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Abstract—ECG ST segment should be monitored for my-
ocardial ischemia diagnosis. But this information needs a very
accurate ECG acquisition. This paper presents the design of a
chopper amplifier filtering the baseline wander and minimizing
the added electronic noise with an acceptable ST segment
distortion. A method is proposed to estimate the ST segment
distortion and compare it to the International Electrotechnical
Commission (IEC) standards. The design is achieved using XFAB
180nm technology and validated at transistor-level simulation for
typical and worst cases.

Keywords—Electrocardiogram (ECG), Chopper Amplifier, My-
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I. INTRODUCTION

According to the World Health Organization, ischemic heart
diseases are the leading death cause worldwide [1]. Myocardial
ischemia is due to a reduced and insufficient blood supply
to the heart, altering its functioning and eventually leading
to myocardial infarction. Diagnosis is generally realized with
an electrocardiogram (ECG) measured on the patient torso,
which gives an image of the heart’s electric activity. ECGs
are usually measured at the hospital, at the cardiologist’s, or
by emergency services, but they can also be recorded at home
for several days before being presented to the practitioner.

However, there is a need for continuous monitoring systems,
which could be worn all day and would raise warnings in case
of ischemic events. These systems would include embedded
processing and classification between healthy and pathologic
events. They should extract meaningful features for the diag-
nosis from the ECG. For example, arrhythmias (heart rhythm-
related pathologies) require peak detection and time interval
measurements. On the other hand, ischemia diagnosis requires
a more precise morphology analysis, including measures of the
level difference between two segments of the ECG beat.

Embedded ECG processing and feature extraction raise
many challenges. ECGs are subject to noises related to regular
human activity (breathing, movements, etc.). It makes signal
acquisition and denoising critical steps to ensure a reliable
diagnosis with on-chip measurements. These two steps should
be realized without ECG distortions that can put the reliability
of the diagnosis into question even if the digital processing is
flawless. The International Electrotechnical Commission (IEC)

has issued standards to guide ECG measurement systems
design [2].

Embedded systems for measuring and processing ECG pre-
sented in recent papers focus on cardiac arrhythmias. There-
fore, the vast majority ignore the issue of ECG morphology
distortion and do not fulfill standards requirements. References
[3], [4] propose ECG chips that detect peaks or slope thresh-
olds. They focus on classifying healthy or arrhythmic beats and
use aggressive analog filtering to emphasize peaks. Reference
[5] detects arrhythmias using digital neural networks. Some
others present ECG analog front-ends (AFE) without assessing
distortion [6], [7]. References [8]-[10] address ECG distortion.
However, the first one focuses on the distortion linked to
electrodes. The others focus on digital noise processing but do
not deal with the analog part. Therefore, a proper estimation
of distortion introduced by analog ECG processing is needed
to validate that systems are adapted to ischemia [11].

This paper seeks to prove the feasibility of an AFE dedi-
cated to ST segment analysis and baseline removal by sizing
a circuit that does not compromise ECG medical information.
For this purpose, a distortion quantification method and a
circuit minimizing the flicker noise have been designed to
ensure the introduced distortion is lower than the standard’s
maxima. The design has been achieved using XFAB 180nm
technology. Simulation results show distortion below the stan-
dard recommendations even in worst-case simulations.

Sec. II focuses on the ECG and standards used as refer-
ences. Sec. III presents the distortion estimation method. Sec.
IV describes the architecture and the transistors sizing. The
simulation results are presented in Sec. V.

II. ECG AND DISTORTIONS STANDARDS
A. ECG and Ischemia Features

The electrocardiogram (ECG) is a heart electrical activity
measurement. This activity is linked to its contraction. The
ECG is measured with electrodes placed on the limbs and
the torso. The viewpoint on the heart depends on the set of
positions chosen, named lead. Even if an ischemia diagnosis
requires several leads, this article uses only lead II-like ECGs
since the encountered difficulties are the same for one or many
leads. Moreover it is the one used by the norm described
hereafter. The morphology is illustrated in Fig. 1.
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Fig. 1. Electrocardiogram, lead II, with typical amplitude and time values

The physiological rhythm shows three significant events: the
P wave, the QRS complex, and the T wave. They are linked
to, respectively, atrial contraction, ventricular contraction, and
ventricular relaxation. The distance between successive R-
peaks is used to compute the cardiac rhythm, which is between
60 and 100 beats per minute (bpm). The PR and ST segments
are defined in between those waves. If the beat is physiolog-
ical, the ST segment should be isoelectric, which means it
should be on the same level as the PR segment. The main
features to consider for ischemia diagnosis are the deviation
of the ST segment from the isoelectric line and the shape of
the T wave [12]. Deviations of more than 504V may raise
warnings, especially when they last for some minutes [10].

B. Noises and ECG Distortion Standards

Usually, an ECG is measured at rest and by trained prac-
titioners. It limits noises due to the patient’s movements and
allows the use of large computers with high computational
power and precisely placed and adapted electrodes. When
it comes to embedded and daily-life measurement, noise
processing becomes challenging because of size and power
budget constraints. Indeed the ECG is noisier than at rest, and
the computing power is limited.

Electronic noises are a first constraint. The AFE design
must minimize those so medical information is not lost. A
second constraint is the Baseline Wandering (BW). It is a
high amplitude low-frequency noise (from DC offset up to a
few Hertz) linked, for example, to breathing or moving cables
and electrodes [9]. It should be filtered to minimize analog-
to-digital converter (ADC) constraints. Otherwise, the ADC
would require many bits to cover the whole voltage range
of signal and noise with the target precision for the ECG.
Since lower ECG frequencies are around the heart rthythm, a
high pass cut-off frequency lower than 0.5Hz is supposed to
remove most of the BW. However, filtering easily distorts the
ST segment resulting in a trade-off between BW elimination
and distortion introduced.

The International Electrotechnical Commission (IEC) has
issued recommendations about this matter [2]. It defines maxi-
mum distortion levels. The system should not introduce a slope
of more than 0.05mV/s in the ST segment and an amplitude
difference of more than 254V for given calibration signals.
Those signals have to be used to test the adequation of the
design to this standard. Only one of them is shown here to
preserve figure readability.

III. DISTORTION ESTIMATION METHOD

The distortion introduced by analog processing should be
measured for an ischemia embedded monitoring system to
be trusted. Fig. 2 illustrates the proposed method to estimate
the distortion on the ST segment. The measurement block
is adapted to the chosen metric: ST level or ST slope. IEC
standard gives reference signals. CAL20100 was chosen. The
sampling frequency of calibration signals is 20kHz. Ref, the
reference signal, and In, the same signal processed by the
system, are processed in parallel by a MATLAB script. It
resynchronizes Ref and In using R-peaks by adding a delay
on Ref. Then, it normalizes In to the amplitude of Ref. Both
signals can be compared beat per beat at the end of the
normalization stage. Time intervals between segments’ bounds
and R peaks are fixed variables of the script. The baseline
is interpolated from the PR segment. The ST segment is
approximated by a linear interpolation, such as the one used
for the PR segment, to make the slope estimation more resilient
to noise. Then the ST segment level and slope are compared to
this baseline. Finally, the error is computed by differentiating
both channels’ outputs. Fig. 3 illustrates the methodology
with a C-R high-pass filtered ECG. The digital processing
part would realize the baseline interpolation and ST segment
measurements in a complete ischemia embedded monitoring
system instead of the script. The linear interpolation from the
PR segment is a simple method for baseline estimation. It
has been chosen because it assumes simple digital processing
that could be implemented on any embedded circuit without
requiring complex algorithms or significant computing power.

IV. PROPOSED ANALOG FRONT END ARCHITECTURE

Several AFE architectures have been proposed in the lit-
erature to address biomedical signals and, more specifically,
ECG measurement [3], [4], [6], [7], [13]. In the case of
ischemia monitoring, the architecture should not distort the
ST segment because of the baseline filtering. It should also
not introduce electronic noise (thermal or flicker) preventing
the digital processing from retrieving the ST segment level
and slope.

Preliminary simulations have concluded that 0.03Hz is a
sufficiently low enough high-pass cut-off frequency. A higher
one would distort the ST segment more than the IEC standard
allows. A chopper architecture was chosen to mitigate the
flicker noise (1/f noise) because ECG information is concen-
trated in low frequencies.
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Fig. 2. Distortion estimation flow
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Fig. 3. ST segment distortion measurements on a C-R high-pass filtered ECG
beat with fj;, = 0.5Hz

A. Chopper Instrumentation Amplifier

A Chopper amplifier transposes the signal to the chopping
frequency, where the flicker noise is reduced, before amplifi-
cation. The architecture, shown in Fig. 4, is inspired by [13].
The gain is fixed by the capacitance ratio C;/Cl,, as long as
the open loop gain is greater than 100dB. The architecture
of the two operational transconductance amplifiers (OTA) and
the Operational Amplifier (OpAmp) are shown in Fig. 5. The
common mode feedback circuits (CMFB) are dual differential
pairs as proposed in [14]. C}, and R, are Miller capacitor
and resistor added to ensure a phase margin greater than 60
degrees. A DC servo loop (DSL) suppresses the baseline. It
uses an integrator that sets the circuit’s high-pass frequency
fnp (1). To reach a low high-pass cut-off frequency, R;,; and
Cint will be large. In this paper, they are considered as off-
chip components.

_ 1 Chp
QWRintCint Ofb
B. Transistor Level Design

The XFAB 180nm (xh018) technology was chosen. The
chopping frequency is 10kHz The closed-loop gain is fixed
to 100 with C; = 12pF and Cy, = 120fF. With (), equal
to Cypy, fnp is fixed to 0.03Hz with R;,; = 500GQ) and
Cint = 10.6pF. Components C;, Cp,p, Cp, and Cyy, are double
metal-metal capacitors, while R,, is a poly resistor. The input
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Fig. 4. Chopper-based instrumentation amplifier schematic

Fig. 5. Schematics of the OTA (left) and the OpAmp (right)

referred flicker noise in an OTA is given by (2), K being the
flicker noise constant of the transistor. The thermal noise is
given by (3) [14].
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The sizes of transistors M o of the OTAs are 200pm/15um,
and the transistors M3 4 are 6um/10pm. Those sizes are large
to minimize flicker noise according to (2). The transconduc-
tance g,,; of the differential pair is high to provide a large
gain, which also reduces thermal noise when combined with
a small g,,3.4 according to (3). The sizing of the OpAmp has
been done the same way. All sizes are given in Table I. One
chopper is made from four transmission gates with minimal-
size transistors.

Power consumption is a major concern in embedded circuits
but was not prioritized before the distortion issue here. It
was minimized until noise prevented correct ST segment
information recovery. The supply voltage is 1.8V, and total
power consumption is about 29uW.

V. SIMULATION RESULTS

This circuit has been simulated, with Cadence Virtuoso,
in transient with and without noise to assess the distortion
introduced by the circuit’s transfer function and electronic
noises. Twenty heartbeats are simulated. The first ten of
them are discarded to eliminate the transient behavior of the
high-pass filter. Since the ECG information lies below 200Hz,
the transient output signal is low-pass filtered at 250Hz. It

TABLE 1
COMPONENTS SIZING

Component Size OpAmp
Cz' 12pF Ml,z 120um/8um
Cryp 120fF M3 4 1pm/6pm
Chp 120fF M11’22 3um/1um
Cint 10.6pF | My 2pum/1pm
Rint 500G M10’20 2um/1um
Cm 10pF OTA
Ry, 70k2 My 2 200pm/15um

M314 6,um/10um

Mo 2pum/1pm
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Fig. 6. Noiseless outputs for f5, = 0.03 and 0.5Hz
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Fig. 7. Effects of noise on the baseline interpolation from PR segment

also removes chopping artifacts. As explained in Sec. III, the
baseline is interpolated from the PR segment.

Noiseless simulations demonstrate f;, choice’s importance
for ST segment measurements (Fig. 6). A 0.5Hz f,,, as in
[13], introduces a mean ST level deviation of 83uV and a
mean ST slope of 0.17mV/s, which are above the standard
requirements. In contrast, a 0.03Hz f3,, introduces level and
slope distortions below 7.3V and 0.001mV/s, respectively,
which are convenient with IEC standards.

Noise simulations have been realised to assess the intro-
duced distortion and in design worst cases. Fig. 7 highlights
the baseline estimation degradation introduced by the noise.
The resulting distortion performances are evaluated with cor-
ners simulations with noise. Results are summarized in Table
II. The worst case is obtained for slow and the best for
fast PMOS transistors. Maxima are consistently below the
IEC standard requirements for the mean and the maximum
deviation values over ten beats.

VI. CONCLUSION

This work presents a chopper amplifier design dedicated to
embedded continuous ischemia monitoring systems based on
the ST segment. A distortion estimation method has also been
proposed to assess the system’s adequacy with IEC standards.
The chopper amplifier architecture has been chosen to reduce
the impact of flicker noise. The high-pass cut-off frequency
used to eliminate baseline wander noise of the ECG is fixed
at 0.03Hz. This value is low enough to ensure the circuit’s
transfer function does not introduce prohibitive ST segment
distortion. Then the transistor sizing was realized to ensure
that introduced electronic noises do not create false positives or
negatives by skewing the baseline approximation. The design
achieves ST segment level and slope deviations lower than

TABLE II
DISTORTION INTRODUCED ON THE ST SEGMENT BY THE DESIGN FOR
WORST CASES AND NOISE

Mean over 10 beats Min. | Typ. Max. | IEC standard
Level deviation (uV) 6.54 7.24 7.69 <25uV

Slope deviation (mV/s) | 0.011 | 0.012 | 0.013 | <0.05mV/s
Max. over 10 beats

Level deviation (V) 9.08 10.23 | 11.25 | <25uV

Slope deviation (mV/s) | 0.027 | 0.032 | 0.039 | <0.05mV/s

8uV and 0.04mV/s in typical and worst cases simulations.
Therefore, it respects the 25uV and 0.05mV/s maxima given
by the IEC standards. Further work includes an ADC and
voltage buffer design and a digital detection of ischemia from
the ST segment deviations.
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