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Abstract—In this paper, a novel optical Orthogonal Frequency Division Multiplexing (OFDM) modulation approach is
presented. This method uses the Optical Spatial Modulation
(OSM) technique to obtain positive and real-valued signals which
are required by an Optical Wireless Communication (OWC)
system. In comparison to existing OFDM methods applied to the
OSM system, the new scheme, Non-DC-biased OFDM (NDCOFDM), has signiﬁcant advantages. Compared to DC-biased
Optical OFDM (DCO-OFDM), NDC-OFDM avoids DC-biasing
and, thus, improves the power efﬁciency. Moreover, the spectral
and power efﬁciency of the new approach are better than the
well-known unipolar optical modulation scheme, Asymmetrically
Clipped Optical OFDM (ACO-OFDM). The bit-error ratio (BER)
performances of these three methods are compared. Compared
to ACO-OFDM and DCO-OFDM, NDC-OFDM has an energy
saving gain of at least 5 dB for the same spectral efﬁciency. The
improvement comes at the expense of additional hardware at the
transmitter and receiver. However, visible light communication
(VLC) systems typically are equipped with multiple low-cost
Light Emitting Diodes (LEDs) to fulﬁll minimum indoor lighting
conditions.
Index Terms—optical spatial modulation, optical OFDM, optical wireless communication, MIMO.

I. I NTRODUCTION
With the rapid increase in wireless services and applications, the limited radio frequency (RF) spectrum may not be
sufﬁcient to cope with future data rate demands. As a viable
complementary approach, Optical Wireless Communication
(OWC) has gained signiﬁcant attention as a result of technological breakthroughs in solid state lighting technology [1].
The momentous advantage of OWC is that it offers a very
large bandwidth for each transmitting LED.
In current OWC systems, Light Emitting Diodes (LEDs)
are used as transmitters to convert the modulated electrical
signal to an optical signal. At the receiver, the optical signal is
detected by photodiodes (PDs) and demodulated using digital
signal processing techniques. Off-the-shelf LEDs and PDs can
be used to realize a low-cost visible light communication
(VLC) system which can achieve high bit rates of at least 500
Mb/s [2]. However, LEDs disallow the use of phase information for data transmission. As a consequence, only real-valued
and positive signals can be used for data modulation. This is
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in stark contrast to RF systems which make use of complex
valued and bi-polar signals. Thus, OWC using incoherent light
sources as described can only be realized as an intensity
modulation (IM) and direct detection (DD) system [3]. For
IM/DD, standard digital modulation techniques are conceived,
such as On-Off Keying (OOK), Pulse Position Modulation
(PPM) and Pulse Amplitude Modulation (PAM) [4].
For high-speed data transmission, Intersymbol Interference
(ISI) becomes an issue and computationally complex equalization techniques are required. In the fourth-generation (4G)
wireless communication, Orthogonal Frequency Division Multiplexing (OFDM) is used, as it is better equipped to handle
severe ISI. In optical communications, OFDM can also be
applied in the context of IM/DD systems [5]. Because the
IM/DD system can only transmit real-valued signals, Optical
OFDM (O-OFDM) needs to produce real-valued symbols.
This can be achieved by imposing Hermitian symmetry on the
information frame before the inverse fast Fourier transform
(IFFT) operation during the signal generation phase. This
comes at the expense of half of the spectral efﬁciency. In
general, standard techniques to ensure positive optical signals,
which are required by LEDs, are DC-biased Optical OFDM
(DCO-OFDM) and Asymmetrically Clipped Optical OFDM
(ACO-OFDM) [6][7]. In DCO-OFDM, a DC-bias is added.
In ACO-OFDM, the system inserts zeros on even subcarriers
and modulates only odd subcarriers. As a result, a group
of antisymmetric real-valued OFDM symbols are obtained,
as shown in [8]. This allows any negative samples to be
clipped without distortion. DC-bias and clipping noise in
DCO-OFDM have an impact on the bit-error ratio (BER)
performance [9]. When high-power signals are required, the
effect becomes signiﬁcant. In ACO-OFDM, although there
is negligible DC-bias, the scheme sacriﬁces 50% spectral
efﬁciency compared to DCO-OFDM for the same Quadrature
Amplitude Modulation (QAM) constellation size.
As introduced in this paper, the original O-OFDM modulator can be combined with Spatial Modulation (SM) [10]
to result in a new method, Non-DC-biased OFDM (NDCOFDM). This system inherits characteristics from SM (low
complexity) and OFDM (ISI resistance). More importantly, it
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Fig. 1.

Block diagram of the conventional OSM-OFDM system

solves the DC-bias problem in DCO-OFDM and has a higher
spectral efﬁciency than ACO-OFDM.
The rest of this paper is organized as follows. The system
model of traditional OSM combined with DCO-OFDM and
ACO-OFDM is described in Section II. Section III presents the
system model of NDC-OFDM. Section IV shows the result of
a comparison between NDC-OFDM and conventional OSMOFDM in terms of their BER performances, power efﬁciency
and spectral efﬁciency. Finally, Section V concludes this paper.
II. C ONVENTIONAL OSM-OFDM S YSTEM M ODEL
Fig. 1 shows the system model of the conventional OSMOFDM system. This system combines the basic SM-OFDM
[10] and traditional O-OFDM techniques [6].
In the ﬁrst step of the modulation procedure, the input
bit stream is reshaped and placed in an N × m matrix,
Q(p), where N is the number of OFDM subcarriers and
m = log2 (M Nt ). Moreover, M is the QAM constellation
size and Nt denotes the number of transmitters. This paper
compares NDC-OFDM with OSM-OFDM when Nt is set to
two. Under this assumption, bits in the ﬁrst column of Q(p)
represent the index of transmitters. This means that when the
bit in the ﬁrst column is zero, the rest of the bits on the same
row will be transmitted by the ﬁrst LED and when it equals
one, the rest of the bits will be conveyed by the second LED.
Bits in the other columns of each row will be transformed to
complex M -QAM symbols. For example, in Fig. 1, it can be
seen that the ﬁrst row of Q(p) is [1|0 1]. This means that [0 1]
will be converted to a QAM symbol −1 + i by Gray mapping
and this symbol will be put in the ﬁrst slot of X2 (n), as
illustrated in Fig. 1. Simultaneously, the ﬁrst slot of X1 (n) will
be set to zero. As a result of the M -QAM and SM mapping,
two complex vectors, X1 (n) and X2 (n), are obtained. Each
vector passes through an O-OFDM modulator. In general, two
standard techniques, ACO-OFDM and DCO-OFDM, are used
to obtain positive and real-valued OFDM symbols, which are
introduced and compared in [6] and [9]. In ACO-OFDM, N/4
QAM symbols are mapped onto half of the odd subcarriers of

an OFDM frame. At the same time, the even subcarriers are
set to zero. In DCO-OFDM, N/2 − 1 symbols are put into
the ﬁrst half of subcarriers and the DC subcarrier (the ﬁrst
subcarrier) is set to zero. Afterwards, for both ACO-OFDM
and DCO-OFDM, Hermitian symmetry is applied on the rest
of the OFDM frame. Thus, the two groups of QAM symbols
from X1 (n) and X2 (n) are mapped onto OFDM frames and
they are transformed into real-valued OFDM symbols by the
IFFT block. Finally, in order to get positive symbols, the
negative values need to be set to zero in ACO-OFDM. In
DCO-OFDM, before clipping, a DC-biased power is added to
the bipolar OFDM symbols.
The resulting output vectors at the O-OFDM modulator,
x1 (k) and x2 (k), are transmitted by the respective LED over
an Nt × Nr optical multiple-input multiple-output (MIMO)
channel, H, where Nr is the number of receivers. In this
paper, the main objective is to compare the performance
of the conventional OSM-OFDM system with NDC-OFDM.
Therefore, the same optical channel is used for all three
schemes. This channel is presented in Section III.
At the receiver, PDs convert optical signals to electrical
signals. Additive white Gaussian noise (AWGN) is added
to the signal due to ambient light and thermal noise in
the transimpedance ampliﬁer. Through the analog-to-digital
conversion block, signals from each PD can be transferred
to their corresponding vectors, y1 (k) and y2 (k). Each vector
will be dealt with by the respective O-OFDM demodulator.
As in conventional O-OFDM techniques, the received OFDM
symbols are passed through a fast Fourier transform (FFT)
operation which converts symbols to the frequency domain.
In DCO-OFDM, N/2 − 1 symbols are obtained from the
corresponding subcarriers and in ACO-OFDM, N/4 symbols
are obtained. The extracted symbols are transferred to two
complex vectors, Y1 (n) and Y2 (n). Zero forcing (ZF) is used
to reverse the impairments of the MIMO channel to transform
Y1 (n) and Y2 (n) into X1 (n) and X2 (n) respectively [10].
Afterwards, the SM detector compares the absolute values of
the corresponding subcarriers from each channel to estimate
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Fig. 2.

Block diagram of the NDC-OFDM system

the indices of the active transmitters as follows,
j̃(n) = arg max(|Xi (n)|), i = 1, · · · , Nt ,
i

(1)

As a result, the index of the estimated subchannel gives the
bit information transmitted by the SM technique [10]. The bits
from the estimated indices are put into the ﬁrst column of the
output matrix, Q (p). This means that if j̃(n) is equal to one,
the corresponding bit is zero and if the result of the estimation
is two, the bit is one. At the same time, the largest symbol in
each comparison is chosen as the detected symbol,
 
X1 (n), j̃(n) = 1,

Xd (n) =
(2)
X2 (n), j̃(n) = 2.
The detected QAM symbols are then decoded by the conventional Maximum Likelihood estimator. The result is allocated
to the other columns of Q (p). Finally, the output bit stream
is obtained by reshaping Q (p) into a serial bit stream. The
described SM detection algorithm is not the optimal one
according to [11]. However, it has been selected in this work
for its low computational complexity.
III. NDC-OFDM S YSTEM M ODEL
The system model of NDC-OFDM is illustrated in Fig. 2.
The input bit stream is transformed into complex symbols,
X(n), n = 1, · · · , N/2 − 1, by an M -QAM modulator. As
in DCO-OFDM, N/2 − 1 QAM symbols are modulated onto
the ﬁrst half of an OFDM frame, X(k), k = 1, · · · , N , and
Hermitian symmetry is imposed on the second half of the
OFDM frame. After the N -IFFT operation, the complex QAM
symbols become N real-valued OFDM samples, x(k), but they
are still bipolar.
In NDC-OFDM, LEDs only send the absolute value of x(k)
and the sign of the symbol is represented by the index of the
corresponding LED. According to the working principle of
OSM, only one LED is activated during one symbol time. If
the transmitted symbol is positive, the ﬁrst LED will be activated to send the symbol. If the symbol is negative, its absolute

value will be sent by the other LED. This principle constitutes
the most signiﬁcant difference between the traditional OSMOFDM and the NDC-OFDM. An additional difference is that
QAM symbols go through an OFDM modulator ﬁrst and
then pass through the SM mapping block in NDC-OFDM.
In conventional OSM-OFDM, the order is reversed.
As shown in Fig. 2, after SM mapping, the converted
optical signals, L1 (k) and L2 (k), will be transmitted by the
corresponding LED over the optical MIMO channel H [12].
The Nt × Nr optical channel matrix is
⎞
⎛
h12 · · · h1Nt
h11
⎜ h21
h22 · · · h2Nt ⎟
⎟
⎜
H=⎜ .
(3)
⎟,
..
..
..
⎠
⎝ ..
.
.
.
hN r 1

hN r 2

· · · hN r N t

where hNr Nt is the channel DC gain of a directed line-of-sight
(LOS) link between the receiver Nr and the transmitter Nt .
The LOS link is considered in the system model, because the
multipath components are signiﬁcantly weaker and can thus
be neglected. The channel gain can be calculated as follows
[3]:
j
hNr Nt =

(β+1)A
2πd2

0,

cosβ (φ)Ts (ψ)gc (ψ) cos(ψ),

0 ≤ ψ ≤ Ψc
ψ > Ψc

(4)

where β = − ln 2/ ln(cos(Φ1/2 )) and Φ1/2 is the transmitter
semiangle. Moreover, A denotes the detector area of the
PD and d is the distance between the receiver Nr and the
transmitter Nt . The radiant angle and the incident angle are
modelled respectively by φ and ψ. The optical ﬁlter gain Ts
and the optical concentrator gain gc depend on the properties
of the receiver.
Thus, optical MIMO signals can be obtained as [13],
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y = Hs + w,

(5)

where y is the Nr -dimensional received vector and s is the
Nt -dimensional transmitted signal vector. In this paper, both
Nr and Nt are set to two. In addition, w is the Nr -dimensional
noise vector which is assumed to be real-valued AWGN.
Each PD converts the optical signal to an electrical signal. In
this paper, it is assumed that the channel gain is known at the
receiver. The ZF detection is used to recover the transmitted
symbols as follows,
g = H−1 y,
(6)

0
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where g is an Nt -dimensional vector which contains the
estimated transmitted symbols and H−1 denotes the inverse
of the channel matrix H. To estimate the indices of the active
transmitters, the SM detector compares the values of the
elements in g as follows,
l̃(k) = arg max(G(i, k)), i = 1, · · · , Nt ,
i

(7)

where G is the Nt × N equalized matrix which contains all
the estimated transmitted symbols and l̃ is an N -dimensional
vector which contains all the estimated indices. As mentioned,
there are two transmitters and two receivers. If l̃(k) is equal to
one, this means that the symbol received at the time instant k
is transmitted from the ﬁrst LED. Therefore this symbol is a
positive-valued OFDM symbol. On the contrary, if the result
of l̃(k) is two, a negative symbol is transmitted by LED2. As
a consequence, the estimated OFDM symbols sequence is

G(l̃(k), k),
l̃(k) = 1,
x (k) =
(8)
−G(l̃(k), k), l̃(k) = 2.
In an ideal scenario, if there is no AWGN, x (k) should be the
same as x(k). After recovering the OFDM symbols, x (k) is
passed through the conventional OFDM demodulation block
and the M -QAM demodulator in order to obtain the output
bit stream.
This section analyses the spectral efﬁciency and the BER
performance of NDC-OFDM. In addition, this section compares the new technique with DCO-OFDM and ACO-OFDM.
Thus, a simple practical optical MIMO channel realized in
[13] has been selected for the numerical simulations.
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Fig. 3. NDC-OFDM vs. DCO-OFDM with OSM BER performance for the
same spectral efﬁciency

level in the current simulations is set to 7 dB and 13 dB,
which are adopted from [6] for consistency. For the simple
DCO-OFDM model, signal clipping is used to eliminate the
negative part of the DC-biased OFDM symbol frame as,

x(k), x(k) ≥ 0
xt (k) =
(11)
0,
x(k) < 0
where xt (k) is the DC-biased symbol which will be transmitted by an LED.
The spectral efﬁciencies of NDC-OFDM and DCO-OFDM
in an OSM system are deﬁned as,
RNDC−OFDM =

N −2
[log2 (M1 Nt ) − 1] bits/s/Hz, (12)
2N

,

(9)

N −2
log2 (M2 Nt )bits/s/Hz,
(13)
2N
where both M1 and M2 are the order of the QAM modulation
in NDC-OFDM and DCO-OFDM respectively. From (12)
and (13), when RNDC−OFDM is equal to RDCO−OFDM , the
constellation sizes of NDC-OFDM and DCO-OFDM have the
following relationship,
RDCO−OFDM =

M1 = 2M2 .

where the values in this matrix describe the path loss between
the LEDs and the PDs.
A. NDC-OFDM versus DCO-OFDM
In DCO-OFDM, a DC bias is added and the signal is clipped
[9]. In practice, the value of the DC bias, which is related to
the average power of the OFDM symbols, is introduced and
deﬁned in [6] as
BDC = α E{x2 (k)},

0

where Nt is even,

IV. R ESULTS AND C OMPARISONS

H = 10−5 ×

−4

10

(10)

where x(k) is the OFDM symbol frame vector and
10 log10 (α2 + 1) is deﬁned as the bias level in dB. The bias

(14)

Fig. 3 shows the comparison between NDC-OFDM and DCOOFDM for the same spectral efﬁciency, where M1 = 8,
32, 128 and M2 = 4, 16, 64. At BER=10−4 , the power
requirement of NDC-OFDM is at least 5 dB less than the
power requirement of DCO-OFDM for all the presented cases
in Fig. 3. This indicates that NDC-OFDM can allocate system
power more efﬁciently than DCO-OFDM while maintaining
the same spectral efﬁciency. In DCO-OFDM, signal clipping
has a considerable effect on the BER performance when the
constellation size is larger than 64. For instance, when using
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V. C ONCLUSION
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NDC 16QAM 2b/s/Hz
ACO 8QAM 1b/s/Hz
ACO 32QAM 1.5b/s/Hz
ACO 128QAM 2b/s/Hz

−1

In this paper, a novel unipolar modulation method for
OWC based on OSM is introduced. Results show that the
new approach improves the power efﬁciency of the OSMOFDM scheme. For the same spectral efﬁciency, it exhibits
5 dB to 9 dB higher energy efﬁciency than the conventional
unipolar OFDM technique, ACO-OFDM. When compared to
DCO-OFDM, it eliminates the need for a DC-bias. As a
consequence, it exhibits a considerable power efﬁciency gain
for the same spectral efﬁciency.
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