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With the rising prevalence of wearable biomedical devices for recording diverse
biosignals, the potential for inaccurate interpretations due to noise susceptibility,
including false alarms and misdiagnoses, is increasingly recognized. This study presents
the systematic design and evaluation of a current-mode-based active notch filter aimed
at eliminating the pervasive power-line interference (PLI) that corrupts biosignals. The
filter is constructed using a modern and versatile current-mode analog building block
(ABB), specifically the voltage differencing gain amplifier (VDGA). The design of this
second-order filter incorporates a single VDGA as an active component and two
capacitors as passive components, eliminating the need for resistors. Employing this
filter, the influence of the 50Hz PLI on biological signals is effectively suppressed. The
filter exhibits desirable properties of the current-mode circuit, including reduced power
consumption, an expanded dynamic range, and enhanced accuracy. Key parameters of
the filter, such as the pole frequency and the quality factor, can be electronically
adjusted and orthogonally tuned via the bias currents of the VDGA. To validate its
functionality, the proposed filter design was simulated using the PSPICE simulator with
the MAX435 IC's macro-model. The simulation results revealed a notch depth and total
harmonic distortion (THD) of -52.9 dB and -55 dB, respectively. The performance of
this filter was subsequently compared with existing analog notch filters detailed in the
literature. Given its efficacy and simplicity, the proposed filter is deemed suitable for

deployment in high-performance biomedical detection equipment.

1. INTRODUCTION

Wearable devices find utility in a diverse range of
applications, spanning  healthcare, early diagnosis,
rehabilitation, monitoring, and wellness. The need for
continuous surveillance necessitates the use of wearable
technology, which enables individuals to maintain their daily
routines, rendering monitoring more effective compared to
prolonged stays in healthcare facilities [1]. The interest in
wearable devices for healthcare is amplified by aging
populations, as these devices foster independence by allowing
individuals to reside at home while being adequately
monitored.

A wireless body area network (WBAN) facilitates real-time
health monitoring without disturbing an individual's daily
activities [2]. As depicted in Figure 1, a wearable device
gathers health-related data and wirelessly transmits this
information to a smart device [3]. The data is stored and
processed either on a smart device or in the cloud, and wellness
details, alongside the results of the received signals, can be
relayed to several end users. In a healthcare application, these
users comprise the device wearer, caregivers, medical
professionals, and family and friends.

Despite their advantages, wearable devices encounter
unique challenges when processing low-frequency biomedical
signals, compared to non-wearable devices. These challenges
include power-line interference (PLI), motion artifacts, and
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contact with body-conforming components. Owing to this
susceptibility to noise and artifacts, the signals derived from
wearable technology may lead to incorrect interpretations,
such as false alarms and medical errors [4—8]. This study aims
to evaluate the quality of biosignals to mitigate concerns
associated with poor-quality signals, like false alarms. Given
that most biosignals possess low amplitudes [9], pre-
amplification and filtering are deemed essential prior to further
digital signal processing.

Cloud
Computing

Electronic gadgets

Figure 1. Wearable device and its data path

As illustrated in Figure 2, a standard biosignal processing
system encompasses sensors or transducers that transform
biosignals into electrical signals. These signals, typically of
small amplitude, are collected and amplified by a preamplifier.
To eliminate unwanted noise such as power-line interference


https://orcid.org/0000-0003-3523-4045
https://orcid.org/0000-0001-7412-5111
https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.100537&domain=pdf

(PLI), a notch filter is integrated into the system. The signals
are then converted into a digital format by an analog-to-digital
converter. The central processing unit (CPU) subsequently
processes these digital signals before they are either displayed
or wirelessly transmitted [10].

PLI, typically at frequencies of 50Hz or 60Hz, is a prevalent
source of noise during biosignal recording, and is detectable in
most healthcare settings [11-14]. To ensure the delivery of
reliable signals to subsequent stages, the integration of a notch
filter to eradicate PLI is deemed essential.
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Figure 2. Block diagram of the biosignal detection system
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To suppress or attenuate the S0Hz or 60Hz PLI, a variety of
analog notch filters designed with distinct active blocks have
been proposed by several researchers, aimed at processing
different types of biomedical signals. These circuits, which
employ current-mode active blocks such as the second-
generation current conveyor (CCII) [15-17], differential
difference current conveyor (DDCC) [18], and differential
voltage current conveyor (DVCC) [19], hold distinct
advantages, including a larger dynamic range, simpler circuit
architecture, and lower power consumption.

Notch filters based on an op-amp have been proposed to
remove power line interference at 60Hz [20] and 50Hz [21].
An OTA-based universal biquad filter utilizing 0.5pm CMOS
technology is described in the study [22], and a universal
biquad filter based on a DVCC, employing 0.35um CMOS
technology, is proposed in the study [19]. An op-amp-based
filter for biopotential acquisition systems to eliminate power
line interference is discussed in the study [23]. An OTA-C
low-pass notch filter for EEG application, designed with
0.18um CMOS technology, is introduced in the study [24],
and another OTA-based low-pass and notch filter using the
same technology is proposed in the study [25]. Biquad filters
employing a voltage-differencing differential input buffered
amplifier (VD-DIBA) are suggested in the study [26].

Among the most versatile and practical current-mode
building blocks available is the voltage differencing gain
amplifier (VDGA) [27-30]. In the pursuit of efficiently
minimizing or diminishing PLI from low-frequency biosignals,
such as ECG, EEG, and EMG signals, this study introduces a
novel notch filter utilizing a VDGA. Thus, a VDGA-based
notch filter suitable for IC implementation is proposed.

2. CIRCUIT DESCRIPTION
2.1 Voltage differencing gain amplifier

As the proposed notch filter utilizes VDGA as an active
element, the VDGA is introduced and discussed in this sub-
section. The voltage differencing gain amplifier (VDGA), a
versatile current-mode active building block based on the
voltage differencing transconductance amplifier (VDTA) [31],
was introduced to the analog domain in 2013 [30]. Figure 3
depicts the VDGA's schematic symbol. In Eq. (1), the port
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relationship of VDGA is provided in matrix form. A VDGA
can be implemented most easily with three OTAs because it
needs three transconductance gains [32], as the OTA IC
MAX435 is one of the most efficient commercially available
ICs. Figure 4 illustrates the OTA-based implementation of the
VDGA.

Ip 0 0 0 0 O Ve
In 0 0 0 0 O VN
IZ _|Ima Ima 0 0 O VZ (1)
Ix 0 0 gms 0 0 vy
‘I/VMV/ 0 0 “Im 0 Imc|ly,
00 B 0 O
where, g = ImE
gmc
Vp Ip Iy Vi
D; P X- ;G
VDGA
Vx Ix Iw Vw
D—=N W
Z

LN

Po

ND

1

Figure 4. OTA-based implementation of the VDGA
2.2 Realization of power-line notch filter

To remove an unwanted PLI from biosignals, a notch filter
is designed and discussed in this sub-section. It is designed by
increasing the quality factor of a band-reject filter (BRF) by
properly adjusting its passive components. A BRF permits the
transmission of frequencies outside of a given frequency band
while rejecting or blocking the transmission of frequencies
inside that range. When the quality factor of a BRF is increased,
the width of the stop band becomes narrower, and hence it
behaves like a notch filter by stopping some selective
frequencies. The general transfer function of a notch filter is
expressed as Eq. (2):

s% + wy?
H(s) = @)

52 +s%+w02

The proposed notch filter is therefore designed based on a
novel active element, VDGA, to simplify the integrated circuit
implementation. The circuit diagram of the proposed filter
using VDGAs and two capacitors is shown in Figure 5. By



routine analysis, the transfer function of the proposed filter is
obtained as Eq. (3):

s2 + Ima9ms
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where, gm4, gms, and gmc are transconductance gains of the
VDGA. On comparing Eq. (3) with Eq. (2), we obtained the
pole-frequency (fp) and quality-factor (Q) as follows:
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From Eq. (4) and Eq. (5), it can be observed that the filter’s
parameters are tunable by adjusting the transconductance
gains through the bias currents of the VDGA. Furthermore,
and have orthogonal tunability by tuning the for first and then
the for O without affecting the parameter.
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Figure 5. Realization of power line notch filter using VDGA

3. SIMULATION AND RESULTS

To check the functionality of the proposed filter, shown in
Figure 5, is simulated in PSPICE software. The macro-model
of IC MAX435 is used to realise the VDGA in the simulation.
This IC is a highly efficient dual output OTA. It is
manufactured by Maxim Integrated. The supply voltages,
VDD and VSS, are taken as +9 V and —9 V, respectively.

3.1 Frequency response

The simulated frequency magnitude response of the
proposed filter is shown in Figure 6(a). It notches at SOHz with
total attenuation gain of -52.9 dB. Also, the phase response,
shown in Figure 6(b), confirms the notching at 50Hz by
changing the phase at the said frequency.

3.2 Linearity performance
To check the linearity performance of the proposed filter,

total harmonic distortion (THD) is measured for different
amplitudes of the input signal in passband at 100Hz frequency.
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THD is a measure of unwanted additional signal contents with
the input signal. In the passband of the notch filter, THD must
be significantly less to pass the signals without any distortion.

_JVE+VE+ 412

It is defined as: THD

Vs, ..., Vy are the r.m.s value of nth harmonics, and V; is the
r.m.s value of fundamental components. Figure 7 shows the
overall harmonic distortion for a signal at 100Hz, which was
used to determine the output quality and dynamic range in the
passband. THD is specified as being very low, up to -55 dB.
(peak to peak). It signifies that the proposed filter has a large
dynamic range.
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Figure 6. AC analysis response for the proposed notch filter:
(a) Magnitude response; (b) Phase response
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Figure 7. THD of the proposed notch filter
3.3 Biomedical signal testing

To assess the proposed filter’s applicability for biomedical
applications, it is empirically characterized with a clean ECG
signal as input, as illustrated in Figure 8. This ECG signal is
generated in PSPICE using the MIT-BIH Arrhythmia database
data [33]. Further, the clean ECG signal is contaminated with
an artificial PLI of 50Hz generated using sinusoidal



waveforms. Now, The contaminated ECG signal is passed
through the proposed notch filter to get the filtered clean ECG
signal. The clean ECG, the corrupted ECG, and the filtered
ECG signals, along with their FFTs, are shown in Figures 9,
10, and 11, respectively. From Figure 11, it can be observed
that the proposed notch filter is effective in suppressing the
PLI effectively.
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Signal \/ Notch Filter
Analog
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Figure 8. Block diagram of simulation experiment
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Figure 10. Corrupted ECG signal in (a) time domain; (b)
frequency domain

1845

’1_0\7
L
£

g |
e IR
2 e
0\‘.\,w|(\ m||m” “'--..J,‘\. "\-ﬂ \J,m
Pl l |
A e 1 2 3 45 5 6 7 8 9 10s
Time —
(a)
60mV
f 40mV |
E
£ ‘
et
2 20mv| J
J{ ! A
ov H ” ]‘ #*JMW'LNR'L-.N- el T
0Hz 10Hz 20Hz 30Hz 40Hz 50Hz 60Hz 70Hz 80Hz 90Hz 100H:

Frequency —

(b)

Figure 11. Filtered ECG signal in (a) time domain; (b)
frequency domain

4. NON-IDEAL ANALYSIS

The transfer function of the proposed filter given in Eq. (3)
and its parameters, fy and O, given in Eq. (4) and Eq. (5),
respectively, are derived from the ideal port relationship. In
this section, the behavior of a practical filter is analysed by
considering the non-ideal port relationship of VDGA as given
in Eq. (7).
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Figure 12. Schematic symbol of the VDGA with parasitics
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Table 1. Performance comparison of various implementations of notch filter

Parameters Ref. [15] Ref. [16] Ref. [17] Ref. 18] Ref. [19] Ref. [20] Ref. [21] Ref. [22] Proposed

VDD 1.8V 25V 2V 15V 0.9 18V 09V 9V
0.18pm 0.5pm ] 0.18um  0.18um  0.18um  0.18pm
Technology BJT CMOS cmos  0:85-HmMCMOS  ~yh6g CMOS CMOS cmos ~ BITIC
Active blocks  OP-amp-10 OP:gmp o_gA DYlC:C OP:gmp o_TSA O_'gA VD-BIBA VI?ESA

Resistor-27, Resistor-03,
Capacitor-03 Capacitor-06

Resistor-02,  Resistor-06,
Capacitor-02 Capacitor-03

Resistor-03, Resistor-02, Capacitor-

Passive element Capacitor-04 Capacitor-02 02

Capacitor-02 Capacitor-04

Orthogonal
tunability of fo yes yes no no yes yes no yes yes
and Q
Notch frequency 60Hz 50Hz 122.7kHz 10MHz 40Hz 50Hz 50Hz 95.50KHz 50Hz
Notch depth -60dB -55dB ---- ---- -43dB -68 dB ---- - -52.9dB
THD — ---- ---- ---- -70dB -74 dB -76 dB 38.75dB -55dB
Using Eq. (7), the filter’s parameters can be obtained by the notch. However, it’s worth noting that a filter with too deep
routine analysis as: of a notch may introduce other problems, such as phase
distortion or group delay. Hence the design of a filter is a
1 [VanVenGimanGmen balancing act between achieving the desired notch depth and
fo==— ®) maintaining other essential performance characteristics.
2m Cnln1 The proposed structure offers a -52.9 dB notch depth, which
is quite sufficient to eliminate the unwanted frequency. In the
1 \/T context of the dynamic range of the filters, THD is a vital
Q= non-1 9) parameter to consider because filters can introduce distortion
YenGme (| VanYBn9ma9ms to a signal, particularly in the presence of harmonics. In
general, the lower the THD, the better the filter’s performance.
From Eq. (8) and Eq. (9), it can be observed that the filter’s The proposed structure achieved a sufficiently low distortion
parameters, f; and O, are affected by the transconductance gain of -55 dB.
errors. However, these effects can be tolerated because the
values of these gain errors are observed as close to unity for
the MAX435 IC in the simulation. The second cause of non- 6. CONCLUSIONS
ideality is the presence of parasitics at the various ports of the
VDGA, as shown in Figure 12. Now, the transfer function of A power line notch filter for wearable biomedical devices
the proposed filter has been modified as given in Eq. (9). in wireless body area network applications has been
The values of parasitic capacitances, Cp, Cy, Cz, and Cy, are implemented using a versatile current-mode block, the VDGA.
found to be very low in the range of a few femto-farads, while The filter proposed in this study has demonstrated a moderate
the values of parasitic resistances, except Rw, are found to be notching depth of -52.9 dB at 50 Hz, presenting a balanced
very high in the range of hundreds of mega-ohms for the compromise between notching and distortion. As indicated by
MAX435 IC-based VDGA in the simulation. The value of Ry the simulated results, the unwanted frequency was
is very low, typically in the range of a few ohms. For these successfully rejected using the proposed filter. The recovered
values of parasiﬁcs’ Eq (9) can be approximated as the biOSignal, free of 50Hz interference, was aChieVed, with other
transfer function given in Eq. (3) for the low-frequency frequency components being conspicuously apparent at the
operation. The above discussion concludes that the proposed output. The proposed filter yielded a total harmonic distortion
filter is suitable for low-frequency biomedical signals. (THD) of -55 dB. These findings suggest that the proposed

filter possesses the necessary characteristics to render it
suitable for biomedical detection systems. Future research
5. COMPARISON may extend the proposed work to remove the fundamental
frequency and its major harmonics.
The performance of the proposed filter is compared with the
available circuits in the literature in terms of the voltage supply,
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