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Abstract. Nowadays, more than one million people die due to heart problems annually.
Detecting the Electrocardiogram curve is an effective way to evaluate heart condition. Compared
with large devices in the hospital, wearable devices are showing their advantage in detecting
people’s Electrocardiogram whenever and wherever possible. However, in traditional amplifier
circuit design, there is less attention to the bandwidth. The noise is negatively correlated with
the current while the power consumption is positively correlated with the current, so it is
challenging to balance the noise and power. Therefore, a design of a high bandwidth
Electrocardiogram signal low noise amplifier circuit for wearable devices is proposed in this
paper. The improved circuit is based on a conventional instrumentation amplifier and consists of
two stages. The op-amps were replaced with Operational Transconductance Amplifier. The
circuit also has a Driven-Right-Leg circuit part, which can tremendously reduce the effect of
common-mode noise. The simulation result shows that the circuit has a high bandwidth and
stable gain. Meanwhile, the circuit consumes less power and has a low integrated input-referred
noise. This study is extremely helpful in expanding the application of wearable
Electrocardiogram signal-detecting devices.
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1. Introduction
Various types of heart diseases have become one of the leading causes of death annually, with the death
toll exceeding one million each year [1]. Specialized cells in the heart generate electrical impulses, which
spread through the atria and ventricles of the heart, causing the heart to contract and pump blood. The
tiny changes in electric currents generated by these impulses, which are the source of the
Electrocardiogram (ECG) signal, can be detected through the skin by the electrode. After detecting and
analyzing the ECG curve, doctors can evaluate one’s heart condition. But one of the main problems is
that heart disease often happens suddenly, and the accurate but huge devices in hospitals can’t be used
to detect ECG signals in time. Wearable ECG signal-detecting devices have become an emerging
technology to deal with the sticky situation [2-4]. Those wearable devices can detect the patients’ ECG
curves and store them so that doctors can do treatments when the patients reach to hospital later [5].
However, the ECG signal only has an amplitude of several microvolts and usually has a lower
frequency of about 0.5 Hz. Therefore, flicker noise becomes a big problem [6-8]. In addition, some
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unexpected signals need to be filtered, such as the 50 Hz/60 Hz interference caused by the country’s
power lines or other bioelectrical interferences [9]. Therefore, a highly integrated analog front-end (AFE)
circuit is necessary. AFE circuit can amplify the weak ECG signal and meanwhile suppress the
interference ability of the acquired signal [10]. The amplifier circuit is a significant part of the analog
front-end circuit. Low noise amplifier (LNA) is extensively used in AFE circuits on account of its ability
to produce lower noise.

There are many researches about the amplifier circuit for wearable ECG devices. Wei proposed a
preamplifier circuit that can weaken the electrode imbalance interference [11]. The authors provided an
amplifier that has a higher cut-off frequency of 0.52 Hz and a lower cut-off frequency of 108. 6 Hz. And
the input-referred noise was 3.5u Vgyys. In the study of Chen [12], an amplifier circuit with a bandwidth
of 250 Hz, a gain from 51dB to 96 dB, an input-referred noise of 6.52u Vs and a CMRR of 226 dB
was designed.

However, the amplifiers in the research can’t achieve low noise, low power and a higher bandwidth
at the same time. A wider bandwidth can provide higher resolution, thereby obtaining more accurate
ECG signals. More detected signals allow doctors to identify potential heart problems more accurately.
Higher frequency bandwidth can capture important information in ECG signals that might be lost. The
information may include abnormal signals that cannot be detected at lower frequencies. An amplification
circuit with a wider bandwidth can reduce signal distortion caused by filters, thus improving the quality
of ECG signals. In some applications that require quick response, higher bandwidth can provide faster
signal processing speed.

Nevertheless, the power consumption should be lower enough so that the wearable device can work
longer. The total noise of the circuit should be lower to make the waveform clearer. Typically, reducing
circuit noise requires increasing the current or power consumption, and reducing power consumption
often leads to increased noise. Making the balance between power and noise is a significant challenge.

In this paper, an improved low-noise amplifier circuit has been proposed. The circuit is based on a
conventional instrumentation amplifier and consists of two stages. The op-amps were replaced with an
Operational Transconductance Amplifier (OTA) and the Berkeley Short-channel Insulated-gate field-
effect transistor (BSIM) 180 nm CMOS model is used in the OTA. The circuit also has a Driven-Right-
Leg (DRL) circuit part, which can tremendously reduce the effect of common-mode noise. The most
essential and innovative improvement is that the circuit has a higher bandwidth.

2. Methodology

2.1. Design criteria

Typically, the frequency range of common ECG signals is from 0.05 Hz to 150 Hz. However, most ECG
machines are designed with a higher bandwidth to capture and display high-frequency details that may
be clinically important. In practice, a bandwidth of 0.05 to 250 Hz is often used. A higher bandwidth
ensures the signal integrity of the faster components of the ECG, such as the QRS complex, which has
a higher frequency content. Bandwidth up to 250 Hz also helps in noise reduction, as it eliminates
frequencies that are out of this range, which is most likely to be due to muscle artifacts, power line
interferences, or other electronic interferences.

The amplified ECG signals are usually fed into an analog-to-digital converter (ADC) for further
processing and display. Most ADCs require inputs in certain voltage ranges (often around 0 to 5 V or -
10 to +10 V). A gain of 40 dB can help to bring the small ECG signals into the appropriate range for the
ADC. In addition, a gain of 40 dB is often a good compromise that allows for sufficient amplification
without risk of saturation.

The ECG signals being measured are very small, often in the range of microvolts. By keeping the
noise level low, the accuracy of the ECG signal is maintained. High noise levels may obscure clinically
relevant information or lead to misinterpretation of the ECG signal. This could potentially lead to
incorrect diagnoses.
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Keeping the noise level low improves the signal-to-noise ratio (SNR), which in turn improves the
quality of the signal. The power consumption should also be as low as possible to increase battery life.

High capacitance could lead to signal distortion and phase shifts in the ECG signal, which might
decrease the accuracy of the ECG curve. High-value capacitors take longer to charge and discharge,
which can slow down the circuit response time. This could be problematic in time-critical applications
such as ECG signal amplification. Therefore, it is generally recommended to use capacitors with a value
lower than 1nF in ECG signal amplifier circuits to avoid these potential issues and ensure accurate,
reliable ECG readings.

According to the actual requirement of ECG amplifiers and wearable devices. The amplifier circuit
in the design must, at minimum, meet the following specifications:

- Frequency range: 0.1 Hz — 250 Hz +10%

- Differential mode gain: 40 dB +5 dB

- Total integrated input-referred noise: <4u Vgys

- Total power consumption: <SpuW

- Total employed capacitance: < 1nF

2.2. Conventional 3- operational-amplifier Instrumentation Amplifier Circuit

A conventional 3-Operational-Amplifier (Op-Amp) instrumentation amplifier circuit is a type of
difference amplifier that amplifies the difference between the voltages at its two input terminals. The
circuit can be seen in Figure 1. Rather than the one op-amp design, a three op-amp design is used to
provide high input impedance, making it suitable to measure small signals among common mode signals.

The first two op-amps form a differential amplifier stage that amplifies the differential voltage
between two input ends. The third op-amp is a difference amplifier that subtracts the output of one input
amplifier from the other to provide the final output.

However, there are limitations to this conventional 3-Op-Amp Instrumentation Amplifier Circuit.
The cascaded nature of this design can limit the bandwidth of the amplifier. This is because an op-amp’s
bandwidth decreases as the gain increases, which can affect the amplifier’s performance at high
frequencies. Ideally R3 is equal to R3’ and R4 is equal to R4’. But actually, the resistors that the factory
produced always have a at least 1% mismatch. The output gain can be affected by mismatches in the
resistors used in the circuit, and by the op-amp’s offset voltage and bias current.

Op-Amp

Vo

Op-Amp

R4'

Op-Amp

Figure 1. Schematic of the Conventional 3-Op-Amp Instrumentation Amplifier Circuit.

14



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOI: 10.54254/2753-8818/25/20240834

2.3. The modified circuit

The overall modified circuit can be seen in Figure 2 and it mainly consists of two parts. The first part is
a two-stage amplifier circuit. The second part is the DRL circuit. VRA is connected to one’s right arm
through electrodes while VLA will be connected to the left arm. VRL is connected to one’s right leg.
There are four OTAs in the circuit and the supply voltage of every OTA is set to be 1.6 V. The input
bias voltage Vref, which is half of the VDD, is used to keep the OTA’s output at a mid-level in the
absence of an input signal. The bias voltage can allow the OTA to have the maximum output swing and
prevent it from distortion.

X4
. R4 300k C3 BB-VDD

_’/\/\/ | P
R5 300k 300p >pe C2|
0.0159T ll]l]p|
Vref Vref

Figure 2. Schematic of the modified circuit.

2.4. First stage: Differential input and output buffer

The first stage circuit which can be seen in Figure 3 is a differential input and output buffer. It can collect
the differential voltage of the weak ECG signal and make it stronger. Then the differential output can
pass the differential mode signal V+ and V- to the second stage. The circuit has R1 and R2 as negative
feedbacks. The theoretical differential gain of the first stage is equal to 35.71 dB.

R, + R, + R,

oy = &

Figure 3. Schematic of the first stage circuit.
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2.5. Second stage: Differential-to-single ended amplifier

The second stage which can be seen in Figure 4 is a differential-input to the single-output amplifier. The
bias resistor R6 and capacitor C2 can reduce the impact of the OTA’s input current on its performance.
Considering R7 is big enough, the theoretical differential gain of the second stage is 9.54 dB.

Avaz = C3/C1 2)
So, the total ideal differential gain is 45.25 dB.
Avqg = Avar + Avaz (3)
C1 and R7 work as a RC parallel positive feedback and the lower cut-off frequency is 100m Hz.
1:low = 1/21'[R7Cl (4)
C1
|
100p
R7
0.0159T
X4
R4 300k C3 VDD
V4 AVAY. I} Vit
300p C4 - Vo
Ay | -
RS 300k 300p >gs 2

0.0159T 100p |
Vref Vref

Figure 4. Schematic of the second stage circuit.

2.6. Driven-right-leg circuit

The human body has different electromagnetic interference in different environments, such as 50/60Hz
electromagnetic interference generated by power lines and electrical equipment. This interference is
conducted into the ECG amplification circuit through the human body, forming common-mode noise.
Common-mode noise has a serious impact on the measurement of ECG signals, masking the real ECG
signal. The DRL circuit in Figure 5 can minimize the common-mode noise. R17 and R18 are large
resistors to collect common mode signals. Then an OTA with positive feedback can amplify the
common-mode noise signal in the reverse phase and input it into the human body through the right leg,
thereby canceling the common-mode noise in the circuit.

v

Figure 5. Driven-Right-Leg circuit.
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2.7. Design of the OTA circuit

OTA is a type of amplifier whose differential input voltage produces an output current, which is in
contrast to the Op-Amp. The gain of the OTA can be adjusted by changing the bias current, making it a
useful component in applications where gain control is necessary.

This circuit structure of OTA X1 and X2 can be seen in Figure 6. This operational amplifier
incorporates MILLER compensation. 11 functions as an external current source that provides biasing,
and M5 serves as a backside current source giving DC bias for the transconductance transistor. M1 and
M2 are configured as differential-input stages. C1 is deployed to isolate the primary pole from the sub-
dominant one. The zero point, positioned initially in the right half-plane, can be translocated to the left
half-plane to bolster the stability of the phase margin. The higher cut-off frequency is inversely
proportional to the value of C1.

According to the structure of OTA X3 and X4 in Figure 7 and Figure 8, the current goes through
PMOS M3 and M4 contributes most of the 1/f noise. 1/f noise gets higher when the current gets higher
but the power will meanwhile get higher. Another consideration is that if the current flows through the
OTA is too large or too small, the amplifier may not work in saturation region. After making the trade-
off, the value of the current source and the W/L ratio of M5 and M7 have been changed to balance the
noise and power. The value of the current sources in OTA X3 and X4 were set to be 8n A. Therefore,
the OTAs all work in subthreshold region, which has lower power consumption than above-threshold
region. Transistors in the subthreshold region generate less heat, which helps to reduce the operating
temperature and improve the reliability and lifespan of the device.

- - I=5u w=40u m=10
I=10u w=20u PMOS 180nm
PMOS_180nm Vb I=5u w=40u m=11 Vb
— Vb PMOS_180nm
VDD—H te=———VDD f=——VDD
M6_| M5 M7

1

I=10u w=1000u I=10u w=1000u Cc1
PMOS_180nm PMOS_180nm

te=——VDD VDD——H
M4 M3 36p
I=10u w=32u

MS
peo———

I1

C& M1 ‘ M2
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I=20u|w=12u I=20u w=12u

Figure 6. The circuit of OTA X1 and X2.

NMOS_180nm

17



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOI: 10.54254/2753-8818/25/20240834

I-=——Y]PD

[=]
2
oV Z,
1=5u w=40u m=1
I=10u w=20u
PMOS 180nm_ vb . |I=5uw=20um=10 PMQ%180nm
— Vb PMOS _180nm
VDDN—[;H I'TVDD
— )—l
| I=10u w=1000u I=10u w=1000u L C1
’J PMOS _180nm PMOS_180nm Vin+
=——VDD "DD———=
M4 M3 10p
3\'1\105718011
I1 I=10u “*32
Ji M1 M2
8n NMOS [180nm NMOS| 180nm
I=20u|w=12u 1=20u y=12u
A
Figure 7. The circuit of OTA X3.
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Figure 8. The circuit of OTA
3. Results and discussions

3.1. Simulation based on LTspice

LTspice is a high-performance SPICE simulator software that enhances the design of analog and mixed
electronic devices and circuits. The reason why LTspice is used for the simulation is that it can model
actual performance parameters of components such as the BSIM 180nm CMOS model used in the circuit.

3.2. Simulated human body

For further simulation, the circuit in Figure 9 can work as the real human body. V1 works as the ECG
signal and has an AC value of 0.1 pV. I1 can simulate the power-line interference and it has a 50 Hz
sine signal output. R5, R6 and R7 are the body resistance. Electrodes can translate bio-signals into
electrical ones, and these are subsequently channeled toward the electric component of the recording
system. The electrode model used for simulation is a 2kQ resistor in series with a 1 MQ resistor and a

50 nF capacitor.
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Figure 9. Human body simulation circuit.

3.3. Overall gain and bandwidth analysis

As for the simulation, the differential gain between VRA and VLA is about -3.5 dB, which means before
getting into the amplifier circuit, there has already been a 3.5 dB loss. When doing measurements, there
is no need to access the human body, so the 3.5 dB lost does not need to be taken into account.

According to the differential gain curve in Figure 10, the lower cut-off frequency is about 101m Hz
and the higher cut-off frequency is 252 Hz, so the bandwidth is 251. 9 Hz. The mid-band gain is t 43.98
dB.

The CMRR calculated in this article is not the real CMRR but describes how much the DRL circuit
affects the common mode gain. Firstly, Vecg was set to be zero. Then VRL was connected to VCM and
a 0.1p AC was added in the current source. After that R4 and R5 were made to have a 1% mismatch.
Then measure 1, at 50 Hz when the DRL circuit was connected and measured VRA when VRL was
connected to Vref. As a calculation, the common mode gain is -94 dB.

Acm = Vo/Vra (5)

Recalling from earlier simulation that A,; is 43.98 dB. Therefore, CMRR is 137.98 dB, which

means the DRL circuit could reduce the common mode gain and enhance the amplifier’s ability to
amplify differential mode signals.

CMRR = Ayq/Acm (6)

Differential gai [(vo)/(V(V i
451d}_Jc§ren 1al gain V(vo)/(V(VRA,VLA))
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Figure 10. Differential gain curve.

19



Proceedings of the 3rd International Conference on Computing Innovation and Applied Physics
DOI: 10.54254/2753-8818/25/20240834

3.4. Noise analysis
The feedback resistors and OTA contribute to the input-referred noise of the LNA. However, because
of the low bandwidth, the noise from the feedback resistor can be ignored. Therefore, the overall noise
of the LNA is primarily owing to the OTA.

As a simulation result, the differential gain is 43.98 dB and the total RMS noise is 586.6u V.So the
total integrated input-referred noise is 3.70u Vg)s. That means the circuit has a very low signal-to-noise
ratio, which can enhance the signal quality.

total integrated input — referred noise = total RMS noise/Ayq4 @)

According to the formula of Noise Efficiency Factor (NEF) first supposed in [13].
1
2Lt )E
@t 4KT-BW-n

I:,+ is the total current being used in the whole design, so it would be all of the current coming out
of the VDD supply.@; is 1.5 mV and BW is 251. 9 Hz. K is Boltzmann’s constant and T is Kelvin
temperature. NEF primarily measures the relationship between the circuit’s noise performance and
power consumption. The lower the NEF, the less noise the circuit generates at the same power
consumption. The lower the NEF, the lower the power consumption of the circuit while maintaining the
same noise performance. As a calculation result, the NEF of this circuit is 14.38, which means that the
power and noise efficiency haven’t met the perfect trade-off. However, a 14.38 NEF is still an acceptable
parameter.

NEF = Vn,in,RMS( 8

3.5. Total power consumption
Theoretically, the total current is the current flows through every component and it is calculated to be
2.52u A.The simulation result shows that the total current is 2.479u A.

Prot = Itot - VDD C))
The theoretical power consumption is 4.032 uW and the simulation result was 3.96 ulv/.

3.6. Summary and Comparison

In summary, the designed circuit has a higher bandwidth of about 251. 9 Hz. Meanwhile, it has a high
CMRR of about 138 dB, a total integrated input-referred noise of 3.70u Vzys and a total power
consumption of about 3.96u W .Compared with the existed research, the circuit proposed in the paper
has a low noise, low power consumption and a perfect high bandwidth at the same time. The improved
circuit meets the design criteria well. It has absorbed existing research’s advantages and eliminated
drawbacks. Table 1 shows the comparisons between the results in this paper and in existed essays.

Table 1. Comparisons between the result in this paper and existed essays.

) The circuit proposed in this
Wei, 2020 [11] Chen Y et al, 2014 [12]

paper
Frequency range 0.52 Hz-108.6 Hz 250 Hz 101m Hz-252 Hz
Supply voltage 1.8V 0.6V 16V
Differential gain 47.6 dB-59.8 dB 51-96 dB 43.98 dB
Total integrated
input-referred noise 3.50u Vems 6.52u Vems 3.70u Vrms
Power consumption 0u W NA 3.96u W

4. Discussions
A high enough bandwidth is the key focused index in the design. So, the capacitors in the OTA of the
first stage were changed to control the lower cut-off frequency and used RC parallel feedback to set a
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higher cut-off frequency. However, a higher bandwidth means that some unexpected signal in other
frequencies would also be amplified, which contributed to higher input-referred noise. Furthermore, the
power consumption also needed to get lower to make the wearable device work longer. Based on a
conventional 3-op-amp Instrumentation amplifier, a two-stage amplifier circuit with three OTAs was
designed and a DRL circuit that can decrease common mode noise was added.

After finishing the circuit design, the circuit was simulated based on LTspice. Simulation results
showed that the circuit has high bandwidth, low noise, and power consumption. The result is
approximately equal to the theoretical calculation.

However, reducing the size of the circuit has been our main problem. The two 0.0159T Q resistors
used in the feedback and bias circuit might be too large to be integrated into small chips. For the future
iteration, the large resistors can be replaced with a pseudo resistor, which consists of CMOS and is easier
to integrate.

5. Conclusion

With the swift advancement of technology, medical wearable devices are raising the awareness of
millions of people. Keenly aware of the high ratio of heart disease and the significance of monitoring
heart beats at any time, a low-power low-noise ECG signal amplifier circuit that is suitable for wearable
devices has been proposed in this paper. The two-stage structure can provide stable differential gain and
the DRL circuit can significantly reduce common mode noise and increase CMRR. The OTA contributes
lower noise and the RC paralleled feedback accurately controls the cut-off frequency. Compared with
amplifier circuits in existing research, our improved amplifier circuit has a higher bandwidth of 252 Hz
and also successfully has a low power consumption and noise. In addition, instead of using 12-18 leads
medical-grade ECG detecting equipment in the hospital, our circuit only needs 3 leads and therefore it
is wearable. Because of the low power consumption, low noise, and stable gain, the wearable device can
record patients” ECG curve constantly and provide a high-accuracy ECG curve for doctors to do further
treatments. Wearable devices characterized by reduced power consumption and diminished noise levels
are progressively emerging as a trend. It is full of expectations that the research will more or less promote
the update and iteration of wearable ECG detection devices. In this way, the practicality and durability
of wearable devices can be better developed.
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