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Abstract. Due to the rapid development of semiconductor technology, the edges of electronic 

devices are getting smaller and the power consumption is getting lower and lower 3-op-amp 

instrumentation amplifier. However, there are still some problems such as excessive power 

consumption and noise. First, the disadvantages are identified, and then the shortcomings of the 

specialty are improved. So this design gives a low noise ECG equipment, which shows great 

performance in reducing noise to 3.94uV  and the highest differential gain reaches 

36.508376dB. It can be used in watches and other wearable devices for ECG signal detection. 

At the same time, this project can complete the required requirements and is suitable for some 

wearable devices. Its successful research could lead to more accurate ECG monitoring and 

consume less power in wearable devices. More importantly, its emergence brings new 

development ideas and development directions to ECG equipment, making ECG monitoring 

convenient and mobile. 
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1.  Introduction 

In recent years, people have paid more and more attention to the detection of human signals. These 

biological signals produced by the human body are crucial for the detection of ECG signals. These 

biological signals produced by the human body are very critical for the detection of ECG signals. By 

detecting these biological signals, it is faster and easier to observe the activity of the heart. In addition, 

during ECG acquisition, some undesirable signals need to be filtered out, those that arise due to the 

power line’s power supply or signals from other sources [1].  

The amplifier effectively amplifies the ECG signal that can be collected and presents it in our field 

of view for people to analyze heart health and other effects. Instrumentation amplifiers have been 

improved with the help of various techniques, and a wearable ECG device has been developed at a low 

cost[2]. ASIC has been used to develop a three-channel monitoring system with an amplifier that 

provides high-performance instrumentation that incorporates CMRR [3]. The 2-op-amp circuit cannot 

effectively amplify the acquired signal accurately[4]. During the amplification process, due to the 

limitation of the amplifier’s resistance, the power consumption of the circuit is too large, and the noise 

generated also increases. So on this basis, the original and 3-op-amp circuits need to be improved. 

Adding an amplifier increases the efficiency of the entire circuit, and with proper connections, it also 

reduces power consumption to achieve the desired goal[5]. The analog front-end system gets power 

from the first-stage amplifier[6]. The front ends of the analog front end have a capacitively coupled 
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chopper instrumentation amplifier and an AC-coupled ripple reduction loop with a gain of 72 dB[7]. 

The previous works are incapable of balancing performance with size. In recent years, VMD has been 

used to remove baseline drift noise from ECG. And it shows an excellent performance in traditional 

circuits [8]. Some amplifiers are capable of achieving parameters. Despite their size, they are not 

acceptable for everyday wearable equipment. The size was controlled by other devices, but the 

performance was not satisfactory. 

 

Figure 1. Traditional amplifier. 

To enhance performance, a DRL circuit is added to a 3-op-amp paralleling circuit. This is the basis 

for the improvement of the 3-op-amp circuit. First, an OTA amplifier is added to the original 2-op-amp 

to enhance the signal amplification effect of this circuit. However adding an amplifier means more 

power dissipation, so we use fewer resistors to reduce power dissipation and replace the required 

resistors with appropriate circuit connections. Secondly, the DRL circuit, which is an integral part of 

the ECG detection circuit, has also undergone some improvements to match the reduced resistance of 

the 3-op-amp circuit. In the circuit simulation of LT-spice, this project has the frequency of A-B, the 

gain of C, the noise of D, and the power consumption of E. 

2.  Properties of ECG signal and requirements of the amplifier 

To make the circuit have power consumption and low noise, a CMOS gate input is used, but the 

circuit’s gain needs to be accurately controlled. The gain of open-loop CMOS amplifiers is difficult to 

predict. Instead, typically uses op-amps. Biasing of op-amp reduces the input impedance. Also, 

mismatched components lead to finite CMRR. So, a classic 3-op-amp Instrumentation amp can 

effectively solve some problems. The advantage of this circuit is that it can increase CMRR. However, 

it still doesn’t solve the resistor mismatch issue. So using a DRL circuit for the changed circuit to 

actively ground then setting the host voltage to a value within the common-mode range of the 

amplifier input. 

2.1.  The characteristics of the ECG signal 

The mV level of the ECG signal is consistent, ranging from 10V to 5mV. The primary energy is 

concentrated at 0.05 to 100Hz, and the bandwidth ranges from 0-200Hz. There are four different kinds 
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of waves for an ECG signal. The P wave has a bandwidth of 0-8Hz ± 3Hz, while the QRS wave has a 

bandwidth of 0-55Hz ± 19Hz, and the P wave has a bandwidth of 0-11Hz ± 2Hz. 0-58Hz ± 19Hz is the 

primary focus of the entire signal bandwidth[9]. 

2.2.  Requirement amplifier 

In the field of electronics, the design of portable wearable circuits is very important. Because the 

power consumption in the traditional circuit design is very huge, it is very detrimental to the 

endurance of small devices. In the field of circuit design and execution of complicated architectures, 

there have been new techniques that have emerged. Due to its high power consumption and low 

CMRR, portable applications are not suitable for the conventionally developed instrumentation 

amplifier. Therefore, the gain is an important criterion for measuring the quality of an op-amp. 

The ECG amplifier in this project must, at minimum, meet the following specifications:  

- The frequency range is between 0.1Hz and 250Hz, with a 10% deviation.   

- The differential gain is between 40dB and 5 dB.  

- The noise level in the input referred to is 4 VRMS.   

- The total power consumed by all blocks is 5W.  

- The total amount of capacitance employed is 1nF. 

3.  The construction of a circuit for an ECG amplifier 

A 3-op-amp amplifier circuit, a low-pass filter, and a DRL circuit are the foundations for the entire 

ECG signal amplifier circuit. Two parts make up the circuit: a common-mode extraction circuit and a 

three-operation amplifier conventional circuit. The circuit utilizes an OTA that is built using the 

180nm CMOS model. 

 

Figure 2. Structure of ECG Amplifier. 

The human body resistance analog circuit plays an important role in simulating the effect of human 

resistance on the circuit. Through continuous testing, finding that the most suitable human resistance 

value for this circuit. Of course, by changing the resistance of the human body circuit, so obtain the 

simulation of the ECG signal under different conditions. 
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Figure 3. Human body circuit design. 

The 3-op-amp circuit and the OTA amplifier design, as shown in Figures 4 and 5 are based on five 

P-MOSFETs and three N-MOSFETs in one OTA amplifier, which amplifies the collected ECG signal. 

This part is the most important part of the circuit, which amplifies the signal generated by the human 

body and transmits it to the later parts. During the design process, first, use an ideal amplifier to 

experiment with the results. After confirming that the experimental results using the ideal amplifier are 

correct, the ideal amplifier is replaced with an OTA amplifier to make it an amplifier that can 

eventually be used in the device. The signal amplification results of this part are finally presented after 

passing through the DRL circuit and low-pass filter and then analyzed for subsequent analysis. 

 

Figure 4. 3-op-amp circuit design. 
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Figure 5. OTA amplifier design. 

An op-amp and two resistors are used to build the driven-right leg circuit, as shown in Figure 6. It 

simulates the signal simulation results obtained by the above amplification circuit after the human 

body is connected through the right leg to form a loop. It has three main features, physiological small 

signal detection, suppresses common-mode interference on the electrode transmission line, and 

improved common-mode rejection ratio CMRR. 

Suppose that common-mode interference enoise  is parasitically coupled to the two electrode 

transmission lines. 

Then where the two resistors R connect, the signal input to the buffer amplifier should be 

1

2
(2enoise) = enoise (1) 

Finally, the electrode is driven through the right leg, and the signal enters the body enoiseecm 

should be 

enoiseecm = (1 +
RF

Ri

) Vref −
RF

Ri

enoise (2) 

When Vref = 0V, 

enoiseecm = −
RF

Ri

enoise (3) 

It can be seen that the right leg drive circuit suppresses common-mode interference and improves 

the CMRR of the system by amplifying the common-mode signal in the reverse phase and entering it 

into the human body. Let the original common-mode noise be enoise0. 

After processing, the common-mode noise input to the instrumentation amplifier is enoise’ should 

be satisfied, 

enoise
′ = enoise0 −

RF

Ri

e
noise

′

(4) 

Solved, 

enoise
′ = enoise0 ×

1

1 +
RF

Ri

(5)
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Figure 6. Driven-right leg circuit design. 

4.  Discussion and simulation 

The frequency, CMRR, Differential gain, and noise parameters can be obtained after simulating the 

entire amplifier circuit with LTspice. The results are shown in the below calculation.  

Calculation: 

Total integrated input-referred noise: 

263.83÷66.83=3.94uV (6) 

After simulation, the LT-Spice revealed a total power consumption of 4.6733758uW. 

Parameter calculation 

Stage 1: 

𝐴𝑣,𝑑𝑚 = 1 ±
500𝑘 + 500𝑘

10𝑘
= 40 𝑑𝐵 (7) 

Stage 2: 

𝐴𝑣,𝑑𝑚 = −
6.36

2 × 6.36
−

6.36(6.36 × 6.36)

2 × 6.36(6.36 + 6.36)
= 0𝑑𝐵 (8) 

LPF:  

Frequency and Common Mode Gain: 

𝑓𝐻 =
1

2𝜋 × 6.36𝑀 × 100𝑝
= 250𝐻𝑍 (9) 

𝐴𝑖𝑑 = 36.5𝑑𝐵 = 66.83 (10) 

𝐴𝑐𝑚 = −76 + 45 = −31𝑑𝐵 = 0.021 (11) 

𝐶𝑀𝑅𝑅 =
𝐴𝑖𝑑

𝐴𝑐𝑚
= 3182 (12) 

Noise efficiency factor(NEF): 

𝑁𝐸𝐹 = Vn,in,RMS√
Itot

ϕ
t

∗ 4KT ∗ BW8 ∗
π
2

= 3.945𝑢 × √
2.6uA

25M × 4KT × 250 ×
π
2

= 15.8 (13) 

𝐾 = 1.38 × 10−23𝑇 = 298 (14) 
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Table 1. Performance compared with Design requirements. 

Table 1 shows the comparison results between my circuit simulation and project requirements. This 

circuit has met all the requirements of the project. 

 

Figure 7. Differential Gain and Bandwidth 

 Frequency range 
Differential 

gain 

Total integrated 

input-referred 

noise 

Total power 

consumption of 

all blocks 

Total amount 

of employed 

capacitance 

Requirement 

of this disign 

0.1Hz–

250Hz±10% 
40dB±5dB <4µVRMS <5µW <1nF 

This work 1mHz-258.7Hz 36.5 3.94uV 4.67uW 100p 
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Figure 8. Noise simulation result 

Figure 7 shows the gain and bandwidth of the amplifier circuit. Finding out that the transmission 

band, which during 0.1-250Hz ± 10%. There is no bias in the range and voltage gain of the ECG 

signal. The requirement mentioned above is met by the highest differential gain reaching 

36.508376dB. 

The figure of noise simulation is contained in Figure 8. The NEF given in equation (13) is 15.8 and 

the total integrated input-referred noise is 3.94uV. 

5.  Conclusion 

In this paper, the shortcomings of traditional ECG signal circuits are first given, and an improvement 

scheme is given based on them. The result is a standard-compliant low-noise ECG amplifier circuit, on 

top of which the power consumption is improved. In the preamplifier circuit design, the characteristics 

of the human ECG signal are referenced. According to the data given, the simulation is carried out, 

and the final result shows good amplification performance and low noise. Capable of efficient output 

of ECG signals without significant distortion. In addition, the amplifier devices are powered by a 

small size power supply, which meets the basic requirements of wearable devices. Based on 

penetrability, balance its performance, and limit its power consumption and noise parameters. While 

meeting basic requirements, there is still room for improvement. Finally, some prospects for future 

design are given. 

First of all, In the above experimental results, it can still be seen that it generates a lot of noise, 

which can have a great impact on ECG signal detection. Therefore, in future circuit design, it is 

necessary to further reduce the noise and improve the accuracy of the signal. Secondly, because it is a 

wearable device, its battery life guarantee is not ideal at present, and the power consumption of this 

circuit still cannot reach the goal of long-term battery life. Power dissipation needs to be reduced by 

reducing the amplifier impedance on this basis, but its feasibility still needs to be verified by 
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subsequent experiments. This can improve the accuracy of wearable devices to warn people of 

problems and better protect people from heart disease. Better battery life can also make it possible to 

detect ECG signals more durably so that people cannot lose the detection of their heart after forgetting 

to charge once. Finally, the device can access the Internet, and upload the detected signal to the 

database in real time for comparison, and if there is an abnormal signal, the user will be informed and 

warned for a certain period. After not getting feedback from the user for some time, an automatic 

alarm program will be activated to ensure the safety of the user. 
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