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Fetal heart rate using Doppler Ultrasound is a standard method to
assess fetal health. Examination of the fetal heart with a Doppler
device is more convenient for women. Fetal Doppler can accidentally
take the mother's heartbeat. A filter is needed to enhance the audibility
of fetal heartbeats while suppressing unwanted frequencies and noise.
The normal fetal heart rate ranges from 120 to 160 beats per minute,
or 2 Hz - 3 Hz. This frequency can be filtered using a bandpass filter.
the digital FIR bandpass filter were created using the Hamming and
Hanning window methods. The results of the FIR filter with the
Hamming and Hanning window, Orde 100 Hanning gave the best
frequency bandwidth range which was 1.833 Hz to 3.167 Hz. Orde 20
Hamming and Hanning had the shortest delay + 2 s and Orde 100
Hamming and Hanning had the longest delay + 6s. For the noise at
1.6 Hz, Orde 100 Hamming and Orde 100 Hanning the signal level of
the signal output is the same as the desired signal level. For the noise
at 3.1 Hz, Orde 100 Hamming and Orde 100 Hanning had the signal
level of the signal output is almost the same as the desired signal level.
At the frequency point of 1.6 Hz, the noise signal at the input has a
magnitude response 2533, it is a decrease after passing through the
filter to =~ 0. At the frequency point of 3.1 Hz, the noise signal at the
input has a magnitude response 2246, and there is a decrease after
passing through the filter to 167.7. From this study, we can choose
100 orde Hanning because it gave the best frequency bandwidth range
which was 1.833 Hz to 3.167 Hz, the delay of + 6s.
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1. INTRODUCTION

Fetal heart rate (FHR) monitoring using Doppler Ultrasound (US) is a standard method to assess fetal
health before and during labor [1]-[6]. A filter is needed on the fetal doppler for the sound of the fetal heartbeat
can be heard clearly. The normal fetal heart rate in the womb ranges 120 to 160 beats per minute [7]-[9], or 2

Hz -3 Hz[10],[11].

Fetal doppler is a diagnostic tool that uses the doppler effect to simulate the sound of a fetal heartbeat.
Examination of the fetal heart with a Doppler device is more convenient for women and the sound emitted can
be heard by everyone present in the room including the pregnant woman, this is good for reassuring women
and their families. Because of its sensitivity, fetal doppler can accidentally take the mother's heartbeat, and
should be verified by feeling the mother's pulse simultaneously [12]-[15].
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A filter is needed on the fetal doppler so that the sound of the fetal heartbeat can be heard clearly. The
filter functions as a damper for unwanted components of a signal (noise), and passes the information component
contained in the signal. The normal fetal heart rate in the womb ranges from 120-160 beats per minute or has
a frequency range of 2 Hz - 3 Hz. To achieve precise fetal heartbeat audibility, effective filtering is
indispensable. Filters act as dampers for extraneous signal components, including noise, while preserving the
crucial information within the signal itself. Given the distinct frequency range of fetal heartbeats (2 Hz - 3 Hz),
a bandpass filter proves valuable in isolating and amplifying this range while attenuating frequencies beyond
it.

Consequently, the primary focus of this study is the design and evaluation of filters tailored to fetal
Doppler devices. Specifically, we explore six filter configurations: 20-order Hamming Window, 50-order
Hamming Window, 100-order Hamming Window, 20-order Hanning Window, 50-order Hanning Window,
and 100-order Hanning Window [16]-[23]. The objective is to determine the optimal filter design that best
enhances fetal heartbeat audibility and minimizes unwanted interference.

2. METHODS
2.1. Digital Filter

In signal processing, a filter is an essential tool for eliminating unwanted components from a signal, such
as noise or undesired frequencies [24]-[26]. In the context of this study, the focus is on a digital bandpass filter,
which selectively allows the signal to pass at a specific center frequency while attenuating frequencies below
and above that range [27]-[29].

2.2. FIR Digital Filter
In the FIR filter, the impulse response, h(n), is limited to a finite number. Impulse response can be stated

by:
h(n) =a,for0 <n<k (1)
= Oforothers
with Transfer Function:
k
H(z) = Z amz™™ (2)
m=0
[30]-[34]

2.3. Fourier Series Method

The Fourier series approach is somewhat fundamental in that the other methods use the same theoretical
basis. The Fourier series method is more straightforward in concept, hence will be used as a basis. One of the
disadvantages is that it is not easy to pre-state the correct level for the ripple level in the passband and stopband.
Therefore, it is necessary to investigate alternative designs to obtain a suitable function for the filter
specifications. This method is best used with “window functions”.

The response frequency is expressed in terms of normalized frequency v = f/fo, where fo = fs/2 is
the folding frequency. Aq(Vv) is given as the amplitude of the desired response, A(v) is the normalized value.

Then the cosine series in A(v) and ¢y, is:

AW) = UL 3)
mZM
1
Cm = f Ag4(v) cos mmv dv 4)

0
[35]-[37]

2.4. Window Functions
If w,,, represents the coefficient of the window function, and c,, represents the coefficient of the modified
transfer function, then:
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C’m = WmCnm %)

Then the modified transfer function is expressed by:

m
H@= ) ¢pz™ ©
m=—M
The end result is:
M
H(z) = Zaiz‘i (7)
i=0
with
a; = c'm-i 3

In this paper, only two window functions are used, which are Hamming and Hanning Window.
In Hamming Window

2mt T
w(t) = 0.54 + 0.46 cos — for |t] < > )
In Hanning Window
— cos? L = 1( E) i 0
w(t) = cos —=3 1+ cos . for|t|<2 (10)
[38]-[45]

2.5. Sampling Theorem

The sampling theorem, also known as Shannon's theorem or Kotelnikov's theorem, states that at the
minimum rate any signal to be sampled so that it can be reconstructed from its sampled value, is twice the
highest frequency component present in the signal.

fs 2 2fm (11)
[46]-[47]

Ifthe f; < 2 f, , it will give aliasing which is the overlapping of frequency components. This overlap
results in distortion or artifacts when the signal is reconstructed from samples which causes the reconstructed
signal to differ from the original continuous signal.

3.  RESULTS AND DISCUSSION

Making FIR filters using the window function approach requires continuous testing until a filter order
that meets the specifications is obtained, therefore, in this study there are 6 filters which are Hamming Window
and Hanning Window with order 20, order 50, and order 100.

The required input to the FIR digital bandpass filter is the value of the sampling frequency. This value is
obtained from the sampling process on the analog sound signal of the fetal heartbeat which has a frequency of
2 Hz — 3 Hz. The sampling frequency value must be at least twice the information frequency to operate on a
digital signal processing system. Because of that, we need the sampling frequency must be greater than 6 Hz.

3.1. FIR Digital Bandpass Filter Design Specification

To achieve the desired filter characteristics, we designed six FIR filters using Hamming and Hanning
Window methods with varying orders: 20, 50, and 100. The key objective was to assess the suitability of these
filters for fetal Doppler signal processing. The FIR digital bandpass filter required the sampling frequency,
determined by the fetal heartbeat frequency range of 2 Hz - 3 Hz, necessitating a sampling frequency greater
than 6 Hz.

3.2. Generating Information Signals and Noise Signals

In the initial simulation step, we generated an information signal representing the fetal heart rate (2.5 Hz)
and introduced noise signals (1.6 Hz and 3.1 Hz) to emulate real-world conditions (Fig. 1-Fig. 3). The
simulation using MATLAB.
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3.3. FIR Orde 20 Digital Bandpass Filter Simulation

FIR Orde 20 digital bandpass filter simulation using Filter Designer which is part of the MATLAB
software. The filter will be simulated with 2 different methods, the Hamming Window and the Hanning
Window to see which method produces the best output signal.

Fig. 6(a) indicates that the frequency bandwidth range to be passed on the orde 20 FIR digital bandpass
filter using the Hamming Window method still widens to 1.138 Hz — 3.862 Hz exceeding the bandwidth range
that should be 2 Hz — 3 Hz, this indicates that orde 20 Hamming Window still does not meet the required
specifications in Fig. 6(b). It is known that the frequency bandwidth range that will be passed on the 20th orde
FIR Digital Bandpass Filter using the Hanning window method is 1,163 Hz — 3,837 Hz, narrower than the
Hamming window method which has a bandwidth range of 1,138 Hz — 3,862 Hz, this shows that the 20th orde
filter uses Hanning window method already better than the Hamming window method, although it still does
not meet the required filter specifications.

(a) (b)
Fig. 6. Magnitude Response FIR Bandpass Digital Filter Orde 20 using (a) Hamming Window (b)
Hanning Window

Fig. 7 show time domain comparison of the outputs desired signal with the actual signal filter results. The
results of this simulation show that there is a delay of +2 seconds before the 20th orde Hamming window filter
can produce an output signal. In Fig. 7(a) it is shown that the signal level of the signal output is almost close
to the desired signal level while in Fig. 7(b) the signal level of the signal output is still quite far from the signal
level which are desired.

Fig. 8 show time domain comparison of the outputs desired signal with the actual signal filter results. The
results of this simulation show that there is a delay of £2 seconds before the 20th orde Hanning window filter
can produce an output signal. In Fig. 8(a) it is shown that the signal level of the signal output is almost close
to the desired signal level while in Fig. 8(b) the signal level of the signal output is still quite far from the signal
level which are desired.

Fig. 9(a) shows a comparison of the filtered by orde 20 Hamming Window input and output signal
conditions in the frequency domain. At the frequency point of 1.6 Hz, the noise signal at the input has a
magnitude response value of 2533, and there is a decrease after passing through the filter to 385. Fig. 9(b)
shows a comparison of the filtered by orde 20 Hanning Window input and output signal conditions in the
frequency domain. At the frequency point of 1.6 Hz, the noise signal at the input has a magnitude response
value of 2533, and there is a decrease after passing through the filter to 446.9 which are greater than orde 20
Hamming Window.
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Fig. 8. Time Domain 20th Orde Filter Output Signalby Hanning Window at (a) 1.6 Hz and (b) 3.1 Hz Noise

(a) (b)
Fig. 9. Frequency Domain Output Filter Orde 20 at Noise 1.6 Hz (a) Hamming Window (b) Hanning
Window

Fig. 10(a) shows a comparison of the filtered by orde 20 Hamming Window input and output signal
conditions in the frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a
magnitude response value of 2246, and there is a decrease after passing through the filter to 1,019. Fig. 10(b)
shows a comparison of the filtered by orde 20 Hanning Window input and output signal conditions in the
frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a magnitude response
value of 2246 and there is a decrease after passing through the filter to 1084.4 which are greater than orde 20
Hamming Window.

The simulations for the FIR order 20 bandpass filter were conducted using both Hamming and Hanning
Window methods. Notably, the results indicated that while the Hamming Window method failed to meet the
desired bandwidth specification (2 Hz - 3 Hz), the Hanning Window method showed improvement, albeit not
fully satisfying the specifications.
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(a) (b)
Fig. 10. Frequency Domain Output Filter Orde 20 at Noise 3.1 Hz (a) Hamming Window (b) Hanning
Window

3.4. FIR Orde 50 Digital Bandpass Filter Simulation

FIR Orde 50 digital bandpass filter simulation using Filter Designer which is part of the MATLAB
software. The filter will be simulated with 2 different methods, the Hamming Window and the Hanning
Window to see which method produces the best output signal.

Fig. 11(a) indicates that the frequency bandwidth range to be passed on the orde 50 FIR digital bandpass
filter using the Hamming Window method still widens to 1.642 Hz — 3.358 Hz exceeding the bandwidth range
that should be 2 Hz — 3 Hz, this indicates that orde 50 Hamming Window still does not meet the required
specifications. In Fig. 11(b) it is known that the frequency bandwidth range that will be passed on the 50th orde
FIR Digital Bandpass Filter using the Hanning window method is 1.6653 Hz — 3.335 Hz, narrower than the
Hamming window method which has a bandwidth range of 1.642 Hz — 3.358 Hz, this shows that the 50th orde
filter uses Hanning window method already better than the Hamming window method, although it still does
not meet the required filter specifications.

(a) (b)
Fig. 11. Magnitude Response FIR Bandpass Digital Filter Orde 50 using (a) Hamming Window (b)
Hanning Window

Fig. 12 show time domain comparison of the outputs desired signal with the actual signal filter results.
The results of this simulation show that there is a delay of +3 seconds before the 50th orde Hamming window
filter can produce an output signal. In Fig. 12(a) it is shown that the signal level of the signal output is the

Fig. 13 show time domain comparison of the outputs desired signal with the actual signal filter results.
The results of this simulation show that there is a delay of 3 seconds before the 50th orde Hanning window
filter can produce an output signal. In Fig. 13(a) it is shown that the signal level of the signal output is the same
as the desired signal level while in Fig. 13(b) the signal level of the signal output is still not in accordance with
the desired signal level, but it is already better than the signal level on the 20th orde filter.

Fig. 14(a) shows a comparison of the filtered by orde 50 Hamming Window input and output signal
conditions in the frequency domain. At the frequency point of 1.6 Hz, the noise signal at the input has a
magnitude response value of 2533, and there is a decrease after passing through the filter to =~ 0. Fig. 14(b)
shows a comparison of the filtered by orde 50 Hanning Window input and output signal conditions in the
frequency domain. At the frequency point of 1.6 Hz, the noise signal at the input has a magnitude response
value of 2533, and there is a decrease after passing through the filter to = 0. These indicate that the noise at 1.6
Hz can be removed by using orde 50 Filter Hamming Window or orde 50 Filter Hanning Window.
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Fig. 14. Frequency Domain Output Filter Orde 50 at Noise 1.6 Hz (a) Hamming Window (b) Hanning
Window

Fig. 15(a) shows a comparison of the filtered by orde 50 Hamming Window input and output signal
conditions in the frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a
magnitude response value of 2246, and there is a decrease after passing through the filter to 508.4. Fig. 15(b)
shows a comparison of the filtered by orde 50 Hanning Window input and output signal conditions in the
frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a magnitude response
value of 2246 and there is a decrease after passing through the filter to 542.4 which are greater than orde 50
Hamming Window.
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(a) (b)
Fig. 15. Frequency Domain Output Filter Orde 50 at Noise 3.1 Hz (a) Hamming Window (b) Hanning
Window

The FIR order 50 bandpass filter simulations, again with Hamming and Hanning Window methods,
demonstrated that the Hanning Window method produced a narrower bandwidth range (1.6653 Hz - 3.335 Hz)
compared to the Hamming Window method (1.642 Hz - 3.358 Hz). Although not entirely within the desired
range, the Hanning Window method showcased better results.

3.5. FIR Orde 100 Digital Bandpass Filter Simulation

FIR Orde 100 digital bandpass filter simulation using Filter Designer which is part of the MATLAB
software. The filter will be simulated with 2 different methods, the Hamming Window and the Hanning
Window to see which method produces the best output signal.

In Fig. 16(a), it is known that the range of frequency bandwidth that will be passed on the 100th order
FIR Digital Bandpass Filter using the Hamming window method is 1.827 Hz — 3.173 Hz which is almost equal
to the required bandwidth specification is 2 Hz — 3 Hz, this shows that the 100th order filter has a better
bandwidth range than the 20th and 50th orde filters. In Fig. 16(b), it is known that the frequency bandwidth
range that will be passed to the 100th order FIR digital bandpass filter using the Hanning window method is
1,833 Hz — 3,167 Hz, narrower than the Hamming window method which has a bandwidth range of 1,827 Hz
— 3,173 Hz, this shows that the 100th order filter uses the Hanning window method is better than the Hamming
window method.

(a) (b)
Fig. 16. Magnitude Response FIR Bandpass Digital Filter Orde 100 using (a) Hamming Window (b)
Hanning Window

Fig. 17 show time domain comparison of the outputs desired signal with the actual signal filter results.
The results of this simulation show that there is a delay of 6 seconds before the 100th orde Hamming window
filter can produce an output signal. In Fig. 17(a) it is shown that the signal level of the signal output is the same
as the desired signal level while in Fig. 17(b) signal level from the signal output is almost the same as the
desired signal level.

Fig. 18 show time domain comparison of the outputs desired signal with the actual signal filter results.
The results of this simulation show that there is a delay of +£6 seconds before the 100th orde Hanning window
filter can produce an output signal. In Fig. 18(a) it is shown that the signal level of the signal output is the same
as the desired signal level while in Fig. 18(b) signal level from the signal output is almost the same as the
desired signal level.
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Fig. 20(a) shows a comparison of the filtered by orde 100 Hamming Window input and output signal
conditions in the frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a
magnitude response value of 2246, and there is a decrease after passing through the filter to 167.7. Fig. 15(b)
shows a comparison of the filtered by orde 100 Hanning Window input and output signal conditions in the
frequency domain. At the frequency point of 3.1 Hz, the noise signal at the input has a magnitude response
value of 2246 and there is a decrease after passing through the filter to 195.4 which are greater than orde 100
Hamming Window.

0 ‘Inpul IsignllI : : : o0 Input Signal
£ 4000 & 4000
E =
£ 2000 I I ” ] £ 2000
0 o L
0 o5 1 15 2 25 3 35 4 45 65 0 05 1 15 2 25 3 B35 4 45 5
Frequency (Hz) Frequency (Hz)
o : : Outf)ul Fil‘lnred .Islgnallemnlnlng : : i : : Dullpul FI!hemd ?Igna’
§ 4000 3 1§ 4000 1 1
Bl | | [ ] B | |
0 3 o )
0 05 1 15 2 25 3 35 4 45 6 0 05 1 15 2 25 3 35 4 45 5
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig. 20 Frequency Domain Output Filter Orde 100 at Noise 3.1 Hz (a) Hamming Window (b) Hanning
Window

For the FIR order 100 bandpass filter, both Hamming and Hanning Window methods yielded narrower
bandwidth ranges (1.827 Hz - 3.173 Hz and 1,833 Hz - 3,167 Hz, respectively) that approached the desired
specification (2 Hz - 3 Hz). Particularly, the Hanning Window method demonstrated superior performance in
achieving a closer match to the required bandwidth.

3.6. Time and Frequency Domain Analysis

Time domain analysis illustrated the signal output behavior of the filters, highlighting the trade-off
between signal delay and accuracy. Both the Hamming and Hanning Window methods exhibited signal delays
of +2 to £6 seconds, with signal levels approaching the desired levels, albeit not consistently. Frequency
domain analysis provided insight into how the filters affected the noise signals. Notably, the filters using the
Hanning Window method generally demonstrated better noise reduction at specific frequencies compared to
the Hamming Window method.

3.7. Overall Assessment

While none of the simulated filters fully met all specifications, the FIR order 100 bandpass filter with the
Hanning Window method exhibited the most promising results, achieving a bandwidth range that closely
aligned with the desired specification. However, further optimization and refinement might be required to
achieve more precise filtering for fetal Doppler applications.

4. CONCLUSION

In this study, we conducted a comprehensive investigation into the design and performance of FIR filters
using different window methods and orders for processing fetal Doppler signals. Our analysis yielded valuable
insights into the efficacy of these filters in enhancing the clarity and accuracy of fetal heartbeat detection. From
our experimental results, several key findings emerged:

Frequency Bandwidth Range: Among the tested filters, the Orde 100 Hanning Window filter
demonstrated the most promising frequency bandwidth range, spanning from 1.833 Hz to 3.167 Hz. This
suggests that the Hanning Window approach is effective in isolating the desired fetal heartbeat frequencies.

Signal Delay: The Orde 20 filters, both Hamming and Hanning, exhibited the shortest delays of +£2
seconds, while the Orde 100 filters, employing both window methods, showed longer delays of +6 seconds.
These delay values are crucial considerations for real-time fetal monitoring applications.

Time Domain Output Desired Signal: For the noise frequency of 1.6 Hz, both Orde 100 Hamming and

Orde 100 Hanning filters produced signal outputs closely matching the desired signal level. Similarly, for the

Design of FIR Digital Bandpass Filter with Hamming Window and Hanning Window Method for Fetal Doppler (Hartono
Siswono)


http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&

923 Jurnal Ilmiah Teknik Elektro Komputer dan Informatika (JITEKI) ISSN 2338-3070
Vol. 9, No. 4, December 2023, pp. 912-926

noise at 3.1 Hz, the signal output level was nearly aligned with the desired level, indicating effective noise
reduction.

Frequency Domain Output: Notably, the Orde 100 Hamming filter exhibited superior performance in the
frequency domain. It significantly attenuated the noise signal at both 1.6 Hz and 3.1 Hz frequencies, reducing
the magnitude response values to near-zero and 167.7, respectively.

Based on our findings, we recommend further exploration to refine and optimize the filtering process for
fetal Doppler signal analysis. Specifically, we propose investigating higher-order filters, such as Orde 150 and
Orde 200, to determine if enhanced filtering capabilities can be achieved. These higher-order filters might
provide even better noise reduction and signal enhancement, contributing to more accurate fetal health
assessments.

In conclusion, this study sheds light on the potential of FIR filters, especially the Orde 100 Hanning filter,
for improving fetal Doppler signal processing. By fine-tuning parameters and exploring more advanced filter
designs, we anticipate that our research will contribute to the advancement of fetal monitoring techniques and
potentially lead to enhanced maternal and fetal healthcare outcomes..
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