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In wireless communication reception, the reliability of orthogonal frequency division
multiplexing (OFDM) is limited because of the time-varying nature of the channel. This
causes inter-carrier interference (ICI) and increases inaccuracies in channel tracking. This
can effectively be avoided at the cost of power loss and bandwidth expansion by inserting
a cyclic prefix guard interval before each block of parallel data symbols. However, this
guard interval decreases the spectral efficiency of the OFDM system as the corresponding
amount. Recently, it was found that based on Haar-orthonormal wavelets, discrete wavelet-
based OFDM (DWT-OFDM) is capable of reducing the inter symbol interference (ISI) and
ICI, which are caused by the loss in orthogonality between the carriers. DWT-OFDM can
also support much higher spectrum efficiency than discrete Fourier-based OFDM (DFT-
OFDM). In this paper the DFT-OFDM is replaced by Multiwavelets OFDM (DMWT-OFDM)
in order to further reduce the level of interference and increase spectral efficiency. It is
found that proposed Multiwavelet design achieves much lower bit error rates, increases
signal to noise power ratio (SNR), and can be used as an alternative to the conventional
OFDM. The proposed OFDM system was modeled tested, and its performance was found
under different channel conditions.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

OFDM system is one of the most promising technologies for current and future wireless communications [1]. It is a form
of multi-carrier modulation (MCM) technologies [2–4] where data bits are encoded to multiple sub-carriers, while being
sent simultaneously. The process of combining different sub-carriers to form a composite time-domain signal is achieved
using Fast Fourier transform (FFT) and inverse FFT (IFFT) operations [5,6].

The main problem in the design of a communications system over a wireless link is to deal with multi-path fading,
which causes a significant degradation in terms of both the reliability of the link and the data rate [7]. Multi-path fading
channels have a severe effect on the performance of wireless communication systems even those systems that exhibits
efficient bandwidth, like OFDM [8]. There is always a need for developments in the realization of these systems as well as
efficient channel estimation and equalization methods to enable these systems to reach their maximum performance [9,10].
The OFDM receiver structure allows relatively straightforward signal processing to combat channel delay spreads, which was
a prime motivation to use OFDM modulation methods in several standards [11–22].
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In transmissions over a radio channel, the orthogonality of the signals is maintained only if the channel is flat and time-
invariant, channels with a Doppler spread and the corresponding time variations corrupt the orthogonality of the OFDM
sub-carrier waveforms [23]. In a dispersive channel, self-interference occurs among successive symbols at the same sub-
carrier casing ISI, as well as among signals at different sub-carriers casing ICI. For a time-invariant but frequency-selective
channel, ICI, as well as ISI, can effectively be avoided by inserting a cyclic prefix before each block of parallel data symbols
at the cost of power loss and bandwidth expansion [5,24].

Some solutions for ICI mitigation, such as pre-coding for self-cancellation [25], require a modification of the transmit
format so that these are not suitable for existing standards [26]. Other techniques may not be suitable for high vehicle
speeds or become too complex for consumer products. A method to reduce the ISI is to increase the number of sub-carriers
by reducing the bandwidth of each sub-channel while keeping the total bandwidth constant [27]. Hirosaki [28] suggested
an equalization algorithm in order to suppress both ISI and ICI caused by the channel impulse response or timing and
frequency errors. The narrowband nature of sub-carriers makes the signal robust against frequency selectivity, however
OFDM is relatively sensitive to time selectivity, which is due to rapid time variations of a mobile channel. Time variations
corrupt the orthogonality of the OFDM sub-carrier waveforms so that ICI occurs [29].

Conventional OFDM/QAM systems are robust for multi-path channels due to the cyclically prefixed guard interval which
is inserted between consequent symbols to cancel ISI. However, this guard interval decreases the spectral efficiency of
the OFDM system as the corresponding amount [30]. Thus, there have been approaches of wavelet-based OFDM which
does not require the use of the guard interval [31–35]. This alternate has better spectral efficiency than the conven-
tional OFDM/QAM system. Wavelet bases have been introduced into the communication field as an alternative approach
to Multi-carrier modulation (MCM) [36–45]. In [36], Lindsey discusses the possibility of applying multidimensional signals
to orthogonally multiplexed communications. The ISI/ICI of MCM schemes with wavelet base and Fourier base is compared
in [39]. Reference [42] presents a DWT-OFDM that can support much higher spectrum efficiency than DFT-OFDM. Reference
[46] investigates the bit error rate (BER) performance of MCM systems with different orthogonal bases and shows that they
have advantages under specified channel conditions. It is found that OFDM based on Haar orthonormal wavelets (DWT-
OFDM) are capable of reducing the ISI and ICI, which are caused by the loss in orthogonality between the carriers, Haar
wavelet is employed due to its simplicity.

In this paper further performance gains were made by looking at alternative orthogonal bases functions and finding a
better transform rather than Fourier and wavelet transform it is a Discrete Multiwavelets transform (DMWT). Multiwavelets
are very similar to wavelets but have some important differences. Wavelets may be described in the context of a multi-
resolution analysis. In fact, it is possible to have more than one scaling (and wavelet) function. This is the idea behind
Multiwavelets, which are a natural expansion of the wavelets. Multiwavelets are designed to be simultaneously symmetric,
orthogonal and having short supports with high approximation power, which cannot be achieved at the same time for
wavelet using only one scaling function. The trick is to increase the number of scaling functions to raise the approximation
power rather than one scaling function. A new proposed OFDM system will be introduced based on a fast computation
method for DMWT, it is DMWT-OFDM. The purpose of this multiplicity is to achieve more properties which can not be
combined in other transforms (Fourier and wavelet) [47].

2. A proposed fast computational method for DMWT and inverse DMWT of 1D signals

A newer alternative to the wavelet transform is the multiwavelet transform. Multiwavelets are very similar to wavelets
but have some important differences. In particular, whereas wavelets have an associated scaling function φ(t) and
wavelet function ψ(t), multiwavelets have two or more scaling and wavelet functions. For notational convenience, the
set of scaling functions can be written using the vector notation Φ(t) = [φ1(t) φ2(t) . . . φr(t) ]T , where Φ(t) is
called the multiscaling function. Likewise, the multiwavelet function is defined from the set of wavelet functions as
Ψ (t) = [ψ1(t) ψ2(t) . . . ψr(t) ]T . When r = 1, Ψ (t) is called a scalar wavelet, or simply wavelet. While in principle n
can be arbitrarily large, the multiwavelets studied to date are primarily for r = 2.

The multiwavelet two-scale equations resemble those for scalar wavelets [48]:

Φ(t) = √
2

∞∑
k=−∞

HkΦ(2t − k), (1)

Ψ (t) = √
2

∞∑
k=−∞

GkΦ(2t − k). (2)

However, that Hk and Gk are matrix filters, i.e. Hk and Gk are n × n matrices instead of scalars. The matrix elements
in these filters provide more degrees of freedom than a traditional scalar wavelet. These extra degrees of freedom can
be used to incorporate useful properties into the multiwavelet filters, such as orthogonality, symmetry, and high order of
approximation. The key, then, is to figure out how to make the best use of these extra degrees of freedom. Multifilter
construction methods are already being developed to exploit them. However, the multi-channel nature of multiwavelets
also means that the sub-band structure resulting from passing a signal through a multifilter bank is different. Sufficiently
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
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different, in fact, so that established quantization methods do not perform as well with multiwavelets as they do with
wavelets [49].

A very important multiwavelet filter is the GHM filter proposed by Geronimo, Hardian, and Massopust [50]. The GHM
basis offers a combination of orthogonality, symmetry, and compact support, which cannot be achieved by any scalar wavelet
basis [51]. There are four remarkable properties of the GHM scaling functions [52]:

– They each have short support (the intervals [0;1] and [0;2]).
– Both scaling functions are symmetric, and the wavelets form a symmetric/antisymmetric pair.
– All integer translates of the scaling functions are orthogonal.
– The system has second order of approximation.

For GHM system Hk are four scaling matrices H0, H1, H2, and H3 [52]:

H0 =
[ 3
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]
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]
(3)

also, Gk for GHM system are four wavelet matrices G0, G1, G2, and G3:
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. (4)

The low pass filter Hk and high pass filter Gk consist of coefficients corresponding to the dilation equation (1) and
wavelet equation (2). However in the multiwavelet setting these coefficients are n by n matrices, and during the convolution
step they must multiply vectors (instead of scalars). This means that multifilter banks need n input rows. The most obvious
way to get input rows from a given signal is to repeat the signal. Two identical rows go into the multifilter bank. This
procedure is called “Repeated row” which introduces oversampling of the data by a factor of two. In the one-dimensional
signals the “repeated row” scheme is convenient and powerful to implement [52,53].

2.1. Fast computation of DMWT for 1D signals

By using an over-sampled scheme of preprocessing (repeated row), the DMWT matrix is doubled in dimension compared
with that of the input, which should be a square matrix N × N where N must be power of two. Transformation matrix
dimensions are equal to input signal dimension after preprocessing. To compute a single-level 1D discrete Multiwavelet
transform, the following algorithm should be followed [54]:

1. Checking input dimensions: Input vector should be of length N , where N must be power of two.
2. Constructing a 2N × 2N transformation matrix: Using GHM low-pass and high-pass filters matrices given in (3) and (4),

the transformation matrix can be written as follows:

W =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

H0 H1 H2 H3 0 0 · · · 0 0 0 0
0 0 H0 H1 H2 H3 · · · 0 0 0 0
...

...
...

...
...

... · · · ...
...

...
...

H2 H3 0 0 0 0 · · · 0 0 H0 H1
G0 G1 G2 G3 0 0 · · · 0 0 0 0
0 0 G0 G1 G2 G3 · · · 0 0 0 0
...

...
...

...
...

... · · · ...
...

...
...

0 0 0 0 0 0 · · · G0 G1 G2 G3
G2 G3 0 0 0 0 · · · 0 0 G0 G1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (5)

Preprocessing the input signal by repeating the input stream with the same stream multiplied by a constant α. For GHM
system functions α = 1/

√
2 [52].

3. Transformations of input vector which can be done by apply matrix multiplication to the 2N × 2N constructed trans-
formation matrix by the 2N × 1 preprocessing input vector.
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Finally, a 2N × 1 DMWT matrix results from the N × 1 original matrix using repeated row. A general example for
computing 1D DMWT using an oversampled scheme of preprocessing involves the following steps:

1. Let 4-component vector be the input 1D signal,

X = [ x0 x1 x2 x3 ] ,

X = [ 5 16 3 7 ] .

2. For an 4 × 1 input 1D signal X , construct a 4 × 4 transformation matrix, W , using GHM low and high pass filters
matrices given in (3) and (4). As GHM filters H ’s and G ’s are 2 × 2 matrices, the transformation matrix W dimension
after substituting filters coefficients value will be 8 × 8 matrix which has the same dimension of the input matrix after
repeated-row preprocessing:

W =

⎡
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⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

3. Apply repeated row preprocessing to the input X , which results in P matrix,

P = [ x0 αx0 x1 αx1 x2 αx2 x3 αx3 ] ,

P = [ 5 3.5355 16 11.3137 3 2.1213 7 4.9497 ] .

4. Transformation of input vector which can be done as follows: [Z ] = [W ] × [P ]T ,

Z = [ z0 z1 z2 z3 z4 z5 z6 z7 ] ,

Z = [ 11.738 14.75 5.9397 6.75 −1.25 −7.9903 −0.25 −2.6163 ] .

2.2. Fast computation of inverse DMWT for 1D signals

To reconstruct the original signal from the discrete multiwavelets transformed signal, the inverse discrete Multiwavelets
transform (IDMWT) should be used. Reconstruction matrix which is the inverse (or transpose) of the transformation ma-
trix (5) can be used for computing IDMWT. An oversampled scheme of post-processing should be used in computing
IDMWT [54]. To compute a single level 1D Inverse discrete multiwavelets transform using over-sampled scheme of post-
processing, the following algorithm should be followed:

1. Apply shuffling by arranging the row pairs 1, 2, and 3,4, . . . , N − 1, N of the 2N × 1 matrix to be the row pairs 1, 2 and
5,6, . . . ,2N −1,2N −2 of the resulting matrix and arranging the row pairs N +1, N +2 and N +3, N +4, . . . ,2N −1,2N
of the 2N × 1 matrix to be the row pairs 3, 4, and 7,8, . . . ,2N − 1,2N of the resulting matrix.

2. Multiply a 2N × 2N reconstruction matrix (2N × 2N transformation matrix (5) transpose) with the resulting 2N × 1
shuffled matrix.

3. Apply post-processing by discarding the even rows 2,4, . . . ,2N from the row reconstructed 2N × 1 matrix to have an
N × 1 original reconstructed 1D signal matrix.

3. Proposed system for DMWT-OFDM

In the previous section, a new DMWT computation method was proposed that verify the potential benefits of multi-
wavelets and gains much improvement in terms of low computational complexity. The verification of the new developed
methods using computational aspects was also developed. Below are provided some concluding notes obtained on the pro-
posed algorithms:

• A single level decomposition in the multiwavelet domain is equivalent to two scalar wavelet decompositions. Thus
although computation complexity is double for DMWT compared to DWT, the levels of computation are less by half to
get the same signal (image) quality.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
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Fig. 1. Block diagram of DMWT-OFDM system.

• Multiwavelets filter banks require a vector-valued input signal. This is another issue which is addressed when Multi-
wavelets are used in the transform process. A scalar-valued input signal must some how be converted into a suitable
vector-valued signal. This conversion is called preprocessing.

• The most obvious way to get two input rows from a given signal is to repeat the signal using repeated row preprocessing
(over-sampled scheme).

• Using repeated row preprocessing introduces an oversampling of data by a factor of two, which doubles the original sig-
nal (image) dimensions. At the same time, the upper left-most sub-band of the decomposed image has half dimensions
of the original.

• The proposed method has two promising features: it can support a low-resolution transmission from the original
stream, and the ability to adapt the quality to the required bit rate. These features are also desirable for internet
transmission at very low bit rates.

• The waveforms of the GHM Multiwavelets for the first decomposition D = 1 has r = 2 and support length of L = 3.
According to multiwavelet theory a given bandwidth can be divided into r × 2D orthogonal sub-bands with a decompo-
sition level D .

• The support length L = 3 means that the symbol overlapping can be extend to 3 times. Hence the ratio of the FFT-
OFDM and DMWT-OFDM sub-carries is [N : (n + 2)/3] is equal to 3. This will result in increasing the overlapping of the
sub-carriers in the time domain and this intern improves the band efficiency.

• It can be seen that the interference decreases sharply with the growing length of the filter for the DWMT-OFDM in
comparison with that of conventional FFT-OFDM.

• According to the analyses of FFT-OFDM the transmitted signal is given by

f F (t) = 1√
N

N−1∑
k=0

nke j2πkt/T , 0 � t � T ,

where nk are the data, N is the number of sub carriers, and T is the data duration.

In order to replace the FFT in OFDM with DMWT the transmitted signal can be expressed as

f W (t) = 1√
2Dr

2D−1∑
d=0

r∑
i=1

nd,iΦd,i(t), 0 � t � T .

As a result the average normalized ISI and ICI power will decrease with the increasing of sub-carriers.
The block diagram of the proposed system for OFDM is depicted in Fig. 1. It is very similar to that of DWT-OFDM. The

processes of serial to parallel (S/P) converter, signal demapper, and insertion of training sequence are the same as in the
DWT-OFDM system. The DMWT-based OFDM modulator consists of pre-processing block and IDMWT processing block and
the DMWT-based OFDM demodulator consists of pre-processing block and IDMWT processing block as shown in Fig. 1.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
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Fig. 2. BER performance of DMWT-OFDM in AWGN channel model.

Fig. 3. The BER performance of DMWT-OFDM in FFC at max. Doppler shift = 5 Hz.

After a computation of IDMWT for 1D signal using an over-sampled scheme of preprocessing (repeated row), the IDMWT
matrix is doubled in dimension compared with that of the input, which should be a square matrix N × N . Hence the
DMWT-OFDM will have half the FFT-OFDM bandwidth. Transformation matrix dimensions equal input signal dimensions
after preprocessing.

4. Results and discussion of the proposed systems

In this section the simulations of the proposed DMWT-OFDM system are provided using MATLAB version 7. The bit
error rate (BER) performance of the OFDM system is simulated for different channel models: additive white Gaussian noise
(AWGN) channel, flat fading channel (FFC), and selective fading channel. In this simulation, the modulation type used is
BPSK, number of sub-carriers are 64 and, the bandwidth used was 5 MHz. All simulation results are provided as a function
of signal-to-noise-ratio (SNR) defined as the ratio of signal power to noise power and usually expressed with dB: SNR
(in dB) = 10 log(S/N); where S is the signal power and N is the noise power.

4.1. Performance of DMWT-OFDM in AWGN channel

Fig. 2 shows the results of simulation for BER performance of DMWT-OFDM in AWGN channel. It is clearly seen that
DMWT-OFDM has much better performance than the other two systems, FFT-OFDM and DWT-OFDM. For example to have
BER = 10−3 DMWT-OFDM requires 10 dB SNR, while DWT-OFDM requires 16.5 dB and FFT-OFDM requires 31.5 dB SNR. This
reflects the fact that the orthogonality of the DMWT-OFDM sub-carrier waveforms is much better than that for the other
types, FFT-OFDM and DWT-OFDM.

The efficiency of DMWT-OFDM increases with decreasing the required value of BER.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
Signal Process. (2009), doi:10.1016/j.dsp.2009.06.022
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Fig. 4. The BER performance of DMWT-OFDM in FFC at max. Doppler shift = 500 Hz.

Fig. 5. The BER performance of DMWT-OFDM in FFC at max. Doppler shift = 1100 Hz.

4.2. Performance of DMWT-OFDM in FFC

In this channel, in addition to AWGN all frequency components of signal will be affected by a constant attenuation and
a linear phase distortion, which has been chosen to have a Rayleigh distribution. Fig. 3 shows BER performance of DMWT-
OFDM in FFC at maximum Doppler shift equal 5 Hz. From Fig. 3 it is seen that to have BER = 10−4 the required SNR for
DMWT is about 34 dB, while for DWT-OFDM it is about 40 dB and for FFT-OFDM it is required 40 dB of SNR to have
BER about BER ≈ 5 × 10−3. So DMWT-OFDM has about 6 dB gain improvement over DWT at BER = 10−4. And in general
DMWT-OFDM significantly increases SNR improvement and has a big advantage over the other two systems for this channel
model.

Other Doppler shifts are used for simulations in FFC, and the BER performance of DMWT-OFDM, DWT-OFDM, and FFT-
OFDM in FFC at maximum Doppler shifts values equal 500 Hz, and 1100 Hz is found. Fig. 4 provides BER performance of
the three types of OFDM at maximum Doppler shift value equal 500 Hz and Fig. 5 depicts BER performance of the three
types of OFDM at maximum Doppler shift value equal 1100 Hz. For the three cases of Doppler shift, DMWT-OFDM has
better performance than the two others.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
Signal Process. (2009), doi:10.1016/j.dsp.2009.06.022
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Fig. 6. The BER performance of DMWT-OFDM in selective fading channel at max Doppler shift = 5 Hz.

Fig. 7. The BER performance of DMWT-OFDM in selective fading channel at max Doppler shift = 500 Hz.

4.3. BER performance of DMWT-OFDM in selective fading channel

In this section, the channel model is selected to be selective fading channel, where the parameters of the second ray
channel is assumed with a second path gain of −10 dB, and second path delay of one sample. Fig. 6 clearly shows that BER
performance of DMWT-OFDM in this case is also better than DWT-OFDM and FFT-OFDM. DMWT-OFDM has BER performance
equal 10−2 at SNR = 30 dB and the FFT-OFDM has the same BER performance at 39 dB. BER performance of DWT-OFDM
becomes constant after a certain SNR. For this case it was constant and equal 3×10−2 after SNR = 25 dB. From these results
it can be concluded that DMWT-OFDM has best performance than the other two systems DWT-based and FFT-based in the
different channels that have been studied.

The three systems are simulated and tested for 500 Hz and 1100 Hz maximum Doppler shift. The results of BER perfor-
mance for the two cases are given in Figs. 7 and 8. From simulation results it can be concluded that DMWT-OFDM has best
performance than the other two systems: DWT-based and FFT-based.

Now different values of second path gain are used to study the effect of second path gain on BER performance of the
three systems. Depending on results provided in Figs. 9 and 10 for gains −1 dB and −20 dB respectively, and for maximum
Doppler shift = 5 Hz, Multiwavelet based OFDM still has better performance than the two other designs.

The behavior of BER performance of DMWT-OFDM in selective fading channel is similar to that of DWT-OFDM; it is very
sensitive to Doppler frequency variations. Depending on the channel second path gain and delay there is a critical value of
Doppler frequency for which increasing the SNR does not affect the BER performance of the system. This is produced by
the loss in orthogonality between the carriers as a result of the multipath wireless channel. Proposed system has better
performance than other systems; however for Doppler frequencies exceeding critical value FFT-OFDM outperforms proposed
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
Signal Process. (2009), doi:10.1016/j.dsp.2009.06.022
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Fig. 8. The BER performance of DMWT-OFDM in selective fading channel at max Doppler shift = 1100 Hz.

Fig. 9. The BER performance of DMWT-OFDM in selective fading channel at second path gain = −1 dB.

Fig. 10. The BER performance of DMWT-OFDM in selective fading channel at second path gain = −20 dB.
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system for very high SNR values (SNR > 40 dB) since increasing signal power does not solve the problem of interference.
The Doppler frequency critical value increases with decreasing the second path gain and it is more sensitive to second path
delay than second path gain variations.

5. Conclusions

In this paper, the DMWT-OFDM structure was proposed simulate and tested. Simulations provided proved that proposed
design achieves much lower bit error rates and better performance than FFT-OFDM and DWT-OFDM assuming reasonable
choice of the bases function and method of computations.

Proposed MWDT-OFDM give in AWGN channel BER = 10−4 when SNR = 11.5 dB while wavelet based OFDM and FFT
based OFDM give the same BER when SNR = 18 dB and 33 dB respectively. In FFC and selective fading channels Multiwavelet
based OFDM also has performance better than the other two OFDM systems.

Proposed MWDT-OFDM systems is robust for multi-path channels and does not require cyclically prefixed guard interval,
which means that it obtains higher spectral efficiency than conventional OFDM and it can be used at high transmission
rates.

From obtained results it can be concluded, that SNR can be successfully increased using proposed multiwavelet designed
method and using a desired multiwavelet bases function. Therefore this structure can be considered as an alternative to the
conventional OFDM.

References

[1] Oh-Soon Shin, Albert M. Chan, H.T. Kung, Vahid Tarokh, Design of an OFDM cooperative space–time diversity system, IEEE Trans. Vehicular Technol. 56
(2007) 2203–2215.

[2] I. Kalet, The multitone channel, IEEE Trans. Commun. 37 (1989) 119–124.
[3] N. Al-Dhahir, J.M. Cioffi, Optimum finite-length equalization for multicarrier transceivers, IEEE Trans. Commun. 44 (1996) 56–64.
[4] Haixia Zhang, Dongfeng Yuan, Matthias Pätzold, Novel study on PAPRs reduction in wavelet-based multicarrier modulation systems, Digital Signal

Process. 17 (2007) 272–279.
[5] S. Weinstein, P. Ebert, Data transmission by frequency division multiplexing using the discrete Fourier transform, IEEE Trans. Commun. Technol. 19

(1971) 628–634.
[6] Jen-Chih Kuo, Ching-Hua Wen, Chih-Hsiu Lin, An-Yeu (Andy) Wu, VLSI design of a variable-length FFT/IFFT processor for OFDM-based communication

systems, EURASIP J. Appl. Signal Process. 13 (2003) 1306–1316.
[7] Nghi H. Tran, Ha H. Nguyen, Tho Le-Ngoc, Bit-interleaved coded OFDM with signal space diversity: Subcarrier grouping and rotation matrix design,

IEEE Trans. Signal Process. 55 (2007) 1137–1149.
[8] E. Lawrey, The suitability of OFDM as a modulation technique for wireless telecommunications, with a CDMA comparison, thesis, James Cook University,

October 1997.
[9] Won Gi Jeon, Kyung Hi Chang, Yong Soo Cho, An equalization technique for orthogonal frequency-division multiplexing systems in time-variant multi-

path channels, IEEE Trans. Commun. 47 (1999) 27–32.
[10] X. Ma, H. Kobayashi, S.C. Schwartz, EM-based channel estimation algorithms for OFDM, EURASIP J. Appl. Signal Process. 10 (2004) 1460–1477.
[11] R.V. Nee, R. Prasad, OFDM for Wireless Multimedia Communications, Artech House, London, 2000.
[12] IEEE, Part 11, Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY) specifications: High-speed physical layer in the 5 GHz band, IEEE

Std 802.11a-1999.
[13] J. Foerster, Channel modeling sub-committee report final, Technical report, IEEE802.15-02/490, 2003.
[14] J. Balakrishnan, A. Batra, A. Dabak, A multi-band OFDM system for UWB communication, in: IEEE Conference on Ultra Wideband Systems and Tech-

nologies, November 2003, pp. 354–358.
[15] I. Koffman, V. Roman, Broadband wireless access solutions based on OFDM access in IEEE 802.16, IEEE Commun. Mag. 40 (2002) 96–103.
[16] B. LeFloch, R. Halbert-Lassalle, D. Castelain, Digital sound broadcasting to mobile receivers, IEEE Trans. Consumer Electron. 73 (1989) 30–34.
[17] W.Y. Zou, Y. Wu, COFDM: An overview, IEEE Trans. Broadcast. 41 (1995) 1–8.
[18] I. Lee, J.S. Chow, J.M. Cioffi, Performance evaluation of a fast computation algorithm for the DMT in high-speed subscriber loop, IEEE J. Select. Areas

Commun. 13 (2007) 1564–1570.
[19] R.V. Paiement, Evaluation of single carrier and multicarrier modulation techniques for digital ATV terrestrial broadcasting, CRC technical report CRC-

RP-004, Communications Research Centre, Ottawa, Ontario, Canada, 1994.
[20] ETSI EN 300 401 V1.3.3 (2001-05), Radio Broadcasting Systems; Digital Audio Broadcasting (DAB) to mobile, portable and fixed receivers, 2001.
[21] R. Prasad, OFDM for Wireless Communications Systems, Artech House, London, 2004.
[22] A. Batra, J. Balakrishnan, G.R. Aiello, J.R. Foerster, A. Dabak, Design of multiband OFDM system for realistic UWB channel environments, IEEE Trans.

Microw. Theory Tech. 52 (2004) 2123–2138.
[23] L.J. Cimini Jr., Analysis and simulation of a digital mobile channel using orthogonal frequency division multiplexing, IEEE Trans. Commun. 33 (1985)

665–675.
[24] M. Okada, S. Hara, N. Morinaga, Bit error performances of orthogonal multicarrier modulation radio transmission schemes, IEICE Trans. Commun. E76-B

(1993) 113–119.
[25] Y. Zhao, S.-G. Haggman, Intercarrier interference self-cancellation scheme for OFDM mobile communication systems, IEEE Trans. Commun. 49 (2001)

1185–1191.
[26] S. Tomasin, A. Gorokhov, H. Yang, J. Linnartz, Iterative interference cancellation and channel estimation for mobile OFDM, IEEE Trans. Wireless Com-

mun. 4 (2005) 238–245.
[27] J. Torrance, L. Hanzo, Multicarrier modulation for data transmission: An idea whose time has come, IEEE Commun. Mag. 28 (1990) 5–14.
[28] B. Hirosaki, An analysis of automatic equalizers for orthogonally multiplexed QAM systems, IEEE Trans. Commun. Technol. 28 (1980) 73–83.
[29] A. Gorokhov, J. Linnartz, Robust OFDM receivers for dispersive time-varying channels: Equalization and channel acquisition, IEEE Trans. Commun. 52

(2004) 572–583.
[30] SeungWon Kang, KyungHi Chang, A novel channel estimation scheme for OFDM/OQAM-IOTA system, ETRI J. 29 (2007) 430–436.
[31] H. Zhang, D. Yuan, M. Jiang, D. Wu, Performance comparison of WOFDM with different coding schemes, in: Proc. IEEE Radio and Wireless Conference

RAWCON, Boston, MA, 2003, pp. 59–62.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
Signal Process. (2009), doi:10.1016/j.dsp.2009.06.022



ARTICLE IN PRESS YDSPR:943

JID:YDSPR AID:943 /FLA [m3G; v 1.20; Prn:28/07/2009; 9:26] P.11 (1-11)

A.H. Kattoush et al. / Digital Signal Processing ••• (••••) •••–••• 11
[32] T. Kurt, M. Siala, A. Yongacoglu, Multi-carrier signal shaping employing Hermite functions, in: Proc. European Signal Processing Conference EUSIPCO,
Turkey, Antalya, September 2005.

[33] C. Roche, P. Siohan, A family of extended Gaussian functions with a nearly optimal localization property, in: Proc. First Int. Workshop Multi-Carrier
Spread-Spectrum, Oberpfaffenhofen, Germany, April 1997, pp. 179–186.

[34] D. Lacroix-Penther, J.-P. Javaudin, A new channel estimation method for FDM/OQAM, in: Proc. of the 7th International OFDM Workshop, Hamburg,
Germany, September 10–11, 2002.

[35] J.P. Javaudin, D. Lacroix, Technical description of the OFDM/IOTA modulation, 3GPP TSG-RAN-1 Meeting #31, Tokyo, Japan, February 2003.
[36] A.R. Lindsey, Wavelet packet modulation for orthogonally multiplexed communication, IEEE Trans. Signal Process. 45 (1997) 1336–1337.
[37] W. Kozek, G. Pfander, J. Ungermann, A comparison of various MCM schemes, in: 5th International OFDM Workshop, Hamburg, Germany, 2000, pp. 20-1–

20-5.
[38] E. Okamoto, Y. Iwanami, T. Ikegami, Multimode transmission using wavelet packet modulation and OFDM, in: IEEE 58th Vehicular Technology Confer-

ence, vol. 3, 2003, pp. 1458–1462.
[39] M. Charina, K. Jetter, A. Kehrein, W. Kozek, G. Pfander, G. Zimmermann, ISI/ICI comparison of DMT and wavelet based MCM schemes for time-invariant

channels, in: J. Speidel (Ed.), Neue Kommunikationsanwendungen in Modernen Netzen, ITG-Fachbericht, vol. 171, VDE-Verlag, Berlin, 2002, pp. 109–
115.

[40] IEEE Std., IEEE proposal for 802.16.3, RM wavelet based (WOFDM) PHY proposal for 802.16.3, Rainmaker Technologies, 2001.
[41] G. Freiman, S. Litsyn, A. Yudin, A method to suppress high peaks in BPSK-modulated OFDM signal, IEEE Trans. Commun. 52 (2004) 1440–1443.
[42] X. Zhang, P. Xu, G. Zhang, G. Bi, Study on complex wavelet packet based OFDM modulation (CWP-OFDM), Acta Electron. Sinica 30 (2002) 476–479.
[43] S.M. Sadough, E. Jaffrot, A wavelet packet based model for an ultra-wideband propagation channel, in: Proc. ECPS 2005, Brest, France, March 15–18,

2005.
[44] H.L. Resnikoff, J. Raymond, O. Wells, Wavelet Analysis, The Scalable Structure of Information, Springer, New York, 1998.
[45] S. Mallat, A Wavelet Tour of Signal Processing, second ed., Academic Press, New York, 1999.
[46] H. Zhang, D. Yuan, M. Jiang, D. Wu, Research of DFT-OFDM and DWT-OFDM on different transmission scenarios, in: IEEE ICITA’2004, Harbin, China,

8–11 January 2004.
[47] M. Cotronei, L.B. Montefusco, L. Puccio, Multiwavelet analysis and signal processing, IEEE Trans. Circ. Syst. II 45 (1998) 970–987.
[48] M.B. Martin, A.E. Bell, New image compression techniques using multiwavelets and multiwavelet packets, IEEE Trans. Image Process. 10 (2001) 500–

510.
[49] T.J. Yew, Multiwavelets and scalable video compression, Ph.D. thesis, Department of Electrical and Computer Engineering, National University of Singa-

pore, 2002.
[50] Geronimo, D. Hardin, P.R. Massupost, Fractal function and wavelet expansions based on several functions, J. Approx. Theory 78 (1994) 373–401.
[51] Z.J. Mohammed, Video image compression based on multiwavelets transform, Ph.D. thesis, University of Baghdad, 2004.
[52] V. Strela, P. Heller, G. Strang, P. Topiwala, C. Heil, The application of multiwavelet filter banks to image processing, IEEE Trans. Image Process. 8 (1999)

548–563.
[53] E. Biglieri, J. Proakis, S. Shamai, Fading channels: Information-theoretic and communications aspects, IEEE Trans. Inform. Theory 44 (1998) 2619–2692.
[54] W.A. Al-Jawher, New fast method for computing multiwavelet coefficients from 1D up to 3D, in: Proc. 1st Int. Conference on Digital Comm. & Comp.

App., Jordan, 2007, pp. 412–422.

Abbas Hasan Kattoush received his M.S. and Ph.D. degrees in Communication Eng. from USSR in 1979 and 1984, respectively. For 10
years Dr. Kattoush was a technical manager of a leading SAKHER computers company. He was a pioneer in computer networking and
software engineering in Jordan. From 1993 to 2000 he worked at Applied Science University Amman, Jordan, where he was a founding
member of the Department of Electrical and Computer Engineering. From 2000 to 2008 Dr. Kattoush was an associate professor at
Electrical and Computer Engineering Department at Al-Isra University, Amman, Jordan. Currently he is an associate professor and a head
of Department of Electrical, Communications, and Computer Engineering at Tafila Technical University, Tafila, Jordan. His areas of research
interest include DSP, digital communication systems, phase unwrapping, interferometric SAR image analysis, filtering, and interpretation.
He has authored several tenths of research articles, textbooks, and computer software systems.

Waleed Ameen Al-Jawher: Dean of Engineering College, University of Isra, Jordan. He received a School of Research in Digital Signal
Processing (2005). He received his Ph.D. in Digital Signal Processing from the University of Wales, University College of Swansea, United
Kingdom (1986). He has a teaching experience in engineering for 32 years. A total of 15 national awards. He published over 224 papers,
supervised 202 M.Sc. and Ph.D. students. He received the First professor Award of University of Baghdad, the First professor Award of the
Ministry of Higher Education & Scientific Research of Iraq (National first Professor Award). His present areas of research interest are the
field of DSP and communication.

Saad T. Nihad was born in Baghdad in 1976. He received his B.Sc. in Electrical Engineering from University of Baghdad in 1997, his
M.Sc. and Ph.D. in Electronic and Communication from University of Baghdad in 2002 and 2006, respectively. He is working as a lecturer in
the Electrical Engineering Department in the University of Baghdad. His areas of research interest are the field of DSP and communication.
Please cite this article in press as: A.H. Kattoush et al., The performance of multiwavelets based OFDM system under different channel conditions, Digital
Signal Process. (2009), doi:10.1016/j.dsp.2009.06.022


	The performance of multiwavelets based OFDM system under different channel conditions
	Introduction
	A proposed fast computational method for DMWT and inverse DMWT of 1D signals
	Fast computation of DMWT for 1D signals
	Fast computation of inverse DMWT for 1D signals

	Proposed system for DMWT-OFDM
	Results and discussion of the proposed systems
	Performance of DMWT-OFDM in AWGN channel
	Performance of DMWT-OFDM in FFC
	BER performance of DMWT-OFDM in selective fading channel

	Conclusions
	References


