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Abstract

Orthogonal Frequency-Division Multiplexing (OFDM) is an attractive
transmission technique for high-bit-rate communication systems. However, high
Peak to Average Power Ratio (PAPR) of transmitted signals is a major
shortcoming for Multi-Carrier Modulation (MCM) system such as the OFDM
system. Traditional OFDM implementations use common Fourier filters for data
modulation and demodulation via the Inverse Fast Fourier Transform (IFFT) and
the FFT operations respectively, in this paper the Fast Discrete Curvelet
Transform (FDCT) is proposed for OFDM in order to reduce the PAPR. The
software CurveLab, used in this work is available at http://www.curvelet.org. The
proposed system used FDCT via both Unequispaced Fast Fourier Transform
(USFFT) and Wrapping. In terms of PAPR, the results show that both transforms
used in this work gives better PAPR results, FDCT via USFFT and FDCT via
Wrapping are given approximately about 7.7 dB reduction compared to
traditional OFDM. Moreover, the results show that the BER performance of the
considered system nearly matches the theoretical BPSK BER performance in an
Additive White Gaussian Noise (AWGN) channel.

Keywords: BER, Curvelet transforms, FFT, OFDM, PAPR, Unequispaced FFT,
Wavelet transforms, Wrapping.
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1.Introduction

Traditional OFDM implementations use common Fourier filters for data
modulation and demodulation via the Inverse Fast Fourier Transform (IFFT) and
the FFT operations respectively [1-6]. Recent research has demonstrated that
improved spectral efficiency can be obtained by using wavelet filters owing to their
superior spectral containment properties. This has motivated the design of OFDM
systems based on Discrete Wavelet Transform (DWT) [7-18] and Wavelet Packet
Transform (WPT) [19-25]. As all the characteristics of OFDM modulated signals
directly depend on the set of waveforms arising from using a given wavelet filter,
several authors foresaw wavelet theory as a good platform on which, to build
OFDM waveform bases.

Moreover, the Dual-Tree Complex Wavelet Transform (DTCWT) is used as a
new platform to build a new OFDM system that can meet the stringent requirements
of the future wireless communication systems [26-35].

2.0FDM System

OFDM is an efficient MCM scheme for wireless, frequency selective
communication channels. In the baseband equivalent OFDM transmitter with N
subcarriers, N modulation symbols in the m — th data frame, a™[k] where k =0, 1, .
.., N-1, are mapped over the interval [0,T] on to the continuous time OFDM signal,
X(t), as follows:

N-1
1 .
x(t) = Nz alk]ezkfot t € [0,T] )
k=0
where fo = 1/T, j is equal to square root of -1, T is the symbol duration, and for the

brevity of notation, indexing of the frames (m) is dropped. Figure 1 shows the
OFDM system functional block diagram.

Demodulation

Modulation

Fig. 1. Functional block diagram of OFDM system.

The discrete time version of Eq. (1), referred to as the OFDM frame, is formed
by sampling the continuous signal x(t) using the nyquist ratel/T at N time instances
such that t= nT/N to get:

N-1

x(n) = %Z alk]ef?mkn/N 2

k=0
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where n=10, 1, . . ., N-1. In Eq. (2), the OFDM symbols x[n] are related to the
modulation symbols a[k] through an Inverse Discrete Fourier Transform (IDFT).
When N is a power of two, the IDFT can be evaluated using the computationally
efficient IFFT. Figure 1 shows a functional block diagram of an OFDM system. On
the receiver side, the FFT is used for decoupling the subcarrier followed by a
demodulator to detect the signalling points. The PAPR of the transmitted signals in
Eqg. (1) is defined as the maximum instantaneous power of the over average power
[36, 37].
max{|x[n]|?}

PAPR = —F(xl®) ®)

where E{.} denotes the ensemble average calculated over the duration of the
OFDM symbol. Given a specified PAPR threshold, PAPRy = /o, the
Complementary Cumulative Distribution Function (CCDF) of the PAPR is given
as [38, 39]:

CCDF(PAPR{x(D)}) = P, (PAPR{x()} = Ao) =1— (1—e )" 4

The BER reduction is another key issue in wireless communication. To measure
the noise robustness of OFDM scheme, the relationship of the BER as a function
of Energy per Bit to Noise Power Spectral Density Ratio (En/No) for different levels
of noise is a useful performance tool.

The BER performance of the OFDM system matches the theoretical BER
performance of Binary Phase Shift Keying (BPSK) modulation given as

P, = Q(y2(Ey/N,)) 5)

3.Curvelet Transform

The curvelet was introduced in 2000 [40]. Nowadays the curvelet transform has
been applied in various areas including image processing [41-45], seismic
processing [46-48], turbulence analysis in fluid mechanics [49-52], solving of
Partial Different Equations (PDEs) [53, 54] and Compressed Sensing or
Compressive Sampling (CS) [55-59]. The curvelets transform as basis functions
are verified in the above works as being effective in many fields. The two simpler,
faster, and less redundant FDCTs are used in this work are curvelets via USFFT,
and curvelets via wrapping [60].FDCT via USFFTs

In the USFFT version, the discrete fourier transform, viewed as a trigonometric
polynomial, is sampled within each parallel epipedal region according to an
equispaced grid aligned with the axes of the parallelogram. Hence, there is a
different sampling grid for each scale/orientation combination. The forward
transform is specified in the closed form and is invertible. The software CurvelLab
for the FDCT [60] used in this work is available at http://www.curvelet.org for
academic use. For the vector x(t); -n/2 <t <n/2 of size n, with a set of points (fi);
1 <k <m. The Fourier Transform (FT) of x(t) is given by:
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n/2
XU =yl = ) x(e)e ©
t=—n/2

The inverse transform takes the form:

x(t) = ;X(fk) el2nfrt — ;y[k] eJ2nfit @

The problem related to Eqgs. (6) and (7) is the computation complexity, using
the non-uniform FFT strategy is the one solution. First express x(t) in Eq. (2) as FT
of the series of impulse signal as:

(N = Y vkl 8¢ - ®
k=1

The idea is then to convolve Y(f) with a short filter H(f) to make it approximately
bandlimited, then to sample the result on a regular grid and apply the FFT, and finally
deconvolve the output to correct for the convolution with H(f)[61].

The other solution is by using the USFFTs strategy [60], in order to compute
the intermediate Fourier samples on a finer grid and to use the Taylor
approximations to compute approximate values of X(fi) at each node f.. The
algorithm operates as follows:

Pad the signal x(t) with zeros to create x(t) of size Dn of-Dn/2 <t < Dn/2:

sy — (X(©) n/2<t<n/2

*©) { 0 elswhere )
Then make L copies of x'(t) and multiply each copy by (-it)' to obtaining:

2Ht) = (—it)'x(b), l=012,-,L—-1 (10)

Then take the FFT of x\(t) thus obtain the X"(f) with spacing 2z/n, namely,
X"(2zk/nD).

Finally given an arbitrary point f, evaluate an approximation of X(f) by

(f = f)* Y

X(P) = V(o) = X(a) + XU = fo) + -+ XD () = 20— (1)

where fq is the closest fine grid point of f.

3.2.FDCT via frequency wrapping

In the wrapping version, instead of interpolation, it uses periodization to localize
the fourier samples in a rectangular region in which, the IFFT can be applied. For
a given scale, this corresponds only to two cartesian sampling grids, one for all
angles in the east-west quadrants, and one for the north-south quadrants. The
forward transform is specified in the closed form and is invertible with inverse in
the closed form.

The curvelet transforms computed by wrapping is as geometrically faithful to
the continuous transform as the sampling on the grid allows. The wrapping FDCT
implementation is based on the FFT algorithm and the data flow diagram of the
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forward and inverse wrapping FDCT are plotted in Fig. 2. The data are first
transformed into the frequency domain by forwarding the FFT and then multiplied
with a set of window functions. The curvelet coefficients are obtained by inverse
FFT (IFFT) from windowing data. Since the window functions are zero except on
support regions of elongated wedges, the regions that need to be transformed by
the IFFT are much smaller than the original data. On the wrapping FDCT, the FFT
coefficients on these regions are ‘wrapped’ or folded into a rectangular shape before
being applied to the IFFT algorithm. The size of the rectangle is usually not an
integer fraction of the size of the original data. This process is equivalent to filtering
and subsampling the curvelet subband by rational numbers in two dimensions. The
complexity of both algorithms for computing L FFTs of length Dn followed by m
evaluation of the Taylor polynomial is only of O (n log n + m).

Forward Transform
F. Domain Curvelet
Curvelet Coelfs Coells.

Data TTFT Freq Windowing IFFT
: — > D: —————
in Dat -
and Truncation
Inverse Transform
F. Domain Curvelet
Curvelet Coetts, Coefts.
FFT

Data | IFFT [ ppeq | Zeto-padding
<< ) 1 <
out Dat - )
and Windowing

Fig. 2. Forward and inverse wrapping FDCT.

4. System Model

Similar to the OFDM system based on FFT, a functional block diagram of OFDM
based on FDCT is shown in Fig. 3. The FDCT and IFDCT blocks are used at the
transmitter and the receiver side respectively.

=
z
=
=
=1
=)
<]
g
J )
()

Fig. 3. Functional block diagram of OFDM system based on FDCT.

The simulation procedures used in this work were summarized in the flowchart
shown in Fig. 4. All the simulation mentioned above are carried out using
MATLAB® program using FFT/IFFT and FDCT/IFDCT functions. The
simulation of BER carried out in this work in Additive White Gaussian Noise
(AWGN). The simulation parameters are documented in Table 1.

The performance of the PAPR of the proposed system is quantified through the
simulation. The PAPR results are obtained using the CCDF, the PAPR performance
can be illustrated by the CCDF of the PAPR. The system model contains only the
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transmitter section in order to evaluate the performance of PAPR using the value

of 2 dB threshold as documented in Table 1.

The BER is calculated by comparing the transmitted and the received data in
the AWGN channel, the system model includes a transmitter and the receiver side
of the flow chain shown in Fig. 4 with an AWGN block in between. The simulations

are carried out under the MATLAB® environment.

i

/ Data /
Generation
+

BPSEK/16-QANM
Modulation
¥
| S/P Conversion |

CP Insertio

FDCT

| P/S Conversion | PAPR

AWGN Channel

¥
| S/P Conversion |

IFDCT

i

| P/S Conversion

Analysis

Demodulation

T

* BER
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Fig. 4. Flow chart of the simulation procedures.

Table 1. Simulation parameters.

Simulation parameters

Modulation

Channel

Number of subcarriers (N)

PAPR threshold

Cyclic Prefix (CP)

Number of symbols

Number of data subcarriers
Number of bits per OFDM symbol

BPSK and 16-QAM

AWGN

64
2dB

Ya

10000
52
52
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5.Results and Discussion

Among the performance metric parameters of the considered system such as PAPR,
PSD, the accuracy of channel estimation, computational complexity, data rate, and
sensitivity to synchronization, this work will focus on PAPR, BER, and
computational complexity. The remaining parameters are planned to be considered
in the future work related to this system.

5.1. Complementary cumulative distribution function

The CCDF of the transmitter in this proposed system is quantified by the same
simulation parameters of the above section with 16-QAM using FDCT via USFFT
and FDCT via wrapping. The results obtained are shown in Figs. 5 and 6
respectively. The dashed red curve represents the CCDF of the proposed system
while the solid blue curve represents the conventional OFDM. At 0.01% of CCDF,
the proposed system has a PAPR of approximately 2.5 dB while the conventional
OFDM has a PAPR of approximately 10.2 dB. It is observed that the proposed
system achieved 7.7 dB improvements over the conventional OFDM system at
0.01% of CCDF.

In Fig. 6, the first dashed red curve represents the CCDF of the proposed system
while the solid blue curve represents the conventional OFDM. At 0.01% of CCDF,
the proposed system has a PAPR of approximately 2.4 dB while the conventional
OFDM has a PAPR of approximately 10.1 dB. The results showed that the
proposed system has achieved 7.7 dB improvements over the conventional OFDM
system at 0.01% of CCDF.
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Fig. 5. CCDF for the OFDM system based on FDCT via USFFT.
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Fig. 6. CCDF for the OFDM system based on FDCT via wrapping.

5.2.Bit Error Rate

The relationship of the BER as a function of the Energy per Bit to Noise Power
Spectral Density Ratio (Eb/No) performance is a useful performance tool, which is
used to measure the noise robustness of the proposed system. The results of the
BER performance using FDCT via USFFT and FDCT via wrapping are presented
in Figs. 7 and 8 respectively.

In the results shown in Figs. 7 and 8, the dotted red curve represents the BER
performance of the proposed system; the second dashed black curve represents
the BER for conventional OFDM system. The solid blue curve denotes the
theoretical BPSK. The results showed that the BER performance of the
considered system nearly complies with the theoretical BPSK BER performance
in an AWGN channel.

5.3. Computational complexity

Computational complexity is an important issue. Due to the high data rates required
in modern applications, low complexity is imperative. Computational complexity
is considered as one of the drawbacks of the proposed system because Fourier has
a computational complexity of O (n log n), where n is the rank of the transform, or
the number of subchannels while the FDCT has a computational complexity of O
(n log n + m), which means the complexity of the FDCT has higher order compared
to the complexity of fourier.

Using laptop processor Pentium (R) Dual-Core CPU 2.2 GHz with 1 GB
RAM, both algorithms having the same output, but for calculating the PAPR, the
USFFT algorithm take 23.9 seconds elapsed time for the forward FDCT USFFT
and 59.2 seconds for the inverse transform while the wrapping algorithm takes
only 4.6 seconds elapsed time for the forward transform and 3.2 seconds for the
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inverse transform. On the other side for calculating the BER, the USFFT
algorithm takes 25 seconds elapsed time for the forward FDCT USFFT and 57.2
seconds for the inverse transform while the wrapping algorithm takes only 2.9
seconds elapsed time for the forward transform and 3.5 seconds for the inverse
transform. Thus, that the wrapping algorithm gives a faster computation time as
compared to the USFFT algorithm
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Fig. 7. BER performance of OFDM system based on FDCT via USFFT.
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Fig. 8. BER performance of OFDM system based on FDCT via wrapping.
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6. Conclusions

This work has implemented the FDCT to design a new OFDM system. It was
demonstrated via the CCDF of the transmitted signal that the proposed system gives
better PAPR results compared to the conventional OFDM system. The simulation
results also showed that the BER performance in AWGN indicates that the
performance of the proposed system nearly matches the theoretical BER
performance of BPSK modulation in AWGN channel. Finally, it is observed that
the proposed system has more computational complexity compared to the
conventional OFDM, which leads to many research opportunities in this area. Some
suggestions for the future work include:

e The PAPR reduction techniques can be tested in this system.

e The synchronization techniques could be an area that may be addressed.
o Channel estimation technique in the proposed system can be investigated.
o The effects of the multiple transmit and receive antennas can be explored.

e The computational complexity of this system can also be tested in order to give
better results.

Nomenclatures

fo Closest fine grid point of f

fe Carrier frequency

h(t) Channel impulse response

K Translation index

M Scaling index

N No. of subcarriers

PAPRy PAPR threshold

w(t) AWGN noise

x(t) Continuous time transmitted signal

y(t) Continuous time received signal

Greek Symbols

o Noise variance

22 PAPR threshold (PAPRy)

Abbreviations

AWGN Additive White Gaussian Noise

BER Bit Error Rate

BPSK Binary Phase Shift Keying

CCDF Complementary Cumulative Distribution Function
CNR Carrier to Noise Ratio

CP Cyclic Prefix

CSs Compressed Sensing or Compressive Sampling
DTDCWT  Dual-Tree Discrete Complex Wavelet Transform
DWT Discrete Wavelet Transform

Eb/No Energy per Bit to Noise Power Spectral Density Ratio
FDCT Fast Discrete Curvelet Transform

FFT Fast Fourier Transform

FT Fourier Transform
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IDFT Inverse Discrete Fourier Transform
IFDCT Inverse Fast Discrete Curvelet Transform
IFFT Inverse Fast Fourier Transform

MCM Multi-Carrier Modulation

OFDM Orthogonal Frequency Division Multiplexing
PAPR Peak to Average Power Ratio

PDEs Partial Different Equations

PSK Phase Shift Keying

QAM Quadrature Amplitude Modulation
UFFT Unequispaced Fast Fourier Transform
WPM Wavelet Packet Modulation

WPT Wavelet Packet Transform

WT Wavelet Transform
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