
Optical and Quantum Electronics manuscript No.
(will be inserted by the editor)

Asymmetrical Clipping Optical Filter Bank Multi-Carrier Modulation Scheme

Asmaa Ibrahim · Josep Prat · Tawfik Ismail

Received: date / Accepted: date

Abstract Filter bank multi-carrier (FBMC) is considered a promising alternative to the Orthogonal Frequency Di-
vision Multiplexing (OFDM) scheme. It improves spectral efficiency by eliminating the need for cyclic prefix while
attenuating interference due to the robustness of the out-of-band emission. In this work, we present a framework, and
the performance evaluation of FBMC is a multi-carrier modulation scheme for the direct detection of optical commu-
nications. As the proposed model has higher spectral efficiency than the classical ACO-OFDM, as removing the guard
interval enhances the spectral efficiency. Furthermore, the perfect rectangular pulse shaping and eliminating the out of
band emission of the filter bank enhances the ACO-FBMC the BER performance of the ACO-OFDM. We propose a
transceiver model for Asymmetrical Clipped Optical FBMC (ACO-FBMC) based on Fast Fourier Transform (FFT) op-
erations, analyze inter-frame interference, and offer an iterative receptive method to eliminate it. Finally, we compared
the bit error rate (BER) performance of the ACO-FBMC using different overlapping factors with the ACO-OFDM.

Keywords 5G networks, Optical Wireless, Filter bank multi-carrier, Asymmetrical Clipped Optical, Orthogonal
Frequency Division Multiplexing

1 INTRODUCTION

In this study, we investigate the physical layer of 5G networks challenges, such as bandwidth requirements, system
costs, spread delay, and computational complexity of the remote radio heads (RRHs) that become trade-offs on the
design process of the front-line transport network. In order to achieve this network flexibility, the cloud radio access
network (CRAN) has been introduced, as it offers a solution by decentralizing the data plane and virtualize the network
function. In CRAN architecture, the baseband function is pooled at the baseband unit (BBU) and allocated at the
remote central office. Simultaneously, RRH, which represents the transceiver components, is distributed along with
the cell, and connected to the BBU pool. In C-RAN, the fronthaul links such as optical fibers, free-space optic or
mmWave that connect the BBU and RRH suffer from the capacity, latency, and level of intelligence of the network.
This increases the development of wireless transport as a significant challenge for 5G network design. Many research
types have identified the optical network as the best transport network for the 5G front-haul transport network, among
many wired and wireless technologies. It offers a good compromise between low latency and high capacity even though
the compatibility between the optical fronthaul as a transport network and the radio networks has to be carefully
considered [1][2].

The multi-carrier modulation (MCM) techniques have been proved to have better spectral efficiency than the single
carrier (SC) techniques on the physical layer level. Among MCM techniques, Orthogonal frequency division multiplexing
(OFDM) dominates the current 4G network, enabling the convergence of the optical infrastructure with existing wireless
networks [3]. These aspects proposed OFDM as the best candidate for the 5G optical transport network. Nevertheless,
it suffers from inter-symbol interference (ISI) and a high peak to the average to power ratio (PAPR). This motivates
researchers to investigate alternative MCM technique addresses the drawbacks of the classical OFDM.

Mainly MCM schemes can be classified at the structure level as MCM schemes can be categorized at the structural
level into ”orthogonal,” ”biorthogonal,” and ”non-orthogonal structures.” Orthogonal patterns that adopt matched filter
techniques with orthogonal base functions reduce spectral efficiency in OFDM zero padding (ZP). This eliminates the
multipath effect by imposing a guard interval between OFDM symbols with a rectangular base function. Bi-orthogonal
patterns are represented by an orthogonal base function on both sides, which contradicts the matched filter approach
as the Cyclic Prefix (CP) OFDM. It causes a more extended rectangular shape base function on the transmitter of the
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attached data. Finally, this analysis will incorporate non-orthogonal schemes that will be introduced throughout this
paper.

In the front-haul network, the optical transport network, as mentioned above, the optical detection of OFDM/OQAM
with RF subbands separated by the user is a promising scheme. It reduces interference and efficiently allocates band-
width per user [4]. In the subject matter, presently, we are looking into OFDM/OQAM (Filter Bank Multi-carrier
(FBMC)) for the front haul and studying its compatibility with the optical OFDM benchmarks. Our goal is to address
the challenges of OFDM, including the high peak-to-average power ratio (PAPR) and the CP that occurs within optical
networks with high spectral efficiency.

The main contribution of this paper is the first development, to the best of our knowledge, of the asymmetric clipping
optical transceiver FBMC based on the Fast Fourier Transform (FFT). However, the authors use DC optical filter bank
multi-carrier (DCO-FBMC in [5]. Their system is affected by the computational complexity of the corresponding filtering
scheme and the high clipping noise. We also introduced an orthogonal dimension other than FBMC for RF systems. We
then proposed spatial orthogonality between adjacent frames using odd indexed and even indexed asymmetrical optical
clipping (ACO-FBMC). We modelled and eliminated the interframe clipping distortion using the iterative method on
the receiver side..

2 SYSTEM MODEL

In this section, we illustrate the ACO-FBMC system model, as the transmitter and the design of the receiver are
precisely proposed.

2.1 OQAM-FBMC

The general form of the OQAM-FBMC frames is shown in Fig. 1. The discrete baseband time OQAM signal can be
written as

x(t) =
∞∑

k=−∞

L−1∑
l=0

pl,k(t) ∗Xl,k (1)

where Xl,k is the transmitted M-ary QAM signal at subcarrier l and time k, pl,k is the transmitted basis function where

pl,k = p(t−KT ) ∗ ej2πlF (t−kT ) ∗ ejθl,k (2)

where F is the frequency and time k, unlike the OFDM, the OQAM system loses the complex orthogonality. Hence,
the complex symbol’s real and imaginary parts have to be separated into two frames [7]. IFFT Implementation of the
FBMC system has been proposed in recent researches as an efficient implementation. In [6], the author proposed an
IFFT implementation based on the overlap and add the scheme to shape each subcarrier of the OFDM symbol. In this
technique the phase θl,k is chosen to be (π/2)(l + k). Based on this implementation, the FBMC procedure will first
perform IFFT for the QAM modulated symbols. Secondly, this frame will be repeated based on an arbitrary overlap
factor O, representing the number of multicarrier symbols that overlap in the time domain, as shown in Fig. 2. Finally,
the prototype filter is modified in combination with the repeated filter to reshape the FBMC frame subcarriers.

Fig. 1 OQAM-FBMC frames with 2 and 4 overlap factors Fig. 2 OQAM-FBMC subcarriers

In OQAM-FBMC, multiple frames separated by the T/2 time shift send simultaneously. Implicitly, the first frame
is carried by the real component, whereas the second frame is carried by the imaginary component of the transmitted
signal, representing the phase orthogonality between the concurrently transmitted frames.
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2.2 Transmitter Design

The block diagram of the ACO-FBMC transmitter is shown in Fig. 3, where the quadrature and in-phase components
are processed separately and combined into an OQAM-FBMC symbol. The transmitter functionality is broken down
into three main parts. First, OQAM is pre-processed, then combines the FBMC with the ACO scheme and, finally,
clips the two components and transmits the shifted versions.

Fig. 3 OQAM-FBMC Transmitter

The typical bipolar OFDM signal modifies to be sent over intensity modulation with direct detection (IM/DD)
optical system in the optical domain. As in IM/DD systems, the transmitted signal is modulated and carried by the
optical carrier’s intensity. Accordingly, this requires the optically transmitted signal to be pure real and positive valued.
Many types of research over the past decade addressed this challenge and introduced the unipolar OFDM schemes.
Several optical OFDM techniques have been developed as the direct current (DC) biased optical OFDM (DCO-OFDM)
[8][10], the asymmetrically clipped optical OFDM (ACO-OFDM) [9][10].

These schemes are based on generating real baseband OFDM signal by enforcing the input signal to have Hermitian
symmetry. In the DCO system, a DC component is appended to the real signal to produce a real positive valued
signal, and then it is clipped to eliminate the negative parts. The added DC value is a challenge in the DCO system
as it highly reduces the power efficiency of the DCO-OFDM scheme. In [5], DCO-FBMC has been proposed along
with FBMC transceiver based on the matched filtering process. This system with a complex FBMC transmitter suffers
from computational complexity and high clipping noise from eliminating negative parts. On the other hand, the ACO
schemes are based on utilizing only the odd subcarriers and adding zeros on the even subcarriers. It has been shown
that even subcarriers carry the clipping distortion [8]. The ACO-OFDM has high power efficiency and low spectral
efficiency as only the odd subcarriers carry the data. Therefore, its spectral efficiency is half of the DCO-OFDM. The
ACO-FBMC, dissimilar to the OQAM-FBMC, carries all the data on the only real component of the transmitted
data. The clipping distortion affects the imaginary component of all transmitted subcarriers. Alternatively, another
dimension of orthogonality has to be added to send multiple shifted frames simultaneously.

We propose a subcarrier orthogonality scheme to be implemented to ensure the orthogonality between the two
components of the OQAM signal transmitted. In each frame sequence, the first frame will be sent over an odd indexed
ACO according to (3), as shown in Fig. 4.

X

(
L

2
+ i+ 1

)
= X

(
L

2
− i+ 1

)
for odd i

X(i) = 0 for even i (3)

Furthermore, the second frame will be sent over even indexed ACO according to (4) as shown in Fig. 5.

X

(
L− 1

2
− i

)
= X

(
L+ 1

2
− i

)
for even i

X(i) = 0 for odd i, i = 0,
L− 3

2
,
L+ 1

2
(4)

where i is the frame number.

Mapping the ACO scheme to the FBMC system discussed above produces the frames structures shown in Fig.
6. This structure verifies Hermitian symmetry, real output signal as both Frames are pure imaginary, and finally, it
satisfies the OQAM-FBMC frame structure. Negative parts of the OFDM output frame will be clipped and transmitted
over the optical device.
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Fig. 4 Odd Indexed ACO frames

Fig. 5 Even Indexed ACO frames

Fig. 6 ACO-FBMC frames

Fig. 7 OQAM-FBMC Receiver

2.3 Receiver Design

At the receiver shown in Fig. 7, the received signal is divided into windows, each of which is multiplied by a filter and
reshaped to multiple segments with the size T × O, where T is the symbol duration, and O is the overlapping factor
— then FFT on the first window to produce the first received frame. Partially eliminating inter-frame interference is
represented by regenerating the transmitted signal by performing IFFT on the first received frame to be subtracted
from the total received frame. This process is repeated until the last frame has been detected.

These received frames are used in iterative manner to eliminate all the clipping distortion. Fig. 8 shows the receiver
procedure.

3 INTERFERENCE ANALYSIS

The ACO-FBMC performance affected by the two sources of distortion inter frame interference and self-frame inter-
ference. Hard clipping of transmitted signal causes distortion on specific sub-carriers. The clipping distortion interfere
with the data carried by the same frame and the data carried by the adjacent frames. In this section the clipping
distortion and its effect on the data carried by the same frame is proposed. The FBMC-OQAM transmitted signal is
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Fig. 8 The receiver procedure flow chart

introduced in (1) and θl,k is the phase to shift the interference to the imaginary domain and given by

θl,k =
π

2
∗ (k + l) (5)

For simplicity the clipping distortion is studied at k=0 for the odd ACO-FBMC frame ()

x0(t) = p(t) ∗
L−1∑
l=0

ej2πlFt ∗ ej
π
2
∗(l)Xl (6)

For discrete time signal x(n) = x(nT )
Reference to the Bussgang’s theorem, the non linear effect of the clipping negative parts on the transmitted signal

is represented as an additional distortion to the original signal [14]. So that, the received signal can be expressed as

X(l) = Xclipped(l) +D(l) (7)

Xclipped(l) =
N−1∑

n=0x(n)>0

x(n) e−
j2πnl
N e−θl,0 (8)

where D(l) is the clipping distortion and N is the total number of the subcarriers

D(l) =
N−1∑

n=0x(n)<0

x(n) e−
j2πnl
N e−θl,0

=

N/2−1∑
n=0x(n)<0

x(n) e−
j2πnl
N e−jθl,0 +

N−1∑
n=N/2x(n)<0

x(n) e−
j2πnl
N e−jθl,0

(9)

First, by using the odd ACO-OFDM property x(n+ N
2 ) = x(N2 − n) and changing the variables. It can be shown that

D(l) =

N/2−1∑
n=0x(n)<0

x(n) e−
j2πnl
N e−jθl,0e

−jπl
+

N−1∑
l=N/2x(n)<0

x(n) e−
j2πnl
N e−jθl,0ejπl (10)

where

θl,0 =
π

2
∗ l
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Table 1 Even and Odd subcarriers

Even subcarriers Odd subcarriers

cos( 3πl
2

) (−1)
l
2 0

cos(πl
2

) (−1)
l
2 0

sin( 3πl
2

) 0 −(−1)
l−1
2

sin(πl
2

) 0 (−1)
l−1
2

D(l) =

N/2−1∑
n=0(x(n)>0

x(n)

(
cos(

2πnl

N
) − j ∗ sin(

2πnl

N
)

)
×
(

cos(
3πl

2
) − j ∗ sin(

3πl

2
)

)

+
N−1∑

l=N/2x(n)>0

x(n)

(
cos(

2πnl

N
) − j ∗ sin(

2πnl

N
)

)
×
(

cos(
πl

2
) + j ∗ sin(

πl

2
)

) (11)

So real part of the distortion equals

Re(D(l)) =

N/2−1∑
n=0(x(n)>0

x(n)

(
cos(

3πl

2
) × cos(

2πnl

N
) − sin(

2πnl

N
) × sin(

3πl

2
)

)

+
N−1∑

l=N/2x(n)>0

x(n)

(
cos(

πl

2
× cos(

2πnl

N
) + sin(

2πnl

N
)) × sin(

πl

2
)

) (12)

Substituting using values in table 1 for even subcarriers l

Re(D(l)) =

( N/2−1∑
n=0(x(n)>0

x(n) cos(
2πnl

N
) +

N−1∑
l=N/2x(n)>0

x(n) cos(
2πnl

N
))

)
×(−1)

l
2 (13)

similarly for odd subcarriers l

Re(D(l)) =

( N/2−1∑
n=0(x(n)>0

x(n) sin(
2πnl

N
) +

N−1∑
l=N/2x(n)>0

x(n) sin(
2πnl

N
))

)
×(−1)

l−1
2 (14)

and imaginary part of the distortion equals

Im(D(l)) =

N/2−1∑
n=0(x(n)>0)

x(n)

(
− sin(

3πl

2
) ∗ cos(

2πnl

N
) − cos(

3πl

2
) ∗ sin(

2πnl

N
)

)

+
N−1∑

l=N/2(x(n)>0)

x(n)

(
sin(

πl

2
) ∗ cos(

2πnl

N
) − cos(

πl

2
) ∗ sin(

2πnl

N
)

) (15)

Substituting using values in table 1 for even subcarriers l

Im(D(l)) =

(
−

N/2−1∑
n=0(x(n)>0

x(n) sin(
2πnl

N
) −

N−1∑
l=N/2x(n)>0

x(n) sin(
2πnl

N
))

)
×(−1)

l
2 (16)

similarly for odd subcarriers l

Im(D(l)) =

( N/2−1∑
n=0(x(n)>0

x(n) cos(
2πnl

N
) +

N−1∑
l=N/2x(n)>0

x(n) cos(
2πnl

N
))

)
×(−1)

l−1
2 (17)

where

X(l) = −D(l) +Xclipped(l) (18)

for even subcarriers X(l)=0

Xclipped(l) = −D(l) (19)

for odd subcarriers Re(X(l))=0

Re(Xclipped(l)) = −Re(D(l)) (20)

and

Im(X(l)) = Im(Xclipped(l)) + Im(D(l)) (21)
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substituting in equ.10

Im(Xclipped) =
N−1∑

n=0(x(n)>0

x(n) cos(
2πnl

N
) (22)

From equ. 19 and equ.24

Im(D(l)) = (−1)
l−1
2 ∗ Im(Xclipped) (23)

= Im(Xclipped) (24)

as (−1)
l−1
2 = −1 for odd l

Im(X(l)) =
Im(Xclipped(l))

2
(25)

As proved odd ACO-FBMC frames have distortion at the even subcarriers components and the real part of the
odd subcarriers, Whereas the imaginary part of the odd subcarriers (loaded by the data) are not affected by the
clipping distortion. So the clipping distortion causes only inter-frame interference as it has distortion on the imaginary
component of the even subcarriers of the even adjacent ACO-FBMC. Similarly, it can be proved that for even ACO-
FBMC frames, the clipping causes inter-frame interference on the imaginary component of the odd subcarriers of the
odd adjacent ACO-FBMC.

4 SIMULATION AND RESULTS

This section shows the simulation results of the ACO-FBMC signal transmission. The total number of subcarriers is
set at L = 32. All simulations were performed on Matlab based on Monte Carlo simulations with 10, 000 in iterations.
In each iteration, the system transmits 8 frames, each separated by T

2 , where T is the duration of the frame. In the first
place, the clipping distorted by the receiver is measured by transmitting and detecting signals over the flat channel.
As shown in Fig. 9, the signal received after the second iteration of the distortion cancelation has better performance
than the signal obtained after the first iteration.

Fig. 9 Average transmitted and received signals Fig. 10 BER of ACO-FBMC Hermit and PHYDYAS filter

Secondly, the BER performance of the ACO-FBMC scheme over additive white Gaussian noise (AWGN) is studied
using Hermit [12] and PHYDYAS [13] filter, as shown in Fig. 10. The hermit filter shows better BER performance by
only 0.5 dB. Fig. 11 shows the bit error rate (BER) of ACO-FBMC frames with an overlapping factor of 8 and the
ACO-OFDM. As shown, the FBMC enhances the BER performance by 4 dB over the ACO-OFDM scheme as the filter
bank shapes the transmitted signal as perfectly rectangular and eliminates the out of band emission. Furthermore, it
enhances spectral efficiency due to CP cancellation. Fig. 12 shows the overlapping factor on the BER performance as
the overlapping factor of 8 presents the BER performance, as the overlapping factor O characterizes the filter bank
and gives different filter windows [14]. Increasing the overlapping factor narrows the filter window and increases the
robustness to the inter-frame interference, enhancing the BER performance. On the other hand, it increases system
complexity.
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Fig. 11 BER of ACO-FBMC with 8 overlapping factor and ACO-
OFDM

Fig. 12 BER of ACO-FBMC with 2,4,8 overlapping factor

5 CONCLUSION

The optical ACO-FBMC scheme for direct detection modulation was presented. We have shown that the proposed
scheme eliminates self-frame interference and suffers from inter-frame interference. Interframe interference is eliminated
using the proposed iterative receiver. Our transceiver model is based on an FFT operation and an iterative receptive
method to reduce the clipping distortion. The proposed ACO-OFDM removed the guard interval, which increased spec-
tral efficiency. Also, the ACO-FBMC enhances the BER performance of the ACO-OFDM with the perfect rectangular
pulse shaping and eliminating the emission of the filter bank out of the band. Our system model has higher spectral
efficiency than the classic ACO-OFDM, as FBMC shows better spectral efficiency by removing the guard interval.
Moreover, it has been shown that the ACO-FBMC with 8 overlapping factors improves the BER performance of the
ACO-OFDM by 4 dB due to the perfect rectangular pulse shaping and the elimination of the out-band emission of the
filter bank.
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