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Abstract. In this paper, a novel optical index modulation (OIM) aided
direct-current (DC) biased optical OFDM (OIM-DCO-OFDM) scheme
for visible light communication (VLC) systems is proposed. Different
with traditional index modulation schemes, the proposed OIM-DCO-
OFDM scheme uses index bits to determine which subcarrier trans-
mit original signals and which subcarrier transmit conjugate signals.
The constellation of traditional phase-shift keying (PSK) and quadra-
ture amplitude modulation (QAM) is symmetrical about the real axis.
It means that we cannot distinguish the original signals and conjugate
signals. In order to recover index bits at the receiver, we propose a unipo-
lar pulse amplitude modulation (PAM) scheme for the modulation of
constellation bits, and design a zero-forcing (ZF) based detector. Com-
pared with dual-mode index modulation aided DCO-OFDM (DM-DCO-
OFDM) scheme, the proposed scheme has 1 dB and 2 dB performance
gain at the bit error rate (BER) level of 10™* when the spectral efficiency
is 1.21 bits/s/Hz and 2.18 bits/s/Hz, respectively. The proposed OIM-
DCO-OFDM scheme can achieve 80% spectral efficiency improvement
than the DM-DCO-OFDM scheme at the modulation order of M = 4.

Keywords: Visible light communication + Optical index modulation
DC-biased optical OFDM - PAM

1 Introduction

VLC is a green communication technology without electromagnetic interference
by using light-emitting diodes (LEDs) and photodiodes (PDs) to transmit and
receive information. Moreover, VLC has many other advantages compared with
radio frequency communication, such as wide bandwidth with no license appli-
cation, energy efficiency and low deployment cost [1,2].

Orthogonal frequency division multiplexing (OFDM) has been widely used
in radio frequency communication because it can combat the inter-symbol inter-
ference (ISI) effectively. OFDM has been used in VLC [3,4]. Since the signal only
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can be transmitted by the intensity of light and no phase can be transmitted
simultaneously, conventional OFDM cannot be adopted in VLC. Many optical
OFDM schemes have been proposed, such as DC-biased optical OFDM (DCO-
OFDM) [5], asymmetrically clipped optical OFDM (ACO-OFDM) [6], unipolar
OFDM (U-OFDM) [7] and Flip-OFDM [8]. All of the above schemes make use of
Hermitian symmetry to create real signal before IFFT operation. Thus a half of
carriers cannot transmit efficient signals, which leads to low spectral efficiency.

IM was recently studied for 5G wireless communication systems in [9].
Recently, optical OFDM-IM (O-OFDM-IM) scheme was proposed [10]. Com-
pared with traditional optical OFDM schemes, O-OFDM-IM scheme transmits
the information bits by the M-ary signal constellation and the indices of subcar-
riers. The subcarriers are divided into G groups. For each group, the subcarriers
are activated by index bits to transmit constellation signals. It means that some
subcarriers transmit nothing. The O-OFDM-IM scheme represents better per-
formance compared with classical DCO-OFDM and ACO-OFDM. However, the
O-OFDM-IM scheme has a low spectral efficiency since not all the subcarriers
are used to transmit constellation signals.

Motivated by the O-OFDM-IM scheme, authors of [11] proposed a dual-mode
index modulation aided DC-biased optical OFDM (DM-DCO-OFDM) scheme.
Same as O-OFDM-IM, DM-DCO-OFDM divides the subcarriers into two parts
according to different index bits, and this two parts of subcarriers transmit dif-
ferent constellation mapping signals. After index modulation, the OFDM block
is created. By using Hermitian symmetry operation and adding DC-bias, com-
plex signals can be translated to real and positive signals. Finally, the unipo-
lar signals are transmitted by LEDs. Compared with DCO-OFDM scheme, the
DM-DCO-OFDM scheme achieves higher spectral efficiency and improves BER
performance significantly. DM-DCO-OFDM has higher spectral efficiency than
O-OFDM-IM. The reasons are that all subcarriers are used to transmit constel-
lation signals in DM-DCO-OFDM.

In this paper, we propose a novel optical index modulation aided DC-biased
optical OFDM scheme. In the OIM-DCO-OFDM scheme, the index bits are used
to determine which subcarriers transmit original signals or their conjugate sig-
nals. Because the constellation of the conventional M-ary modulation schemes
such as PSK and QAM, are symmetrical about the real axis. In other words,
index bits are not recovered by distinguishing transmitted the original signals
and their conjugate signals at the receiver. In order to detect index bit effec-
tively, we employ unipolar PAM to map constellation bits. After PAM mapping
operation, every two unipolar PAM signals constitute a complex signal. Only
the real and unipolar signals can be transmitted in the VLC system, so we use
Hermitian symmetry operation to get real signals. After adding DC-bias, the
generated real and non-negative signals can be transmitted by LEDs. At the
receiver, we design a low computational complexity detector which is called ZF
based detector. After obtaining estimated signals by ZF estimator, the index bits
can be recovered by judging the sign of the imaginary part of received signals,
and constellation bits can be demodulated by unipolar PAM de-mapping. The
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simulation results confirm that the proposed scheme has significant BER, perfor-
mance gains compared with the DM-DCO-OFDM scheme at the same spectral
efficiency. Under the condition of same modulation order, the proposed scheme
has higher spectral efficiency improvement than DM-DCO-OFDM.

The rest of this paper is organized as follows. In Sect. 2, the system model of
DM-DCO-OFDM is reviewed. The OIM-DCO-OFDM system model is presented
in Sect.3. The simulation results and spectral efficiency analysis are given in
Sect. 4. Section 5 shows the conclusions.

2 Review of DM-DCO-OFDM

In DM-DCO-OFDM, N subcarriers are divided into G' groups, each group con-
tains n subcarriers and pp s bits, ppyr = p1 + pa2. p1 bits are fed into index selector
to determine index pattern and ps bits are modulated by two different constella-
tions, Ma-ary A and Mg-ary B. For each group, k subcarriers out of n subcarriers
are selected to transmit the constellation A signals, and other n — k subcarriers
transmit the constellation B signals. The transmitted bits in each group can be
calculated by ppar = [logy (C (n, k)) | + klogy(Ma) + (n — k)loga(Mp), where | |
is the floor function, C' (n,!) is the binomial coefficient. Noted that the symbol
of constellation A and constellation B should be differentiated with each other.
Otherwise, the index bits cannot be recovered at the receiver, which will lead
to bad BER performance. After index modulation and constellation mapping,
Hermitian symmetry operation is used to obtain real signals before IFFT oper-
ation. The Hermitian symmetry property can be represented by

{Xi:X;,_i,O<i<N/2 W
Xo=Xn/=0

where X; € X, X = [Xo, X1,...,Xny_1] is the frequency-domain complex sig-
nals after constellation mapping. Then IFFT and parallel-to-serial operation are
employed to generate time-domain signal. Finally, a suitable DC-bias should be
added on the time-domain signals to create unipolar signals, i.e., only the time-
domain unipolar signals can be transmitted via LEDs. At the receiver side, the
reverse operations are used to obtain transmitted frequency-domain signals. The
maximum likelihood detector or the log-likelihood ratio detector can be selected
to recover index bits and constellation bits.

3 System Model of OIM-DCO-OFDM

Motivated by DM-DCO-OFDM, the proposed OIM-DCO-OFDM scheme also
uses all of subcarriers to transmit signals, which can achieve higher spectral
efficiency than O-OFDM-IM scheme. The block diagram of OIM-DCO-OFDM
transceiver is given in Fig.1 For each OFDM block, m bits and N carriers
are divided into G groups, each group contains p bits and n subcarriers i.e.,
m = pG, N = nG. For each group, p bits are split into three parts, p;, p2 and
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Fig. 1. The block diagram of the OIM-DCO-OFDM transmitter.

ps3, i.e., p = p1 + p2 + p3. The index bits p; are fed into index selector to choose
l subcarriers from n subcarriers, and these [ subcarriers will transmit original
signals while other n — [ subcarriers will transmit conjugate signals. Then p1, po
and ps can be calculated by

p1 = [logy (C(n,1))] (2)

p2 = p3 = nlogy (M) (3)

where M is the modulation order of unipolar PAM. The bits p entered into each
group can be calculated by

p = [logy (C'(n,1))] + 2nlog, (M) . (4)

Noted that the index bits cannot be detected successfully if use QAM or
PSK to modulate constellation bits. Because conventional PSK and QAM con-
stellation symbols are symmetrical about the real axis, it cannot distinguish
original signals and its conjugate signals at the receiver, where we use the differ-
ence between original constellation signals and their conjugate signals to trans-
mit index bits. In order to recover index bits, we use two unipolar PAM sym-
bols to form a complex signal. p» and ps are modulated by unipolar M-ary
PAM constellation. The unipolar PAM constellation symbols are denoted as
S = [S1, 52, ...Sum]. Every two unipolar PAM symbols form a complex signal,
ie, X =S54+ 758, Sa, 58 € S. The conjugate signal of X can be represented
by X* =S, —j5s.
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In OIM-DCO-OFDM scheme, the look-up table method is used to index
selected procedure [12]. We illustrate the implementation by an example. The
initial settings are assumed that M =2, S = [1,3], n = 4 and [ = 2. Calculating
Eq. (4), we can get p = |log, (C' (4,2))] + 2 * 4 xlog, (2) = 10 bits. The index
bits p; can be obtained by Eq. (2) and we can get that p; = 2. The look-up table
is illustrated in Table 1, and the first column of the table denotes the combination
of binary bits. The second column is the indices pattern I generated according
to the input index bits, where “1” denotes the subcarriers transmitting original
signals X and “0” denotes the subcarriers transmitting conjugate signals X*.
The last column is the signal subblocks which generated by index modulation.
For example, if input bits are “1011011001”, the index pattern can be determined
by Table 1. The index bits are “10”, which indicates that the index pattern is
“1,0,0,1” which means that the first and the fourth subcarrier transmit the
original signals X, and the rest of subcarriers transmit conjugate signals X™*.
The rest of bits are modulated by unipolar PAM and the generated complex
signal subblock is [3 + 37,1 — 35,3 — 15,1 + 3j].

After index modulation and unipolar M-ary PAM mapping, the generated
complex signal in v-th subblock can be represented by

Xy =X 1, X, Xyna] (5)

Since in VLC system only real and unipolar signals can be transmitted, Hermi-
tian symmetry is used to generate real-value signal aforementioned in Eq. (1),
which means that half of subcarriers transmit no information bits. Hence the
spectral efficiency of OIM-DCO-OFDM can be calculated by n = % bits/s/Hz
and the spectral efficiency of DM-DCO-OFDM also can be obtained by this
equation. After Hermitian symmetry operation, the frequency-domain signals in
an OFDM block can be represented as

X =100,X1,X2,..., XN 1,0, X5 1, X5, X7]". (6)

The real-value time-domain signals are obtained by IFFT operation of X and
can be denoted as

X:[l‘l,.’L‘Q,...,JJQN]T. (7)

Before transmitting signals by LEDs, a suitable DC-bias Up¢ is adopted to
obtain real and unipolar signals by

Ubpc =/ B{(x;)%} (8)

where x; € x, i is a proportionality constant, and Up¢ is defined as a bias of
10logyo (1% + 1) [13].

Figure2 is the scenario model. In order to simplify the model, we only
consider the line-of-sight (LOS) component [14]. The optical channel can be
modeled as

y =Hx +nj (9)
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Table 1. A Look-up Table for OIM-DCO-OFDM with n =4 and [ = 2.

Index bits | Indices pattern | Subblocks
[0, 0] [1, 1,0, 0] (X, X, X", X7]
[0, 1] [0, 1,0, 1] [X*, X, X", X]
1, 0] [1, 0,0, 1] (X, X", X", X]
[1, 1] [0,1,1, 0] (X", X, X, X"
<—" LED
TN
LOS
Reflecte
Paths V

@PD

Fig. 2. The scenario model.

where y = [y1,¥2,...y2n] is a received signal vector, H is the optical channel
gain, and na denotes 2N x 1 real-valued additive white Gaussian noise (AWGN)
vector.

At the receiver, in order to recover index bits and information bits, we design
a ZF based detector. Firstly, the ZF estimator is used to yield an estimation of
x which can be obtained as

x=H"ly. (10)

Then, x is fed into FFT operation and performs the inverse operation of Her-
mitian symmetry to obtain the frequency-domain estimated signal X. Secondly,
the index pattern of £&-th group can be determined by judging the sign of X¢
imaginary part, which can be represented by

6 Lt Imag(X%) >0 (11)
© 70 0,if Imag(X) <0

where Imag(f(f ) denotes the imaginary part of Xf Then, inputting index pat-
tern into the look-up table, the index bits p; can be recovered. The constellation
bits py and ps can be recovered by putting the real part and imaginary part of
X into unipolar M-PAM demodulator respectively. We summarize the step of
the designed ZF based detector in Algorithm 1. The computational complexity
of ZF based detector is about the order of O(3n) per group.
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Algorithm 1. ZF based detector for OIM-DCO-OFDM.

1 Input: Received signals y, number of groups G, number of subcarriers in each
group n, number of subcarriers modulated by original signals [.

2 Operation: Calculating the frequency-domain estimated signals X by
Eq. (10), FFT and removing Hermitian symmetry operation.

3 Recovering index bits:
4 forE=1,6<G; €+ + do
5 fori=1;i<n;i++ do
6 if Imag(X{) >0 then
7 | If=1
8 else
9 | If=0
10 end
11 end
12 Input index pattern If to look-up table, index bit p; can be obtained.

13 end

14 Recovering constellation bits:
15 for{ =1; < G; £+ + do

16 fori=1;i<n;i++ do

17 p2 = demodulate the real part of Xf

18 p3 = demodulate the imaginary part of X f
19 end

20 end

4 Simulation Results and Analysis

In this section, the performance of the proposed OIM-DCO-OFDM scheme is val-
idated. The simulation results are compared with the DM-DCO-OFDM scheme
results under optical AWGN channel. The simulation parameter settings are
same as [11]. The number of carriers is N = 128, and efficient carriers are split
into G = 31 groups which contains n = 4 subcarriers. For each group, [ = 2 sub-
carriers are selected to transmit original symbols, and the rest of subcarriers
transmit conjugate originals. The size of IFFT is 256. The proportionality con-
stant g = 1.05. The signal-to-noise ratio (SNR) is defined as Ep/Np in the
OIM-DCO-OFDM scheme.

Figure3 presents the BER performance comparison between OIM-DCO-
OFDM and DM-DCO-OFDM in same spectral efficiency of 1.21 bits/s/Hz and
2.18 bits/s/Hz. When the spectral efficiency is 1.21 bits/s/Hz, the proposed
scheme uses unipolar 2-PAM to modulate constellation bits, and the set of
unipolar 2-PAM constellation can be represented by S = [1, 3]. As for DM-DCO-
OFDM scheme, the two distinguished QPSK constellation sets Sy and Sp are
1T4j,-14j,—1—-1j,1—jland [1+ V3, (14+V3)j,—1 =3, —(1+ V3)j] [15].
The spectral efficiency is 2.18 bits/s/Hz, and the unipolar 4-PAM constellation
set can be represented by S = [1, 3, 5, 7]. For DM-DCO-OFDM scheme, the two
distributed 16-QAM constellation sets Sp and Sp are [3+3j,143j, —1+3j, -3+
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Fig. 3. Performance comparison of OIM-DCO-OFDM and DM-DCO-OFDM schemes
under AWGN channels with the spectral efficiency of 1.21 bits/s/Hz and 2.18 bits/s/Hz.

3j,—3+4+j,—-14j,1+j,3+j,3-j,1—j,—1—j,—-3—j,—3—-3j,—-1—3j,1—3j,3—3]]
and [5+j,5 4+ 3j,3 +5j,1 +5j,—1 +5j,—-3+5j,-5+3j,—-5+j,—-5 —j,—5 —
3j,—3 — 5j,—1 —5j,1 —5j,3 — 5j,5 — 3j,5 — j] [15]. We can observe from Fig.3
that the proposed OIM-DCO-OFDM scheme has 1 dB and 2 dB performance
gain over DM-DCO-OFDM scheme at the BER level of 10~* when the spectral
efficiency is 1.21 bits/s/Hz and 2.18 bits/s/Hz, respectively. The wrong recov-
ered index bits have no impact on constellation bits recover at low SNR level.
The index bits and constellation bits can be recovered successfully by the ideal
ZF estimator at high SNR level. Other reason is the proposed scheme has low
order constellation at same spectral efficiency with DM-DCO-OFDM, which is
more robust to the noise. Therefore, the proposed scheme achieves better BER
performance gains than DM-DCO-OFDM scheme.

Then, we focus on comparing the spectral efficiency between OIM-DCO-
OFDM and DM-DCO-OFDM scheme. We assume both of two schemes have
same system parameters and adopt the same subcarrier parameter settings. In
the DM-DCO-OFDM scheme, the different signal constellations have same mod-
ulation order. As description in Sect. 3, the spectral efficiency can be obtained.
Noted that the length of CP is not considered in spectral efficiency. In Fig. 4, the
spectral efficiency between OIM-DCO-OFDM and DM-DCO-OFDM scheme are
compared. At same modulation order, OIM-DCO-OFDM has higher spectral effi-
ciency than DM-DCO-OFDM scheme. For example, the spectral efficiency of the
proposed scheme is nopy = 2.18 bits/s/Hz at the modulation order M = 4, while
the spectral efficiency of DM-DCO-OFDM is npym = 1.21 bits/s/Hz. The pro-
posed scheme has 80% spectral efficiency improvement than DM-DCO-OFDM.
Because the signals transmitted by each subcarrier in OIM-DCO-OFDM, are
constituted by two unipolar M-ary PAM symbols, but DM-DCO-OFDM only
transmit one M-ary QAM symbol. It means that proposed scheme can transmit
twice information bits on per subcarriers than DM-DCO-OFDM scheme.
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Fig. 4. Spectral efficiency comparison between OIM-DCO-OFDM and DM-DCO-
OFDM schemes.

5 Conclusions

In this paper, a novel OIM-DCO-OFDM scheme has been proposed. Same as the
DM-DCO-OFDM scheme, the proposed OIM-DCO-OFDM scheme have used all
subcarriers to transmit constellation signals. But the index bits in the proposed
scheme are used to select which subcarrier to transmit the original signals or
their conjugate signals. Since conventional PSK and QAM constellation schemes
are symmetry about the real axis, they cannot be used in the proposed scheme.
In order to recover index bits at the receiver, we have used two unipolar PAM
symbols to constitute a complex signal. Generated complex signals and their
conjugate signals can easily be distinguished by the sign of the imaginary part
of signals. After index selection and constellation mapping, Hermitian symmetry
operation and DC-bias have been adopted to translate bipolar complex signals
to unipolar real signals. Then, the generated unipolar real signals can be trans-
mitted by the LEDs. At the receiver, a ZF based detector has been designed for
demodulation of index bits and constellation bits. It has been demonstrated via
simulations that the proposed OIM-DCO-OFDM scheme has a performance gain
compared with the conventional DM-DCO-OFDM scheme at the same spectral
efficiency of 1.21 bits/s/Hz and 2.18 bits/s/Hz under AWGN channels. More-
over, we have analyzed the system spectral efficiency of the proposed scheme and
DM-DCO-OFDM scheme. The proposed scheme can achieve 80% more spectral
efficiency gain than the DM-DCO-OFDM scheme when the modulation order
equals to four. In the future, we will investigate the upper bound of the BER, of
the proposed scheme as well as analyze the performance of OIM-DCO-OFDM
under actual communication environments.
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