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Abstract—In this article, we present proof-of-concept of M -
ary asymmetrically clipped (AC)-frequency-shift keying (FSK)
for energy-efficient/low data rate visible light communications
(VLC). M -ary AC-FSK uses the odd frequency waveforms from
2M -ary FSK; which exhibit half-wave symmetry. Owing to
this half-wave symmetry, the negative amplitude excursions are
clipped without loss of information. Hereby, we investigate the
performance of three different receivers for M -ary AC-FSK
exhibiting different complexities. These receivers are: (i) an
optimal time-domain maximum likelihood (ML) receiver; (ii) 1-
tap discrete cosine transform (DCT) receiver; and (iii) a 2-tap
harmonic receiver which exploits the spectral properties of AC-
FSK waveforms. We shall exemplify that the 2-tap harmonic re-
ceiver overcomes the energy efficiency versus complexity trade-off
that exists for optimal ML and 1-tap DCT receivers. Simulation
results shall confirm that the performance of 2-tap harmonic
receiver reaches the performance of the previously proposed
unipolar (U)-FSK with the optimal receiver, but with a drastically
reduced receiver complexity.

Index Terms—Frequency-shift keying, visible light commu-
nication, intensity-modulation and direct-detection, Internet-of-
Things.

I. INTRODUCTION

W ith the advent of Internet-of-Everything (IoE), there is
a growing demand for wireless connectivity leading

to radio-frequency (RF) spectrum saturation. In this scenario,
Visible Light Communications (VLC) offer considerable in-
terest by providing a large unlicensed spectrum for wireless
communications without any interference with the RF spec-
trum [1]. VLC could rely on the massive deployment of
light emitting diodes (LEDs) for lighting applications and use
simple intensity-modulation and direct-detection (IM-DD) [2].
In the perspective of IoE, a large number of communications
will deal with the limited amount of data, without high
data rate constraints. Thus, VLC systems dedicated to these
low data rate communications should be energy-efficient to
extend their communication range and/or limit their power
consumption.

To define an energy-efficient VLC system dedicated to
low data rate communications, the choice of digital mod-
ulation is of fundamental importance. Due to the IM-DD
constraint, the modulation signal must be unipolar and real-
valued [1]. Among available modulation schemes, two groups

are specially identified: (i) the linear modulations; and (ii)
the orthogonal modulations. On one hand, linear modulation
and their multicarrier extensions have been extensively studied
for VLC, including M -ary pulse amplitude modulation (PAM)
[3] and optical-orthogonal frequency-division multiplexing (O-
OFDM) [4]. These modulation schemes can reach high spec-
tral efficiency by increasing modulation order M but at the
expense of low energy efficiency (i.e., the necessary electrical
signal-to-noise ratio (SNR) per bit to achieve a target bit
error rate (BER) increases). On the other hand, orthogonal
modulations, such as pulse position modulation (PPM) or
frequency-shift keying (FSK), are known in RF domain to
show higher energy efficiency than linear modulations, at the
expense of degraded spectral efficiencies [5]. Recently, FSK-
based modulations have raised interest for VLC applications,
due to their high energy efficiency, quasi constant envelop
property to circumvent LED non-linearity and easy channel
equalization. As conventional M -ary FSK is not directly
compatible with IM-DD because of its bipolar nature, two
variants have been introduced in [6]: M -ary direct-current
(DC)-FSK and M -ary unipolar (U)-FSK. M -ary DC-FSK is
derived from bipolar M -ary FSK by adding a DC-offset to
make the waveform positive. Nevertheless, the added DC-
offset leads to a large waste of energy. M -ary U-FSK has
been introduced to avoid the introduction of this DC-offset:
it sequentially transmits the positive samples of the FSK
waveform during the first symbol period and the sign-flipped
negative samples during a consecutive symbol period; a similar
approach for OFDM-based VLC is reported in [7]. Simulation
results presented in [6] confirmed that M -ary U-FSK reaches
a large energy efficiency gain over both DC-FSK and linear
modulations, especially when optimal maximum likelihood
ML receiver is used. Nevertheless, the complexity of the
optimal ML receiver is high, consequently, only degraded
energy efficiency is obtained when a low complexity sub-
optimal reconstruction receiver is considered [6].

In this paper, we propose a new variant of M -ary FSK called
M -ary Asymmetrically Clipped (AC)-FSK that is compatible
with IM-DD VLC systems. M -ary AC-FSK benefits from
its waveform spectral properties to build a low complexity
frequency-domain harmonic receiver, i.e., the 2-tap harmonic



receiver that reaches the performance of the optimal ML
receiver. It shall be demonstrated that the energy efficiency
obtained via the 2-tap harmonic receiver for AC-FSK is close
to that of the optimal ML receiver of U-FSK, however, with
significantly reduced complexity.

Unless otherwise mentioned, we use lower-case boldface
italic letters to represent discrete time-domain vectors, e.g.,
sm, where m in the subscript represents the activated fre-
quency. The nth sample of discrete time-domain waveform
is given as sm[n], while its analog domain counterpart is
represented as sm(t). The upper-case boldface italic letters
are used to represent the frequency-domain counterparts of
the discrete time-domain waveforms, e.g., Sm, for which the
frequency component at kth frequency is given as Sm[k].
Matrices are denoted by boldface caligraphic letters, e.g., D.
The operations such as transpose, inner product, absolute value
and Euclidean norm are respectively represented by (·)T, 〈·, ·〉,
| · | and ‖ · ‖. Moreover, the discrete cosine transform (DCT)
matrix of size M is represented as CM whose (n1, n2)th
element is given as [8]:

CM (n1, n2) =





1√
M

n1 = 0√
2
M cos

(
π(2n2+1)n1

2M

)
1 ≤ n1 ≤M − 1

.

(1)
where 0 ≤ n2 ≤M − 1.

The rest of the paper is organized as follows. In section
II, M -ary U-FSK and its conventional receivers are revisited.
In section III, we present M -ary AC-FSK along with its
transmitter and receiver architectures, with the perspective of
defining a low complexity harmonic receiver able to reach the
optimal ML receiver performances. In section IV, simulation
results such as BER performance in AWGN channel, energy
efficiency versus spectral efficiency and complexity compar-
isons are presented to highlight the benefit of our proposed
AC-FSK modulation scheme over U-FSK technique. Finally,
conclusions and perspectives are drawn in section V.

II. PRELIMINARIES

As the simulation results in [6] confirmed that M -ary U-
FSK is more energy-efficient than M -ary DC-FSK, here we
revisit only the M -ary U-FSK for reference purpose. However,
firstly, we present the system model.

A. System Model

Considering an additive white Gaussian noise (AWGN)
VLC channel, the received waveform r(t) is contaminated by
ambient noise, n(t). After impinging r(t) on an analog-to-
digital converter (ADC), we obtain:

r = sm + w, (2)

where w is the AWGN having mono-lateral
power spectral density (PSD) of N0, i.e., w =
[w[0], · · · , w[Mc − 1]]

T, sm = [sm[0], · · · , sm[Mc − 1]]
T

and r = [r[0], · · · , r[Mc − 1]]
T.

B. M -ary U-FSK Signaling

The mth frequency waveform s̃m, of the conventional
bipolar M -ary FSK dictionary, DM−FSK is given as [6]:

s̃m = CT
MFm, (3)

where Fm = [0, · · · , 1, · · · , 0]
T specifies the activated fre-

quency, e.g., the position of 1 in the vector identify the active
frequency.

Time-domain M -ary FSK waveforms are in the form
s̃m(t) = A cos(2πm∆̃ft), where ∆̃f = 1/2T̃s is the fre-
quency spacing between two waveforms, which is the minimal
value that ensures orthogonality and T̃s is the symbol time.
The bandwidth of the M -ary FSK signal is B̃ ≈ M∆̃f . All
M -ary FSK symbols have the same energy, i.e., EM−FSKs =
‖s̃m‖2.

U-FSK signaling creates real-valued and unipolar wave-
forms from the conventional bipolar M -ary FSK alphabet. The
positive and negative amplitudes of s̃m[n] are obtained as [6]:

s̃+m[n] =
1

2
(s̃m[n] + |s̃m[n]|) , (4)

and
s̃−m[n] =

1

2
(s̃m[n]− |s̃m[n]|) . (5)

Afterwards, the negative part s̃−m[n] of each conventional
bipolar M -ary FSK waveform is flipped and is transmitted
in a consecutive symbol period, while the original negative
samples are set to zero. This leads to the generation of M -ary
U-FSK dictionary DU . For M -ary U-FSK, the symbol time
Ts and number of chips per symbol Mc become double as
compared to M -ary FSK symbol time T̃s and number of chips
per symbol M , i.e., Ts = 2T̃s and Mc = 2M , respectively. For
M -ary U-FSK, DC waveform s0 is not used for transmission
since ambient light may strongly corrupt it [7].

Fig. 1 (a) and (c) illustrate the time-domain M -ary U-
FSK waveforms for index m = 1 and 2 along with their
frequency-domain counterparts in (b) and (d), respectively, that
are obtained through DCT, considering a modulation order
M = 16. From spectra shown in Fig. 1 (b), we can notice
that most of the energy for odd frequency waveform (m = 1)
is contained in 2 significant taps (marked as “1” and “2”,
ignoring the DC tap), while the other harmonics have relatively
smaller amplitude (marked as “4” and “6”). For even frequency
waveform (m = 2), it can be seen from Fig. 1 (d) that the
energy is contained in a large number of non-negligible taps.
Therefore, we need to consider more non-negligible taps for
even frequency waveforms.

C. M -ary U-FSK Conventional Receivers

1) Optimal ML time-domain receiver: The theoretically
optimal ML time-domain (TD) receiver is presented in [6]
for M -ary U-FSK . It permits to guarantee a minimum error
probability in case of independent and equiprobable symbols.
Under that condition, optimal ML TD receiver relies on
evaluating the correlation of the received waveform r with all
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Fig. 1: (a) and (c) represent time-domain M -ary U-FSK odd and even waveforms (m = 1, 2 respectively), while (b) and (d) represent their counterpart in
frequency-domain, considering M=16. (e) and (g) represent time-domain M -ary AC-FSK waveforms (m = 1, 2 respectively), while (f) and (h) represent
their counterpart in frequency-domain, considering M=16.

the dictionary waveforms. The waveform index m̂ is obtained
as:

m̂ = arg max
m

{
〈r, sm〉

}
. (6)

It should be noticed that the optimal ML TD receiver
has high complexity, where the number of (non-zero) real
multiplications is of O(M2).

2) Sub-optimal Reconstruction receiver: The reconstruc-
tion receiver is a sub-optimal DCT-based receiver and its
structure for M -ary U-FSK is presented in [6]. The process for
identifying the waveform index consists in rebuilding original
FSK (noisy) waveforms, r̃[n] for n = 0, 1, · · · ,M − 1 from
r[n] for n = 0, 1, · · · , 2M − 1 as:

r̃[n] = r[n]− r[M + n]. (7)

Subsequently, R = [R0, R1, · · · , RM−1]
T ∈ <M is ob-

tained from r̃[n] by using M -order DCT. Thereafter, the index
m̂ of the waveform is identified as:

m̂ = arg max
m

{
|Rm|

}
. (8)

The reconstruction-based receiver exhibits low complexity
compared to the optimal ML TD receiver as the real multipli-
cations are of O(M log2(M)/2) due to the M -order DCT [9].
Nevertheless, the reconstruction receiver induces a significant
energy efficiency penalty (about 1 dB [6]) compared to the
optimal time-domain receiver. Indeed, U-FSK symbol recon-
struction subtracts noisy samples to retrieve the original FSK
waveform. This process restores the orthogonality of the FSK
waveforms but at the price of doubling the noise variance,
considering the same symbol energy.

III. PROPOSED M -ARY AC-FSK MODULATION

In this section, we present M -ary AC-FSK which is also
compatible with IM-DD VLC systems. We shall demonstrate
that M -ary AC-FSK can achieve a similar performance as U-
FSK optimal ML receiver, but with a significantly reduced
receiver complexity.

A. M -ary AC-FSK Principle

M -ary AC-FSK is derived from Asymmetrically Clipped O-
Fast-OFDM (ACO-FOFDM) that has been extensively studied
for high data rate VLC systems [9]. In ACO-OFDM, only odd
frequency waveforms are selected because they exhibit a so-
called half-wave symmetry property, i.e., for each sample x[n]
in the positive part of the time-domain waveform, there exists
a negative sample with the same amplitude in the negative part
of the waveform, such as [9]:

x[n] = −x[N − 1− n], 0 ≤ n ≤ N/2− 1. (9)

As a consequence of the half-wave symmetry, the negative
part of the odd frequency waveforms can be clipped to
zero without any loss of information. Additionally, subcarrier
harmonics generated by clipping do not interfere with data car-
riers, since harmonic frequencies of odd frequency subcarriers
only fall into even frequency subcarriers.

The proposed M -ary AC-FSK modulation technique relies
also on the use of odd frequency waveforms by taking benefit
from half-wave symbol symmetry and related spectral con-
sequences. Contrary to ACO-FOFDM, there is no potential
interference issue to consider with other symbol carriers, since
only a single frequency is active for AC-FSK symbol per
symbol period.
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Fig. 2: Transmitter configuration of M -ary AC-FSK

B. M -ary AC-FSK Signaling

M -ary AC-FSK transmitter structure is illustrated in Fig.
2. Initially, the odd frequency waveforms, s̃m̃[n] with m̃ ∈
{1, 3, ..., 2M − 3, 2M − 1}, are selected from conventional
bipolar 2M -ary FSK dictionary D2M−FSK . Thereafter, the
M -ary AC-FSK waveform, sACm [n] where 0 ≤ n ≤ 2M − 1
corresponding to the mth frequency is extracted by clipping
to zero the negative samples of s̃m̃[n], m̃ ∈ {1, 3, ..., 2M −
3, 2M − 1} as:

sACm [n] = s̃+m̃[n], with m = (m̃+ 1)/2, (10)

where s̃+m̃[n] represents the positive amplitudes of conventional
bipolar 2M -ary FSK odd frequency waveforms while the
negative samples are clipped to zero. Fig. 1 (e) and (g)
represent the time-domain AC-FSK waveforms (for m=1 and 2
respectively). Fig. 1 (f) and (h) represent the frequency-domain
AC-FSK waveforms, Sm after 2M -order DCT (for m=1 and
2 respectively). As it can be seen from Fig. 1 (f) and (h), only
2 significant harmonics (leaving aside the DC component) are
present (marked as “1” and “2”) in the waveform spectrum
that contains most of the energy.

The cardinality of the AC-FSK dictionary, DAC is half of
2M -ary FSK dictionary, D2M−FSK . For an identical chip
duration Tc, M -ary AC-FSK symbols have a symbol period
Ts which is the same as the 2M -ary FSK symbol period. The
analog domain mth waveform of M -ary AC-FSK, sAC

m (t) is
obtained from (10) after digital to analog conversion (DAC)
using t = (n+ 1

2 )Tc. The electrical power of M -ary AC-FSK
is half of the electrical power of bipolar M -ary FSK, and is
equal to A2/4, as for M -ary U-FSK. All the M -ary AC-FSK
symbols have the same electrical energy. Then, the average
electrical energy per symbol for M -ary AC-FSK, EAC

s(elec)
is

expressed as:

EAC
s(elec)

=

∫ Ts

0

|sAC
m (t)|2dt =

A2

4
Ts. (11)

TABLE I: Quantitative comparison of spectral efficiencies of conventional
bipolar M -ary FSK, M -ary DC-FSK, M -ary U-FSK and M -ary AC-FSK
for the same modulation order M .

Modulation Scheme η

FSK 2 log2(M)
M

DC-FSK 2 log2(M)
M

U-FSK log2(M)
M

AC-FSK log2(M)
M
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Fig. 3: Optimal ML TD receiver (red/black) and 2-tap harmonic receiver
(blue/black) structure for M -ary AC-FSK.

C. Spectral Efficiency

The spectral efficiency of M -ary AC-FSK is expressed as:

ηAC =
RACb
BAC

=
log2(M)

M
. (12)

where RACb is the bit rate, i.e., RACb = log2(M)/Ts and BAC

is the bandwidth for M -ary AC-FSK, i.e., BAC ≈M∆f = M
Ts

for sufficiently large M (neglecting out-of-band energy on
the harmonics of clipped waveform for M -ary AC-FSK).
Table I summarizes the spectral efficiencies of conventional
bipolar M -ary FSK, M -ary DC-FSK, M -ary U-FSK and
M -ary AC-FSK for the same modulation order M . We can
noticed that M -ary AC-FSK and M -ary U-FSK have identical
spectral efficiencies but M -ary DC-FSK exhibits a double
spectral efficiency for the same modulation order M , i.e.,
ηAC = ηU = ηDC/2.

D. M -ary AC-FSK Receivers

1) Optimal time-domain Receiver: The optimal ML TD
receiver for M -ary AC-FSK is illustrated in Fig. 3 with
(red/black). The received waveform r(t) is converted into
digital domain, i.e., r[n] for n = 0, 1, ..., 2M − 1 by using
analog-to-digital converter. As all the waveforms in the dic-
tionary, DAC are of equal energy, so the transmit frequency
is identified via the cross correlation in TD of the r and
sACm ∈ DAC as:

m̂ = arg max
m

〈r, sAC
m 〉 m ∈ {1, 2, ...,M}. (13)

It is recalled that the number of chips per symbol Mc for
M -ary AC-FSK is doubled as compared to M -ary FSK, i.e.,
Mc = 2M and half of the chips correspond to zeros. Thus,
the complexity (in terms of real multiplication) of the optimal
ML TD receiver for M -ary AC-FSK is of O(M2), i.e., same
as the complexity of U-FSK optimal ML receiver.

2) 1-tap DCT Receiver: It is a conventional sub-optimal
DCT-based receiver typically used for ACO-FOFDM [9]. The
1-tap DCT receiver architecture is shown in Fig. 4. On the
digitized received signal, r[n] where n = 0, 1, · · · , 2M − 1, a
2M -order DCT is applied, as in (1), resulting in R as:

R = C2Mr, (14)
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where R = [R0, R1, · · · , R2M−1]
T and C2M is the 2M -order

DCT matrix. Thereafter, the frequency index m is identified
from R as:

m̂ = arg max
m

{
|R2m−1|

}
m ∈ {1, 2, ...,M}. (15)

The 1-tap DCT receiver has degraded performance com-
pared to the optimal receiver due to the fact that only the
(odd) tap with maximum amplitude is used for frequency
index identification. Nevertheless, the 1-tap DCT receiver has
a low complexity (in terms of real multiplications) is of
O(M log2(2M)), due to the 2M -order DCT [9].

From the 2 previous subsections (III.D.1) and (III.D.2), we
conclude that there exists an energy efficiency vs complexity
trade-off for optimal ML TD and 1-tap DCT receivers.

3) 2-tap Harmonic Receiver: The 2-tap harmonic receiver
architecture for M -ary AC-FSK is illustrated in Fig. 3 with
(blue/black). It uses a Mc-order DCT together with frequency-
domain cross-correlation process to recover the transmitted
symbols. In a first off-line step, DCT is applied to all the
M -ary AC-FSK waveforms in the dictionary, DAC . Then, the
two most significant taps selected from each 2M -ary AC-FSK
frequency-domain waveform to build S2

m, leaving aside the
DC tap (see spectra in Fig. 1 (f) and (h)) are stored in a LUT.
These two significant taps (actually one odd, and one even)
contain most of the symbol energy. On the digitized received
signal, r[n] where n = 0, 1, · · · , 2M − 1, a 2M -order DCT
is applied to obtain R as in (14). So, the on-line front-end
processing is the same as for the the 1-tap DCT receiver,
but the transmitted frequency is then identified by looking
for a maximum after 2 taps-based computation (instead of 1
tap) in ouptut of the DCT (frequency-domain cross-correlation
between R and the the 2 taps frequency-domain waveforms
S2
m in the LUT) as:

m̂ = arg max
m

〈R,S2
m〉. (16)

The 2-tap harmonic receiver is a low complexity receiver (in
terms of real multiplications) is of O(M log2(2M)+2M) for
M -ary AC-FSK. The 2-tap harmonic receiver can overcome
the energy efficiency vs complexity trade-off found for optimal
versus sub-optimal receivers.

It can be noticed that harmonic receiver could be applied as
well to U-FSK receiver, but the number of taps needed for even
frequency waveforms would be definitely larger than 2 (see
Fig. 1. (d)). As a consequence, the harmonic receiver would
be of higher complexity for U-FSK than the 2-tap harmonic
receiver implemented for AC-FSK.
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IV. SIMULATION RESULTS

In this section, we have presented simulation results of
already presented two variants of FSK based modulation
schemes, i.e., M -ary DC-FSK and M -ary U-FSK, along with
the new approach, i.e., M -ary AC-FSK. We evaluate the
following performance parameters for M -ary AC-FSK: (i)
BER performance comparison between receivers; (ii) BER as
a function of SNR per bit considering an AWGN channel with
optimal receiver; and (iii) complexity comparison between
receivers. Monte Carlo simulation results are averaged over
106 separate runs for AWGN channel.

A. BER Performance Comparison between Receivers

The BER performance comparison as a function of electrical
signal-to-noise ratio per bit Eb(elec)/N0 for optimal ML TD
receiver, 1-tap DCT receiver and 2-tap harmonic receiver for
M -ary AC-FSK, considering modulation order DAC = 16 is
illustrated in Fig. 5. As expected, the BER performance of
optimal ML TD receiver is better than sub-optimal receiver
over AWGN channel by less than 1dB. In Fig. 5, it can also
be seen that the 2-tap harmonic receiver shows exactly the
same BER performance as the optimal time-domain receiver.

B. BER performance over AWGN with optimal receiver

Fig. 6 depicts the spectral efficiency η with respect to the
required Eb(elec)/N0 to target a BER of 10−3 for M -ary AC-
FSK, M -ary U-FSK and M -ary DC-FSK. From Fig. 6, it
can be seen that M -ary AC-FSK has far better performance
than M -ary DC-FSK because the waveforms in the dictionary,
DDC are negatively affected due to DC-offset. Moreover M -
ary AC-FSK also has slightly better performance than M -
ary U-FSK in terms of spectral efficiency η versus required
Eb(elec)/N0. We can see from Fig. 6 that for any targeted
spectral efficiency η, we need about 0.1 dB less Eb(elec)/N0

for M -ary AC-FSK as compared to M -ary U-FSK. Moreover,
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function of the number of bits per symbol λ = log2(M) for M -ary AC-FSK.

for η = 0.1 bit/s/Hz that M -ary DC-FSK has a penalty of 2
dB relatively to M -ary U-FSK and M -ary AC-FSK.

C. Complexity Comparison

For M -ary AC-FSK, we consider only real multiplications
(and not additions) for computing the complexity of the re-
ceivers because it consumes more bit operations. It is presented
in [9] that M -order DCT requires O(M log2(M)/2) real
multiplications. Fig. 7 illustrates the complexity comparison
of considered receivers as a function of the number of bits
per symbol λ = log2(M) for M -ary AC-FSK. However,
the optimal ML TD receiver has better BER performance
by the cost of high complexity and its complexity increases
quadraticaly with M , while the complexity of sub-optimal and

2-tap harmonic receivers increases linearithmically with M .
For a large λ, i.e., λ ≥ 7, the complexity of 2-tap harmonic
receiver is divided by a factor of 10 as compared to the optimal
time-domain receiver. It can be noticed that the 2-tap harmonic
receiver has slightly high complexity than sub-optimal 1-tap
DCT receiver but with the benefit of better BER performance
(similar BER performance than optimal time-domain receiver),
or equivalently better energy efficiency.

V. CONCLUSIONS AND FUTURE WORK

We have introduced a new modulation scheme called M -
ary AC-FSK for low data rate VLC based IoE applications,
and also compared its performance with state-of-the-art M -
ary U-FSK modulation technique. M -ary AC-FSK modulation
scheme is derived from conventional bipolar 2M -ary FSK,
discarding the even frequency waveforms, and by clipping
to zero the negative samples of odd frequency waveforms to
make them compatible with IM-DD. Spectral analysis of AC-
FSK waveforms reveals that only 2 harmonics (leaving aside
DC component) have significant amplitudes. Optimal/high
complexity and suboptimal/low complexity 1-tap DCT re-
ceivers have been introduced for M -ary AC-FSK. As for M -
ary U-FSK modulation, there exists an energy efficiency versus
complexity trade-off for both receivers. To alleviate this trade-
off, a 2-tap harmonic receiver has been proposed. It relies on
spectral properties of AC-FSK waveforms to exploit the only
2 most significant harmonics of AC-FSK waveforms to build
an harmonic receiver with drastically reduced complexity: the
number of multiplications becomes linearithmic with the size
of the alphabet instead of being quadratic. Simulation results,
considering an AWGN channel, show that M -ary AC-FSK
with 2-tap harmonic receiver has similar energy efficiency
performance as M -ary AC-FSK/U-FSK with optimal receiver,
but with an extremely reduced complexity, comparable to those
of the 1-tap DCT sub-optimal receiver.

Future works will investigate analytical BER expressions
for M -ary AC-FSK, the impact of time-dispersive VLC chan-
nel on AC-FSK performance, and also a VLC experimental
demonstration.
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