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Abstract

In this article, we introduce intensity modulation and direct detection
compatible enhanced optical-orthogonal frequency division multiplexing
with index modulation (EO-OFDM-IM) schemes. These approaches aug-
ment the spectral efficiency (SE) relative to classical counterparts by
enlarging the index domain information using the so-called virtual sub-
carriers. The classical O-OFDM-IM schemes do not necessarily enhance
the SE because of low cardinality of IM complex-valued sub-carrier set
which is limited by constraints like Hermitian symmetry. The index do-
main extension for EO-OFDM-IM schemes is achieved by replacing the
complex-valued sub-carriers (as in O-OFDM-IM) by twice real-valued
virtual sub-carriers. The realization of non-negative signals is based on
precepts of classical O-OFDM approaches, that are direct current (DC)
O-OFDM and asymmetrically clipped (AC) O-OFDM. Thus, we refer to
the EO-OFDM-IM approaches as DCEO-OFDM-IM and ACEO-OFDM-
IM. We shall establish that in addition to improving SE, EO-OFDM-IM
schemes provide extended granularity effectuating better SE /energy effi-
ciency (EE) trade-off and improved bit error rate performance over clas-
sical counterparts. The EO-OFDM-IM schemes, however, are suitable
for lower alphabet cardinalities of pulse-amplitude modulation making it
difficult to attain high spectral efficiencies while maintaining EE. To cir-
cumvent this limitation, dual-mode (DM) counterparts, DCEO-OFDM-
DM and ACEO-OFDM-DM are proposed. The numerical simulations
shall demonstrate that the EO-OFDM-DM approaches are more energy
and spectral efficient than classical O-OFDM-DM schemes and provide
an advantageous granularity for EE/SE trade-off. Additionally, we use
efficient index mapping and de-mapping algorithms based on Pascal’s
triangle, which allows investigating these approaches for peak SE by
precluding the so-called sub-block partitioning. For peak SE, the use of
optimal maximum-likelihood (ML) detector is cumbersome, therefore,
we introduce two sub-optimal low-complexity detectors based on energy
detection and ML criterion.

Index terms— Optical-orthogonal frequency-division
multiplexing, index modulation, intensity modulation and
direct detection, optical wireless systems.

1 Introduction
Classical optical-orthogonal frequency-division multiplex-

ing (O-OFDM) schemes for intensity-modulation and di-
rect detection (ItM-DD), such as direct-current (DC) O-

OFDM (DCO-OFDM) and asymmetrically clipped (AC)
O-OFDM (ACO-OFDM) have been scrupulously studied
in the literature [1,2]. These approaches possess differ-
ent spectral efficiency (SE) and energy efficiency (EE) at-
tributes, and their uniqueness lies in the way of how a
non-negative signal is achieved. Generally, O-OFDM ap-
proaches use complex exponential orthogonal basis func-
tion, thus, at least half of the complex-valued sub-carriers
are sacrificed to enforce Hermitian symmetry (HS) which
is necessary to attain real-valued time-domain signal. To
be more explicit, for O-OFDM with N complex-valued
sub-carriers, only € sub-carriers carry unique informa-
tion, where  is equal to N'/2 — 1 and N/4, respectively
for DCO-OFDM and ACO-OFDM. This establishes that
considerable superfluous data has to be consolidated along
with the useful information to attain a real-valued signal.
Additionally, O-OFDM schemes are ineffective of afford-
ing granularity for different spectral and energy efliciencies
as their spectral efficiencies are conditional on the modula-
tion alphabet cardinality. For example, considering base-
band bandwidth [3], € sub-carriers having useful infor-
mation and alphabets M of cardinality M, the spectral
efficiencies of DCO-OFDM and ACO-OFDM in bits/s/Hz
are 2Qlog, (M)/N and Qlog,(M)/N, respectively. The
EE/SE trade-off could be of vital significance when opti-
cal wireless systems (OWS) are used for Internet-of-things
(IoT) and various applications which may require vary-
ing spectral efficiencies and /or energy efficiencies. Aiming
to improve the SE characteristics of schemes like ACO-
OFDM and unipolar-OFDM (U-OFDM) [4], hybrid O-
OFDM approaches such as Layered ACO-OFDM (LACO-
OFDM) and its variants [5,6] and enhanced U-OFDM
(eU-OFDM) [7] have been proposed. However, by gener-
alizing the analysis in [3] for hybrid approaches, the peak
SE attained by these approaches would be approximately
half of DCO-OFDM. This is primarily due to the harmon-
ics of non-linear clipping distortion which are substantial
for these approaches.

Radio-frequency literature [8,9] establishes that amal-
gamating OFDM with index modulation (IM) (i) yields
a viable EE/SE trade-off by varying the number of ac-
tive sub-carriers; (ii) may enhance the EE because of
limited frequency resource usage; and (iii) imparts a ro-



bustness to inter-carrier interference (ICI) owing to higher
sparsity of signal structure in the frequency-domain. To
explore the benefits of IM for OWS, [10] and [11] ex-
plore the consolidations of IM with O-OFDM, following
in DCO-OFDM-IM and ACO-OFDM-IM, where & < Q
among ) complex-valued sub-carriers are activated, where
Q = Q. However, despite the feasibility of O-OFDM-
IM approaches, they have several shortcomings. First,
for the same alphabet cardinality, the (peak) SE of O-
OFDM-IM remains close to that of O-OFDM. This is
due to reduced cardinality of set of IM complex-valued
sub-carriers as HS eliminates functionality of a significant
number of complex-valued sub-carriers. Thus, the index
domain information is lessened as the amount of legiti-
mate sub-carrier activation patterns (SAPs) is reduced.
To be more precise, the cardinality of the set of complex-
valued sub-carriers for IM in O-OFDM-IM schemes is Q,
which results in D = 21082 (%)) legitimate SAPs, where
() is the binomial coefficient and |-] is the floor func-
tion. Generally, the index domain information embodied
in the SAPs of O-OFDM-IM approaches (evaluated con-
sidering Q) is not substantial to offer an increase in SE
over O-OFDM schemes. Second, using alphabet M of
cardinality M, such that M = M, the EE for peak SE
for O-OFDM-IM over O-OFDM is realizable if and only
if & < Q. However, it may not always be the case with O-
OFDM-IM schemes as all the complex-valued sub-carriers,
ie, & = Q may have to be activated to obtain peak
SE [12]. Thus, it is dubious that any EE over O-OFDM
can be attained for peak SE. Nevertheless, aforementioned
O-OFDM-IM schemes offer the prospect of EE/SE trade-
off. In [12], we proposed DC optical-Fast OFDM with
index modulation (DCO-FOFDM-IM) for OWS which is
capable of significantly augmenting the SE compared to
DCO-OFDM-IM. DCO-FOFDM-IM uses real-valued sub-
carriers and pulse-amplitude modulation (PAM) alpha-
bets rather than employing complex-valued sub-carriers
and quadrature-amplitude modulation (QAM) alphabets
as in DCO-OFDM-IM, thus, HS can be averted. However,
the complexity of DCO-FOFDM-IM is marginally higher
(than classical counterparts) as additional discrete Fourier
transform (DFT) and its inverse, i.e., IDFT is required to
equalize the received signal. Hereby, we shall not consider
DCO-FOFDM-IM as a benchmark because our objective
is to investigate approaches in O-OFDM-IM framework.
It may also be noticed that when we use only one index for
IM in DCO-FOFDM-IM, it corresponds to DC-frequency
shift keying (DC-FSK) scheme that we developed for IoT
communications in [13].

To overcome limited SE augmentation in O-OFDM-IM
schemes, [11] and [14] consider dual-mode (DM) IM with
DCO-OFDM, referred to as DCO-OFDM-DM. Though
combining DM with ACO-OFDM has not been consid-
ered in the literature, we believe that it is straightfor-
ward, therefore, we will implement it to serve as a bench-
mark. Nonetheless, [14] and [11] propose a DM vari-
ant of U-OFDM, i.e., U-OFDM-DM. We foresee that the
performance of ACO-OFDM-DM and U-OFDM-DM will

be comparable as the literature claims that both ACO-
OFDM and U-OFDM perform identically [7]. We choose
to consider ACO-OFDM-DM as benchmark because U-
OFDM-DM is sensitive to DC component fluctuation over
the symbol duration.

In O-OFDM-DM, the useable complex-valued sub-
carriers, Q are partitioned into two groups, that are group
A and group B. The complex-valued sub-carriers in each
group are modulated using two distinguishable complex-
valued alphabets Ma and Mb of sizes J\Zfa and Mb, re-
spectively, where M, N My = ¢, with ¢ being an empty
set. Group A transmits the index domain information by
activating % complex-valued sub-carriers among 2 based
on a given SAP, whilst, group B comprises the remaining
complex-valued sub-carriers equal to Q — %. The litera-
ture suggests that O-OFDM-DM schemes attains higher
SE than O-OFDM/O-OFDM-IM at the cost of poorer
EE [11,14].

For O-OFDM-IM and O-OFDM-DM schemes, ideally,
an optimal maximum-likelihood (ML) detector should be
employed for joint detection of the SAP and the modu-
lated alphabets. However, the complexity of the ML de-
tector is prohibitively high. For example, for peak SE,
the complexity of ML detector for O-OFDM-IM schemes
is O(DMF /Q+ &M /Q) [15]. For O-OFDM-DM, the com-
plexity is even loftier. To alleviate the complexity of ML
detector, Q are divided into cluster /sub-blocks using so-
called sub-carrier partitioning (SP). Thus, the number of
complex-valued sub-carriers per sub-block are < €. The
SP based transmitter and receiver architectures have be-
come state-of-art design to reduce the ML detector com-
plexity [8]. Implementing the ML detector per sub-block
can appreciably curtail the complexity of the receiver. Us-
ing SP, the inherent inefficiency of combinatorial mapping
and de-mapping can also be counterbalanced [16]. Con-
sidering an SP-free architecture, which refers to the case
when peak SE is realized, the complexity of combinatorial
mapping in O-OFDM-IM schemes is O(Q) [17]. Further-
more, [18] affirms that the implicit inefficiency of com-
binatorial mapping could add transmission delays, which
might affect the overall SE. Thus, the SP based architec-
tures lessen the transmission delays as it would be feasi-
ble to use look-up-table (LUT) for combinatorial mapping
and de-mapping. However, SP reduces the peak SE pro-
portionally to the number of sub-blocks [17,18].

Against the background, we propose two enhanced O-
OFDM-IM (EO-OFDM-IM) and two enhanced O-OFDM-
DM (EO-OFDM-DM) approaches aiming to augment
both the SE and the EE performances relative to the
classical benchmarks. We epitomize the principles and
advantages of the proposed approaches as follows:

e The EO-OFDM-IM schemes, namely DCEO-OFDM-
IM and ACEO-OFDM-IM enhance the SE (compared
to the classical benchmarks) by using the so-called
virtual sub-carriers. In the proposed schemes, rather
than considering 2 complex-valued sub-carriers as in
O-OFDM-IM (N/2 — 1 for DCO-OFDM and AN /4
for ACO-OFDM), we consider {2 real-valued virtual



sub-carriers, where (2 is equal to N' — 2 and N'/2 re-
spectively, for DCEO-OFDM-IM and ACEO-OFDM-
IM. This permits to double the number of indices
for the index domain information. This idea is
somewhat similar to what we developed for DCO-
FOFDM-IM, but here we develop the schemes in
O-OFDM-IM framework which permits to use the
discrete Fourier transform (DFT) and its inverse,
i.e., IDFT and thereby classical equalization meth-
ods withour increasing the complexity. Based on
the chosen SAP, k < € virtual sub-carriers are ac-
tivated which modulate real-valued alphabet, M of
cardinality M. The amount of legitimate SAPs for
EO-OFDM-IM schemes is D = 2182 () It can be
discerned that D > D because using Pascal’s triangle
(PT), we can readily verify that (2) would be greater

than (g) when Q > Q and k > &. Thus, the index do-
main information is enlarged, culminating in higher
spectral efficiencies for EO-OFDM-IM schemes. We
shall demonstrate that the EE performance of EO-
OFDM-IM for low spectral efficiencies is identical
to that of O-OFDM-IM, whilst for high spectral ef-
ficiencies, EO-OFDM-IM schemes are more energy-
efficient. Furthermore, unlike O-OFDM, the EO-
OFDM-IM provides an advantageous EE/SE trade-
off. It may also be noticed that x = 1 for DCEO-
OFDM-IM with 2-PAM corresponds to DC-frequency
and (binary) phase shift keying (DC-FPSK) approach
that we developed in [19].

The EO-OFDM-IM schemes are extended to develop
DM variants, resulting in DCEO-OFDM-DM and
ACEO-OFDM-DM approaches. Like EO-OFDM-IM,
for EO-OFDM-DM, &k virtual sub-carriers among 2
are used for IM and are modulated with real-valued
alphabet, M, of cardinality M,. The remaining
Q) — k virtual sub-carrier modulate a different real-
valued alphabet M), of size M. Essentially, the
average symbol energy of the alphabets modulated
onto the IM and non-IM virtual sub-carriers is dif-
ferent, which simplifies the detection problem at the
receiver. The reason for higher achievable SE for
the DM approaches is again the enlargement of in-
dex domain information. We shall demonstrate that
the EO-OFDM-DM approaches can attain consider-
ably higher spectral efficiencies than O-OFDM-DM
schemes while sustaining better EE.

For the proposed approaches, we consider SP-free ar-
chitectures for transmitter and receiver, hence, all
virtual sub-carriers are treated for IM. Consequently,
the peak SE can be attained which is inconceivable
when SP is adopted. Since the ML detector is com-
plex and the combinatorial mapping and de-mapping
is inefficient, therefore, the SP-free architectures of
the transmitter and receiver are aided by the use of
low-complexity detectors and efficient index mapping
and de-mapping algorithms based on PT. The low-
complexity detectors are based on energy detection

and ML criterion.

1.1 Notations

We use calligraphic letter A for the complex-valued
sub-carrier. Lowercase and uppercase boldface letters
are used for discrete time-domain signal vector, e.g.,
x and frequency-domain symbol vector like X, respec-
tively. The exceptions are F and H which represent
the DFT matrix and channel state matrix (CSM), re-
spectively. The (k,n)th element of the DFT matrix is
[F],, = N7"/2exp (—j2rknN~"'). The kth elements of
the discrete time-domain signal x and frequency-domain
symbol X are given as z; and X|[k], respectively. The
non-negative counterpart of discrete time-domain signal
x is given as (x)T. The analog intensity waveform is
z(t). Furthermore, as a general rule, we use the param-
eters (not vectors) with tilde and dot, e.g., Q and Q for
classical O-OFDM-IM and O-OFDM approaches, respec-
tively. The diagonalization of a vector is expressed using
diag{-}. ¥, is the mth harmonic number, () is the bino-
mial coefficient, log,(+) is logarithm to the base 2, log(+) is
the natural logarithm, and || is the floor function. The
operator [-]T denotes transpose, -] Hermitian conjugate
transpose, [-]* complex conjugate, ® convolution, E{-} ex-
pectation, || - ||> Euclidean norm, |- | cardinality, and (-;-)
dot product. Moreover, R{-} and I{-} extract the real
and imaginary components of a complex-valued number.

1.2 Paper Organization

The remainder of the article is organized as follows: In
section 2, we present the system model and the index
mapping/de-mapping algorithms based on PT. Section 3
elucidates the transmitter and receiver architectures of
EO-OFDM-IM, whereas the performances of these ap-
proaches in terms of SE, EE, bit error rate (BER) are pre-
sented in Section 4. EO-OFDM-DM approaches are pre-
sented in Section 5. Section 6 presents the performances
of the EO-OFDM-DM schemes for above-mentioned pa-
rameters. Finally, based on the results, conclusions are
rendered in Section 7.

2 Preliminaries

2.1 System Model

For clarity, we present the time-domain and frequency-
domain notations used in the sequel in Fig. 1. Consider
a generalized system model for EO-OFDM-IM and EO-
OFDM-DM schemes, where the frequency-domain sym-

bol X = [X [—%} yooe 0,00 X [%/ — 1HT comprises
N complex-valued sub-carriers at frequencies fr = kAf
with indices k € [-N/2,N/2 — 1], where Af = 1/T
with 7§ being the symbol duration. For implementa-
tion via DFT and its inverse, the frequencies at fy and
f-nr/2 are not modulated, whilst the positive frequen-
cies with k € [1,N/2 — 1] can modulate complex-valued

data. On the other hand, the negative frequencies with



(a) Time-domain notations
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(b) Frequency-domain notations
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Figure 1: (a) Time-domain notations; and (b) frequency-
domain notations.

k € [-N/2 + 1, —1] incorporate HS, i.e., X [—%f + k| =
X*[k] for k € [1,N/2 —1]. This indicates that only
N/2 — 1 complex-valued sub-carriers at frequencies k €
[1,N/2—1] are available for IM. It is highlighted that un-
like O-OFDM-IM/O-OFDM-DM schemes, in EO-OFDM-
IM/EO-OFDM-DM, X is attained considering the in-
phase and quadrature components of € complex-valued
sub-carriers separately for IM. The details of which shall
be presented in detail in the subsequent sections.

The time-domain counterpart of X, i.e., x is attained
after IDFT of X as

(1)

A cyclic prefix (CP) of length N, is appended to x.
The extended symbol duration of the time-domain signal
isT = (N + Ngp) Te = Ts + Ttpp, where Ty is the chip (i.e.,
sample) duration. x is bipolar, accordingly, time-domain
processing is required to make the signal non-negative ex-
pressed as (x)T for transmission via light-emitting diodes
(LEDs) using ItM-DD. After digital-to-analog conversion,
the electrical intensity waveform, x(t) > 0 is applied
to the LED assumed to be operating within the lin-
ear region. x(t) is transformed to an optical intensity
waveform, s(t) = pxz(t), where p (Watt/Ampere) is the
electrical-to-optical conversion factor. s(t) is then trans-
mitted to optical wireless channel having impulse response
h(t). The discrete-time impulse response coefficients vec-

x = [xg, 21, - 7;zcj\/,l]T = FHX,

tor is h = [hg, hy,- - ,hN_l]T. Considering a P-tap dis-
crete channel, the first P < N coefficients of h are non
zero. The length of affixed CP is N, > P. The photo-
detected waveform is u(t) = € (h(t) ® s(t)), where ¢ (Am-
pere/Watt) is the respounsitivity of the photo-diode (PD).
PD is considered being operating within the linear range.
Without loss of generality, we consider p = ¢ = 1 as cus-
tomarily assumed in the literature [2,3,12,13]. The photo-
detected waveform is contaminated by the ambient noise
resulting in y(¢) which is given as y(t) = h(t) @ z(t) +n(t),
where n(t) is additive white Gaussian noise with mono-
lateral power spectral density of Ny. After analog-to-
digital conversion and removal of CP, the time series rep-
resentation of the received signal is given as

7yN71]T - H(X)+ + n,

(2)

- ,ha—1} is the CSM of size
.na—1]" is white real-valued

Yy = [y()»ylv'"

where H = diag {hq, h1, -
N x N and n = [ng,nq, -

Gaussian noise vector. The CSM matrix is diagonalized
as

H = FUAF, (3)

where A is N/ x N diagonal matrix of eigenvalues A =
[Ao, Al, s ,AN_l]T of H.

Afterwards, by applying DFT on y, the frequency do-
main symbol Y = [V [-&] ... 0,---, Y [& —1]]" is
attained as

Y =Fy =FFIAF(x)" + Fn=AX +N, (4)
where N = [N [=%] .. ,0,--- \N[& —1]]" is the
frequency-domain Gaussian noise vector. A zero-forcing
(ZF) equalizer given as

Wy =A"", (5)
is used for frequency-domain equalization of Y, resulting
in
Y =WgY=X+2Z, (6)
where Y = [V [-&],- 0, V[¥-1]", X =
[X [—%] s 0,000 X [%/ — 1}}T is the received counter-
part of the complex-valued frequency-domain signal X,
and Z = W, N = [Z[-¥],---,0,--, Z [¥ —1]]" is
the frequency-domain colored noise vector.

In case of line-of-sight (LOS) channel, the CSM consists
of LOS channel coefficient hg on its diagonal. Therefore,
(2) can be simplified as ¥ = hy'y, which results in Y
after the DFT.

The virtual sub-carriers from which the transmitted in-
formation can be extracted are attained using Y. The
details are provided in the subsequent sections.

2.2 Index Mapping and De-mapping

For clarity, in this section, we shall adopt the term sub-
carriers for both complex-valued sub-carriers and virtual
sub-carriers. Consider a generalized scenario where )
sub-carriers are available for IM, among which, x are
to be activated conforming to the chosen SAP, 6 =
{01,605, ,0,}, whereby the indices are arranged in de-
scending order as #; > 0y > --- > 6, > 0. 0 is determined
via index mapping algorithm and singles out the sub-
carriers to be activated from the set @ = {0,1,--- ,Q—1}.
[16] proposes an index mapping algorithm known as com-
binatorial mapping which is commonly used in state-of-
the-art IM/DM schemes [9]. In combinatorial mapping,
(2) SAPs are generated and listed in lexicographical or-
der, among which, the first 2* SAPs are adopted to con-
struct a bijective mapping relation to V = 2* integers,
where A = |log, ()] is the number of bits to be encoded
for IM. Thus, any integer between the range V € [0,2* —1]
have a unique representation in a strictly decreasing se-
quence 0 of length x. The relationship between V and 6

is given as
N
V= . 7
> () "



Combinatorial mapping is required at the transmitter to
determine 6, while a reverse operation, i.e., combinatorial
de-mapping (via index de-mapping) is performed at the
receiver to identify the integer corresponding to the SAP.
The complexity of combinatorial mapping for peak SE is
O(92) [17], therefore, SP is unavoidable to reduce the
overall complexity of the system [17]. Furthermore, [17]
suggests that transmission delays owing to inefficiency of
combinatorial mapping may manifest as a reduction in
overall SE. This indicates that combinatorial mapping and
de-mapping may not be the best option for index mapping
and de-mapping, respectively.

Assuming that the maximum number of sub-carriers to
be activated is k < 2/2, [17] proposes linear mapping and
de-mapping algorithms having complexity of O(Q2), which
is considerably less than that of combinatorial mapping
and de-mapping. Like combinatorial mapping, these al-
gorithms maps/de-maps the integers between the range
V € [0,2* — 1] to an exclusive @ of length & or vice versa.
The outputs of both the combinatorial mapping and the
linear mapping are identical. By leveraging the benefits
of the linear mapping and de-mapping algorithms, [17]
recommends the use of SP-free transmitter and receiver
architectures. Nevertheless, the underlying presumption
of k < /2 is not consistently valid to attain the peak
SE. To be more precise, if we only consider IM bits, the
above-mentioned condition is true to attain maximum in-
dex domain information. However, when IM bits and
constellation bits are examined in tandem to attain the
peak SE, then, the condition, x < /2 is not valid any-
more. For example, [12] establishes that for DCO-OFDM-
IM with Q = 15 and employing 4 QAM, the number of
complex-valued sub-carriers to attain peak SE are k = 11
signifying a divergence from the condition x < Q/2. Con-
sequently, owing to the limitation of the linear mapping
and de-mapping algorithms, if £ > /2, these algorithms
will not work.

In [20], the authors suggest that 8 can be attained using
queries of the binomial coefficient (i“: ZH) as in (7) from
PT of dimensions 2 x k. As PT consists of the binomial
coefficients (i’fl’ﬁ) corresponding to all  and k, hence-
forth, there is no need to evaluate them from scratch;
which considerably reduces the complexity of the index
mapping and de-mapping. The complexity of PT based
index mapping and de-mapping algorithms is O(2) [20]
and requires a LUT of dimensions €2 X s to be buffered.
However, the limiting condition for linear mapping and
de-mapping, i.e., k < /2 is not an issue for PT based
approaches which makes them more effective. Appreci-
ating the notion of adopting PT for index mapping and
de-mapping in [20], we provide algorithms to do so (cf.
Alg. 1 and Alg. 2) which were not provided in [20]. It
is affirmed that the outputs of PT based index mapping
and de-mapping algorithms are the same as that of com-
binatorial mapping and de-mapping, respectively. In the
sequel, we adopt PT based mapping and de-mapping for
our proposed schemes as we employ SP-free architectures
for the transmitter and the receiver.

Algorithm 1 PT based Index Mapping Algorithm
Input: Pascal’s Triangle, P(Q, k), Q, k, V
Output: 0 = {61,605, ,60,}, such that 6; > 63 > --- >
0.>0
Initialization : 1 = [1,9Q], 0 + empty vector
1: fori=1to k do

2:  if V #0 then

3: 0; — maximum [ satisfying Plk—i+1) <V
4: end if

5. if V =0 then

6: 6, — maximum [ satisfying Pl,k—i+1)=0
7. end if

8 V=V-Pli,k—i+1)

9 1=1[1,6; — 1]
10: end for )
11: return 6 =0 — 1

Algorithm 2 PT based Index De-mapping Algorithm
Input: Pascal’s Triangle, P(Q, k), k, 0 = 01,04, ,0,}
such that 61 >0 > --- >0, >0
Output: V
Initialization : V=0, 2 =0,0 =0+ 1
: for i =1 to k do

1

2 Z=P@l,k—i+1)
3: V=V+27
4: end for

5: return V

3 Proposed Enhanced O-OFDM
Index Modulation Schemes

In this section, we present the transceiver structure of
proposed EO-OFDM-IM in detail. First, we present
the transmitter architecture and subsequently, the low-
complexity detectors are presented.

3.1 Transmitter Architecture

A generalized transmitter for EO-OFDM-IM is presented
in Fig. 2. In EO-OFDM-IM schemes, rather than consid-
ering Q complex-valued sub-carriers for IM, we consider
Q = 20 real-valued virtual sub-carriers. The underly-
ing idea is to consider the in-phase and quadrature phase
components of the Q complex-valued sub-carriers sepa-
rately and use real-valued PAM alphabets. We recall that

the total number of virtual sub-carriers available for IM in

appin,
A bits Ppre Block Hermitian
Creator Symmetry IDFT
Ao Mapping x (x)+ x

z(t) ol
(—[Opto—clcctronics](—[cliﬁigi?;n

Figure 2: Generalized transmitter architecture for EO-
OFDM-IM schemes.




DCEO-OFDM-IM and ACEO-OFDM-IM are respectively
equal to N'— 2 and N /2.

The equiprobable bit sequence of length A is split into
IM bits, A1, and the constellation bits, As. A; is equal to

o ()

Using A1, an integer V € [0,2*t — 1] is generated which
is adopted to determine 8 = {61,0s,---,0,} € O us-
ing PT index mapping algorithm (cf. Alg. 1). © =
{0,1,---,9 — 1} is the set of virtual sub-carriers for IM
having cardinality |®] = Q.

Ao bits are utilized to generate k real-valued symbols,
X = [x[0], X[1],-- , X[k —1]]" € M to be modulated
onto the virtual sub-carriers identified via 6, where M
represents the PAM alphabet of cardinality M. Accord-
ingly, A2 bits are equal to

(8)

A2 = logy (M"). (9)

The total number of bits, A transmitted per EO-OFDM-
IM symbol of duration 7;' is obtained summing (8) and
(9), which is equal to

A= {mgg CDJ + log, (M").

Using 8 and X, the vector S = [S[0], S[1],--- , S[Q—1]]T
comprising €2 real-valued virtual sub-carriers is obtained
as

(10)

ke 0,9 —1].

S[k]:{xm, ke6 1)

. )
0, otherwise

Subsequently, S is split into two sub-vectors; which are
combined to attain X = [X][0],---, X[Q/2 — 1]]T, whose
kth element is given as:

X[k] = S[k] + jS {k + 5;] ,

(12)
where j2 = —1 and k € [0,Q/2 — 1]. It may be noticed
that first /2 elements (virtual sub-carriers) of S are the
in-phase components, while the last €2/2 components are
the quadrature components of X. Based on 8, the ele-
ments of vector X can be null, real-valued or complex-
valued. The signal space of X using 2-PAM is presented
in Fig. 3 from which we observe that there are 9 distinct
points in the signal space. This indicates that for the
classical O-OFDM or O-OFDM-IM schemes, the alpha-
bets with higher cardinalities may be needed to match the
peak spectral efficiencies of EO-OFDM-IM approaches.
For DCEO-OFDM-IM, the frequency-domain signal X
having N/2 — 1 useful complex-valued sub-carriers is
forthrightly obtained by imposing HS as X = [0 X 0 X*]
On the other hand, for ACEO-OFDM-IM, first X is inter-

leaved with zeros as X = [X[0],0, X[1],0,--- , X[2 —1]|T

LFor simplicity we do not consider the extended symbol duration
T after CP annexation.

A : L0 S i
s | SKIeM STh+9p)=0  STK=0, STk %] =0
S e 0 0
S[k] =0, S[k+ e M
T : o ! : ]
1 0 ]
R{X}
Figure 3: Signal space for EO-OFDM-IM for M ¢

{-1,1}, i.e., 2-PAM alphabets and k € [0,/2 — 1].

which is followed by imposition of HS as X = [0 X 0 X*].
It may be noticed that only odd sub-carriers in X for
ACEO-OFDM-IM can have any point from the signal
space.

X is treated using DFT matrix, F of size N' x N to
obtain a real-valued time-domain signal x comprising N
chips. The average electrical symbol energy and aver-

age symbol power of x is E {||zx|*} = E {22\/:—01 xi} =

2kEqvg and 02 = E {||ax||?} /N, respectively. E,g is the
average M-ary PAM symbol energy equal to (M? —1)/3.
X is bipolar, thus, some time-domain processing is im-
perative to attain a non-negative real-valued time-domain
signal consistent with ItM-DD. For DCEO-OFDM-IM, a
bias equal to 8 = po, is added which is followed by a zero
level clipping of negative amplitude excursions to attain
(x)T, where p is a constant. The bias on a decibel (dB)
scale is 10log;(p? + 1). For ACEO-OFDM-IM, x fea-
tures an anti-symmetric property, i.e., xy = —j4pr/2 for
k € [0,9/2 — 1]. Owing to this anti-symmetric property,
the negative excursions of x are clipped to obtain a non-
negative time-domain signal, (x)T. Subsequently, after
CP addition and opto-electronic processing, the analog
electrical intensity waveform, x(t) is transmitted to the
optical wireless channel using an LED.

For DCEO-OFDM-IM and ACEO-OFDM-IM, the av-
erage electrical symbol energy of (x)* is E{|lz; [} =

E{S05 @02} = 26 + Np? and E{|jsf|?} =
kFEave, respectively. Whereas, the average electrical power
of EO-OFDM-IM is equal to o2 = E {||z}||?} /N.

3.2 Receiver Architectures

As aforementioned, implementing the optimal ML detec-
tor is cumbersome for SP-free architectures. As we are
using SP-free architectures for the transmitter, hence-
forth, we present two sub-optimal low-complexity detec-
tors, among them, one is based on energy detection,
whereas, the other is based on the ML criterion. A gener-
alized receiver architecture for EO-OFDM-IM is given in
Fig. 4, where low-complexity detector are employed.
Recall that the received frequency-domain symbol is Y.
The first step is to elicit the useful information from N /2—
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Figure 4: Generalized receiver architecture for EO-
OFDM-IM schemes.

1 complex-valued sub-carriers of the positive frequencies
as

DCEO-OFDM-IM

: Vk+1
v = Y EFLL . (13)
2V [2k + 1], ACEO-OFDM-IM
where k£ € 0,©2/2 — 1]. Using Y =
[Y[o],Y[1],--- ,Y[% — 1]J%, the virtual sub-carriers
vector Y = [Y[0], Y[1],---,V[Q — 1]]T is extracted as

Y = [R{Y} S{Y}], (14)
using which we determine 6 and X modulated onto the
virtual sub-carriers. The details of the operating princi-
ples of the detectors are outlined in the subsequent sub-
sections.

3.2.1 Energy Detector

The sub-optimal energy detectors are frequently adopted
for IM approaches [12,21]. First, the energies of all the
virtual sub-carriers are determined which proceeds in a
binary hypothesis problem expressed as

2

Sk +Z[m , Ho
el = [P1u| = o Lo
for k € [0,Q — 1], where Z = [Z[0], Z[1],--- , Z[Q — 1]]T

is the vector of colored noise on the virtual sub-carriers.
It may be recognized that the components of Z are inde-
pendent, accordingly, it can be inferred that components
of Z are likewise independent. The null hypothesis, Ho
specifies the activation of virtual sub-carrier, whilst the
alternate hypothesis, H; corresponds to non-activation. If
the virtual sub-carrier is activated, the energy of the cor-
responding virtual sub-carrier would be higher than when
there is merely noise on the virtual sub—carrier. Second,
the energies & = [£[0],£[1], -+, {[Q2 —1]]" are sorted in the
descending order, such that £[01] > £[By] > -+ > €[fq],
where the index of each component of £ is given by 0
with & € [1,9], which in vectorial form is given as 6 =
{él, O, - - - ,ég}. The first x elements of @ corresponds to
the indices of the virtual sub-carriers having the highest
energies, therefore, 0 is first cropped such that it contains
only x components as 8 = {01, O, - 0.} and then sorted

in descending order conforming to the condition él > 92 >

- > 0, Subsequently, 0 is fed to the PT de-mapping
algorithm to attain A1. The constellation symbols modu-
lated onto the active virtual sub-carriers are extracted as
X[k] = V[Bxy1], where k € [0, s — 1], which in vectorial
form are given as X = [X[0], X[1],--- , X[x — 1]]T. Using
X , Ao are identified. For energy detector, only one multi-
plication per virtual sub-carrier is needed, therefore, the
complexity is O(£?) which is considerably less than that
of optimal ML detector.

3.2.2 Low-complexity Disjoint Maximum Likeli-
hood Detector

Unlike the optimal ML detector, the low-complexity ML
detector determines @ and X modulated onto the active
virtual sub-carriers successively is a disjoint manner. As-
suming all the virtual sub-carriers are active, we ascer-
tain the most likely alphabet modulated on each virtual
sub-carrier. AThis is accomplished by appraising the inner

product of Y and the alphabets, S from the PAM alpha-
bet, M. The dot product is expressed as

alk] = arggé%{ﬁu’[k];«s)},

(16)
for k € J0,9 — 1], which in vectorial form is given as
a = [al0],a[l], -+ ,a[Q—1]]T. Afterwards, k virtual sub-
carriers are identified which constitute 6. To do so, the
ML criterion

for k € [0,Q — 1] is appraised resulting in v =
[Y[0],7[1], - ,7[Q — 1]]T. Ideally, for the active virtual
sub-carriers, the ML decision metric (16) should be zero.
Thus, to determine é, the elements of « are sorted in the
ascending order as v[f1] < y[fa] < --- < ~[fq], where
each component of v is identified by Gk for £ € [1,Q]
which in vectorial are given as 0 = {61, Oy, - - HQ} 0 is
identified by selecting first £ elements and sorting them in
descending order, such that we have 8 = {0y,6,,--- ,0,}
which satisfy 91 > 92 - > GK.

constellation symbols are obtained as X[k] =
ke [0,k —1].
to determine 5\1, whereas, Ao bits are attained using X.
For low-complexity ML detector, two multiplications and
one subtraction per virtual sub-carrier is needed, hence,
the complexity is O(Q2). The complexity of this detector
is also significantly less than that of optimal ML detector.

Subsequently, the
Y [0441] for
0 is processed using the PT de-mapping

Simulations performed in different settings have shown
that both energy detector and the disjoint ML detector
achieve the same performance while having the same or-
der of complexity. Therefore, we will only show the per-
formance results of the energy detector based receiver.



4 Performance Analysis of EO-
OFDM-IM

In this section, we appraise the performances of EO-
OFDM-IM in terms of SE, EE and BER. We consider
LOS and time-dispersive propagation to evaluate BER.
Classical O-OFDM and O-OFDM-IM approaches are con-
sidered as benchmarks. In order to highlight the benefits
of each approach, the performance of each scheme is only
compared to its direct counterpart having similar precept
of achieving a non-negative signal available in the litera-
ture, e.g., DCEO-OFDM-IM is compared only with DCO-
OFDM-IM and DCO-OFDM and not with ACO-OFDM-
IM and ACO-OFDM.

4.1

In this subsection, we analyze the SE of EO-OFDM-IM
schemes and compare it with that of classical O-OFDM-
IM approaches?. The total number of bits transmitted
per EO-OFDM-IM symbol of duration Ty is A as in (10).
So, the data rate R = A\/Ty in bits/s for EO-OFDM-IM is
appraised to be

Spectral Efficiency Analysis

{log2 (S)J + log, (M*)

R =
s

(18)

We recall that M is the cardinality of the alphabets
modulated onto k active virtual sub-carriers. Further-
more, we highlight that the base-band bandwidth re-
quirements of DCEO-OFDM-IM and ACEO-OFDM-IM
are different [3]. In [3], the authors elucidate the base-
band bandwidth of real-valued O-OFDM signals. We can
generalize the same analysis for base-band bandwidth for
O-OFDM-IM and EO-OFDM-IM [12]. First, consider
DCEO-OFDM-IM, for which the real-valued time-domain
signal is attained after adding the bias and subsequent
clipping. The spectral leakage because of the clipping of
residual negative excursions after addition of bias is neg-
ligible, thus, the base-band bandwidth, B for real-valued
DCEO-OFDM-IM is almost B ~ (N/2)Af = N/2T;.
On the other hand, for ACEO-OFDM-IM, incurring to
the antisymmetric property, all the negative amplitudes
are clipped, therefore, the spectral leakage is significant,
where all the complex-valued sub-carriers contains the
harmonics because of clipping operation. Thus, the base-
band bandwidth for ACEO-OFDM-IM is approximated
to be B~ NAf = N/T; [3]. Thus, the base-band band-
widths of EO-OFDM-IM schemes are

5~ | 3 DCEO-OFDM-IM 19)
T %, ACEO-OFDM-IM |

Using (18) and (19), the SE n = R/B in bits/s/Hz for

2We do not consider CP for assessment of SE in the sequel. How-
ever, using CP of the same length for all approaches would equitably
lessen the absolute SE.

EO-OFDM-IM approaches is calculated to be

2( I_log2 (S)J +10g2(M"))

n= N
|log, () | +log, (M™)
N

DCEO-OFDM-IM
. ACEO-OFDM-IM

As aforementioned, k can be varied to attain the peak
7, therefore, we evaluate the approximate x for peak n in
Lemma 1.

Taking into consideration (i) that the base-band band-
width requirement of ACEO-OFDM-IM is twice as that
of DCEO-OFDM-IM; and (ii) © for DCEO-OFDM-IM is
higher than that for ACEO-OFDM-IM, it can be antici-
pated using (20) that the SE of ACEO-OFDM-IM is sub-
stantially less than DCEO-OFDM-IM.

For O-OFDM-IM schemes, taking into account Q, R
and considering that active complex-valued sub-carriers
are modulated by M-ary QAM, the total number of bits
transmitted in a symbol duration of Ty is equal to

- Q _
A= {log2 <’~“)J + log, (M"), (21)
culminating in data rate R = \/T} in bits/s of
_ [logy ()] + tog, (017
R= = . (22)
T

Using the same principle as in [3], the base-band band-
width requirements for O-OFDM-IM schemes are evalu-

ated to be
B~ {

resulting in SE 77 = R/B of

-, DCO-OFDM-IM ”3
., ACO-OFDM-IM (23)

Sz

2 ( [log2 (g)J +log2(1\~4'~‘))

DCO-OFDM-IM
= N . (24
T= gz ()] 108, (17%) (24)
N

. ACO-OFDM-IM

in bits/s/Hz for O-OFDM-IM schemes. Since Q > Q and
Kk > K for peak SE, then, using PT it can be discerned
that the amount of index domain information conveyed
by EO-OFDM-IM is higher than that of O-OFDM-IM,
proceeding in higher 7 relative to 7.

For O-OFDM, considering O complex-valued sub-
carriers modulated with M -ary QAM, the number of bits,
A transmitted per O-OFDM symbol of duration T, is
evaluated to be A = Qlog, (M) proceeding in data rate
R = \/T, = Qlog,(M)/T; bits/s. As evaluated in [3], the
base-band bandwidth requirements for DCO-OFDM and
ACO-OFDM are respectively equal to B =~ ./\//QTs and
B ~ N/Ty, then, the SE 7 = R/B of O-OFDM schemes
in bits/s/Hz is

2Q log, (M)
o= [, peo-orpu 25)
QLo (M) - ACO-OFDM |



Lemma 1: Considering (), the peak SE for EO-OFDM-
IM schemes employing alphabets M of cardinality M for
IM virtual sub-carriers is realized if the number of active
virtual sub-carriers are approrimately

MQ
Rapprox & L\MJ ) (26)
Proof. For given {Q, M}, n changes for k. Since the max-
imization of 7 is correlated with maximization of A, thus,
the objective is to find x which maximizes (10). So, con-
sidering (10) and discarding the floor function, the follow-
ing inequality must hold

A < log, (2) + log, (M"). (27)

Taking the derivative of (27) with respect to x, one
obtains

Q < ’(/}97/@ - 1/)5 + IOg(M)

ds — log(2) ’

where ¢, = Y 1", % is the mth harmonic number which
is approximated as v, = log(m) + €, where ¢ is the Eu-
ler—Mascheroni constant. Substituting this approximation
in (28) and setting the derivative d\/dk equal to zero, we
obtain

(28)

MSQ
K< )
T M+1
after simple mathematical manipulation. By reintroduc-

ing the floor function, the approximate value of k, i.e.,
Kapprox 1S obtained as in (26). O

(29)

Following similar steps as in the proof of Lemma 1,
the approximate active complex-valued sub-carriers for O-
OFDM-IM which maximizes 7 with parameters {Q, M}
are appraised to be

N L
approx ™~ M + 1 .

Note that for O-OFDM schemes the maximum 7 is same
as in (25). The approximate value of x (resp. &) as in
(26) (resp. (30)) may or may not be the optimal value of
K (resp. &); which is denoted by Kopt (r€sp. Ropt). Kopt
(resp. Ropt) attributes to the minimum number of active
virtual sub-carriers (resp. complex-valued sub-carriers)
for which we obtain maximum SE. For kops (resp. Ropt),
lesser frequency resources may be employed resulting in
better EE. The marginal disparity between the optimal
and approximate values is due to the floor function which
was dropped to evaluate (26) and (30).

Fig. 5 and 6 respectively illustrate the progression of
the spectral efficiencies of DCEO-OFDM-IM and ACEO-
OFDM with respect to x by adopting PAM alphabets of
cardinalities M = {2,4}. The SE evolution of classical
O-OFDM-IM with respect to & using M = {4,16} QAM,
and the SE of O-OFDM using M = {4,16} QAM is pre-
sented as a benchmark. We consider N' = 32 for all ap-
proaches. Kopt, Fopt, Kapprox ald Kapprox are also indicated

(30)
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Figure 5: SE evolution of DCEO-OFDM-IM and DCO-
OFDM-IM with respect to the number of active sub-
carriers/virtual sub-carriers.
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Figure 6: SE evolution of ACEO-OFDM-IM and ACO-
OFDM-IM with respect to the number of active sub-
carriers/virtual sub-carriers.

in Figs. 5 and 6. For {M,M,M} = {2,4,4}, the ob-
tainable peak SE for DCEO-OFDM-IM, DCO-OFDM-IM
and DCO-OFDM is 2.75 bits/s/Hz, 2 bits/s/Hz and 1.875
bits/s/Hz, respectively indicating that DCEO-OFDM-IM
offers approximately 37.5% and 46.7% higher SE than
DCO-OFDM-IM and DCO-OFDM, respectively. Simi-
larly, the attainable peak SE of ACEO-OFDM-IM, ACO-
OFDM-IM and ACO-OFDM with identical parameters
is 0.7188 bits/s/Hz, 0.5313 bits/s/Hz and 0.5 bits/s/Hz.
Thus, ACEO-OFDM-IM gains up to 35.3% and 43.8% in
SE over ACO-OFDM-IM and ACO-OFDM. Nonetheless,
for higher alphabet cardinalities, the peak SE improve-
ment afforded by DCEO-OFDM-IM and ACEO-OFDM-
IM over other counterparts is merely 11.7% and 9.4%,
respectively; which is marginal. This indicates that EO-
OFDM-IM schemes are ideal for low alphabet cardinali-
ties.

4.2 Energy Efficiency Analysis

In this subsection, we investigate the granularity for
EE/SE trade-off offered by EO-OFDM-IM in LOS opti-
cal wireless propagation channel. For a given SE; the EE
is appraised by determining the required signal-to-noise
ratio (SNR) per bit B, /No = No®T,/AN, for target
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Figure 7: The evolution of required Ey, /Ny for DCEO-
OFDM-IM and DCO-OFDM-IM with respect to n and 7
for target BER of 1073. The EE versus SE performance
of DCO-OFDM with M € {4,16} is also presented as
benchmark.

BER of 1073, We consider N' = 32, M € {2,4} for EO-
OFDM-IM schemes and M € {4,16} for O-OFDM-IM
approaches. The bias values for DCEO-OFDM-IM and
DCO-OFDM-IM are adapted such that target BER is at-
tained without increasing required Ey, /Np. Note that
if higher than needed values of bias are used, Ey,,,..,/No
increases as Ky, . increases. On the contrary, if lower
bias values are used, the clipping distortion would be sub-
stantial which would increase the required Ey, .., /No to
obtain the target BER.

From Figs. 5 and 6, we can gather specific peculiarities
of classical schemes, which influence their EE. First, to
reach the same SE as that of EO-OFDM-IM, O-OFDM-
IM and O-OFDM require alphabets with higher cardi-
nalities, which are inherently less energy-efficient. This
behaviour of classical approaches would become appar-
ent in the subsequent section where we analyze the BER
performances of different schemes. Second, the number
of active complex-valued sub-carriers for O-OFDM-IM, &
are generally equal to ) to attain peak 7 (cf. Figs. 5 and
6). This entails that the sparsity of the frequency-domain
signal, X (and in turn X) is not substantial. Note that for
EO-OFDM-IM, the number of active virtual sub-carriers,
K is consistently less than €2, however, it is difficult to as-
certain the sparsity of frequency-domain signal, X after
in-phase and quadrature consolidation as it depends on

0.

Figs. 7 and 8 illustrate the EE/SE trade-off for EO-
OFDM-IM and O-OFDM-IM approaches. For DCEO-
OFDM-IM, & varies as k € [1,20] for M 2 and
k € [1,24] for M = 4 proceeding in spectral efficiencies of
n = {0.3125 — 2.75} bits/s/Hz and 5 = {0.375 — 4.1875}
bits/s/Hz, respectively. Whereas, for DCO-OFDM-IM,
the spectral efficiencies vary as 77 = {0.3125 — 2}
bits/s/Hz (for M = 4) and 7j = {0.4375 — 3.75} bits/s/Hz
(for M = 16) with corresponding # € [1,11] and & €
[1,15]. 7 for DCO-OFDM with {N, M} = {32,4} and
{N, M} = {32,16} is 1.875 bits/s/Hz and 3.75 bits/s/Hz.
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Figure 8: The evolution of required Ey ey /Ny for ACEO-
OFDM-IM and ACO-OFDM-IM with respect to n and 7
for target BER of 1072, The EE versus SE performance
of ACO-OFDM with M € {4,16} is also presented as
benchmark.

On the other hand, for ACEO-OFDM-IM, the spectral
efficiencies are n = {0.1563 — 0.7188} bits/s/Hz when
M = 2 and 5 = {0.1875 — 1.0938} bits/s/Hz when
M = 4 are realized for k € [1,11] and » € [1,13], respec-
tively. For ACO-OFDM-IM, & ranges between & € [1,7]
when M = 4 and & € [1,8] when M = 16, offering spec-
tral efficiencies of 7 = {0.1563 — 0.5313} bits/s/Hz and
7 = {0.2188 — 1} bits/s/Hz, respectively. Considering
{N,M} = {32,4} and {N, M} = {32,16}, 5 for ACO-
OFDM is respectively 0.5 bits/s/Hz and 1 bits/s/Hz.
From Figs. 7 and 8, we recognize the following con-
crete advantages of EO-OFDM-IM over counterparts: (i)
it yields an extended granularity for EE/SE trade-off, e.g.,
20 operating points for DCEO-OFDM-IM (compared to
11 for DCO-OFDM-IM) when M = 2, which is favorable
for energy-efficient IoT OWS and/or high data-rate OWS;
(ii) it is more energy-efficient than classical O-OFDM-
1M, e.g., DCEO-OFDM-IM is more energy-efficient than
DCO-OFDM-IM for spectral efficiencies > 1 bits/s/Hz;
and (iii) it possesses the potential of realizing higher SE
than other alternatives while maintaining EE. We also no-
tice that O-OFDM-IM provides limited EE/SE trade-off
with lower EE, while O-OFDM is incapable of affording
any EE/SE trade-off.

Figs. 7 and 8 also illustrate one notable limitation of
EO-OFDM-1IV, i.e., even though these schemes can at-
tain higher SE than O-OFDM-IM and O-OFDM, however,
when the alphabet cardinality increases, EO-OFDM-IM
loses its EE. This behavior is similar to what we observe
for DCO-FOFDM-IM [12]. Cognizant of the fact that for
higher alphabet cardinalities, the increase in SE for EO-
OFDM-IM over other alternatives is minimal (cf. Fig. 5
and 6) coupled with the fact that they lose their EE, the
region of interest for EO-OFDM-IM is within the SE range
which is attained when M = 2. We reiterate that within
the region of interest, the attainable SE of EO-OFDM-
IM is much higher than O-OFDM-IM or O-OFDM. Thus,
with DCEO-OFDM-IM, we can effectively target low SE
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(markers).

and high EE IoT communication and mid-to-high spec-
tral efficiencies, whereas, ACEO-OFDM-IM can be used
where low spectral efficiencies with high EE are needed.

4.3 Bit Error Rate Analysis

In this section, we analyze the BER performances.
Firstly, we present the BER performance of EO-OFDM-
IM schemes for diverse spectral efficiencies which can be
targeted within the region of interest. Secondly, we ap-
praise the BER performances for EO-OFDM-IM schemes
in the low and mid-to-high SE regions suitable for IoT ap-
plications and indoor OWS. The BER performance is eval-
uated in the LOS optical wireless channel and time dis-
persive channel. The impulse response of time dispersive
channel obtained via ceiling bounce model [22] is given by

§2

h(t) = C(t+<)2

u(t), (31)
where ¢ = 2He1/c with Heej and ¢ being the ceiling
height and the speed of light, respectively. ( is the optical
path loss normalized to unity. The root mean square delay
spread of the channel A7 is linked to ¢ as (¢/12)4/13/11
and is set at 10 ns. The data rate considered is 50Mbits/s.
Figs. 9 and 10 depict the BER performances for DCEO-
OFDM-IM and ACEO-OFDM-IM for different spectral
efficiencies within the region of interest for both en-
ergy detector receiver and disjoint ML detector receiver.
The spectral efficiencies analyzed for DCEO-OFDM-IM
are n = {0.3125,1.5625,2.375,2.75} bits/s/Hz which are
achieved using k = {1, 6,12, 18}, respectively. For ACEO-
OFDM-IM, we consider x = {1,5,8,11} following spec-
tral efficiencies of 7 {0.1563,0.5313,0.6563,0.7188}
bits/s/Hz. It may be noticed the performance of both
detectors is exactly the same. These results indicate that
we can target a range of applications involving different
spectral and/or energy efficiencies. Furthermore, k = 1
for DCEO-OFDM-IM corresponds to DC-FPSK we pro-
posed in [19] for energy-efficient IoT communications.
Next, in Fig. 11, we provide the BER performance
of DCEO-OFDM-IM and DCO-OFDM-IM considering
LOS and time dispersive propagation for low SE of 0.625

11
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Figure 10: BER performance ACEO-OFDM-IM for n =
{0.1563,0.5313,0.6563,0.7188} bits/s/Hz for energy de-
tector receiver (lines) and disjoint ML detector receiver
(markers).
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Figure 11: BER performance comparison of DCEO-

OFDM-IM and DCO-OFDM-IM for a reference SE of
0.625 bits/s/Hz considering (a) LOS propagation; and (b)
time dispersive propagation.

bits/s/Hz; which is pertinent for IoT based OWS. For
an impartial comparison, a bias of 3.8 dB is adopted for
both approaches. Because of DCO-OFDM’s inability for
EE/SE trade-off, it cannot attain 0.625 bits/s/Hz. We
observe that for low SE region, the performance of both
schemes in both LOS and time dispersive propagation is
practically identical. The BER performance of DCEO-
OFDM-IM is similar to that of DCO-OFDM-IM for spec-
tral efficiencies < 1 bits/s/Hz (cf. Fig. 7). For spec-
tral efficiencies > 1 bits/s/Hz, the BER performance of
DCEO-OFDM-IM tends to become more energy efficient
than DCO-OFDM-IM.

Fig. 12 compares the BER performance of DCEO-
OFDM-IM with that of DCO-OFDM-IM and DCO-
OFDM in a high spectral region. The reference SE we
consider is n = 2.75 bits/s/Hz, i.e., the peak SE that can
be attained in the region of interest for DCEO-OFDM-
IM when {N,M,x} = {32,2,20}. Since the counter-
parts, that are, DCO-OFDM-IM and DCO-OFDM, can-
not attain the reference SE with lowest alphabet, i.e.,
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Figure 12: BER performance comparison of DCEO-
OFDM-IM, DCO-OFDM-IM and DCO-OFDM for a ref-
erence SE of 2.75 bits/s/Hz considering (a) LOS propaga-
tion; and (b) time dispersive propagation.

M = M = 4, hence we consider alphabets for the higher
cardinalities, such that the SE attained by these ap-
proaches is close to the reference SE. For DCO-OFDM-
IM and DCO-OFDM, we consider {\, M, &} = {32,16,8}
and {N, M} = {16,16}, respectively. With these param-
eters, the SE attained DCO-OFDM-IM is 2.75 bits/s/Hz,
while for DCO-OFDM it is 2.625 bits/s/Hz which is al-
most 4.55% less than the reference SE. A bias of 8.6 dB
is considered for all the approaches. We can observe that
the performance of DCEO-OFDM-IM is better than other
counterparts for high Ey, ., /No in both LOS and time
dispersive propagation primarily because it utilizes the
alphabet with the lowest cardinality which is intrinsically
energy-efficient. Furthermore, it seems that DCO-OFDM-
IM has the worst performance among all the examined ap-
proaches, however, it is pointed out that in given results
(cf. Fig. 12), the SE of DCO-OFDM-IM is slightly higher
than that of DCO-OFDM.

Fig. 13 illustrates the BER comparison of ACEO-
OFDM-IM and ACO-OFDM-IM for a low reference SE of
0.25 bits/s/Hz in the region of interest. We use the param-
eters {N, M, x} = {32,2,2} and {N, M, &} = {32,4,2,2}
respectively for ACEO-OFDM-IM and ACO-OFDM-IM
to obtain the reference SE. We can observe that for low
reference SE, the performance of both ACEO-OFDM-IM
and ACO-OFDM-IM is comparable in both LOS and time
dispersive propagation. Next, we consider a high reference
SE of 0.7188 bits/s/Hz in the region of interest, which
is obtained when {N,M,x} = {32,2,11} for ACEO-
OFDM-IM. The closest SE possible from ACO-OFDM-IM
is 0.6875 bits/s/Hz which is 4.35% less than the reference
and is obtained when {N, M, &} = {32,16,4}, whereas,
for ACO-OFDM, the SE close to the reference is 0.75
bits/s/Hz attained when {N,M} = {32,16} which is
4.16% higher than the reference value. The BER per-
formance considering LOS and time dispersive propaga-
tion with the above parameters are presented in Fig. 14.
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Figure 13: BER performance comparison of ACEO-
OFDM-IM and ACO-OFDM-IM for a reference SE of 0.25
bits/s/Hz considering (a) LOS propagation; and (b) time
dispersive propagation.

We observe that the performance of ACEO-OFDM-IM for
high Ey, .., /No is approximately 2 dB better than the
counterparts at BER of 1073, Moreover, ACO-OFDM-IM
performs worst in both LOS and time dispersive propaga-
tion because alphabet with high order cardinality is used.

From the results presented in Fig. 11, 12, 13 and 14, we
gather that EO-OFDM-IM schemes are better not merely
for low spectral efficiencies within the region of interest,
where they offer comparable performance to that of clas-
sical counterparts, but likewise for higher spectral efficien-
cies in the region of interest, where they manifest better
EE over alternatives. We also highlight that proposed ap-
proaches can be adopted for low SE IoT application, while
DCEO-OFDM-IM can also be employed for applications
demanding mid-to-high spectral efficiencies.

5 Proposed Enhanced O-OFDM
Dual Mode Schemes

For EO-OFDM-IM schemes, we recognize that (i) the SE
gain over classical approaches is less when we use higher-
order alphabets; and (ii) the EE is viable for low car-
dinality alphabets. Thus, as aforementioned, only low
order alphabets can be used for EO-OFDM-IM making
it impossible to attain the same SE as that O-OFDM
when M = 16. Nonetheless, O-OFDM-IM approaches
performs better than EO-OFDM-IM schemes, but are
yet worse than O-OFDM. To surmount this limitation of
EO-OFDM-IM, we propose the DM counterpart of EO-
OFDM-IM. In the next section, we succinctly present the
transceiver design.
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Figure 14: BER performance comparison of ACEO-
OFDM-IM, ACO-OFDM-IM and ACO-OFDM for a ref-
erence SE of 0.7188 bits/s/Hz considering (a) LOS prop-
agation; and (b) time dispersive propagation.
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Figure 15: Generalized transmitter architecture for EO-
OFDM-DM schemes.

5.1 Transmitter Architecture

The transmitter configuration of ECO-OFDM-DM trans-
mitter is depicted in Fig. 15. The equiprobable bit se-
quence is parsed into three distinct bit sequences of length
A1, A2 and Az. Aq bits are for IM which determines the
SAP of length &, i.e., @ = {01,0,--- ,0,} € © and are

equal to
Q
>\1 B \;logQ < >J .
K

The bit sequence of length A, is utilized to generate
k symbols, X, = [X,[0], Xa[l], -+, Xa[x — 1]]T from al-
phabet M, of cardinality M, to be modulated onto the
virtual sub-carriers determined by 6. Thus, Ao is equal to

(32)

A2 = logy (M) (33)

A3 bits are exploited to generate 2 — x symbols, X}, =
[A[0], Ab[1], -+, Ab[Q — k — 1]]T from constellation M,
of cardinality My to be modulated on the virtual sub-
carriers with indices 6° = {65,65,---,05_,.}, where 6°
is the complement of set €, such that 8 N 8° = ¢ and
0 U O° = ©. )3 bits are given by

A3 = logy (MI™). (34)

Thus, the total number of bits in EO-OFDM-DM sym-
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Figure 16: Signal space for EO-OFDM-DM schemes for
M, € {-3,3} and My, € {—1,1}, i.e., M, = My, = 2 and
ke [0,9/2 —1].

bol of duration T is equal to

A= {10g2 ({DJ +logy (Mf) +logy (MS™").  (35)

For EO-OFDM-DM, we consider two distinct constel-
lations, M, and My, of cardinalities M, and M), respec-
tively for IM and non-IM virtual sub-carriers. For sim-
plicity, we consider both constellation alphabets belong
to PAM constellation, and the distinct aspect is the av-
erage symbol energy. For example, when M, = M} = 2,
then, we have M, € {-3,3} and My, € {—1,1}, where
the average symbol energy of constellation alphabets from
M. is Ef,, = 3(MZ2—1), whilst the average symbol energy
of constellation alphabets, My, is B F = (MZ —1)/3.

The vector S = [S[0], S[1],- -+, S[2—1]]* having  vir-
tual sub-carriers is obtained using 6, 8¢, X, and X}, as:

S[k] = {

Afterwards, using S and X, x is achieved the same way
as for EO-OFDM-IM. The signal space of EO-OFDM-DM
considering M, € {—3,3} and M,, € {—1,1} is depicted
in Fig. 16. Note that the vector X representing the signal
space is also realized in the same way as for EO-OFDM-IM
(cf. Section 3). It may be noticed that the null point in the
signal space is not possible for EO-OFDM-DM approaches
as all the virtual sub-carriers are modulated (cf. Fig. 16).

ke
keo®’

Xa[k]v

P k€ [0,Q —1].

(36)

The average electrical symbol energy and average sym-
bol power of bipolar time-domain x is E {||£Uk:||2} =

E{SN 0} = 206Bg, + (@ — 0)ES
E{||lzx|?} /N, respectively. Like in DCEO-OFDM-IM,
a bias equal to 8 = po, and subsequent zero level clip-
ping of negative amplitude excursions is employed to re-
alize (x)T. For ACEO-OFDM-DM, the negative excur-
sions of the time-domain signal x are clipped resulting in
(x)T. The analog electrical intensity waveform, z(t) at-
tained after CP addition and opto-electronic processing, is
transmitted to the optical wireless channel using an LED.

The average symbol energy of (x)* evaluated as
E{||z||?} is equal to 2kE%,, + (@ — K)ELS~ + Np?

avg avg

= ) and o2 =
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Figure 17: Generalized receiver architecture for EO-
OFDM-DM schemes.

and KEf, + (@ — k)EL," for DCEO-OFDM-DM and
ACEO-OFDM-DM, respectively. The average symbol
power of (x)* for EO-OFDM-DM schemes is equal to

o2 = E{ ||z |} /N

5.2 Receiver Architectures

In EO-OFDM-IM, the virtual sub-carriers are active or
not active, however, in EO-OFDM-DM all the virtual sub-
carriers have some alphabets modulated on them. There-

fore, the detectors presented in Section 3 B require minute
adjustments to be adaptable with EO-OFDM-DM. At the

receiver, the vector Y is realized as in EO-OFDM-IM.
A generalized configuration of EO-OFDM-DM receiver is
presented in Fig. 17 and fundamental differences for the
detectors are outlined in the following. In EO-OFDM-
DM, the detectors have to determine 9, éc, X, and Xy.

5.2.1 Energy Detector

In EO-OFDM-IM the energies of active virtual sub-
carriers under ideal circumstances are F,, whereas en-
ergies of the non-active virtual sub-carriers are zero. In
EO-OFDM-DM, the k IM virtual sub-carriers carrying
alphabets from M, have average symbol energies equal
to Ej,, whereas, the remaining {2 — s non-IM virtual
sub-carriers modulated by M), have average symbol en-
ergies Effvg“. Therefore, the detection problem is to dis-
criminate between the virtual sub-carriers having aver-

age symbol energies Ej, or Eg,g”. By appraising the
energies of all virtual sub-carrier as £[k] = [Y[k]|? for
k € [0, — 1], we obtain & = [{[0], &[], ,£[Q — 1HT

Using &, @ = {01,0,,--- .0} is obtained adhering to the
same procedure as in EO-OFDM-IM. We recall that
represents the indices of the components of £ sorted in
descending order. Note that the energy of alphabets on
IM virtual sub-carriers E¥  is higher than that of the al—

avg
phabets on Q2 — x non-IM virtual sub-carriers, i.e., E~

avg
E&g"“, therefore, the first £ components of 0 sorted in de-
scending order gives the SAP, § = {él, O, - - ,HAK} The

last 2 — k components of 0 yields the indices of non-
ie, 6° = {65,605, .65 .}
ég}. The symbols on IM and non-IM

IM virtual sub-carriers,

{9n+17 9n+2; Ty
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virtual sub-carriers are elicited as X, [k] = };[ékﬂ] for k €
[0, & — 1] resulting in X, = [X,[0], Xu[1],--- , Xulx — 1]]T
and X, [k] = Y[ézﬂ] for k € [0, — k — 1] resulting in
Xb = [Xb[o]y;)(b[}]» s ,/‘t:b[Q — KR — 1]]T
nally, using 6, X, and X, we attain the bit sequences
A1, A2 and As, respectively.

, respectively. Fi-

5.2.2 Low-complexity Disjoint Maximum Likeli-
hood Detector

To implement the low-complexity disjoint ML detector for
EO-OFDM-DM, firstly, the virtual sub-carriers used for

IM are determined considering the inner product of Y
and the constellation alphabet used for IM virtual sub-
carriers, S, € M, as

olk] = arg s (P[4 5,)). (37)
for k € [0, — 1] which culminates in a =
[@]0], a[1],- -+ ,a[Q — 1]]T. Once we have classified which

virtual sub-carriers are likely to modulate alphabets from
M., then the ML criterion is appraised as in (17), re-
sulting in v which has elements sorted in the ascending
order. Subsequently, 6 = {él, Oy, - - - ,ég} is achieved by
adhering to an identical procedure as in EO-OFDM-IM.
Thus, the first x elements of 4 contain the output of ML
criterion for IM virtual sub-carriers, which should be zero
under ideal circumstances, while the remaining elements
of + indicate the output of ML criterion for non-IM vir-
tual sub-carriers which should be non-zero. Therefore,
the SAP at the receiver is determined by retaining the
first x elements of 9 = {91, 02, e ,éﬁ} and using the re-

malmng to attain 6° = {05,605, - .05 }. Lastly, using
0, 6° and Y, the symbols on IMAand non-IM virtual sub-
Y[0py1] for k € [0,k — 1]
and X [k] = Y[ézﬂ} for k € [0,Q — k — 1], respectively.
Lastly, A1, A2 and A3 are respectively determined using 6,
X, and X},

carriers are realized as X,[k] =

6 Performance Analysis of EO-
OFDM-DM

In this section, we examine the performance of EO-
OFDM-DM considering the same criteria we adopted for
EO-OFDM-IM. Firstly, we appraise the SE of EO-OFDM-
DM schemes and compare it with that of classical O-
OFDM-DM approaches. Secondly, we investigate the EE
of EO-OFDM-DM schemes and determine the optimal ap-
proach among EO-OFDM-IM and EO-OFDM-DM which
could be utilized within a given SE region. Lastly, we de-
termine the BER performance of the schemes considering
LOS and time dispersive propagation.

6.1 Spectral Efficiency Analysis

The number of bits, A transmitted per EO-OFDM-DM
symbol of duration Ty is given by (35), which results in



a data rate of R = \/Ts. Moreover, the base-band band-
width needed by EO-OFDM-DM is same as that of EO-
OFDM-IM, which is given by (19). Thus, the SEn = R/B
for EO-OFDM-DM in bits/s/Hz is

2(|log, () | +logy (M M~ ))

. DCEO-OFDM-DM
LlogQ (?)J +1Og2(M;1V[1§27N)
N )

ACEO-OFDM-DM
(38)
The approximate k required to attain the peak n for
EO-OFDM-DM approaches is evaluated in Lemma 2. It
may be noticed that Lemma 1 can be generalized using
Lemma 2 by considering M, = 1.
On the other hand, the number of bits transmitted per
O-OFDM-DM symbol of duration T} is

- O S
)\:\‘log2 (R)J+bg2( o 1? )s

which affords a data rate of R = S\/Ts The base-band
requirement of O-OFDM-DM is same as that of O-OFDM-
IM given in (23). Hence, the SE 7j = R/B of O-OFDM-
DM in bits/s/Hz is appraised to be

’)7:

(39)

2(|‘log2 (SZ)J +10g2(M§M§7R))

_ DCO-OFDM-DM
T [ross (8) | +1og, (72 520 %) '

7

ACO-OFDM-DM
(40)
Lemma 2: Considering €2, the peak SE for EO-OFDM-
DM schemes employing alphabets M, of cardinality M,
for IM wvirtual sub-carrier and alphabets My, of cardinal-
ity My for non-IM virtual sub-carriers is realized if the
number of virtual sub-carriers for IM are approximately

|

Proof. The SE of EO-OFDM-DM with parameters
{Q, M,, My} varies with k. Moreover, 7 is maximum when
A is maximum. Thus, considering (35) and ignoring the
floor function, one obtains

M,

_— 41
M, + M, ( )

Rapprox ~ \‘

Q
r<to, (1) +lomOu ). ()

Taking the derivative of (42) with respect to x yields

)

M,
My,

% < wQ—m - ?ﬁn + IOg(
log(2)

ds —
Substituting the approximation of harmonic number in
(43) and equating d\/dx equal to zero, we obtain

(43)

M,Q

< — 44
"= ML+ My (44)

By reintroducing the floor function, the approximate value
of K, i.e., Kapprox 1S Obtained as in (41). O

Similarly, for O-OFDM-DM schemes with parameters,
{Q, M,,, My}, the approximate number of complex-valued
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Figure 18: SE evolution of DCEO-OFDM-DM and
DCO-OFDM-DM with respect of number of active sub-
carriers/virtual sub-carriers.

sub-carriers which have to be modulated to realize the
M,Q

peak SE is
M+MJ

Note that for EO-OFDM-DM (resp. O-OFDM-DM)
schemes, we likewise have an optimal &, i.e., Kopt (Tesp.
Ropt) which determines the minimum number of virtual
sub-carrier (resp. complex-valued sub-carriers) for IM to
culminates the peak SE. We accentuate that it is also
necessary to keep the virtual sub-carriers for IM in EO-
OFDM-DM schemes to the minimal possible value, oth-
erwise, By, . increases which reduces EE.

Fig. 18 illustrates the SE evolution of DCEO-OFDM-
DM (resp. DCO-OFDM-DM) schemes by varying
(resp. &) for IM considering N' = 32. For DCEO-
OFDM-DM, we utilize parameters {M,, My} = {2,2}
and {M,, My} = {2,4} culminating in spectral efficien-
cies of n = {2.125 — 3.5625} bits/s/Hz for xk € [1,14]
and n = {3.9375 — 4.625} when sk € [1,8], respec-
tively. The peak SE attained using {M,, My} = {2,2}
for DCEO-OFDM-IM is n = 3.5625 bits/s/Hz which is
within 5% of the SE of DCO-OFDM when M = 16 which
is 7 = 3.75 bits/s/Hz. For DCO-OFDM-DM, we use
{M,, My,} = {4,4} and {M,, My} = {4,16}; which re-
sults in SE of 7 = {2.0625 — 2.625} bits/s/Hz when
kE € [1,6] and 7 {3.8125 — 3.875} bits/s/Hz and
R € [1,2], respectively. We can recognize that with low
alphabet cardinalities, 7 does not come close to the 7 with
M = 16 which is 3.75 bits/s/Hz. We observe the following
advantages of DCEO-OFDM-DM over counterparts from
Fig. 18. First, DCEO-OFDM-DM provides the ability to
attain higher spectral efficiencies than the counterparts,
e.g., with {M,, My} = {2,2}, it yields 57.15% higher peak
SE than DCO-OFDM-DM with {M,, My,} = {4,4}. Sec-
ondly, the granularity in terms of the number of operating
points along the curve for DCEO-OFDM-DM is higher (14
compared to 6) than DCO-OFDM-DM, which reinforces
the adaptability of DCEO-OFDM-DM. We can observe
that to match the peak SE of DCEO-OFDM-DM when
{M., My} = {2,2}, DCO-OFDM-DM will have to em-
ploy {]\Zfa, Mb} = {4, 16}, which would be detrimental in

Rapprox ~ { (45)
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carriers/virtual sub-carriers.

terms of EE.

Fig. 19 portrays the evolution of SE of ACEO-OFDM-
DM by changing the number of virtual sub-carrier for
IM and comparing it with that of ACO-OFDM-DM con-
sidering NV = 32. ACEO-OFDM-IM with {M,, M} =
{2,2} allows SE of n = {0.625 — 0.9063} bits/s/Hz
for k € [1,7], with peak SE within 10% of the SE
of ACO-OFDM with M = 16. ACO-OFDM-DM with
{M,, My,} = {4,4} provides spectral efficiencies between
7 = {0.5938 — 0.6875} bits/s/Hz when & € [1,4]. With
the above parameters, the peak SE offered by ACEO-
OFDM-DM is approximately 35.46% higher than that
of ACO-OFDM-DM. When {M,, My} = {2,4}, the SE
can vary between n = {1.0938 — 1.2188} bits/s/Hz for
k € [1,7], whereas, ACO-OFDM-DM can afford only
1 = 1.0938 for # = 1 when {M,, My} = {4,16} with no
granularity for EE/SE trade-off. Obviously, in this case,
one can change i to realize lower SE and provide granu-
larity but at the cost of EE. For EO-OFDM-DM schemes,
the region of interest is for spectral efficiencies obtained
using {M,, My} = {2,2}.

It is highlighted that DCEO-OFDM-DM can be em-
ployed for high SE OWS, whereas, ACEO-OFDM-DM can
be used for energy-efficient OWS, where a higher SE com-
pared to the peak SE of ACEO-OFDM is needed.

6.2 Energy Efficiency Analysis

In this section, apart from portraying the EE for EO-
OFDM-DM approaches, we also provide the optimal se-
tups regarding IM or DM approaches and alphabet cardi-
nalities to target particular SE ranges.

First, we investigate the EE performance of DCEO-
OFDM-DM. Fig. 20 presents the EE/SE trade-off of
DCEO-OFDM-DM when N = 32. For targeting SE be-
tween the range 7 € [2.75,3.5625] bits/s/Hz, the optimal
scheme is DCEO-OFDM-DM with {M,, My} = {2,2}.
Whereas the spectral efficiencies between the ranges n €
[0.3125,2.75[ bits/s/Hz can optimally be obtained uti-
lizing DCEO-OFDM-IM with M = 2. As aforemen-
tioned, the peak SE of DCEO-OFDM-DM considering
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Figure 20: The evolution of required Ebree) /Ny consid-
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OFDM-IM, DCEO-OFDM-DM and DCO-OFDM-DM in
terms of EE for a given n and 7 for target BER of
10~3. The EE versus SE performance of DCO-OFDM
with M € {4,16} is also presented as benchmark.
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ACEO-OFDM-DM, ACO-OFDM-DM and ACO-OFDM-
IM for target BER of 1073,

{M,, My} = {2, 2} is within 5% of the SE of DCO-OFDM.
Now, if we consider DCO-OFDM-DM, the optimal range
of SE which can be targeted when {M,, M} = {4,4} is
7] € [2.0625, 2.625] bits/s/Hz, whereas, to target SE range
between 7 € [0.3125, 2] bits/s/Hz, DCO-OFDM-IM with
M = 4 is the best choice. Moreover, spectral efficiencies
between 7 € [2.75,3.75] bits/s/Hz with optimal perfor-
mance is attained using DCO-OFDM-IM with M = 16.
From Fig. 20, we observe that both DCEO-OFDM-IM
and DCEO-OFDM-DM not only provide better SE but
also a better EE, which becomes distinctive for spectral
efficiencies > 1 bits/s/Hz. Furthermore, DCEO-OFDM-
DM is much more energy-eflicient than DCO-OFDM-DM.

Fig. 21 provides the EE/SE trade-off perfor-
mance of ACEO-OFDM-DM and compares it with
that of ACO-OFDM-DM. We consider N' = 32 sub-
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Figure 22: The evolution of required Ey,, . /No consid-
ering optimal approach among ACEO-OFDM-IM, ACO-
OFDM-IM, ACEO-OFDM-DM and ACO-OFDM-DM in
terms of EE for a given n and 7 for target BER of
1073. The EE versus SE performance of ACO-OFDM
with M € {4,16} is also presented as benchmark.

carriers, {M,, My} = {2,2} for ACEO-OFDM-DM and
{M,, My} = {4,4} for ACO-OFDM-DM. We also provide
the EE performance of ACO-OFDM-IM with M = 16 for
comparison. With {M,, My} = {2,2}, the spectral effi-
ciencies between the range n € [0.625,0.9063] bits/s/Hz
is optimally attained with ACEO-OFDM-DM. Further-
more, it can be recognized that ACEO-OFDM-DM with
above-mentioned parameters is energy-efficient compared
to ACO-OFDM-DM, for which, necessarily two operat-
ing points at spectral efficiencies 7j of 0.5938 bits/s/Hz
and 0.625 bits/s/Hz are useful in terms of EE/SE trade-
off, after which, the performance of ACO-OFDM-IM with
M = 16 is better for spectral efficiencies between the
range 77 € [0.6875,1] bits/s/Hz. Thus, for the opti-
mal performance, a combination of ACO-OFDM-DM with
{M,, My,} = {4,4} and ACO-OFDM-IM with M = 16
should be used to reach the SE of 7 = 1 of ACO-OFDM,
which is attained using M = 16.

Fig. 22 presents the EE/SE trade-off of ACEO-OFDM-
IM and ACEO-OFDM-DM. It can be noticed that ACEO-
OFDM-IM with M = 2 can target the spectral efficien-
cies between n € [0.1563,0.5625] bits/s/Hz, whilst, for
spectral efficiencies between n € [0.625,0.9063] bits/s/Hz
can be optimally attained in terms of EE with ACEO-
OFDM-DM using {M,, M} = {2,2}. The optimal com-
bination of operating ACO-OFDM-IM and ACO-OFDM-
DM consists of three parts. For the spectral efficiencies
between 77 € [0.1563,0.5313] bits/s/Hz, ACO-OFDM-IM
with M = 4 provides the optimal EE /SE trade-off. There-
after, for ACO-OFDM-DM with {M,, My} = {4,4} is op-
timal between 7} € [0.5938,0.625] bits/s/Hz. For spectral
efficiencies between 7 € [0.6875,1], ACO-OFDM-IM with
M = 16 provides better performance. It can be observed
that generally ACEO-OFDM-IM and ACEO-OFDM-DM
schemes provide better EE/SE performance.
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Figure 23: BER performance DCEO-OFDM-DM for n =
{2.9375,3.3125, 3.5} bits/s/Hz for energy detector receiver
(lines) and disjoint ML detector receiver (markers).
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Figure 24: BER performance ACEO-OFDM-DM for n =
{0.7813,0.875,0.9063} bits/s/Hz for energy detector re-
ceiver (lines) and disjoint ML detector receiver (markers).

6.3 Bit Error Rate Analysis

Fig. 23 and 24 illustrates the BER performance of
EO-OFDM-DM schemes using both energy detector re-
ceiver and disjoint ML receiver for spectral efliciencies
which can be targeted within the region of interest. Fig.
23 portrays the BER performance of DCEO-OFDM-DM
for n = {2.9375,3.3125,3.5} bits/s/Hz which is real-
ized using k = {5,9,12} and {N, M,, My} = {32,2,2}.
The BER performance of ACEO-OFDM-DM for n =
{0.9063, 0.875,0.7813} bits/s/Hz is depicted in Fig. 24.
These spectral efficiencies are obtained using x = {3,5, 7}
and {N, M,, M} = {32,2,2}. These results in Fig. 23
and 24 show that like EO-OFDM-IM schemes, various
spectral efficiencies within the region of interest can be
targeted with EO-OFDM-DM approaches. Certainly, for
DCEO-OFDM-DM and ACEO-OFDM-DM, the region of
interest in terms of EE is when the spectral efficiencies
are > 2.75 bits/s/Hz and > 0.6875 bits/s/Hz, respec-
tively. Furthermore, we can also notice that the BER
performance attained using both detectors is identical.
Next, we investigate the BER performance of EO-
OFDM-DM approaches within their region of interest and
compare it with that of classical counterparts in both
LOS and time dispersive propagation. First, consider
Fig. 25 which depicts the BER performance of DCEO-
OFDM-DM at n = 3.5 bits/s/Hz and compare it with
that of DCO-OFDM-IM and DCO-OFDM for the same
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Figure 25: BER performance comparison of DCEO-

OFDM-DM, DCO-OFDM-IM and DCO-OFDM for a ref-
erence SE of 3.5 bits/s/Hz considering (a) LOS propaga-
tion; and (b) time dispersive propagation.

SE. DCO-OFDM-IM with M = 16 is used to attain
the optimal EE performance for the reference SE (cf.
Fig. 20). The SE of 3.5 bits/s/Hz for DCEO-OFDM-
DM, DCO-OFDM-IM and DCO-OFDM is attained con-
sidering {N, M,, My, x} = {32,2,2,12}, {N,M i} =
{32,16,12} and {N,M} = {16,16}, respectively. For
a fair comparison, a bias of 10.5 dB is used for all ap-
proaches. It can be observed that the DCEO-OFDM-
DM affords virtually the same performance as that of
DCO-OFDM for higher values of Ey, ., /Ny in both LOS
and time dispersive propagation. The added advantage
of DCEO-OFDM-DM is its effectiveness to attain dif-
ferent operating points on the EE/SE curve (cf. Fig.
20). Tt is affirmed that the SE of 3.5625 bits/s/Hz can
also be obtained using DCEO-OFDM-IM with parameters
{N,M,r} = {32,4,15}. Nonetheless, as aforementioned,
DCEO-OFDM-IM loses its EE for M = 4, hence, it is
better to adopt DCEO-OFDM-DM with above-mentioned
parameters. Moreover, we observe that DCO-OFDM-IM
is the least energy-efficient approach among the ones con-
sidered here.

Fig. 26 compares the BER performance of ACEO-
OFDM-DM with ACO-OFDM-IM and ACO-OFDM for
a reference SE of 0.875 bits/s/Hz. The reference SE
for ACEO-OFDM-DM and ACO-OFDM-IM is attained
using {N, M,, My,,k} = {16,2,2,10} and {N,M, i} =
{32,16,6}. Note we have established in Fig. 22 that for
0.875 bits/s/Hz, ACO-OFDM-IM is more energy-efficient
than ACO-OFDM-DM. Because of limited granularity of
ACO-OFDM, the closest SE that can be realized is 0.75
bits/s/Hz using {N, M} = {32,8}. It can be observed
that ACEO-OFDM-DM is the most energy-efficient ap-
proach among all at the given SE. The BER of ACO-
OFDM is higher than that of ACEO-OFDM-DM even
at a lower SE of (0.75 bits/s/Hz in comparison to 0.875
bits/s/Hz for ACEO-OFDM-DM). Now if we compare
the performance of ACEO-OFDM-DM relative to ACO-
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OFDM-IM, ACO-OFDM-IM and ACO-OFDM for a ref-
erence SE of 0.875 bits/s/Hz considering (a) LOS propa-
gation; and (b) time dispersive propagation.

OFDM-IM, we can observe that for a similar SE, the BER
of ACEO-OFDM-DM is much better than ACO-OFDM-
IM. These results indicate the ACEO-OFDM-DM is more
energy-efficient compared to the alternative schemes.
The results in this section indicate that EO-OFDM-DM
approaches can be effectively used for OWS compared to
the state-of-the art. Obviously, DCEO-OFDM-DM can be
used for high spectral efficiencies and ACEO-OFDM-DM
where low spectral efficiencies with high EE is needed.

7 Conclusions

In this work, we propose EO-OFDM-IM and EO-OFDM-
DM approaches for ItM-DD based OWS. The foremost ad-
vantage of these approaches is their effectiveness to obtain
higher spectral efficiencies compared to classical counter-
parts by using so-called virtual sub-carriers. Addition-
ally, these approaches yield comprehensive granularity to
target different energy efficiencies and/or spectral efficien-
cies, while this feature is impossible for classical O-OFDM
approaches. Using the proposed approaches, we can tar-
get a wide range of applications with wide range of re-
quirements, e.g., energy-efficient IoT based on OWS and
high data rate indoor optical wireless communications.
We have shown that EO-OFDM-IM schemes always pro-
vide better SE/EE performance compared to O-OFDM-
IM and O-OFDM counterparts. On the other hand, EO-
OFDM-DM approaches manifest at least the same EE
as that of O-OFDM counterparts for high E, . /No,
while providing a comprehensive EE/SE trade-off capa-
bility. All the results demonstrate that EO-OFDM-IM
approaches are the superior choices for IoT and mid-to-
high data rate OWS. On the other hand, EO-OFDM-DM
approaches can be used for high data rate systems having
the same EE as that of O-OFDM with the added advan-
tage of granularity in EE/SE trade-off. Furthermore, we



have introduced two low-complexity detectors with identi-
cal performances for the proposed approaches. Also, this
is the first study which uses the efficient PT based in-
dex mapping and de-mapping for IM based approaches.
All the advantages of the proposed approaches presented
hereby make them up to par candidates for OWS which
can target both low and high spectral efficiencies.
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