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Abstract—A number of unipolar optical orthogonal-frequencydivision-multiplexing (OFDM) schemes have been proposed as a
solution to the high energy consumption in the widely adopted
direct-current-biased optical OFDM (DCO-OFDM) modulation
scheme. These schemes have a reduced spectral efficiency due to
the restrictions imposed on their frame structure. The enhanced
unipolar OFDM (eU-OFDM) modulation scheme was recently
introduced to compensate for the reduced spectral efficiency in
unipolar OFDM (U-OFDM). The concept exploits the frame
structure of U-OFDM and allows for multiple U-OFDM information streams to be combined, thus increasing the overall
spectral efficiency of the communication system. In this paper,
the concept of the enhanced U-OFDM scheme is generalized for
arbitrary combinations of U-OFDM data streams with various
constellation sizes and various power allocations. A closed-form
theoretical bound on the bit error rate (BER) performance of the
GeneRalizEd EnhaNcEd unipolaR OFDM (GREENER-OFDM)
is derived and verified by comparison with the results of Monte
Carlo simulations. The proposed scheme has an improved power
efficiency compared with a spectrally equivalent DCO-OFDM.
The GREENER-OFDM allows the gap in spectral efficiency
between DCO-OFDM and the inherently unipolar optical OFDM
schemes to be completely closed.

I. I NTRODUCTION
There is an increasing demand for system capacity in mobile
services, and it is estimated that by 2018, data demand will
be more than 15 Exabytes per month [1]. Current use of
the electromagnetic spectrum is in the radio frequency (RF)
ranges while other parts of the spectrum remain unused. The
visible light spectrum, for example, offers hundreds of THz
more bandwidth than radio frequency. Exploiting this spectrum
range could satisfy the exponentially growing demand for data
communication. A 3 Gbps visible light communication (VLC)
link was recently reported [2] using a Gallium Nitride microlight-emmiting-diode (µLED). This result illustrates the large
potential of VLC technology. In addition to its ability to deliver
high-speeed data transfer, VLC offers further benefits: it can
be employed in restricted areas where sensitive electronic
equipments are present; it provides an inherent security feature
at the physical layer; the existing lighting infrastructure can be
used to realize network access points (AP), which facilitates
the integration of VLC into future heterogeneous networks.
VLC has already been identified as a good candidate for many
potential applications including but not limited to optical cellular networks, fixed high-speed bidirectional communication,
vehicular communications, and underwater communications.

The physical properties of the conventionally employed
front-end devices restrict the digital modulation schemes in
VLC to intensity modulation and direct detection (IM/DD)
techniques. Wireless optical signals are intensity modulated
using light emitting diodes (LEDs) and are directly detected
by photodiodes (PDs). Modulation schemes such as on-off
keying (OOK), pulse width modulation (PWM), pulse position
modulation (PPM), and pulse amplitude modulation (PAM)
can be easily deployed in optical wireless communication
systems [3]. However, in high data rate applications, these
schemes experience inter-symbol interference (ISI) caused by
the dispersive wireless optical channels and by the limited
modulation bandwidth of the front-end elements [4]. That
is why orthogonal frequency division multiplexing (OFDM)
is often considered a more suitable modulation technique
for optical wireless communication. A major advantage of
OFDM is the capability of using adaptive modulation and
low-complexity equalization. Radio frequency OFDM signals
are both complex and bipolar. Therefore, a modification is
required before OFDM becomes suitable for IM/DD systems.
For example, Hermitian symmetry has to be imposed in
the frequency domain during the OFDM signal generation
process in order to obtain a real time-domain signal. Then,
a modification of the time-domain signal is required in order to make it unipolar. A number of schemes that enable
the use of OFDM in optical communication already exist,
including: direct current optical OFDM (DCO-OFDM) [5];
asymmetrically clipped optical OFDM (ACO-OFDM) [6];
pulse amplitude modulated discrete multitone (PAM-DMT)
[7]; flipped OFDM [8]; and unipolar OFDM (U-OFDM)
[9]. The concept of DCO-OFDM is straightforward and has
been proven in practice [2]. Its disadvantage, however, is
the substantial energy dissipation due to the biasing requirements of the LED. The aim of introducing the other four
schemes is to remove the biasing requirement and to improve
the energy efficiency. All of the schemes, however, have a
reduced spectral efficiency compared with DCO-OFDM [4]
due to restrictions imposed on their frame structures. In [10],
enhanced U-OFDM (eU-OFDM) is proposed to compensate
for the spectral efficiency loss by superimposing multiple UOFDM streams. However, only one variant of eU-OFDM,
where all superimposed information streams employ the same
constellation size, has so far been presented. In eU-OFDM, the
spectral efficiency gap between U-OFDM and DCO-OFDM

can never be closed completely because this would require a
large number of information streams (an infinite number in
theory) to be superimposed in the modulation signal. In the
current study, the enhanced U-OFDM concept is generalized
to configurations where information streams with arbitrary
constellation sizes and arbitrary power allocations can be
employed. As a result, the spectral efficiency gap between
U-OFDM and DCO-OFDM can be closed completely with
an appropriate selection of the employed constellations in the
different information streams superimposed in the modulation
signal. The proposed scheme is compared with DCO-OFDM
in the context of a linear flat additive white Gaussian noise
(AWGN) channel.
The rest of this paper is organized as follows. In Section II,
the DCO-OFDM and U-OFDM schemes are discussed. In
Section III, the eU-OFDM and the GeneRalizEd EnhaNcEd
unipolaR OFDM (GREENER-OFDM) are introduced. In Section IV, the theoretical bound on the BER performance of
GREENER-OFDM is derived and validated by Monte Carlo
simulations. In Section V, the optimal power allocations and
constellation sizes configurations in GREENER-OFDM are
compared with the DCO-OFDM scheme at different spectral
efficiencies. Finally, Section VI gives the conclusions.
II. U NIPOLAR OFDM

SCHEME

DCO-OFDM is a low-complexity adaptation of the radio
frequency OFDM to the optical domain [5]. Imposing Hermitian symmetry in the frequency domain restricts the OFDM
output to be real and bipolar. Then a DC bias is introduced
to the output waveform in order to convert it into a unipolar
signal. However, time-domain OFDM signals typically attain
a high peak to average power ratio (PAPR) which makes it
practically impossible for the bias to turn all possible signal
values to unipolar ones. Therefore, lower clipping of the DCOOFDM signals is unavoidable. Following [11], the DC bias
can be defined as a k multiple of the standard deviation of the
time-domain OFDM signal σs . Then, the additional dissipation
of electrical power in DCO-OFDM compared with bipolar
OFDM can be written as [11]:
dB
BDC
= 10 log10 (k 2 + 1).

(1)

The incurred penalty due to the bias increases as the modulation order, M , increases, which leads to electrical and optical
power inefficiency when DCO-OFDM is used with high M QAM modulation orders. This can be justified when the optical
power in a visible light communication scenario is used for
the purposes of both lighting and communication. However,
when energy efficiency is required, an alternative modulation
approach is required.
The high energy consumption of DCO-OFDM motivated
the U-OFDM scheme being proposed in [9]. The principle of
U-OFDM is to map each real bipolar OFDM frame into two
unipolar frames. The first frame conveys the positive samples
of the original bipolar frame with zeros at the positions of
the negative samples; the second frame conveys the absolute
values of the negative samples with zeros at the positions of the
positive samples. As a result, U-OFDM creates a positive time

domain OFDM signal without the need of a DC-bias. However,
the need for two frames to convey the information of a single
DCO-OFDM frame decreases the spectral efficiency by half
compared with DCO-OFDM. At the receiver, the original
bipolar frame is obtained by subtracting the frame holding the
negative values from the frame that holds the positive values.
After this, conventional OFDM demodulation is applied on the
reconstructed bipolar frame. This approach, however, doubles
the noise at the receiver which results in a 3 dB SNR penalty
compared with conventional bipolar OFDM.
III. GREENER-OFDM
A. Modulation Concept
For the same spectral efficiency, U-OFDM employs M 2 QAM when DCO-OFDM employs M -QAM. Since larger M QAM constellations require more power, the power efficiency
improvement of U-OFDM over DCO-OFDM decreases and
quickly disappears as the constellation size M increases. This
applies to all other similar unipolar schemes (ACO-OFDM,
PAM-DMT, Flip-OFDM). This effect has led to the development of eU-OFDM [10] which aims to overcome the spectral
efficiency loss of the unipolar OFDM schemes. The concept of
eU-OFDM is to superimpose multiple U-OFDM time domain
streams in order to form a single time domain eU-OFDM
stream. A possible arrangement of the multiple U-OFDM
signals is given in Fig. 1. The eU-OFDM frames are generated
as follows. At depth-1, a U-OFDM time domain signal is
generated as described in Section II. At depth-2, a second
stream of U-OFDM is superimposed on the stream at depth1. At depth-2, each unipolar frame is replicated twice. Since
two U-OFDM frames contain the same information
at depth√
2, the amplitude of each frame is scaled by 1/ 2 in order to
preserve the overall signal energy at this depth. At depth-3,
a third stream of U-OFDM is generated and superimposed in
a similar way to the stream at depth-2. However, at depth3, each unipolar U-OFDM frame is replicated four times and
scaled by 1/2. Additional U-OFDM streams can be√added
after they are replicated 2d−1 times and scaled by 1/ 2d−1 ,
where d is the depth of the respective information stream. In
addition to that, each of the streams is scaled by a parameter
1/γd to facilitate the optimization of the allocated power to
that stream. The scaling factor γd given in dB can be written
as:
γddB = 20 log10 (γd ).
(2)
At the receiver, the demodulation process starts with demodulation of the data at depth-1 where a conventional U-OFDM
receiver is used, as described in Section II. The inter-stream
interference caused by the superposition of multiple U-OFDM
streams is removed by the subtraction operation in the demodulation process since the interference on each positive frame at
depth-1 is equivalent to the interference on each negative frame
due to the stream structure imposed in the modulation process.
After the information at depth-1 is demodulated, the recovered
bits are remodulated at the receiver in order to reconstruct
the information signal at depth-1, which is then subtracted
from the overall received eU-OFDM signal. As a result, the

Fig. 1. Illustration of the enhanced U-OFDM concept with three information streams. CP represents the cyclic prefix, Pkl represents the positive U-OFDM
frame, and Nkl represents the negative frame of U-OFDM. The subscripts denote that the frame at depth-k belongs to the l-th original bipolar OFDM frame.

signal at depth-1 is completely removed from the received eUOFDM signal. Afterwards, each two identical frames at depth2 are summed. The demodulation process at depth-2 continues
with the conventional U-OFDM demodulation algorithm and
the recovered bits are remodulated in order to allow for
the information stream at depth-2 to be subtracted from the
overall received information signal. The demodulation process
continues in a similar way for all subsequent streams until the
information at all depths is recovered.
The spectral efficiency of eU-OFDM can be written as the
sum of the spectral efficiencies of the information signals at
all depths. This is expressed as [10]:
D
D
X
X
ηU
1
ηeU (D) =
= ηU
2d−1
2d−1
d=1

(3)

of the individual information streams:
ηGO (D) =

D
X
ηU (d)
d=1

2d−1

B. Spectral Efficiency
As in eU-OFDM, the spectral efficiency of the GREENEROFDM can be expressed as the sum of the spectral efficiencies

(4)

where ηU (d) is the spectral efficiency of the U-OFDM stream
at depth-d. It is given by [4]:
ηU (d) =

log2 (Md )(NFFT − 2)
4(NFFT + NCP )

bits/s/Hz,

(5)

where Md is the constellation size at depth-d. In order for the
GREENER-OFDM spectral efficiency to match that of DCOOFDM, the combination of constellation sizes used should
satisfy the following constraint:

d=1

where D is the number of depths used. Therefore, as D
increases, the spectral efficiency of eU-OFDM approaches the
spectral efficiency of DCO-OFDM. However, implementation
issues put a practical limit on the maximum number of depths
that can be used, including: latency, computational complexity
and memory requirements. Moreover, each additional stream
is added on top of an existing time domain signal formed
by the streams at lower depths. Therefore, the energy per bit
for each additional stream increases as the modulation depth
increases. Considering that the spectral efficiency of each
additional stream decreases exponentially, it can be assumed
that practical implementation of eU-OFDM is likely to be
realized using only a few information streams. The eU-OFDM
was introduced as a special case of the GREENER-OFDM
where it was assumed that the constellation size and the power
allocation is the same for all information streams. However, in
order for the spectral efficiency gap between eU-OFDM and
DCO-OFDM to be completely closed, an alternative setting
of constellation sizes at the modulation depths should be
exploited. All possible combinations of constellation sizes
at the different eU-OFDM streams with all possible power
allocations are investigated in this study for a maximum depth
of D = 3, where spectral efficiency in the range from 0.5 to
5 bits/s/Hz is achieved.

bits/s/Hz,

log2 (MDCO ) =

D
X
log2 (Md )
,
2d

(6)

d=1

where MDCO is the constellation size of the MDCO -QAM
DCO-OFDM.
The spectral efficiency ratio of the GREENER-OFDM to
the U-OFDM scheme at depth-d can be expressed as the ratio
of (4) to (5):
PD
d́
ηGO (D)
´ (log2 (Md́ )/2 )
αη (D, d) =
= d=1
.
(7)
ηU (d)
log2 (Md )/2
C. Power Efficiency
1) Electrical Power: The real bipolar OFDM signal can be
approximated by a Gaussian distributed random variable with
an average power E[s2 (t)] = σs2 , where σs is the standard
deviation of the real bipolar OFDM signal s(t), and E[·]
denotes a statistical expectation [4]. Statistics of the U-OFDM
signal derived in [9] suggest that the average power of the
U-OFDM signal is half that of the bipolar OFDM signal,
E[sU 2 (t)] = σs2 /2. This is because half of the samples of
the U-OFDM signal are equal to zero, while the other half
follows a truncated Gaussian distribution. Using the statistics
of a truncated Gaussian random variable presented in [12],
the mean value of the U-OFDM stream
at depth-d can be
√
calculated as E[sd (t)] = φ(0)σs /(γd 2d−1 ) where 1/γd is a
scaling parameter for the U-OFDM signal at depth-d; σs2 is
twice the power of the unscaled U-OFDM signal at the same
depth; and φ(x) is the probability density function (pdf) of
the standard normal distribution. The average power of the

GREENER-OFDM signal can be expressed as:

!2 
D
X


avg
sd (t) 
Pelec,GO
(D, γ) = E s2GO (t) = E 
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avg
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(D, γ)
avg
Pelec,U
(γd )

.

(11)

The number of bits conveyed at each depth of a GREENEROFDM waveform depends on the depth order and the employed constellation size at the respective depth. Therefore,
the increase in electrical energy dissipation per bit in the
GREENER-OFDM scheme compared to the electrical energy
dissipation per bit in an individual U-OFDM stream at depth-d
can be obtained from the ratio of (11) and (7), as:
αP
elec (D, γ)
.
(12)
αη (D, d)
2) Optical Power: The average optical power for the
GREENER-OFDM can be derived from the expression of the
average optical power for the scaled U-OFDM, as:
αelec (D, d, γ) =

avg
Popt,GO
(D, γ) =

D
X
d=1

E[sd (t)] = φ(0)σs
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Fig. 2. {[32-16-16], [64-16], [16-16-256], [16-256]}-QAM GREENEROFDM theoretical and numerical performances comparison as a function of
electrical SNR. The scaling factor given in dB for each individual stream
at each set is respectively {[-1.4,1.7,2],[-1,4.8],[4.6,4.7,-7.2],[7.2,-4.5]} as
described in (2).

(9)

The electrical SNR of the GREENER-OFDM is defined as
[4], [11]:
avg
Pelec,GO
(D, γ)
Eb,elec
E[sGO 2 (t)]
=
=
,
(10)
No
BηGO No
BηGO No
where Eb,elec is the electrical energy per bit; B is the employed bandwidth; and No is the double-sided power spectral
density (PSD) of the noise at the receiver.
The increase in average electrical power of the GREENEROFDM compared with the average electrical power of a
avg
scaled U-OFDM at depth-d, Pelec,U
(γd ) = σs2 /(2γd2 ), can be
expressed as:
αP
elec (D, γ)

10

10

where sGO (t) is the time domain GREENER-OFDM waveform; sd (t) is the time domain U-OFDM signal at depth d;
and γ = {γd−1 ; d = 1, 2, . . . , D} is the set of scaling factors
applied to each corresponding stream. The power allocation
for each individual stream is optimized with respect to the
average power of the modulation signal, which should satisfy
the following constraint:
avg
avg
Pelec,GO
(D, γ) ≤ Pelec,GO
(D, 11×D ).

10

D
X
γ −1
√ d , (13)
2d−1
d=1

where the optical SNR of the GREENER-OFDM is defined
as [4], [11]:
avg
Popt,GO
(D, γ)
Eb,opt
E[sGO (t)]
=
=
.
(14)
No
BηGO No
BηGO No
The optical SNR for a given system configuration can be
calculated from the electrical SNR, and vice versa, using the
ratio of the electrical average power given in (8) to the optical
average power given in (13).

IV. T HEORETICAL BER A NALYSIS
A theoretical bound on the bit error rate (BER) performance
of the different GREENER-OFDM information streams can
be derived using the well established formula for the BER
performance of real bipolar M -QAM-OFDM [13], denoted
in this paper as BERQAM . A closed-form theoretical bound
on the BER performance of the information stream at depthd, as a function of the electrical SNR, can be estimated
by evaluating BERQAM for Md and the respective achieved
electrical SNR. The achieved electrical SNR at the receiver
should be scaled by a factor of 1/2 to account for the SNR
loss in U-OFDM, and by a factor of 1/αelec (D, d) to account
for the electrical SNR penalty in the GREENER-OFDM. As
a result, the BER performance of the information stream at
depth-d as a function of the electrical SNR can be expressed
as:


Eb,elec
∼ BERQAM Md ,
BER(D,d,γ) =
. (15)
2No αelec (D, d, γ)
The theoretical bound for the BER at depth-1 is expected
to match the actual achieved BER at depth-1 because the
only source of distortion for that stream is the AWGN at
the receiver, since any inter-stream interference caused by
the signals at the other depths is completely removed by the
subtraction operation during the demodulation process. The
BER performance of all streams at higher depths is affected
by the BER performance of the streams at the lower depths.
Any incorrectly decoded bit at a given depth translates into
errors in the iterative stream cancellation process and, in turn,
translates into more distortion for all subsequent streams.
Deriving the exact BER performance for the information
streams at depths higher than depth-1 is an onerous task due
to the described error propagation effect. Therefore (15) is
presented as a closed-form theoretical lower bound on the
achievable BER. The presented solution does not include the
effects of the error propagation due to errors in preceding
streams which underestimate the BER at low SNR values. For
high SNR values, this error propagation effect is assumed to
be insignificant due to the low BER expected at each stream,

The BER performance bound as a function of the optical SNR
can be obtained by inserting the ratio of (13) and (8) into (16).
The validity of the proposed BER performance bound as a
function of the electrical SNR and as a function of the optical
SNR has been confirmed through Monte Carlo simulations
for a large number of possible constellation sizes and power
allocations combinations. Fig. 2 compares the theoretical
performance bounds with the Monte Carlo simulation results
for several combinations of constellation sizes that match the
spectral efficiency of 16-QAM DCO-OFDM. The GREENEROFDM individual streams at each set are scaled by the
corresponding optimal scaling factors, which are optimized
through extensive search to produce the best performance for
the same set of constellation sizes. The theoretical bounds are
in close agreement with the Monte Carlo simulation results
in all of the presented cases. For D = 2, the performance
bounds coincide almost perfectly with the actual BER values
obtained through the numerical simulations. For D = 3, the
bounds are close to the numerical results. However, in all cases
they are consistently lower due to the error propagation effect.
The examples provided clearly illustrate the effect of error
propagation on the performance as the maximum number of
information streams in GREENER-OFDM is increased.
V. S IMULATION R ESULTS
The optimal combinations of constellation sizes and their
corresponding scaling factors for GREENER-OFDM are obtained using both the theoretical model and Monte Carlo simulations. The optimality is defined as the lowest energy requirements among other spectrally equivalent combinations. The
performance of the optimum configurations in GREENEROFDM is compared with the performance of a spectrally
equivalent DCO-OFDM in the context of an ideal front-end
linear AWGN channel. The only non-linear effect considered
is the negative clipping of the modulation signal due to the
characteristics of the ideal LED. Following [12], the DCOOFDM optimum bias level for the different M -QAM DCOOFDM is estimated using Monte Carlo simulations. Results
are presented for BER values down to 10−4 since most of the
forward error correction (FEC) codes would be able to maintain a reliable communication link at such BER values [14].
The optimal scaling factors are given in decibel, as described
in (2). The negative values denote that the corresponding
streams are amplified, and similarly, the positive values denote
that the corresponding streams are attenuated. Fig. 3 presents
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and the bound is expected to be close to the actual BER
performance at each depth.
A closed-form bound on the BER performance of the overall
GREENER-OFDM waveform can be obtained by taking a
weighted average of the BER bounds at all depths. Since
the number of bits conveyed at each depth is different, the
BER bound for each stream, given in (15), is weighted by
its contribution to the overall spectral efficiency. The overall
performance bound can then be expressed as:
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Fig. 3. The performance of GREENER-OFDM vs. the performance of DCOOFDM for different spectral efficiencies as a function of (a) electrical SNR,
and (b) optical SNR. The value of η is given in bits/s/Hz. Optimum biasing
levels for DCO-OFDM at η = {0.5, 1.5, 2.5} are estimated through Monte
Carlo simulations at respectively 6 dB, 7 dB, 8 dB, as described in (1).

a comparison between the performance of GREENER-OFDM
and the performance of DCO-OFDM at low spectral efficiencies. At a spectral efficiency of η = 0.5 bits/s/Hz, the energy
savings of [2-4]-QAM GREENER-OFDM scaled at [2.2,-2.4]
dB, respectively, start at 2.6 dB and 0.4 dB for the electrical
and optical energy dissipation, respectively, when compared
with Binary Phased Shift Keying (BPSK) DCO-OFDM. The
energy efficiency of [16-8-4]-QAM GREENER-OFDM scaled
at [-1.8,1.4,5] dB, respectively, surpasses that of 8-QAM DCOOFDM by 3.5 dB for the electrical energy and by 1.5 dB for
the optical energy at a spectral efficiency of η = 1.5 bits/s/Hz.
At a spectral efficiency of η = 2.5 bits/s/Hz, [64-64-16]-QAM
GREENER-OFDM scaled at [-0.9,-0.7,5.3] dB, respectively, is
shown to be more efficient than 32-QAM DCO-OFDM with
3 dB and 0.75 dB electrical and optical energy dissipation,
respectively.
Similarly, Fig. 4 presents a comparison between the performance of GREENER-OFDM and the performance of DCOOFDM for high spectral efficiencies. The results show that
[128-128-64]-QAM GREENER-OFDM scaled at [0,-0.4,2.6]
dB, respectively, is more efficient than 64-QAM DCO-OFDM
with a 3.25 dB lower electrical energy consumption at equivalent optical energy requirements for a spectral efficiency
η = 3 bits/s/Hz. The electrical energy saving of [512-1024256]-QAM GREENER-OFDM scaled at [0.5,-2.2,3.8] dB,
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Fig. 4. The performance of GREENER-OFDM vs. the performance of DCOOFDM for different spectral efficiencies as a function of (a) electrical SNR,
and (b) optical SNR. The value of η is given in bits/s/Hz. Optimum biasing
levels for DCO-OFDM at η = {3, 4, 5} are estimated through Monte Carlo
simulations at respectively 9.5 dB, 11 dB, 13 dB, as described in (1).
TABLE I
T HE OPTIMAL COMBINATION OF CONSTELLATION SIZES AND SCALING
FACTORS FOR DIFFERENT SPECTRAL EFFICIENCIES OF
AND γd DENOTE THE CONSTELLATION
SIZE AND THE SCALING FACTOR FOR THE MODULATION DEPTH -d,
RESPECTIVELY. T HE SCALING FACTOR γd AND THE SPECTRAL EFFICIENCY
η ARE PRESENTED IN [dB] AND [bits/sec/Hz], RESPECTIVELY.

GREENER-OFDM, WHERE Md

DCO-OFDM
MDCO -QAM
4-QAM
16-QAM
128-QAM
512-QAM

M1
8
32
256
2048

GREENER-OFDM allows inherently unipolar OFDM signals
to be realized without any spectral efficiency loss when
compared with DCO-OFDM. The eU-OFDM is a special case
of the GREENER-OFDM with an equivalent modulation order
and equal power allocation at each modulation depth. The
optimal combinations of constellation sizes and their corresponding scaling factors for GREENER-OFDM have been
determined at different spectral efficiencies. A closed-form
theoretical bound on the BER performance of the GREENEROFDM is developed and verified by means of Monte Carlo
simulations. The overall performance of the proposed scheme
is compared with a spectrally-equivalent DCO-OFDM in the
context of a linear LOS AWGN channel. The results suggest
that the GREENER-OFDM scheme is superior in performance
when compared to DCO-OFDM. In the future, practical implementation studies will consider the nonlinearity effects of
the optoelectronic devices that may limit the modulation order.

GREENER-OFDM
γ1
M2
γ2
-2.3
2
5.9
-1.4
16
1.7
0
256
0
-1.9
1024
1.1

M3
4
16
256
256

γ3
1.4
2
0
6.8

η
1
2
3.5
4.5

respectively, is 3.36 dB when compared with 256-QAM DCOOFDM and the optical energy requirements are approximately
equivalent in both cases, for a spectral efficiency of η = 4
bits/s/Hz. At a spectral efficiency of η = 5 bits/s/Hz, [40962048-1024]-QAM scaled at [-1.7,1.4,4.3] dB, respectively, is
more electrically efficient than 1024-QAM DCO-OFDM with
savings of 4.3 dB and the optical energy requirements are
approximately equivalent in both cases. The optimal combinations of constellation sizes for other spectral efficiency values
are given in Table I.
VI. C ONCLUSION
A generalization of the recently introduced concept
of enhanced unipolar OFDM is presented. The proposed
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