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Abstract

This article proposes a new integrated analog implementation of the Pan–Tompkins algo-
rithm. This algorithm, generally implemented in the digital domain at the cost of higher
power consumption, is one of the most efficient for QRS detection in electrocardiographic
signals. This circuit has been designed for use on small mammals like rats for the study
of pulmonary arterial hypertension. The specificities of the architecture proposed in this
article are a sub-threshold-operated architecture to perform the amplification, noise filter-
ing, and differentiation of the signal in a unique block to limit the power consumption; an
analog squarer; and an analog monostable reshaping-circuit followed by a digital counter
clocked by an ultra-low power relaxation oscillator. Compared with the state of the art,
this circuit, designed with the X-FAB xh018 180 nm CMOS technology, presents one of the
lowest power consumptions currently reported, at 28.5 nW, 76% of which is consumed in
the current, voltage, and time references. Post-layout simulation results show a reliable
98.57% heart beat detection accuracy using the MIT-BIH arrhythmia database and 99.85%
accuracy for healthy sinus rhythm electrocardiograms. The robustness of the circuit is also
investigated, and mitigating solutions are proposed for each critical block.

Keywords: ultra-low-power circuit; biomedical circuit; sub-threshold design; electrocardiogram
(ECG); Pan–Tompkins algorithm; QRS detection

1. Introduction
Heart diseases are the leading cause of death worldwide [1] and a major global concern;

it has been driving extensive exploratory research into ultra-low-power monitoring devices
for decades [2–4]. In this work, we are more specifically interested in pulmonary arterial
hypertension (PAH).
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PAH is a progressive cardiovascular disease characterized by abnormally high blood
pressure in the pulmonary arteries. It burdens patients’ daily life and puts them at risk of
right heart failure [5]. Researchers from the French National Institute of Health and Medical
Research (INSERM) have come up with a hypothesis according to which a prolonged
increased heart rate would accelerate the progression of the disease. For this theory to
be tested, animal models are essential. Rats offer high experimental reproducibility at
moderate cost and provide valuable insights into human health, as their cardiovascular
physiology shares key features with that of humans [6]. There is therefore a need for an
electrical device capable of modulating a rat’s heart rate. A previous work has led to the
design of a stimulation circuit tailored for small rodents [7].

The stimulation provided by the aforementioned circuit still has to be monitored.
The cardiac electrical activity can be recorded in the form of an electrocardiogram (ECG,
Figure 1). The best-defined feature of a mammal ECG signal is the R-peak; most cardiac
frequency monitoring techniques therefore revolve around identifying the R-peaks and
computing the time interval between them. A trade-off between performance and power
consumption has to be taken into account when designing such a circuit as a great variety
of methods exists in the state of the art. For instance, some complex approaches such as
those based on the Hilbert transform, the wavelet transform, or neural networks achieve
great accuracy but rely on power-hungry computational units [8–10]. Their high power
consumption (in the µW range) makes these methods unsuitable for implantable ECG
sensors. Battery replacement should be avoided, as it requires a surgical procedure that is
both costly and associated with procedural risks. This is particularly true in rats, where
anatomical constraints limit pacemaker dimensions and smaller devices can accommodate
only very small batteries. Other widely used methods include a derivative step that
takes advantage of the steep slope of the R-peak to make it easier to identify. First- or
second-order derivative-based methods [11–13] have led to very low-power low-area
analog implementations consuming as low as 40 nW but may lack accuracy compared to
more computation-heavy approaches such as filter banks methods or the Pan–Tompkins
algorithm [14]. In this algorithm, the differentiation is followed by squaring, moving
averaging, and adaptive thresholding circuits.

Figure 1. Typical aspect of an ECG signal for mammals.

Pan–Tompkins is often regarded as one of the leading state-of-the-art methods for
heart-rate detection in ECGs from healthy subjects with a normal sinus rhythm [15,16].
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Both mixed [17] and analog [18,19] architectures are referenced in the state of the art,
with mixed/digital approaches showing better accuracy and analog implementations
consuming considerably less power [20]. Even deep sub-threshold and very-low-supply-
voltage digital circuits cannot reach consumptions as low as the analog state of the
art [20,21]. The fact that Pan–Tompkins lends itself well to an analog implementation
makes it a very promising method for low-power applications [18] in comparison to typi-
cally digital computation-heavy methods like wavelet or Hilbert transforms and neural
network-based approaches [22]. Some authors even reported in [19] a deep sub-threshold
analog version of the Pan–Tompkins algorithm with a dramatically reduced power con-
sumption of 0.5 nW, nevertheless not taking into account any voltage and current reference
circuit nor providing a robustness evaluation.

In this work, we propose an innovative architecture for a mostly analog Pan–Tompkins
algorithm for a cardiac frequency detection module suited to murine cardiophysiology
realized with X-FAB’s xh018 CMOS technology. Compared to humans, rats have a higher
heart rate ranging from 250 bpm to 600 bpm. Another difference with humans is the
frequency of the baseline wandering, up to 1.7 Hz, as estimated in Section 2.

This paper is organized as follows: Section 2 describes the experimental protocol
that was carried out to observe the specificities of murine intracardiac electrocardiograms
(iECGs) and the metrics of interest for our work; system specifications that arose from our
experimental observations and sought for performance are then highlighted. Section 3
describes the standard Pan–Tompkins detection algorithm and our proposed adaptation
thereof. Section 4 delves into the dimensioning, architecture, and robustness of each
individual block, while Section 5 summarizes our post-layout results and provides a
comparison with the state of the art.

2. Particularities of a Rat iECG and Specification of the Detection System
Murine electrocardiograms are well documented, especially for Sprague Dawley rats

as they are one of the most commonly used strains in cardiovascular experiments [23].
However the vast majority of studies focus on surface ECG recordings, while the input
signals of our pacemaker device ought to be intracardiac signals. Human intracardiac
signals are known to differ from surface signals in aspect and amplitude [24], and we can
only assume that the same goes for rats because of the scarcity of available data. Another
aspect of the murine ECG that is not so well documented is its baseline wandering; most
ECG recordings and databases present already filtered data without this low-frequency
component. These two aspects, combined with the lack of an easily available large database
of rat ECG, made it useful to carry out our own unfiltered measurements of surface and
intracardiac ECGs on rats.

All experiments were conducted in compliance with the European Community guid-
ing principles in the Care and Use of Animals (2010/63/EU, 22 September 2010), and
the French decree no. 2013–118, 1 February 2013 on the protection of animals used for
scientific purposes (JORF no. 0032, 7 February 2013, p2199, text no. 24). Authorizations to
perform animal experiments according to this decree were obtained from the “Ministère
français chargé de l’Enseignement Supérieur et de la Recherche” (authorization APAFIS no.
54132-2025030614382401 v2).

Three male Sprague Dawley rats (231–303 g) were used in this study. Anesthesia was
induced with 5% sevoflurane delivered in a mixture of oxygen and air. After induction,
a tracheotomy was performed to secure the airway, and the animals were mechanically
ventilated with a gas mixture of 40% oxygen and 60% air, continuously supplemented with
sevoflurane for maintenance anesthesia (typically 2–3%). Cardiac access for intracardiac
measurements was obtained via a median sternotomy. Two wires used as electrodes
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were positioned on the right atrium, spaced approximately 2 mm apart. All signals were
recorded using WaveForms software v3.25.1 (Digilent, New York, NY, USA) through a
14-bit-resolution Analog Discovery 2 Oscilloscope (Digilent) at a sample rate of 800 Hz.
A pre-amplification stage between the electrodes and the oscilloscope was also used; it
consisted of an AD621 low-noise instrumentation amplifier (Analog Devices) with a gain
set to 10. A picture of the setup is provided in Figure 2. This resulted in the recording of
80 min of surface ECG as well as 4 min of intracardiac ECG.

Figure 2. Picture of the experimental setup.

2.1. Characteristics of a Rat iECG Compared to a Standard Human ECG

A typical mammal ECG is shown in Figure 1; it depicts the electrical activity of the
heart during a heart beat with the successive depolarization and repolarization of all cardiac
chambers, the atria, and the ventricles. Five waves are generally noticeable; they are named
P, Q, R, S, and T, with the so-called QRS complex being the most prominent feature.

Figure 3a shows an extract of the surface recording and Figure 3b an extract of the
intracardiac recording. The surface recordings show an amplitude of QRS complexes
ranging from 0.2 to 1 mV, which is lower than the typical 0.5 to 3 mV observed in hu-
mans [25]. These recordings allowed us to measure the low-frequency baseline wandering
of our signal. Performing a Fast Fourier Transform on the collected ECGs highlights a
low-frequency component that varies from an individual to another and ranges from 0.8 to
1.7 Hz. This is higher than the frequency of human baseline wandering, which is usually
below 0.5 Hz [26]. Another main source of noise is the 50 Hz power line disturbance.

Then, the intracardiac recordings give us easily identifiable P waves and QRS com-
plexes (Figure 3b). As expected [23], the QRS complexes of rats are approximately 4 to
5 times shorter (18–25 ms) than those of humans (80–105 ms). In addition, the amplitude
of these intracardiac QRS complexes ranges from 5 to 16 mV, significantly higher than for
surface ECGs, even human ones.

As a result, our measurements confirmed that the specifications of our heart rate
detection module differ from those of the state of the art that is typically meant for human
surface ECGs. The higher baseline wandering frequency means a higher high-pass cutoff
frequency is needed for the front-end, and the larger amplitude means that we can settle
for a lower gain, which is favourable in terms of circuit area and consumption.
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(a) (b)

Figure 3. (a) A 125 s segment of the measured rat surface ECG, highlighting the baseline wandering.
Applied gain of 10. (b) A 0.45 s segment of the measured rat intracardiac ECG. Applied gain of 10.

2.2. Metrics of Interest and Specifications

When it comes to the evaluation of heart rate detection modules, the Association for
the Advancement of Medical Instrumentation (AAMI) encourages the use of two particular
metrics: sensitivity (Se) and positive predictivity (PP) [22,27],

Se =
TP

TP + FN
(1)

PP =
TP

TP + FP
(2)

where TP is the number of true positive detections, FN the number of false negatives, and
FP the number of false positives. A third metric, the detection accuracy, can also be used
to combine the sensitivity and positive predictivity of the module. A minimal accuracy of
95% would be considered acceptable in our case.

Acc =
TP

TP + FN + FP
(3)

3. Pan–Tompkins Algorithm and Proposed Architecture
This section focuses on the system-level architecture with, first, a description of the

standard Pan–Tompkins algorithm and, second, an overview of all proposed modifications.

3.1. Standard Pan–Tompkins Algorithm

The Pan–Tompkins algorithm is named after its inventors who first introduced it in
1985 in [14]. It is composed of a series of filters that highlight the frequency components
of the ventricular depolarization and remove background noise, followed by a derivation
stage, a squaring stage, and a moving average filter. A decision stage then comes with peak
detection logic after the pre-processing to output the heart rate (see Figure 4a).

• The first stage consists of a band-pass filter to acquire, isolate, and amplify the fre-
quency band of the R-peak.

• The derivative stage is used to highlight the steep slope of the R-peak, which is a
unique characteristic among the P-to-T waves of the ECG signal, and is therefore a
useful step towards identification of these peaks.

• After the differentiation, the observed peaks are successively positive (rising edge of
the R-peak) and negative (falling edge of the R-peak). The squaring stage transposes
all the signals in the positive domain and amplifies the dominant peaks so as not to
confuse R-peaks with abnormally steep P-or-T waves.
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• A moving average filter is then used to smoothen the peaks and give an indication
about their duration.

(a)

(b)

Figure 4. (a) Typical processing chain for the Pan–Tompkins algorithm. (b) Proposed adaptation of
the Pan–Tompkins algorithm.

The peak detection logic is then based on adaptive thresholding to discriminate proper
QRS complexes from noise peaks.

This algorithm is very promising as it is suitable for an analog implementation. It
should still be noted that its later processing steps include a moving average filter and
detection logic that are more suitable for digital designs that can allow themselves to have
higher power consumption and chip area [28]. In order to strive towards an ultra-low-
power fully analog implementation, some modifications to the original Pan–Tompkins
algorithm are necessary.

3.2. Proposed Implementation of the Pan–Tompkins Algorithm

The modified processing chain of the designed circuit is shown in Figure 4b. To reduce
the power consumption, the proposed modified Pan–Tompkins architecture combines the
amplification, noise filtering, and differentiation of the signal into a unique front-end block.
Pan–Tompkins band-pass front-ends are typically centered around the frequency band
of the QRS complex, between 4 and 25 Hz [15,22]. In our case, the center frequency of
the band-pass filter is voluntarily shifted to the right, which allows us to place the QRS
frequency band in the domain where the filter acts as a high-pass differentiator. Shifting
the center frequency to the right also helps compensate the fact that the observed baseline
wandering frequency for rats is higher than for humans. The filtering of the 50 Hz power
line disturbance will be less satisfactory but a narrow enough band width should still allow
it to be filtered out.

Combining the amplification, the noise filtering, and the differentiation into a single
block with a single operational transconductance amplifier (OTA) enables us to limit the
die area dedicated to these parts of the circuit compared to solutions implementing them
separately [29]. This is also true in terms of power consumption because the OTA is the
most power-hungry component in our design excluding reference generators.

https://doi.org/10.3390/jlpea16030040
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In the proposed chain, the implementation of the squaring takes place in the analog
domain rather than in the digital domain. Keeping the signal analog allows us to replace
the typically digital moving average filter with a simple low-power analog solution. The
selected topology is a reshaping circuit made up of an ultra-low-power PMOS comparator
and a monostable flip-flop. Under nominal conditions, the comparator is triggered twice
per heart beat and produces exactly two rail-to-rail impulses, corresponding, respectively,
to the rising and falling edges of the R-peaks. A potential third or fourth impulse can also
appear right before or right after in case of a particularly steep P-or-T wave. Therefore, this
signal is fed to a monostable flip-flop. It is dimensioned to only generate a single impulse
covering the whole duration of the heart beat. These single rail-to-rail impulses are then
suitable as inputs for a digital pulse counter that counts all those impulses over a defined
time period and raises a flag if the cardiac frequency is too high or too low compared to the
targeted one. In a full pacemaker device, this information would then be fed back to the
stimulation circuit [7] in order to accordingly modulate the pacing automatically.

This solution enables us to not only replace the potentially large and consuming
moving average filter but also get rid of the adaptive thresholding circuit that can account
for up to two thirds of the circuit’s die area in some cases [19].

4. Circuit Design and Dimensioning
The selected technology for the design is X-FAB’s xh018 CMOS process, which is a

mature technology that is suited for a 1.8 V power supply, is certified by ISO 13485 [30]
for commercial medical devices, and proposes insulated well transistors. Insulated wells
allow us to bias the substrate of the transistors independently from each other, thus keeping
the voltage difference between sources and bulks under control and preventing threshold
voltage discrepancies between transistors, which is especially useful when designing
differential pairs. All NMOS transistors described below are 0.35 V threshold voltage
neli transistors, and all PMOS transistors are −0.35 V threshold voltage peli transistors.
Because the system should ultimately be implantable, all simulations were carried out with
a temperature set to 37.3 °C, corresponding to a standard murine internal temperature [31].

An overview of the whole design is shown in Figure 5. Unless otherwise stated,
all CMOS circuits are operated in the sub-threshold region [32]. Sub-threshold design
has led to tremendous progress in low-power analog sensing for biomedical applications,
notably for electrocardiograms [21] and electroencephalograms [33]. Sub-threshold design
guidelines, presented in [33,34], were used when designing the circuit:

• Biasing: at very low currents (VGS ≤ 0 V, Id ≤ 10−11 A), the current leakage lim-
its the measurable current. Therefore biasing currents lower than 10 pA should
be avoided [35].

• Matching: sub-threshold operated circuits are more sensible to mismatch. When it
comes to the sizing of the transistors, there is a direct trade-off between mismatch and
bandwidth as larger transistors have better matching but larger parasitic capacitances
and a narrower bandwidth, which is not a problem when working below 100 Hz.
Larger transistors will therefore lead to more robust designs, and minimum-sized
transistors should be avoided to prevent mismatches.

• Noise immunity: When working at low frequencies, circuits are more sensible to 1/ f
flicker noise. This is another reason to favour larger widths W and lengths L for our
transistors as the power spectral density of flicker noise is inversely proportional to
WL [34]. Moreover, it has been shown that PMOS transistors present about one order of
magnitude lower 1/ f noise than NMOS transistors, especially in weak inversion [36].
PMOS should therefore be prioritized over NMOS.
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Figure 5. Proposed adaptation of the Pan–Tompkins algorithm—circuit view. (a) All-in-One Front-
End. (b) Squaring Circuit. (c) Reshaping Circuit. (d) Digital Pulse Counter.

4.1. All-in-One Pan–Tompkins Analog Front-End

The analog front-end is the first block of the signal processing chain for an ECG. The
features of the signal sent to the rest of the circuit have to be as well-defined as possible,
thus making the front-end a pivotal block in the chain. The main particularity of a front-end
designed for RR-interval detection is to include a band-pass topology to specifically amplify
R-peaks. The relevant frequency band for QRS complexes is considered to be between 4
and 25 Hz [15,22]; however, as explained in Section 3.2, the aim here is also to specifically
differentiate the ∼20 Hz R-peak by shifting the center frequency to the right towards
frequencies higher than 20 Hz. The front-end also needs to effectively filter the power line
disturbance and the baseline wandering, and would ideally also filter the P-and-T waves
or at least amplify them less than the R-peak. Typical frequencies for P-and-T waves are
considered to range from 5 to 10 Hz [37], which makes their filtering difficult. Therefore, the
bandwidth has to be rather narrow, which is achieved by setting high-pass and low-pass
filters at cutoff frequencies close to each other. Having both cutoff frequencies so close
to each other will significantly damage the gain of the band-pass filter but will ensure a
narrow enough bandwidth. Finally, by shifting the bandwidth to the right, we not only
filter out the low-frequency baseline wandering well but also eliminate the P-and-T waves
more efficiently than with a bandwidth centered around the frequency of the QRS complex.
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4.1.1. Global Architecture

Our fully differential band-pass front-end is presented in Figure 5a. It consists of a
high-pass filter achieved with components R1 and C1 and a low-pass filter achieved with
gm, R2, and C2. The high-pass filter is placed first in the processing chain because the
low-frequency baseline wandering could cause saturation in the following blocks if it is left
untouched; its amplitude can indeed reach values up to a few volts for humans, as can be
seen in the database presented in [16].

It should be noted also that in Figure 5a, the impedance Zin_squarer has been added
to model the input impedance of the squaring circuit, which is the following stage in the
proposed Pan–Tompkins implementation. The transfer function can be expressed in the
following way:

H(s) =
(vout+ − vout−)

(vin+ − vin−)
= −

2ZeqgmR1C1s
(ZeqC2s + 1)(R1C1s + 1)

(4)

where Zeq is R2 in shunt with the input impedance of the squarer:

Zeq =
R2Zin_squarer

R2 + Zin_squarer
(5)

Based on the transfer function, it is possible to detail the frequency response of the
filter. Figure 6a shows a simplified representation of the different contributions to the
amplitude Bode diagram; this simplified diagram overestimates the gain as it ignores the
attenuation occurring around both cutoff frequencies. As can be seen, it is necessary to
dimension R2 in the presence of Zin_squarer to obtain the desired frequency for the low-pass
filter because the input impedance of the squarer will tend to shift the filter towards higher
frequencies. The targeted center frequency of the band-pass filter has been chosen to be
25 Hz because it will at the same time filter out the 50 Hz power line disturbance and any
high-frequency artifact. Consequently, the values of the components have been chosen
to obtain

1
2πR1C1

=
1

2πZeqC2
= 25 Hz (6)

Obtaining a high-pass cutoff frequency as low as 25 Hz raises integration issues.
Indeed, passive filters cannot be reasonably implemented on a chip with a corner frequency
this low as the required resistance and capacitance values would be too large. Integration of
high-value on-chip capacitors is possible but leads to very large chip areas [38]; it would not
be reasonable with our selected technology to integrate capacitors larger than 100 pF. There
exist solutions in the literature consisting of building a passive filter outside the chip on a
printed circuit, but this results in a system too voluminous for our study [39]. We therefore
had to resort to designing pseudo-resistors made of transistors like those introduced in [40]
to achieve high equivalent resistance values; the sizing of these pseudo-resistors is detailed
in Section 4.6.

Ultimately, the selected components values are pseudo-resistor R1 = 400 MΩ,
C1 = 15 pF, and pseudo-resistor R2 = 720 MΩ, C2 = 15 pF.

Figure 6b provides the Bode diagram obtained by AC simulation with this dimen-
sioning when the front-end is loaded by the following squaring circuit, in typical process
variation conditions as well as all possible worst cases.

https://doi.org/10.3390/jlpea16030040
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(a) (b)

Figure 6. (a) Simplified amplitude Bode diagram of the band-pass front-end. (b) Bode diagram of the
band-pass front-end under nominal conditions and all process variations corner cases, obtained by
AC simulation.

The Bode diagram shows a 25 Hz center frequency and a −3 dB bandwidth ranging
from 10.9 to 57.2 Hz in nominal conditions. The frequency response of the front-end is
also depicted in four process variation worst cases. These corner cases (FF, SS, SF, and
FS) are what the manufacturer is able to guarantee when it comes to process variations;
the first letter corresponds to the toggling speed of the N-type transistors (F is fastest, S is
slowest, and T is typical), whereas the second letter corresponds to the toggling speed of
the P-type transistors.

For typical process variations, the center frequency gain of the filter is 18.4 dB for a
25 Hz frequency so that the R-peak is both amplified and derivated. Indeed, this placing of
the center frequency combined with a narrow bandwidth places the ∼20 Hz R-wave in the
region where the Bode diagram of the filter presents a +20 dB/decade slope corresponding
to a differentiation, while also maintaining an acceptable 17 dB amplification. This narrow
bandwidth also leads to a very efficient filtering of the 1–2 Hz baseline wandering. The
filtering of the 50 Hz power line disturbance is not as efficient but still acceptable as the
15 dB gain at 50 Hz keeps it 2.4 dB below the R-peak. It should also be noted that process
variations may cause fluctuations in gain from 17 to 20 dB and in center frequency from
20 to 32 Hz.

The resulting transient signal for a typical ECG input, like the one shown in Figure 7a,
is shown in Figure 7b. The derivating effect on the signal can be observed with a posi-
tive peak followed by a negative peak corresponding to the rising and falling slopes of
the R-peak.

The design of the OTA, the most central part of the band-pass front-end, is detailed in
what follows.

https://doi.org/10.3390/jlpea16030040
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Figure 7. Outputs of the successive processing blocks: (a) Raw input. (b) All-in-one front-end.
(c) Squarer. (d) ULP comparator. (e) Monostable flip-flop.

4.1.2. Sub-Threshold Operational Transconductance Amplifier (OTA) and Common-Mode
Feedback

The most critical part of the front-end is its OTA. An operational amplifier not robust
enough, with an unbalanced differential pair or an unstable common-mode voltage, would
possibly render the whole circuit inoperable in the worst cases of manufacturing process
variations. It should therefore be very carefully designed. Our OTA is a one-stage fully
differential PMOS OTA with 34 nS transconductance, the dimensions of which are detailed
in Figure 8a in the format W/L in µm. With all transistors operating in sub-threshold mode,
the transconductance is given by

gm =
IB_OTA
2nVt

= 34 nS (7)

Ref. [33] with IB_OTA = 2.1 nA the bias current in the OTA, n ≈ 1.2 the sub-threshold slope
factor in the used process, and Vt =

kT
q ≈ 25.9 mV the thermal voltage. While a maximum

transconductance gm = 34 nS is observed when both inputs are equal, it is not constant in
this topology and depends on the input differential voltage. Figure 9 shows the evolution
of gm versus the input differential voltage.
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(a) (b)

Figure 8. (a) Structure of the designed OTA. (b) Structure of the designed Common-Mode Feedback
(CMFB) circuit.

Figure 9. Evolution of the OTA Transconductance depending on the input differential voltage.

As a fully differential circuit, it has several advantages compared to single-ended
ones: First, it offers an output swing twice as large as it makes full use of the swing
available at two circuit nodes, while the power consumption stays similar [41] (Chapter 6,
p. 281). Another major benefit is the cancellation of the common-mode noise, which is
considered to be the main source of noise due to the fluctuations in power supply and
bias voltages. As common-mode noise is identical on both sides, it will not appear on
the differential output. More generally, all even-order distortions will be cancelled thanks
to their symmetry around the common-mode voltage VCM = 900 mV. This contributes to
providing a “clean” undistorted signal for the rest of the chain. However, a known issue
with fully differential circuits like the front-end we designed is that the common-mode
(CM) component of the signal is not processed like the differential-mode component. The
CM path has to be designed in a way that clearly defines the CM output level; otherwise,
the smallest of CM drifts with no corresponding variation in the currents could drive the
amplifier out of its high-gain operating region and slowly drive all nodes of the circuit to
the ground [42]. Thus, a Common-Mode Feedback (CMFB) circuit (see Figure 8b) is used to
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provide negative feedback in the CM path, and define and stabilize the CM output voltage
to make the whole circuit more robust regarding process variations and sensitivity.

The chosen CMFB architecture is a Continuous-Time CMFB; it was introduced by
Whatley in [43]. The working principle is to measure the error between the common mode
of Vout and the desired common-mode level Vre f and to then generate a proportional bias
voltage for the amplifier to set the output common mode back to the desired level.

Our OTA has one pair of high impedance output nodes needing CM stabilization.
Therefore, only one CMFB circuit is needed.

To very grossly explain the working principle, let us assume that

• Vbias is chosen so that M7-8 act as current sources generating a constant bias
current ICMFB.

• Vout+ and Vout− have their differential mode equal in magnitude but opposite in sign.
• The CMFB differential pairs have an infinite CMRR, meaning that the large signal

output only depends on the input differential voltage [41] (Chapter 6, p. 288).

With both input pairs receiving the same differential voltage, the currents flowing
through M1 and M3 are the same. We can chose to express it as ICMFB

2 − ∆I, with ∆I the
large-signal current change. Same goes for the current through M2 and M4 being equal to
ICMFB

2 + ∆I. This symmetry ensures that the current I5 flowing through the diode-connected
M5 remains stable and equal to ICMFB even if the differential voltage takes very high values.
I5 sets the voltage VCMFB across M5 that is used to control the bias voltage of the output
transistors of the OTA.

Let us now assume that the common-mode of Vout drifts and becomes greater than
the reference voltage Vre f . This imbalance will cause I2 and I3 to increase; as a result
I5 = I2 + I3 will increase, as well as VCMFB. VCMFB biases transistors M3-4 in Figure 8a. A
direct consequence of its increase is higher currents pulling down to the ground through
these two transistors, thus pulling Vout,CM back to Vre f .

4.1.3. Comprehensive Characterization of the OTA

An AC simulation of the designed OTA together with its Common-Mode Feedback cir-
cuit has been performed, the resulting gain and phase Bode diagram is shown in Figure 10.
As it appears, the block can be approximated by a second-order transfer function for
frequencies below 10 MHz:

HOTA(s) =
K

(1 + s
ω0

)(1 + s
ω1

)
(8)

with K = 55.6 (or 34.9 dB) the DC gain, and ω0 = 25.1 krad·s−1 resulting in a cutoff
frequency at f0 = ω0

2π = 4 kHz. A non-dominant pole can be noticed at f1 = 2.5 MHz with
ω1 = 15.7 Mrad·s−1.

The performance of the OTA is summarized in Table 1. It shows a satisfying stability
with a 87.4° phase margin. It should also be noted that the input linear range is limited to
around 19 mV due to all transistors operating in the weak inversion region.

Table 1. Post-layout characteristics and performance of the designed OTA with its CMFB.

Parameter Value

DC Gain 34.9 dB

Bandwidth 0–4 kHz

Gain-Bandwidth Product 223 kHz
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Table 1. Cont.

Parameter Value

Phase Margin 87.4°

Gain Margin undefined (phase does not cross −180°)

Output impedance 1.6 GΩ

Input referred offset 7.0 µV

Input linear range [−11.4 mV; 7.5 mV]

Output linear range [−747 mV; 741 mV]

THD 0.75% (−42.5 dB) @10mVP−P input
6.8% (−23.4 dB) @100mVP−P input

Input referred noise 58 µV/
√

Hz @100mHz
3.89 µV/

√
Hz @20Hz

Figure 10. Bode diagram of the designed OTA with its CMFB circuit.

4.2. Squaring Circuit

After amplification, noise filtering, and derivation, the signal needs to be squared in a
squaring circuit. Its purpose is to further enhance the R-peaks compared to the rest of the
signal. Contrary to all others parts of the circuit, the input translinear loops (transistors
M1-to-6 in Figure 5b) of the squarer are operated in the strong inversion region but with
a very moderate current of 13 pA coming from a sub-threshold current source. While
sub-threshold squarers are realizable and exist in the literature, their very low gain makes
the use of large external components such as capacitors or inductors unavoidable [44]. With
external components come larger chip areas and power consumptions actually similar to
or higher than those of saturation squarers [45,46] while also being more sensible.

Saturation squarers take advantage of the voltage–current characteristic of MOS
transistors in strong inversion to achieve the squaring of the input:

Id ≈ µCox

2
W
L
(VGS − Vth)

2 (9)

The designed squaring circuit can be seen in Figure 5b and was inspired by [46]. It
is a differential-input single-ended-output circuit with two translinear loops (made up of
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transistors M1,2,3,4 and M1,2,5,6). Assuming that those 6 MOS are operated in saturation
mode, using Kirchhoff’s current law on those two loops gives us:

Id3 =
(4IB − Iin+)

2

16IB
(10a)

Id4 =
(4IB + Iin+)

2

16IB
(10b)

Id5 =
(4IB − Iin−)

2

16IB
(10c)

Id6 =
(4IB + Iin−)

2

16IB
(10d)

Transistors M7,9 and M8,10 are sized identically to M1,3,5 and M2,4,6, respectively,
so that Id8 = Id10 = IB. Unity-gain current mirrors M11,12 and M15,16 are then added to
get, respectively, Id12 = Id3 + Id5 and Id16 = Id8 + Id10 = 2IB. If we assume that the positive
and negative input currents are equal in magnitude and opposite in sign, we obtain

Iout = Id12 − Id16 =
I2
in

8IB
(11)

Figure 11 plots the voltage output against the intensity of the differential input currents,
for a given bias current IB = 13 pA in all process variation corner cases. As it appears,
the squarer behaves as a squarer in a different operating range of the current for each
corner case and reaches saturation for high-input currents. The operating range of the
circuit depends directly on IB, which was kept as low as possible to ensure a low power
consumption. The circuit was designed in such a way that we can take advantage of
the saturation phenomenon to identify the R-peaks on the ECG. Indeed, if the filtering
and differentiation are properly performed, the R-peaks are enhanced and prominent
enough compared to the other features of the ECG, thus making it possible to choose a
front-end gain that allows us to have amplitudes of the R-peaks above the ±240 pA (under
nominal conditions) saturation threshold while maintaining all other features well below it,
preferably under ±50 pA so that they are barely, if at all visible, after the squaring. This
explains the 18.4 dB gain and the 34 nS transconductance chosen, respectively, for the
front-end and its OTA. The most critical worst cases are SS, SF, and FS, with the squarer
saturating at ±115 pA in the SS/SF cases and saturating at ±470 pA in the FS case. The
current–voltage conversion at play is related to the very high output impedance of the
squaring circuit, which explains that a voltage saturation can be reached even with an
output current limited to a few hundred pA. The equivalent resistance of MOS transistors
can be expressed as [41] (Chapter 1, p. 28 and p. 53)

rds =
L

λL ID
(12)

with L the length of the transistor, λL a technology dependant constant around 0.08 µm·V−1

in our case ([41], Chapter 1, p. 53), and ID the drain current. Thus, in sub-threshold opera-
tion, very high output impedance values can be reached due to the low currents involved.

An example of the aspect of the signal after the squarer is shown in Figure 7c.
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Figure 11. Output of the squarer circuit with a 13 pA bias current against its differential input current
in the typical case and all process variation corner cases.

4.3. Reshaping Circuit and Pulse Counter

The reshaping circuit is illustrated in Figure 5c and detailed in Figure 12. Its purpose
is to uniformize the signal but also to remove potential inconsistencies regarding the
amount of peaks per heart beat. As explained in Section 3.2, two peaks should be observed,
corresponding, respectively, to the rising and falling slopes of the R-peak. However, the
circuit is more sensible in the FF and FS worst cases, which may lead to some abnormally
steep P-or-T waves being amplified by the squarer, thus showing three or four peaks. And,
it is less sensible in the SS and SF worst cases, making it possible to only observe one single
peak. To reshape the multiple-peak signal at the output of the squarer into a one-peak
rail-to-rail signal suitable for simple low-power counting, a two-step circuit is implemented.
It consists of a comparator followed by a monostable circuit. The output of the monostable
is then applied to a digital counter (see Figure 5d).

The comparator is an ultra-low-power comparator, taken from [7], that provides a
proper rail-to-rail signal by comparing the squarer’s output to a 1.5 V threshold provided by
the autopolarized voltage source detailed in Section 4.5. It is composed of a sub-threshold
OTA followed by a dynamic leakage suppression logic [47] inverter (see Figure 12a) and
thus does not work properly at frequencies higher than 100 Hz, which is not a problem in
our case as murine hearts do not beat faster than around 600 bpm, i.e., 10 Hz. Its effect on
the signal can be seen in Figure 7d. The 1.5 V value was chosen for two reasons:

• It guarantees that the PMOS M5, acting as a bias current source in Figure 12a,
is biased in sub-threshold mode. It is indeed a peli transistor with an estimated
threshold voltage Vth = −0.35 V; having Vcomp = 1.5 V ensures a gate-source voltage
VGS = −0.3 V > Vth.
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• The output of the squarer has been observed to reach at least 1.5 V for every healthy
ECG recording from the database introduced in [16] in all of the process variation
worst cases. Vcomp = 1.5 V therefore ensures that the comparator triggers at least once
per healthy heart beat in all of these worst cases.

(a) (b)

Figure 12. (a) Structure of the dynamic leakage suppression comparator. (b) Structure of the
monostable flip-flop.

The monostable flip-flop then consists of a low-leakage D-type flip-flop, an output
of which loops on its reset pin (see Figure 12b). When the comparator is triggered, the
rising edge at its output causes the flip-flop to copy Vdd at its output Q. This pulls Q to
the ground, thus triggering the reset of the flip-flop when it reaches values below 0.9 V,
making Q switch back to 0. The circuit is called monostable because the only stable state of
its outputs is Q = 0 and Q = Vdd.

On the reset loop, a custom-made 330 GΩ pseudo-resistor and a 475 fF capacitor are
added so as not to trigger the reset immediately. Indeed, if the generated impulse is shorter
than the peaks from the QRS complex, then Vin will still be at a high level after the reset
and cause a second impulse. The pseudo-resistor and the capacitor were dimensioned
so that the duration of the generated impulse, which depends on the time needed for
the partial discharge of the capacitor down to 0.9 V, is at least 60 ms in all corner cases.
This corresponds to three times the duration of a typical 20 ms QRS complex for our
Sprague Dawley rats and also covers the P-wave as it occurs typically 50 ms before the
QRS-Complex. The 330 GΩ pseudo-resistor used in this block is the same as the 720 MΩ
one used in the band-pass front-end in Section 4.1, but the widely different polarization
makes for a much higher equivalent resistance (see Section 4.6). Thus, with a time constant
RC = 157 ms, the width of the monostable impulses is approximately 110 ms in the process
variation typical case TT, the width goes down to 60 ms in the worst case FS. The aspects of
the signal at the output of all aforementioned blocks under nominal conditions are shown
in Figure 7.

The pulse counter finally counts the number of impulses over a fixed 2 s duration
and compares it with the expected cardiac frequency. The counter is incremented for each
rising edge at the output of the monostable flip-flop and is reset every 2 s. A flag is raised
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if the observed frequency is too far removed from the expected one (Flaghigh or Flaglow

accordingly in Figure 5d).

4.4. Ultra-Low-Power Clock Generation

A time reference is necessary to define a fixed observation window for the pulse
counter. The selected reference is the low-power low-frequency relaxation oscillator de-
scribed in [7]; it is used to regularly reset the pulse counter. The observation duration needs
to be as reliable as possible for the measurements to be exploitable. Our oscillator presents
a frequency that can vary by up to 17% due to process variations [7], which is problematic
in our use case.

The oscillator is, however, tunable, as it presents a switched-capacitor bank controlled
by three control signals; this allows for a calibration of the time reference. When driven
by a 14.5 MΩ resistor, the typical resulting frequency is 2 Hz. A clock divider is then used
to bring the reset frequency down to 0.5 Hz. A Monte-Carlo analysis was conducted with
1000 seeds of process variations to verify the reliability of our time reference. In 97.2% of
seeds, a control sequence allowed us to reach a variation from the 2 Hz reference of less than
5%. Table 2 summarizes the proportion of seeds with 5%, 3%, and 1% precision regarding
the 2 Hz reference. As it appears, the robustness of our time reference to supply voltage
variations is satisfactory; 93.1% of chips would indeed still guarantee staying within 5% of
2 Hz, even for a unrealistically drastic 10% voltage drop.

Table 2. Proportion of seeds in which the oscillator is capable of delivering a reference within 5%, 3%,
or 1% of 2 Hz.

Supply Voltage
Proportion of Circuits

2 Hz ± 5% 2 Hz ± 3% 2 Hz ± 1%

1.8 V (Vdd) 97.2% 87.3% 55.4%

1.98 V (Vdd+10%) 96.0% 82.3% 35.7%

1.62 V (Vdd−10%) 93.1% 78.6% 33.0%

1.89 V (Vdd+5%) 96.9% 88.6% 39.4%

1.71 V (Vdd−5%) 95.4% 85.9% 38.8%

The tunability thus enables us to considerably reduce the uncertainty of the time
reference compared to the initial 17%, which makes the cardiac frequency measurement all
the more reliable. As the device is intended to be implantable, the robustness to fluctuations
in internal body temperature of the rat has been estimated and is satisfactory, with a typical
1.99 Hz frequency at 35 °C and a 2.03 Hz frequency at 39 °C. The body temperature of a rat
should indeed stay in the [35 °C–39 °C] range during its life outside of extreme physical
exercise or emotional distress [31].

4.5. Generating the Voltage and Current References

Several voltage and current references are needed throughout the circuit. A 900 mV
voltage reference is needed to define the front-end and CMFB common mode. A 1.5 V
voltage reference is needed to bias the current sources of the OTA, of its CMFB, and of the
PMOS comparator. A 13 pA current reference is needed to bias the squaring circuit.

The 900 mV source consists of simply stacking an even number of diode-connected
PMOS transistors between Vdd and ground and taking the 900 mV in the middle node
of this symmetrical structure. There is a trade-off between the die area and the power
consumption as stacking more transistors means a larger area and a smaller consumption,
a compromise was found with twelve 20 µm/20 µm PMOS and a 700 pA consumption.
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The 13 pA and 1.5 V sources are robust low-power autopolarized sources [48] that can
be seen, respectively, in Figure 13a and Figure 13b. The output currents/voltages depend
on the sizes of the transistors as well as on the value of the bottom resistor. For our 13 pA
current source, two current mirrors with very low W/L ratios, M7,8 and M9,10, were added
as active loads in order to decrease the output currents Ibias± down to 13 pA.

(a) (b)

Figure 13. (a) Structure of our 13 pA autopolarized current reference. (b) Structure of our 1.5 V
autopolarized voltage reference.

In the case of our 1.5 V voltage source, the output currents are not needed and
transistors M5,6 are removed. Moreover, this voltage source is tunable as the single
resistance in Figure 13a has been replaced by a switched-resistors bank with two resistors
R1 = 3.85 MΩ and R2 = 4.50 MΩ in Figure 13b. Two PMOS are used as switches controlled
by the control signals S1 and S2. This tunability allows us to cover all worst cases of process
variation when it comes to the gain and bandwidth of our analog front-end. Those front-
end characteristics are pivotal as they are responsible for the signal sent to the squaring
circuit and therefore condition if the R-peaks will be easily identifiable. Both the gain and
the bandwidth depend on the bias current IB_OTA = 2.1 nA of the OTA and thus on our 1.5 V
reference, which is responsible for the biasing of the OTA. While the front-end is designed
to work under nominal conditions with a bias voltage of 1.5 V, it should be noted that the
critical FS and SF worst cases indeed show a typical correct operating for bias voltages of,
respectively, 1.47 V and 1.55 V.

R1 covers the cases TT, FF, SS and SF. R2 covers the cases TT, FF, SS and FS. PMOS
transistors M7-and-8 are used as switches to select either R1 or R2; they were sized with a
very large W/L ratio so that their “on resistance” stays small compared to the resistors.

The performance of the voltage and current sources are summarized in Tables 3 and 4.
Robustness to process variations is satisfactory as they can only lead at worst to a 6.0%
drift in the current reference (case FS in Table 3) and a 1.8% drift in the voltage reference
(case SF with resistor R1 selected in Table 4). Large ±10% supply voltage fluctuations lead
to 12.5% variations in the current reference. When it comes to the voltage reference, the
difference between the supply voltage and the typical reference stays roughly the same
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even with ±10% supply voltage fluctuations (at 295 mV with R1 selected, and 270 mV with
R2 selected). Thus, the VGS of the PMOS bias current source in the OTA should remain the
same and IB_OTA should remain unaffected by such fluctuations.

Table 3. PMOS output current of the 13 pA autopolarized source against supply voltage fluctuations
from −10% to +10% and process variation worst cases. Nominal supply voltage is highlighted.

Supply Voltage TT FF SS SF FS
1.62 V (Vdd−10%) 11.60 pA 12.38 pA 10.93 pA 10.98 pA 12.46 pA
1.71 V (Vdd−5%) 12.43 pA 13.21 pA 11.74 pA 11.70 pA 13.27 pA

1.8 V (Vdd) 13.25 pA 13.72 pA 12.55 pA 12.53 pA 14.10 pA
1.89 V (Vdd+5%) 14.09 pA 14.87 pA 13.39 pA 13.35 pA 14.93 pA
1.98 V (Vdd+10%) 14.92 pA 15.73 pA 14.23 pA 14.19 pA 15.77 pA

Table 4. Output voltage of the 1.5 V autopolarized source against supply voltage fluctuations from
−10% to +10% and process variation worst cases in both possible resistor configurations. Nominal
supply voltage is highlighted.

Vdd
TT FF SS SF FS

w/R1 w/R2 w/R1 w/R2 w/R1 w/R2 w/R1 w/R2 w/R1 w/R2

1.62 V 1.326 V 1.352 V 1.341 V 1.369 V 1.309 V 1.333 V 1.319 V 1.342 V 1.343 V 1.371 V
1.71 V 1.415 V 1.441 V 1.431 V 1.459 V 1.399 V 1.423 V 1.400 V 1.431 V 1.433 V 1.461 V

1.8 V (Vdd) 1.505 V 1.531 V 1.520 V 1.549 V 1.488 V 1.512 V 1.478 V 1.491 V 1.522 V 1.550 V
1.89 V 1.595 V 1.620 V 1.610 V 1.638 V 1.578 V 1.602 V 1.577 V 1.610 V 1.612 V 1.640 V
1.98 V 1.684 V 1.710 V 1.699 V 1.728 V 1.677 V 1.691 V 1.675 V 1.700 V 1.702 V 1.729 V

Finally, fluctuations in a rat’s internal body temperature between 35 °C and 39 °C
should only have a very minor impact on references with the output values only shifting
by less than 0.5% between the nominal 37.3 °C and those temperatures.

4.6. Pseudo-Resistors

Two different pseudo-resistors were designed and used in the circuit:

• A 400 MΩ 6-PMOS pseudo-resistor used in the front-end high-pass;
• A 720 MΩ 6-PMOS pseudo-resistor used in the front-end low-pass, the 13 pA reference,

and in the monostable flip-flop.

Those equivalent resistance values were estimated for an applied voltage difference
around 0.9 V.

Their structure is shown in Figure 14. Both outer PMOS transistors are diode-connected
to induce a voltage drop on both sides. The rest of the structure consists of two source-bulk
connected pairs in series [40]. The main advantage of this structure is that our pseudo-
resistors do not need any biasing circuits like those presented in [49] because the gate
voltage of the four centre-most transistors is controlled by the drain voltage of the opposite
outer transistor. This is particularly interesting as our biasing references are our most
power-hungry components. Resistance values up to a few teraohms can be obtained with
such architectures. If smaller pseudo-resistances are needed, 4 PMOS architectures can
also be implemented with both outer transistors removed. After parametric dimensioning,
the sizes of the transistors making up the pseudo-resistors, shown in Table 5, were chosen.
For a given length, wider transistors let more current flow and therefore lead to smaller
resistance values, as plotted in Figure 15a.
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Figure 14. Structure of the designed 6 PMOS pseudo-resistors.

Table 5. Sizing of all designed pseudo-resistors.

Equivalent
Resistance Req

Number of PMOS PMOS Width (µm) PMOS Length
(µm)

400 MΩ 6 3.5 10

720 MΩ 6 1.85 10

(a) (b)

(c) (d)

Figure 15. (a) Equivalent resistance for a 0.9 V polarization depending on the width W of used
transistors for a given L = 10 µm. (b) Comparison of the equivalent resistance for a [0.85–0.95 V]
voltage sweep at both terminals of a 720 MΩ pseudo-resistor in all process variation worst cases.
(c) Equivalent resistance of a 720 MΩ pseudo-resistor for a 0.9 V polarization in the range of admissible
internal temperature in rats. (d) Total harmonic distortion of the designed 720 MΩ pseudo-resistor
for input sinusoidal voltage in [0–3 V].

These pseudo-resistors should be robust to common-mode fluctuations and PVT
variations. A [0.85–0.95 V] sweep was conducted at the terminals of our pseudo-resistors;
the results of the sweep in all four worst cases for an equivalent resistance of 720 MΩ
is shown in Figure 15b. As it appears, even extreme 5% common-mode fluctuations
from 900 mV to 850 mV (or 950 mV) only decrease (respectively increase) the equivalent
resistance at worst by 5%; this remains true for other equivalent resistances.

https://doi.org/10.3390/jlpea16030040

https://doi.org/10.3390/jlpea16030040


J. Low Power Electron. Appl. 2026, 16, 40 22 of 29

Process variations (see Table 6) only lead at worst to a 2.2% variation in the equivalent
resistance for a given 0.9 V polarization. While a variation in the value of our pseudo-
resistors may slightly shift the cutoff frequency of our band-pass filter or vary the duration
of the monostables’s impulse by a 2 to 3% margin, the robustness of the pseudo-resistors is
satisfying enough and will not prevent any element of the circuit from working as intended
as long as the common-mode voltage remains stable around 0.9 V. Robustness to tem-
perature variations was also assessed via DC Simulation inside the internal [35 °C–39 °C]
temperature range of rats; the effect of the temperature on the equivalent resistance for
a 0.9 V polarization is shown in Figure 15c, as it appears the robustness to internal body
temperature fluctuations is satisfactory, with a 0.28% drift reached at 35 °C. The total har-
monic distortion (THD) of our pseudo-resistors was also investigated and plotted against
the input sinusoidal voltage amplitude in Figure 15d. While it remains low for limited
amplitudes with a THD remaining below 1% (−40 dB) for amplitudes below 100 mVP−P, it
can reach relatively high values for a 1.8V full swing (21.35% or −13.4 dB @1.8 VP−P) or
higher amplitudes.

Table 6. Value of the designed pseudo-resistors in all process variation worst cases, with a 0.9 V
applied voltage.

Case Req1 (MΩ) Req2 (MΩ)

TT 400 720
FF 392 705
SS 409 735
FS 402 723
SF 398 717

Max deviation from TT 2.2% 2.1%

Finally, it should be highlighted that the voltage applied at the terminals of the
pseudo-resistors has a very strong impact on the resulting equivalent resistance. While
the equivalent resistance is relatively stable around the common-mode voltage 0.9 V (see
Figure 15b), very large resistance values above 100 GΩ are obtained for voltage differences
above 1.5 V. The evolution of the equivalent resistance of our pseudo-resistor presenting
720 MΩ at 0.9 V is plotted in Figure 16.

Figure 16. Evolution of the equivalent pseudo-resistance of our 720 MΩ pseudo-resistor depending
on the applied voltage difference at its terminals.

5. Results and Discussion
5.1. Post-Layout Simulation Results

The layout view of the whole ECG circuit is presented in Figure 17; it spans over an area
of 450 µm by 270 µm. Typical resulting waveforms are shown in Figure 7. Those waveforms
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correspond to internal circuit nodes; it should therefore be noted that additional output
buffers would be required for them to be observed on a physical chip implementation.

Figure 17. Layout view of the ECG circuit.

To estimate the power consumption, the average current of each block was calculated
and multiplied by the supply voltage Vdd = 1.8 V. The total power consumption of the circuit
is 28.5 nW. The analog processing chain has a power consumption of 5.9 nW, of which
4.4 nW are consumed in the all-in-one front-end, 160 pW in the squaring circuit, 230 pW in
the comparator, and 1.2 nW in the monostable flip-flop. The three different voltage/current
references consume a total of 7.0 nW, while the relaxation oscillator providing the time
reference has a power consumption of 14.7 nW. The pulse counter finally accounts for
900 pW of the total.

Our circuit was tested at the layout level on our own rat recordings as well as on the
healthy sinus rhythm ECG database of the PhysioNet/-Computing in Cardiology Challenge
2020 [16] and on the MIT-BIH arrythmia database [50] that were artificially altered to match
murine intracardiac physiology. All human signals were sped up by a factor 5 and their
amplitude was increased by a factor 5 to fit rat-like intracardiac physiology.

In our own recordings, the detection rate is 100%. On the normal sinus rhythm
electrocardiograms from [16], the results are also very satisfying, with 99.88% sensitivity
and 99.97% positive predictivity, accounting for 99.85% accuracy.

The results on all 48 30-min tapings from MIT-BIH are summarized in Table 7; records
with a perfect accuracy are highlighted in green, and those with an accuracy below 95%
in red. The global accuracy on those ECGs is 98.57%, with 99.14% sensitivity and 99.43%
positive predictivity. While low-amplitude ECGs (e.g., record 222) caused our system to
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miss some heart beats and noisy recordings (e.g., record 108) tended to cause false positives,
this demonstrates the efficiency of our circuit for detecting the heart rate of small mammals.

Table 7. Results of heart beat detection on the MIT-BIH arrythmia database [50], artificially altered to
match murine cardiophysiology. Records with a perfect accuracy are highlighted in green. Records
with an accuracy below 95% are highlighted in red.

# Se PP Acc # Se PP Acc
100 100 99.96 99.96 201 95.87 100 95.87
101 100 98.78 98.78 202 98.92 100 98.92
102 99.95 100 99.95 203 96.21 97.19 93.60
103 100 99.95 99.95 205 99.66 100 99.66
104 98.20 97.81 96.09 207 97.15 95.81 93.19
105 99.81 97.64 97.46 208 99.29 99.53 98.82
106 98.96 99.90 98.87 209 100 99.60 99.60
107 99.95 99.81 99.77 210 96.74 99.61 96.38
108 94.09 96.53 91.50 212 100 99.67 99.67
109 99.92 99.65 99.57 213 100 99.75 99.75
111 99.81 100 99.81 214 99.74 99.69 99.43
112 100 99.96 99.96 215 100 99.56 99.56
113 100 100 100 217 99.82 99.55 99.37
114 99.79 99.68 99.47 219 100 99.95 99.95
115 100 100 100 220 100 100 100
116 98.93 99.67 98.60 221 99.42 99.92 99.34
117 100 100 100 222 93.84 100 93.84
118 100 99.57 99.57 223 99.92 99.89 99.81
119 100 100 100 228 94.74 98.03 92.97
121 98.18 99.89 98.07 230 100 99.21 99.21
122 100 100 100 231 99.87 100 99.87
123 100 99.80 99.80 232 99.61 100 99.61
124 100 99.82 99.82 233 99.94 99.71 99.64
200 99.92 98.78 98.71 234 99.86 100 99.86
Total: Sensitivity = 99.14%|Positive Predictability = 99.43%|Accuracy = 98.57%

5.2. Comparison to the State of the Art

The evaluation of this circuit’s relevancy was done through comparison with other
integrated cardiac frequency detection modules found in the literature. Table 8 summarizes
key performance indicators of this circuit and seven other ones. Particular attention is
given to power consumption and circuit area as these are the two main factors when it
comes to implantability of a battery-powered system. Other parameters include the CMOS
process, the supply voltage, the detection method, and the QRS-detection accuracy.

A first observation makes clear that digital computation-heavy methods present much
larger sizes and consumptions than analog circuits. Neural Network-based solutions [10]
show themselves as the most power- and area-hungry solutions, with consumptions in
the hundreds of µW and areas over 1 mm2, even if implemented with advanced 55 nm
technology and relatively low 1.2 V supply voltage. Less consuming digital methods
exist, such as sparse Hilbert transforms [8] or wavelet transform singularity detection
algorithms [9]; they present interesting advantages such as a better noise immunity that
contributes to making it the most accurate detection methods, but they still cannot compare
to their analog counterparts when it comes to area and especially consumption.
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Table 8. Comparison with the state of the art.

Güngör, Karimlou, Silva, Morshedlou, Xie, Zhang, Chen, This Work2019 [19] 2024 [12] 2021 [11] 2021 [51] 2023 [10] 2026 [8] 2022 [9]

Process 65 nm 180 nm 180 nm 130 nm 55 nm 55 nm 180 nm 180 nm
VDD 1 V 0.8 V 1.8 V 1.2 V 1.2 V 0.75 V 1.8 V 1.8 V
Circuit Area 0.093 mm2 0.026 mm2 0.011 mm2 0.097 mm2 1.95 mm2 0.044 mm2 0.83 mm2 0.122 mm2

Power Cons. 0.5 nW [⋆] 39.8 nW 0.79 µW 31.5 nW 192 µW 4.8 µW 4.7 µW 28.5 nW

Algorithm P-T based Time- Energy- Energy- Neural
Network Hilbert Wavelet P-T based

Derivative Derivative Derivative Transform Transform

Functions QRS-
Detection

QRS-
Detection

QRS-
Detection

QRS-
Detection

QRS-
Detection &

QRS-
Detection

QRS-
Detection

QRS-
Detection &

Freq.
Detection

Freq.
Detection

Accuracy
(MIT-BIH) 97.91% 98.51% 97.52% 98.53% 98.70% 98.89% 99.16% 98.57%

Domain Analog
(Sim.)

Analog
(Sim.)

Analog
(Meas.)

Analog
(Sim.)

Digital
(Meas.)

Digital
(Meas.)

Digital
(Meas.) Mixed (Sim.)

[⋆]: This power consumption does not include the consumption of the voltage and current references (OTA
biases, comparison thresholds, etc.). P-T: Pan–Tompkins.

Derivative-based analog solutions [11,12,51] are the most promising ones regarding the
size of the circuit as they require less computation and thus have less components in their
processing chain. Silva et al. [11] even reached a really low 0.011 mm2 total area despite
using a relatively large 180 nm technology. The most similar approach to ours presented
in this table is Güngor and Töreyin’s fully analog Pan–Tompkins-based circuit [19], it
manages to reach an extremely low power consumption by implementing 10 pA-biased
OTAs operated in the deep sub-threshold region. Their low power consumption can also
be explained by the use of an advanced 65 nm CMOS process and a low 1 V supply
voltage. While these results are impressive, it should be pointed out that all of their bias
voltages (OTA biases, comparison thresholds, etc.) are provided by external sources, the
consumptions of which are not included in their total. The circuit presented in this article
proves its worth by achieving a very low 28.5 nW consumption, while maintaining a
satisfying 0.122 mm2 area despite using a relatively large 180 nm CMOS process and a 1.8 V
supply voltage, and including a digital post-processing step. These performances do not
come at the price of a lack of robustness as it shows a reliable 99.88% sensitivity and 99.97%
positive predictivity on healthy sinus rhythm murine ECGs, as well as a 99.14% sensitivity
and 99.43% positive predictivity on the MIT-BIH Arrythmia database artificially altered
to match murine physiology. This all makes it suitable for usage on small mammals such
as rats in the context of the study of pulmonary arterial hypertension, with its low power
consumption allowing long-term hospital experiments to take place without needing to
change the battery. A limitation to those results would be a conscious and unrestrained
animal causing medium-frequency high-amplitude motion artifacts. While most artifacts
below 10 Hz (caused for example by respiration or small head movements) and above
60 Hz (due to chewing or fast muscle activation) [52] are efficiently filtered, medium-
frequency motion artifacts could cause large voltage spikes, driving the front-end amplifier
into temporary saturation. This would lead to missed heartbeats during the saturation,
surrounded by two false positives at the beginning and the end of the saturation. The
recovery time then corresponds to one cycle of the monostable flip-flop.

Finally, it should also be noted that this circuit, as well as [12,19,51], has been simulated
post-layout after parasitic extraction and has not yet been manufactured and measured.
Manufacturing the circuit would come with an increased power consumption due to the
I/O pads and packaging effects. Tape-out yield is also left unverified. Slightly worse results
in terms of power consumption and accuracy should thus be expected. Benchtop validation
would include manufacturing of a physical chip containing the whole ECG circuit as well
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as every sub-block singled out with their own voltage supply to enable every necessary
unit test.

6. Conclusions
This work describes a new ultra-low-power 28.5 nW cardiac frequency detection circuit

suited to rat-like cardiophysiology (heart rates up to 600 bpm and baseline wandering up to
1.7 Hz). It comprises a derivating analog front-end, an analog squarer, an analog reshaping
circuit, and a digital pulse counter. Low power consumption is achieved by operating the
vast majority of transistors at sub-threshold and by modifying the Pan–Tompkins algorithm
to remove power- and area-hungry elements such as the moving average filter and the
adaptive thresholding, while also combining the filtering and derivative stages. Post-layout
simulations have demonstrated its efficiency and robustness on intracardiac murine ECGs
and on a database of human ECGs, that were sped up and amplified to match rat-like
intracardiac signals.
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MIT-BIH Massachusetts Institute of Technology—Beth Israel Hospital
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PP Positive Predictivity
P-T Pan–Tompkins
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Se Sensitivity
THD Total Harmonic Distortion
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References
1. GBD 2021 Causes of Death Collaborators. Global burden of 288 causes of death and life expectancy decomposition in 204 countries

and territories and 811 subnational locations, 1990–2021: A systematic analysis for the Global Burden of Disease Study 2021.
Lancet 2024, 403, 2100–2132. [CrossRef] [PubMed]

2. Turicchia, L.; Do Valle, B.; Bohorquez, J.L.; Sanchez, W.R.; Misra, V.; Fay, L.; Tavakoli, M.; Sarpeshkar, R. Ultralow-Power
Electronics for Cardiac Monitoring. IEEE TCAS-I Regul. Pap. 2010, 57, 2279–2290. [CrossRef]

3. Kosari, A.; Breiholz, J.; Liu, N.; Calhoun, B.H.; Wentzloff, D.D. A 0.5 V 68 NW ECG Monitoring Analog Front-End for Arrhythmia
Diagnosis. J. Low Power Electron. Appl. 2018, 8, 27. [CrossRef]

4. Rathnayake, C.; Chen, W.; Jayawickrama, S.; Lai, D. Physiological Monitoring Applications of Wearable Multimodal Fusion
Systems Based on ECG and PPG: A Comprehensive Review. Sensors 2026, 26, 3477. [CrossRef] [PubMed]

5. Sommer, N.; Ghofrani, H.A.; Pak, O.; Bonnet, S.; Provencher, S.; Sitbon, O.; Rosenkranz, S.; Hoeper, M.M.; Kiely, D.G. Current and
Future Treatments of Pulmonary Arterial Hypertension. Br. J. Pharmacol. 2021, 178, 6–30. [CrossRef] [PubMed]

6. Leong, X.F.; Ng, C.Y.; Jaarin, K. Animal models in cardiovascular research: Hypertension and atherosclerosis. BioMed Res. Int.
2015, 2015, 528757. [CrossRef] [PubMed]

7. Pan, F.; Avignon-Meseldzija, E.; Elhabab, A.; Todesco, A.; Mercier, O.; Mika, D.; Boulate, D.; Perros, F.; Kolar, A. A low power
frequency-programmable stimulation circuit for small rodent pacemaker. Analog. Integr. Circuits Signal Process. 2024, 120, 125–139.
[CrossRef]

8. Zhang, C.; Huang, Z.; Li, J.; He, J.; Wang, X. A hardware-efficient QRS detection ASIC using sparse hilbert transform for mobile
ECG monitoring in 55-nm CMOS. Microelectron. J. 2026, 173, 107188. [CrossRef]

9. Chen, Y.H.; Lu, C.W.; Chen, S.W.; Tsai, M.H.; Lin, S.Y.; Chen, R.S. VLSI Implementation of QRS Complex Detector Based on
Wavelet Decomposition. IEEE Access 2022, 10, 134758–134768. [CrossRef]

10. Xie, Z.; Liu, J.; Fan, J.; Liu, X.; Zhou, J. A Low-Power Intelligent ECG Monitoring System for Wearable Devices. In Proceedings
of the 2023 6th International Conference on Electronics Technology (ICET), Chengdu, China, 12–15 May 2023; pp. 1140–1144.
[CrossRef]

11. Silva, R.S.; Plantes Neto, A.R.; Marques, J.L.B.; Kavehei, O.; Ramos Rodrigues, C. A Compact QRS Detection System Based on
0.79 uW Analog CMOS Energy-of-Derivative Circuit. Microelectron. J. 2021, 113, 105097. [CrossRef]

12. Karimlou, A.; Yavari, M. A First-Order Derivative-Based QRS-Detection Circuit in Time Domain for ECG Sensors. IEEE TCAS-II
Express Briefs 2024, 71, 96–100. [CrossRef]

13. Tang, X.; Tang, W. An ECG Delineation and Arrhythmia Classification System Using Slope Variation Measurement by Ternary
Second-Order Delta Modulators for Wearable ECG Sensors. IEEE Trans. Biomed. Circuits Syst. 2021, 15, 1053–1065. [CrossRef]
[PubMed]

14. Pan, J.; Tompkins, W.J. A Real-Time QRS Detection Algorithm. IEEE Trans. Biomed. Eng. 1985, BME-32, 230–236. [CrossRef]
[PubMed]

15. Gala, M.; Barabas, J.; Krajnak, J. Robust QRS Complex Detector Algorithm Based on Modified Pan-Tompkins Method and Wavelet
Transform. In Proceedings of the 2020 43rd International Conference on Telecommunications and Signal Processing (TSP), Milan,
Italy, 7–9 July 2020; pp. 633–636. [CrossRef]

16. Perez Alday, E.; Gu, A.; Shah, A.; Robichaux, C.; Wong, A.K.; Liu, C.; Liu, F.; Rad, A.B.; Elola, A.; Seyedi, S.; et al. Classification of
12-Lead ECGs: The PhysioNet/Computing in Cardiology Challenge 2020. Physiol. Meas. 2020, 41, 124003. [CrossRef] [PubMed]

17. Imtiaz, M.N.; Khan, N. Pan-Tompkins++: A Robust Approach to Detect R-Peaks in ECG Signals. In Proceedings of the 2022 IEEE
International Conference on Bioinformatics and Biomedicine (BIBM), Las Vegas, NV, USA, 6–8 December 2022; pp. 2905–2912.
[CrossRef]

18. Vastarouchas, C.; Kapoulea, S.; Psychalinos, C. ECG Signal Acquisition for the Pan-Tompkins Algorithm Using Current-Mirror
Filters. In Proceedings of the 2016 IEEE International Conference on Electronics, Circuits and Systems (ICECS), Monte-Carlo,
Monaco, 11–14 December 2016; pp. 317–320. [CrossRef]

19. Güngör, C.B.; Töreyin, H. A 0.5 nW Analog ECG Processor for Real Time R-Wave Detection Based on Pan-Tompkins Algorithm.
In Proceedings of the 2019 EMBS IEEE International Conference on Biomedical & Health Informatics (BHI), Chicago, IL, USA,
19–22 May 2019; pp. 1–4. [CrossRef]

https://doi.org/10.3390/jlpea16030040

http://dx.doi.org/10.1016/s0140-6736(24)00367-2
http://www.ncbi.nlm.nih.gov/pubmed/38582094
http://dx.doi.org/10.1109/TCSI.2010.2071610
http://dx.doi.org/10.3390/jlpea8030027
http://dx.doi.org/10.3390/s26113477
http://www.ncbi.nlm.nih.gov/pubmed/42280994
http://dx.doi.org/10.1111/bph.15016
http://www.ncbi.nlm.nih.gov/pubmed/32034759
http://dx.doi.org/10.1155/2015/528757
http://www.ncbi.nlm.nih.gov/pubmed/26064920
http://dx.doi.org/10.1007/s10470-024-02282-z
http://dx.doi.org/10.1016/j.mejo.2026.107188
http://dx.doi.org/10.1109/ACCESS.2022.3231267
http://dx.doi.org/10.1109/ICET58434.2023.10212004
http://dx.doi.org/10.1016/j.mejo.2021.105097
http://dx.doi.org/10.1109/TCSII.2023.3297901
http://dx.doi.org/10.1109/TBCAS.2021.3113665
http://www.ncbi.nlm.nih.gov/pubmed/34543204
http://dx.doi.org/10.1109/TBME.1985.325532
http://www.ncbi.nlm.nih.gov/pubmed/3997178
http://dx.doi.org/10.1109/TSP49548.2020.9163435
http://dx.doi.org/10.1088/1361-6579/abc960
http://www.ncbi.nlm.nih.gov/pubmed/33176294
http://dx.doi.org/10.1109/BIBM55620.2022.9995552
http://dx.doi.org/10.1109/ICECS.2016.7841196
http://dx.doi.org/10.1109/BHI.2019.8834508
https://doi.org/10.3390/jlpea16030040


J. Low Power Electron. Appl. 2026, 16, 40 28 of 29

20. Da He, D.; Sodini, C.G. A 58 nW ECG ASIC With Motion-Tolerant Heartbeat Timing Extraction for Wearable Cardiovascular
Monitoring. IEEE Trans. Biomed. Circuits Syst. 2015, 9, 370–376. [CrossRef] [PubMed]

21. Jeon, D.; Chen, Y.P.; Lee, Y.; Kim, Y.; Foo, Z.; Kruger, G.; Oral, H.; Berenfeld, O.; Zhang, Z.; Blaauw, D.; et al. An Implantable 64nW
ECG-Monitoring Mixed-Signal SoC for Arrhythmia Diagnosis. In Proceedings of the 2014 IEEE International Solid-State Circuits
Conference Digest of Technical Papers (ISSCC), San Francisco, CA, USA, 9–13 February 2014; pp. 416–417. [CrossRef]

22. Kohler, B.-U.; Hennig, C.; Orglmeister, R. The Principles of Software QRS Detection. IEEE Eng. Med. Biol. Mag. 2002, 21, 42–57.
[CrossRef] [PubMed]

23. Konopelski, P.; Ufnal, M. Electrocardiography in Rats: A Comparison to Human. Physiol. Res. 2016, 65, 717–725. [CrossRef]
[PubMed]

24. Antezana-Chavez, E.; Papantoniou, A.; Waisten, K.; Rodriguez, G.; Hadid, C.; Di Toro, D.; Celano, L.; Lopez, C.; Labadet, C.;
Gagliardi, J. Usefulness of the Intracardiac Electrocardiogram Recorded Using Central Venous Catheters on P-Wave Magnification.
J. Electrocardiol. 2024, 82, 141–146. [CrossRef] [PubMed]

25. McGuinness, S.; McKee, A.; Sidebotham, D. Monitoring. In Cardiothoracic Critical Care, 1st ed.; Sidebotham, D., Levy, J.H., Eds.;
Butterworth-Heinemann: Philadelphia, PA, USA, 2007; pp. 120–137. [CrossRef]

26. Sörnmo, L.; Laguna, P. ECG Signal Processing. In Bioelectrical Signal Processing in Cardiac and Neurological Applications; Elsevier
Academic Press: London, UK, 2005; pp. 457–473. [CrossRef]

27. ANSI/AAMI EC57:2012/(R)2020; Testing and Reporting Performance Results of Cardiac Rhythm and ST Segment Measurement
Algorithms. Association for the Advancement of Medical Instrumentation (AAMI): Arlington, VA, USA, 2013. [CrossRef]

28. Panetas-Felouris, O.; Pagkalos, K.P.; Vlassis, S. Moving Average Filter in Time-Mode Signal Processing. In Proceedings of the
2024 Panhellenic Conference on Electronics & Telecommunications (PACET), Thessaloniki, Greece, 28–29 March 2014; pp. 1–4.
[CrossRef]

29. Lim, J.H.; Hau, Y.W.; Yew, H.T.; Dass, S.B. ASIC Layout Design-Space Exploration of Pan-and-Tompkins Pre-Processing Algorithm
for High Efficiency Electrocardiogram Monitor. In Proceedings of the 2020 IEEE 2nd International Conference on Artificial
Intelligence in Engineering and Technology (IICAIET), Kota Kinabalu, Malaysia, 26–27 September 2020; pp. 1–6. [CrossRef]

30. ISO 13485:2016; Medical Devices—Quality Management Systems—Requirements for Regulatory Purposes. International Organi-
zation for Standardization: Geneva, Switzerland, 2016.

31. Briese, E. Normal Body Temperature of Rats: The Setpoint Controversy. Neurosci. Biobehav. Rev. 1998, 22, 427–436. [CrossRef]
[PubMed]

32. Enz, C.; Krummenacher, F.; Vittoz, E.A. An Analytical MOS Transistor Model Valid in All Regions of Operation and Dedicated to
Low-Voltage and Low-Current Applications. Analog. Integr. Circuits Signal Process. 1995, 8, 83–114. [CrossRef]

33. Casson, A.J.; Rodriguez-Villegas, E. A 60 pW GmC Continuous Wavelet Transform Circuit for Portable EEG Systems. IEEE J.
Solid-State Circuits 2011, 46, 1406–1415. [CrossRef]

34. Wang, A.; Calhoun, B.H.; Chandrakasan, A. Sub-Threshold Design for Ultra Low-Power Systems; Series on Integrated Circuits and
Systems; Springer: New York, NY, USA, 2006. [CrossRef]

35. Linares-Barranco, B.; Serrano-Gotarredona, T. On the Design and Characterization of Femtoampere Current-Mode Circuits. IEEE
J. Solid-State Circuits 2003, 38, 1353–1363. [CrossRef]

36. O, K.K.; Park, N.; Yang, D.J. 1/f Noise of NMOS and PMOS Transistors and Their Implications to Design of Voltage Controlled
Oscillators. In Proceedings of the 2002 IEEE Radio Frequency Integrated Circuits (RFIC) Symposium, Seattle, WA, USA, 3–4 June
2002; pp. 59–62. [CrossRef]

37. Liu, X.; Zhou, J.; Yang, Y.; Wang, B.; Lan, J.; Wang, C.; Luo, J.; Goh, W.L.; Kim, T.T.-H.; Je, M. A 457 nW Near-Threshold Cognitive
Multi-Functional ECG Processor for Long-Term Cardiac Monitoring. IEEE J. Solid-State Circuits 2014, 49, 2422–2434. [CrossRef]

38. Chaichana, A.; Suwanjan, P.; Siripongdee, S.; Jaikla, W. Electronically Tunable Capacitance Multiplier Implemented Using a
Single Active Element for Low-Frequency Biomedical Applications. In Proceedings of the 2024 8th International Conference on
Biomedical Engineering and Applications (ICBEA), Tokyo, Japan, 18–21 March 2024; pp. 136–140. [CrossRef]

39. Dekimpe, R.; Bol, D. ECG Arrhythmia Classification on an Ultra-Low-Power Microcontroller. IEEE Trans. Biomed. Circuits Syst.
2022, 16, 456–466. [CrossRef] [PubMed]

40. Gupta, L.; Kumar, A.; Singh, S. Capacitively Coupled Instrumentation Amplifier with Optimized Feedback Pseudo-Resistor for
Wet-Gel Based Electrodes. Mater. Today Proc. 2020, 28, 1467–1471. [CrossRef]

41. Carusone, T.C.; Johns, D.; Martin, K. Analog Integrated Circuit Design, 2nd ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012.
42. Lu, P.H.; Wu, C.Y.; Tsai, M.K. The Design of Fully Differential CMOS Operational Amplifiers without Extra Common-Mode

Feedback Circuits. Analog. Integr. Circuits Signal Process. 1993, 4, 173–186. [CrossRef]
43. Whatley, R.A. Fully Differential Operational Amplifier with D.C. Common-Mode Feedback. United States Patent US4573020A,

25 February 1986.

https://doi.org/10.3390/jlpea16030040

http://dx.doi.org/10.1109/TBCAS.2014.2346761
http://www.ncbi.nlm.nih.gov/pubmed/25252285
http://dx.doi.org/10.1109/ISSCC.2014.6757494
http://dx.doi.org/10.1109/51.993193
http://www.ncbi.nlm.nih.gov/pubmed/11935987
http://dx.doi.org/10.33549/physiolres.933270
http://www.ncbi.nlm.nih.gov/pubmed/27429108
http://dx.doi.org/10.1016/j.jelectrocard.2023.12.007
http://www.ncbi.nlm.nih.gov/pubmed/38141487
http://dx.doi.org/10.1016/B978-0-7506-7572-7.X5001-2
http://dx.doi.org/10.1016/B978-012437552-9/50007-6
http://dx.doi.org/10.2345/9781570204784.ch1
http://dx.doi.org/10.1109/PACET60398.2024.10497041
http://dx.doi.org/10.1109/IICAIET49801.2020.9257862
http://dx.doi.org/10.1016/S0149-7634(97)00051-1
http://www.ncbi.nlm.nih.gov/pubmed/9579330
http://dx.doi.org/10.1007/BF01239381
http://dx.doi.org/10.1109/JSSC.2011.2125010
http://dx.doi.org/10.1007/978-0-387-34501-7
http://dx.doi.org/10.1109/JSSC.2003.814415
http://dx.doi.org/10.1109/RFIC.2002.1011510
http://dx.doi.org/10.1109/JSSC.2014.2338870
http://dx.doi.org/10.1109/ICBEA62825.2024.00033
http://dx.doi.org/10.1109/TBCAS.2022.3182159
http://www.ncbi.nlm.nih.gov/pubmed/35696468
http://dx.doi.org/10.1016/j.matpr.2020.04.822
http://dx.doi.org/10.1007/BF01254868
https://doi.org/10.3390/jlpea16030040


J. Low Power Electron. Appl. 2026, 16, 40 29 of 29

44. Parvizi, M.; Allidina, K.; El-Gamal, M.N. An Ultra Low Power, Low Voltage CMOS Squarer Circuit for Non-Coherent IR-UWB
Receivers. In Proceedings of the 2012 IEEE International Symposium on Circuits and Systems (ISCAS), Seoul, Republic of Korea,
20–23 May 2012; pp. 2533–2536. [CrossRef]

45. Saatlo, A.N.; Ozoguz, S.; Minaei, S. Applications of a CMOS Current Squaring Circuit in Analog Signal Processing. In Proceedings
of the 2015 38th International Conference on Telecommunications and Signal Processing (TSP), Prague, Czech Republic, 9–11 July
2015; pp. 339–343. [CrossRef]

46. Boonchu, B.; Surakampontorn, W. Dual-Output CMOS Voltage Squarer Circuit. In Proceedings of the 2020 17th International
Conference on Electrical Engineering/Electronics, Computer, Telecommunications and Information Technology (ECTI-CON),
Phuket, Thailand, 24–27 June 2020; pp. 287–290. [CrossRef]

47. Aiello, O.; Crovetti, P.; Alioto, M. Wake-Up Oscillators with pW Power Consumption in Dynamic Leakage Suppression Logic.
In Proceedings of the 2019 IEEE International Symposium on Circuits and Systems (ISCAS), Sapporo, Japan, 26–29 May 2019;
pp. 1–5. [CrossRef]

48. Vittoz, E.A.; Fellrath, J. CMOS analog integrated circuits based on weak inversion operations. IEEE J. Solid-State Circuits 1977, 12,
224–231. [CrossRef]

49. Puddu, R.; Carboni, C.; Bisoni, L.; Barabino, G.; Pani, D.; Raffo, L.; Barbaro, M. A Precision Pseudo Resistor Bias Scheme for the
Design of Very Large Time Constant Filters. IEEE TCAS-II Express Briefs 2017, 64, 762–766. [CrossRef]

50. Moody, G.B.; Mark, R.G. The Impact of the MIT-BIH Arrhythmia Database. IEEE Eng. Med. Biol. Mag. 2001, 20, 45–50. [CrossRef]
[PubMed]

51. Morshedlou, F.; Ravanshad, N.; Rezaee-Dehsorkh, H. An Ultra-Low Power Analog QRS-Detection Circuit for Ambulatory ECG
Monitoring. AEU-Int. J. Electron. Commun. 2021, 129, 153551. [CrossRef]

52. Khorasani, A.; Shalchyan, V.; Daliri, M.R. Adaptive Artifact Removal From Intracortical Channels for Accurate Decoding of a
Force Signal in Freely Moving Rats. Front. Neurosci. 2019, 13, 350. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jlpea16030040

http://dx.doi.org/10.1109/ISCAS.2012.6271819
http://dx.doi.org/10.1109/TSP.2015.7296280
http://dx.doi.org/10.1109/ECTI-CON49241.2020.9158092
http://dx.doi.org/10.1109/ISCAS.2019.8702365
http://dx.doi.org/10.1109/JSSC.1977.1050882
http://dx.doi.org/10.1109/TCSII.2016.2603533
http://dx.doi.org/10.1109/51.932724
http://www.ncbi.nlm.nih.gov/pubmed/11446209
http://dx.doi.org/10.1016/j.aeue.2020.153551
http://dx.doi.org/10.3389/fnins.2019.00350
http://www.ncbi.nlm.nih.gov/pubmed/31040764
https://doi.org/10.3390/jlpea16030040

	Introduction
	Particularities of a Rat iECG and Specification of the Detection System
	Characteristics of a Rat iECG Compared to a Standard Human ECG
	Metrics of Interest and Specifications

	Pan–Tompkins Algorithm and Proposed Architecture
	Standard Pan–Tompkins Algorithm
	Proposed Implementation of the Pan–Tompkins Algorithm

	Circuit Design and Dimensioning
	All-in-One Pan–Tompkins Analog Front-End
	Global Architecture
	Sub-Threshold Operational Transconductance Amplifier (OTA) and Common-Mode Feedback
	Comprehensive Characterization of the OTA

	Squaring Circuit
	Reshaping Circuit and Pulse Counter
	Ultra-Low-Power Clock Generation
	Generating the Voltage and Current References
	Pseudo-Resistors

	Results and Discussion
	Post-Layout Simulation Results
	Comparison to the State of the Art

	Conclusions
	References

