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Abstract—We demonstrate that the proposed optical orthog-
onal time frequency space (O-OTFS) is capable of improving
the bandwidth-/power-/energy-efficiencies of optical orthogonal
frequency-division multiplexing (O-OFDM). The bandwidth-
efficiency is improved because only a single cyclic prefix (CP)
is needed for an entire O-OTFS frame. The power-efficiency is
enhanced thanks to the diversity gain achieved by its symplectic
finite Fourier transform (SFFT), which also leads to a reduced
peak-to-average power ratio (PAPR), hence improving its energy-
efficiency. These features are facilitated by the proposed layered
asymmetrically clipped O-OTFS (LACO-OTFS), which is capable
of removing the direct current (DC) bias while retaining the
full optical throughput. Nonetheless, there exists an inherent
trade-off, where increasing the O-OTFS frame size leads to
a commensurately reduced CP percentage at the cost of an
increased PAPR. In order to mitigate this, we propose to perform
discrete Fourier transform based spreading (DFT-S) in the
delay-Doppler (DD)-domain. Furthermore, we demonstrate that
regardless of the choice of domain in which the information
is modulated (i.e. O-OFDM/O-OTFS with/without DFT-S), the
frequency-selectivity of the quasi-static but dispersive optical
channel can always be equalized by single-tap frequency-domain
equalization (FDE). Moreover, the channel estimation techniques
are conceived to operate in the time-/frequency-/DD-domains for
both O-OFDM and O-OTFS. Our simulation results demonstrate
that for a multi-user optical wireless system associated with
M = 64 subcarriers and the OTFS frame length of N = 64,
LACO-OTFS is capable of achieving a 7 dB power-efficiency
gain over LACO-OFDM, where the CP overhead is reduced
by a factor of N = 64. DFT-S-LACO-OTFS is also capable
of providing a 7 dB power-efficiency gain over DFT-S-LACO-
OFDM, where the low PAPR of single-carrier transmission is
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I. I NTRODUCTION

Optical orthogonal frequency-division multiplexing (O-
OFDM) has experienced a rapid evolution in the recent two
decades [1]–[8], owing to its success in mitigating the detri-
mental frequency selectivity of dispersive optical channels.
The optical frequency selectivity is induced by the multipath
effect encountered in both visible light comunications (VLC)
and wireless near-infrared communications as well as by
the chromatic dispersion of optical fiber communications. To
elaborate, first of all, by exploiting the illumination capability
of light emitting diodes (LEDs), the substantial unlicensed
visible light band spanning from about 380 to 780 nm in
wavelength can be harnessed by VLC for data transmission.
The recent developments on the GaN-based micron-size LEDs
have facilitated a modulation bandwidth of 60 MHz for
VLC [9]. However, an undesired consequence of increasing
the VLC system’s bandwidth is that more propagation paths
from diffuse, specular and mixed reflections become resolved.
Furthermore, on one hand, a relatively high optical transmitter
power of about 0.5 Watts has to be dedicated to illuminate ob-
jects and surfaces such as the ceilings in indoor VLC scenarios
[10], which inevitably results in multipath refelctions. On the
other hand, multipath effects are also often observed when
multiple line-of-sight (LoS) paths from several LED light
sources exist [11]–[13]. The multipath effect in VLC inevitably
leads to frequency selectivity that degrades the performance of
single-carrier modulation schemes. Secondly, in the absence
of the VLC’s illumination constraints, the near-infrared band
between about 780 nm and 950 nm also constitutes a suitable
candidate for the next-generation optical wireless communi-
cations [14]–[16]. The near-infrared signals exhibit similar
behaviors to visible light, such as the diffuse reflections by
light-coloured objects and shiny surfaces. Specifically, non-
directed diffuse near-infrared transmission has been shown to
be more robust against both the misalignment of directional
transceivers and the blockage of LoS. However, this once again
leads to increased delay spread that results in severe frequency
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selectivity. Thirdly, the phenomenon of chromatic dispersion
in optical fiber communications happens when the different
frequency components of a light beam arrive at the long-
haul destination at slightly different times. A deep fade may
be experienced, when these frequency components associated
with different phases cancel in the time-domain (TD) [1].
Against this background, O-OFDM is routinely invoked in
order to divide the frequency-selective wideband channel into
orthogonal non-dispersive parallel subchannels. Thanks to the
O-OFDM’s subcarrier orthogonality, low-complexity single-
tap frequency-domain equalization (FDE) is facilitated for
single-symbol demodulation on each subcarrier.

For optical wireless, as well as for multimode fiber and
plastic optical fiber systems, the most viable transmission
technique is intensity modulation (IM), where the information
is carried by the intensity of the emitted optical signal. The
most practical receiver technique for IM is direct detection
(IM/DD), in which a photodiode (PD) is capable of producing
a current that is proportional to the instantaneous power of
the received optical signal. The low-complexity IM/DD regime
mitigates the cost of generating optical carrier frequencies for
down-conversion and supports co-existence with the opera-
tional radio frequency (RF) systems. For example, the IM/DD
assisted optical wireless systems have promising applications
in next-generation space-air-ground integrated networks(SA-
GINs) [17]–[23], where it is mechanically challenging to
deploy large parabolic antennas on small vehicular devices,
unmanned aerial vehicles (UAVs) and satellites equipped with
RF radios, while the RF interferences to sensitive electron-
ics onboard have to be prevented. The IM/DD based O-
OFDM conveys complex-valued quadrature amplitude mod-
ulation (QAM) symbols in the frequency-domain (FD), which
are mapped to the real- and positive-valued intensity signals
in the TD. In order to facilitate this, direct current (DC)
biased O-OFDM (DCO-OFDM) [14] was proposed, which
relies on the Hermitian symmetry. This dictates that half of
the FD symbols are the conjugates of the other half, so that
the TD signals become real-valued after inverse fast Fourier
transform (IFFT). Furthermore, a DC bias is added to the
TD signals before clipping at zero, which produces unipolar
intensity signals. DCO-OFDM has been considered as one
of the mandatory waveforms in the ongoing optical wireless
standardization [12]. However, the choice of the DC bias
has substantial impact on the system performance. On one
hand, an insufficient DC bias may lead to severe non-linear
clipping distortion. On the other hand, excessive DC bias
may seriously degrade the system’s power-efficiency, because
the extra DC bias consumes power without carrying any
information. In order to eliminate the DC power consumption,
the asymmetrically clipped O-OFDM (ACO-OFDM) [4], [24]
arranges odd-indexed subcarriers to obey Hermitian symmetry,
while all even-indexed subcarriers are set to zeros. After
IFFT, the TD signals become anti-symmetric, which means
that all the negative TD signals have a positive counterpart
with the same magnitude. As a result, the TD signals can
be directly clipped at zero without any information loss,
where the clipping distortions fall solely on the even-indexed
subcarriers. The drawback of ACO-OFDM is the reduced

bandwidth-efficiency due to the inactive subcarriers. We note
that similar characteristics associated with the same throughput
loss are exhibited both by the pulse amplitude modulation
(PAM) based discrete multitone (PAM-DMT) [5] and flip-
OFDM [6], where the former only modulates the imaginary
parts of all subcarriers, while the latter separately transmits
the positive and negative parts of the TD signals. In order
to attain the maximum achievable full O-OFDM throughput,
the layered ACO-OFDM (LACO-OFDM) [7] modulates all
subcarriers layer by layer. For each layer, half of the available
subcarriers that are left blank by the lower layers are modu-
lated by appropriately exploiting the Hermitian symmetry and
anti-symmetry, as detailed in [25]–[27]. At the receiver, the
clipping distortions from the lower layers are removed before
demodulating the upper layers with the aid of successive
interference cancellation (SIC).

In summary, the O-OFDM schemes facilitate the follow-
ing benefits. (I) Bandwidth-Efficiency: The modulation of
the bandwidth-efficient complex-valued QAM is facilitated
in the FD, even though the information is conveyed by the
intensity rather than by the phase or amplitude in the TD.
Moreover, orthogonal multi-access is directly enabled by the
trivial bandwidth partition, where multiple users are assigned
different subcarriers.(II) Power-Efficiency:The inter-symbol
interference (ISI) induced by the optical frequency selectivity
is mitigated, leading to an improved performance with respect
to signal power.(III) Energy-Efficiency:Thanks to the quasi-
static nature of optical channels, low-complexity single-tap
FDE and demodulation can be performed on each subcarrier
without encountering inter-carrier interference (ICI). Nonethe-
less, similar to RF-OFDM, the following O-OFDM deficien-
cies are also widely recognized.(i) Bandwidth-Efficiency:The
overhead of cyclic prefix (CP) leads to a bandwidth-efficiency
loss. (ii) Power-Efficiency:The subcarriers are modulated in-
dependently of each other, which fails to attain a key frequency
diversity gain. (iii) Energy-Efficiency: The IFFT operation
imposes a high peak-to-average power ratio (PAPR), which has
adverse effects on the optical amplifier in general as well ason
the VLC’s illumination requirements such as dimming control
[28]. In order to improve this, the discrete Fourier transform
based spreading (DFT-S) technique is applied to DCO-OFDM,
ACO-OFDM and LACO-OFDM in [28]–[30]. On one hand,
the DFT-spreading emulates single-carrier transmission that
exhibits low PAPR. On the other hand, the DFT-spreading
is also capable of distributing the signal energy uniformly
over the subcarriers, which results in a beneficial frequency
diversity gain. However, in contrast to DFT-S-OFDM for RF
systems, the subcarrier allocation required for multi-access
becomes challenging in optical DFT-S-OFDM systems, where
the local or periodical subcarrier activation patterns [31]–[33]
do not comply with the requirement of Hermitian symmetry.

As a further advance, the two-dimensional orthogonal time
frequency space (OTFS) modulation [34]–[39] has been in-
tensively investigated in high-Doppler RF systems, owing
to its superior performance over OFDM. More explicitly,
OTFS modulates the information symbols in the delay-Doppler
(DD)-domain instead of the conventional time-frequency (TF)-
domain [40]–[42]. On one hand, by invoking the symplectic
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finite Fourier transform (SFFT), the OTFS symbols are spread
over the entire TF-domain, which improves the diversity gain
attained [43]–[45]. On the other hand, the DD-domain channel
estimation [37], [38] no longer suffers from time-varying
ISI in the TD or from the Doppler-induced ICI in the FD.
It was demonstrated in [46] that RF-OTFS is capable of
outperforming RF-OFDM even in quasi-static multipath fading
channels, which makes OTFS promising also for applications
in optics. But one of the major challenges of OTFS is the
excessive complexity of data detection, since the modulation
dimension in the DD-domain is higher than that of OFDM,
while OFDM’s SC orthogonality can no longer be relied upon.
To mitigate this, the matrix-based minimum mean-squared
error (MMSE) equalization techniques of [47], [48] and the
message passing (MP) detectors of [49]–[51] were proposed
for approaching the optimum performance of the maximum a
posteriori (MAP) detector at a reduced complexity.

In contrast to the RF systems, the IM/DD assisted opti-
cal systems have real- and positive-valued channel impulse
responses (CIRs) in the TD, where the normalized Doppler
frequency is often negligible, even in an inter-satellite commu-
nication system [17], owing to the short wavelength. Nonethe-
less, even in quasi-static optical channels, the DCO-OTFS
schemes proposed in [52], [53] are shown to outperform
their DCO-OFDM counterparts in the following aspects. First
of all, a single CP can be shared by an entire DCO-OTFS
frame havingN O-OFDM symbols. Secondly, DCO-OTFS
is capable of achieving an improved diversity performance
over DCO-OFDM, which is a benefit of the inverse SFFT
(ISFFT) based spreading. Thirdly, the PAPR of DCO-OTFS
grows proportionately to the number of O-OFDM symbols
N , rather than to the number of OFDM subcarriersM .
Nonetheless, optical OTFS (O-OTFS) still faces the following
open questions.(Q-1) Considering the limited linear optical
power-current range, how to conceive a LACO-OTFS that can
eliminates the DC power consumption of DCO-OTFS, while
retaining the same full IM/DD system throughput?(Q-2)There
exists an inherent trade-off between bandwidth-efficiencyand
energy-efficiency for optical OTFS, where increasing the O-
OTFS frame sizeN leads to a favourably reduced CP per-
centage, but at the cost of an increased PAPR. How to further
harness the DFT-S to mitigate the PAPR problem of O-OTFS
without increasing the CP overhead?(Q-3) Owing to the
requirement of Hermitian symmetry, the local or periodical
subcarrier assignments routinely used for multi-user RF DFT-
S-OFDM are no longer applicable to O-OTFS relying on DFT-
S. How to facilitate orthogonal multi-access for LACO-OTFS
both with and without DFT-S?(Q-4) Considering that optical
channels are quasi-static in nature, is it possible for O-OTFS
to eliminate the matrix-based MMSE and MP detectors in
RF-OTFS?(Q-5) For both OFDM and OTFS of RF systems,
the classic channel estimation can be performed in TD, FD
or DD-domain [37]–[39]. However, the TD clipping leads to
spreading in the FD and DD-domain, where the periodic FD
pilot insertion and the DD dirac-delta function used for pilot
symbols becomes unsustainable. How to facilitate TD/FD/DD-
domain channel estimation for O-OTFS?

Against this background, we propose new O-OTFS schemes

- namely LACO-OTFS and DFT-S-LACO-OTFS, - which
are compared to the state-of-the-art O-OFDM and O-OTFS
schemes in Table I. More explicitly, the novel contributions of
this work are summarized as follows:

• In answer to (Q-1), a LACO-OTFS scheme is con-
ceived, where the requirements of Hermitian symme-
try, TD anti-symmetry and layered successive modula-
tion/demodulation are conceived in the DD-domain. The
proposed LACO-OTFS is capable of improving the three-
fold efficiencies of the family of O-OFDM schemes in the
following aspects:

- Bandwidth-efficiency is improved due to the fact that
only a single CP is needed for an entire LACO-OTFS
frame.

- Power-efficiency is improved due to the diversity
gain achieved by the ISFFT spreading.

- Energy-efficiency is improved due to the fact that
the PAPR is reduced, because it only increases with
the LACO-OTFS frame size, not with the number of
subcarriers.

We note that this is achieved at the extra cost of ISFFT,
which can be implemented as two-dimensional FFT em-
beded into the hardware architecture [56].

• In answer to(Q-2), a DFT-S-LACO-OTFS scheme is
proposed, where DFT spreading is performed along the
Doppler axis in the DD-domain, so that the low PAPR of
single-carrier transmission is retained, which no longer
grows with the O-OTFS frame size.

• In answer to(Q-3), for multi-user LACO-OTFS, the DD
symbols can be equally assigned to different users. For
DFT-S-LACO-OTFS, a pair of multi-access arrangements
are devised. The first one ensures an equal rate for all
users, where all symbols are equally assigned to different
users before DFT-S. The second one ensures having the
minimum PAPR, where each layer is assigned to a single
user.

• In answer to(Q-4), we demonstrate that the quasi-static
optical channel can always be equalized in the FD by
a single-tap FDE, regardless of the choice of domain in
which the information is modulated (i.e. TF-domain for
O-OFDM or DD-domain for O-OTFS). As a result, for
O-OTFS, single-symbol demodulation can be performed
in the DD-domain without the computationally complex
MMSE or MP detectors of RF OTFS.

• In answer to(Q-5), we propose channel estimation tech-
niques that operate in the TD, FD and DD-domain for
both O-OFDM and O-OTFS schemes, where a full O-
OFDM symbol or a full O-OTFS frame has to be ded-
icated to pilot symbols in either the FD or DD-domain,
respectively, due to the requirement of Hermitian sym-
metry and the FD/DD spreading from TD clipping. We
demonstrate that DD-domain channel estimation achieves
the best performance, albeit at the cost of a higher pilot
overhead.

The paper is organized as follows. The proposed LACO-
OTFS is presented in Sec. II, where the properties that
ensure Hermitian symmetry, TD anti-symmetry and layered
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TABLE I: State-of-the-art optical OFDM/OTFS schemes.
Bandwidth-Efficiency Power-Efficiency Energy-Efficiency

Full IM/DD
Throughput?

Reduced
CP?

Orthogonal
multi-access?

Remove
DC bias?

Diversity
gain?

Channel es-
timation?

Single-carrier
PAPR?

Single-tap
FDE?

Single-tap de-
modulation?

DCO-OFDM [14]
√ √ √ √

DFT-S-PAM [28]
√ √ √ √

ACO-OFDM [4]
√ √ √ √

DFT-S-ACO-OFDM
[29]

√ √ √ √

PAM-DMT [5]
√ √ √ √

Flip-OFDM [6]
√ √ √ √

LACO-OFDM [7]
√ √ √ √ √

DFT-S-LACO-OFDM
[30]

√ √ √ √ √

Machine learning O-
OFDM [54], [55]

√ √ √ √

DCO-OTFS [53]
√ √ √ √

LACO-OTFS
√ √ √ √ √ √ √ √

DFT-S-LACO-OTFS
√ √ √ √ √ √ √ √ √

TABLE II: Basic O-OFDM and O-OTFS notations.
TD FD DD

Transmitter s[n, m] s[n, m] es[k, l]

Fading hn,m,l h[n, m] ehpω
kp(nM+m−lp)

MN

Receiver y[n, m] y[n, m] ey[k, l]

successive modulation/demodulation are discussed. The DFT-
S is introduced in the DD-domain of Sec. III. Our simulation
results are presented in Sec. IV, and our conclusions are
offered in Sec. V.

In this work, the wireless efficiencies are considered to
be three-fold as categorized in [23], [57]–[60]. Firstly, the
bandwidth-efficiency is quantified by the data rate that can
be delivered within a given bandwidth. Secondly, the power-
efficiency refers to the signal power required for a target
performance. Thirdly, the energy-efficiency takes into account
the energy consumption for signal processing, which includes
the PAPR at the transmitter and the signal detection complexity
at the receiver. Furthermore, without loss of generality, OTFS
waveforms based on OFDM using rectangular pulses [40],
[41], [49] are considered, where the general TD, FD and
DD-domain notations are summarized in Table II. An O-
OTFS frame consists ofN O-OFDM symbols each having
M subcarriers, where0 ≤ n ≤ N − 1, 0 ≤ m ≤ M − 1 and
0 ≤ m ≤ M − 1 in Table II represent the O-OFDM symbol
index, TD sample index and subcarrier index, respectively.
Moreover,0 ≤ l ≤ M − 1 and0 ≤ k ≤ N − 1 represents the
delay and Doppler indices, respectively, while{(lp, kp)}P−1

p=0

are the DD indices of theP multipath CIRs. The notations
(·)∗ andexp(·) denote the conjugate of a complex number and
the natural exponential function, respectively, while we have
ωb

a = exp(j 2πb
a ). The notationsℜ(·) andℑ(·) represent the

real and the imaginary parts of a complex number, respectively,
while p(·) and E(·) are the probability and the expectation,
respectively.

II. LACO-OTFS

The schematic diagram of the proposed LACO-OTFS
transceiver is portrayed by Fig. 1, which will be introducedin
detail in this section.

A. Layered Modulation in the DD-Domain

First of all, the proposed LACO-OTFS modulates QAM
symbols in J layers along the Doppler axis in the DD-
domain. In each layer, a total number ofNj

4 QAM symbols

ISFFT IDFT Clip

IDFT ClipISFFT

IDFT ClipISFFT

ISFFT followed by IDFT is
equivalent to a single IDFT
along the Doppler axis

s̃1[k, l] s1[n, m] s′
1
[n, m]

s̃J [k, l] sJ [n, m] s′J [n, m]

s1[n, m]

s̃2[k, l] s2[n, m] s′
2
[n, m]s2[n, m] s′[n, m]

sJ [n, m]

(a) Transmitter

IDFT DFT SFFTFDEDFT

Clip IDFT ISFFT

Equivalent to a single DFT

Equivalent to a single IDFT

ŝ′[n, m]

ŝ′j[n, m] ŝ
′
j[n, m] ˆ̃s

′
j[k, l]

ŝ′j−1
[n, m]

j = j + 1

(b) Receiver

Fig. 1: The schematics of the LACO-OTFS transceiver.

are modulated as{xj [d, l]}
Nj
4 −1

d=0 , where we haveNj = N
2j−1 .

As presented by Fig. 1(a), the QAM symbols are mapped to
J layers as follows:

s̃j [k, l] =





xj [d, l], k = 2jd + 2j−1 = N
Nj

(2d + 1)

x∗
j [d, l], k = N − (2jd + 2j−1) = N

Nj
(Nj − (2d + 1))

0, otherwise

,

(1)
where we have the layer index1 ≤ j ≤ J and the data symbol
index0 ≤ d ≤ Nj

4 −1. The total number of layers is limited by
J ≤ log2 N − 1 because of the constraint ofNj = N

2j−1 ≥ 4.
Moreover, the total number of data-carrying symbols is given
by

∑J
j=1

Nj

4 =
∑J

j=1
N

2j+1 .
Let us considerN = 64 as an example. For the first layer

(j = 1), we haveN1 = 64 available positions, but only the odd
indices are mapped in order to satisfy the TD anti-symmetry
property. The first N1

4 = 16 symbols are modulated as
{s̃1[2d + 1, l] = x1[d, l]}15

d=0, and the otherN1

4 = 16 symbols
are their conjugates{s̃1[64− (2d + 1), l] = s̃∗1[2d + 1, l]}15

d=0,
aiming for satisfying Hermitian symmetry in the DD-domain.
For the second layer (j = 2), we haveN2 = 32 available
positions that have been left blank in the first layer, but once
again only half of them are mapped based on the Hermitian
symmetry as{s̃2[4d + 2, l] = x2[d, l], s̃2[64 − (4d + 2), l] =
s̃∗2[4d + 2, l]}7

d=0. Similarly, for the layers (j = 3), (j = 4)
and (j = 5), we haveN3 = 16, N4 = 8 and N5 = 4,
where the QAM symbols are mapped to{s̃3[(8d + 4), l] =
x3[d, l], s̃3[64 − (8d + 4), l] = s̃∗3[8d + 4, l]}3

d=0, {s̃4[16d +
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8, l] = x4[d, l], s̃4[64 − (16d + 8), l] = s̃∗4[8d + 4, l]}1
d=0

and {s̃5[32d + 16, l] = x5[d, l], s̃5[64 − (32d + 16), l] =
s̃∗5[32d + 16, l]}d=0, respectively.

B. Transformation from the DD-Domain to the TF-Domain

As shown in Fig. 1(a), the ISFFT is applied to thej-th layer
for obtaining the FD OFDM symbols as follows:

sj [n,m] =
1√
NM

N−1∑

k=0

M−1∑

l=0

s̃j [k, l]ωnk
N ω−ml

M . (2)

Then the IDFT is applied to thej-th layer for obtaining TD
symbols as follows:

sj [n,m] =
1√
M

M−1∑

m=0

sj [n,m]ωmm
M

=
1√
N

N−1∑

k=0

M−1∑

l=0

s̃j [k, l]ωnk
N

(
1

M

M−1∑

m=0

ω
m(m−l)
M

)

=
1√
N

N−1∑

k=0

s̃j [k,m]ωnk
N .

(3)

It can be seen that the two steps of the ISFFT applied to the
DD symbols followed by the IDFT processing of the OFDM
subcarriers become equivalent to a single-step IDFT of the DD
symbols along the Doppler axis, as indicated in Fig. 1.

C. Properties of LACO-OTFS in TD Before Clipping

In this section, we introduce the three properties of the TD
signals before clipping. Firstly, Property 1 stems from theDD-
domain Hermitian symmetry design of (1), which ensures that
all TD signals are real-valued.

Property 1 (Hermitian Symmetry) : Since half of the DD-
domain symbols on each layer are conjugates of the other
half, the TD signals obtained from (3) become real-valued as
follows:

sj [n,m] =
1√
N

N
2 −1∑

k=0

(s̃j [k,m]ωnk
N + s̃j [N − k,m]ω

n(N−k)
N )

=
1√
N

N
2 −1∑

k=0

(s̃j [k,m]ωnk
N + s̃∗j [k,m]ω−nk

N )

=
2√
N

ℜ




N
2 −1∑

k=0

(s̃j [k,m]ωnk
N


 .

(4)

Secondly, it can also be observed in the DD-domain map-
ping of (1) that on each layer, only odd indices{2d+1, Nj −
(2d+1)}

Nj
4 −1

d=0 scaled by N
Nj

are modulated. This leads to the
following Property 2, which ensures that clipping at zero does
not impose any information loss.

Property 2 (Anti-Symmetry) : Based on (4), all the negative
TD signals on each layer turn out to have a positive counterpart
with the same magnitude as follows:

sj [n +
Nj

2
,m] =

2√
N

ℜ




N
2 −1∑

k=0

(s̃j [k,m]ωnk
N (ω

Nj
2

N )
N
Nj

(2d+1)




=
2√
N

ℜ




N
2 −1∑

k=0

(s̃j [k,m]ωnk
N (ω

N
2

N )(2d+1)




= −sj [n,m],
(5)

where we havek = N
Nj

(2d + 1) based on (1), and

(ω
N
2

N )(2d+1) = −1 because(2d + 1) is odd.
Thirdly, the scaling factorN

Nj
applied to the modulation

indicesk = N
Nj

(2d + 1) and k = N
Nj

(Nj − (2d + 1)) in (1)
results in the following beneficial Property 3 of periodicity.
We will show later in Sec. II-E that this property ensures that
the clipping noise does not interfere with the lower layers,
which is the basis for the proposed successive demodulation
of Fig. 1(b).

Property 3 (Periodicity): Based on (4), the TD signals of
each layer are periodic withNj , as follows:

sj [ň + λNj ,m]|n=ň+λNj
=

2√
N

ℜ




N
2 −1∑

k=0

(s̃j [k,m]ωňk
N (ω

λNj

N )
N
Nj

(2d+1)




=
2√
N

ℜ




N
2 −1∑

k=0

(s̃j [k,m]ωňk
N (ωN

N )λ(2d+1)




= sj [ň,m]
(6)

for n = ň + λNj , 0 ≤ n ≤ N − 1 and0 ≤ ň ≤ Nj − 1, where
we have(ωN

N )λ(2d+1) = 1 for any integer0 ≤ λ ≤ N
Nj

− 1.

D. Properties of LACO-OTFS in TD After Clipping

The TD signals can now be clipped at zero as:

s′j [n,m] =

{
sj [n,m], if sj [n,m] ≥ 0
0, otherwise

. (7)

Thanks to the Property 2 of anti-symmetry, the TD signal of
each layer can be clipped at zero without any information loss,
which is ensured by the following Property 4 and Property 5
that are extended from Property 2 and Property 3, respectively.

Property 4 (Extended from Property 2): Based on Prop-
erty 2, a pair of TD samples carry the same information, i.e.
we havesj [n,m]−sj [n+

Nj

2 ,m] = 2sj [n,m]. This property is
retained after the clipping operation of (7) with halved power
as follows:

s′j [n,m]−s′j [n+
Nj

2
,m] = sj [n,m] =

1

2
(sj [n,m]−sj [n+

Nj

2
,m]).

(8)
Property 5 (Extended from Property 3): Periodicity is

also retained after clipping as:

s′j [ň + λNj ,m] = s′j [ň,m], (9)

for 0 ≤ ň ≤ Nj − 1 and0 ≤ λ ≤ N
Nj

− 1.
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E. Properties of Clipped LACO-OTFS Signal After Converting
it Back to the DD-Domain

Let us investigate the properties of the clipped LACO-OTFS
signal in the DD-domain, which are the basis for the successive
demodulation of Fig. 1(b). Firstly, the DFT on thej-th layer
leads to:

s′j [n,m] =
1√
M

M−1∑

m=0

s′j [n,m]ω−mm
M . (10)

Following this, the SFFT operation on thej-th layer transforms
the FD symbols into DD symbols as follows:

s̃′j [k, l] =
1√
NM

N−1∑

n=0

M−1∑

m=0

s′j [n,m]ω−nk
N ωml

M

=
1

M
√

N

N−1∑

n=0

M−1∑

m=0

s′j [n,m]ω−nk
N

M−1∑

m=0

ω
(l−m)m
M

=
1√
N

N−1∑

n=0

s′j [n, l]ω−nk
N .

(11)

Based on (11), we derive the following three properties for
data recovery and cross-layer interferences.

Property 6 (Current Layer Recovery): After TD clipping,
there is no information loss for any of the layers in the DD-
domain. The only change is that of the halved power as
follows:

s̃′j [k, l] =
1√
N

N
Nj

−1∑

λ=0

Nj−1∑

ň=0

s′j [ň + λNj , l]ω
−ňk
N ω

−λNjk
N

(12a)

=
1√
N

Nj−1∑

ň=0

s′j [ň, l]ω−ňk
N

N
Nj

−1∑

λ=0

ω−λk
N/Nj

(12b)

=
1√
N

Nj
2 −1∑

ň=0

s′j [ň, l]ω−ňk
N + s′j [ň +

Nj

2
, l]ω−ňk

N ω
−

Nj
2

N
Nj

(2d+1)

N

(12c)

×
N
Nj

−1∑

λ=0

(ω
− N

Nj

N
Nj

)λ(2d+1) (12d)

=
N

Nj

1√
N

Nj
2 −1∑

ň=0

(
s′j [ň, l] − s′j [ň +

Nj

2
, l]

)
ω−ňk

N (12e)

=
1

2
s̃j [k, l], (12f)

where (12b) is obtained based on Property 5. Furthermore,
(12d) invokesk = N

Nj
(2d + 1) in (1), while (12e) is obtained

based on(ω
−N/2
N )(2d+1) = −1 because(2d + 1) is odd.

Finally, (12f) is obtained based on Property 4.
Property 7 (No Interference to Lower Layers): After

TD clipping, the signals on thej-th layer do not impose

interference on the(j − ι)-th layer, whereι ≥ 1 is a positive
integer. More explicitly, at Doppler indexk = N

2ιNj
(2d + 1),

we have:

s̃′j [k, l] =
1√
N

N
2ιNj

−1∑

λ=0

2ιNj−1∑

ň=0

s′j [ň + 2ιλNj , l]ω
−ňk
N ω

−2ιλNjk
N

(13a)

=
1√
N

2ιNj−1∑

ň=0

s′j [ň, l]ω−ňk
N

N
2ιNj

−1∑

λ=0

ω
−λN(2d+1)
N (13b)

=
N

2ιNj

1√
N

2ι−1Nj−1∑

ň=0

s′j [ň, l]ω−ňk
N + s′j [ň + 2ι−1Nj , l]

(13c)

× ω−ňk
N (ω

−N
2

N )(2d+1) (13d)

= 0, (13e)

which is obtained froms′j [ň, l] = s′j [ň + 2ι−1Nj , l] based

on Property 5, while we have(ω
−N

2

N )(2d+1) = −1 because
(2d + 1) is odd.

Property 8 (Interference to Higher Layers): The clipping
noise from thej-th layer will fall on the(j+ι)-th layer, where
ι ≥ 1 is a positive integer. More explicitly, the DD symbol of
(11) associated with the Doppler indexk = 2ιN

Nj
(2d + 1) is

extended as:

s̃′j [k, l] = (14a)

1√
N

Nj
2 −1∑

ň=0

{
s′j [ň, l]ω−ňk

N + s′j [ň +
Nj

2
, l]ω−ňk

N ω
−

Nj
2

2ιN
Nj

(2d+1)

N

}

(14b)

×
N
Nj

−1∑

λ=0

(ω
− N

Nj

N
Nj

)λ2ι(2d+1) (14c)

=
N

Nj

1√
N

Nj
2 −1∑

ň=0

|sj [ň, l]|ω−ňk
N , (14d)

which is obtained from ω
−

Nj
2

2ιN
Nj

(2d+1)

N =

(ω−N
N )2

ι−1(2d+1) = 1 and s′j [ň, l] + s′j [ň +
Nj

2 , l] = |sj [ň, l]|
based on Property 2. Therefore, as shown in Fig. 1(b), upon
completing the demodulation of one layer, the LACO-OTFS
receiver should re-modulate and demodulated signal and then
substract it from the composite received signals in the TD, so
that the clipping noise does not contaminate the demodulation
of higher layers.

In summary, for the first time in the open literature,
the above eight properties are conceived in order to fulfill
the requirements of Hermitian symmetry, TD anti-symmetry
and layered successive modulation/demodulation in the DD-
domain. We note that although the DD-domain Hermitian
symmetry was demonstrated for DCO-OTFS in [52], [53], the
proposed Property 1 of Hermitian symmetry is conceived for
multiple layers of DD-domain modulation, and the proposed
Properties 2∼8 further facilitate the first LACO-OTFS scheme
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that eliminates the DC power consumption of DCO-OTFS,
while retaining the same full IM/DD system throughput.

F. TD Channel Model

As introduced in Sec. I, both optical wireless and optical
fiber systems may suffer from frequency selectivity. In this
work, we consider the ceiling-bounced model of [15], which
is a suitable channel model for both VLC [10] and for the non-
directed diffuse near-infrared links [14]. More explicitly, the
ceiling-bounced model takes into account a total number ofP
channel impulse response (CIR) taps associated with delays
{τp}P−1

p=0 as follows [15]:

h(τp) =
6a6

(τp + a)7
, (15)

where the constanta is given by a = 12
√

11
13τRMS, and

τRMS refers to the root mean square delay spread. There-
fore, the discrete-time CIR magnitudes are given by{hp =
h(τp)|τp=

lp
M∆f

}P−1
p=0 , where∆f refers to the subcarrier spac-

ing. The power of the LoS|h0|2 and the power of the NLoS∑P−1
p=1 |hp|2 will be normalized by the Ricean K factor. The

delay index of each pathhp is represented bylp. Explicitly, it
was demonstrated in [11], [16], [61] that the Ricean K factor
of such an indoor environment may span from -15 dB to 15
dB, and the number of CIR taps may reachP ≥ 10, where
the delay spread is generally within 100 ns. Therefore, a rule-
of-thumb is that multipath effects may be observed, when the
system bandwidth exceeds 10 MHz.

G. Received Signal in the TD and DD-Domain (OFDM Sym-
bol CP)

If a CP is inserted into each O-OFDM symbol of an O-
OTFS frame, the TD received signal is given by:

y[n,m] =

P−1∑

p=0

hps
′[n,< m − lp >M ] + v[n,m], (16)

where v[n,m] models the additive white Gaussian noise
(AWGN) with zero mean and a variance ofN0 [62]. The
operation< m − lp >M refers toM -tuple circular shifts on
m by lp.

The DFT operation at the receiver transforms the TD signals
to the FD symbols as follows:

y[n,m] =
1√
M

M−1∑

m=0

y[n,m]ω−mm
M

=
1√
M

M−1∑

m=0

P−1∑

p=0

hps
′[n,< m − lp >M ]ω−mm

M

+
1√
M

M−1∑

m=0

v[n,m]ω−mm
M

= hms′[n,m] + v[n,m],

(17)

where the channel’s frequency response (CFR) is given by
hm =

∑P−1
p=0 hpω

−lpm
M .

Finally, the SFFT transforms the FD symbols to the DD
symbols as follows:

ỹ[k, l] =
1√
MN

N−1∑

n=0

M−1∑

m=0

y[n,m]ω−nk
N ωml

M =
1√
N

N−1∑

n=0

y[n, l]ω−nk
N

=
1√
N

N−1∑

n=0

P−1∑

p=0

hps
′[n,< l − lp >M ]ω−nk

N + ṽ[k, l]

=
1

N

P−1∑

p=0

hp

N−1∑

k′=0

s̃′[k′, < l − lp >M ]

N−1∑

n=0

ω
n(k′−k)
N + ṽ[k, l]

=

P−1∑

p=0

hps̃
′[k,< l − lp >M ] + ṽ[k, l].

(18)

H. Received Signal in the TD and DD-Domain (OTFS Frame
CP)

If a single CP is inserted at the beginning of an O-OTFS
frame, the TD received signal of (16) becomes:

y[nM +m] =

P−1∑

p=0

hps
′[< nM +m− lp >NM ]+v[nM +m],

(19)
where the period of the circular convolution is extended
from M to MN . As a result, following the DFT and SFFT
operations at the receiver, the DD received signals of (18)
become:

ỹ[k, l] =
1√
N

N−1∑

n=0

y[n, l]ω−nk
N

=
1√
N

N−1∑

n=0

P−1∑

p=0

hps
′[< nM + l − lp >NM ]ω−nk

N + ṽ[k, l],

(20)

where the TD symbols are in the form of:

s′[< nM+l−lp >NM ] =





s′[n,< l − lp >M ], l ≥ lp
s′[n − 1, < l − lp >M ], l < lp, n > 0
s′[N − 1, < l − lp >M ], l < lp, n = 0

.

(21)
Specifically, for the case ofl < lp, (21) becomes:

ỹ[k, l] =
1√
N

P−1∑

p=0

hps
′[N − 1, < l − lp >M ]

+
1√
N

N−1∑

n=1

P−1∑

p=0

hps
′[n − 1, < l − lp >M ]ω−nk

N + ṽ[k, l]

=
1√
N

N−1∑

n=0

P−1∑

p=0

hpω
−k
N s′[n,< l − lp >M ]ω−nk

N + ṽ[k, l].

(22)

Therefore, the DD-domain input-output relationship is gener-
alized by:

ỹ[k, l] =

P−1∑

p=0

hpT (k, l, lp)s̃
′[k,< l − lp >M ] + ṽ[k, l], (23)
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where the delay-dependent phase is given by:

T (k, l, lp) =

{
1, l ≥ lp
ω−k

N , l < lp
. (24)

I. Single-Tap FDE and Demodulation

The time-invariant optical channel does not impose inter-
carrier interference in the FD. Hence regardless of the choice
of domain for data modulation, the optical channel can always
be equalized in the FD as follows:

ŝ
′
[n,m] = y[n,m]/hm, (25)

wherey[n,m] and hm are given by (17). For OTFS frame-
based CP, the FDE is given by:

ŝ
′
[nM + m] = y[nM + m]/hm, (26)

wherey[nM +m] andhm are also obtained following (17) us-
ing MN -point DFT. Upon obtaining the equalized TD signals
ŝ′[n,m] by M -point IDFT andMN -point IDFT for symbol
CP and frame CP, respectively, the DD-domain demodulation
can be performed layer-by-layer based on Property 6, as
portrayed by Fig. 1(b). When a layer is demodulated, the
associated TD signalŝs′j [n,m] have to be substracted from
ŝ′[n,m], so that the current layer does not impose interference
upon the higher layers.

J. Simplification for LACO-OTFS Modulation

The DD-domain modulation of (1) may be simplified to the
following form:

ˇ̃sj [ǩ, l] =





xj [d, l], ǩ = 2d + 1

x∗
j [d, l], ǩ = Nj − (2d + 1)

0, ǩ is even
, (27)

where we have0 ≤ ǩ ≤ Nj − 1, while the other parameters
are the same as given in (1). As a result, the ISFFT of (2)
may have a reduced dimension on the Doppler axis as:

šj [ň,m] =
1√

NjM

Nj−1∑

ǩ=0

M−1∑

l=0

ˇ̃sj [ǩ, l]ωňǩ
Nj

ω−ml
M , (28)

where we have0 ≤ ň ≤ Nj − 1. Following this, the IDFT
operation may proceed as follows:

šj [ň,m] =
1√
M

M−1∑

m=0

šj [ň,m]ωmm
M

=
1√
Nj

Nj−1∑

ǩ=0

M−1∑

l=0

ˇ̃sj [ǩ, l]ωňǩ
Nj

(
1

M

M−1∑

m=0

ω
m(m−l)
M

)

=
1√
N j

Nj−1∑

ǩ=0

ˇ̃sj [ǩ,m]ωňǩ
Nj

=
2√
N j

ℜ




Nj
4 −1∑

d=0

xj [d,m]ω
ň(2d+1)
Nj


 .

(29)

Based on (27) and (4), since the original TD
samples of LACO-OTFS are given bysj [n,m] =

2√
N
ℜ

(∑Nj
4 −1

d=0 xj [d,m]ω
n(2d+1)
Nj

)
, the following power

amplification is required for the simplified modulation in the
TD:

sj [n,m] =

√
Nj

N
šj [< n >Nj

,m]. (30)

III. DFT-S-LACO-OTFS

In this section, we propose the DFT-S-LACO-OTFS
scheme, which ensures single-carrier PAPR transmission,
while retaining the single frame-based CP design.

A. Design Goals

As demonstrated in Sec. II-B, the combination of ISFFT and
IDFT becomes equivalent to performing a single IDFT applied
to the DD symbols along the Doppler axis. Therefore, in order
to retain a single-carrier PAPR, we propose to perform DFT-S
along the Doppler axis in the DD-domain. The OFDM-based
structure is retained for the sake of using single-step FDE
and demodulation. The modulation before DFT-S should aim
to fulfill Properties 1-3 for the TD signal. This means that
the TD signals on thej-th layer {{sj [n,m]}N−1

n=0 }M−1
m=0 have

to be real-valued PAM symbols for satisfying the Hermitian
symmetry of Property 1. They have to satisfy{sj [n+

Nj

2 ,m] =

−sj [n,m]}
Nj
2 −1

n=0 and {sj [n + Nj ,m] = sj [n,m]}Nj−1
n=0 for

satisfying the anti-symmetry of Property 2 and the periodicity
of Property 3, respectively.

B. Multi-Access Modulation Before DFTS

In this section, a pair of multi-access arrangements are
conceived for DFT-S-LACO-OTFS. For the Equal-Rate ar-
rangement, a total ofNj

2 PAM symbols mapped to each layer
are equally assigned toU users as:

šj [ď, l] =





xj [d, l], ď = u
Nj

2U + d

−xj [d, l], ď = u
Nj

2U + d +
Nj

2
0, otherwise

, (31)

where the user index is given by0 ≤ u ≤ U−1, the modulated
symbol index for each user is within the range of0 ≤ d ≤
Nj

2U − 1, and the overall symbol index is0 ≤ ď ≤ Nj − 1. The
other parameters are the same as defined for (27). The total
number of modulated symbols assigned to each user is given
by

∑J
j=1

Nj

2U =
∑J

j=1
N

2jU . The number of layers is limited by
J ≤ log2

N
U , which is obtained from N

2jU ≥ 1. The maximum
number of users is limited by the number of symbols in the
first layer, i.e. we haveU ≤ N

2 .
Alternatively, for the Layer-User arrangement, one layer of

Nj

2 PAM symbols is assigned to one user as follows:

šj [ď, l] =





xj [d, l], ď = d

−xj [d, l], ď = d +
Nj

2
0, otherwise

, (32)

where we have0 ≤ d ≤ Nj

2 − 1 and 0 ≤ ď ≤ Nj − 1. As a
result, the total number of modulated symbols assigned to the
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TABLE III: DFT-S-LACO-OTFS Parameters.
Equal-Rate Layer-User

Number of sym-
bols per user

PJ

j=1

Nj

2U
=

PJ

j=1

N

2jU

Nj

2
= N

2j

Maximum num-
ber of layers J ≤ log

2

N
U

J ≤ log
2
N

Maximum num-
ber of users U ≤

N
2

U ≤ J

PAPR Incrasing withJ ≤ log
2

N
U

Single-carrier

(u = j)-th user is given byNj

2 = N
2j . The number of layers is

limited by J ≤ log2 N , which is obtained fromN
2j ≥ 1. The

maximum number of users is limited by the number of layers,
i.e. we haveU ≤ J .

The parameters of the Equal-Rate and Layer-User arrange-
ments are summarized in Table III. First of all, the Equal-
Rate arrangement has the same throughput for all users, while
the Layer-User method has a decreasing throughput as the
layer/user indexu = j increases. Secondly, the Equal-Rate
method can support fewer layers than Layer-User, owing to
the fact that the number of modulated symbols of legitimate
layers has to be equal to or higher than the number of users
for Equal-Rate, i.e. N

2jU ≥ 1. Thirdly, the Equal-Rate method
can support more users, as the number of users of the Layer-
User arrangement is limited by the number of layers. Finally,
we will demonstrate in Sec. IV-E that the PAPR of the Equal-
Rate arrangement grows withJ ≤ log2

N
U , which is already

substantially lower than the PAPR of O-OTFS without DFT-S
that grows withN . Furthermore, the Layer-User arrangement
achieves single-carrier PAPR, owing to the fact that the DFT-S
is applied to each layer/user.

C. DD-Domain Mapping

Following the modulation,Nj-point DFT spreading is per-
formed in the DD-domain as follows:

ˇ̃sj [ǩ, l] =
1√
Nj

Nj−1∑

ď=0

šj [ď, l]ω−ǩď
Nj

. (33)

Therefore, the DD-domain Hermitian symmetry property of
(27), which requires that half of the DD symbols are conjugate
versions of the other half, is retained:

ˇ̃sj [Nj − ǩ, l] =
1√
Nj

Nj−1∑

ď=0

šj [ď, l]ω
(Nj−ǩ)ď
Nj

= ˇ̃s
∗
j [ǩ, l], (34)

where we havěs∗j [ď, l] = šj [ď, l], because they are real-valued
PAM symbols.

Furthermore, the DD-domain property of (27) thatˇ̃sj [ǩ, l] =
0 for even indicešk is also retained:

ˇ̃sj [ǩ, l] =
1√
Nj

Nj
2 −1∑

ď=0

šj [ď, l]ω−ǩď
Nj

+šj [ď+
Nj

2
, l]ω−ǩď

Nj
(ω

−
Nj
2

Nj
)ǩ,

(35)

where we havěsj [ď +
Nj

2 , l] = −šj [ď, l] andω
−

Nj
2

Nj
= −1.

In order to restore the same dimension as that of the LACO-
OTFS of Sec. II-B, zeros are inserted in the DD-domain as
follows:

s̃j [k, l] =

{ ˇ̃sj [ǩ, l] k = N
Nj

ǩ

0, otherwise
. (36)

As a result, the conjugate symbols and zeros are located at the
same positions as (1), where

s̃j [N − k, l] = s̃j [
N

Nj
(Nj − ǩ), l] = ˇ̃sj [Nj − ǩ, l] = ˇ̃s

∗
j [ǩ, l].

(37)

D. Retaining TD Properties

Following the ISFFT and IDFT operations of Sec. II-B, the
TD signals are generated by:

sj [n,m] =
1√
N

N−1∑

k=0

s̃j [k,m]ωnk
N =

1√
N

Nj−1∑

ǩ=0

ˇ̃sj [ǩ,m]ωnǩ
Nj

=
1√
NNj

Nj−1∑

ď=0

šj [ď,m]

Nj−1∑

ǩ=0

ω
(n−ď)ǩ
Nj

=

√
Nj

N
šj [< n >Nj

,m].

(38)

First of all, (38) evidences that low-PAPR single-carrier trans-
mission is ensured for each layer, where the PAM symbols are
modulated either based on Equal-Rate or Layer-User arrange-
ments. Secondly, the real-valued Property 1 is also satisfied by
the PAM modulation. Thirdly, the anti-symmetry of Property2
is ensured by the Equal-Rate or Layer-User mapping of (31)
and (32), respectively. Fourthly, the periodicity Property 3 is
ensured by the DD mapping of (36). Finally, the power scaling
of (30) is avoided, thanks to the DD mapping of (36).

IV. PERFORMANCERESULTS

In this section, the performance results of the various OFDM
and OTFS schemes discussed in this work are presented in
terms of the bandwidth-efficiency with respect to CP overhead
and throughputR, of the power-efficiency with respect to SNR
required for meeting the target BER as well as of the energy-
efficiency with respect to the PAPR.

A. Major Benchmarks and General Parameters

We take into account all existing optical OFDM and optical
OTFS schemes as benchmarks. Firstly, DCO-OFDM [14]
modulates QAM symbols in the FD as follows:

s[n,m] =





s[n,m], 1 ≤ m ≤ M
2 − 1

s∗[n,M − m], M
2 + 1 ≤ m ≤ M − 1

0, otherwise
.

(39)
Then a DC bias is added in the TD, which is defined as
10 log10(ηDC+1) dB, where the DC power in the linear domain
is given byηDC

√
E(|s[n,m]|2). The second major benchmark

is DCO-OTFS [52], [53], which modulates QAM symbols in
the DD-domain as follows:

s̃[k, l] =





s̃[k, l], 1 ≤ k ≤ N
2 − 1

s̃∗[N − k, l], N
2 + 1 ≤ k ≤ N − 1

0, otherwise
, (40)
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Fig. 2: The effect of DC bias of DCO-OFDM and DCO-OTFS
associated withM = N = 64 using 16QAM.

and a DC bias is also added in the TD. Thirdly, similar to the
proposed LACO-OTFS of (1), the classic LACO-OFDM [7]
modulates QAM symbols in the FD as:

sj [n,m] =





xj [n, d], m = 2jd + 2j−1 = M
Mj

(2d + 1)

x∗
j [n, d], m = M − (2jd + 2j−1)

= M
Mj

[
Mj − (2d + 1)

]

0, otherwise

,

(41)
where we haveMj = M

2j−1 and 0 ≤ d ≤ Mj

4 − 1, and the
parameter ranges are given by1 ≤ j ≤ J , 0 ≤ n ≤ N −1 and
0 ≤ m ≤ M . Finally, ACO-OFDM [4] and ACO-OTFS are
special cases of LACO-OFDM and LACO-OTFS, respectively,
associated withJ = 1.

Based on the channel model in Sec. II-F, the optical wireless
channel is assumed to haveP = 4, τRMS = 14 ns and
K = 0dB. A CP length of 8 is assumed. Furthermore, the
dimensions ofM = N = 64 and the subcarrier spacing of
∆f = 240 kHz are used in our simulations.

B. The Effect of DC Bias

Fig. 2 portrays the effect of DC bias on both DCO-OFDM
and DCO-OTFS, where a sufficient DC bias of up to 9 dB is
required to avoid an error floor. This verifies the motivationof
LACO-OFDM and LACO-OTFS, which aim for eliminating
the DC power consumption, while retaining the full IM/DD
throughput. Moreover, Fig. 2 also indicates a throughput differ-
ence between O-OFDM and O-OTFS. For an O-OTFS frame
size ofN = 64, its CP overhead is 64 times lower than that
of O-OFDM, which requires a separate CP for each symbol.
Considering an optical multi-carrier system that hasM = 64
subcarriers and a subcarrier spacing of∆f = 240 kHz,
the throughputs ofR = 1.695 bit/sec/Hz andR = 1.934
bit/sec/Hz for O-OFDM and O-OTFS lead to the data rates of
26.04 M bit/s and 29.71 M bit/s, respectively. This significant
difference in data rate between O-OFDM and O-OTFS will
be further increased upon adopting the numerologies of the
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Fig. 3: BER comparison between the O-OTFS schemes of DCO-
OTFS, ACO-OTFS and LACO-OTFS as well as the O-OFDM
schemes of DCO-OFDM, ACO-OFDM and LACO-OFDM associated
with M = N = 64 using 16QAM.

operational Wi-Fi 6 and 5G New Radio [23], where up to
2048 and 4096 subcarriers can be used, respectively.

C. BER Performance Comparison Between O-OFDM and O-
OTFS

Fig. 3 portrays our BER performance comparison between
the various O-OFDM and O-OTFS schemes. First of all, the O-
OTFS schemes of DCO-OTFS, ACO-OTFS and LACO-OTFS
achieve better BER performance and higher throughputs than
their O-OFDM counterparts of DCO-OFDM, ACO-OFDM
and LACO-OFDM, respectively, as evidenced by Fig. 3. The
improved BER performance of the O-OTFS schemes is due
to the ISFFT spreading, while the higher throughput is a
benefit of using frame-based CP. This confirms the improved
bandwidth-efficiency and power-efficiency of O-OTFS over
O-OFDM. Secondly, Fig. 3 demonstrates that ACO-OTFS
eliminates the DC bias at the cost of a reduced throughput
relative to DCO-OTFS, but LACO-OTFS becomes capable of
achieving both the same throughput as DCO-OTFS and also
the best BER performance, thanks to both the ISFFT spreading
and the elimination of DC power consumption.

D. PAPR Comparison Between O-OFDM and O-OTFS

Fig. 4 portrays our comparison between LACO-OFDM
and LACO-OTFS in terms of the energy-efficiency of PAPR
cumulative distribution function (CCDF). It can be seen in
Fig. 4 that the PAPR of LACO-OTFS associated withN = 4 is
substantially lower than that of its LACO-OFDM counterpart,
despite the fact that both schemes have the sameM = 64
subcarriers. Nonetheless, it is practically favourable toincrease
the LACO-OTFS frame length toN = 16 andN = 64 for the
sake of a reducing the CP percentage and hence increasing the
throughput, which however leads to an increased PAPR that
becomes comparable to the LACO-OFDM scheme’s PAPR,
as evidenced by Fig. 4. This inherent trade-off between
bandwidth-efficiency and power-efficiency of O-OTFS may be
mitigated by the proposed DFT-S technique, where DFT-S-
LACO-OTFS associated withM = N = 64 using 4PAM is
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capable of achieving the same throughput as LACO-OTFS at
a substantially reduced PAPR, as evidenced by Fig. 4.

E. PAPR Comparison Between DFT-S-LACO-OTFS Schemes

Fig. 5 demonstrates the effect of DFT-S on the PAPR of
LACO-OTFS. First of all, it can be seen in Fig. 5 that both the
DFT-S-LACO-OTFS arrangements of Equal-Rate and Layer-
User are capable of substantially reducing the multi-carrier
PAPRs of LACO-OFDM and LACO-OTFS. Secondly, Fig. 5
demonstrates that the Layer-User method of DFT-S-LACO-
OTFS exhibits a better PAPR than the Equal-Rate method.
Explicitly, the PAPR of the Layer-User method does not
exceed 6 dB.

F. BER Performance of DFT-S-LACO-OTFS Schemes

Fig. 6 portrays our BER comparison between our multi-
access techniques. For LACO-OFDM and LACO-OTFS,
multi-access is facilitated by dividing the FD subcarriersand
DD symbols, respectively, equally amongst the users. For
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Fig. 6: BER performance comparison between LACO-OTFS using
16QAM and DFT-S-OTFS using 4PAM.

DFT-S-LACO-OTFS, the multi-access arrangements of Equal-
Rate and Layer-User are conceived in Sec. III-B. Observe
in Fig. 6 that first of all, LACO-OTFS outperforms LACO-
OFDM, benefiting from its ISFFT spreading. Furthermore,
DFT-S-LACO-OTFS is capable of achieving a further im-
proved performance over LACO-OTFS, thanks to the benefit
of DFT spreading in the DD-domain. Specifically, Fig. 6(c)
demonstrates that for a 4-user optical wireless system, LACO-
OTFS is capable of achieving a 7 dB SNR gain over LACO-
OFDM at BER=10−5, while DFT-S-OTFS is capable of pro-
viding a further 3 dB SNR gain over LACO-OTFS.
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Secondly, Fig. 6(a) demonstrates that both the Equal-Rate
and Layer-User arrangements achieve the same BER per-
formance versus SNR, but the second user of the Layer-
User scheme has a worse BER versusEb/N0 performance
in Fig. 6(b). Similarly, for the case of havingU = 4 users,
both the Equal-Rate and Layer-User arrangements achieve
the same BER versus SNR performance in Fig. 6(c), but
the second, third and fourth users of the Layer-User scheme
exhibit gradually degraded BER versusEb/N0 performance
in Fig. 6(d). This is due to the fact that the Layer-User
arrangement assigns different layers to different users, where
the higher layers have decreasing throughputs, as indicated in
the legend of Fig. 6.

G. Comparison Between DFT-S-OFDM and DFT-S-LACO-
OTFS

Furthermore, although the conventional optical DFT-S-
OFDM schemes [28]–[30] did not facilitate multi-access, we
apply the Equal-Rate and Layer-User arrangements of (31)
and (32) to DFT-S-LACO-OFDM for a fair comparison. For
Equal-Rate, a total ofMj

2 PAM symbols are equally assigned
to U users on each layer before DFT-S in the TF-domain as
follows:

šj [n, ď] =





xj [n, d], ď = u
Mj

2U + d

−xj [n, d], ď = u
Mj

2U + d +
Mj

2
0, otherwise

, (42)

where we have0 ≤ d ≤ Mj

2U − 1 and 0 ≤ ď ≤ Mj − 1.
Similarly, the Layer-User arrangement assigns one layer of
Mj

2 PAM symbols to one user as follows:

šj [n, ď] =





xj [n, d], ď = d

−xj [n, d], ď = d +
Mj

2
0, otherwise

, (43)

where we have0 ≤ d ≤ Mj

2 −1 and0 ≤ ď ≤ Mj −1. The pa-
rameters of DFT-S-LACO-OFDM can be obtained by replac-
ing N andNj = N

2j−1 of DFT-S-LACO-OTFS summarized in
Table III by M and Mj = M

2j−1 , respectively. TheMj-point

DFT for each layeřsj [n, m̌] = 1√
Mj

∑Mj−1

ď=0
šj [n, ď]ω−ďm̌

Mj

leads to:

šj [n, m̌]

= 1√
Mj

∑Mj
2 −1

ď=0

{
šj [n, ď]ω−ďm̌

Mj
+ šj [n, ď +

Mj

2 ]ω−ďm̌
Mj

(ω
−

Mj
2

Mj
)m̌

}

=





2√
Mj

∑Mj
2 −1

ď=0
šj [n, ď]ω−ďm̌

Mj
, m̌ is odd,

0, otherwise,
(44)

where šj [n, ď +
Mj

2 ] = −šj [n, ď] based on (42) and (43) and

we haveω
−

Mj
2

Mj
= −1. Following this, the subcarrier mapping

in the FD is given by:

sj [n,m] =

{
šj [n, m̌], m = M

Mj
m̌

0, otherwise
, (45)

which is in the same form as the LACO-OFDM of (41) asso-
ciated withm̌ = 2d+1 as well assj [n,M −m] = šj [n,Mj −
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Fig. 7: BER and PAPR comparison between DFT-S-OFDM and DFT-
S-OTFS using 4PAM.

m̌] = 1√
Mj

∑Mj−1

ď=0
šj [n, ď]ω

−ď(Mj−m̌)
Mj

= š
∗
j [n, m̌] =

s∗j [n,m].
Fig. 7 demonstrates the BER and PAPR comparisons be-

tween LACO-OFDM and LACO-OTFS schemes. First of
all, Fig. 7(a) confirms once again that the proposed LACO-
OTFS with and without DFT-S outperform their LACO-
OFDM counterparts, where DFT-S-LACO-OTFS is capable
of achieving a 7 dB SNR gain over DFT-S-LACO-OFDM
at BER=10−5. This is expected because the spreading gain
of DFT-S-LACO-OFDM is achieved by DFT-S along the
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Fig. 8: The effect of Hermitian symmetry and clipping noise on the
intended pilot insertion in TD/FD/DD-domains.

frequency axis in the TF-domain, while the spreading gain
of DFT-S-LACO-OTFS is achieved by DFT-S together with
ISFFT precoding along both delay and Doppler axes in the
DD-domain. Secondly, Figs. 7(b) and (c) evidence that DFT-S-
LACO-OTFS outperforms DFT-S-LACO-OFDM counterpart
in multi-access scenarios, where the Equal-Rate arrangements
achieve the same BER for all users, while the Layer-User
arrangements exhibit degraded BER versusEb/N0 for users
assigned to higher layers. Finally, Fig. 7(d) confirms that
both DFT-S-LACO-OTFS and DFT-S-LACO-OFDM exhibit
single-carrier PAPR performance.

H. The Effect of Channel Estimation

Finally, regardless of which domain the information is
modulated in (i.e. O-OFDM/O-OTFS with/without DFT-S),
the optical channel can be estimated in the TD, FD and
DD-domain, and then the effect of frequency selectivity is
equalized in the FD. However, the requirement of Hermitian
symmetry and the clipping noise would contaminate the FD
and DD-domain pilot design, as portrayed by Fig. 8. More
explicitly, firstly, the TD channel estimation is facilitated
by inserting a Dirac delta impulse-based CP in the TD, as
portrayed by Fig. 8(a). Following the TD convolution between
the impulse-based pilot CP and the CIRs modelled in Sec. II-F,
the CIRs are estimated one by one without interference. This
is not affected by clipping as the TD pilot can be directly
modulated to be a unipolar symbol. Secondly, the conventional
FD channel estimation aims for inserting pilots periodically
in the FD asm′ ∈ {0,NFD

PS , 2NFD
PS , · · · , (NFD

p − 1)NFD
PS },

whereNFD
PS refers to the pilot spacing in the FD [39], [63],

[64]. However, as shown by Fig. 8(b), this periodicity is
no longer sustainable for O-OFDM and O-OTFS schemes
owing to the requirement of Hermitian symmetry and due
to the FD spreading induced by clipping noise. Similarly,
the conventional DD-domain channel estimation [37]–[39]
relies on a Dirac delta impulse-based pilot design in the DD-
domain, which is also contaminated by Hermitian symmetry
and clipping noise, as shown by Fig. 8(c). For this reason,
for the FD and DD-domain channel estimation, we propose
to fully modulate all symbols in an O-OFDM symbol and an
O-OTFS frame, respectively, as pilots for channel estimation.
The pilot symbols are known at the receiver, hence the FDE
is capable of recovering the channel’s frequency responsesat
all subcarriers, and the DD-domain fading can be recovered
via SFFT. Given the quasi-static nature of optical channels,
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Fig. 9: The effect of TD/FD/DD-domain channel estimation for
LACO-OFDM and LACO-OTFS associated withM = 64 using
16QAM.

the pilot overhead is negligible, since the pilots do not have
to be repeated.

Fig. 9 demonstrates the effect of TD/FD/DD-domain chan-
nel estimation. We note that the pilot overheads of TD/FD/DD-
domain channel estimation are given by a CP, an O-OFDM
symbol and an O-OTFS frame. As a result, the DD-domain
channel estimation performs the best at the cost of the highest
pilot overhead, followed by the FD and TD channel estimation
techniques, as evidenced by Fig. 9.

I. The Effect of Channel Dispersion

Finally, the effect of channel dispersion is portrayed in
Fig. 10, where the single-carrier on-off keying (OOK) [65] and
multi-carrier LACO-OFDM as well as the proposed LACO-
OTFS schemes are compared. Figs. 10(a)-(d) demonstrate that
for the case ofP = 1 CIR tap corresponding to no dispersion,
LACO-OFDM and LACO-OTFS cannot achieve any perfor-
mance gains, despite their increased complexity imposed by
the FFT/IFFT operations. However, Fig. 10(a) demonstrates
that for the Ricean factor of K=3 dB andP = 2 CIR taps, the
proposed LACO-OTFS performs the best, followed by LACO-
OFDM, while the single-carrier OOK exhibits an irreducible
error floor. The performance differences between the three
schemes are gradually reduced forP = 2, when the Ricean K
factor is increased to 6 dB, 9 dB and 12 dB in Figs. 10(b)-(d).
Nonetheless, we note that first of all, the OOK performance
results of Fig. 10 assume perfect CSI, which in reality still
has to rely on the proposed TD/FD/DD channel estimation
techniques shown in Sec. IV-H. Secondly, even when the
slightest dispersion emerges forP = 2 associated with the
maximum delay ofτmax = 16 ns, the OOK performance is
severely degraded by the ISI, as evidenced by Fig. 10.

V. CONCLUSIONS
We demonstrate that the proposed LACO-OTFS is capable

of improving the bandwidth-/power-/energy-efficiency of the
existing O-OFDM and O-OTFS schemes. In order to ensure
as low a PAPR as single-carrier transmission and a low CP
percentage, we proposed DFT-S-LACO-OTFS that performs
DFT based spreading in the DD-domain. A pair of multi-
access arrangements have also been conceived. We explicitly
demonstrated that regardless of which domain the information
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Fig. 10: The effect of channel dispersion for single-carrier on-off
keying (OOK) and multi-carrier LACO-OFDM (using 4QAM) as well
as the proposed LACO-OTFS (using 4QAM), where we haveM =
256, N = 64 and ∆f = 240 kHz. The cases ofP = 1 CIR and
P = 2 CIRs correspond to the maximum delays ofτmax = 0 ns and
τmax = 16 ns, respectively.

is modulated in (i.e. O-OFDM/O-OTFS with/without DFT-
S), the quasi-static optical channel can be estimated in the
TD/FD/DD-domain and then equalized in the FD. As a benefit,
the computational complex MMSE and MP detectors routinely
used in RF-OTFS are avoided for our O-OTFS schemes. Our
simulation results confirm the advantages of O-OTFS over
O-OFDM in terms of its throughput (bandwidth-efficiency),
BER (power-efficiency) and PAPR (energy-efficiency). This
is achieved at the extra cost of ISFFT/SFFT. Nonetheless,
as presented in Fig. 1, the transformation between DD and
TD implemented by the ISFFT followed by a IDFT is equiv-
alent to a single-step IDFT. The full ISFFT/SFFT is only
needed for FDE, when the transformation between DD and
FD is required. Moreover, the DD-domain channel estimation
technique is shown to perform better than its FD and TD
counterparts, albeit at the cost of a higher pilot overhead.
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