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A Practical Study to Enhance Pressure Signal Quality in
Mechanical Ventilators Using Moving Average Filtration:
A Comparative Study

Abstract:

Undesirable noise and interference present a substantial obstacle in the
process of obtaining biomedical signals for analysis and diagnosis. It is
necessary to reduce the noise and enhance signal quality for many designs
of medical devices such as Mechanical Ventilators (MV), patient monitors
and overall biosignal processing. To contribute for addressing this problem,
and for medical applications such as MV which are used for critical diseases
such as pneumonia, COVID 19 etfc. This paper, conducted comparative
study to evaluate the performance of a 3-point Moving Average Filter
(MAF) and a 5-point MAF in order to reducing noise and improving signal
quality in MVs which are used in medical applications. MATLAB was utilized
to perform filter approximation, realization and analysis. LabVIEW was
employed for pressure signal data acquisition, implementation, and Signal-
to-Noise Ratio (SNR) calculation. Experimental data, which needed for filters
implementation, were obtained by running a MV connected to an artificial
lung and a reference device which is used to measure pressure signal. In
general, 3 point presented better SNR against 5 points MAF for pressure
signal required in MVs. This approach can potentially enhance healthcare
quality by providing better quality of biomedical signals which are used in
medical devices.

Keywords: Moving Average Filter, Pressure Signal, Signal Quality, Medical
Ventilator, MATLAB and LabVIEW.
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1. Introduction

In medical applications, such as Mechanical Ventilators (MV), spirometers,
patient monitors etc., noise is considered a source of big concern and it
usually influence sensors signals quality used in these applications. Pressure
signal usually gained unwanted noise when acquired for medical applications
[1]. MVs usually are used in ICU for emergency case for critical diseases such
as pneumonia, COVID 19 etc. [2, 3]. In MVs, pressure signal monitoring is
important to assess patient lung status, nevertheless this signal usually gains
unwanted noise therefore it is necessary to study how to remove this noise to
enhance signal quality for MV applications.

The Moving Average Filter (MAF) is widely used as a digital filter to remove
undesirable noise which reduce signal quality [4, 5, 6]. MAF is perfect for
many applications and it can reduce random noise while keeping excellent
response [6, 7]. Recent works applied MAF and proved its ability to remove
different types of noise in many applications [8-13]. Besides, MAF proved its
ability to reduce noise in real time for biomedical signals [5].

This paper presents a study of 3 points MAF against 5 points MAF which are
used to remove unwanted noise of pressure signals in MVs. Before applying the
filters in real-time practice, filter analysis should be done, therefore, MATLAB
software codes are used to study the filters characteristics which include its
frequency response, poles and zeroes etc. LabVIEW is a good software for
real time implementation and graphical monitoring [14], therefore, it is the
best choice to implement the suggested filters in real-time and check filters
efficiency. The performance for each filter was evaluated using Signal to
Noise Ratio (SNR) metric which determines which filter is the best.

2. Methods
2.1 Block diagram of the study

In this section we implemented MAF in order to remove unwanted noise of
pressure signal acquired from a MV. The digital filter design process can be
done in four steps: filter approximation (filter specification), filter realization,
performance analysis and finally implementation [15,16] these steps are
illustrated in Figure 1.
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Figure 1: Filter Design Process

2.1.1 Filters approximation (filters specifications)

A transfer function is a relation between output and input of any filter, finding
the transfer function is important to determine the filter response and its
specifications, this process is called filter approximation. In this process also
we can find poles and zeroes which are important to understand the filter
behavior [15]. Filter specifications are approximated to eliminate pressure
signal noise in MVs which are used in the medical filed, therefore, in this
stage, we determined frequency response characteristics, which included
passband, stopband and a maximum of the frequency response magnitude.

The general equation in the time domain for L points MAF is defined as:

1 L-1
ym) =1 ) x(n k)
&= (1)
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Where, y(n) is the filter output, x(n) is the filter input, L filter rank and k input
delay.

Or equivalently in Z domain equo’rion (1) can be written as:

Y(2)
H@Z) = X(2) LZ

Where, H(Z) is a transfer function of the system

)

For this work, Equation 2 can be written as transfer function H(z) for 3 points
MAF as the following:

2
1
HZ)==) 77k
3 KZ 3)

Similarly, Equation 2 can be written as transfer function H(z) for 5 points MAF
as the following:

4
HEZ) =Y 77
@) =3

k=0

* Impulse response of the 3 points MAF and the 5 points MAF

4

In time domain, the 3 points MAF impulse response h[n] = {1/3, 1/3, 1/3},
this means when impulse is applied to the filter as an input the output will be
three equal values of 1/3. Therefore, the filter output will be the average of
the recent input with the two previous inputs. Similarly, the impulse response
of the 5 points MAF h[n] = {1/5, 1/5, 1/5, 1/5, 1/5}, Therefore the filter
output will be the average of the recent input with the four previous inputs.

*  Frequency response Analysis of the 3 points MAF and the 5 points MAF

As shown in Figure 2, notice that in both filters, the frequency response has
characteristics of low pass filter. Then, the low frequencies in the input pass
through the filter without attenuation, whereas the high frequencies will be
attenuated. The factor of attenuation depends on the filter rank, therefore,
the high frequencies will be attenuated by higher factor in the 5 points MAF
than 3 points MAF.

MATLAB software is used to investigate the proposed MAFs specifications and
performance. MATLAB codes implemented equations 3 and 4 for both filters
to investigate filter specifications before implementation in real time practice.

62 University of Science and Technology Journal

for Engineering and Technology https://doi.org/10.59222/ustjet.2.2.4



Husam Y. Al-Hetari  Noman Q. Al-Naggar ~ Abdu Alameri  Mahmoud A. Al-Rumaima  Muhammad Nomani Kabir  Zaied Alhaj <

Volume 2, Issue (2), Dec. 2024 S

Therefore, frequency response characteristics are obtained for both filters as
presented in Figure 2.

Zeroes are located at the edge of stopband and the poles are located at
the origin point, both filters frequency response magnitude reached up to
maximum at frequency equals zero (w = 0), and the magnitude gradually
decreased as frequency increase, the attenuation of magnitude reaches
up to zero at filters zeroes 21/3 (rad/s) or 0.333 (Hz) for 3 points MAF
and 1 /3 (rad/s) or 0.166 (Hz) for 5 points MAF. These values of zeroes
called normalized frequency (w) and can be calculated from equation 5,
this frequency showed the estimated edge of the stopband of both filters as
shown in Figure 2

F
w=2m—

fs (%)
Where,
F is actual frequency (time domain frequency)
fs sampling frequency

21/3 (rad/s) and n/3 (rad/s), called normalized frequency which refers to
cutoff frequencies for the 3 points MAF and the 5 points MAF respectively,
and by applying equation 5 we can obtain a cutoff frequency as actual
frequency (time domain frequency) for both filters. That means the value of
F/fs = 1/3 for 3 points MAF and F/fs = 0.5/3 for 5 points MAF. Therefore,
in this case, at sampling frequency equals 3 Hz the actual frequency equals 1
Hz for 3 point MAF and 0.5 Hz for 5 points MAF. Accordingly, the frequency
above 1 Hz will be attenuated by 3 points MAF and similarly, the frequency
above 0.5 will be attenuated by 5 points MAF.

In general, 3 points MAF filers works as low pass filter with stopband edge
(cutoff frequency) 0.333 Hz, similarly, 5 points MAF works as low pass filter
with stopband edge at 0.166 Hz which means it has narrower pass band than
3 point MAF. Then, when we look at the right side of the frequency response
magnitude, the area at the right of the zeroes is considered stopband of both
filters, whereas the area at the left of the zeroes considered passband of both
filters as presented in Figure 2.
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Figure 2: Frequency response of 3 points MAF (solid line) and 5 points MAF
(dashed line)

2.1.2. Filters realization

Once the filter transfer function is obtained, it has to be synthized as block
structure as shown in Figure 3, this type of form use numbers of adders and
multipliers and delays functions.

1 5¢
Input Samples
x(n)

Input Samples 1{3¢ 15
x(n)

Filter Output
v(n)

Filter Output
—> yin)

(a) (b)
Figure 3: System realization of 3 points MAF (a) and 5 points MAF (b)
2. 1.3 Filter performance analysis

Performance analysis is used to ensure that the filter is stable and the filter
design doesn’t have irregularity behaviors. In general, poles and zeroes
locations analysis can predict its stability and performance [7]. In our design
poles and zeroes located inside unit circle, which indicates that both filters
are stable.
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The zeroes and poles in Z plane are presented in Figure 4 for both filters.
Zeroes are marked by circles (0) and the poles (located in the centre of the
unit cycle) marked by cross (X). 3 points MAF zeroes equal Z1= -0.5+0.87]
and Z2 = -0.5-0.87j, similarly, the zeroes of 5 points MAF equal Z1= -0.809
+]0.5878, Z2= -0.809 - |0.5878, Z3= 0.309 + |0.9511 and Z4= 0.309 -
i0.9511. ltis clear that all zeroes for both filters are located inside unit cycle,
thus this indicates that both filters are stable and effective if they implemented
in real practice.
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Figure 4: Zeroes and poles in Z plane for 3 points MAF (a) and 5 points
MAF (b)

2.1.4 Filters implementation for noisy pressure signal acquired from
amv

The proposed filters were implemented in real time; therefore, pressure
signal was acquired in real time from pressure sensor of reference device
[17]. This signal was taken and sent into LabVIEW software where 3 points
MAF and 5 points MAF were constructed to remove unwanted noise. Figure
5 illustrates the block diagram of implementation process.

2.2 Experiment setting

MV setting for all experiments was Intermittent Positive Pressure Ventilation
(IPPV), respiration rate (RR) was 16 breaths per minute (bpm) and I/E ratio was
1:2.75. In addition, reference device and artificial lung, which are accurate
and reliable product, [17, 18] were used in the experiments as shown in
Figure 5. Artificial lung was used to mimic two cases of lung, a
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healthy lung of 50 ml/cmH20O compliance and unhealthy lung of 20 ml/
cmH20 compliance [19], for each case; 3 scenarios were conducted to
change pressure values according to Vt setting 400 ml, 500 ml and 600 ml

respectively.

Mechanical Ventilator

Artificial
Lung

Pressure source

v

Pressure signal acquired
from reference device
(reference sensor)

v

Noisy Pressure signal

v

3 /5 points MA filters

¥

Filtered Pressure Signal

v

Filtration evaluation

T.ah-VIEW nlatform

Figure 5: Block diagram of the implementation process

2.3 Evaluation process

Signal to Noise ratio (SNR), measured in dB unit, can be used to evaluate
the filtration process. It can compute the filter efficiency by compute both
signal smoothness and signal shift after filtration, therefore, The high SNR,
the better filter performance. Equation 6 is used for SNR calculation [20].
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INE
SNR =10 log [ﬁ]
(6)
Where S is signal amplitude and N is noise amplitude
3. Results and Discussion

The 3 points MAF and 5 points MAF were analyzed. Experimental data, which
needed for filters implementation, were obtained by running a MV connected
to an artificial lung and a reference device. LabVIEW utilized experimental
data to implement both filters, and SNR were calculated to determine which
one is better for removing unwanted noise.

Firstly, we investigated the 2 filters using pressure signals acquired from
reference device for a healthy lung which was inflated with 400 ml, 500
ml and 600 ml. These 3 scenarios recorded in real time. Figures 6, 7 and
8 showed the obtained results, which demonstrated that the 3 points MAF
obtained total of a good curve filtration and less curve distortion than 5 points
MAEF, therefore, 3 points MAF achieved SNR average 20.992 dB compared to
5 points MAF which achieve average 16.044 dB as shown in Table 1.

12

PRESSURE {(cmH20)

0 05 1 1.5 2 25 3 35 4
TIME(S)

Figure 6: Filteration by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 600 ml for
healthy lung
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Figure 7: Filteration by by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 500 ml for
healthy lung

PRESSURE (cmH20)
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Figure 8: Filteration by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 400 ml for
healthy lung

Table 1: SNR of 3 points MAF and 5 points MAF for healthy lung

Sensors Reference Sensor
Scenarios SNR for 3 points MAF (dB) SNR for 5 points MAF (dB)
400 ml 20.84 16.061
500 ml 21.029 16.001
600 ml 21.106 16.069
Average 20.992 16.04

Secondly, we investigated the 2 filters using pressure signals acquired from
reference sensor for an unhealthy lung which was inflated with 400 ml, 500
ml and 600 ml. Similarly, these 3 scenarios recorded in real time. Figures
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9, 10 and 11 showed the obtained results which explained that the 3 points
MAF obtained total of a good curve filtration and less curve distortion than
5 points MAF, therefore 3 points MAF achieved SNR average 22.335 dB
compared to 5 points MAF which achieved an average 17.31 dB as shown
in Table 2.

35

30

25

20

15

PRESSURE (cmH20)

10

0 0.5 1 1.5 2 2.5 3 35 4
TIME(S)

Figure 9: Filteration by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 600 ml for
unhealthy lung

N N w
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Figure 10: Filteration by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 500 ml for
unhealthy lung
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Figure 11: Filteration by 3 points MAF (dashed line) and 5 points MAF
(dotted line) for nosiy presssure signal (solid line) at volume 400 ml for

unhealthy lung
Table 2: SNR of 3 points MAF and 5 points MAF for unhealthy lung

Sensors Reference Sensor
Scenarios SNR for 3 points MAF (dB) SNR for 5 points MAF (dB)
400 ml 22.43 17.359
500 ml 22.379 17.34
600 ml 22.195 17.233
Average 22.335 17.31

4. Conclusion

Unwanted noise is considered a problem for signal acquisition in biomedical
applications. MAF was used in previous works as a good tool to remove
noise. Understanding the trade-off between noise elimination and signal
distortion is challenge and depends on filter length. Therefore, comparative
study has been done to study 3-point MAF against 5-point MA filter, and
determine which one is better to remove unwanted noise and improve signal
quality in real time practice of MV. MATLAB program was used to analyzer
the suggested filters and LabVIEW program was used for pressure signal
acquisition, implementation process and SNR calculation. Experimental
data, for both filters; implementation, were acquired in real time by running
a MV connected to an artificial lung and a reference device. Signal filiration
and signal shift was considered to prove which one gained better SNR. Thus,
this investigation proved that 3 points MAF achieved better efficiency than 5
points MAF in order to remove the unwanted noise of pressure signals during
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mechanical ventilation process or similar practical biomedical applications.
In spite of 3 points MAF demonstrated high SNR and best computational
response, nevertheless, we still need to prove 3 points MAF efficiency for
many practical pressure sensors. In future, this research can be significant for
research works to acquire better pressure signal for MV simulation, modelling
or implementation. In general, 3 points MAF can be used to reduce the noise
and enhance signal quality for many applications such as design ventilators,
research work, and overall biomedical applications, and this can improve
health care quality.
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