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Theoretical and Experimental Analysis of
Asymmetrically Clipped-FSK VLC System

Muhammad Jehangir Khan, Ali W. Azim, Yannis Le Guennec, Ghislaine Maury and Laurent Ros .

Abstract—In this article, energy efficient asymmetrically
clipped frequency-shift keying (AC-FSK) based visible light
communication (VLC) system is theoretically and experimentally
demonstrated. In order to facilitate straightforward comparison
with the experimental results, theoretical expression for bit
error probability, based on the Euclidean distance analysis of
AC-FSK symbols, is provided. The VLC setup is based on
commercial off-the-shelf components and software defined radio.
The bit error rate (BER) performance of AC-FSK is evaluated
considering maximum likelihood (ML) receiver, 1-tap discrete
cosine transform (DCT) based receiver and frequency-domain
harmonic receiver. Simulation and experimental results reveal
that the performance of harmonic and ML receivers is almost
identical. On the other hand, considering harmonic receiver for
both AC-FSK and state-of-the-art unipolar (U)-FSK, we also
gather that the BER performance of both schemes is almost the
same. However, the harmonic receiver complexity of AC-FSK is
41.6% and 33.3% less compared to that of U-FSK for modulation
order M = 16 and M = 128, respectively. This is because unlike
U-FSK, AC-FSK requires limited number of harmonics for its
optimal operation.

Index Terms—Frequency-shift keying, visible light communi-
cation, intensity modulation and direct detection, energy efficient
modulation.

I. INTRODUCTION

V isible light communication (VLC) is a promising tech-
nology to alleviate the scarcity problem of radio-

frequency (RF) spectral resources [1]. Extensive research has
been carried out on high data rate intensity modulation direct-
detection (IM-DD) VLC systems [2] which may employ spec-
tral efficient modulations, such as pulse-amplitude modulation
(PAM) [3] or optical-orthogonal frequency-division multiplex-
ing (O-OFDM) [4]. Nonetheless, VLC can also be used for
reliable and energy efficient low data rate (100 kbps to 1 Mbps)
applications [5]. It may be noticed that for low data rate energy
efficient applications, classical linear modulations like PAM
and O-OFDM may not be suitable choices because of their
poor energy efficiency which negatively impacts the autonomy
of battery powered terminals. On the other hand, non-linear
modulations [6], for which, the energy efficiency is improved
by decreasing the spectral efficiency, i.e., increasing alphabet
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cardinality, could be promising candidates. Among these non-
linear modulations, pulse-position modulation (PPM) has been
extensively studied [7] [8], and experimentally demonstrated
for VLC [9]. However, PPM has some serious limitations, such
as: (i) synchronization issues at the receiver; (ii) strong multi-
path channel impact on bit error rate (BER) performance; and
(iii) high peak to average power ratio [10]-[11]. In order to
circumvent these limitations of PPM, frequency-shift keying
(FSK) has been proposed for energy efficient RF systems [12]-
[13]. However, for IM-DD implementation of VLC systems,
FSK needs to be substantially modified to deal with the
unipolar and real-valued constraints on the transmit signal
imposed by IM-DD [10], [14]. In [10], a unipolar variant
of FSK, referred to as unipolar (U)-FSK is proposed. The
basic idea of U-FSK is to transmit the positive amplitude
excursions and sign flipped negative amplitude excursions in
two consecutive symbol periods. Simulation results reveal that
U-FSK is energy efficient relative to on-off keying (OOK)
and PAM [10]. Moreover, its energy efficiency improves by
increasing the alphabet cardinality. However, the maximum
likelihood (ML) receiver of U-FSK has a high computational
complexity. Thus, in order to reduce the receiver complexity,
a frequency-domain harmonic receiver for U-FSK has been
proposed in [15] whose performance is close to that of
ML receiver. The complexity of the harmonic receiver is
significantly reduced compared to the time-domain (TD) ML
receiver, due to the simplified correlation computation between
the frequency-domain received signal and frequency-domain
waveforms from dictionary, considering limited number of
taps for correlation computation. From this frequency-domain
approach, we also observed that only two harmonics are
needed for optimal detection of odd U-FSK frequencies,
whereas twelve harmonics are required for optimal detection
of even frequencies. This led to the proposal of asymmetrically
clipped (AC)-FSK, where only odd frequencies are used
(while transmitting only the positive amplitude excursions, and
not the sign flipped negative amplitude ones) to reduce the
harmonic receiver complexity [16]. Simulation results depict
that harmonic receiver based AC-FSK exhibits similar BER
as harmonic receiver based U-FSK, for the same spectral
efficiency. However, as aforementioned, the complexity of AC-
FSK harmonic receiver is significantly reduced relatively to U-
FSK harmonic receiver as it only uses odd frequencies which
requires lower number of harmonics for optimal performance.

Against the given background, the contributions of this
article are as follows:

• Firstly, we provide an expression which evaluates the
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minimum Euclidean distance for AC-FSK dictionary.
This expression permits to derive an approximate the-
oretical expression using which the bit error probability
for AC-FSK can be obtained. This theoretical bit error
probability expression will be used as benchmark to
analyze the performance of different receivers for AC-
FSK.

• Detailed receiver architectures are presented which were
not presented in [16].

• We validate the proof-of-concept of AC-FSK (consider-
ing both ML and harmonic receiver) by experimentally
demonstrating its performance over a VLC test-bench.
The experimental BER performance of AC-FSK is also
compared with that of U-FSK. It shall become evident
that practical implementation of AC-FSK is feasible and
makes it a viable alternative for low data rate energy
efficient VLC.

A. Notations

Unless otherwise mentioned, lower-case boldface italic let-
ters represent the discrete time-domain vectors, e.g., sm, where
m in subscript indicates the activated frequency. The nth
sample of sm is given as sm[n]. The frequency-domain coun-
terparts of the discrete time-domain waveforms are denoted
by the upper-case boldface italic letters, e.g., Sm. The kth
frequency component of Sm is given as Sm[k]. Boldface
caligraphic letters denote the matrices, e.g., D. The operations
such as transpose, inner product, convolution, absolute value
and Euclidean norm are respectively represented by (·)T, ⟨·, ·⟩,
⊗, | · | and ∥ · ∥.

B. Paper Organization

In Section II, AC-FSK signaling is revisited, whereby,
the time-domain and frequency-domain waveforms and its
receiver architectures are presented in detail. Moreover, the
Euclidean distance analysis for AC-FSK symbols is also
presented in the same section. In Section III, a theoretical
expression of AC-FSK bit error probability as a function of
received optical power is derived and is compared with simu-
lation results from [16]. In Section IV, the VLC experimental
set-up is presented and experimental BER results are reported
for AC-FSK for different receiver architectures. Based on the
experimental and theoretical results obtained by comparing
the performance of AC-FSK with other counterparts, the
conclusions are rendered in Section V.

II. M -ARY AC-FSK SIGNALING

A. M -ary AC-FSK Waveform Analysis

1) Time-Domain Waveforms: M -ary AC-FSK is proposed
in [16]. The dictionary of possible M waveforms for AC-FSK
is derived from the classical bipolar 2M -ary FSK dictionary.
The discrete-time samples, s̃k[n] of the the kth frequency FSK
waveform, s̃k of the 2M -ary FSK dictionary are given as:

s̃k[n] =

{
A√
2
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A cos
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πk 2n+1
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)
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Fig. 1: Discrete time-domain AC-FSK waveforms for m = 2 (a) and m = 10
(c), frequency-domain waveforms for m = 2 (b) and m = 10 (d), considering
M = 16.

where 0 ≤ n ≤ 2M−1 and A is the waveform amplitude. The
waveform (i.e symbol) duration is T̃s = McTc, where Tc is the
chip duration, and Mc is the number of chips per waveform,
Mc = 2M when no oversampling is considered. The minimum
frequency separation between adjacent waveforms frequencies
to ensure orthogonality is ∆f = 1/2T̃s [10]. To build the
AC-FSK dictionary, DAC having cardinality M , only the odd
frequency waveforms from D2M−FSK are extrapolated and
their negative samples are clipped to zero to comply with
the IM-DD constraints. Thus, the discrete-time mth AC-FSK
waveform, i.e., having mth frequency is defined as:

sm[n] = s̃+kodd
[n] =

{
s̃kodd

[n] s̃kodd
[n] ≥ 0

0 s̃kodd
[n] < 0

(2)

for m ∈ {1, 2, · · · ,M} and kodd = 2m − 1, and then
kodd ∈ {1, 3, · · · , 2M −3, 2M −1}. Considering a fixed chip
duration, Tc, the symbol duration of mth AC-FSK symbol,
sm = [sm[0], · · · , sm[2M − 1]]

T is Ts = T̃s.
2) Frequency-Domain Waveforms: 2M -order discrete co-

sine transform (DCT) is applied on AC-FSK symbol, sm to
attain its frequency-domain counterpart, Sm as:

Sm = C2Msm, (3)

where C2M is the 2M -order DCT matrix as in [16] and Sm in
vectorial form is given as Sm = [Sm[0], · · · , Sm[2M − 1]]T .

Let us consider that the mth AC-FSK frequency is activated,
i.e., we have sm, then its frequency-domain counterpart, i.e.,
Sm, will show: (i) a DC component, (ii) one harmonic related
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Fig. 2: Deviation, ∆ of the squared Euclidean distance between different
symbol pairs, d2i,j with i ̸= j, relatively to the minimum squared Euclidean
distance, d2min. NaN: not a number.

to the fundamental (activated) frequency with index 2m − 1
and amplitude 2A, and (iii) even order harmonics carrying the
distortion due to the clipping operation. The amplitudes of the
even 2pth harmonics, S2p

m are given as:

S2p
m =

8A

π

(−1)p

1− 4p2
, (4)

with p ∈ N∗. For 0 ≤ m ≤ M/2−1, second harmonic (p = 1
in (4)) is located at index 4m−2, i.e., Sm[4m−2] = 8A/3π.
For M/2 < m ≤ M − 1, second harmonic is aliased at index
4M − 4m+ 2, i.e., Sm[4M − 4m+ 2] = −8A/3π.

Considering M = 16, m = 2 and m = 10, Fig. 1 shows the
discrete time-domain (cf. Fig. 1 (a) and (c)) and frequency-
domain (Fig. 1 (b) and (d)) representations of sm and Sm,
respectively. The amplitudes of the harmonics illustrated in
Fig. 1 (b) and (d), which are obtained from numerical DCT
computations, are consistent with (4), considering A = 1. It is
highlighted that the fundamental and second harmonic contain
more than 99% of AC-FSK symbol energy, discarding the DC
component.

The baseband modulation bandwidth (without taking into
account clipping distortion harmonics [17]), is B = 2M∆f .
As bit rate is expressed as Rb = log2(M)/T̃s, M -ary AC-FSK
spectral efficiency, η is defined as:

η =
Rb

B
=

log2(M)

M
. (5)

B. Euclidean Distance between AC-FSK symbols

All the waveforms in DAC have the same average electrical
symbol energy, Es(elec) = (A2/4)Ts. The minimum squared
Euclidean distance between any waveform pairs (si; sj) of
DAC, with i ̸= j, is defined as:

d2min = min
i ̸=j

d2i,j = min
i̸=j

∥si − sj∥2

= min
i ̸=j

{
2Es(elec) − 2⟨si, sj⟩

}
.

(6)

Fig. 3: Histogram of the squared normalized distances, i.e., d̃2i,j =

d2i,j/2Es(elec) for 16-ary AC-FSK. Squared normalized distance, d̃2i,j be-
tween one waveform with the whole dictionary, DAC is presented.

It may be observed that the inner products, ⟨si, sj⟩ for
i ̸= j is not zero because of the orthogonality loss due to
the clipping process. Henceforth, it is mandatory to find the
waveform pair, (si; sj) that has maximum inner product which
shall result in the minimum squared Euclidean distance (6).
Mathematical analysis indicates that the maximum value for
⟨si, sj⟩ is achieved for i = 1 and j = 2, which leads to:

d2min =
A2Ts

2

[
1− 3

√
3

4π

]

= 2Es(elec)γ
AC,

(7)

where γAC = (1 − 3
√
3/4π) ≈ 0.59 is a penalty factor on

the minimum distance induced by orthogonality loss. Penalty
factors for M -ary U-FSK and M -ary DC-FSK are γU = 0.55
and γDC = 0.33, respectively [10]. Note that, the higher the
value of the penalty factor γ, the higher the energy efficiency
relatively to conventional M -ary FSK (no degradation if γ =
1).

For clarity, we evaluate the deviation of the squared Eu-
clidean distance for all symbol pairs, d2i,j with i ̸= j relative
to d2min, by defining the parameter ∆ as:

∆ =
d2i,j − d2min

d2min

. (8)

Fig. 2 represents a heat-map of ∆ as a function of all
possible waveform pairs (si; sj), considering 16 AC-FSK. It
can be seen from Fig. 2 that the squared Euclidean distance
between any symbol pairs does not deviate more than 16.06%
from d2min for M = 16. For higher modulation alphabet
cardinalities, e.g., M = 1024, the deviation from d2min is
not more than 16.23%. Fig. 3 illustrates the histogram of
the normalized squared Euclidean distance for M -ary AC-
FSK, considering M = 16, i.e., d̃2i,j = d2i,j/2Es(elec), where
d2i,j = ∥si(t) − sj(t)∥2 is the squared Euclidean distance
between waveform pairs (si; sj) in the dictionary, DAC for
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Fig. 4: Optimal ML TD receiver (red/black) and 2-tap harmonic receiver
(blue/black) structure for M -ary AC-FSK.

i ̸= j. For a given symbol si, 15 symbol pairs are considered
in Fig. 3. It can be seen in Fig. 3 that most of the waveform
pairs (si; sj) have squared Euclidean distances close to d2min,
for which d2min/2Es(elec)=γAC ≈ 0.59, while there is one
symbol sj which shows a squared Euclidean distance related
to si which is significantly larger than d2min.

C. Channel Model

The received waveform r, contaminated by the ambient
noise, w is given as:

r = sm +w, (9)

where w is an additive white Gaussian noise (AWGN) having
mono-lateral power spectral density (PSD) of N0. For clarity
of exposition, w and r in vectorial form are given as w =
[w[0], · · · , w[2M − 1]]

T and r = [r[0], · · · , r[2M − 1]]
T.

D. M -ary AC-FSK Receivers

1) Optimal Time-Domain Receiver: Considering that all
waveforms in DAC are equiprobable, i.e., p(sm) = 1/M
and have equal energy, i.e., Es(elec), then the theoretical
time-domain maximum likelihood (TD ML) receiver identi-
fies sm ∈ DAC which maximizes the likelihood function,
p(r|sm). Note that p(r|sm) is the conditional probability of
receiving r when sm is sent. Considering an AWGN channel
having noise variance σ2 = NoB, the likelihood function is
given as:

p(r|sm) =

(
1

2πσ2

)Mc

exp

(
−∥r − sm∥2

2σ2

)

= Λexp

(
⟨r, sm⟩

σ2

)
.

(10)

Here, Λ = (1/2πσ2)Mc exp(−∥r∥2−∥sm∥2/2σ2) which fol-
lows from the fact that ∥r−sm∥2 = ∥r∥2+∥sm∥2−2⟨r, sm⟩.
Then, the estimated activated frequency, m̂ using theoretical
TD ML receiver can be identified as:

m̂ = arg max
m

⟨r, sm⟩, m ∈ {1, 2, ...,M}. (11)

The receiver architecture for the optimal TD ML receiver
for M -ary AC-FSK is illustrated in Fig. 4, where necessary
operations are identified using (red/black).

2) 1-tap DCT-based Receiver: It is evident that the compu-
tational complexity of the TD ML receiver is very high; which
makes it less practical. However, it is possible to simplify the
factor ⟨r, sm⟩ in (11), which leads to a low-complexity sub-
optimal receiver. In this perspective, the factors;

⟨r, sm⟩ = ⟨r, s̃+2m−1⟩ (12)

for m ∈ {1, 2, ...,M} (see (11), (2)), are simply replaced by
inner products with the bi-polar FSK waveforms

⟨r, s̃2m−1⟩ = R[2m− 1], (13)

that can be obtained by the DCT of r evaluated at odd
frequency index 2m − 1. Indeed, R[2m − 1] represents the
2m− 1th component of the DCT vector :

R = C2Mr = [R[0], · · · , R[2M − 1]]T. (14)

The activated frequency index, m is then identified as:

m̂ = arg max
m

{
R[2m− 1]

}
, m ∈ {1, 2, ...,M}. (15)

Thus, essentially the decision on the activated frequency is
taken on 1-tap of R which exhibits the maximum amplitude.
The sub-optimality of 1-tap DCT-based receiver is due to the
fact that it completely ignores the clipping distortion falling
on even frequencies, since DCT output is only considered
for odd frequencies (15). In other words, knowing from
(2) that AC-FSK symbol is the half sum of one FSK-
symbol (pure tone) plus its absolute value (even harmonics),
sm[n] = 1

2 (s̃2m−1[n] + |s̃2m−1[n]|), the 1-tap DCT-based
receiver is only matched to the first component of the symbol,
ignoring fully the second component.

3) 2-tap Harmonic Receiver: The idea behind the 2-tap
harmonic receiver is to include the clipping distortion har-
monics which were not considered for the low-complexity
sub-optimal receiver to identify the activated frequency. Fig. 4
(blue/black) illustrates the architecture of the 2-tap harmonic
receiver for M -ary AC-FSK. In the first (off-line) step, the two
most significant harmonics (leaving aside the DC component)
are selected from (4) to build a dictionary of M waveforms,
S2

m, which are then interpolated in a look-up-table (LUT). In a
second (on-line) step, 2M -order DCT is applied on r to obtain
R. Lastly, the frequency-domain cross-correlation is evaluated
between R and S2

m to identify the transmit frequency index,
m̂ as [16]:

m̂ = arg max
m

⟨R,S2
m⟩, m ∈ {1, 2, ...,M}, (16)

where the factor ⟨R,S2
m⟩ can be explicitly expressed as:

⟨R,S2
m⟩ = R[2m−1].Sm[2m−1]+R[k2nd].Sm[k2nd], (17)

with k2nd the index of the second harmonic (even) frequency
(k2nd = 2× (2m− 1) if m < M/2, or 2× (2M − (2m− 1))
if m ≥ M/2 (see section II-A2)).

The harmonic receiver can be regarded as a 2-taps DCT
based receiver, with the same front-end as 1-tap DCT based re-
ceiver. However, the 2-taps recombination ⟨R,S2

m⟩ in (17)(16)
permits to approach closely ⟨R,Sm⟩ (frequency formulation),
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TABLE I: Complexity computations and complexity reduction, β for 2-
tap harmonic receiver relative to the optimal TD ML receiver, considering
different M , for M -ary AC-FSK.

M CTD,ML Charm β (%)

16 256 112 56.3

32 1024 256 75.0

64 4096 576 85.9

128 16384 1280 92.2

256 65536 2816 95.7

512 262144 6144 97.7

which is equal to the inner product ⟨r, sm⟩ (time formulation)
appearing in the optimal time-domain receiver (11). Hence, the
performance of the 2-tap harmonic receiver is expected to be
close to the one of the optimal time-domain receiver.

4) Complexity Analysis: We have observed that the primary
contributor to the receiver complexity is the number of mul-
tiplications required to identify the frequency, whereas, the
number of additions is not significant when calculating the
overall receiver complexity. Therefore, the complexities of the
receivers are computed by considering only the number of
non-zero real multiplications.

The complexity (number of non-zero real multiplications)
of the optimal TD ML receiver is CTD,ML = MMc = M2

because half of the chips of M -ary AC-FSK time-domain
waveforms are clipped to zero [16]. For the sub-optimal
receiver, only a 2M -order DCT is needed, which requires
Csub−opt = M log2(2M) multiplications [16]. Similarly, the
2-tap harmonic receiver requires Charm = M log2(2M)+2M
multiplications, which is slightly larger relative to 1-tap DCT
receiver, but is still linearithmic with M [16]. This increase in
the complexity of 2-tap harmonic receiver relative to the 1-tap
DCT receiver is about 40% and 25% for M = 16 and 128,
respectively.

The complexity of 2-tap harmonic receiver is drastically
reduced compared to the optimal TD ML receiver. For clear
understanding, we introduce β to evaluate the complexity
reduction of the 2-tap harmonic receiver as compared to the
optimal TD ML receiver for different M , i.e., β = (1 −
Charm/CTD,ML) × 100%. In fact, β evaluates the percentage
decrease in the complexity of the 2-tap harmonic receiver
relative to the optimal TD ML receiver for different M . In
Tab. I, the complexity computations of optimal TD ML and 2-
tap harmonic receivers for M -ary AC-FSK and the complexity
reduction β are provided for different M .

It is recalled that the complexity of (12, 2)-tap harmonic
receiver for M -ary U-FSK [15] is CU

harm = M log2(2M) +
Le(M/2) + Lo(M/2), where Le = 12 and Lo = 2 are
the number of taps selected for even and odd frequencies,
respectively. It is found that the complexity reduction of 2-
tap harmonic receiver for M -ary AC-FSK relative to (12, 2)-
tap harmonic receiver for M -ary U-FSK is about 41.6% and
33.3% for M = 16 and M = 128, respectively.

In the next sections, we shall demonstrate theoretically and
experimentally that the harmonic receiver based M -ary AC-

FSK overcomes the energy efficiency versus complexity trade-
off that exists in the optimal TD ML and 1-tap DCT-based
receivers. Moreover, harmonic receiver based M -ary AC-FSK
is expected to reach slightly improved energy efficiency than
M -ary U-FSK but with a significantly reduced complexity.

III. BIT ERROR PROBABILITY FOR AC-FSK
A. Average Optical Energy per Bit

To evaluate the theoretical performance of AC-FSK to serve
as a benchmark for simulation and experimental results, we
express the bit error probability as a function of optical signal-
to-noise ratio (SNR) per bit, i.e., Eb(opt)/N0 [18]. The optical
energy per bit, Eb(opt) can be defined from optical power,
P(opt) = 1/Mc

∑Mc−1
n=0 |sm[n]|, i.e., Eb(opt) = P(opt)Tb,

where Tb = Ts/ log2(M) is the bit time. According to M -
ary AC-FSK waveform definition in (2), Eb(elec) and Eb(opt)

are expressed as:

Eb(elec) =
A2Tb

4
and Eb(opt) =

ATb

π
. (18)

Using expression (7) d2min = 2Es(elec)γ
AC with Es(elec) =

log2(M)Eb(elec), and incorporating (18) into (7), an expres-
sion relating d2min to Eb(opt) is obtained as:

d2min = ΓE2
b(opt), (19)

where Γ = π2γACRb log2(M)/2. It should be noticed that all
the results of this article are given in terms of Eb(opt)/No,
while complementary results in terms of Eb(elec)/No are
presented in [16].

B. Theoretical Bit Error Probability
The theoretical bit error probability expression for ML

detection of conventional M -ary FSK in an AWGN channel is
well known and demonstrated in [6], considering ML receiver.
It is a function of the minimum Euclidean distance between
FSK symbols, dmin,FSK. It has been demonstrated in Section
II.B that the squared Euclidean distance between any pair of
AC-FSK symbols does not deviate from d2min of more than
16.23% for M ≥ 16. As a consequence, a relatively good
approximation of theoretical symbol error probability, Pe can
be obtained for AC-FSK with ML detection by substituting
dmin,FSK with dmin found for AC-FSK (19) in the FSK bit
error probability expression [6], which leads to:

Pe ≈
M

2
√
2π(M − 1)

∫ +∞

−∞

[
1− (1−Q(x))

M−1
]

×e

−
(

x−

√
Γ

E2
b(opt)
N0

)2

2


dx,

(20)

where Q(·) is the Gaussian Q-function [6], e[·] is the expo-
nential function.

C. Theoretical and Simulated Bit Error Probabilities
Fig. 5 illustrates Monte-Carlo simulation results for BER

performance as a function of Eb(opt)/N0 for different M -
ary AC-FSK receiver architectures including optimal TD ML
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Fig. 5: Simulated and theoretical BER performance against Eb(opt)/No for
M -ary AC-FSK receivers in AWGN channel considering M = 16 and M =
128. Average optical power is Popt=1 W.

receiver (TD ML Rx), 1-tap DCT-based receiver (1-tap DCT
Rx) and 2-tap harmonic receiver (Harm Rx), for an AWGN
channel, considering M = {16, 128} and a normalized aver-
age optical power P(opt) of 1W, which corresponds to A = π
in (18). The theoretical BER approximation given in (20) is
also depicted in Fig. 5. The theoretical results are slightly
worse (i.e. have larger values) than the simulations because
the theoretical bit error probability in (20) is based on the
assumption that the distance between any waveform pairs
(si; sj) with i ̸= j from the AC-FSK dictionary is dmin

expressed in (19). Nevertheless, as demonstrated in Fig. 2 and
discussed in section II.B, for a given transmitted symbol, one
symbol pair has a distance significantly larger than dmin. As
a consequence, the theoretical bit error probability in (20) is
slightly overestimated and acts as an upper bound for the exact
bit error probability.

Finally, we can observe the following from Fig. 5: (i)
improvement of M -ary AC-FSK energy efficiency is evident
when M is increased from 16 to 128 (i.e., to reach a
given BER, the required Eb(opt)/N0 is reduced when M is
increased); (ii) the theoretical BER approximation is in close
conformity with the Monte Carlo BER results for ML TD
receiver; (iii) BER performance with 2-tap harmonic receiver
is almost the same as the one with optimal TD ML receiver,
with a deviation of no more than 5%; and (iv) 1-tap DCT-
based receiver has degraded BER performance as compared
to optimal TD ML receiver, i.e., it requires approximately 1
dB higher Eb(opt)/N0 to reach a target BER of 10−3.

D. Spectral efficiency versus Energy efficiency performance

Fig. 6 illustrates the simulation results of spectral efficiency
η versus the required Eb(opt)/N0 to target a BER of 10−3,
for an AWGN and considering: i) M -ary AC-FSK with 2-
tap harmonic receiver, ii) M -ary U-FSK with (12, 2)-tap
harmonic receiver, iii) OOK with optimal ML receiver, iv)
M -ary PAM with optimal ML receiver. From Fig. 6, it can be
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Fig. 6: Spectral efficiency η versus required Eb(opt)/N0 to target a BER of
10−3 for M -ary AC-FSK, M -ary U-FSK, OOK and M -ary PAM.

TABLE II: Experimental parameters to evaluate the performance of M -ary
AC-FSK and M -ary U-FSK.

AC-FSK / U-FSK

Dictionary size, M 16 128

Sampling Frequency, Fs (MHz) 25 25

Oversampling Ratio, K 4 4

Bandwidth, B (MHz) 3.125 3.125

Data Rate, Rb (Mbit/s) 0.78 0.17

Spectral Efficiency, η (bit/s/Hz) 0.25 5.4× 10−2

seen that the 2-tap harmonic receiver based M -ary AC-FSK
has slightly better performance than the (12, 2)-tap harmonic
receiver based M -ary U-FSK because of slightly larger penalty
factor γ, leading to a slightly improved energy efficiency
(cf. section II.B). For any target spectral efficiency η ≤ 0.4
bit/s/Hz, we need about 0.1 dB less Eb(opt)/N0 for M -ary
AC-FSK as compared to M -ary U-FSK. Moreover, we can
clearly see from Fig. 6 that energy efficiency is improving by
increasing M at the expense of reducing spectral efficiency
for M -ary AC-FSK and M -ary U-FSK. Performance of M -
ary PAM and OOK (special case of M -ary PAM with M = 2)
have also been reported in Fig. 6. Recall that the spectral
efficiency of the M -ary PAM is log2(M) (bits/s/Hz) [19] [10].
The performance of OOK and 4 PAM are worse than 4 AC-
FSK of about 2.9 dB and 7 dB, respectively. Since M -ary
PAM is a linear modulation, we can clearly see on Fig. 6
the typical degradation of energy efficiency when increasing
modulation order M .

IV. EXPERIMENTAL RESULTS

A. Experimental Test Bench

Fig. 7 (a) illustrates the experimental setup of the IM-DD
VLC system. The test-bench is built from commercial off-the-
shelf (COTS) devices [20]. The VLC transmitter (TX) (cf.
Fig. 7 (b)) uses a Red Green Blue Amber (RGBA) LED
(LED Engin LZA-00MA00) which integrates 4 chips (one
per colour). The LED viewing angle is 95° (full opening
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Fig. 7: Experimental setup for M -ary AC-FSK VLC system (a), LED
transmitter (driver and LED) (b), receiver (c). Op. filter: optical filter, Tun.
att.: tunable attenuator.

angle at 50% maximum intensity). Only green colour with
an emitted wavelength λ = 525 nm is modulated for our
VLC experiment. A dedicated LED driver has been designed
to reach an available modulation bandwidth of about 10 MHz.
LED bias is set at 200 mA in a relatively linear region of
the LED Light-Intensity (L-I) curve, and modulation depth
is adjusted to guarantee that the clipped samples amplitude
of AC-FSK waveforms (cf. Fig. 1) corresponds to the zero-
level optical intensity. The emitted surface power density of
the LED, ρt(opt) is evaluated as 1.7mW/cm2. The optical
channel is line-of-sight (LOS) and the distance between the
emitter and the receiver is fixed to 1 m. At the receiver (cf.
Fig. 7 (c)), a green optical filter (Thorlabs FD1D) is used
to filter out unwanted wavelengths from ambient light. It
is followed by a tunable optical attenuator (Thorlabs NDC-
50C-2M-A) to evaluate the VLC system performance under
different received optical powers, Pr(opt). A silicon PIN photo-
diode (PD) (Hamamatsu S10784), which integrates a focusing
lens, realizes direct conversion of the intensity modulation
into electrical modulation. The effective photosensitive area
is 7 mm2, PD responsivity is approximately 0.35 A/W at
λ = 525 nm and PD electrical bandwidth is of about 200
MHz. The PD is followed by a DC block to remove any
DC offset induced by the parasitic ambient light detection.
Then, a low-pass filter (LPF) with a cut-of-frequency of about
12 MHz is used as an anti-aliasing filter before analog-to-
digital conversion and demodulation. For digital modulation
and demodulation capabilities, a software-defined-radio (SDR)
equipment (Ettus Research USRP N210) is used. SDR is
interfaced with MATLAB for modulator/demodulator digital
signal processing implementation [21], with the perspective
of comparing the performance of AC-FSK with state-of-the-
art U-FSK modulation scheme, implementing our different
receiver architectures (cf. section II.D). Baseband front-ends
(Ettus LFTX and LFRX daughter boards) are mounted on
USRP N210 platform for digital-to-analog and analog-to-
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Fig. 8: Measured normalized channel gain over bandwidth B=3.125 MHz.

digital conversions (0 − 30 MHz bandwidth). Details about
USRP sampling frequency (Fs), oversampling ratio (K), mod-
ulation signal bandwidths (B), data rates (Rb) and spectral
efficiencies (η), are reported in Tab. II.

B. Channel Response

To estimate the channel gain of the VLC system, a frame of
M -ary FSK symbols with carrier frequency increasing from
1/2Ts to (M − 1)/2Ts is generated with USRP (Fs = 25
MHz, K = 4) and sent to the LED driver. A simple DC bias
is added to the FSK symbols to make them unipolar. M is
set at 128 and the occupied bandwidth by all FSK symbols is
B = 3.125 MHz, which is the same as AC-FSK and U-FSK
bandwidth (cf. Tab. II). After optical wireless transmission
and photodetection, a DCT is operated on each FSK symbol,
which gives an estimate of the channel magnitude response,
|H(f)| at each FSK symbol frequency. It has to be noticed
that channel response includes LED driver response, wireless
channel response and optical receiver response. Fig. 8
shows the obtained normalized channel gain of the VLC
system over bandwidth B, plotted in Decibel unit (dB), i.e.,
20.log(|H(f)|). As it can be seen on Fig. 8, the channel gain
has a high pass filtering behaviour with a moderate slope
(about 6 dB variation in the global bandwidth). It has been
identified that this behaviour is mainly induced by the LED
driver which includes a bias tee to combine the digitally
modulated current with the DC bias current to feed the LED.
This bias tee integrates a serial capacitance on its RF port for
DC decoupling purpose, which acts as a high pass filter.

C. Bit-error-rate (BER) Performance

In this subsection, an overview of the experimental results
of the proposed M -ary AC-FSK relative to State-of-The-Art
M -ary U-FSK is provided. Theoretical approximation in (20)
is also presented as a benchmark. Experimental BER results
for OOK have not been reported as benchmark, because our
channel frequency response (high pass filtering effect shown
in Fig. 8) strongly affects OOK baseband spectrum. As a
consequence, OOK BER is very degraded.
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Fig. 9: Experimental and theoretical approximation (Theory) for BER per-
formance against Pr(opt) for M -ary AC-FSK receivers, considering M =
{16, 128}

.

Experiments are performed in an optical line-of-sight (LOS)
channel with pre-defined modulation at transmitter side, and
real-time demodulation at receiver side. BER measurements
are realized by counting a minimum of 100 bit errors to ensure
sufficient BER accuracy.

Fig. 9 depicts the experimental BER performance against
the received optical power, Pr(opt) using the optimal TD
ML receiver, the 1-tap DCT-based receiver or the 2-tap har-
monic receiver over optical LOS channel, while considering
M = {16, 128} AC-FSK. Fig. 9 shows the improved energy
efficiency when increasing AC-FSK modulation order at an
expense of spectral efficiency (cf. Tab. II). This is because
the minimum distance between the symbol pairs increases by
increasing M , since d2min is proportional to the symbol energy
Es(elec) for this modulation, with a proportionality constant
independent on M (cf. (7)). As a consequence, for a given
Es(elec)/N0 ratio, BER is identical for any dictionary size.
Since Eb(elec) = Es(elec)/ log2(M) with λ = log2(M) the
number of bits per symbol, BER as a function of Eb(elec)/N0

is improved when λ is increased. This result is counter-
intuitive when considering linear modulations, but it is a
common behavior when considering (orthogonal) non-linear
modulations [12][13][6].

From Fig. 9, it can be seen that the optimal TD ML
receiver has better BER performance than 1-tap DCT-based
receiver, which was expected (see section II.D). The necessary
Pr(opt) for TD ML receiver to achieve a BER value of
10−3 is 1 dB lower than the necessary Pr(opt) to achieve
the same BER value using 1-tap DCT receiver. This result
is compliant with Fig. 5 considering that the noise power
spectrum density, N0 is supposed to be independent from
Pr(opt) (N0 is mainly induced by thermal noise, ambient noise
and receiver circuit noise figure). From Fig. 9, it can also
be observed that the 2-tap harmonic receiver shows the same
BER performance as the optimal TD ML receiver, with a
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complexity reduction of about 56.3% (respectively 92.2%)
for M = 16 (respectively M = 128). These similar BER
measurements are compliant with simulation results shown in
Fig. 5. Theoretical approximation (20) has been reported on
Fig. 9. For calibrating Eb(opt)/N0 in the theoretical bit error
probability (20) relatively to Pr(opt), Eb(opt) and Pr(opt) are
related using Eb(opt) = Pr(opt)Tb. Tb = 1/Rb is extracted
from Tab. II and is used also to explicit Γ parameter definition
(see (19)) used in (20). Then, a N0 value of −160 dBm/Hz is
found so that the bit error probability reaches a value of 10−3

for the optical power Pr(opt) = −36.7 dBm for M = 16,
in order to fit approximately the experimental BER result of
Fig. 9. In the following step, maintaining the same value
N0 = −160 dBm/Hz, the theoretical bit error probability
is computed for M = 128 as a function of Pr(opt) using
(20). Theoretical bit error probabilities for M = {16, 128}
match relatively well with TD ML and harmonic receivers
experimental results. Slight differences between theoretical bit
error probabilities and BER measurements may come from
the channel frequency response, which is not perfectly flat, as
shown on Fig. 8.

Fig. 10 illustrates the experimental BER performance
against received optical power, Pr(opt) considering L-tap har-
monic receiver for M -ary AC-FSK and M -ary U-FSK [15]
with modulation orders M = {16, 128}. In the harmonic
receiver, only L = 2 taps are considered for all AC-FSK
frequency waveforms [16], whereas Lo = 2 and Le = 12
taps are used for odd and even U-FSK frequency waveforms,
respectively [15]. It can be seen in Fig. 10 that the measured
BER performance of M -ary AC-FSK is similar as the one of
M -ary U-FSK for M = 16. For M = 128, slightly degraded
performance can be observed for U-FSK relatively to 128 AC-
FSK, which may come from the impact of the receiver low
pass filtering (cf Fig. 7) on the numerous U-FSK waveform
harmonics. Moreover, AC-FSK harmonic receiver complexity
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is found to be 41.6% (respectively 33.3%) lower than U-
FSK harmonic receiver complexity for M = 16 (respectively
M = 128), due to the limited number of taps used in AC-FSK
harmonic receiver (see section II.D).

V. CONCLUSION

In this article, theoretical analysis and experimental demon-
stration of AC-FSK are presented for low data rate and energy
efficient VLC. AC-FSK signalling is introduced and differ-
ent receiver architectures are succinctly described. Euclidean
distance analysis between AC-FSK waveforms leads us to
an approximate expression of theoretical bit error probability
as a function of received average optical energy per bit to
allow a straightforward comparison with experimental results.
The VLC test-bench, composed of COTS devices interfaced
with SDR equipment is presented, and VLC channel gain
is measured. BER measurements show approximately similar
results as theoretical results and the improvement of AC-
FSK energy efficiency is experimentally demonstrated when
increasing modulation order M from 16 to 128. BER mea-
surement comparisons between 3 different receivers show that
harmonic receiver has similar performance as TD ML receiver
with the benefit of a drastically reduced complexity. Perfor-
mance comparison between AC-FSK and U-FSK signalling
using harmonic receiver reveals that both modulations reach
similar BER. However, AC-FSK harmonic receiver shows
significantly reduced complexity relatively to U-FSK harmonic
receiver due to the reduced number of taps in frequency-
domain AC-FSK waveforms. A perspective of this work is
to investigate efficient coding schemes associated with AC-
FSK modulation technique to improve even further AC-FSK
energy efficiency for low data rate VLC systems.
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