The LEDs are kept symmetrical with respect to the
center of the room at 1m apart and at 3m height@g.~ 1m
andz = 3m). The channel gain betwegth LED andith PD o ) 1n(2) )
is calculated a<[2] number of the radiating lobe given by = PR <I>% is

0. the half-power semiangle of the LED [19;; is the angle
reCt(FgV), (10) of incidence at theth photo detectorA is the area of the

detector,R;; is the distance between thigh source and the

where ¢;; is the angle of emergence with respect to jle ith detector, FOV is the field of view of the detector, and
source (LED) and the normal at the soureejs the mode rec(z) =1 if |z| <1 and recfz) =0 if |z| > 1.

+1
hij = n27r cos™ ¢;; cosf

A
iJ 2
Rij



1 ‘ ; ‘ ‘ ‘ 3 Fig. [, the {LED1, LED2} pair forms BLOCK 1 and the

] {LED3, LED4} pair forms BLOCK 2. In each channel use,
only one LED in either BLOCK 1 or BLOCK 2 will be
activated. The choice of which BLOCK has to be activated
] in a given channel use is made based on indexing. In a
E general settingmn index bits can select one BLOCK among
1 2™ BLOCKS. In the considered systemy, = 1 and N, = 2.
Therefore, the BLOCK selection is done using one index bit
per channel use. The LED pair in the selected BLOCK will
] be driven as per the standard NDC OFDM scheme described
i in Sec.[I-D. The I-NDC OFDM transmitter operation is
] described below.
‘ : ‘ Transmitter: As in NDC OFDM, in I-NDC OFDM also,
20 25 03 40 a5 50 (4 —1) log, M incoming data bits are first mapped(t§- —1)
e QAM symbols, and the input to th&¥'-point IFFT is given by

10

10°

Bit Error Rate

10° Nr.=Nr=2’ nN=2 bpcu

10 *L —e— NDC OFDM, M=16

—— Flip OFDM, M=16

—&— ACO OFDM, M=16

—&— DCO OFDM, M=4
; n

Fig. 4. Comparison of the BER performance of DCO OFDM, ACO ®FD
flip OFDM, and NDC OFDMn = 2 bpcu, Ny = N, = 2, T
p n P t r [0’ X1, X27,.,7 X%—la 0, X*%_l’...’ X; Xﬂ .

Figure[4 shows the BER performance achieved by DCO .
OFDM, ACO OFDM, flip OFDM, and NDC OFDM for) = 2 This ensures real and bipolar IFFT output. L€t), n =
bpcu, andN; = N, = 2. The parameters considered thes& 1,--- - N — 1, be the IFFT output. For largeV, (e.g.,
systems are: 1) DCO OFDMY, = N, = 2, M = 4, 7 dB N > 64), z(n) can be approxmated as i.i.d. real Gaussian
bias, 2) ACO OFDM:N, = N, = 2, M = 16, 3) flip OFDM: with zero mean and variance?. Therefore,|x(n)| has an
N, = N, =2, M = 16, and 4) NDC OFDM:N; = N, = 2, approximately half-normal distribution with mea§;=ﬂ and
M =16. In ACO OFDM, flip OFDM, and DCO OFDM, there variance"ﬂz”(;—ﬂ_z) [13]. The IFFT output sequenagn) is input
are two parallel transmitting OFDM blocks, each drives ong a BLOCK selector switch. For each n =0,1,--- , N—1,
LED simultaneously. ZF detection is used for DCO OFDMhe switch decides the BLOCK to which(n) has to be
ACO OFDM, and flip OFDM. The hypothesis testing basegent. This BLOCK selection in a given channel use is done
detection method presented in Séc. 1I-D is used for ND@sing index bits. Lety(n) denote the index bit for theth
OFDM. From Fig.[4, it can be seen that DCO OFDM haghannel usep = 0,1, --- , N—1. The BLOCK selector switch
poor performance compared to other systems, and this issdu@érforms the following operation:
the DC over-biasing. Also, ACO OFDM and flip OFDM have
the same performance. Among the OFDM schemes discussed if b(n)
above, NDC OFDM achieves better performance compared
to other OFDM schemes. This is because of the spatial
interference experienced by the other OFDM schemes, i.e., i
while two LEDs are active simultaneously in DCO OFD ,”_] the selected_ BLOCK, the polarity separator separates pos
ACO OFDM, and flip OFDM, only one LED will be active Ve and negative parts of(n); z(n) can be written as
at a time in NDC OFDM.

= 0, z(n) goes to BLOCK1
if b(n) = 1, x(n) goes to BLOCK2

z(n) = 2" (n) + 2~ (n),
IIl. PROPOSEDCI-NDC OFDMFORVLC

Motivated by the advantages of multiple LEDs and spatigh(,,) — (n), ifz(n) =0 o= (n) = z(n), if x(n) <0
indexing to achieve increased spectral efficiency, here rse fi 0, if z(n) <0, 0, if 2(n) > 0.

propose a multiple LED OFDM scheme called ‘indexed NDGy o sojected BLOCK is BLOCK 14+ (n) drives LED1
OFDM (I-NDC OFDM? - In this scheme, additional bits ‘.”Ir.eand—x‘(n) drives LED2. Similarly, if BLOCK 2 is selected,
conveyed through the index of the active LED. Then, reagt;zmer(n) drives LED3 and—z~ (n) drives LED4. So, the light
the need to protect the index bits better in this scheme, we C

propose to use coding on the index bits. This scheme is cal e?ensny/\e/‘mntf:j %(ff‘;h LF]D.IS elth%(.n)' orhO.h Since
‘coded index NDC OFDM (CI-NDC OFDM). z(n)] ~ Ny (=, =27, the intensityl is such that

A. Proposed I-NDC OFDM I N o, o2(m—2)
The block diagram of the proposed I-NDC OFDM trans- < { +<\/ﬂ’ o2 )}

mitter is illustrated in Fig.[[b. I-NDC OFDM is anV-

subcarrier OFDM system withV,, pairs of LEDs andN, Achieved data rate: In -NDC OFDI\/(,%—I) QAM symbols

photo detectors, where the total number of LENs= 2N,. are sent per OFDM symbol. In additioflpg, N, ] number of

We considerN, = 2, i.e., there are 2 pairs of LEDs. Inbits are used to select the active BLOCK per channel use.
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Fig. 6. Proposed I-NDC OFDM receiver.

Therefore, the achieved data rate in I-NDC OFDM is PDs are then fed to the ADCs. The output of the ADCs is
N N [log, N, given by the vectory = [y1(n) wa(n) ws(n) ya(n)]”,
Ninde ( >log2M + — N which is fed to the SM detector. The bipolar output of the

N SM detector is fed to thé&v-point FFT. The SM detector can
= <__2) log, M + [log, N,] bpeu (11) be a ZF detector. That is, the SM detector output, denoted by
———

2N y(n), n=0,1,--- N —1,is
modulation bits index bits ly(n)] = max |z(n) (14)
. . o i=1,234 "
Receiver: The block diagram of I-NDC receiver is illustrated ,
in Fig. [6. We assume perfect channel state information at +ve, if ars, 11'8% 4 [zi(n)| = 1
the receiver. Assuming perfect synchronization, fie x 1 —ve, if arg max |z(n)| =2
received signal vector at the receiver is given by sign{y(n)} = _ i=1,2,3,4 (15)
+ve, if arg max |z(n)] =3
y =rHx +n, (12) i=1,2,3,4
. . . . —ve, if arg max |z(n)| =4,
wherex is the N; x 1 transmit vectory is the responsivity i=1,2,3,4
of the detector, and is the noise vector of dimensiaN, x where
1. Each element in the noise vectar can be modeled as
i.i.d. real AWGN with zero mean and varianeé. Note that 21(n) (hThl) hly
the transmit vectox has only one non-zero element, and the 25(n) (hdhy)~ hT y
remainingN, — 1 elements are zeros. The non-zero element in 23(n) = (hTh ) hT ) (16)
x represents the Iight2intensir1y emitted by the active LED, 2a(n) ” 3 " Y
wherel ~ J\/Jr(\/—, %) The average received signal- (hiha) h4 y
to-noise ratio (SNR) is given by = 02 . where andh; is theith column of channel matrifl, : =1, 2,3, 4.

The SM detector outpuj(n) is fed to theN-point FFT. The

Ny .
1 o S subcarriers 1 t¢4 —1) at the FFT output and demodulated to
2 |2 2
b= N, ZEHH x|"] = 2N Zzhw’ (13) getAback the transmit data. The index tﬂ(&)sAare detected
asb(n) = 0 if arg _max |zi(n)] = 1 or 2. b(n) = 1 if
and H; is theith row of H. The received optical signals are =12,34

converted to electrical signals by the PDs. The output afehe™® , 1'3% , [zi(n)| = 3ora.
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Fig. 7. Placement ofV; = 4 LEDs in a2 x 2 grid with d¢;, = 1m.
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Fig. 9. Comparison of the BER performance of I-NDC OFDM foryiag
dtz, 1 = 4 bpcu, andN; = N, = 4.

as I-NDC OFDM, NDC OFDM has 2 LEDs whereas I-NDC
OFDM has 4 LEDs.

In Fig. [9, we present the BER performance of I-NDC
OFDM as a function of the spacing between the LEBDg X
by fixing other system parameters. The parameters considere
are: Ny, = N,. =4, M = 64 andn = 4 bpcu, and SNRs = 25,
35, 45 dB. It is observed from Fifj] 9 that there is an optimum

Bit Error Rate
=
(=]

—_—— N|=2. NDC, M=256n=4 bpcu
—— N[:4, I-NDC, M=64n=4 bpcu
—— Nl:2, NDC, M=1024n=5 bpcu
—— N[=4. I-NDC, M=256n=5 bpcu

W s 5 0 = 4 4 s ® w0 d: which achieves the best BER performance. The optimum
Eb/No. dB spacing is found to be 3.4m in Figl 9. The BER performance
Fig. 8. Comparison of the BER performance of NDC OFDM and thget worse atl;, values those are above and below the optimum
proposed I-NDC OFDM for = 4, 5 bpcu, Nr = 4. spacing. This happens due to opposing effects of the channel
gains and the channel correlations. That isdgsincreases,
B. Performance of I-NDC OFDM the channel correlation reduces and which improves the BER

Here, we present the BER performance of the proposedperformance. On the other hand, the the channel gains get
NDC OFDM scheme for various system parameters. We fixeaker as the,, increases and this degrades the BER.
the number of LEDs in I-NDC OFDM to b&/;, = 4 (see Fig.

[B), and the number of PDs to b, = 4. The placement of ¢ ‘ ‘ ‘ 5 purayvTry—

N; = 4 LEDs in a2 x 2 square grid is shown in Fi¢] 7. We = % = N4, 1-NDC (modulation bits alone), M=64
also compare the performance of the proposed I-NDC OFDI _":'_:Z NSRRI
with that of NDC OFDM. LED2 and LED3 are used for NDC 5% —E— N2 NoC, M=256
OFDM.

Figure[8 presents the BER performance comparison of
NDC OFDM and NDC OFDM forn = 4, 5 bpcu. We fix
the number of PDs to b#&/,, = 4 for both I-NDC OFDM and
NDC OFDM. The parameters considered in these systems f
n = 4 bpcu are:l) NDC OFDM: Ny =2, N, = 4, M = 256, .
and?2) I-NDC OFDM: N, = N,. = 4, M = 64. Similarly, the 0E
system parameters considered fpe= 5 bpcu are:1) NDC
OFDM: Ny =2, N, =4, M = 1024, and2) I-NDC OFDM:

N; = N, = 4, M = 256. From Fig.[8, it can be seen that 1075 = = = e — = = = o
the I-NDC OFDM outperforms NDC OFDM at low SNRs. EbiNo, dB

This is because, to achieve the same spectral efficiencyfily. 10. Reliability of modulation bits and index bits in theoposed I-NDC
NDC OFDM uses a smaller-sized QAM compared to that iAFDM for n = 4 bpcu, N = 4.

NDC OFDM. But, as the SNR increases, the NDC OFDM

outperforms I-NDC OFDM. This is because, as the numb&r Proposed CI-NDC OFDM

of LEDs is increased, the channel correlation increasesiwhi Motivation for CI-NDC OFDM: While investigating the
affects the detection performance. Note that, though onty opoor performance of I-NDC OFDM at high SNRs, we ob-
LED will be active at a time in both NDC OFDM as wellserved from the simulation results that reliability of timeléx

. N =4, n=4 bpcu
10 "k

Bit Error Rate
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Fig. 11. Proposed CI-NDC OFDM transmitter.
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Fig. 12. Proposed CI-NDC OFDM receiver.

bits is far inferior compared to the reliability of the modtibon NDC OFDM. The proposed CI-NDC OFDM transmitter and
bits. This is illustrated in Fig[_10. As can be seen, theceiver are shown in Figs. 111 ahd 12, respectively.
reliability of the index bits is so poor relative to the that
of the modulation bits, the overall performance is domidaté- Performance of CI-NDC OFDM
by the performance of the index bits. This is because whileln Fig.[13, we compare the performance of the proposed
the modulation bits have the benefit of OFDM signaling t€-INDC OFDM with that of NDC OFDM. We maitch the
achieve good performance, the index bits did not have asgectral efficiencies of both the schemes by using the fatigw
special physical layer care. This has motivated the needdonfigurations1) NDC OFDM: N = 64, M = 256, N; = 2,
provide some physical layer protection in the form of codingV, = 4, 7.4 = 3.875 bpcu, and2) C-INDC OFDM:
diversity, etc. Indeed, as can be seen from [Eigy. 10, in thal idéV = 64, M. = 128, N, = 4, N, = 4, r = % ke = 504,
case of error-free reception of index bits, the -NDC OFDM. = 1008, 7cinae = 3.890625 bpcu. From Fig[13, we
has the potential of outperforming NDC-OFDM even at highbserve that, for the same spectral efficiency of about 3.8
SNRs; see the plots of -NDC OFDM (error-free index bitshppcu, the proposed CI-NDC OFDM performs better than NDC
and NDC OFDM. Motivated by this observation, we propos@FDM. For example, to achieve a BER 06~5, CI-NDC
to use coding to improve the reliability of index bits. OFDM requires about 1.3 dB less SNR compared to NDC
LDPC coding for index bits. We propose to use a rate- OFDM. This is because of the improved reliability of the irde
LDPC code to encodle uncoded index bits and obtaincoded bits achieved through coding of index bits.
index bits,r = Z=. At the transmitterk,. uncoded index bits
are accumulated to obtaim. LDPC coded index bits. Now,
the n. coded index bits are used to select the index of the\We proposed an efficient multiple LED OFDM scheme,
active LED block. Thus, one LDPC codeword of sizg is termed as coded index non-DC-biased OFDM, for VLC. The
transmitted in;=— channel uses. Therefore, the overaproposed scheme was motivated by the high spectral efficienc

spectral eff|c|ency achieved by the CI-NDC scheme is and performance benefits of using multiple LEDs and spatial
indexing. In the proposed scheme, additional informatiis b

Neinde = 7|10gy Np | + N-2 log, M. bpcu (17) were conveyed through indexing in addition to QAM bits.
2N The channel correlation in multiple LED settings was found
where M, is the size of the QAM alphabet used in Clto significantly degrade the reliability of index bits reeoy.

IV. CONCLUSIONS
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Fig. 13. BER performance of the proposed CI-NDC OFDM and NCKD®I
atn = 3.8 bpcu, N, = 4.
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communication systemsJEEE Trans. Commun., vol. 60, no. 12, pp.
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To overcome this, we proposed coding of index bits. This
was found to serve the intended purpose of achieving better
performance compared to other OFDM schemes for VLC.

Investigation of the proposed signaling architecture ighhr-

order index modulation using multiple pairs of LEDs can be

a topic of further study.
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