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Analysis of the Single-FFT Receiver for Layered
ACO-OFDM in Visible Light Communications

Xiaoshuang Liu , Jianfeng Li , Jianke Li , and Zhitong Huang

Abstract—Layered asymmetrically clipped optical orthogonal
frequency division multiplexing (LACO-OFDM) has a high spec-
tral efficiency. However, an iterative detection with a pair of fast
Fourier transform (FFT) and inverse fast Fourier transform (IFFT)
is required for LACO-OFDM, which increases the complexity for
the receiver of LACO-OFDM. In this paper, the performance of the
receiver with a single FFT is analyzed for LACO-OFDM in visible
light communications. In the single-FFT receiver, the different
layers of ACO-OFDM signals are distinguished in time domain
without the FFT/IFFT pair. Because only one FFT is employed
in the proposed receiver, the complexity of O(Nlog2N) can be
achieved, which is much lower than the complexity of the conven-
tional LACO-OFDM receiver. Simulation results illustrate that the
proposed scheme has a signal-to-noise ratio (SNR) penalty of 1dB
∼ 3dB compared with the conventional solution in additive white
Gaussian noise (AWGN) channel. However, the proposed receiver
outperforms conventional LACO-OFDM solution in light emitting
diode (LED) nonlinearity channel.

Index Terms—Intensity modulation with direct detection
(IM/DD), Layered asymmetrically clipped optical orthogonal
frequency division multiplexing (LACO-OFDM), modulation,
optical communications, visible light communications.

I. INTRODUCTION

O PTICAL orthogonal frequency division multiplexing
(OFDM) is being considered as a candidate for visible

light communications (VLC) because of many advantages such
as high spectral efficiency and anti-multipath fading [1]–[4].
Asymmetrically clipped optical OFDM (ACO-OFDM) do not
need any direct current (DC) bias, which is a power efficient
OFDM technique for an intensity modulation/direct detection
(IM/DD) system [5]. However, ACO-OFDM is not efficient in
terms of bandwidth, in which only odd subcarriers are used
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to transmit information symbols. Recently, there are several
schemes to improve the spectral efficiency for ACO-OFDM
including asymmetrically clipped DC biased optical OFDM
(ADO-OFDM) [6], hybrid ACO-OFDM (HACO-OFDM) [7],
spectral and energy efficient OFDM (SEE-OFDM) [8], en-
hanced unipolar OFDM (eU-OFDM) [9], enhanced ACO-
OFDM (eACO-OFDM) [10], augmented spectral efficiency dis-
crete multi-tone (ASE-DMT) [11] and layered ACO-OFDM
(LACO-OFDM) [12]. Compared with these schemes, LACO-
OFDM needs the lowest signal-to-noise ratio (SNR) for a given
spectral efficiency [13]. In LACO-OFDM systems, multiple
ACO-OFDM layers could be transmitted simultaneously and
a complicated iterative receiver with a pair of fast Fourier
transform (FFT) and inverse fast Fourier transform (IFFT) is
required to recover the each layer. An improved receiver is pro-
posed for LACO-OFDM, which distinguishes different layers
of ACO-OFDM signals in the time domain [14]. In [15], a
diversity combining based receiver is utilized to improve the
LACO-OFDM performance. A two-stage receiver is proposed,
in which a soft interference cancellation module is used in [16].
Wang et al. experimentally show that LACO-OFDM exhibits
its great potential in short-haul optical transmission link [17].
However, in all these schemes, the iterative detection with the
FFT/IFFT pair is still required in the receiver, which increases
the computational complexity for the receiver of LACO-OFDM.

High computational complexity of LACO-OFDM may re-
strict its application in VLC systems. A single-FFT transmitter
has been shown in [17], by which the complexity of the trans-
mitter can be reduced. However, the complexity of the receiver
remains a challenge for LACO-OFDM. A single-FFT receiver
using the symmetry properties of ACO-OFDM has been actually
proposed for SEE-OFDM in [8]. Furthermore, in our previous
work, we proposed a diversity combining scheme via symmetry
recovering for ACO-OFDM systems [18]. Symmetry recover-
ing is a simple signal processing in time domain without the
FFT/IFFT pair which can reduce the computational complexity
for the receiver, which may be a great benefit for LACO-OFDM.

In this paper, a low-complexity receiver with only single FFT
for LACO-OFDM is proposed. We also compare the perfor-
mance of the proposed scheme with the conventional technique
in additive white Gaussian noise (AWGN) and light emitting
diode (LED) nonlinearity channel. It is shown that compared
with the conventional scheme, the proposed receiver is insensi-
tive to the LED nonlinearity.

The rest of this paper is organized as follows. The single-
FFT receiver is developed in Section II. Simulation results and
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Fig. 1. Block diagram of single-FFT receiver for the LACO-OFDM based VLC system.

discussions are shown in Section III. Finally, conclusions are
drawn in Section IV

II. SYSTEM DESCRIPTION

A LACO-OFDM based VLC system with N subcarriers is
shown in Fig. 1. In LACO-OFDM systems, multiple ACO-
OFDM layers are transmitted in parallel to improve the spectral
efficiency. Subcarriers in frequency domain are divided into
subgroups which carry different layers [15]:

X
(l)
k =

{
X,
0,

k ∈ Kl
ACO,

otherwise,
(1)

where X
(l)
k and Kl

ACO denote the frequency-domain signal of

Layer l and the data-carrying subcarriers for Layer l. X(l)
k has

Hermitian symmetry: X(l)
k = X

(l)∗
N−k. Kl

ACO for Layer l can be
written by [15]

Kl
ACO =

{
1× 2l−1, 3× 2l−1, 5× 2l−1, . . . , N − 2l−1

}
. (2)

As shown in Fig. 1, N-point IFFTs are performed respectively
for each layer. After IFFT the nth time-domain sample of LACO-
OFDM for Layer l is [12]

x
(l)
ACO,n=

1√
N

N−1∑
k=0

X
(l)
k exp

(
j2πnk

N

)
, n = 0, 1, . . . , N − 1,

(3)
which has the anti-symmetry as

x
(l)
ACO,n = −x

(l)

ACO,n+N/ 2l
, mod(n,N/2l−1) < N/2l, (4)

for n = 0, 1, . . . , N−N/2l − 1.For higher layers (Layer l+
1), ACO-OFDM symbol also exhibits the symmetry property:

x
(l+1)
ACO,n = x

(l+1)

ACO,n+N/2l
, mod(n,N/2l−1) < N/2l, (5)

for n = 0, 1, . . . , N −N/2l − 1. By reason of anti-symmetry,
the negative parts ofx(l)

ACO,n can be clipped to generate a unipolar

signal:

⌊
x
(l)
ACO,n

⌋
C
=

{
x
(l)
ACO,n, x

(l)
ACO,n ≥ 0

0, x
(l)
ACO,n < 0

=
1

2
x
(l)
ACO,n + x

(l)
Clip,n, n = 0, 1, . . . , N − 1,

(6)

where x
(l)
Clip,n is the clipping distortion that only fall on the

clipping distortion-carrying subcarriers in frequency domain,
which are denoted by

Kl
Clip =

{
k − 2l−1 : k ∈ Kl

ACO

}
. (7)

It is noted that since x(l)
Clip,n in (6) is generated from the even

subcarriers only, it has symmetry property in time domain: [6]

x
(l)
Clip,n = x

(l)

Clip,n+N/2l
, mod(n,N/2l−1) < N/2l, (8)

for n = 0, 1, . . . , N −N/2l − 1.All layers of ACO-OFDM are
then combined as

xL/EACO,n =

L∑
l=1

⌊
x
(l)
ACO,n

⌋
C
, n = 0, 1, . . . , N − 1, (9)

where L denotes the number of layers. The maximum value of
L is equal to log2N − 1. Then the LACO-OFDM signal is input
to an LED to generate the optical signal after a digital to analog
(D/A) converter and the cyclic prefix (CP) addition.

At the receiver in VLC systems, a photodiode (PD) is gener-
ally used to convert the received intensity of incident light into
electrical signal, which is called IM/DD in optical transmission
systems. The thermal noise and shot noise from the LED and
PD in VLC systems are usually modeled as an AWGN channel
[6]–[12], [19]. In addition, the LED nonlinear noise can’t be
ignored, which may limit the performance of VLC systems [20].
To simplify the derivation, AWGN channel is assumed in this
section. We can have

r
(1)
n = xL/EACO,n + en

=
L∑

l=1

(
1
2x

(l)
ACO,n + x

(l)
Clip,n

)
+ en, n = 0, 1, . . . , N − 1,

(10)
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Fig. 2. Block diagram of the proposed layer division for LACO-OFDM with 16-FFT points and 3 layers.

where r
(l)
n is received signal with all layers superposed from

Layer l to Layer L and en is the discrete time version of AWGN.
According to (5), (8) and (10), we have

r(l+1)
n ≈ r

(l+1)

n+N/2l
, mod(n,N/2l−1) < N/2l, (11)

for n = 0, 1, . . . , N −N/2l − 1. In LACO-OFDM systems,
when the negative clipping distortion of lower layers has been re-
moved, ACO-OFDM symbols of higher layers can be recovered
[12]. Conventional LACO-OFDM systems could only rely on
an iterative receiver, in which different layers are distinguished
by the FFT/IFFT pair. In single-FFT receiver, different layers
are distinguished by a layer division in time domain as shown
in Fig. 1. According to (4), x(l)

ACO,n has the anti-symmetry. Ac-

cording to (8) and (11), x(l)
Clip,n and r

(l+1)
n follow the symmetry

property respectively. Therefore, combining (4), (8), (10) and
(11), we can obtain Layer l signal

y
(l)
n = x

(l)
ACO,n + e

(l)
n

=

⎧⎪⎪⎨
⎪⎪⎩

(
r
(l)
n − r

(l)

n+N/ 2l

)
, mod(n,N/2l−1) < N/2l(

r
(l)
n − r

(l)

n−N/ 2l

)
, mod(n,N/2l−1) ≥ N/2l

,

(12)
for n = 0, 1, . . . , N −N/2l − 1, where e(l)n denote the AWGN
for Layer l. Since x(l)

ACO,n follows anti-symmetry, the operation
of (12) is called “symmetry recovering” [18]. Unlike in [8], in
our scheme when the signal and the clipping distortion from
the Layer 1 are entirely removed, Layer 2 can be recovered as
shown in Fig. 2. Therefore, after Layer l signal y(l)n has been
clipped, we can remove �y(l)n �C from r

(l)
n to obtain the higher

layer signal:

r(l+1)
n = r(l)n −

⌊
y(l)n

⌋
C
, n = 0, 1, . . . , N − 1. (13)

The iteration loop of (12) and (13) is performed in the
layer division until all layers have been recovered. To describe
the layer division more intuitively, signal processing steps for

LACO-OFDM with 3 layers and 16 subcarriers are shown in
Fig. 2. For the reason that subcarriers in different layers are
orthogonal, all layers of ACO-OFDM could be combined by

ŷn =

L∑
l=1

y(l)n , n = 0, 1, . . . , N − 1. (14)

Owing to ŷn including all layers information, only one FFT is
required to translate ŷn from time domain to frequency domain,
then to be demodulated.

The complexity of the receiver is analyzed below. In the
proposed receiver only one N-point FFT is employed and its
computational complexity is O(Nlog2N). In the proposed layer
division, several subtraction operations of N-point with the
complexity of O(N) are required such as symmetry recovering
and asymmetric clipping. There are L iterations of O(N) for
symmetry recovering. L–1 iterations of O(N) are required for
asymmetric clipping. There are L–1 iterations of O(N) for the
loop of (13). Therefore, the complexity of the proposed receiver
with L layers is given by

Cpro = O(N log2N) +
L∑

l=1

O(N) + 2
L−1∑
l=1

O(N)

= O (N log2N) .

(15)

The complexity of the proposed receiver is O(Nlog2N).
In the conventional receiver in [12], besides an N-point FFT,

L–1 iterations of different sizes of FFT/IFFT pairs and asym-
metric clipping are utilized in the iterative receiver. The com-
plexity of the receiver is (5− 1/2L−3)O(N log 2(N)), which
has been illustrated in detail in [12]. In another receiver in [13],
[17], in addition to an N-point FFT, L–1 iterations of N-point
of FFT/IFFT pairs are required, which have the complexity
of 2

∑L−1
l=1 O(N log 2(N)). L–1 iterations of O(N) are also

required for asymmetric clipping. Therefore, the complexity of
the receiver in [13], [17] with L layers can be written as

C = O(N log2N) + 2
L−1∑
l=1

O(N log 2N) +
L−1∑
l=1

O(N)

= LO(N log2N) .
(16)
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Fig. 3. BER performance of the proposed (pro) and the conventional (con)
scheme with 3 layers and 16-QAM in AWGN channel.

III. NUMERICAL RESULTS

We present Monte-Carlo simulation results in this section.
The bit error ratio (BER) performance of the proposed scheme
(pro) and conventional scheme (con) in [12] are evaluated by
simulations in terms of the bit energy to noise power ratio Eb/N0.
The FFT/IFFT size of N = 1024 is employed. The number of
layers in LACO-OFDM is set to 2, 3 and 4. The subcarriers
are modulated by different quadrature amplitude modulation
(QAM) constellations of 4-QAM, 16-QAM, and 64-QAM. The
BER performance of the proposed receiver is presented in an
AWGN channel in section A. Furthermore, to depict the LED
nonlinearity, the Rapps LED model is used in this section B.

A. AWGN Channel

Fig. 3 shows the performance of the proposed scheme and
the conventional solution with 3 layers and 16-QAM in AWGN
channel. In conventional LACO-OFDM systems, the same
power of each modulated subcarrier is loaded on each layer.
In the conventional receiver, a iterative detection (eq. (11) in
[12]) in the iterative detection is utilized for the current layer
before recovering the higher layer, which improves the esti-
mation accuracy and reduces the BER for higher layers, and
then to be a convergence for BER curves as shown in Fig. 3. In
the proposed scheme, ACO-OFDM symbols of each layer are
detected independently. For the same BER level of all layers in
the proposed scheme, subcarrier power of Layer l is allocated
by Pl that has 4P1 = 2P2 = P3, with which each layer can have
the same power in time domain. There is a simple explanation
as follow. The maximum number of data-carrying subcarriers of
Layer 1 is m1 = 512, where ml is the number of data-carrying
subcarriers of Layer l. The maximum number of data-carrying
subcarriers of Layer 2 is m2 = 256, which leads to a half power
as much as Layer 1 for the signal in time domain. In addition,
Layer 3 has m3 = 128 leading to a quarter of power as much

Fig. 4. BER performance comparison of the proposed and the conventional
scheme with 3 layers and various types of M-QAM.

as Layer 1. If ACO-OFDM symbols of each layer are detected
independently without the iterative detection, the lower power
in time domain will lead to the worse BER for higher layers.
However, without the iterative detection, the noise from the
current layer may be added to higher layers. It is obvious that
the BER performance of the proposed scheme is degraded by
almost 2 dB compared with the conventional receiver as shown
in Fig. 3.

Fig. 4 illustrates that the average BER performance of LACO-
OFDM with 3 layers for various types of M-QAM. The per-
formance of the proposed scheme is degraded by 2 dB at the
BER of 10−3 compared with the conventional scheme. It is due
to the fact that each layer is detected independently without
iterative detection for the proposed scheme. The LACO-OFDM
spectral efficiencies of 3 layers are 0.875 bits/s/Hz (4-QAM),
1.75 bits/s/Hz (16-QAM) and 2.625 bits/s/Hz (64-QAM), where
the length of CP is omitted as shown in [12]. The results of two
kinds of original ACO-OFDM with 128-QAM (1.75 bits/s/Hz)
and 256-QAM (2 bits/s/Hz) are presented for comparison. As
shown in Fig. 4, the proposed scheme with 3 layers and 16-QAM
is still better than ACO-OFDM of 128-QAM with the same
spectral efficiency.

The average BER performance for different layers with the
same modulation order (16-QAM) and the performances of the
original ACO-OFDM with 128-QAM is shown in Fig. 5. The
performance degradation of the proposed scheme with 2 layers
is 1dB at BER of 10−3 compared with the conventional scheme.
The performance degradation of the proposed scheme with 3
layers and 4 layers are 2dB and 3dB respectively at BER of 10−3.
The LACO-OFDM spectral efficiencies with different layers of
2 layers, 3 layers and 4 layers are 1.5 bits/s/Hz, 1.75 bits/s/Hz and
1.875 bits/s/Hz respectively. The proposed scheme with 4 layers
and 16QAM (1.875 bits/s/Hz) is also better than ACO-OFDM
of 128-QAM with the spectral efficiency of 1.75 bits/s/Hz.
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Fig. 5. BER performance comparison of the proposed and the conventional
scheme with 16-QAM and different layers.

B. LED Nonlinearity Channel

Experimental studies indicate that the LED nonlinearity is
a major challenge for the OFDM-based VLC system [20–23].
The Rapps model is commonly utilized to describe the nonlinear
behavior of power amplifier (PA), which is first employed for
describing the LED nonlinearity [24]. The Rapps LED model
can be given by

ILED,n=

⎧⎨
⎩

f(xL/EACO,n)(
1+(f(xL/EACO,n)/Imax)

2a
)1/ 2a , if xL/EACO,n ≥ 0

0, if xL/EACO,n < 0
,

(17)
where Imax is the maximum permissible current through the
LED, a is the knee factor that is set to 2 in this section, and
f(xL/EACO,n) = xL/EACO,n/R, where R is set to be a 1 Ω
normalization resistance. The LED nonlinearity distorts the
amplitude of OFDM signal and forces the lower peaks to be
clipped [24]. This is similar to the clipping distortion for OFDM
systems. Therefore, the nonlinearity level β is defined with
similar definition of clipping level in [25]

β = 10log10
(
I2max/σ

2
)
dB, (18)

where σ2 is the power of xL/EACO. The typical range of the
nonlinearity for LACO-OFDM systems is from 5dB to 13dB
[25]–[27].

The BER performance of LACO-OFDM with 3 layers in
linear channel (lin) and LED nonlinearity channel (β = 9dB)
is presented in Fig. 6. In LACO-OFDM, Layer 1 has the most
number of subcarriers with a high peak to average power ratio
leading to the severe nonlinear distortion, which may result in
the BER degradation [27]. In contrast, Layer 2 and Layer 3 have
the less number of subcarriers respectively, which may lead to
the lower nonlinear distortion as shown in Fig. 6(b), (c) and (d).
However, this will have different results for the conventional
scheme. Comparing Fig. 6(a) with Fig. 6(c) we can see that, the

Fig. 6. BER performance of LACO-OFDM with 3 layers and 16-QAM in
linear channel (lin) and LED nonlinearity channel (β = 9dB): (a) the conven-
tional scheme, (b) the proposed scheme, (c) the conventional scheme without
the iterative detection, and (d) the proposed scheme with the optimized power.

nonlinear distortion in Layer 1 is introduced into higher layers by
the iterative detection in the conventional scheme, which leads
to the degradation of BER performance for Layer 2 and Layer
3. When the LED nonlinearity is considered in AWGN channel,
the system performance depends not only on AWGN but also on
nonlinear distortion. For the same BER level of 10−3 for each
layer, the power of subcarriers in Layer 2 (P2) is loaded by the
allocation of P2 = 0.51P1 and the subcarrier power allocation
of Layer 3 is P3 = 2P2 in Fig. 6(d). It is also shown that the
same BER performance can achieved for the proposed scheme
and the conventional scheme without the iterative detection. It
is note that we have tried to set the optimized power for the
conventional scheme, but it still doesn’t work. It is found that
when not all of layers are distorted severely by LED nonlinearity,
the power adjustment can work.

Fig. 7 illustrates the BER performance of the proposed scheme
and the conventional scheme using the Rapps LED model for
different nonlinear levels, in which LACO-OFDM with 3 layers
and 16-QAM is considered. In this case, when β is set to 10
dB, the proposed scheme has almost the same performance
at the BER of 10−3 compared to the conventional solution as
shown in Fig. 7. When β is less than 10 dB, the performances of
the proposed scheme outperform the conventional results. The
proposed scheme is less sensitive to the LED nonlinearity, in
which the nonlinear distortion in Layer 1 is not introduced into
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Fig. 7. BER performance comparison of the proposed scheme and the con-
ventional scheme with 16-QAM and 3 layers for different nonlinear levels.

TABLE I
LIST OF PARAMETERS FOR FIG. 7, FIG. 8, FIG. 9, FIG. 10 AND FIG. 11

higher layers. However, in the conventional scheme, the more
nonlinear distortion in Layer 1 is introduced into higher layers
with the increasing of nonlinear distortion, which leads to a
worse BER. For example, almost 3 dB gain can be achieved for
the proposed scheme comparing with the conventional solution
when β is reduced to 9 dB. The parameters of the subcarrier
power in Layer l (Pl) at the BER of 10−3 are given in Table I.

The BER performance of LACO-OFDM with 3 layers and 4-
QAM in LED nonlinearity channel is presented in Fig. 8. When
β is set to 7 dB, the proposed scheme has almost the same BER at
10−3 compared to the conventional solution. When β is reduced
to 5.5 dB, almost 3 dB gain is also achieved compared with the
conventional scheme.

Fig. 9 shows the BER performance of LACO-OFDM with
3 layers and 64-QAM in LED nonlinearity channel. When β
is set to 11.8 dB, the proposed scheme has almost the same

Fig. 8. BER performance comparison of the proposed scheme and the con-
ventional scheme with 3 layers and 4-QAM for different nonlinear levels.

Fig. 9. BER performance comparison of the proposed scheme and the con-
ventional scheme with 3 layers and 64-QAM for different nonlinear levels.

performance at the BER of 10−3 compared to the conventional
solution. The proposed scheme achieves almost 3 dB gain at the
BER of 10−3 compared with the conventional solution when β
is set to 11.3 dB.

As shown in Fig. 10, when β is less than 10 dB, the proposed
scheme with 2 layers and 16-QAM has the better performance
than the conventional result at BER of 10−3. Fig. 11 shows
that when β is less than 9.5 dB, the BER performance of the
proposed scheme with 4 layers and 16-QAM still outperforms
the conventional results. It is obvious that when the different
layers or different QAM constellations are employed for LACO-
OFDM, the proposed scheme has the better performance than
that of the conventional scheme in the high nonlinearity channel.
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Fig. 10. BER performance comparison of the proposed scheme and the
conventional scheme with 2 layers and 16-QAM for different nonlinear levels.

Fig. 11. BER performance comparison of the proposed scheme and the
conventional scheme with 4 layers and 16-QAM for different nonlinear levels.

Therefore, the single-FFT receiver shows its advantages in LED
nonlinearity channel for LACO-OFDM based VLC systems.

IV. CONCLUSION

In this paper, a low complexity receiver using a single FFT
is proposed for LACO-OFDM based VLC systems. In the
conventional LACO-OFDM receiver, the different layers of
ACO-OFDM signals are distinguished in frequency domain by
a FFT/IFFT pair which may lead to an increased complex-
ity for the receiver. However, the proposed receiver does not
require the FFT/IFFT pair, which makes it relatively simple,
and the complexity of O(Nlog2N) can be achieved. Simulation

results illustrate that the proposed scheme has a SNR penalty of
1dB ∼ 3dB at the BER of 10−3 compared with the conventional
solution in the AWGN channel. Furthermore, simulation results
show that the proposed scheme has the better performance than
the conventional solution in LED nonlinearity channel. The
single-FFT receiver will be a good candidate for the LACO-
OFDM system which is affected by LED nonlinearity or requires
the low complexity.
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