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Abstract: The instantaneous frequency can be used to provide information about how the
frequency content of the phonocardiogram signal varies in time, in order to characterize
the heart sounds and murmurs. The instantaneous frequency of a signal can be calculated
from the discrete Hilbert transform, computed through the moving discrete Hartley
transform, which reduces the computation time. To compute in real time the instantaneous
frequency, the algorithms have been implemented in a FPGA device, exploiting the high
performance and flexibility of reconfigurable hardware. The results obtained from the
FPGA show high accuracy in comparison to those computed with Matlab�.
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1. INTRODUCTION

The introduction of the Field-Programmable Gate Ar-
ray (FPGA) devices about 15 years ago gave rise to the
reconfigurable computing concept. First FPGAs gen-
erations were quite limited in their capacities. Nowa-
days, the most advanced manufacturing technologies
are used to feature devices with millions of gates
of programmable logic, with dedicated hardware re-
sources, with the widest range of system connectivity
solutions, enabling more complex and powerful sys-
tems on a single chip.

Reconfigurable hardware offers a tradeoff between
the very specialized solution of Application Specific
Integrated Circuits (ASICs) and the inefficiency of
General Purpose Processors (GPPs), combining the
desirable high performance of ASICs with the char-
acteristics of system flexibility of GPPs. Like ASICs,

it involves hardware implementation and consequently
parallelism and high performance. Like GPPs, it pro-
vides reconfigurability, and hence flexibility and rapid
prototyping. The key of reconfigurable hardware lies
on that the flexibility is provided by the hardware de-
sign rather than by software-programmable hardware.

On the other side, the phonocardiographic signal or
phonocardiogram (PCG) is the graphic representation
of the heart sounds generated by the heart, and cor-
responds to what the clinical hears during ausculta-
tion. After some decades in which auscultation of
the heart lost importance in favour of more accu-
rate and expensive techniques, in the last few years,
automated phonocardiogram analysis has been redis-
covered as a useful and low cost technique to as-
sess valvular diseases. It is well established that time
domain only is not enough to represent the infor-
mation content of the PCG, so joint time-frequency
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techniques must be considered. Although tradition-
ally other time-frequency techniques have been used
(short time Fourier transform, Wigner-Ville distribu-
tion, wavelets, . . . ) (Obaidat 1993, Jing et al. 1995,
Debiais et al. 1997, Tovar-Corona and Torry 1998),
the instantaneous frequency (IF) has been also pro-
posed as a useful technique to characterize the vari-
ation of the frequency content of the PCG in time
in order to distinguish between several valvular dis-
eases (Yoshida et al.1997, Sharif et al.2000).

In this paper a hardware implementation of the in-
stantaneous frequency of the phonocardiographic sig-
nal is proposed, based on the definition given by
Ville (Ville 1948) and using the discrete Hilbert trans-
form, computed through the moving discrete Hartley
transform (MDHT) (Prabhu and Sundaram 1996), to
compute the IF in real time. The hardware design has
been realized with a system level modeling tool for
DSP (Digital Signal Processing).

This paper is organized as follows: in Section 2 an
introduction to the Hilbert transform and the instan-
taneous frequency computation is presented. Section
3 describes the hardware implementation of the algo-
rithms in the FPGA device, and Section 4 presents
the obtained results, and compares them with those
obtained in Matlab. Finally, some closing remarks are
indicated in Section 5.

2. ANALYTIC SIGNAL AND INSTANTANEOUS
FREQUENCY

2.1 The analytic signal

The analytic signal z(t) of a real signal x(t) is defined
as:

z(t) = x(t) + jH[x(t)] (1)

where H[·] is the Hilbert transform operator. For a
discrete signal x(n), the corresponding analytic signal
is defined as:

z(n) = x(n) + j H [x(n)] (2)

where H[·] is the discrete Hilbert transform (Kak
1970, Čı́žek 1970).

The discrete Hilbert transform can be computed
also through the discrete Fourier transform. (Pei
and Jaw 1989) proposed a fast algorithm to com-
pute the Hilbert transform through the discrete Hart-
ley transform (DHT), using only real-domain oper-
ations. (Prabhu and Sundaram 1996) proposed also
another fast algorithm to compute the Hilbert trans-
form through the moving discrete Hartley transform
(MDHT), which reduced the computational complex-
ity of (Pei and Jaw 1989). The algorithm presented in
(Prabhu and Sundaram 1996) uses a recursive relation
to compute the present value from previous ones.

Consider a signal x(n) divided into overlapping blocks
of N samples. The signal x(n) is weighted by a win-
dow function w(m), which is shifted L samples in time
through x(n). Thus, two consecutive blocks overlaps
N − L samples. If the input signal is multiplied by the
window function, it results:

x(L · n+m) · w(m) (3)

Thus, for each sample n from the previous windowed
sequence, a new sequence of length V shifted L sam-
ples in time is obtained. If w(m) is the rectangular
function, defined as:

w(m) =


1, 0 ≤ m≤ V − 1

0, elsewhere
(4)

and N = V, the windowed sequence for each n is:

x(L · n+m) · w(m) =

=



x(L · (n− 1) +m+ 1),
m= 0, 1, 2, . . . ,N − 2

xadd,
m= N − 1

(5)

where xadd is the new sample.

The Hilbert transform computed through the MDHT,
x′, described in (Prabhu and Sundaram 1996), is com-
puted as:

x′(L · n,m) =

=



x′(L · (n− 1),m+ 1),
m= 1, 3, . . . ,N − 1

x′(L · (n− 1),m+ 1) + Y(L · n) ·C(m),
m= 0, 2, . . . ,N − 2

(6)

which is the equation that has been implemented to
compute the discrete Hilbert transform of x(n), where

Y(L · n) = x(L · n+ V) − x(L · n) (7)

and

C(m) =
2
N
· cot

(
π(m+ 1)

N

)
(8)

For N = V and L = 1, equation 7 transforms in

Y(n) = x(n+ N) − x(n) (9)

which is the same as

Y(n) = xadd− x(0) (10)

from the windows sequence.



Fig. 1. Analytic signal module

2.2 The instantaneous frequency

The instantaneous frequency of a real signal x(t) was
defined by Ville (Ville 1948) as the derivative of the
phase (φ(t)) of the associated analytic signal z(t):

IF(t) =
1

2π
d
dt

[arg z(t)] =
1

2π
dφ(t)

dt
(11)

For a discrete time signal, the expression for the IF is
similar to equation 11, but using discrete derivatives of
the phase instead of dφ(t)/dt, for example, the central
finite difference (CFD) (Boashash 1992):

IF(n) =
1

4π
(φ(n+ 1) − φ(n− 1)) (12)

3. SYSTEM DESCRIPTION

The design has been described using Xilinx System
GeneratorTM (Xilinx Inc. 2004). System Generator is
a system level modeling tool for FPGA hardware
design. It is a software platform that uses Simulink�
to represent a high level description of a digital signal
processing system, and extends it to constitute a useful
environment for hardware design. Through different
abstraction levels it is possible to implement efficient
FPGA designs easily.

Moreover, Matlab has been the chosen platform to
carry out the previous stages of study of the phonocar-
diographic signals, and the analysis and development
of the different expressions that have led to the final
hardware implementation. Therefore, the integration
of the hardware design process within the overall re-
search is facilitated by System Generator.

On the other hand, the use of the available records
of phonocardiographic signals for design simulation
is accomplished faster and more efficiently with Sys-
tem Generator, which also provides hardware co-

simulation. This allows that the design running in the
FPGA can be incorporated in a Simulink simulation.

The process can be divided into four steps:

• Conversion of the analog signal from the stetho-
scope to digital
• Computation of the analytic signal, using the

discrete Hilbert transform
• Computation of the phase
• Computation of the instantaneous frequency, us-

ing the central finite difference.

The last three steps, which make up the digital pro-
cessing, are described in the following subsections.

3.1 Computation of the analytic signal

As mentioned in subsection 2.1, the analytic signal
consists of two parts: the real part, which is the same
input signal, and the imaginary part, obtained using
the Hilbert transform of the input signal. Figure 1
shows the design structure in System Generator. Next,
the blocks in this figure are described:

• Y Ln block. It computes the arithmetic function
of equation 7. It is implemented with a simple
hardware subtractor based on the Xilinx Smart-
IPTM Adder/ Subtractor Core. The block latency
depends on the window size (N): the bigger
window size, the larger number of samples of
the input signal must be acquired and the higher
latency.
• Multiplier block. This block computes the term

C(m) of the equation 6 corresponding to the
multiplication of equation 8. The values obtained
for the cotangent term have been stored in a
ROM memory, implemented with BlockRAM
resources. These are specific purpose memory
resources included in Xilinx Virtex II FPGA
devices.



Fig. 2. Instantaneous frequency module

System Generator multiplier block has been con-
figured to implement a parallel multiplier using
the embedded multipliers in the Xilinx Virtex II
FPGAs. Operating on the full width data with
the multiplier blocks allows to achieve the fastest
hardware multiplication compared to multiplica-
tion in logic.
• Feedback block. Since the discrete Hilbert trans-

form computes a new value of the analytic signal
from previously calculated values, a feedback
block must be included. As equation 6 shows, it
must be taken into account if the sample number
is even or odd.
• Synchronization block. Since the imaginary part

of the analytic signal required the described pro-
cessing, but not the real part, a block is needed to
ensure that both components are synchronized at
the output. The hardware is based on the Xilinx
Addressable Shift Register, which implements a
delay line of configurable length. In this case the
length is fixed to the window size.
• Control Unit. This block generates the control

signals of the module.

3.2 Computation of the phase

This module calculates the analytic signal phase and
its correction by means of the unwrap function. The
phase is obtained using a CORDIC algorithm. The
instanced block implements a rectangular to polar
coordinate conversion using a fully parallel CORDIC
algorithm in circular vectoring mode.

The unwrap function corrects phase angles by adding
multiples of ±2π where needed, to smooth the tran-
sitions and make the phase continuous. For hardware
implementation, and taking the advantage that it is a
combinational function, the function is defined in Mat-
lab .m code, inside an MCode Block. When hardware

is generated by System Generator this code is trans-
lated in a straightforward way to behavioural VHDL.

3.3 Computation of the instantaneous frequency

This blocks calculates the instantaneous frequency us-
ing the central finite difference, according to equa-
tion 12. Hardware just consists of delay elements, a
subtractor and a multiplier by a constant implemented
with logic.

4. RESULTS

The design has been functionally simulated in System
Generator exactly the same as any model described in
Simulink. To test the accuracy of the proposed sys-
tem the instantaneous frequency has been computed
in Matlab. These results have been used as reference
for error estimation. The RMSE (Root Mean Square
Error) between the simulation in Matlab and the func-
tional simulation in Simulink, was 0.0038. The RMSE
is defined as:

RMSE =

√√
1
n

n∑
i=1

(xi − x̂i)2 (13)

where xi is the Matlab simulation signal, x̂i is the func-
tional simulation in ModelSim, and n is the number of
samples.

Figure 3 shows the phonocardiographic signal, the
computation of the instantaneous frequency with the
System Generator model in Simulink and the error
with respect to the results obtained in Matlab. The
output and internal data are coded with 26 bits. The
window size used is 128. Except for the central peak
around sample number 9000, the two signals are vir-
tually identical. The small error is mainly due to the



Table 1. Design and timing summaries of the final hardware implementation with a window
size of 128 samples.

Design summary Timing summary

Logic utilization Minimum period 27.019 ns
Number of 4 input Look Up Table 2030 19% Maximum frequency 37 MHz
Number of Slice Flip Flops 2168 21%

Logic Distribution
Number of occupied Slices 1907 37%
Total Number 4 input LUTs 3525 34%

Number of bonded IOBs 49 28%

Specific purpose resources
Number of Block RAMs 2 5%
Number of MULT18X18s 4 10%
Number of GCLKs 1 6%

change of the arithmetic data type, from double preci-
sion floating point in Matlab to signed fixed point in
the System Generator model.

Functional simulation with an HDL simulator (like
ModelSim) is not necessary, since System Generator
provides bit-true results and, therefore, finite precision
fixed-point operations are modeled precisely.

Once the functional simulation is successfully com-
pleted, the design should be exported to the Xilinx�
ISE design environment, where it would be imple-
mented. After mapping, placing and routing processes
the information for timing simulation would be avail-
able and this could be run on, e. g., the ModelSim
simulator.

However, it is possible to incorporate the design run-
ning in the FPGA into a Simulink simulation by means
of the System Generator hardware co-simulation ca-
pability. In this situation, input data are generated in
Simulink, processed in hardware and the results are
reported to Simulink again. This allows the design to
be tested in actual hardware. This also implies that
simulation is dramatically sped up. The communica-
tion between the PC and the FPGA is established by
a generic interface provided by System Generator that
uses JTAG and the Xilinx Parallel Cable IV.

The hardware co-simulation results were practically
identical to those obtained with Simulink. It took 15
seconds for a 2.2 seconds input signal (17450 samples
at 8 kHz), while the corresponding timing simulation
in the ModelSim simulator took more than 52 hours,
both in a 3.00 GHz Pentium IV.

Finally, the design’s bitstream file obtained in the
final step of the implementation process is down-
loaded onto the FPGA. The implementation process
has been completed in the Xilinx ISE 6.2.03i ver-
sion. The targeted Xilinx XC2V1000-4FG256 FPGA
is available in the Virtex II evaluation kit (Avnet Elec-
tronics Marketing 2004), a platform suitable for the
development and test of Xilinx FPGA-based appli-
cations. This board is also populated with a Xilinx
XC18V04VQ44C configuration EEPROM, where the
configuration bitstream can be stored, an RS-232 se-

rial port, several connectors (including AvBus connec-
tor) and general purpose inputs and outputs.

In the final prototype, the data are directly received
from the stethoscope. Its analog output is converted to
digital using the UCB1400 audio codec from Philips.
This is a 20-bit stereo audio codec which integrates an
AC97 2.1 interface and supports programmable sam-
ple rate and input/output gain control. The UCB1400
is populated in the Audio/Video Module from Avnet
Inc., a non stand-alone module designed to supply
data to a host FPGA-based module like the Virtex II
evaluation kit, via the AvBus connector. The codec
configuration is executed from the FPGA by means
of a state machine described in VHDL.

5. CONCLUSIONS

In this paper a hardware implementation of the instan-
taneous frequency of the phonocardiogram using the
discrete Hilbert transform has been presented. A sys-
tem level modeling tool for DSP, System Generator,
integrated with Simulink and provided by Xilinx, has
been used to develop the system, resulting in a faster
design cycle.

Co-simulation in the FPGA, simulation in Simulink
and the timing simulation in ModelSim provide virtu-
ally identical results, and they are very similar to those
computed with Matlab.

Future work is needed to improve the hardware design
in terms of power consumption and area, in order to
use this design in portable devices, integrating it with
the rest of the diagnosis system. In the final system,
the instantaneous frequency module will provide in-
formation content of the PCG with respect to time,
which aids in the characterization of the cardiac sound
events.
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Fig. 3. Phonocardiographic signal (above), functional simulation in Simulink (middle), and error between the
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