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Abstract

This work describes an implementation of a digital signal processing module for filtering
ECG signals in a reconfigurable hardware structure (FPGA). The filtering structure, a
Wavelet Packet decomposition based decomposition is implemented in Simulink with Xilinx
blocksets. The used structure is a Diligent’s Xilinx University Program Virtex-11 Pro
Development System. The integrated Xilinx ISE software provides automatic generation of
HDL code directly from the System Generator blocks that is then mapped to the Xilinx
FPGA. This code is synthesized and implemented in a Xilinx FPGA in order to perform a
hardware co-simulation. In order to evaluate the filtering procedure signal to noise ratio

and root mean squared error are measured.
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1. Introduction

The extraction of parameters from a noisy
electrocardiogram (ECG) remains an important task
for the biomedical engineering community. The ECG
is the representation of the potential difference
between different points on a body surface that
originate from the electrical activity of human heart
and it’s considered as a nonstationary signal. Time-
frequency transforms as Discrete Wavelet Transform
(DWT) and Wavelet Packet Transform (WPT) are
usually known as very useful in non-stationary
signal’s analysis due to their multiresolution
capabilities. Wavelet Transform (WT) based filtering
is now a common practice for denoising of signals
having multiresolution characteristics such as the
ECG signal [8], [2], [3].

MATLAB is a very useful tool for algorithm
development, data analysis, a large number of the
algorithms used today in digital signal processing
originates as MATLAB models. Simulink is a
graphical tool, which lets the user to design the
architecture and simulate the timing and behaviour of
the whole system in an interactive way. Xilinx
System Generator is a MATLAB/Simulink-based
design tool for Xilinx’s line of FPGAs which offers
block libraries that plugs into Simulink tool
(containing bit-true and cycle-accurate models of
their FPGAs particular mathematic, logic, and digital
signal processing functions) [4], [5].
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2. The Discrete Wavelet Packet Transform

The wavelet transform is a decomposition of the
signal as a combination of a set of basis functions,
obtained by means of dilation @ and translation b of
a prototype wavelet y(t). The wavelet transform

(WT) of signal x(t) is defined as [1]:

W,x(b) = \/%Tx(t)y/(t:)jdt M)

For discrete time-signals, is defined the Discrete
Wavelet Transform (DWT) where the mother wavelet
is discretized (that means discrete dilations and
translations)in a following matter [6]:
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The scale index S indicates the wavelet's width,
and the location index | gives its position. Usually,
the scales s, | are integer powers of two; in this case
we deal with the dyadic wavelet transform which can
be implemented with Mallat’s algorithm in an octave
filter bank [8].

The Discrete Wavelet Transform decomposition
of the signal into different frequency bands [3] can be
obtained by successive high-pass and low-pass



filtering (digital FIR filters structures) of the signal in
time domain followed by downsamplig to eliminate
the redundancy (to keep the number of coefficients
correlated to the represented frequency band).
Wavelet packet analysis is a generalization of

wavelet  analysis  providing a  redundant
decomposition procedure, using these basic
equations:

olt)=2 > hpl2t +K),
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The wavelet packet method is a generalization
of wavelet decomposition that offers a richer range of
possibilities for signal analysis. For n levels of
decomposition the WPD produces 2n different sets of
coefficients (or nodes) as opposed to (3n + 1) sets for
the DWT. In wavelet packet analysis, the details as
well as the approximations can be split.
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Fig. 1 WPT decomposition

Each component in this wavelet packet tree can
be viewed as a filtered component with a bandwidth
of a filter decreasing with increasing level of
decomposition. At the top of the tree, the time
resolution of the WP components is good but at the
bottom the frequency resolution is increased. As a
result, the wavelet packet analysis provides better
control of frequency resolution for the decomposition
of the signal [13]. After a WPT decomposition the
signal is split in equally dimensioned frequency
bands, called subbands and a large number of signal
processing actions can be performed. Acting
independently in these subbands, more accurate
processing results can be obtained. This dyadic
division of the bandwidth (splitting both
approximation and detail components) could be the
key of subband filtering techniques which allow
independent processing in these subbands, tis could
become a great advantage in certain domains.
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3. Xilinx System Generator

Hardware description languages (HDLs) allow
designers to specify the tasks at a higher level than
logic gates when work with reconfigurable hardware
structures as FPGAs. within the HDL environment
the level of abstraction is very low, the difficulty
increases as the design becomes more complex.

System Generator is a MATLAB/Simulink-based
design tool for Xilinx’s line of FPGAs and replaces
the traditional Hardware Description Language
(HDL) design, without requiring a detailed
knowledge of this lower level, complex language. In
addition, this graphical tool allows an abstraction of
the design through the use of available System
Generator blocks and subsystems. Because of the
graphical nature of System Generator, the overall
design is able to be viewed as a modular system with
a high level of abstraction which does not require
HDL code from the designer [9].

System Generator provides blocks for building the
desired model, and HDL code generation for
implementation. All of the downstream FPGA
implementation steps including synthesis and place
and route are automatically performed to generate an
FPGA programming file. A lot of numbers
(depending on the version) of digital signal
processing building blocks are provided in the Xilinx
DSP blockset for Simulink. System Generator
provides many features such as System Resource
Estimation to take full advantage of the FPGA
resources, Hardware Co-Simulation and accelerated
simulation through hardware in the loop co-
simulation; which give many orders of simulation
performance increase. the integration with Simulink,
provides for the hardware design and verification to
be performed from within the same environment as
the mathematical system model, reducing both the
required design time and hardware resources [11],
[14], [15].
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Fig. 2 The System Generator



4. The procedure

The proposed non-linear filtering procedure acts
by thresholding the coefficients as we can see on
figure 3. [6], [7]. The general de-noising procedure
involves three steps, decomposition, thresholding
detail coefficients and reconstruction of the signal.
These steps are presented on figure 3.
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Fig 3 The nonlinear filtering procedure

The proposed model for a second level WPT
decomposition based filtering is presented on figure
3. The model is carried out in Simulink environment,
using the specific Xilinx blocks. The used input
signal is from MIT-BIH database, mapped in a .mat

known normally distributed noise is added. The used
analyzing wavelet function was ‘db4’and excepting
the lower frequency component, all others were
passed through a level-specific threshold. After that
the signal was recomposed from the theresholded
coefficients, obtaining the filtered signal. Working
independently in subbands, different thresholds for
different components can be applied in order to
accomplish a very specific filtering task. Wavelet
shrinkage is usually performed using one of two
predominant thresholding versions [12], [9].
Applying the hard threshold coefficients below a
threshold value, determined by the noise variance, are
removed. The soft thresholding method shrinks the
wavelet coefficients above and below the threshold
reducing coefficients toward zero [3]. The process of
denoising is necessarily lossy, the denoised signal is
irreversibly different than the noisy signal. The
blocks containing the thersholding values are also
implemented in the Simulink model [10], [13]. The
Xilinx Integrated Software Environment (ISE) is a
powerful design environment that is working in the
background when implementing System Generator
blocks. The synthesis of these modules creates netlist
files which serve as the input to the implementation
module. After generating these files, the logic design
is converted into a physical file that can be
downloaded on the target device. The software also
provides a simulation tool where the functionality,
behaviour and timing can be verified for users that are
familiar with the ISE software.
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file, representing ECG signal with normal sinus
rhythm. In order to evaluate the filtering process, a
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Fig. 4 The model of proposed procedure
5. Results

In the filtering process the soft thresholding
method was applied, because usually gives better
results. The proposed filtering procedure was realized
in good conditions, the performances were measured
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through absolute filtering errors, the noisy and
filtered signals obtained after hardware co-simulation
can be viewed in figure 5.
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Fig. 5 Soft and hard thresholded based filtering results in hardware co-simulation

Conclusions

The System Generator Environment allows to
explore the design options in terms of size and speed
to fulfil the design constraints. This is due to the fact
that System Generator allows the algorithms designed
to be implemented from within the Simulink
environment.
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