Improving the Transmission Capacity Using Discrete
Wavelet Transform as Multicarrier Modulation with
Multiple Antennas

Osama Najajri', Hashem Abu Arram? Samer Rabah®, Ghandi Manasra*
Palestine Polytechnic University, Electrical and Computer Engineering Departement
Hebron- Palestine
E-mail: 0.najar.89@hotmail.com, ord_hashem@Iive.com, samer.rabahl@hotmail.com

(4) Associate Professor, Telecommunication Engineering. Email: ghandi@ppu.edu

Abstract —The transmission through wireless channel suffers
from many challenges due to the multipath effect that causes
Inter Symbol Interference (ISI) problem. Multicarrier modula-
tion (MCM) is proposed as solution to overcome the ISI. This
research presents the Discrete Wavelet Transform (DWT)
based multicarrier modulation as alternative platform of con-
ventional OFDM in which there is no need for cyclic prefix
overhead due to the overlapping nature of DWT. Simulation
based analysis will be used to simulate the two multicarrier
systems, DWT with Haar mother based multicarrier and the
conventional OFDM, under the scenario of having multiple
antennas system, with BPSK and QPSK as two modulation
schemes in additive white Gaussian noise channel (AWGN).
Based on the bit error rate performance and the transmission
capacity, the DWT based multicarrier system was found to be
superior to the conventional OFDM system.

Keywords — DWT, OFDM, MCM, Sub-Band Coding,
Filter Bank, OSTBC, MIMO.

I.  INTRODUCTION

Multicarrier modulation (MCM) is an effective technique
of wireless communication; unlike traditional single carrier
systems it divides the bandwidth into independent narrow
sub-band channels, and uses it to transmit parallel low data
streams which are divided from the original high data stream
[1]1[2]. The number of sub-channels is chosen to make the
symbol time for each sub-stream much greater than the delay
spread of the channel and to make the sub-stream bandwidth
less than the channel coherence bandwidth to avoid the
ISI [2]. Multicarrier modulation provides an efficient means
to access and distribute multiple multiplexed data streams.
This is potentially very attractive for high speed, broadband
networks, which often multiplex multiple data sources during
transmission [3]. The traditional multicarrier modulation
scheme is the Orthogonal Frequency Division Multiplexing
(OFDM) in which the Discrete Fourier Transform (DFT) is
used to construct the orthogonal subcarriers. OFDM is
emerged to combat the inter symbol interference (ISI),
channel distortion and improve the spectral efficiency, ISl is
eliminated in OFDM by added a cyclic prefix to the OFDM

signal but this can decrease the bandwidth efficiency greatly
[4]. In conventional OFDM transceiver the Inverse Fast
Fourier Transform (IFFT) is applied at the transmitter side
and the Fast Fourier Transform (FFT) is applied at the
receiver side [5].

In order to get more improvement of transmission
through wireless channel and to keep up with the rapid in-
crease in demand of the wireless technologies such as Wi-Fi
and the mobile communication, Discrete Wavelet Transform
(DWT) have been considered as multicarrier modulation
scheme. The Wavelet based OFDM as an alternative for
conventional Fourier OFDM in order to reduce the level of
ISI and inter-channel interference (ICI) powers was proposed
in [6]. In wireless communication systems design the wave-
lets have found beneficial applicability, such as channel
characterization, interference mitigation, modulation and
multiplexing, multiple access communication, Ultra Wide-
band (UWB) communication, cognitive radio and network-
ing [7]. The Discrete Wavelet Transform (DWT) is used in a
variety of signal processing applications, such as video
compression, Internet communications compression, object
recognition and numerical analysis [8]. The power of the
wavelet transform comes from the fact that the basic func-
tions of the wavelet are localized in time (or space) and fre-
quency, and have different resolutions in these two domains.

Multiple input multiple output (MIMO) technology is
becoming very attractive technique in wireless communica-
tions because it achieves significant performance improve-
ment in data throughput and spectral utilization of the
bandwidth [2][12]. The diversity performance in MIMO
system can be improved through the space time block coding
(STBC) technique. Space time block coding can achieve
transmit diversity and power gain without sacrificing the
bandwidth [13][14].

The combination between multicarrier modulation and
MIMO in one system combines the advantages of these two
technologies in broadband wireless communications. The
performances of STBC OFDM UWB systems that use two
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transmit and one or two receive antennas with Discrete
Wavelets Transform (DWT) and conventional Fast Fourier
transform (FFT) as two multicarrier modulation are investi-
gated in [15].

In section I, the Discrete Wavelet Transform as multicar-
rier modulation is discussed including the Wavelet back-
ground and sub-band coding. In section Ill, the MIMO tech-
nology under STBC is discussed and the system model of
MIMO-DWT is presented. The simulation parameters and
results in terms of bit error rate (BER) are discussed in
details in section IV.

Il. MULTICARRIER MODULATION USING DWT

A. Wavelet Background

Wavelet Transform (WT) is a mathematical function that
is emerged as a new tool for multi-resolution decomposition
of continuous time signal at different times and different
frequencies (or scales) [5]. So the wavelet transform provides
the time-frequency representation of the signal. In wavelet
transform, higher frequencies are better resolved in time, and
lower frequencies are better resolved in frequency. In this
sense, the signal is multiplied with an orthogonal wavelet
function, and the transform is computed separately for differ-
ent segments of the time domain signal [9]. The continuous
wavelet transform can be defined as in [5]:

CWT\)'(/ (1,5) = X(t)\y dt 1)

|

Where: CWT‘)'(’ is the Continuous wavelet transform of the

signal x(t), y(t) is the mother wavelet, T represents the
translation parameter which is corresponding to the time
information in the signal and s represents the Scale parame-
ter which is corresponding to the frequency information in
the signal, Scale = 1/frequency.

The modified version of the wavelet transform is the dis-
crete wavelet transform (DWT), in which the scaling as well
as the translation variables are properly discretized. If the
scaling variable " s " is discretized by 2™ and the translation
variable " t" by 2™n, where m and n are integers, then the
DWT of a continuous-time signal s(t) is expressed as [9]:

Sm = 2~m/2 f s(Oy(2™™t — n)dt (2)

Where: ST represent the DWT coefficients at different
scale and translation variables.

The Discrete Wavelet Transform can be regarded as a
form of sub-band coding where the signal to be analyzed is
passed through a series of filter banks [7].

B. Sub-band coding and filter bank theory

The process of splitting the full-band source signal into
different frequency bands and encode each band individually

based on their spectrum energies is called sub-band coding
technique. The study of sub-band coding starts from the
digital filter bank system, which is a group of filters that has
different center frequencies. Two channel filter bank is the
common and the efficient way to implement the discrete
wavelet transform (DWT) [5][8]. Fig. 1, as an example,
shows the structure of one level two channel sub-band filter
bank.

Typically, the filter bank design has two stages which are
used in signal transmission system. The first stage is called
analysis stage which corresponds to the decomposition pro-
cess in which the signal samples are reduced by two (down
sampling). The second stage is called synthesis stage which
corresponds to the interpolation process in which the signal
samples are increased by two (up sampling).

The analysis stage consists of sub-band filter followed by
down sampler whereas the synthesis stage consists of
sub-band filter located after up sampler. The sub-band filter
class used with the channel filter is perfect reconstruction
Quadrature Mirror Filter (QMF) [8]. Since there are high
pass "H;" and low pass "H," filters at every level, the
analysis stage has two output coefficients and they are called
approximation coefficients which contain the low frequency
information of the signal and detail coefficients which
contain the high frequency information of the signal. The
analysis stage of the multi-level two channels perfect
reconstruction filter bank system is used for determining the
DWT coefficients [5].

The process of reconstruction the source signal from the
DWT coefficients is called the inverse discrete Wavelet
transform (IDWT). For every level of reconstruction filter
bank the approximation and details coefficients are up sam-
pled and passed through low pass "G," and high pass "G;"
synthesis filters and then added.

Discrete Wavelet Transform is proposed as high perfor-
mance digital signal processing technique for use in imple-
menting multicarrier modulation. The block diagram design
of multicarrier transceiver digital system based on DWT is
shown in Fig. 2.

The system design comprise of an inverse discrete wave-
let transform (IDWT) as modulator at the transmitter and a
discrete wavelet transform (DWT) as demodulator at the
receiver. The main and the important difference between the
conventional OFDM and DWT multicarrier system is the
elimination of the cyclic prefix blocks in the transmitter or in
the receiver parts.
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Figure 1. One level two channel sub-band filter bank.
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Figure 2. Wavelet based multicarrier modulation structure.

IDWT represents the key point of the multicarrier trans-
mitter in which the orthogonal wavelet modulation is per-
formed. Every wavelet basis is seen as a subcarrier and the
transmitted symbols are multiplied by these subcarriers. The
orthogonality of the individual basis function prevents inter
symbol interference (ISI), furthermore, their mutual orthogo-
nality prevents interference across scales [10]. The transmit-
ted signal s(t) can be expressed as:

SO = Y ) SP 2R - n) @3)

meM n

Where: {1 (t) is the mother wavelet and represent the
basis wavelet functions (subcarriers) with compressed factor
m times and shifted n times for each subcarrier, S;* is the
data that is modulated onto the wavelets subcarriers at differ-
ent scale, and M represent the number of frequency bands (or
number of subcarriers).

At the receiver DWT is performed and the process is in-
versed. The orthogonality is the key feature that allows sub-
carrier separation at the receiver. The orthogonality property
leads to make the wavelets orthogonal to each other on both
their time position and their frequency localization (scale),
such that:

f‘l’i,k(t) Y (D) dt = {1 ifj=mand k=n

0 otherwise

Due to the overlapping nature of wavelets, the wavelet
based multicarrier has very high spectral containment and
therefore does not need a cyclic prefix to deal with the delay
spreads of the channel [4]. Wavelet basis are more spectrally
compact than traditional OFDM basis, they have less out of
band energy. In other words, the side lobes of the OFDM
spectrum, which is a sinc spectrum, contain an important
amount of energy that create inter channel interference [11].

By not requiring the cyclic prefix, the available band-
width would be more efficiently used, and hence high data
rate can be achieved.

I1l. SPACE TIME BLOCK CODING UNDER MIMO SYSTEM

One very good way of achieving the capacity of MIMO
wireless channels is to take help of space-time codes(STC).
The code has been designed to use with multiple transmit
antennas [12]. Space time block coding (STBC) is one
approach of STC in which multiple copies of data are
transmitted across multiple antennas at different times, thus
compensate for fading and thermal noise.

The conceptual diagram of a MIMO system with orthog-
onal STBC technique is shown in Fig. 3. The system has My
transmit antennas and My receive antennas. A space time
encoder encodes the transmitted data. The Mtransmit anten-
nas are used to transmit My parallel outputs simultaneously.
STBC is a transmit diversity technique in which the transmit-
ted streams are pre-processed before transmitted [14].

MIMO channel can be realized with multi-element array
antennas, there is an individual channels between given pairs
of transmit and receive antennas [14]. Assuming each link
from the transmit antenna to the receive one can be modeled
by flat fading for wireless mobile communication, then the
channel matrix H describing a MIMO channel with My
transmit and Mg, receive antennas is given by [12]:

H = [hy] )

where the h;; element is the fading attenuation coefficient for
the path from transmit antenna i to receive antenna j. The
received signal vector r can be represented as:

r=Hs+n (6)

Where: s is the transmitted signal vector and n is the additive
noise vector.

At the receiver, the channel estimator is used to estimate
the channel state information [12]. Maximal ratio combining
(MRC) technique using maximum-likelihood (ML) decoder
based on the minimum Euclidian distance is used to combine
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Figure 3. Conceptual diagram of MIMO-STBC system.

Mg received signals to find the most likely transmitted
signal. Using MRC the receiver needs to demodulate all My
receive signals and therefore increasing the effective which
affects on the probability of error at the receiver [16].

Alamouti coding is the first and simplest orthogonal
STBC, which uses two antennas for transmitting two sym-
bols simultaneously in two successive time slots [12][16].
The encoder takes a block of two modulated symbols s, and
s, in each encoding operation and maps them to the transmit
antennas according to a code matrix given by [12]:

So St
e @)

In general, a space-time block code is defined by an
My X p transmission matrix G in which My represents the
number of transmit antennas and p represents the number of
time periods for transmission of one block of coded symbols
[14]. The entries of orthogonal matrix may be real or com-
plex based on the signal constellations [12].

The rate of the code is defined as the number of the
transmitted symbol, k, over the number of time periods for
transmission of one block of coded symbol p [12][14]. The
following matrices represent examples of orthogonal STBC
design [17].

STBC with Four transmit-Mp receive antenna (Full code
rate- real design) [17] :

So S1 S2 S1
G, = —S1 So —S3 52 @)
4 —Sz S3 So —S1

—S3 —S§; S1 So

STBC with five transmit-Mg receive antenna (Full code
rate- real design) [17] :

-So S1 Sz S3  Sy4-
S1 —Sg S3 —S; Sg
S; —S3 —So, S; —Sg
Goxs =| o0 2 o o0 Y )
S4 —Ss Sg Sy So
Ss S, S; —Sg —S4
S¢ S7 —S4 Sgs Sy
| s, —Sg¢ —Sg —S,; Sg3

The design of complex Half- rate orthogonal STBC is
designed by concatenating the real STBC matrix with it is
conjugate as follows [12]:

GPXMT] (10)

Gopxm = |
P G pXMT

Complex Orthogonal STBCs are given emphasis because
they can be used for PSK/QAM modulation schemes and are
more practical than real STBCs [16].

In general, the MIMO-DWT system is composed of My
transmitting antennas, Mg receiving antennas, and N discrete
wavelet transform (DWT) subcarriers as indicated in Fig.4.
IDWT acts as multicarrier modulator for each transmitting
antenna and DWT as demodulator for each receiving anten-
na. The coded transmitted data symbols can be defined as:

sk =[sp st sZ ... sl((N_l)] (11)

Where: s is the coded transmitted data symbol from anten-
na k on the i subcarrier, 0 < k < My — 1.
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Figure 4. MIMO-DWT system model.

IV. SIMULATION RESULTS AND DISCUSSION

A. Performance and simulation parameters

Performance of communication systems including bit
error rate (BER) and the capacity (or data rate) are two
parameters that must be considered. The bit error rate (BER)
is the number of bit errors divided by the total number of
transferred bits. The capacity represents the number of bits
that can be transferred per unit time, specified in bits per
second (bps). Table I. summarize the simulation parameters
that have been considered in our simulation DWT with Haar




mother Wavelet is considered. Both the FFT and DWT based
systems were implemented using MATLAB program.

TABLE I. SIMULATION PARAMETERS.

Parameters Specification
Number of subcarriers (N) 64
Modulation type BPSK, QPSK
Ep/No 0-15dB
Alamouti scheme
STBC scheme

Higher order STBC

MIMO configuration Different configurations

AWGN

GBI Rayleigh for MIMO

B. Simulation results for single input single output (SISO)
DWT based multicarrier and OFDM systems

The simulation results in terms of BER show the compar-
ison between DWT based multicarrier and conventional
OFDM (based FFT) systems in AWGN channel using BPSK
and QPSK. Two cases for OFDM symbol have been consid-
ered in comparison with DWT system, OFDM symbol with-
out guard band (null subcarriers) as shown in Fig. 5 and
OFDM symbol with guard in which there are 12 null subcar-
riers (as in Wi-Fi) as shown in Fig. 6. In two cases, the cyclic
prefix extension of length 16 subcarriers is associated with
each OFDM symbol.

From Fig. 5, we can notice that the probability of error
for DWT based multicarrier system is less than the probabil-
ity of error of the conventional OFDM over all values of bit
to noise energy ratio (E,/N,) under the two modulation
schemes. Also we can notice that the BER for DWT is ap-
proximately the same as the theoretical BER that yields from
single carrier with both modulation schemes that are used.
For comparison, at E, /N,= 6 dB with BPSK, the probability
of error in DWT system is 0.00252 and in OFDM system is
0.005801, whereas with QPSK, it is 0.0454 in DWT system
and 0.07304 in OFDM system.

Fig. 6 shows the BER performance of DWT based multi-
carrier and OFDM in which the OFDM symbol has 12- null
subcarriers. It is noticeable that the BER performance for
DWT and OFDM systems are approximately the same as the
theoretical BER that yields from single carrier with BPSK
and QPSK.

In the two figures, we can notice that the QPSK needs
twice the transmission power to achieve the same BER as in
BPSK.

Table Il shows the comparison between DWT based
multicarrier and conventional OFDM in terms of capacity
(the transmitted data measured bits per one multicarrier
symbol) and the bandwidth utilization efficiency (the ratio
between the length of subcarrier that carry data over the total
multicarrier symbol length). It is noticeable that the achieva-
ble capacity when using DWT as multicarrier is superior the
conventional OFDM whether the guard (null subcarrier) are
present or not. The capacity is better when the QPSK scheme
is used since each source symbol carry two data bits.
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Figure 5. BER of Haar-DWT based multicarrier and conventional OFDM
(without guard) using BPSK and QPSK in AWGN channel
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Figure 6. BER of Haar-DWT based multicarrier and conventional OFDM
(with guard) using BPSK and QPSK in AWGN channel.

TABLE Il. COMPARISON BETWEEN DWT AND OFDM SYSTEMS.

ol DWT based
Without With guard | multicarrier
guard
Bandwidth 64 subcarri- | 52 subcarri- | 64 subcarrier
utilization er for data. er for data. for data.
efficiency
Q) _64 _52 _64_
Capacity =30 =380 =1
(bits/ symbol)
BPSK 64 52 64
QPSK 128 104 128

C. BER performance of MIMO-DWT results

In this part we show the performance of DWT based
multicarrier with MIMO technology. MIMO under complex
STBC in Rayleigh flat fading channel will be considered.
The comparison between MIMO-DWT and MIMO is dis-
cussed as well as between MIMO-DWT and MIMO-OFDM.



The BER performance versus bit to noise energy ratio of
MIMO-DWT using BPSK under Alamouti STBC is shown
in Fig. 7 and under STBC with five transmit-Mpy receive
antenna is shown in Fig. 8. It is noticeable that in the two
figures there is improvements in BER when the number of
receive antenna increase over all values of bit to noise ratio
which is logically because when we receive the same signal
more than once, and combine them at the receiver output,
this causes to improve the E,, /N, of the received signal. This
improvement in E, /N, is due to increase in diversity order
and to the array gain in which more receive antennas means
receive more power.

In general, the multicarrier modulation improve the BER
performance in wireless system. The combination of MIMO
technology with multicarrier techniques is considered as a
promising solution to enhance the data rate of future
broadband wireless communication systems and improve the
performance of the system. Fig. 9 compare between MIMO-
DWT system and MIMO system in terms of BER with
BPSK using 5 x 3 and 3 x 5 configurations.
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Figure 7. MIMO-DWT under Alamouti coding.
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Figure 8. MIMO-DWT under STBC with five transmit-Mg receive antenna.
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Figure 9. MIMO-DWT versus MIMO.

It is worth to point the improvement in the system when
DWT is applied. At a certain signal-to-noise ratio in Fig. 9,
there is a noticeable drop in the BER as an advantage of
DWT based multicarrier with two configurations. For exam-
ple, take 5 x 3 and looking at the point 5dB, we can notice
that the BER with MIMO 1.21 x 1072 and 5.538 x 10~
with MIMO-DWT, the difference between these values is
0.001204462 which represent a good improvement.

Fig. 9 also shows the difference between 5 x 3 and 3 X 5
with MIMO and MIMO-DWT. We can notice that the BER
with 3 x 5 is better than 5 X 3 in two systems. So that the
increase in the number of receive antenna is preferable than
increase in the number of transmit antenna.

Fig. 10 shows the BER performance of MIMO-DWT and
MIMO-OFDM systems using BPSK under complex STBC.
In this figure the 12 null subcarrier (guard band) is consid-
ered with OFDM symbol. It is noticeable that the two multi-
carrier systems have the same BER over all values of E, /N,
and with all MIMO configurations approximately. However,
the transmission capacity in MIMO-DWT is superior it in
MIMO-OFDM since every DWT symbol carry 64 bit data
whereas the OFDM symbol carry 52 bit data so that
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Figure 10. MIMO-DWT versus MIMO-OFDM using BPSK.



We can replace the conventional OFDM by DWT based
multicarrier and achieve higher transmission capacity with
MIMO technology. Fig. 10 also shows that less power will
be needed for transmission if we move from 2 X 2t06 X 6
in the two multicarrier systems.

Applying QPSK instead of BPSK with MIMO-DWT
system, has led to some important results, and has
emphasized what we already know about the BER perfor-
mance of both techniques. The performance of MIMO-DWT
system under STBC with five transmit-My receive antenna
in terms of BER with QPSK modulation is shown in Fig. 11.
It is clear that we have a better performance when the num-
ber of receive antennas is increasing. If we compare between
Fig. 8 and Fig. 11, we can find that the BER performance of
BPSK is better than QPSK in MIMO-DWT system with all
configurations of receive antenna.

Fig. 12 shows the comparison between MIMO-DWT and
MIMO-OFDM with QPSK using 5 x 3 and 3 x 5 configura-
tion. From this figure, we can notice that the BER is approx-
imately the same in the two systems.
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Figure 12. MIMO-DWT versus MIMO-OFDM using QPSK.

It is also noticeable from Fig. 12 that the BER perfor-
mance of 3 x 5 is better than 5 x 3 in the two systems. For
example, looking at the point 6dB, the drop in the BER
between 3 x 5 and 5 x 3 is approximately 0.00015766.

In the following two figures, we show the BER perfor-
mance of MIMO-OFDM system with and without guard. It is
clear that from these two figures the BER performance of
MIMO-OFDM with guard is better than without with two
modulation schemes. For comparison, if we take 3 x 2
MIMO configuration and looking at the point 5 dB in
Fig. 13, the BER of MIMO-OFDM with guard is 2.845 X
10~* whereas the BER of MIMO-OFDM without guard is
6.543 x 107*, so there is drop in BER by 3.698 x 10™* due
to the use of guard. The drop in BER in Fig. 14 is by
5.646 x 1072 with 3 x 2 MIMO configuration and at 5 dB.

The transmission capacity without guard is better than
with guard since the 12-null subcarriers are used for carry
data bits. But when we need reliable communication system
we need less bit error rate, so that there is trade off in the
conventional OFDM system. In DWT based multicarrier
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Figure 13. MIMO-OFDM with and without guard using BPSK.
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Figure 14. MIMO-OFDM with and without guard using QPSK.



system we do not add 12-null subcarriers and it is still
superior to the conventional OFDM in terms of capacity and
BER.

V. CONCLUCIONS AND FUTURE WORK

All the simulation results that we studied whether in
SISO or in MIMO-MCM, we found that the performance of
the discrete Wavelet transform with Haar mother (Haar-
DWT) based multicarrier modulation is superior to the per-
formance of conventional orthogonal frequency division
multiplexing (OFDM) in terms of bit error rate and transmis-
sion capacity. Using the DWT as multicarrier modulator in
wireless systems rather than using the conventional OFDM
(based on FFT) does not need a cyclic prefix extension
which represent an overhead, i.e, reduce the transmission
capacity. In other words, in DWT the available bandwidth is
wisely utilized and we achieve higher data rate. If we insert a
guard band (null subcarriers) in conventional OFDM, then
the BER performance OFDM and DWT is approximately the
same. However, this improvement in BER in OFDM will
reduce the data rate since there are subcarrier does not carry
data.

MIMO technology improves the data rate in broadband
wireless communication. The combination between MIMO
and multicarrier modulation schemes improves the BER
performance of wireless communications systems. Of course,
MIMO with DWT as multicarrier is a very attractive
technique for most of modern telecommunication systems
that looking for achieve high data rate with small BER.
Employing more antennas at the receiver side is the key
factor, since it was noticed that the performance of BER
increases linearly with the number of receive antennas due to
increase in diversity order and to the array gain in which
more receive antennas means receive more power. On the
other hand, after a certain level of increase of the transmit
antennas, there is no large improvement.

The BER performance of communication systems using
binary phase shift keying (BPSK) is better than using Quad-
rature amplitude modulation (QPSK). However, the data rate
with QPSK is superior to BPSK.

In order to develop this research, we propose the ideas
that lead to adoption of this current work in several areas.
First, Replacement the OFDM based technology such as
Wi-Fi, WIMAX, cognitive radio and 4G mobile communica-
tion, by DWT based multicarrier. Second, study the perfor-
mance of different mother Wavelets under different channel
distributions.
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