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ABSTRACT
In this paper, four levels of analysis and synthesis filter banks are proposed to create, coefficients for a
continuous wavelet transform (CWT), a discrete wavelet transform (DWT), and an inverse, discrete wavelet
transform (IDWT). The main property of these wavelet transform schemes is their ability to construct the
transmitted signal across a log-normal fading channel over additive, white Gaussian noise (AWGN). There
are many applications of wavelet transforms in wireless communication systems, and we chose the design
of rake receivers as a major application to mitigate interferences and reduce the noise. In this research, a
new scheme of rake receivers was proposed to receive indoor, multi-path components (MPCs) for ultrawideband (UWB) wireless communication systems. Rake receivers consist of a continuous wavelet rake
(CWR) and a discrete wavelet rake (DWR), and they use huge bandwidth (7.5 GHz), as reported by the
Federal Communications Commission (FCC). The indoor channel models chosen for analysis in this
research were the line-of-sight (LOS) channel model (CM1 from 0 to 4 meters) and the non-line-of-sight
(NLOS) channel model (CM3 from 4 to 10 meters). Two types of rake receiver were used in the simulation,
i.e., partial-rake and selective-rake receivers with the maximal ratio combining (MRC) technique to capture
the energy of the signal from the output of the rake’s fingers. In the simulation, the transmitted and received
radiations are presented with UWB single-in, single-out (SISO) with Walsh matrix coding.
Keywords: UWB Indoor Wireless Communication Systems, LOS And NLOS Channel Models, Continuous
Wavelet And Discrete Wavelet Rake Receivers, Analysis And Synthesis Filter Banks.

1. INTRODUCTION
The UWB wireless communication system is a
technology that uses short pulses (ns) for the
transmission and reception of data, so it is suitable
for high-speed, wireless, indoor systems [1, 17].
According to reports provided by the FCC, the
UWB of 7.5 GHz, ranging from 3.1 GHz- to 10.6
GHz as shown in Figure 1, spreads the energy of
the pulse across this 7.5 GHz wideband [2]. The
transmission power’s spectral density (PSD) is low
(-41.3 dBm/MHz), therefore it decays easily in a
short time and over short ranges [3]. A rake receiver
with several fingers was designed to collect copies
of the resolvable, multi-path components (MPCs)
that were received as a supporting technique for

capturing most of the signal’s energy [4]. Many
papers have been published on rake receivers with
channel estimation, and they have used different
techniques for combining signals with the three
main types of rake receivers, i.e., all rake (A-rake),
selective rake (S-rake), and partial rake (P-rake) [5,
6]. Recently, the wavelet transform scenario has
been used in the UWB communication field to
analyze and synthesize the UWB signal in order to
construct the desired signal from the background
noise [7, 27] and was used to detect the breast
cancer [21]. The wavelet transform (WT) technique
is a modern area of mathematics that is applied for
compressing signals and images and removing
noise from their coefficients [8, 22]. The signal-tonoise ratio (SNR) can be improved by using a WT
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approach that decomposes the signal into different
scales and different levels of resolution. Wavelet
video compression was evaluated and achieved in
[9], [29] for wideband, multi-carrier, code- division,
multiple access (MC-CDMA) and a rake receiver
over additive, white Gaussian noise (AWGN) and
the Rayleigh fading channel. A novel wavelet rake
receiver (WR) based on continuous wavelet
transform (CWT) was presented in [10], and it
showed a great enhancement in performance with a
less complex receiver. The proposed CWT and
DWT rake receivers were designed with CWT and
DWT template references of the transmitted pulse
at different scales and different frequency centers.
These receivers depend on the algorithm for
wavelet signal decomposition that converts the
signal to four levels to produce the approximated
and detailed coefficients.

E-ISSN: 1817-3195

for a positive-polarity pulse and bit 0 for a negativepolarity pulse. The M-array BPSK signal X(t) and
transmitted signal S(t) are defined as [11]:
∞

X (t ) =

∑ d G (t − pT

p =−∞

S (t ) =

∞

∑

p =−∞

p

2

f

)

G2 (t − pTf − cpTc − mpTd )

(1)

(2)

where G2 is the second derivative Gaussian pulse
that is transmitted as shown in Figure 2 in the time
and frequency domains, Tc is the chip duration, Tf is
the frame duration, dp∈{-1, +1} is a bit stream, cp
is the p-th integer value of the pseudo-random code
from 0 to N-1, and it is assumed that NTc≤ Tf. Each
transmitted bit with a number of pulses (Ns) has a
duration of Ts = NsTf of time division for the TDSSUWB characteristic, as shown in Figure 3.
In indoor multipath propagation, the SalehValenzuela (S-V) model [12] provides two channel
models, i.e., CM1 for a range of 0 to 4 m and CM3
for a range of 4 to 10 m. The parameters of the
models are defined in Table 1, and they were used
in MATLAB simulation with a log-normal
distribution [13]. The channel impulse response
[h(t)] for each of these models can be modeled by
K −1 L −1

h(t ) = ∑∑ α k ,lδ (t − Tc − τ k ,l )

(3)

k =0 l =0

Figure 1: FCC-UWB Spectrum Corresponding To
Wireless Indoor Propagation

The remainder of the paper is organized as
follows. Section 2 addresses UWB transmission
signals and channel models. Section 3 presents a
brief discussion of wavelets transform (WT) and
continuous wavelets transform (CWT). Section 4
introduces four levels of discrete wavelet
transforms (DWTs) for analysis and synthesis
processing. Section 5 presents the structures of
CWR and DWR rake receivers. The simulation
results are presented and discussed in section 6, and
our conclusions are given in section 7 while the
acknowledgment is produced in section 8.

where αk,l is the channel gain of the lth multipath
component in the k-th cluster, K is the total number
of clusters, L is the total number of rays in each
cluster, ߜ is the diarc function, and ߬k,l is the delay
of l-th ray within each cluster.
For the receiving signal r(t) model, we consider
one user with a total energy that is equal to 1. The
noisy signal that is received consists of the signal
transmitted by the user S(t) and the adaptive, white,
Gaussian noise (AWGN) n(t) of zero mean and
two-sided power spectral density N0/2, which can
be written as:

r (t ) = S (t ) * h(t ) + n(t )
r(t) = ∑∑αk ,l S(t − Tl −τ k ,l ) + n(t)

2. TIME-HOPPING, SPREAD-SPECTRUM,

k =0 l =0

ULTRA WIDEBAND (THSS-UWB)
SCHEME
We considered the transmitted pulse trains that
are modulated by the binary-phase, shift-keying
(BPSK), modulation technique that represents bit 1
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To analyze the signal on the wavelet function,
multiplication and integration must be implemented
using MW to change the size of the analysis
function to get more resolution [15].
∞

=

S(t),߰a,b(t)

∫ S (t )ψ

a ,b

(t )dt

(7)

−∞

The continuous time wavelet transform (CWT),
Gl(a,b), of the received continuous-time transmitted
pulse S(t) can be expressed as:
(a)

Gl (a, b) =

(b)

Figure 2: Second Derivative Gaussian Pulse In (A)
The Time Domain And (B) The Frequency Domain

1
t −b
S (t )ψ * (
)dt
a
a

(8)

where ߰* is the complex conjugate of function
and the signal is expanded when scale a>1 and
compressed when scale a<1. The CWT is regarded
as the inner product of the signal r(t) with a basis
function ߰*a,b(t), and it represents the same signal,
but with different frequency bands and different
frequency centers (fc) for each existing band at
what time interval. These bands (Bs), which have
better time localization, are shown in Figure 4 to
make a wavelet transform that is suited for most
signal and image applications, so that B2 is double
B1, B3 is double B2, and B4 is double B3.The inverse
wave let transform (IWT) cab be expressed as
shown
bellow:

3. WAVELET TRANSFORM
The wavelet transform technique is a
mathematically-suitable tool that makes the wavelet
proprieties useful for signal processing by
converting the signal into a series of wavelets [30].
The information can be extracted from many kinds
of data by using multi-resolution analysis in both
the frequency and time domains at different scales.
In order to be more flexible in extracting time and
frequency information, there is a function called the
mother wavelet (MW) function, ߰(t), that was
derived with continuous scaling and shift
parameters, a and b, respectively [14, 19, 20, 24].

1
t −b
ψ(
)
a
a

∫

−∞

Figure 3: Thss-Uwb Scheme

ψ a ,b (t ) =

∞

1
S (t ) =
Cψ

∞ ∞

−

1

∫ ∫ Ws (a, b)a 2ψ (
0 −∞

t −b
da
)db 2 (9)
a
a

and C߰ is defined as:
∞

Cψ = ∫
0

Ψ (ω )

ω

2

dω ,

(10)

where C߰ is the Fourier transform of MW(t) and
also is called the admissibility condition.

(6)
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removing some of the sample signal [28]. Since
the signal is a discrete time function with a
sequence that is denoted by r[j] (j is an integer),
the convolution operation is defined as follows
[16, 18, 23]:

Table 1: Channel Model Parameters Provided by the FCC
Channel Parameters

Λ (1/ns)- cluster arrival rate
λ (1/ns) -ray arrival rate

CM1

CM3

(LOS 0-4
m)

(NLOS 4-10
m)

0.0233

0.0667

2.5

E-ISSN: 1817-3195

∞

h[ j ] =

2.1

∑ r[ j ].h[ j − i ]

(11)

i =−∞

Γ- cluster decay factor

7.1

γ -ray decay factor

4.3

7.9

࣌1- standard deviation of
cluster lognormal fading term
(dB).

3.3941

3.3941

࣌2-standard deviation of ray
lognormal fading term (dB)

3.3941

3.3941

࣌x- standard deviation of
lognormal shadowing term
for total multipath realization
(dB).

3

3

14.00

r[ j ]* g[ j ] =

∞

∑ r[ j ].g[ j − i] ,

(12)

i =−∞

where h[j] is the impulse response of the half band
low-pass filter and g[j] is the impulse response of
the half band high-pass digital filter. The DWT
coefficients are sampled from CWT as shown in
Figure 5 by an algorithm, which is called the subband, coding algorithm, to sub-sample the output
signal Y[j] from each filter by two (divide by two)
and they are mathematically expressed as:

Yhigh [i ] = ∑ r[ j ].g[2i − j ]

(13)

j

Ylow [i ] = ∑ r[ j ].h[2i − j ] ,

(14)

j

where, Yhigh [I] and Ylow [I] are the outputs of the
high-pass and low-pass filters, respectively. As
shown in Figure 6, the reconstruction or inverse
discrete wavelet transform (IDWT) to signal r[j] is
a process that consists of up sampling ( 2) and
reconstruction or inverse discrete wavelet transform
(IDWT) filtering that can be done depending on the
relationship between the impulse responses of the
low-pass and high-pass filters by the following
related expressions:

Figure 4: Time-Frequency Representation of the UWB
Wavelet Transform

g[ D − 1 − j ] = (−1) j .h[ j ]

(15)

∞

4.

r[ j] = ∑ (Yhigh[i].g[− j + 2i]) + (Ylow[i].h[− j + 2i])

DISCRETE WAVELET TRANSFORM
(DWT)

i =−∞

The DWT is used to provide adequate
information during the analysis and synthesis
process while decreasing the computation time
required [25]. The implementation of DWT consists
of filters of different cutoff frequencies that are
used to analyze the signal at different scales (highpass filters to analyze high frequencies and lowpass filters to analyze low frequencies). These
filters operate to enhance the resolution of the
signal by changing the scale by a factor j to obtain
sub-sampling by reducing the sampling rate or

(16)
where D is the length of the filter (number of
points) and (-1)j is a term that provides conversion
from low-pass to high-pass.
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Figure 5: Analysis Filter Bank for the Sub-Band Coding Algorithm to Create DWT Coefficients
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Figure 6: Synthesis Filter Bank for Computing IDWT Coefficients

5.

THE PROPOSAL DESIGN FOR
CONTINUOUS
WAVELET
RAKE
(CWR) AND DISCRETE WAVELET
RAKE (DWR) RECEIVERS

The proposed rake receivers consist of several
correlators (fingers) followed by a maximal ratio
combiner (MRC) that combines the outputs of the
fingers. The types of rake receivers were assumed
to be partial and selective rake receivers, which
select the first non-zero arriving paths (Lp) and the
strongest propagation arriving paths (Ls),
respectively. In the CWR and DWR receivers that
are shown in Figure 7 and Figure 8, respectively,
the template waveforms are CWT (Gal) of the
transmitted pulse G2(t) at different center
frequencies (Fcl) and different scales (al ) of the lth
rake correlators ( l = 0… L-1). These template
signals are highly correlated with the transmitted
pulse, and they are separated by the ߬gl that
matches the center frequency [26]. The output
mathematical expression for each correlator over
the frame duration is:

Since the proposed rake receiver uses MRC to
maximize the SNR, the total output signal (Ytot) of
the combiner for the first arriving paths (Lp) and
selective paths (Ls) can be written as:

Ytot . =
Ytot . =

L p −1

∑ Z (l ) β

Lp =0

al

(18)

,

(19)

Ls −1

∑ Z (l )β

Ls = 0

al

where ߚal is the gain factor for the lth finger under
the condition

Tf

Z (l ) = ∫ [r (t )Gal (t − τ gl ) + Gal (t − τ gl )n(t )]

AWGN

0

Indoor
Multipath
Channel

(17)

C
W
T

.
.
.
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Figure 7: Continuous Wavelet Rake (CWR) Receiver
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.
Gb0

Decision
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d^

ࢼb0

DWT generated pulses

Figure 8: Discrete Wavelet Rake (DWR) Receiver

RESULTS

AND

DISCUSSION
One thousand random bits are generated in the
transmitter, and they use PPM for modulation. The
spreading factor is 16, and the data are coded by the
Walsh matrix. The encoded pulses are added to
AWGN and the noisy signal, as shown in Figure 9,
and the combined signal and pulses pass through
multi-path (50 paths), log-normal, fading channels
(CM1 of LOS and CM3 of NLOS). First, the noisy
signal is supplied to the CWT rake receiver of the
template of the continuous wavelet transform signal
with four levels of significance in order to operate
with the data stream of information. MATLAB
simulation was used to simulate the four levels of
filters with partial and selective rake receivers of
the MRC combiner over AWGN and log-normal
fading channels. The wavelet decomposition
structure of the Coiflet3 filter (IIR filter with three
coefficients) was used to reconstruct an
approximation of the signals and the detailed
signals at levels 1 to 4 composed of scales 2, 4, 8,
and 16. From Figure 10 and Figure 11, an

approximation of the signals and the detailed
signals are shown for CM1 and CM3 to denote the
amount of noise that can be canceled in order to
construct the desired signal.
3

2

1

A m plitud e

6. SIMULATION

0

-1

-2

-3
0

2000

4000

6000

8000

10000

12000

Number of generated and coded bits

Figure 9: Encoded, Noisy, As-Received Data Stream

Figure 12 shows the results of the four
decomposition levels using CM1, and Figure 13
shows the results using CM3 and the FCC channel
parameters in Table 1, i.e., (a) level 1 to extract the
approximate and detailed coefficients from the
original received signal as shown in Figure 9, (b)
level 2 produces new approximate and detailed
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Level 1 Approximatin coeff. for coif3

coefficients from the signal of level 1, and (c) level
3 shows the expressing coefficients of the signal
from level 2, and level 4 reads out the coefficients
of the signal from level 3. So, from these results,
the design of the filter bank of the three levels in a
discrete wavelet transform is sufficient to minimize
noise and interference.
4levels pproximation coefficients for Coif3.
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In the simulation process, four rake fingers were
chosen in both receivers, i.e., Lp = 4 and Ls = 4,
and two users also were chosen. Figure 14 shows
the performance of the partial and selective
continuous wavelet rake receivers (P-CW-rake and
S-CW-rake) with the conventional partial and
selective rake receivers (C-P-rake and C-S-rake) for
the multi-path channel model CM1. The goal of
using these proposed receivers is to reduce the BER
in comparison with conventional rake receivers, at
8 dB SNR, The BER decreases from 0.1668 in C-P-
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rake to 0.00218 in P-CW-rake and from 0.0645 in
C-S-rake to 0.00067 in S-CW-rake. Figure 15
shows BER versus SNR with multi-path CM1
channel model parameters to display the behavior
of the BER for different values of SNR using
partial and selective discrete wavelet rake receivers
(P-DW-rake and S-DW-rake). The simulation
results indicated that the S-DW-rake receiver
outperformed the P-DW-rake receiver in reducing
the BER, because it used the strongest paths for
selecting the MPCs. The efficiencies of these
proposed receivers were compared with those of
conventional rake receivers (C-P-rake and C-Srake) through LOS channel conditions. In 8 dB
SNR, the value of the BER reduces from 0.1959 in
C-P-rake to 0.0004 in P-DW-rake and from 0.1600
in C-S-rake to 0.0007 in S-DW-rake receivers. In
order to determine the advantage of using DW-rake
receiver instead of CW-rake receiver, for example,
at a BER of 10-3, the SNR is 13dB for P-CW-rake,
4.5dB for P-DW-rake, 6.3dB for S-CW-rake, and
1.8dB for S-DW-rake. So that, the advantages are
presented about 8.5 dB with respect to partial
combining strategy and 4.5 dB with respect to
selective combining strategy.
10
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Figure 14: Scenario for BER Performance in the CWR
Scheme of CM1 with Four Fingers and Two Users
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0

20

For a multi-path, NLOS, channel model CM3
with a range of 10 m with the parameters presented
in Table I of the FCC report, Figure 16 shows that
the BER was minimized for the partial-rake and
selective-rake CW-rake receivers. The BER was 0.2
for the C-P-rake and 0.17 for C-S-rake selectiverake receiver at an SNR of 8 dB, these values are
reduced to be 0.00176 and 0.00097 for the P-CWrake and S-CW-rake, respectively. Figure 17 shows
the enhanced performance of the P-DW-rake and SDW-rake over the P-CW-rake and S-CW-rake
receivers. At an SNR of 8 dB, the BER of the
partial rake receiver was reduced from 0.1668 with
C-P-rake to 0.0006 with P-DW-rake and from
0.0644 with C-S-rake to 0.00031 with S-DW-rake.
To calculate the gains of using DW-rake over CWrake receivers, for example, at a BER of 10-3, the
SNR is 10.8dB for P-CW-rake, 6.2 dB for S-CWrake, 7.8 dB for P-DW-rake, and 2.3 dB for S-DWrake. The gains are 4.6dB for partial rake receiver
and 5.5 dB for selective rake receiver. From
simulation results in Figures 14, 15, 16, and 17, as
expected, the selective rake strategy has better
performances than the partial rake strategy in both
presented CW-rake and DW-rake receivers over
CM1 and CM3 channel model parameters.
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and, in a agreement with the simulation results, it
was observed that the BER was decreased at low
SNR values. By using the two proposed receivers,
we reduced the probability of error in constructing
the desired signal for the decision circuit of the rake
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7. CONCLUSINS
Performance analysis and synthesis of the filter
banks for continuous wavelet transform and
discrete wavelet transform were investigated for
four levels. The approximate and detailed
coefficients were determined and compared with
the original, noisy signal that was received. From
the output of each level, we were able to determine
how many levels had to be used in the design to
construct the desired signal. In the simulation, we
used three levels of the filter bank scheme (up to
the third level) in the proposed CW-rake and DWrake receivers to determine the bit-error probability
(Pe) at different values of SNR. The designed
partial-rake and selective-rake receivers were
evaluated with four fingers for the CM1 and CM3
channel models. The performances of the partial
and selective CW-rake and DW-rake receivers were
compared with that of a conventional rake receiver,
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