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ABSTRACT

This paper proposes a MIMO-WPT-based multicarrier system
with feedback from the receiver to the transmitter carrying the
channel state information (CSI), whereby a steering matrix
can be defined to enhance robust performance against
multipath fading effects at the receiver. This relies on the
time-scale localization of wavelet bases, and is demonstrated
in terms of bit error rate performance. In contrast to sinusoidal
carriers WP have very narrow side lobes, with most energy
contained in the main lobe; this makes the proposed system
less susceptible to inter-carrier interference. The main
contribution of this work is the evaluation of system
parameters using different wavelet families, order of filters
and number of elements to balance overall performance and
cost of the system, and to provide a reliable system with a
high data-rate.
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1. INTRODUCTION

The fundamental issue in communication theory is to transmit
information through an unreliable multipath channel with
minimum distortion. Most researchers divide their approaches
into two, treating source coding or channel coding, although
these are strongly interrelated in real world problems.
However, by using Shannon’s source channel theorem these
problems can be handled as two independent entities and can
be addressed without much loss in the overall system
performance, although for particular channel classes only [1].

Source coding techniques are implemented to reduce
redundancy in data, minimizing the amount of data to be
transmitted. Usually a discrete digital representation is
preferred such as a discrete binary bit stream. Much research
has focused on using source coding to enhance multi-rate
signal processing [2 - 4].

Channel coding then adds additional information to the
minimized source-coded data to combat the effects of the
channel. Optimal performance can be achieved if this can be
based on the specific channel characteristics. Channel coding,
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modulation schemes and use of different waveforms are still
less explored areas in the field digital communications and
can play a vital role in the advancement of wireless systems.

Currently Orthogonal Frequency Division Multiplexing
(OFDM) systems using the fast Fourier transform lead the
market because of their ability to increase the symbol period
of the transmitted symbol and so counter the degrading effects
of multipath environments. However, the orthogonality of the
OFDM subcarrier is highly sensitive to frequency errors and
signal phase offsets. Also, the truncation of windowing in
OFDM causes production of subcarrier side lobes with a
frequency spectrum which is not band-limited [5]. The first
side lobe generated by the FFT processing is only 13 dB less
than the main lobe, generating inter-carrier interference when
the sub-carriers lose their orthogonality. In mitigation, a guard
interval is added, equivalent to the channel delay response,
but this results in less efficient transmission.

Some blind methods have been proposed for both CDMA and
OFDM-based systems [6-7]. In [6] the authors have implicitly
made use of time diversity, and proposed a filter design to
convert the stationary transmitted signal to a cyclo-stationary
form so that a second order method can be derived.

The radio frequency channels for wireless communications
usually contain multiple paths because of reflections and
diffraction due to obstacles and the resultant multiple signals
are then superimposed at the receiver. If the received signals
combine destructively the signal can suffer attenuation. A
typical figure would be around 35 dB. Depending upon the
total system bandwidth, fading can be flat or frequency
selective. When dealing with mobile systems it will be time-
varying [8].

Diversity techniques are used to mitigate the negative effects
of fading, classified into different techniques as spectral
diversity, spatial diversity, or time diversity.

This paper sets out a multi-rate filter bank-based system
employing a wavelet representation of the data and channel
coding to achieve highly reliable multipath transmission: this
is proposed as a novel strategy to provide diversity for an
unreliable channel.
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Wavelet-based systems use wavelet pulses which have
discrete time and frequency localization as compared to the
discrete time rectangular pulses with ideal unlimited response
in the frequency domain. The use of wavelets for signaling
was also proposed as a bandwidth efficient modulation in [11-
12]. In [13] the authors proposed using wavelets for user
signature waveforms to improve the cross correlation of the
pseudo-random codes. In [14] another wavelet-based CDMA
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system was proposed, and in [15] the authors applied a
wavelet packet-based CDMA system to design an optimal
joint detector. In [16] authors found significant performance
improvement of quadrature amplitude modulation using
wavelet packets, and in [17] an optimized wavelet packet
multiplexing algorithm was proposed after the study of the
timing error effects. The idea of
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Fig la: 1-level wavelet reconstruction (Synthesis)

forward error correction (FEC) and wavelet packet
multiplexing was introduced in [18] for MC-CDMA channel
equalization methods in section 5, simulation results in 6,
followed by the conclusions.

None of the work cited above utilized the time localization
properties of wavelets. Firstly, the research proposes a new
wavelet-based multi-rate modulation scheme and its system
model for multi user communication over a Rayleigh fading
channel which proved to be a great tool in successfully
mitigating the fading effects in multipath environments. The
proposed system can be implemented for both forward and
reverse links. The proposed treatment does not consider
interference types such as shadowing, hostile jamming,
military applications, or co-channel interference.

Secondly, MIMO and beam-forming are employed using an
antenna array at the transmitter with two elements to provide
temporal diversity to the multi-user system. A complete
parametric study has been carried out to find the best
communication system architecture. The research considers
the behavior of different wavelet transforms, families, and
filters, and suggest one that has the best reconstruction
properties for use in a multicarrier (MC) system. The
proposed system consists of three aspects: 1) using wavelets
to reduce ICI and multipath fading and to reduce bandwidth
usage, 2) using MIMO to ensure high data-rates and 3) beam-
forming for good link reliability. Most of the processing
burden is kept at the Base-Station (BS) with less cost and
power constraints.

The paper is divided as follows. Section Il provides a
background in wavelet analysis, sub-band coding and perfect
reconstruction of filter banks, Section Il will describe the
system model, Section 1V deals with the error probability and
transmit beam-forming, followed by the simulation and results
in Section V, with conclusions in Section V1.

2. WAVELET ANALYSIS

Wavelets transform decomposes a signal into its constituent
components corresponding to different scales, covering
different frequency ranges. There are three different transform

Fig 1b: Multi-path Channel

Fig 1c: 2-level wavelet decomposition (Analysis)

methods namely: a) the dyadic wavelet transform [19] in
which logarithmic band division is achieved using a two band
wavelet transform, b) using wavelet packets by employing the
full dyadic tree decomposition [19], and c) n-band wavelet
analysis [8], which divides the spectrum into equal-sized
bands. Wavelets are quickly decaying oscillations deriving
from a basis function, the mother wavelet, with translated and
scaled replicas known as daughter wavelets [20]. Signal
analysis can use any of an infinite number of basis functions
to isolate the information required, in contrast to other signal
analysis methods.

The continuous wavelet transform can be mathematically
defined as [20]:

1 t—z
l*l"X,Z(t) - \/al*lj< X ) (1)
Here "x" stands for the scaling factor, "z" for the shifting
parameter and “Py,()" is the mother wavelet. In its
continuous form the transform requires extensive analytical
calculations due to data redundancy and no practicable inverse
exists for this transform other than in theory, so is restricted to
discrete valued data. In order to accomplish this we choose

—(m
X = XO( /2) and z = mz,x} where 1 and m are integers with
fixed values of x, > 1 and z, > 0. Then we have:
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The mother wavelet in (2) can be written in its discretized
form as:
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Any signal with a finite amount of energy can be successfully
reconstructed by using (4). The k' coefficient of the wavelet
transform is linked to a fastidious scale for fastidious number
of times, orthonormal transform. We can define the DWT of
any random signal s[n] as its product with the scaling and
wavelet function [20] as:

Pap(® = 220(2%t — b)
Pap(® = 22422t~ b) (6)

where @(t) is the scaling function and i(t) is called the
wavelet function. These functions are discretized at a (a =
1,2..,m) and at translationb (1,2....,t). The DWT is
implemented in a MCM system wusing a Perfect
Reconstruction Quadrature Mirror Filter Bank (PR-QMF)
with a half-band high-pass filter g(b) and a half-band low-
pass filter h(b). These filters values can be calculated as:

h(b) = (-1)Pg(L+1—m) 7
The filters satisfy the conditions:

(pa+1,0(t) = Zb h[b] . (pa,b}

Pat1,0 ® = Xpglbl. Papb @®)

The resulting DWT can be written to express the
approximation and detailed coefficients in a mathematical
form as;

Ab+1,m = Zb Aa,b . hy[b— Zm]}

Dpi1m = ZbAap - 8alb—2m] ©

Due to shifting and translation of the wavelet signal, each of
the composite symbols suffer a delay by a factor ‘o’ according
to the z-transform relation (X(z) = X,x(m)z™¢,
where z=% = e7J*W) for which adjacent matched filters are
required to perfectly reconstruct the signal. This condition can
be written as:

h(z)h*(2) + g(2)g"(2) = 227 (10a)
h(z)h*(—z) + g(2)g"(-2) = 0 (10b)

2.1 Sub-Band Coding and Perfect

Reconstruction

Sub-band coding is very useful in signal, audio and video
coding applications. The input signal s(m) is decomposed into
N different frequency sub-bands, using the analysis filter bank
as shown in Figure (1c). These are down-sampled to get
y;(n) = s;(Nn) and then quantized. The quantized outputs
y,(n)are then up-sampled to 5;(m) (with (§;nN) = ¥;(n) and
5;(nN 4+ 1) summed to get an output signal §,, using the
synthesis filter bank as shown in Figure (1a).

Now for such a filter bank to be employed in a MCM it must
be nearly perfect reconstruction filter bank in practical life,
when no quantization is performed (in theory (perfect
reconstruction)) can be defined as;
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The conditions that the filters need to follow have been shown
in (10a) and (10b).
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Fig 2: Chirp signal

In Figure 2 - 3 it has been shown that how the signal gets
replicated when it is directly up-sampled or down-sampled by
2 without the filters being present. In Figure 4 down-sampled
and up-sampled signal using low pass synthesis filter is shown
and lastly in Figure 5-6 a signal that has been down-sampled
and up-sampled using the low-pass (analysis and synthesis
filter) and high-pass (analysis and synthesis filter) is shown
and Figure 7 shows the reconstructed signal of two channel
filter bank.
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Fig 3: Replicated chirp signal due to up-sampling and
down-sampling without filter bank employment

3. SYSTEM DESIGN

The system that is considered is for a wireless cellular
network with many users connected to the same base station
even though it can be used for several other applications. The
communication between the base station and the mobile user
which is the forward link and mobile user to base station or
reverse link is essential and requires non-interfering channels
[21]. A general system model is shown in Figure (1 and 9). At
the transmitter, the incoming bit stream with a bit rate of
(K/LM) is represented as (12);

0

s@= ) st (e=a(¥y)

z=—® (12)

This stream is then serial to parallel converted to yield (13)

[ee)

su(t) = Z:Zm Sni HK/(M) (t - Z(K/M)) 13)

where K represents the bit duration of this super stream, and
IT;() is the rectangular pulse of duration I and M is the total
number of super-streams. These parallel streams are then
modulated using a suitable modulation technique and then
passed through the synthesis filter bank.
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Fig 4: Output of a low-pass filter in a synthesis filter part

To implement wavelet transform in a MCM system the
inverse transform needs to be implemented at the transmitter
as shown in Figure 1. Using the PRQMF the parallel symbols
are first up-converted by a factor of two and then passed
through the high pass filter (HPF) and low pass filter (LPF).
This convolution between the symbols and the filters can be
mathematically described as;

siow(b) = s(b) = h(b) }
Shigh(b) = s(b) * g(b) (13)

These resultant approximate coefficients from the LPF and
detailed coefficients from the HPF are then summed to
constitute a wavelet symbol. The process of IDWT is also
referred to as a Synthesis Process. This synthesized signal
then propagates through the Rayleigh multipath fading
channel in the presence of noise. For greater understanding of
the process of convolution with the filters and channel please
refer to authors [12].
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Fig 5: Up-sampled and down-sampled output of filter
bank with LPF.

3.1 WMCM signal in Rayleigh Multipath

Channel and AWGN

T The signal when propagated through the Rayleigh fading
channel suffers phase and amplitude changes, time delay and
the mathematical Equation in (12) can very well summarize
this effect.

R

h(t,1) = Z a,(t, 1) e 05 (t — 1.(1)) 12

r=1

where a.(t, T), represents the amplitude and the time delay is
represented by and T, phase shift for any r'" multipath at time
instance t can be described as 0, (0, = 2xf,t;(t)). Multipath
summation limits are from r = 1 to R, where R stands for the
total number of multipaths with the Dirac delta 8(e). The
resultant received signal at the receiver can be given as [22].
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s[n] = Z Z ai[n; mly[n —m] + w[n] (13)
k=0 m

The effects of the multipath propagation caused by the media
fluctuations and the transmitter and receiver motion are
captured at time instance of n for the m™ sample for the unit
time sample n-m in a; [n; m]. Noise and any other type of
interferences present in the system are captured by the w[n].
If the kernels in (13) are zero mean and Gaussian the resultant
channel will be the Rayleigh fading channel [22].

For frequency selective channels the magnitude of the time
variant frequency response varies for every n as a function of
w and is independent of w for flat fading channels and can be
mathematically written as (14):

Alwin] = ) aylnmleom »

Fig 6: Up-sampled and down-sampled output of filter
bank with HPF.

3.2 Implementation WMCM in Receiver
When the signal is received at the receiver it is passed through
the conjugate LPF h*(—b) and HPF g*(—b). The signal is
decomposed into its approximate and detailed coefficients and
then down-sampled by a factor of 2. This process is repeated
until the desired N data streams are successfully recovered. A
parallel to serial conversion is applied next which is followed
by a suitable de-mapping scheme.
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Fig 7: Resultant signal from 2-channel filter bank

3.3 Implementation of WPMCM

This transform follows the concept of DWT very closely other
than the fact that both the detailed and approximated parts of
the signal are again passed through the LPF and HPF at the
transmitter and through their conjugate filters at the receiver
which means more processing is required at each node as
shown in Figure (9).
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4. ERROR PROBABILITY AND
TRANSMIT BEAM-FORMING

The instantaneous probability of error in the presence of
AWGN for lucid detection can be mathematically written as:

1
Pe(y) = Eerfc(\/?) (15)

EIg ()

|

N
Data
Samples

Fig9a: 2 Level WPT- Synthesis Process  Fig 9b: Rayleigh Multipath Channel + AWGN Fig 9c: 2 level WPT- Analysis Process

However, now this error probability will change if the beam
forming is applied and can be given as;

Pe = J; ZV(V)Pe(V)dV (16)

where the probability density function (PDF) of the output
signal is represented byzy(y), however this value will
depend on the PDF of the input signal.

To implement transmit beam-forming system two or more
antennas are required at the transmitter. This technique is then
applied to every subcarrier of the WMCM system at the
baseband level. A steering matrix is computed which is used
to steer the transmitted signal in the direction required. The
transmitter weights that are applied in the steering matrix are
derived using the channel state information (CSI) which is
provided by the receiver in the closed loop systems.

Unless the phases of the signals from two different antennas
align at the receiver no diversity gain can be achieved because
of each transmitted signal will traverse through a different
Rayleigh multipath channel so the overall system performance
will be equal to a SISO system.

Mathematically the implementation of this technique can be
realized as;

If ‘s’ is the transmitted symbol and ‘h’ is the channel impulse
response then;

y=hs+n 17)

where n is AWGN. When two different transmitters are
employed then (17) can be modified to add another
independent channel and can be written as;

y = [hyh,] [z] + noise (18)

If the channels have phases e/®: and e/®2 respectively. As
there is a closed loop between the receiver and the transmitter
and CSl is known Equation (18) can be further modified using
steering matrix to;

_ej<P1
y = [hihy] [ i ]s + noise
e (19)

The received signal ‘y’ is then passed through the DWT and
Equalized.

5. SIMULATION RESULTS AND
DISCUSSION

This section presents the performance of the proposed system
and the parametric studies that were done. The performance of
different wavelet families, impact of filter order, diversity
order and the performance of DWT and WPT have been
considered. For simplicity, BPSK modulation was used for the
proposed final system and the parameters used for each
simulation have been described in the corresponding tables.
All the results presented in this paper are through computer
simulations using MATLAB and are solely based on
numerical integration.

5.1 Performance Comparison of Wavelet

Families

Figure 10 and Figure 11 show the performance of two initial
systems employing two different transform methods, i.e.
DWT and WPT. From the results, it can be seen that when
DWT is employed orthogonal, biorthogonal and reverse
biorthogonal wavelets perform alike. If the order of filter is
increased, the performance degrades in the case of
biorthogonal and reverse biorthogonal wavelets because these
wavelets don’t have good reconstruction properties, while
orthogonal wavelets have been applauded for their
reconstruction properties, so even the signal is decomposed
more rigorously and many more coefficients need to be
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recovered to construct the original transmitted signal,
orthogonal wavelets were shown to do that with ease.
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Fig 10: DWT-based MCM system with different wavelet

family filters

Table I Modulation Parameter for Comparison of WP and DW
using Orthogonal, Biorthogonal and reverse biorthogonal

wavelets

DWT WPT
Modulation 16-QAM 16-QAM
Symbol length 276 * 10M 276 * 10M
Channel Rayleigh Multipath | Rayleigh Multipath

Fading Fading
Noise AWGN AWGN
Decomposition Log2(n), n = 64; Log2(n), n = 64;
Levels
Antennas 1 Transmit, 1 Transmit,

1 Receive 1 Receive

In Figure 11 however even the lower order biorthogonal and
reverse biorthogonal wavelets cannot compare to the
orthogonal Daubechies wavelets; reason being the
decomposition at every node of the wavelet packet which will
require a wavelet that has good reconstruction properties to
recover the signal correctly. Daubechies wavelets however
performed alike regardless of the transform employed. Any
orthogonal wavelets (e.g. Daubechies, Symlet, Coiflet) will
show the same performance in AWGN and Rayleigh channels
[23]. The answer to the question of the effect of filter order in
orthogonal wavelets is addressed later in the discussion. The
reason for selecting a higher order modulation technique for
this simulation was to study the performance of these
wavelets for high data-rate systems and complex mapping.

—&— 160AM dbB
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..... ; —H&—160AM bior3.1
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Fig 11: WPT-based MCM system with different wavelet
family filters
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5.2 BER performance of orthogonal

wavelet families

Figure 12 shows a comparison between three different
orthogonal wavelet families. It has been suggested in [23] that
all orthogonal wavelets perform alike which is true in the case
of BER performance both with and without beam-forming but
the system processing time considerably varies between them.
In this study, it was noticed that the processing time of the
Daubechies wavelet filters of order 8 had the fastest
processing followed by the Symlet filters of order 8 and the
Coiflet filters of order 5 had the slowest processing. The
reasoning behind this is how the coefficients of these wavelets
behave which is out of the context of this paper but the reader
is referred to [24] for a general idea of the difference. This
difference is important in the case of digital image processing
but for effective communication system purposes Daubechies
8 is better suited.

TABLE Il Modulation Parameter for Comparison of WP and
DW using Orthogonal, Biorthogonal and reverse biorthogonal

wavelets
DWT
Modulation BPSK
Symbol length 276 * 10M
Channel Rayleigh Multipath Fading
Noise AWGN
Decomposition Levels Log2(n), n = 64,
Wavelet Families Symlet 8
Coiflet 5
Daubechies 8
Antennas 2 Transmit
1 Receive
10’
BF-DWT-2Tx1Rx-coif5
107k ——-DWT-2Tx1Rx-sym8 I
. i} —8—BF-DWT-2Dd R-sym8
. . DWT-2Tx1Rx-db8
: | —+—BF-DWT-2Tx1Rx-db8
ELER I o LTSRS SRR S|
1075
10°* : e VS S R N
0 5 10 15 20 25 30 35

SNR (dB)

Fig 12: Comparison of different orthogonal wavelet
families using DWT

5.3 BER performance of DWT with beam-

forming and effect of the order of diversity
This part of the study studies the behavior of different wavelet
families, performance comparison between a low order
Daubechies filters and high order Daubechies filters, and the
effect of order of diversity on the total system performance, to
understand other tradeoffs that are required in the systems
parameters to achieve a specific diversity gain.

TABLE 111 Modulation Parameter for Comparison of WP and
DW using Orthogonal, Biorthogonal and reverse biorthogonal

wavelets
DWT
Modulation BPSK
Symbol length 26 * 107
Channel Rayleigh Multipath Fading
Noise AWGN
Decomposition Log2(n), n = 64,
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Levels
Daubechies Filter Daubechies 2
Order Daubechies 8
Daubechies 16
Antennas 2 Transmit, 1 Receive
3 Transmit, 1 Receive

Figure 13 shows that the implementation of Transmit beam-
forming considerably improves the system performance due
to the prior knowledge of the channel at the transmitter with
the help of the feedback loop from the equalizer, through
which decision can be made on the phase of the channel and
the phases of both transmitted data streams can be
constructively combined at the receiver using a steering
matrix. The increase in the order of filter marginally improves
the system performance due to higher filter coefficients but
that also increases the system latency quite a bit. Between the
three different filter orders that were used the performance of
Daubechies family filter with 8 coefficients can be regarded
the best overall when the tradeoff is made based on
performance and latency.

The system does not show any performance gain by just
increasing the wavelet filter order if the beam-forming is not
applied. Each data stream encounters an independent channel
which makes the equalization at the receiver a challenge and
will require more effective techniques which will increase the
total receiver cost and power requirements.

....... CLEE i o DWT-2Td Reedb?2

: : BF-DWT-2Tx1Rx-db2
| ——-DWT-2Tx1Rx-db8
| —8—BF-DWT-2Tx1Rx-db8 [
DWT-2Tx1Rx-db16
—+—BF-DWT-2Tx1Rx-db16

BER
=)

o 5 1I0 15 2I0 2I5 30 35
SNR (dB)

Fig 13 Effects of beam-forming and wavelet filter order

with 2 transmit elements using DWT

In Figure 14 effects on the system performance have been
studied by increasing the number of transmitting elements by
1, i.e. from 2 transmit antennas to three antennas which will
increase the system implementation cost at the Base Station,
power is not a constraint at the Base Station, so it is just the
tradeoff between the cost of hardware implementation and
maintenance and the performance. It is evident from the
results produces that the system gain increases about 5 dB at
BER of 10 but the overall system gain has decreased to the
quarter between the addition of one extra transmit element
and two extra transmit elements.
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Fig 14: Effects of beam-forming and wavelet filter order
with 3 transmit elements using DWT

5.4 BER performance of WPT with beam-

forming and effect of the order of diversity
Figure 15 shows the system performance of WPT with beam-
forming and the effect of the order of wavelet filters used. In
WPT more super channels are created within parallel sub
channels as can be seen in Figure 9 which at the end of the
filtering process are combined to obtain a wavelet packet.
This type of decomposition results in detailed decomposition
of signal which results in more number of coefficients. This
type of system requires more processing time and can suffer
badly from the effects of ISI that is created when the
convolution between the channel and the wavelet packet
occurs as explained in [12].

-——WPT-3Tx1Rx-db2

W H BF-WPT-3Tx1Rx-db2

===WPT-3Tx1Rx-db8 I

Tl ——BF-WPT-3Tx1Rx-db8

N WPT-3Tx1Rx-db16

H \\ —+—BF-WPT-3Tx1Rx-db16
T P F T TP PP TPRPPPE

Fig 15: Effects of beam-forming and wavelet filter order
with 3 transmit elements using WPT

This interference is then distributed in different wavelet
domain to make the degradation effect minimal. But if the
channel response is known and the steering matrix is applied
then as can be seen the constructive interference of two
signals at the receiver can provide high gain as compared to
the three independent streams travelling through a multipath
channel.

TABLE IV Modulation Parameter for Comparison of WP and
DW using Orthogonal, Biorthogonal and reverse biorthogonal

wavelets
WPT
Modulation BPSK
Symbol length 276 * 107
Channel Rayleigh Multipath Fading
Noise AWGN

Decomposition Levels
Daubechies Filter Order

Log2(n), n = 64,
Daubechies 2
Daubechies 8
Daubechies 16

Antennas 3 Transmit, 1 Receive

It was also noted that the performance of separate streams
degrades when the WPT is applied because the coefficients
are badly affected by the multipath and the ISI that it makes it
impossible to predict the arriving signal to successfully
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equalize the channel effects and retrieve the original
transmitted data. But on the other hand, same system
outperforms the DWT-based system when beam-forming is
applied for the reasons.

5.5 Proposed System compared with DWT
Figure 16 shows the performance of the DWT and WPT using
beam-forming with two transmit and one receive antennas.
The WPT-based system provides the best BER performance.

TABLE V Modulation Parameter for Comparison of WP and
DW using Orthogonal, Biorthogonal and reverse biorthogonal

wavelets

DWT WPT
Modulation BPSK BPSK
Symbol length 26 * 10" 276 * 10"
Channel Rayleigh Multipath Rayleigh

Fading Multipath Fading
Noise AWGN AWGN
Decomposition Log2(n), n = 64; Log2(n), n = 64,
Levels
Antennas 2 Transmit, 2 Transmit,

1 Receive 1 Receive
Daubechies 8 Daubechies 8

Wavelet  Family
and Order

The WPT-based system provides a higher gain at the cost of
extra processing time when compared to DWT with two
transmit antennas, but the performance is the same as a 3
element DWT which also takes additional processing time and
includes extra hardware cost to implement the third transmit

antenna
o DWT-2TelRedb8 [
]~ BF-DWT-2TxIRxdb8 []
| —weTaTxiRedbs ||
7| —— BF-WPT-2TxIR-db8

10°L

5 10 15 20 25 30 35
SNR (dB)

Fig 16: Comparison of DWT and WPT
6. CONCLUSION

From the above study, it can be concluded Wavelet Packet
Transform-based MCS using Daubechies 8 filters can give the
best BER vs. SNR performance using two elements which can
reduce the overall system cost, Increase the coverage and
reliability of the system, Power burden is all on the transmitter
so the receivers can save power. Processing time is slightly
increased when WPM is employed but 3 dB to 4 dB is
sufficient gain with one less element at the transmitter for this
system to be acceptable. An addition of an extra element with
DWT-based system will also increase the processing time and
the hardware cost. It is also concluded from the results above
that for the communication system orthogonal wavelets of
Daubechies family show the best overall performance and
orthogonal wavelets perform alike in terms of BER but differ
in processing time. From the results it is also evident that even
though 2x1 transmitters are employed they perform just like a
SISO system because of the independent channels and the
sudden changes are due to the small symbol length while
when the CSI is known and the signal adds constructively at
the receiver the error is minimized.
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