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Abstract —An Asymmetrically Clipped Optical Wavelet based
Orthogonal Frequency Division Multiplexing (ACO WOFDM)
system over multimode optical channel is investigated. Wavelet
Packet Transform (WPT) is used to generate WOFDM symbols.
Haar and Symlets wavelets are utilized to implement the
WOFDM. Quadrature Amplitude Modulation (QAM) is used as
the modulation format. The simulation results show that the
ACO WOFDM system attains a considerable BER performance
improvement over the conventional Fourier based system.

Index Terms—ACO WOFDM, ACO OFDM, haar, symlets,
WPT

I. INTRODUCTION

The main advantage of Orthogonal Frequency Division
Multiplexing (OFDM) s its robustness against channel
dispersion. This feature makes OFDM a strong
modulation technique for high speed communication
systems in dispersive environments. OFDM has been
proposed for dispersion compensation in optical
communication systems [1]. The fundamental challenge
to implement optical OFDM s converting the bipolar
electrical OFDM signal to a unipolar optical signal. To
this end, optical structures such as DC biased Optical
(DCO) structure and Asymmetrically Clipped Optical
(ACO) structure have been proposed for OFDM
transmission over multimode optical fibers and free space
optical channels [2]-[10]. In these structures, optical
modulation format is intensity modulation in which the
electrical OFDM signal is represented as the intensity of
light.

The strategy of OFDM to overcome channel dispersion
is simultaneous transmission of long duration symbols.
To this end, the Fourier transform modulates data
symbols on the amplitudes of orthogonal subcarriers, i.e.
orthogonal complex exponentials, using rectangular
windowing. This process generates windowed complex
exponentials that each have sinc shapes with considerable
side lobes in the frequency domain. This causes Inter
Carrier Interference (ICI). In WOFDM, subcarriers are
the scaled and shifted versions of wavelets. Wavelets are
designed in such a way to have finite length in both time
and frequency domain. Wavelets have pulse shaping
nature, so spectrums of wavelets contain lower side lobes
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than OFDM. As a result, WOFDM offers higher
immunity to ICI than OFDM [11]. In addition, the
orthogonality of the OFDM subcarriers relies only on
their frequency position, while the orthogonality of the
WOFDM subcarriers relies on both time and frequency
positions. As a result, WOFDM is more robust to any
change in frequency, i.e. the Doppler effect, than OFDM
[12]. Furthermore, the performance of WOFDM in flat
fading and frequency selective fading environments has
been well studied. It has been shown that WOFDM is
more robust against channel dispersion than OFDM [11]-
[15]. Other advantages of WOFDM over OFDM are as
such: easier implementation, lower complexity, and
higher flexibility. Strong advantages of WOFDM over
OFDM have caused the replacement of OFDM with
WOFDM in the most recent high data rates
communication systems.

In this article, we investigate the transmission
performance of the ACO WOFDM system over
multimode optical channel.

Il. ACO OFDM

Multipath  channel may introduce ISI. In
communication systems, the result of receiving a specific
signal from different paths is known as multipath
phenomenon. When the delay times of different paths are
not negligible by comparison with the symbol duration
time, multipath channel introduces ISI. The most
effective technique to mitigate IS is increasing symbol
duration time which reduces system data rate. In this case,
the delay times of different paths would be negligible
compared to the symbol duration time. Consequently,
multipath channel doesn’t introduce ISI. OFDM provides
the opportunity to eliminate ISI without decrement of
system data rate. OFDM mitigates ISl by increasing
symbol duration time and prevents reduction of data rate
by simultaneously transmitting data symbols. To this end,
increased duration symbols are modulated on the
amplitudes of orthogonal subcarriers. The Fourier
transform, i.e. the Inverse Discrete Fourier Transform
(IDFT), is employed to modulate long duration symbols
on the amplitude of orthogonal subcarriers, i.e. complex
exponentials. The obtained OFDM signal is a complex
time domain signal. A real time domain signal is
achieved by using an 1Q modulator. The block diagrams
of an OFDM transmitter and an OFDM receiver are
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shown in Fig. 1 and Fig. 2, respectively. In ACO OFDM,
the bipolar OFDM signal is clipped at the zero level
before being modulated on the intensity of light.

1. ACO WOFDM

The Wavelet Packet Transform (WPT) belongs to the
family of the wavelet transform. The basis functions of
the WPT are called wavelet packets. Wavelet Packets can
recursively be computed using Quadrature Mirror Filter
(QMF) pairs h(n) and g(n):

Woo (8) =2 > h(K)w, (2t — k) @)
keZ
Wona (1) =2 g(k)w, (2t - k) 6

kez

in which w,, denotes the wavelet packet function, h(n) is
the impulse response of a low pass filter and g(n) is the
impulse response of a high pass filter. h(n) and g(n) forms
a QMF pair. They should be satisfied the following
condition:

g(n)=(-1)"h(L-n-1) ®)

where L is the span of the filters. The coefficients of
filters h and g are calculated by using the following
equations:

p(t) = > _h(V2p(2t-n), neZ 4)

v(®)=> 9(W2p(2t-n), nez (5)

In the above equations, w(t) and ¢(t) denote the
wavelet function and the scaling function, respectively.
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Fig. 2. Block diagram for an OFDM receiver.
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Implementation of the WPT can be divided into three
main steps. The first step is selecting the mother wavelet,
which is known by its wavelet and scaling functions. The
next step is calculating the coefficients of filters h and g.
Lastly, the WPT can be constructed using multistage
QMF banks. As depicted in Fig. 3 and Fig. 4, the WPT
and the Inverse WPT (IWPT) are implemented using tree
structures. In Fig. 3, the WPT is obtained through low
pass and high pass filtering of the discrete time domain
signal. Fig 4. Shows the reconstruction of the original
signal from the wavelet packet coefficients or the IWPT.
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Fig. 4. A 4-stage IWPT.

The principle of WOFDM, i.e. WPT based OFDM, is
very similar to the principle of conventional OFDM, i.e.
Fourier transform based OFDM. OFDM utilizes Fourier
transform to perform modulation and demodulation
processes while WOFDM utilizes WPT to implement
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modulation and demodulation. In WOFDM, the IWPT is
employed to carry out data modulation and the
demodulation process is performed using the WPT.
Number of subcarriers is determined by the number of
stages in filtering processes, i.e. number of subcarriers =
number of stages o example, Fig. 4 shows a 4-stage or a 16-
subcarrier WOFDM modulation system.

ACO WOFDM signal is obtained by clipping the
WOFDM signal at the zero level and modulating the
unipolar signal on the intensity of light.

IV. MOTHER WAVELETS

In this section, we introduce the various mother
wavelets and present their properties.

A. Haar Wavelet

Haar wavelet was the first mother wavelet proposed by
Alfred Haar [16]. It is the fast and simplest wavelet. The
Haar wavelet is not continuous. Therefore, it is not
differentiable. This property makes it suitable for the
analysis of signals with sudden transitions. The Haar
wavelet function is defined as:

1 O0<t<1/2
-1 1/2<t<1 (6)
0 elsewhere

w(t) =

It’s scaling function is a rectangular pulse satisfying
the following:

o(t) = { o=t=l )

0 elsewhere

B. Meyer Wavelet

The Meyer wavelet is proposed by Yves Meyer [16].
Unlike the Haar wavelet, it is continuous and
differentiable. The Mayer wavelet function is defined in
frequency domain:

JW
Fsm(gv( 3w 1)J Z?ﬂs| s%[
ya
|\N| JeZ |VV|<—(8

O elsewhere

Y(w) =

F COS{

where, v is a smooth function.

0 x<0
v(x)=¢ X 0<x<1 ©)]
1 x>1

The Mayer scaling function in frequency domain is
given by:
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The Meyer wavelet and scaling functions are plotted in
Fig. 5 and Fig. 6, respectively.

C. Morlet Wavelet

The Morlet wavelet function is a complex exponential
multiplied by a Gaussian window; therefore, its spectrum
is a shifted Gaussian [16]. The Morlet wavelet function
can be described by

l//(t) :efjwoteftZ/Z (11)

Fig. 7 shows real part of the Morlet wavelet for
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Fig. 7. Real part of the Morlet wavelet function.
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D. Daubechies Wavelet

The Daubechies wavelet has two special properties. It
is a type of orthogonal wavelets. Its wavelet and scaling
functions have compact support [16]. The Daubechies
wavelet and scaling functions are depicted in Fig. 8 and
Fig. 9, respectively.

E. Symlets Wavelet

The Symlets wavelets are modified versions of
Daubechies. They are nearly symmetrical wavelets and
very compactly supported.

V. SIMULATION AND DISCUSSION

Fig. 10 shows the simulation models of the ACO
WOFDM and ACO OFDM systems. At the transmitter, a
parallel to serial convertor is employed to generate
parallel data. Next, each parallel data channel is mapped
onto 16-ary Quadrature Amplitude Modulation (QAM)
symbol. The information symbols are then transformed
into a complex time domain samples via an IWPT. Guard
Interval (GI) insertion is performed. Gl acts as a space
between successive WOFDM symbols and therefore
prevents ISI. A real time passband WOFDM signal is
obtained through a DAC and an 1Q modulator. The
negative parts of the signal are clipped off. The signal is
modulated on the intensity of light using an optical
modulator, i.e. Mach Zehnder Modulator (MZM).
Receiver, performs the reverse operations of the
transmission scheme to recover the original data.
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Fig. 8. The Daubechies wavelet function.
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Fig. 9. The Daubechies scaling function.
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Table | lists simulation parameters. Optisystem is used
to carry out simulations. The optical power of the
transmitter laser is 0dBm. The wavelength and the
linewidth of the laser beam are 850 nm and 10 MHz,
respectively. The modal bandwidth of the multimode
fiber is 1324 MHz.km and the loss of the fiber is 2.61
dB/km. A PIN photodetector with the dark current of 10
nA and Responsivity of 1 A/W is utilized to receive the
optical signal.

The received constellations are depicted in Fig. 11 and
Fig. 12. It is evident that the high frequency components
of the ACO OFDM signal is more attenuated than the
high frequency component of the ACO WOFDM signal.
This implies that the spectrum of the ACO WOFDM
signal is more compatible with the channel frequency
response than the spectrum of the ACO OFDM signal.

BER and OSNR diagrams are shown in Fig. 13 and
Fig. 14, respectively. A considerable improvement in
BER performance of the ACO WOFDM systems can be
seen compared to the ACO OFDM system. It is clear that,
the Symlets based scheme works better than the Haar
based WOFDM.
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Fig. 10. The simulated ACO WOFDM/OFDM systems.

TABLE |: SIMULATION PARAMETERS

OFDM WPT-OFDM

Parameter Value Value
Carrier frequency 15 GHz 15 GHz
Data rate 10 Gb/s 10 Gb/s
Baseband bandwidth 2.5GHz 1.25GHz
Modulation 16-QAM 16-QAM
Transmitted symbols 28 28
Transmitted bits 28784 28784
WPT/FFT points 1024 1024
Subcarriers 1024 1024
Cyclic prefix 128 128
Mother Wavelet - Haar, Symlets2
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Fig. 11. The received constellations of OFDM symbols after

transmitting 135 m.
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Fig. 12. The received constellations of WOFDM symbols after

transmitting 135 m.
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VI. CONCLUSIONS

The BER performance of the ACO WOFDM system in

multimode optical fiber has been investigated. It was
found that the ACO WOFDM system offers substantial
advantages over the conventional Fourier based system.
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