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Abstract. This paper presents the design of a bio-impedance detection analog front-end system, 

which is critical for continuous monitoring of physiological signals in the prevention and 

treatment of diseases such as coronary heart disease in the context of an aging population. The 

analog front-end system employs a capacitive-coupled chopper instrumentation amplifier with a 

fully differentially folded cascode operational amplifier as the core amplifier, and a common-

mode feedback loop is introduced to improve the common-mode rejection ratio due to the high 

requirement for noise suppression. The power supply voltage of the design is 3.3V, achieving a 

total current consumption of 45uA and a total power consumption of 0.15mW. The core 

operational amplifier provides a maximum open-loop gain of 58 dB and a -3dB bandwidth of 

8.2KHz. The power supply rejection ratio for the positive supply and ground achieved values of 

102dB and 108dB, respectively. The common-mode rejection ratio of the chopper 

instrumentation amplifier can reach 109 dB, which is critical for suppressing common-mode 

noise. 

Keywords: bio-signal acquisition, analog-front-end (AFE), instrumentation amplifier (IA), 

common-mode rejection ratio (CMRR), chopper modulation 

1.  Introduction 

Wearable medical devices have gained attention due to their potential for preventing and treating chronic 

diseases and reducing mortality, which is especially important in an aging society. Microelectronics, 

communication, and signal processing technology advancements have made physiological signal 

acquisition systems a research hotspot. These systems can acquire electrocardiogram, 

electroencephalography, electromyography, and other physiological signals in real-time for long-term 

monitoring of patients with cardiovascular diseases, epilepsy, etc. Analog front-end (AFE) is crucial in 

wearable medical devices as it collects and amplifies biological signals, and its performance determines 

the system’s signal quality.  

The front end of a bio-signal acquisition system is shown in Figure 1. The system typically consists 

of an AFE, which usually utilizes an Instrumentation Amplifier (IA) to amplify and filter the biological 

signals obtained from the electrodes. The amplified signals are then converted from analog to digital 

signals by an Analog-to-Digital Converter (ADC) for ease of subsequent processing and transmission. 
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The obtained digital signals are initially processed by a Digital Signal Processor (DSP) and then 

transmitted to the corresponding receiving device via a wireless communication module. In addition to 

the signal chain, on-chip power management modules are typically included in the system to provide 

appropriate and stable power supply to the device [1]. 

 

Figure 1. Portable biological signal acquisition system 

Biological signals typically have low frequencies and amplitudes. Figure 2(a) shows the measurable 

electrical and blood activity related signals around the human body. Figure 2(b) illustrates the frequency 

and amplitude distributions of different kinds of electrical signals in the human body [2]. However, there 

are often many low-frequency and high-amplitude interferences in the acquisition system and 

environment, such as power line coupling to the human body’s common mode interference, electrode-

generated offset voltage, and circuit noise. These challenges place high demands on the performance of 

the AFE design. 

 
(a)  

(b) 

Figure 2. Biopotential signals. (a)Human biological signal [1]; (b)The distribution, frequency and 

amplitude of bioelectrical signals[3] 

To extract high-quality signals under such conditions, the AFE of the biological signal acquisition 

system requires high input impedance, high common-mode rejection ratio (CMRR), bandpass filtering, 

low noise, and low offset [4]. In amplifier circuits, noise and power consumption are usually negatively 

correlated, meaning that amplifier noise can be reduced by increasing the amplifier current. Therefore, 

the AFE in the biological signal acquisition system needs to be carefully designed to meet the needs of 

wearable medical devices. The main content of this paper is the research and design of the IA in the 

AFE. 

In a biological signal acquisition system, the function of the IA is to amplify the electrical signal 

coupled to the front electrode, while filtering out other noise and interference within the signal frequency 

range. As biological signals have low frequency and small amplitude, and the acquisition environment 

often contains large amounts of common mode interference and electrode offset, these factors present 

challenges in the design of the IA [5].  

This article discusses the key characteristics of the capacitively-coupled chopper instrumentation 

amplifier (CCIA) in biological signal acquisition systems. These include high CMRR, low bandwidth, 

high-pass filtering, low noise, adjustable gain and bandwidth. These characteristics ensure effective 
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mitigation of interference signals, preservation of signal quality, and adaptability to diverse applications. 

The analog front-end in this paper employs a CCIA, with the core OTA utilizing fully-differential folded 

cascode. To improve CMRR, common-mode feedback (CMFB) is introduced. To reduce 1/f noise, 

chopper modulation was employed to reduce its effects. 

2.  System Structure 

2.1.  Literature Review 

IA for biological signal acquisition has been developed for several decades, resulting in various different 

topological structures. The most traditional structure is the three-op-amp IA, which was originally used 

in automation control systems and was later found to be suitable for detecting biological signals [6-8]. 

The advantages of the three-op-amp structure are high input impedance, but the disadvantages are high 

power consumption and limited CMRR. The switch-capacitor structure is an IA structure that uses 

switch capacitors [9-10]. Although switch capacitors can eliminate flicker noise in amplifiers, this 

structure can lead to noise folding effects and increase noise [11]. Toumazou proposed a current-mode 

IA in 1989, which converts signals to the current domain and achieves lower noise and power 

consumption, as well as a high CMRR of 80dB [12]. Harrison published a capacitively-coupled structure 

that uses capacitors as feedback elements and utilizes pseudo-resistance to achieve large bias resistors 

[13]. This structure has low power consumption, high gain accuracy, and is fully integrated on-chip. 

Many subsequent designs have referred to this structure. Denison proposed an IA that utilizes chopping 

modulation technology, achieving lower noise and higher CMRR of over 100dB at low frequencies [14]. 

In addition, there is a current feedback structure, which uses input and feedback transconductance 

amplifiers for feedback and has a high CM input impedance of 30MΩ and a high CMRR of 92dB [15-

16]. 

2.2.  Signal Collecting Electrode 

Electrodes are vital in acquiring biological electrical signals by converting ion flow into electronic flow 

in the circuit, and they determine the noise and performance of the system. Wet, dry, and non-contact 

electrodes are commonly used. However, for long-term wearable medical devices, dry electrodes are 

preferred. This paper focuses on simulating dry electrodes that directly contact the skin with a metal 

surface, consisting of a megohm-level resistance and a nano-farad-level capacitor in parallel [1]. 

 

Figure 3. Skin-electrode interface coupling model for biological signal acquisition 

Figure 3 shows the traditional bioimpedance measurement with four electrodes. The input of the 

reading front-end contains only information about the bioimpedance. If the measured input impedance 

is large enough, no current flows into the impedance of the sensing electrode, and the voltage input 

signal can be expressed as equations 1: 

𝑉𝐼𝑁 = 𝑍𝐵𝐼𝑂𝑍 × 𝐼𝐶𝐺 (1) 

The bioimpedance model also includes the case of a series combination of resistance and capacitance. 

The relationship between bioimpedance, coupled capacitance, resistance, and frequency in the human 

body is depicted in Figure 4. The mathematical expressions representing their relationship are as 

equations 2: 
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𝑍𝐵𝐼𝑂𝑍 = 𝑅 +
1

𝑖 ∙ 2𝜋 ∙ 𝑓 ∙ 𝐶
(2) 

   

Figure 4. Simulation plots of impedance variation with F and C changes 

In four-electrode measurements, common noise sources include BIOZ channel noise, IA noise, CG 

noise, and reference current noise. The relationship between these noises can be expressed by the 

following formula 3: 

𝑉𝑁

2
= 𝑉𝑁,𝐵𝐼𝑂𝑍

2
+ 𝑉𝑁,𝐼𝐴

2
+ 𝑉𝑁,𝐶𝐺

2
+ 𝑉𝑁,𝑅𝐸𝐹

2
(3) 

The effects of CG and reference current noise can be reduced by equipment design and proper 

electrode and amplifier selection, and the noise is normally negligible [17]. However, BIOZ channel and 

IA noise are unavoidable but can be minimized by choosing low-noise amplifiers, filters, adjusting 

electrode positions, and increasing signal amplitude. 

2.3.  Chopper Modulation 

Three identical choppers are used in the IA design. The flowchart of chopper modulation is shown in 

Figure 5(a). The input signal Vin is modulated by CHin, and is converted to a voltage by Cin and Cf. The 

demodulated signal at the original frequency is amplified and appears at the output. The offset voltage 

and flicker noise of the OTA are modulated to high frequencies by CHout, and are finally output through 

LPF. 

 

(a) 

 

(b) 

 

(c) 

Figure 5. Chopper modulation. (a) Principle of chopper modulation; (b) Input impedance of CCIA; (c) 

Structure of the chopper 

Chopping modulation greatly improves the CMRR of the CCIA but introduces chopping capacitors 

that reduce the input impedance of the CCIA, which is shown in Figure 5(b). The function of the input 

impedance as formula 4: 

𝑍𝑖𝑛 =
1

2𝑓𝑐ℎ𝐶𝑖𝑛
(4) 

However, careful circuit design and bootstrapping can mitigate this effect. Despite the reduction in 

input impedance, the benefits of improved CMRR usually outweigh this drawback. 
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The chopping circuit used in this design is shown in Figure 5(c). The chopper consists of four CMOS 

switches, combining PMOS and NMOS devices, with complementary switches to reduce charge 

injection, so that opposite charges are injected into two channels [18]. In order to ensure that Δqn cancels 

out Δqp exactly, we must ensure that (formula 5): 

𝑊𝑁𝐿𝑁𝐶𝑜𝑥(𝑉𝐶𝐾 − 𝑉𝑖𝑛 − 𝑉𝑇𝐻𝑁) = 𝑊𝑃𝐿𝑃𝐶𝑜𝑥(𝑉𝑖𝑛 − |𝑉𝑇𝐻𝑃|) (5) 

2.4.  OTA Structure 

To collect low amplitude bio-signal, the amplifier must reach high gain and CMRR. In order to constrain 

the impact of the common-mode signal, the structure of the operational amplifier normally use the 

differential input. Table 1 compares the performance of different OTA structures[18]. 

Table 1. Performance comparison of different OTA structures 

OTA Type Gain Speed VSWING IQ Noise 

Telescopic Cascode M H M L L 

Folded Cascode M H M M M 

Two Stage H M H H L 

Gain Boosted H M M H M 

Compared with the telescopic cascode structure, the folded cascode op-amp offers a larger output 

swing despite slightly higher noise. Its input and output can be shorted, and input common-mode level 

selection is easier. The telescopic cascode structure requires careful determination of the input common-

mode level, PMOS and NMOS cascode transistor gate bias voltages. In contrast, the folded cascode 

structure only needs strict determination of the latter two voltages [18]. Therefore, it’s chosen as the core 

amplifier structure of the CCIA. The structure of the operational amplifier is shown in Figure 6. 

However, the CMRR of the fully differential OTA is generally only between 20 dB and 50 dB without 

introducing CMFB, which is far from sufficient for detecting biological signals. Normally, a CMRR of 

over 100 dB is required for a good OTA. Therefore, CMFB must be introduced, and its loop is also 

shown in Figure 6. 

Vb1

Vb2

Vin_n Vin_p

Vout_n

IREF1

Vout_p

IREF2

IREF3

M1 M2

M11
M9 M10

M7 M8

M3 M4

M5 M6

M12

M13

M14

VREF

Vo,CM

Vo,CM

VCMFB

VCMFB

M15 M16

M17 M18

M19

CMFB ampFolded Cascode amp

 

Figure 6. The structure of the core amplifier 

To ensure stability, it is necessary to operate each MOS transistor in saturation region (equations 6):  

𝐼𝐷 =
1

2
𝜇𝐶𝑜𝑥

𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑇𝐻)2 (6) 

The ideal open-loop gain of this folded cascode structure without CMFB is (equations 7): 
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|𝐴𝑉| = 𝑔𝑚1

(𝑔𝑚3+𝑔𝑚𝑏3)𝑟𝑂3 (
𝑟𝑂1𝑟𝑂5

𝑟𝑂1+𝑟𝑂5
) · (𝑔𝑚7+𝑔𝑚𝑏7)𝑟𝑂7𝑟𝑂9

(𝑔𝑚3+𝑔𝑚𝑏3)𝑟𝑂3 (
𝑟𝑂1𝑟𝑂5

𝑟𝑂1+𝑟𝑂5
) + (𝑔𝑚7+𝑔𝑚𝑏7)𝑟𝑂7𝑟𝑂9

(7) 

Theoretically, the open-loop gain can reach nearly 80dB. However, the CMRR falls far short of the 

requirement. After introducing the CMFB, although the gain decreases to 58dB, it is still sufficient to 

meet the amplification requirements for the signals. 

2.5.  CCIA Structure 

The structure of the CCIA is shown in Figure 7(a). The input signal is modulated by CHin, converted 

into current by Cin , then converted into voltage on Cf , and finally demodulated back to the original 

frequency by CHfb at the output as the amplified signal. The offset voltage and flicker noise of the OTA 

amplifier are modulated to high frequencies by CHout and subsequently eliminated through LPF. The 

CCIA gain is determined by the capacitor ratio (equations 8): 

𝐴𝑉 =
𝐴0

𝐴0 +
𝐶𝑓𝑏

𝐶𝑖𝑛

=
𝐶𝑖𝑛

𝐶𝑓𝑏 (8) 

 

(a) 

 

(b) 

Figure 7. CCIA structure. (a) The structure of the instrumentation amplifier; (b) Programable 

capacitance of Cf 

Due to the wide distribution of amplitude in bioimpedance, ranging from several microvolts to 

millivolts, the input capacitor needs to be programmatically adjustable to create a programmable gain 

amplifier, allowing for the collection of a wider range of biological signals, as shown in Figure 7(b). 

The buffer connected to the output is to suppress the influence of LPF shunt current and improve the 

input impedance of LPF. 

3.  Simulation Result 

In this design, simulations were conducted using TSMC 180nm CMOS technology process with a power 

supply voltage of 3.3V. The overall current consumption of the CCIA is 45uA, resulting in a total power 

consumption of 0.15mW. The main OTA in the circuit was simulated, with the open-loop gain curve 

shown in Figure 8(a), revealing an open-loop gain of 58dB and a -3dB bandwidth of 8.2kHz, while the 

CMRR is 109dB. Figure 8(b) shows the OTA’s noise suppression capabilities, with PSRR+ of 102dB 

and PSRR- of 108dB. 
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(a) 

 
(b) 

Figure 8. OTA performance simulation. (a) Gain and CMRR simulation result (b) PSRR simulation 

result 

During the simulation of the CCIA, the chopping frequency was set to 5kHz. Figure 9(a) illustrates 

the importance of CMFB by comparing the cases with and without a CMFB amplifier. When there is no 

CMFB, the amplifier’s CMRR is only 50dB. This is because, in the absence of CMFB, due to the effects 

of transistor parameter mismatch, circuit layout, wiring, and other factors, common-mode signals can 

easily propagate and interfere, leading to an increase in common-mode gain, which in turn affects the 

value of CMRR. The transfer function of the CCIA is shown in Figure 9(b), and it can be seen that 

different transfer effects can be achieved when the input resistance Cin is set to different values. 

 
(a) 

 
(b) 

Figure 9. CCIA performance simulation. (a)CMFB simulation result; (b)Chopper simulation result 

Table 2 compares the errors of the same bioimpedance model at different detection frequencies. By 

dividing the output voltage by the gain and 𝐼𝐶𝐺, the bioimpedance can be calculated. It can be observed 

that the system exhibits small errors, which increase with frequency. This is influenced by the amplifier 

bandwidth. However, the errors still meet the requirements. 

Table 2. Comparison of bio-impedance detection 

 𝐵𝐼𝑂𝑍𝑟𝑒𝑎𝑙 (𝐾𝛺) 𝐵𝐼𝑂𝑍𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 (𝐾𝛺) Error 

10Hz 846.73 825.31 2.53% 

100Hz 157.18 153.03 2.53% 

1000Hz 15.91 15.50 2.54% 

5000Hz 3.18 3.09 2.83% 
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4.  Conclusion 

In conclusion, the analog front-end designed in this paper employs a capacitively-coupled chopper 

instrumentation amplifier, with a core OTA utilizing a fully differentially folded cascode common 

source/common gate architecture and incorporating a CMFB loop to improve CMRR. The circuit was 

simulated using the TSMC 180nm technology, with a working voltage of 3.3V, a current consumption 

of 45uA, and a power consumption of 0.15mW. The core OTA achieved a maximum open-loop gain of 

58dB and a -3dB bandwidth of 8.2KHz, with PSRR+ and PSRR- of 102dB and 108dB, respectively. 

While the CCIA’s CMRR could reach up to 109dB, the input impedance was reduced due to chopper 

modulation, which could be improved by incorporating positive feedback or other techniques in future 

work. 
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