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List of abbreviations 

AMP amplifier 

AP active potential 

ADC analog to digital converter 

BW bandwidth 

CMRR common mode rejection ratio 

CMFB common mode feedback 

CP charge pump 

CTG cardiotocography 

DER detection error rate 

DNL differential nonlinearities 

DSP digital signal processor 

DR dynamic range 

DAC digital to analog converter 

ECG electrocardiogram 

EEG electroencephalogram 

EHG electrohystrogram 

EMG electromyogram 

ENOB effective number of bit 

ETI Electrode tissue impedance 

FEA frontend amplifier 

fECG fetal electrocardiogram  

fHR fetal heart rate 
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FoM figure of merit 

IUP internal uterine pressure 

LDO low dropout regulator 

LFP local field potential 

LSB least significant bit 

MCS middle rail current sink/source 

MEA multiple electrode array 

mECG maternal electrocardiogram 

MSB maximum significant bit 

MSM mixed signal microelectronics 

NEF noise efficiency factor 

PEF power efficiency factor 

PSRR power supply rejection ratio 

REM rapid eye movement 

SAR successive approximation register 

SIP system in package 

SMI stretchable molded interconnections 

SNR signal to noise ratio 

SoC system on chip 

SPS signal processing system 

SWS slow wave sleep 

THD total harmonic distortion 
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1. Introduction 

Healthcare is changing dramatically. It used to focus essentially on curing patients who 

manifested a disease in a hospital environment. Now it is increasingly more shifting to monitor 

and improve health conditions of people who did not develop a disease yet, helping them to 

prevent diseases outside the hospital. It is also important to follow-up the patients in the home 

environment after they have been cured in the hospital. Electronics can play an important role 

to foster this shift and cut down costs, while improving the general health condition of 

population. Indeed, electronics can monitor and present to practitioner as well as to common 

people very important information on somebody’s health status. A particularly significant 

example of this is the measurement of electrical activity in the body, typically indicated with 

the general name of “biopotentials”. In this chapter a short overview of different kinds of 

biopotential measurements and their clinical applications is presented in section 1.1. Then the 

aimed application, fetal Electrocardiogram (fECG) monitoring, is motivated and the state-of-

the art of available monitoring systems is discussed in section 1.2. The main problem tackled 

in this work, which is to improve power efficiency to cut down power consumption and enable 

a wearable battery-powered fECG monitoring system for ambulatory use, is discussed in 

section 1.3.  Section 1.4 describes in detail the aim of this thesis. The scope (section 1.5), the 

original contributions (section 1.6) and the outline (section 1.7) of the thesis conclude this 

chapter. 

1.1 Overview of biopotentials and their measurement  

Biopotentials are voltage signals produced from the electrochemical activity of specific 

cells. These cells can be part of the nervous, muscular or glandular tissue [1]. 

Electroencephalogram (EEG), Electrocardiogram (ECG), Electromyogram (EMG) waves, 

neural action potentials and local field potentials are common biopotential signals that are 

recorded routinely in modern clinical practice and daily life. Let’s review some biopotential 

signals commonly used in clinical practice and their relevance to health monitoring. After that 

the fetal electrocardiogram and electrohystrogram will be introduced. 

- EEG 

Electroencephalogram (EEG) is the recording of electrical activity of the brain resulting 

from ionic currents in the brain neurons. It is usually measured with multiple electrodes placed 
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on predefined positions of the scalp. The typical voltage amplitude of EEG signal is between 

10 to 100µV when measured from the scalp. The allowed noise level is 0.5µVrms in the signal 

band of 100Hz [2] and the required dynamic range is around 40dB. 

In clinical practice, EEG refers to the recording of the brain's spontaneous electrical 

activity over a short period of time, usually 20–40 minutes [3]. EEG monitoring finds its 

application most commonly in the diagnosis of epilepsy seizures according to the 

abnormalities in EEG readings [4]. It can also be used to diagnose sleep disorders, coma, 

encephalopathies, and brain death [3]. 

Compared to the conventional bulky EEG recording equipment in hospitals, ambulatory 

monitoring of EEG is becoming increasingly more interesting and practiced, because of the 

higher user comfort and lower costs associated with it. Remote wireless monitoring of EEG 

can be used to collect data for long term independently, which helps to off-load the clinical 

personnel for more urgent matter [5] and could be enabling for applications like seizure 

detection. The use of EEG systems for ambulatory monitoring finds an important limitation, 

however, in the need for gel electrodes, which require skin preparation and intervention of 

qualified personnel. Dry electrodes would be beneficial due to their quick and easy setup. 

However, they are associated with additional challenges from the electronics point of view, 

such as the high electrode-tissue contact impedance, electrode offset and increased motion 

artifacts [6]. A successful example of an EEG monitoring headset based on dry electrodes has 

been shown in [7] – Figure 1. The low noise, high gain and high input impedance frontend 

together with low power microcontroller and radio enable ambulatory monitoring of eight 

channels EEG with high user comfort.  

 

Figure 1 EEG monitoring headset in [6] 
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- ECG 

Electrocardiogram (ECG) is the recording of the electrical activity of the heart. It is usually 

measured with electrodes attached to the surface of the chest skin. In this way electrical 

impulses generated by the polarization and depolarization of cardiac muscle can be detected 

and their waveform can be recorded. A typical ECG recording of the cardiac cycle (heartbeat) 

consists of a P wave, a QRS complex, and a T wave as shown in Figure 2. The typical voltage 

amplitude of ECG signal is between 100µV to several mV when measured with wet electrodes, 

together with the motion artifact up to 10mV. The allowed noise level is around 2µVrms in 

the signal band of 100Hz [8] and the required dynamic range is around 70dB. 

The ECG waveform can be used to measure the rate and regularity of heartbeats, as well 

as the size and position of the chambers, the presence of any damage to the heart, and the 

effects of drugs or devices used to regulate the heart, such as a pacemaker [9]. The 

interpretation of ECG waves can be used for the diagnosis of a wide range of diseases, 

including myocardial infarction, pulmonary embolism, cardiac murmurs, seizures and 

perceived cardiac dysrhythmias. 

R

Q S

P-Wave
T-Wave

PR Interval QT Interval

PR 
Segment

ST 
Segment

QRS 
Complex

 

Figure 2 An ECG signal 

An ECG wave is a common biopotential signal that nowadays is recorded routinely in both 

clinical practice and daily life. Continuous recordings can be used to build a health profile of 

patients with chronical diseases. Low-power circuits enable wearable wireless ambulatory 

monitoring of ECGs, extending its application from clinical to a wide range of lifestyle 

applications, e.g. in entertainment and sports [10]. The main challenge in portable ECG 

measurement is to improve signal quality in presence of motion artifacts while using smaller 
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electrodes distance to enable miniature portable systems. One example is shown in [11], the 

motion artifact is firstly estimated by the electrode-tissue impedance (ETI) measurement and 

then removed from the signal in digital domain. It can be observed in Figure 3 that the motion 

artifacts signal is removed effectively, making possible a reliable ambulatory recording.  

Energy efficiency of the ECG recording system is also an important feature, as it allows long-

term monitoring using small batteries. 

 

Figure 3 The raw measurement data and the filtered result in [11]  

- EMG 

An Electromyogram (EMG) is the recording of the electrical activity produced by muscles. 

EMG measurement detects the electrical potential generated by muscle cells when these cells 

are electrically or neurologically activated [12]. The typical voltage amplitude of EMG signal 

is between 10µV to 1 mV when measured with wet electrodes, together with the motion 

artifact up to 10mV. The allowed noise level is around 5µVrms in the signal band of 20 to 

1kHz [13] and the required dynamic range is around 65dB. 

Recognition of an EMG signal plays a key role in human/machine interfaces. The most 

commonly seen application is in the field of myoelectric prosthesis control [14]. Here a 

multifunction prosthetic hand is controlled by the EMG signals measured using electrodes 

placed at different sites on the forearm skin. The EMG signals measured from those recording 

sites within a timeframe form a pattern which represents a specific type of muscle contraction 

[15]. 



 

7 

 

To enhance the performance of powered prosthetic lower limbs, an implantable wireless 

EMG recording system has been developed [16]. This partly implantable system overcomes 

several undesirable aspects of the traditional implementation of myoelectrically-controlled 

prostheses, which include patient discomfort, skin irritation due to the daily placement of 

electrodes, and susceptibility to motion artifacts and perspiration. This system includes an 

implantable frontend IC including a frontend amplifier, an ADC and a transmitter. This 

implant is powered wirelessly through a coil loop which is around the circuit chip as shown 

in Figure 4. The system also includes an external circuit board including a receiver and a class-

E power amplifier that transfers power to the implant through an external coil. 

 

Figure 4 The implantable wireless EMG system in [14] 

- Neural signals  

The signals recorded by (implantable) electrode arrays into the brain are generally known 

as extracellular neural signals, and include action potential (AP) and local field potential (LFP) 

[17]. The AP is a short-lasting event in which the electrical membrane potential of a cell (e.g. 

a neuron) rapidly rises and falls, following a consistent trajectory. The LFP is an 

electrophysiological signal generated by the summed electric current flowing from multiple 

nearby neurons within a small volume of nervous tissue. The AP is up to 1mV and the LFP is 

up to 10mV measured with microelectrode [18]. The allowed noise level is around 5µVrms 

in the signal band of 20 to 1kHz and the required dynamic range is around 65dB. 
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In the past few years, implantable microelectrode arrays (MEA) have enabled the 

simultaneous recording of neural activities from a large amount of neurons with a spatial 

resolution down to that of a single cell [19]. These recordings from the cortical area of the 

brain have enabled scientists to gain insight into neural coding. Clinical trials in human beings 

illustrated that action potentials from corresponding neurons can also be translated to control 

signals, enabling control and manipulation of robotic limbs [20].  

Contrary to action potentials, local field potentials are measured with microelectrodes 

which are placed relatively far from the neurons. In this case the signal is not dominated by 

one individual cell, but rather it provides a population average of neural-cells activity. The 

obtained signal is low-pass filtered at around 300 Hz [21]. The LFP represents thus the slow 

fluctuations in the tissue, such as the synaptic and somato-dendritic currents. LFP signals find 

several applications, including sleep monitoring: with the help of LFP, two main stages of 

sleep, Rapid Eye Movement (REM) sleep and Slow Wave Sleep (SWS) can be identified [22].  

Compared to EEG, ECG and EMG monitoring systems which are developing towards 

wearable form factors, neural potential recording systems have to be implantable. This 

requires SIP (system in package) and/or SoC (system on chip) solutions enabling many 

recording channels in a miniature system. In this case, stringent requirements on the power 

consumption of the system need also to be met, in order to avoid excessive heating of the brain 

tissue.   

 - fECG  

High-risk pregnancies are becoming more and more prevalent because women choose to 

have children at progressively higher age. Nowadays, over 10% of all pregnancies are 

seriously complicated [23], resulting in rising numbers of perinatal morbidity and mortality 

(1500 deaths/year in the Netherlands alone). A fetal electrocardiogram (fECG) is the ECG 

signal of a fetal heart measured by electrodes put on the pregnant woman’s abdomen. The 

typical voltage amplitude of fECG signal is between 3 to 20 µV measured by abdomen 

electrodes, together with the motion artifact of 1mV when the mother is in low activity. The 

allowed noise level is around 0.4µVrms in the signal band of 200Hz and the required dynamic 

range is around 65dB. The details will be discussed in section 2.2.  The motion artifact can be 

as large as 10mV in long-term ambulatory monitoring, resulting in a dynamic range of 75dB.  

Regular recording of an fECG, which enables fetal heart beat rate (fHR) measurement, has 

been demonstrated to be useful for fetal health monitoring [24]. To give examples: fetal 
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tachycardia and bradycardia are signs of fetal distress due to intrauterine hypoxia; observing 

the fetal heart response to uterine contractions, which can be extracted from a non-invasive 

measurement of the electrohysterogram (EHG), is a widely used procedure to recognize fetal 

distress [25][26].  

In this thesis we will concentrate on fetal ECG monitoring as an interesting application of 

biopotential measurements. The fECG signal is difficult to measure and process due to its 

small amplitude, changing propertis and various interferences present in the measurement, 

hence its monitoring is not fully explored yet. However, the knowledge and techniques that 

are generated in this work can be easily extended to other biopotential monitoring systems. 

More details on the state of the art and challenges relates to fECG measurements will be given 

in the next section. 

- EHG 

An Electrohystrogram (EHG) is the recording of the noninvasive measurement the 

electrical activity of the muscles underlying uterine contractions. In particular, the EHG signal 

is representative of the electrical changes occurring in the cyclic depolarization and 

repolarization of the smooth muscle cells composing the myometrial. This depolarization and 

repolarization is the physiological basis of uterine contractions. The typical voltage amplitude 

of EHG signal is between 0.5mV to 10mV when measured with wet electrodes placed on 

abdomen. The amplitude largely depends on the inter-electrode distance. The EHG signal 

occupies the bandwidth of 0.1 to 1Hz. The allowed noise level is 10µVrms in the signal band 

and the required dynamic range is around 60dB. 

The EHG signal has great potential for routine uterine contraction monitoring during both 

pregnancy and delivery. It can be used for timely predictions of preterm labor and for accurate 

detection of complications like poor labor progress [26]. Moreover, the possibility of 

accurately estimating the internal uterine pressure (IUP) from noninvasive EHG has been 

demonstrated [26]. The IUP is currently the most reliable technique for uterine contraction 

monitoring. Observing the fetal heart response (can be derived from fECG signal recording) 

to uterine contractions is a widely used procedure for recognition of fetal distress. 

1.2 State of the art of fECG monitoring systems 

Hospital-based monitoring systems enable regular monitoring of fECG but would generate 

extremely high costs if they were to be used in a large percentage of pregnancies, and this 
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prevents their widespread use. Besides, their large size make ambulatory monitoring difficult, 

as they are difficult to carry around.  

There exist also state-of-the-art portable fetal monitoring systems like the Monica by 

Monica Healthcare [27], which enable home-based monitoring. Monica is based on a central 

device (AN24) which has approximately the size of a smart phone, and can be connected to 

several sticky ECG electrodes via wires. The device connects wirelessly to an enabled PC, 

notebook or tablet. It is capable of monitoring the fetal ECG, the maternal ECG and the uterine 

Electromyogram (EMG). The central device includes a processor which runs algorithms to 

extract significant features (e.g. the fetal heart rate) from the biopotential signals in real time 

before sending them out wirelessly. This product is still intended for hospital use though it 

can also be used at home by a midwife. It allows more user comfort by removing the tight 

bands needed in traditional CTG (cardiotocography, recording of the fetal heartbeat and the 

uterine contractions by non-invasive sensors), and more freedom of movement. However, its 

battery only lasts 24 hours and the use of sticky wet electrodes may cause skin irritation.  

Besides, there are long cables between the electrodes and the central device gathering the 

information. These long cables could increase the amplitude of movement artifacts and power 

line interference, they add parasitic capacitance reducing the signal to noise ratio (SNR) and 

they are uncomfortable in the practical uses. Another example of fetal monitoring system is 

the PUREtrace signal processing unit together with Graphium electrodepatch by NEMO 

healthcare [28]. This system is unobtrusive and can be used at home, however, only provides 

information on the uterine activity by recording EHG signals. Therefore future fetal 

monitoring systems should be home-based, low cost, and applicable to continuous portable 

monitoring of fECG and EHG with high user comfort [29]. The focus of this thesis is fECG 

monitoring. 

Available on the market there are some wearable monitoring systems aiming at other 

applications. The Medtronic SEEQ system includes a small ECG electrodes patch (around 

3cm*6cm) wirelessly connected to a mobile phone-size transmitter [30]. This transmitter 

sends the raw cardiac data to a staffed monitoring center. The system can work continuously 

for 30days without changing battery. Another example is the smart fitness clothing from Athos  

with embedded EMG and ECG electrodes [31]. Similar to SEEQ, all the recordings are sent 

via a mobile phone-size core device to the user smart phone or laptop. The battery life time of 

the Athos system is not disclosed. These wearable solutions are (at a system level) similar to 
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the fetal monitoring system which is the focus of this work, and they do provide interesting 

information from system architecture point of view. However, the fECG signals we are 

interested in is one order of magnitude smaller than ECG and EMG signals, thus the frontend 

for fECG monitoring should have lower noise level than that for ECG and EMG. Moreover, 

the small fECG signal is superposed with the mECG and motion artifact signals, and this 

situation requires more complex algorithms to process that fECG recorded data than the 

algorithms needed for adult ECG and EMG processing. This also has an important impact on 

the system architecture, as will be discussed in Chapter 2. 

To improve user comfort and make fetal-monitoring solutions more appealing to a large 

public, we propose in this work a patch-like wearable system which integrates electrodes, 

electronics and a battery, as shown in Figure 5. Textiles are flexible to conform to the body, 

soft, light, and easy to use. A patch together with a belt made of textiles is a more natural 

option to wear than a set of sensors attached to several cables. The commercial Ag/AgCl 

electrodes provide good signal quality and are relatively easy to place. They are also soft, so 

that they can be easily embedded into the patch. 

DSP RF

 Power management

Battery

ADC

FEA A2

A2

A2

Mux

FEA

FEA

Control 

Logic

Test channel

Mux

ADC

 

Figure 5 Proposed patch-like fetal monitoring system 

Several options are under investigation to integrate the electronics into a wearable textile 

patch. The level of integration ranges from sewing electronic interconnected modules in the 

textile garment till developing a fully textile electronic device. A first method to enable a 

comfortable wearable solution for fECG, is to solder electronics components to miniature 

Printed Circuit Boards (PCBs), which can be sewed into a garment. An example of this 
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approach is the Lilypad Arduino, which is a microcontroller board designed especially for its 

use with wearable systems. The board connection pins are holes that can be sewed into the 

fabric using conductive thread [32]. The use of flexible PCBs is also a possible approach [33]. 

However, most currently available solutions only give flexibility in one direction, and cannot 

be stretched. The use of Stretchable Molded Interconnections (SMI) has also been proposed. 

The SMI consist of standard SMD components arranged in small functional islands made of 

standard PCB and interconnected with spring-shaped copper wires manufactured on a 

stretchable substrate. In this way PCBs are kept small, and the connections between them 

remain flexible and stretchable. Another simple approach to integrate PCBs into smart 

garments is to store them in small pockets. All of the above mentioned approaches can enable 

a miniature fECG monitoring system that is wearable as a belt or a patch with high use 

comfort.  

1.3 Problem statement  

Although several technologies can be used to manufacture wearable electronics, in order 

to enable wearable fECG recording systems for ambulatory monitoring it is crucial to 

miniaturize the size of the circuit board and the battery, using e.g. a button cell. Battery size 

is especially important, as this component can contribute noticeably to the weight of the final 

solution. Limited battery size has as immediate consequence a restriction of the maximum 

average power available for the system. To give an idea of the available power budget, a 

commercial zinc-air button cell with a capacity of 620mAh (at 1.4V) can provide about 

350μW average power for three months. Ultra-low power circuit solutions are thus paramount 

to enable a wearable fECG system. Ultra-low power can be achieved with simplified systems 

having reduced performance, but this is not desirable in fECG monitoring, as the fetus health 

is the most important concern. Besides, it is often difficult to tailor the system specifications 

to allow lower power consumption (e.g. it is not possible to increase electronics noise above 

a certain level). Instead, systems offering high efficiency while keeping sufficient 

performance should be investigated and developed. Therefore our problem is to enable better 

power efficiency in the electronics (e.g. keeping the noise constant, but reducing the power 

consumption).  
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1.4 Aim of the thesis  

 The research on power minimization of the needed blocks of the fECG system (which 

include frontend amplifier, ADC, low power radio and DSP for bio-signal processing) has 

advanced in recent years, paving the way towards ultra-low power solutions. Recent advances 

employ on-body signal processing to extract the physiological information before 

transmission [27], reducing the RF transmission power to a negligible level and achieving a 

lower total consumption. Accordingly, in our system we envisage three amplification channels 

[28], a multiplexed ADC, a DSP to implement the fetal monitoring algorithms, power 

management circuitry and a radio, as shown in Figure 5. 

In this proposed system the DSP dominates power consumption, as it will be discussed in 

Chapter 2. The DSP power can be significantly reduced by simplifying processing algorithms 

and optimizing the DSP implementation. The former approach has been the main aim of 

research for our partners working in the fetal ECG project, who are specialists of biomedical 

signal processing. From the point of view of mixed-signal circuit design, as radio power is 

minimized by the use of on-board signal processing, the remaining crucial parts of the system 

are the frontend amplifiers and a multiplexed ADC [36]. The power consumption is actually 

dominated by the frontend amplifiers, as it will be discussed in better detail in Chapter 2. 

Therefore, the main aim of this thesis is to optimize the power efficiency of frontend 

amplifiers for fetal monitoring applications. Some system integration work has also been done 

including a SAR ADC and a set of power management circuitry. 

The performance of frontend amplifiers is usually compared using two figure of merits: 

the noise efficiency factor (NEF) [37] and the power efficiency factor (PEF). The NEF is 

defined in Eq.1, where Itot is the current consumption of the amplifier; Vrms is the input-referred 

in-band root-mean-square (RMS) noise level, BW is the -3dB bandwidth of the signal; Vt is 

the thermal voltage, and k and T have the usual physical meaning. The NEF describes how 

many times the noise of a system with the same current and bandwidth is higher compared to 

that of an ideal bipolar transistor using the same Itot, as shown in Figure 6.  Since only the 

current consumption is considered in the NEF, a second figure of merit, PEF, which also 

includes the supply voltage VDD as PEF= NEF2·VDD has been introduced, to allow better 

comparison of power efficiency for amplifiers with different supply voltages. 
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𝑁𝐸𝐹 = 𝑉𝑟𝑚𝑠√
2𝐼𝑡𝑜𝑡

𝜋∙𝑉𝑡∙4𝑘𝑇∙𝐵𝑊
    (1) 

VDD

AMPvrms.AMP

Itot 

VDD

Itot 

 vrms.BJT = 

 

Figure 6 Definition of noise efficiency factor (NEF) 

The theoretical lower limit of a differential pair working in weak inversion can be 

calculated as 2.02. Further improvements on NEF require advanced circuit techniques like the 

current reuse, which will be discussed in Chapter 3. Extensive circuit research in recent years 

has resulted in amplifier designs for biopotential sensing applications reaching a NEF as low 

as 1.52 [38][39] and a PEF as low as 1.1 [40]. Most of this research focuses on reducing 

current consumption to achieve a good NEF, and the impact of this type of research begins to 

saturate. Minimizing the power consumption of frontend amplifiers exploiting optimization 

in both current and voltage domain, however, is not fully explored yet.  

Moreover, most of the research on improving power efficiency has been performed under 

given signal properties (e.g. for ECG signals) and thus under fixed specifications for e.g. gain, 

bandwidth and noise level. In fECG monitoring, the signal properties change dramatically (e.g. 

more than 10 times for SNR) with gestational age, measurement direction and the movement 

of the fetus [35]. Therefore the specifications for an fECG amplifier should be adapted 

dynamically according to the actual signal properties. A system with adaptively defined 

specifications will consume less power and have longer battery lifetime in actual use 

compared to a system where specifications are defined for the worst case. Therefore, we will 

focus our research on the power optimization of fetal monitoring amplifiers adapting to the 

actual signal properties.  

Summarizing, the aim of this research is to design highly power-efficient frontend 

amplifiers for fetal monitoring applications which: 

-  optimize power efficiency in both the current and the voltage domain;   
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- optimize power consumption in the application, exploiting the signal properties of the 

fECG, i.e. enabling tunable noise and power levels while keeping excellent power efficiency.  

1.5 Scope of the thesis 

As discussed above, in this work we focus on the design of power-efficient and adaptable 

frontend amplifiers for fetal ECG monitoring. Moreover, a more complete system 

implementation, including three amplification channels and an ADC will be presented in 

Chapter 7. 

We chose to focus our research towards implementations based on commercial CMOS 

technology and, more specifically, using a 0.18µm feature size. This technology node indeed 

provides at the same time very low cost of engineering runs and excellent analogue 

performance (e.g. in terms of intrinsic gain), together with sufficient digital density and speed 

for our type of application.  

Our work focuses on front-end amplifiers, and thus adopts continuous-time signal 

processing approaches, as anti-aliasing filtering before the frontend would be cumbersome, 

and may easily result in increased electronic noise levels. 

1.6 Original contributions  

The main contribution of this work is the optimization of power efficiency in frontend 

amplifiers by applying current-reuse techniques to amplifiers with telescopic, folded-cascode 

and current feedback topologies.  

(1) A novel current-reuse telescopic topology was designed, implemented and measured. This 

single-stage amplifier achieves an NEF of 1.52, which is better than state-of-the-art two-stage 

amplifiers with current reuse [39]. This amplifier can provide similar DC gain as two-stage 

current-reuse amplifiers presented in literature [39] and allows easy (re)configuring of the 

noise level by tuning the bias current. 

(2) A novel current reuse three-channel amplifier based on stacked folded-cascode stages was 

designed and simulated. This topology enables current reuse between different channels 

exploiting a middle rail current sink/source, so that two input stages of folded cascode 

amplifiers can share the same current. More in general, this amplifier can be configured to 

provide 2 to 4 channels. The two channel version achieves a minimum NEF of 1.1 in 

simulation. 
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(3) A novel current-reuse low-voltage folded-cascode topology was designed, implemented 

and measured. This new folded-cascode topology is used to allow current reuse by driving the 

PMOS input pair and NMOS current sinks together. Moreover, the PMOS and NMOS input 

devices are biased separately and the bulk of the PMOS pair is connected to ground to achieve 

an aggressive reduction of supply voltage in the input stage. Keeping similar noise 

reconfigurability as in (1), this amplifier achieves an NEF of 1.74 and a PEF of 1.05 in the 

core. The needed power management circuitry including charge pumps and LDOs has also 

been implemented and optimized for best power efficiency.  The complete amplifier, 

including power management achieves a PEF of 1.41. 

(4) A novel current-reuse resistive feedback topology was designed, implemented and 

measured. The topology has two current paths in parallel and thus allows reuse of current in 

both the input and the output stage. The amplifier has two noise settings with optimized value 

of the feedback resistors to maximize power efficiency. The bias current of the amplifier is 

automatically adjusted to the maximum signal amplitude, which is determined by the motion 

artifacts. The amplifier, implemented as a chopping amplifier, achieves a NEF of 2.6 and an 

input impedance of 20MOhm at 4kHz chopping frequency. 

(5)  Power management circuits can contribute a non-negligible part of the total power 

consumption, and may be used to scale-down the power supply voltage to achieve better PEF. 

For this reason, a model for the optimization of power efficiency in charge pumps was 

proposed. Based on this model, a charge pump achieving a measured top efficiency of 90% 

was implemented and used in the power management circuitry of several amplifiers. 

1.7 Outline of the thesis 

After this introduction, we start in Chapter 2 with a detailed discussion of the fetal 

monitoring system. Currently available fetal monitoring systems are briefly reviewed together 

with their pros and cons. To move towards a miniature wearable solution, the system 

architecture is determined according to the analysis of system power consumption. The fECG 

signal properties are discussed and the specifications of the frontend system are derived. 

In chapter 3, 4, 5 and 6, the proposed frontend amplifiers are discussed, presenting: (1) the 

topology, (2) the circuit design/implementation and (3) the measurement results (simulation 

in chapter 4) for the four novel frontend topologies introduced in this study. In chapter 3, the 

current-reuse technique and its application to the telescopic topology are discussed, together 
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with the advantages of this approach compared to the two-stage current-reuse amplifier. In 

chapter 4, a middle rail current sink/source that allows for current reusing between channels 

is introduced. The circuit topology of the multiple channel amplifier(s) based on this current 

sink/source is then discussed in detail. In chapter 5, the current-reuse folded-cascode topology 

together with the circuit techniques that allow an aggressive downscaling of the supply voltage 

are presented. A model for the optimization of the power efficiency of a charge pump that 

enables downscaling of the supply voltage is also proposed. The resistive feedback amplifier 

with current-reuse technique is described in chapter 6. An optimization procedure to 

determine the value of the feedback resistors for high efficiency is provided, and a signal-

dependent biasing scheme is introduced. In chapter 7 the design of a frontend system is 

described, which includes the amplifier discussed in chapter 5, a 12 bit SAR ADC and a 

complete power management circuitry that allows significant power savings in the voltage 

domain. Finally, some conclusions are drawn in chapter 8. 
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2. System power analysis and specifications  

In this chapter, the system aspects of the proposed wearable fetal monitoring device are 

discussed. First the two most common architectures for biomedical signal processing: on-body 

and off-body on a central hub are introduced and the consequences on power consumption of 

the two architectural choices are discussed in section 2.1. Then the specific characteristics of 

an fECG monitoring system are analyzed in section 2.2, detailing the signal properties, the 

preferred configuration of the measurement electrodes and the algorithms used to process the 

signals.  Furthermore, the architecture of the fECG measurement system is determined in 

section 2.3 based on a comparison between estimated power consumptions in the on-body and 

off-body processing scenarios. Finally, the specifications of the blocks in the fECG frontend 

(frontend amplifier and ADC) are derived in section 2.4 based on the fECG signal properties, 

and the power consumption of these blocks is predicted. 

2.1 On-body and off-body signal processing 

The physical partitioning of a biomedical system has important implications to user 

comfort, measurement accuracy and power consumption. The focus of this work is on power 

consumption minimization and its influence on the system architecture.  

In most currently available biomedical monitoring systems, the signal from the electrodes 

is firstly amplified by frontend amplifiers, and then converted to digital domain by an ADC. 

The obtained data is then sent via a radio to a central hub which has recording, classification, 

processing and recognition abilities [41]. This central hub can be powered easily by the mains 

or a large battery since it does not need to be portable. In this scenario, the system power 

consumption is usually dominated by the radio transmission power [41] because of the large 

amount of data that needs to be sent. 

Recent advances in biomedical monitoring employ on-body signal processing to extract 

the physiological information before transmission [34]. This local on-body data processing 

together with the frontend system allows sending only physiological parameters with very 

limited bit rate (e.g. heart beat rate: 8bit, 1Hz) and hence allows significant reduction of the 

communication power. 

A successful example of on-body processing can be found in [34]: an 8-channel scalable 

EEG monitoring SoC with an on-chip seizure classification and recording processor. The 
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maximum power consumption of this on-chip processor is 260μW (calculated based on 

2.03μJ/classification for 8 channels and 128 classification/s in [34]). If all the raw 

measurement data would be sent in this system, the power consumption of the radio can be as 

high as 3.2mW according to the data rate (4kHz sampling rate, 10bit ADC, 8 channels) and 

assuming a Bluetooth Low Energy radio consuming 10nJ/bit [42]. In the same chip [34], the 

frontend including the amplifiers and ADC consumes a total power of 66μW. This example 

shows that the choice of system architecture (sending raw data or on-body processing) for 

minimum power consumption depends on the data rate, the power efficiency of the radio, the 

complexity of the algorithm used to process the data and the power consumption of the 

processor needed to implement the algorithm. These aspects will be examined in the next 

sections for fECG monitoring applications. 

2.2 fECG signal properties and processing algorithms  

The fECG is the most important signal in fetal health monitoring: it can be used to 

determine the fetal heart rate (fHR) with beat-to-beat accuracy, and also allows for analysis 

of the fECG morphology [43]. Most of the spectral energy of the fetal QRS-complex is 

contained in the 20Hz to 60Hz range [44], while the whole signal is in a band of 200Hz. The 

biopotential signals present on the abdomen of two pregnant women have been captured with 

different electrode configurations and using ultra-low noise electronics [35]. Analyzing the 

signal segments where no maternal or fetal ECG peaks are present, residual biopotential 

signals with an average peak to peak amplitude of 3µV are observed in the same signal band 

of the fECG. These signals are probably due to biopotential activity in the pregnant woman 

and can be considered as “physiologic noise” for the fECG measurement. Because of the 

presence of this physiological noise, we assume in this work that the minimum fECG peak to 

peak amplitude that can be observed with abdominal electrodes will be 3µV too (i.e. a 0db 

fECG to physiologic noise ratio). The fECG amplitude measured on the abdomen can 

typically increase up to 20µV depending on fetal position and gestational age.  

Beside the presence of physiologic noise, reliable detection of the fECG is complicated 

due to the plurality of interference sources which can be present in ambulatory abdominal 

measurements. The most prominent ones are the maternal ECG (mECG) and, even more 

important, the motion artifacts. Therefore a study has been carried out to quantify the 

amplitude of motion artifacts. Abdominal EMG from the activity of abdominal muscles, and 

electrode artifacts generated by changes in the skin-electrode interface impedance are the two 
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most important sources of artifacts during fECG measurements. Using the bi-polar electrode 

layout shown in Figure 7, a set of three recordings (along directions I, III and V) was made 

on a test person who performed tasks like walking, bending, and sitting-up. The maximum 

amplitude of artifacts in the signal band (including the electrode motion artifacts and residual 

of EMG after filtering) was found to be within 1mV. The influence of mECG and interference 

signals can be reduced to a large extent by suitable analog filtering and algorithms 

implemented in a DSP after converting the signals to the digital domain.  

The amplitude of the fECG itself strongly depends on gestational age, inter-electrode 

distance, and measurement orientation [35]. Figure 7 (b) shows an example of the influence 

of measurement direction on the SNR of an abdominal fECG. The measurement was 

performed by using a set of electrodes put on a pregnant women’s abdomen using the 

configuration shown in Figure 7 (a). In this diagram the dots represent the electrodes. The 

measurement directions, defined by an electrode pair, are indicated in Figure 7 (a) and (b) by 

the Latin ordinals I, II, III etc.. The SNR is here defined as 𝑉𝑃𝑃.𝑄𝑅𝑆
2 /8𝑉𝑛𝑜𝑖𝑠𝑒

2  [45], where VPP.QRS 

is the peak-peak value of the fetal QRS complex and 𝑉𝑛𝑜𝑖𝑠𝑒  the total integrated noise in 0.5 to 

200Hz band. The SNR of various electrode pairs can differ significantly and change over short 

time due to the movements of the fetus. Therefore, a dynamic selection of the electrode pair 

with the best SNR during the measurement is essential to obtain a reliable fECG detection. 

(a)                                        (b)

electrode

16 cm

 

Figure 7 (a) The 6 six abdomen bipolar directions used for fECG SNR measurement  (b) the obtained 

SNR of the fECG signal for a 20 minute segment 

To determine the SNR required for the fECG electronic frontend to obtain reliable R-peak 

detections, fECG signals obtained from abdominal recordings using ultra-low noise 

electronics and showing low physiologic noise were used. These signals have been filtered 
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and processed to remove the mECG (the algorithm used will be discussed later in this sub-

section). Later on, white noise has been added to the signal at different power levels, to find 

out the detection error rate (DER) of the fECG peaks at various SNR when using the algorithm 

in [46]. Figure 8 shows that, to have a DER lower than 5%, a minimum SNR of 9dB is required.  
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Figure 8 DER by the algorithm in [46] vs. SNR 

Assuming that this SNR will define the maximum acceptable noise introduced by the 

electronics, and based on the SNR definition (𝑉𝑃𝑃.𝑄𝑅𝑆
2 /8𝑉𝑛𝑜𝑖𝑠𝑒

2 ), an in-band input-referred 

integrated noise level of 0.38µVrms is required from the electronics for the minimum detectable 

fECG signal of 3µV. This noise level is indicated as “input-referred electronic noise floor” in 

Figure 9. Considering the maximum amplitude of motion artifacts (1mV), a dynamic range 

(DR) of 59.4dB should be specified for the electronic chain, as shown in Figure 9. For the 

sake of simplicity, we can assume now that a similar dynamic range will be required to 

digitalize the fECG data, and thus (at least) a 10bit ADC will be needed.  

maximum motion artifact: 

1mVPP (0.354mVrms)

minimal amplitude of 

fECG: 3µVPP (1.06µVrms)

SNR = 9dB

DR=59.4dB

input referred electronic 
noise floor 0.38µVrms

 

Figure 9 Required SNR (here defined as Vpp
2/8Vnoise

2) and dynamic range (DR) at the input of the 

fECG electronic signal acquisition chain 
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As discussed in reference [35], in the last 12 weeks of pregnancy, when the fetus is usually 

head-down, the fECG measurement direction that offers maximum SNR is typically one of 

the three shown by “direction I, II and III” in Figure 10(a). In this picture the electrodes 

defining the three bipolar fECG measurement directions are shown in dark and are placed at 

a distance of 16cm. An additional ground electrode is introduced to connect the body to the 

electric ground and reduce power line interference. This 5-electrode configuration can be 

embedded in a comfortable patch, provides typical fECG amplitudes between 3 and 20µV and 

enables also the measurement of the EHG [35]. 

 

Figure 10 (a) Electrode grid for abdomen fECG measurement and (b) combination of algorithms used 

for fECG measurement 

The algorithm for fECG monitoring described in [43] consists of three steps: maternal 

ECG (mECG) peak detection, accurate mECG estimation/removal, and fECG peak detection, 

as schematically shown in Figure 10(b) with coninuous lines. The computational complexity 

of the algorithm is usually dominated by the mECG waveform estimation. In [43], a dynamic 

mECG template is matched to the time stamps of each wave (discussed in 1.1 ̶ ECG) provided 

by the mECG peak detection. This approach minimizes the residual maternal component after 

mECG removal, enabling an accurate extraction of the fECG, but is computationally intensive 

(about 10 times more complex than the mECG peak detection alone). Alternatively, the simple 

algorithm described in [47] can be used just to evaluate the amplitude of the fECG signal. In 

this algorithm the QRS-waves in the mECG are simply blanked after peak detection, as 

schematically shown in Figure 10(b) with dashed lines, leaving a subset of fECG peaks from 

which the fECG amplitude can still be estimated. This simple algorithm consumes only about 

10% of the computational power needed for the complex algorithm in [43]. 



 

24 

 

To minimize computational power while maintaining fECG signal quality, we propose to 

run the complex algorithm [43] only on the channel with the best signal quality, which can be 

estimated based on the fECG amplitude. The largest frontend current will also be assigned to 

this channel, to minimize added electronic noise. At the same time the simple algorithm [47] 

runs on the other two channels, to monitor the fECG amplitude, helping to choose the optimal 

measurement direction. Frontend power will be kept in these channels to a much lower level, 

which is still sufficient to keep a meaningful evaluation of the fECG amplitude. In this way, 

almost 2/3 of the total system power can be saved [48]. The fECG system will dynamically 

assign the complex algorithm and minimum frontend noise (by increasing the biasing current 

of the amplifier) to the channel with highest signal quality, monitoring the signal quality 

available in the other channels with the low-complexity algorithm [47] to follow the fetal 

movements. 

Based on the information and discussion in this section, the power consumption of the 

fetal monitoring system can now be estimated, enabling a comparison between the 

conventional configuration with off-body computation and the proposed configuration with 

on-body signal processing as shown in Figure 11. 

 

Figure 11 (a) conventional system architecture and (b) proposed system architecture for a fetal 

monitoring system exploiting on-body signal processing 
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2.3 Architectural choice of the fECG monitoring system 

In the proposed system three monitoring channels will be used, and, as discussed in 

Section 2.2, we will assume a 10b ADC resolution. The sampling rate per channel is 500Hz 

(the signal band is 200Hz), in order to avoid noise aliasing with relaxed low-pass filtering 

specifications. Thus, the power consumption for transmitting all raw data can be estimated at 

150μW, using a Bluetooth Low Energy radio which requires 10nJ/bit [42]. This power level 

can be assumed to be a good approximation of the total power consumption in the scenario 

where the fECG raw data are sent to an off-body processing hub - Figure 11(a). 

The total power consumption to run the fECG algorithms in a DSP according to the 

scenario in Figure 11(b) can be estimated based on the computational complexity of the 

mECG [46] detection algorithm in terms of clock cycles per second (cc/s) and the energy 

consumption of specific DSP hardware in terms of nJ/clock cycle. This study is not included 

in the aim of the thesis, but it is mentioned here for completeness. 

The power consumption of the complete fECG algorithm is estimated based on the 

implementation of the maternal RP-detection algorithm in a specific hardware implementation 

[49]. The DSP considered is the Bio-DSP developed at Philips in collaboration with imec-NL 

[48]. The energy needed for one clock cycle operation on this hardware is known as 

55.2pJ/cycle [49]. After implementation in C language, compilation, scheduling and 

optimization for the specific hardware, the RP-detection algorithm at 128Hz data sampling 

frequency (fs) requires 4,470cc/s in simulation [49]. This corresponds to an active power (Pa) 

of 0.25µW. Therefore the total power consumption can be estimated as in Eq. 2, where Pl is 

the leakage power, which is Pl=1.35µW for the DSP considered. The total estimated 

consumption is thus PDSP=1.6µW. This value is verified by experimental measurement with 

the hardware implementation [47]. 

𝑃𝐷𝑆𝑃 = 𝑃𝑙 + 𝑃𝑎  (2) 

In the fetal monitoring system, the signal bandwidth is 200Hz and the sampling frequency 

is chosen to be 500Hz. According to the analysis in [49], the active power Pa increases 

approximately with  fs
2. Therefore, the total power PDSP in this case can be estimated as 5.2µW. 

The computational complexity (in terms of cc/s) for the mECG removal in the algorithm [43] 

(step 2 in Figure 10(b) – black lines) is about 10 times the one of the RP detection algorithm, 

while the clock cycle count for the blanking operation is negligible. Therefore, the power 

consumption of the complete algorithm in [43] (Figure 10(b) – continuous lines) can be 
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estimated to 63µW, including two RP-detection steps and one mECG removal step. The power 

consumption of the simple algorithm [47] (Figure 10(b) – stippled lines) can be estimated to 

11µW including two RP-detection steps and one mECG blanking step.  As a result, the power 

consumption needed to run the complete algorithm [43] on three measurement channels is 

63µW*3=189µW. If the complete algorithm is run only on one channel and the simplified 

algorithms [47] is used to monitor the two additional channels, as we proposed in Section 2.2, 

the DSP power consumption can be reduced to 63µW+11µW*2=85µW. This 55% reduction 

(obtained by comparing 189µW and 85 µW) in the total power consumption of the DSP makes 

the on-body processing scenario (Figure 11(b)) a better choice for what concerns power 

consumption. Indeed, in this case the radio transmission power will be negligible, assuming 

that the radio allows power-efficient data buffering. 

 Based on these estimations, the on-body processing approach helps to reduce the total 

power consumption and will be our preferred system architecture scenario. However, the 

frontend is also an important building block in the system and consumes a non-negligible 

percentage of the total power. The specifications of the frontend system, including the 

frontend amplifier and ADC will thus be discussed in the next subsection. 

2.4 Specifications of the fECG frontend  

According to the discussion in Section 2.2, the amplitude of a detectable fECG signal 

ranges from 3µVPP to 20µVPP. Based on these values together with the 9dB SNR required for 

a reliable fetal heart-beat detection rate, the maximum allowed integrated input-referred noise 

in the band from 0.5 to 200Hz is 0.38µVrms for the minimum detectable fECG signal of 3µVPP,  

based on the definition of SNR (𝑉𝑃𝑃.𝑄𝑅𝑆
2 /8𝑉𝑛𝑜𝑖𝑠𝑒

2 ). A dynamic range (DR) of 59.4dB can be 

calculated as shown in Figure 9, taking into consideration the maximum signal amplitude of 

1mVPP (i.e. 0.354mVrms). This value corresponds to a resolution of approximately 10 bit. 

The frontend system should provide the required SNR with minimal power consumption. 

The total input referred noise of the frontend system can be expressed as Eq. 3, where vin.n1 is 

the input referred noise of the frontend amplifier, vin.n2 is the one for the second stage amplifier, 

vQN is the quantization noise of the ADC, A1 and A2 are the gain of the first and second stage 

amplifier respectively. 

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑣𝑖𝑛.𝑛1

2̅̅ ̅̅ ̅̅ ̅ +
𝑉𝑖𝑛.𝑛2

2̅̅ ̅̅ ̅̅ ̅̅ ̅

𝐴1
2 +

𝑣𝑄𝑁
2̅̅ ̅̅ ̅̅

𝐴1
2∙𝐴2

2   (3) 
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Figure 12 Noise contribution from amplifiers and ADC in a frontend system 

As shown in Eq. 3 and Figure 12, because of the amplification of the first stage A1, the 

noise contributed by the second stage is negligible. The power consumption of one frontend 

amplifier can thus be estimated based on the required input noise level, a NEF of 2 (the 

theoretical value of a differential pair) and a supply voltage of 1.2V, resulting in 4.6µW. 

According to the definition of NEF, the current consumption of the amplifier increases 

quadratically with the decrease of noise. Therefore, the input referred noise of the frontend 

amplifier Vin.n1 should be specified approximately the same as the total required noise level 

(the maximal allowed noise) to minimize the power consumption. For the same reason the 

power consumption of the second stage is negligible. 

In fECG applications, the changing signal characteristics allow for a dynamic adaption of 

the input-referred-noise level of the measurement system, which mainly depends on the 

frontend amplifier, while keeping the SNR constant. The upper and lower bounds of the noise 

specification for the amplifier can then be derived by the observed fetal QRS amplitude and 

the minimal SNR for reliable fetal R-peak detection. The total in band integrated noise should 

thus range from 0.38µVrms to 2.5µVrms (corresponding to fECG amplitude of 3 µVPP to 20µVPP 

as discussed in section 2.2) in case an SNR of 9dB is required. As a result, the input-referred 

voltage noise density of the frontend amplifier can be specified from 27nV/ √Hz  to 

180nV/√Hz in a band of 200Hz. Here only the thermal noise is addressed, the 1/f noise can 

be removed as discussed in next paragraphs.  

It should be noticed that the noise from the frontend circuit has two components, namely 

the thermal noise and the flicker noise, which has a 1/f  power spectral density as shown in 

Figure 13 and is thus called “1/f noise”. This 1/f noise originates from the time-varying 

occupancy of the surface traps in semiconductor under the MOSFET oxide layer. For the 
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equivalent noise level relevant to biopotential measurements, the typical corner frequency, i.e. 

the frequency where the power density of the thermal noise is equal to the one of the 1/f noise,  

(shown as fc in Figure 13) is between 1kHz to 10kHz. Therefore it is important to remove the 

1/f noise component below fc since it is dominating the total noise in the fECG signal band 

(0.5~200Hz). The 1/f noise contribution can be efficiently canceled mainly by two circuit 

techniques, i.e. auto-zeroing and chopper stabilization.  
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Figure 13 Input referred 1/f noise and thermal noise floor of a frontend amplifier 

The concept of auto-zeroing is shown in Figure 14. There are two phases in the operation 

of the circuit. In the first phase (ɸ1), only the offset voltage and the noise is amplified and 

sampled, the obtained value is held by the sample and hold circuit. In the second phase (ɸ2),  

the signal is amplified and sampled together with the offset and noise. At the end of this phase, 

the amplified offset and noise from the first phase is subtracted from the output, leaving only 

the desired signal. The short time (usually < 0.1*1/fc) between the two sampling moments 

guarantees that there is a good correlation between the offsets and low frequency noise 

components (1/f noise) in the two samples [50], leading to an efficient cancellation. 
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Vin

ɸ2

ɸ1

VOS+vN
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Figure 14 Concept of auto-zero technique [50] 
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The concept of chopper stabilization is shown in Figure 15. There are two choppers placed 

before and after the amplifier (Figure 15(a)), which are controlled by the waveform shown in 

Figure 15 (b). The first chopper works as a multiplier, modulating the signal to the chopping 

frequency (fm in Figure 15(c)). The second chopper works as a demodulator, moving the signal 

back to the baseband. It also works as a modulator for the offset and 1/f noise components, 

modulating them up to fm. Finally, after low pass filtering, the signal is obtained back, while 

the offset and 1/f noise components are filtered out. The chopper stabilization technique is 

widely used for 1/f noise cancellation in biomedical amplifiers for its advantages (no noise 

aliasing and simplicity) over the auto-zeroing technique [50].  

Additionally, the input impedance of the amplifier should be at MΩ level to cope with the 

wet electrode impedance [51]. According to various literatures, the common mode rejection 

ratio (CMRR) and power supply rejection ratio (PSRR) should be both larger than 60dB to 

reduce 50Hz interference [52][53]. The required linearity is usually defined as 1% total 

harmonic distortion (THD) at 1mV input signal. 
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Figure 15 Concept of the chopper-stabilization technique [50] 
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The power consumption of the ADC can be estimated based on a FoM [54] for ADC 

defined by Eq. 4, where fs is the sampling frequency and ENOB is the resolution in terms of 

effective number of bits (ENOB). If a typical FoM=10fJ/step, fs=500Hz and a 10bit resolution 

(ENOB) are assumed, the power consumption is 5nW, which is negligible compare with the 

one of amplifier. The dynamic range (DR) of the ADC can be made 6dB higher than the 

required general DR without much power penalty (~10nW level) to reduce the quantization 

noise and preserve the SNR at the output of the amplification chain. Besides, the input signal 

range of the ADC should be twice (6dB DR) of the output swing of the amplification chain to 

have some redundancy for additional information (e.g. to recognize bad connection of an 

electrode when the signal from it over the usual range). Therefore, a total DR of 71.4dB will 

be required for the ADC, which corresponds approximately to a resolution of 12 bit. 

𝐹𝑜𝑀 =  
𝑃

𝑓𝑠∙2𝐸𝑁𝑂𝐵
   (4) 

2.5 Conclusion 

This chapter addressed the system aspects of the proposed wearable fetal monitoring 

device. The properties of the fECG signal are discussed. Based on this discussion, a 

combination of a complex, high performance algorithm and a low-complexity algorithm is 

proposed in order to achieve sufficient processing quality while minimizing the power. The 

system dynamically assigns the complex algorithm and minimum frontend noise (by 

increasing the biasing current of the amplifier) to the channel with highest signal quality, 

monitoring the signal quality available in the other channels with the low-complexity 

algorithm to follow the fetal movements, as shown in Figure 16. 
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Figure 16 Proposed system architeture with dynamical channel assigment 
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A system architecture with on body signal processing ability is chosen based on the 

analysis of the transmission power in case of sending raw measurement data and the 

computational power in the DSP. The specifications of the frontend system are derived based 

on the signal properties and the requirements of the algorithm to obtain sufficient signal 

quality while minimizing the power consumption. 



 

32 

 

  



 

33 

 

3. Design of a current reuse telescopic amplifier 

As discussed in section 2.4, the power consumption of the analog and mixed signal part of 

the system is dominated by the frontend amplifiers. Therefore, it is important to design 

amplifiers with high power efficiency. The performance of frontend amplifiers is usually 

compared using a figure of merit called noise efficiency factor NEF, which has been 

introduced in section 1.4 (Eq. 1). In this chapter, a current-reuse telescopic amplifier which 

achieves an excellent NEF is proposed and discussed.  

First several current-reuse techniques are discussed in section 3.1. Then the circuit 

topology of the current reuse telescopic amplifier is introduced, analyzed and compared with 

other amplifiers in section 3.2. Simulation and measurement results are also provided. The 

telescopic current-reuse amplifier is specified for two different bandwidths, 15kHz (Low 

Bandwidth–LBW) and 200kHz (High Bandwidth–HBW). This amplifier gives input noise 

floors compatible with fECG specification in both HBW mode (23nV/√𝐻𝑧) and LBW mode 

(63.8nV/√𝐻𝑧). It can also be tuned between the two modes by simply changing the bias current, 

while achieving an NEF of 1.52 in LBW mode. This feature proves the concept of a high 

efficiency frontend amplifier with noise reconfigurability that is required by fECG monitoring 

applications. In the work presented in this chapter, only the amplifier together with a 

capacitive feedback network is designed and taped out. However, this work can be extended 

to suit the fECG monitoring application with some auxiliary circuit, as will be discussed in 

section 3.5. 

3.1 Current-reuse techniques 

To improve the power efficiency of frontend amplifiers, several techniques have been 

proposed to reuse the current in multi-channel measurement applications.  

The inverter-based current-reuse technique was first proposed in the biomedical field for 

neural recording in [55]. This paper proposed the single-ended, open loop amplifier shown in 

Figure 17(a). In the core amplifier, both complementary input transistors are driven together 

as shown in Figure 17 (b). The equivalent gm is thus doubled assuming gmn equals gmp for n 

and p type transistors in weak inversion. As a result, the input-referred voltage noise power 

density is halved for a given bias current, compared to the noise of a normal single-ended 

common source amplifier, as shown in Figure 17(c). Notice that the common source stage in 
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Figure 17(c) is optimized for low noise, where gmp<< gmn. In other words, with the inverter-

based current-reuse, the current needed to achieve a certain noise level is reduced by a factor 

of 2, resulting in a theoretical limit of 1.4 for the NEF of a differential pair with current reuse 

technique based on Eq. 1 (the theoretical limited for the NEF of a simple differential pair is 

2.02 as discussed in section 1.4). This is the baseline that one can try to approximate when 

designing a frontend amplifier with current reuse technique. 
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Figure 17 (a) Single ended, open loop amplifier (b) Inverter-based current-reuse stage for the amplifier 

core (c) Single ended common source amplifier with noise optimization 
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Figure 18 (a) Differential feedback amplifier; (b) Inverter-based current-reuse, two-stage amplifier 

A differential feedback amplifier exploiting current reuse as shown in Figure 18(a) has 

been presented in [56], [57] to improve the inaccurate gain, limited linearity and low PSRR 

observed in [55].  In the work [56], the core amplifier employs a differential current-reuse 

first stage, and a second gain stage to increase the DC gain as shown in Figure 18(b). This, 
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together with the negative feedback around the core amplifier (Figure 18(a)) results in 

improved gain accuracy and linearity. The noise contribution of the second stage is negligible 

because of the gain in the first stage. The best NEF obtained with this kind of topology is to 

the author’s knowledge equal to 1.57 [39]. The stability issues related to this topology will be 

discussed in the next sub-section. 

The orthogonal current-reuse technique proposed in [58] stacks n input differential pairs 

of n folded-cascode amplifiers to form a multiple-channel amplifier and thus reuses the current 

through the input pairs. The generated 2n orthogonal output currents are then combined to 

obtain n outputs. An example of this topology when n=2 is shown in Figure 19.  

 

Figure 19 Schematic of orthogonal current reuse amplifier from [58] 

There are two layers of differential pairs from the current source on the top. The 

differential pair in the first layer is driven by the first input signal Vin1. Each of the transistors 

in this differential pair works as a current source for the two differential pairs in the second 

layer. These two differential pairs are both driven by the second input signal Vin2, generating 

four small signal currents containing the components generated by Vin1 and Vin2. By using the 

common gate stages and output stages shown at the bottom of Figure 19, these four small 

signal currents can be read out and combined to obtain 2 outputs. The described orthogonal 

current-reuse technique suffers from channel crosstalk and stability problems when increasing 

the number of channels n value, because this leads to a large splitting factor and thus to more 
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branches and a more complex combination scheme. A more detailed discussion can be found 

in [59]. 

Another current sharing technique [60] reuses one non-inverting input branch in n OTAs 

for n single ended measurement channels (measuring w.r.t. one reference) as shown in Figure 

20. The core amplifier with this technique is shown in Figure 20(a). It can be observed that, 

n+1 input branches are needed for n input signals, sharing one single branch for the reference 

voltage. As comparison, 2n such branches are needed if n input signals are amplified by n 

separate differential amplifiers. The core amplifier together with capacitive feedback 

networks is shown in Figure 20(b), where only one biasing branch is needed for the core 

amplifier, saving chip area. However, this technique cannot be applied to bipolar 

measurements, which is usually desirable for better cancelation of common mode interference 

and is common practice in fECG measurements. Besides, the trade-off between the channel 

crosstalk and NEF makes it difficult to obtain a strong NEF reduction using this technique. 

More details about this topology can be found in [60]. 
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3.2 Current-reuse telescopic topology 

A current-reuse telescopic topology as shown in Figure 21 is proposed here to further 

improve the power efficiency of frontend amplifiers and push the NEF towards its theoretical 

limit 1.4 [38]. We use complementary input pairs (M1-4) together with cascoding (M5-8) in a 

telescopic arrangement to achieve higher gain. The reduced output voltage swing, which is 

usually a concern in telescopic structures, is not a problem for biomedical signals like the 

fECG, because of the small input amplitude (maximum ~1mV with good electrode attachment) 

and the typically moderate (<40dB) closed-loop gain required from the frontend amplifier. 

The current source on the top is regulated to stabilize the common mode output level by the 

common-mode feedback (CMFB) circuit. The biasing and the CMFB circuit will be discussed 

in section 3.3. 
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Figure 21 Current reuse, telescopic amplifier 

The telescopic approach of Figure 21 can be compared to the two-stage approach of Figure 

18(b). The output noise current of the first stage in Figure 18(b) is shown in Eq. 5, while the 

output noise current of the telescopic cascode arrangement is calculated in Eq. 6, showing that 

the noise of common gate transistors M5-8 is negligible [38]. 

𝑖𝑜.𝑛𝑜𝑖𝑠𝑒
2 =

16𝑘𝑇

3
∙ (𝑔𝑚𝑛 + 𝑔𝑚𝑝)    (5) 

𝑖𝑜.𝑛𝑜𝑖𝑠𝑒
2 =

16𝑘𝑇

3
∙ (𝑔𝑚1 + 𝑔𝑚3 +

𝑔𝑚5

1+𝑔𝑚5𝑟𝑜5
+

𝑔𝑚7

1+𝑔𝑚7𝑟𝑜7
)   (6) 
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The gain of the telescopic amplifier is in the order of (gmro)2 (80dB in simulation), which 

is similar to the one provided by the two-stage amplifier. The telescopic amplifier achieves 

thus similar gain and noise as the two-stage topology. Due to the single-stage topology, 

however, the current consumption needed in the telescopic amplifier to achieve a given BW 

with good stability is smaller than the one of the two-stage solution. All these facts ensure a 

better NEF for the telescopic structure.  

The proposed telescopic amplifier has one dominant pole at the output, showing an 

inherently good stability, which is largely independent on the bias current. Therefore, by 

simply tuning the bias current from off-chip biasing, the input-referred noise of this amplifier 

can be lowered for applications like fetal monitoring (where the bandwidth is usually defined 

by a second stage amplifier) and/or to provide increased bandwidth for applications like 

magnetic sensor readouts. This can be especially advantageous in multiple channel systems, 

where the noise of the telescopic amplifier can be adjusted to suit the signal level at the specific 

recoding site (the bandwidth of the amplifier can be kept by different loading or by a second 

stage amplifier) and minimize the total power consumption. The proposed structure can also 

be used as the core of a chopped amplifier for low bandwidth applications like fECG 

monitoring, where the 1/f noise can be efficiently canceled increasing the chopping frequency 

fc beyond the 1/f noise corner frequency (BW≥10· fc is typically required for sufficient settling) 

[38]. 

In comparison, the two-stage amplifier shown in Figure 18(b) is a two-pole system. Miller 

compensation typically needs to be performed to stabilize the loop. Since the dominant pole 

is in the first stage, the second stage must consume current to keep its pole at high frequency 

and ensure enough phase margin. Furthermore, scaling of this amplifier in bandwidth or noise 

level requires different setting of Miller capacitors and resistors, which can be cumbersome 

to implement. 

A final concern of telescopic structures can be the power supply required. In principle, the 

minimum supply voltage required for the proposed current-reuse telescopic topology is the 

larger one between 2(VGS+VDS) and 6VDS. We assume here that VGS (and VDS) are the same for 

PMOS and NMOS devices. Because the minimum VDS in weak inversion is 4 times the 

thermal voltage, which is around 100mV, 2(VGS+VDS) is usually larger than 6VDS. This is the 

same minimum voltage as the one required by the two stage amplifier shown in Figure 18 (b). 
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In our 0.18µm CMOS implementation the amplifier works down to 1.0 V supply, which is 

compatible with other building blocks (ADC, RF links) in typical biomedical systems. 

3.3 Circuit design of the current-reuse telescopic amplifier 

The complete schematic of the amplifier is shown in Figure 22, including the core, the 

biasing circuit for the cascode transistors M5-8 and the CMFB circuit. The W/L ratios of the 

input pairs are designed to be 150μm/1μm and 300 μm/1μm for the NMOS pair and PMOS 

pair respectively, to make the transistor work in weak inversion and keep the 1/f noise corner 

frequency relatively low (1 kHz). The equivalent input-referred voltage noise of the cascoded 

current-reuse topology when used in a capacitive feedback loop (Figure 21 – left side) is 

shown in Eq. 7, where Camp is the parasitic capacitance to ground of the core amplifier as 

shown in the picture. 

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 =

16𝑘𝑇

3∙(𝑔𝑚1+𝑔𝑚3)
  ∙ (

𝐶1+𝐶2+𝐶𝑎𝑚𝑝

𝐶1
)

2

   (7) 

The size chosen for the input transistors is small enough to keep the parasitic Camp to 

ground small and avoid an increase in vin.noise according to Eq. 7. In this work gm1 and gm3 are 

designed approximately the same (5.5μS). C1, C2 are chosen to be 20pF and 1pF respectively 

to define a gain of 26dB and Camp is around 1pF. 

The biasing circuit (Figure 22) provides the gate voltage for the cascode devices (M5-8). 

The amplifier A1, connected in unity gain configuration absorbs the mismatch current 

between M17 and M18 at node O and keeps it at middle rail. The biasing voltages are 

generated from node A and B as shown in Figure 22.  

The common mode voltage is sensed from a fractional replica (M11-16) of the main 

branch at node M and compared with the reference by amplifier A2. When the amplifier is 

used in feedback configuration (Figure 21), the input biasing voltage (for M1-4) is the same 

as the one of the output node. Therefore in the replica branch, the gates of M11,12 are also 

connected to node M. Thereby the current sources (M10,16) are regulated to stabilize the 

common mode voltage. The replica (consuming 1/12 current of the main branch) is a fraction 

of the main branch to minimize offset. The reference voltage works as a calibration node to 

tune the output DC voltage of the amplifier. The CMFB amplifier A2 consumes 1/6 current 

of the main branch, and. the biasing branch together with A1 consumes 50nA.  
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Figure 22 Schematic of the proposed current-reuse telescopic amplifier [38] 

3.4 Measurement results of the current-reuse telescopic amplifier 

The proposed current-reuse telescopic amplifier is implemented in a standard 0.18µm 

CMOS process together with capacitive feedback, to provide a gain of 26dB. The feedback 

network, amplifier core, biasing, CMFB circuit and buffers to drive the off chip load are 

shown on the die-photo (Figure 23). The whole amplifier occupies an area of 0.16 mm2. The 

design is verified by experimental measurements. 

 

Figure 23 Die-photo of the prototype current-reuse telescopic amplifier with feedback network 

Figure 24 shows the output voltage noise spectrum measured with an Agilent 4395a 

spectrum analyzer. In the low-bandwidth mode (with 0.36µA current consumption from a 

1.2V supply), a noise floor of 63.8nV√Hz and a 1/f corner frequency of 1kHz can be derived, 
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resulting in a Vrms of 8.1µV in the signal band. Figure 25 shows the measured AC transfer of 

the amplifier. The small-signal gain is 26dB. The -3dB bandwidth is 15kHz. The linearity is 

tested by a 1kHz, 10mVpp sinusoid input signal. Figure 26 shows the output spectrum, from 

where a -67dB difference between the fundamental and the third order harmonics can be 

observed, resulting in a total harmonic distortion (THD) of 0.1%. 
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Figure 24 Measured output voltage noise density of the telescopic amplifier in low-

bandwidth mode 
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Figure 25 Measured AC transfer of the telescopic cascode amplifier for different bias 

currents 
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Figure 26 Measured output spectrum of the telescopic amplifier (in LBW mode) 

for a 1kHz, 10mVpp input signal 

From measurement, tuning the bias current, the -3 dB bandwidth of the amplifier can be 

scaled up to 200kHz (High bandwidth more), lowering the thermal noise to 23.0nV/√Hz and 

keeping a good NEF, as shown in Table 1. The power consumption is 0.43 µW and 5.76 µW 

(in the core) for the low BW and high BW modes respectively. The total power consumption 

including the CMFB and biasing circuitry is also given in the Table. In the High BW mode, 

the input devices begins to work in moderate inversion and hence the NEF is higher than the 

one in Low BW mode. 

Table 1 Noise and Bandwidth of the telescopic amplifier for different current settings 

Mode Core Power Total power Noise floor NEF BW (-3dB) 

Low BW 0.43 µW 0.61 µW 63.8nV/√Hz 1.52 15kHz 

High BW 5.76 µW 7.21 µW 23.0nV/√Hz 2.2 200kHz 

The described amplifier with capacitive feedback in Low BW mode is compared to 

previous related works in Table 2. The supply voltage (1V minimum) and CMRR are similar 

to other results. The gain reported here only includes the preamplifier, and can be easily 

increased by changing the feedback ratio (the open loop gain has been simulated to be above 

80dB). The measured NEF of this work improves previous achievements till 2013, 

approaching the theoretical limit of 1.4. A recent work [62] with multiple chopping frequency 

archives a better NEF of 1.38. 
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Table 2 Benchmark of the proposed IA with other works 

 [39] [61] [60] [55] [56] [57] [20] This work 

Year 2013 2010 2011 2007 2012 2012 2011 2013 

Power [µW] 0.73 7.56 7.92 0.81 0.8 12.1 2.1/16.6 0.43 

Supply [V] 0.45 2.8 1.8 1.0 1.0 1.0 1.8 1.2 

Gain [dB] 52 40.9 39.4 36.1 34/40 40 49/66 26 

BW [Hz] 1 - 10k 45 -5.3k 10 -7.2k 0.3 -4.7k 0.2 -5.8k 0.1-11k 350-11.7k 80 -15k 

Noise [µVrms] 3.2 3.06 3.5 3.6 5.71 2.2 5.4/11.2 8.1 

NEF 1.57 2.67 3.35 1.8 2.59 2.9 4.4/5.9 1.52 

THD [%]  

(mVinpp) 
N/A 

1% 

7.3 mVpp 

1%  

5.7mVpp 

7.1% 

1mVpp 
N/A 

1%  

1mVpp 
N/A 

0.1% 

10mVpp 

CMRR [dB] N/A 66 70.1 N/A >60 80 62 >60 

PSRR [dB] N/A 75 63.8 5.5 >70 >80 72 >80 

Process [µm] 0.18 0.5 0.18 0.5 0.18 0.13 0.18 0.18 

Area [mm2] N/A 0.16 0.063 0.046 0.070 0.072 0.03 0.16 

3.5 Extension of the amplifier for fECG measurements 

The proposed amplifier was not particularly optimized for fECG in this prototype, but can 

be extended to fulfill the specifications of fetal monitoring applications. The essential step is 

to put choppers to cancel the 1/f noise component. The choppers can be deployed in a similar 

way as [63] (Figure 27). The input signal Vin including the undesirable DC component (e.g. 

electrode DC offset) is modulated to the chopping band and then amplified. In order to create 

a high pass corner frequency to cancel the DC component, a DC servo loop is added, which 

can be implemented by an integrator, a chopper and two capacitors (C3 in Figure 27). 

This configuration can be applied to the proposed amplifier to suit the fECG monitoring 

application. An integrated noise in 200Hz band of 0.33μVrms and 0.91μVrms can be predicted 

with the amplifier in HBW (chopping at 10kHz) and LBW (chopping at 1kHz) mode 

respectively. Both noise values are compatible with the specification derived in section 2.4. 

The signal bandwidth can be limited by a second stage amplifier with a suitable capacitive 

load. 
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Figure 27 Schematic of chopper-stabilized amplifier [63] 

3.6 Conclusion 

The design and implementation of a 430nW, 63.8nV/√𝐻𝑧 current-reuse amplifier has 

been presented. The amplifier uses a single-stage current-reuse telescopic topology to achieve 

high gain and power efficiency, while allowing the amplifier to be scaled for lower noise 

and/or higher bandwidth applications. The measurement results show a NEF of 1.5, which is 

the lowest reported compared with other works till 2013, and a THD of 0.1% at 10mVpp input. 

Besides, the possibility to scale the bandwidth up to 200kHz with good NEF and to lower the 

thermal noise floor to 23nV/√Hz are confirmed by experimental results. In both modes, this 

amplifier is suited to fetal monitoring applications after adding choppers to cancel the 1/f noise. 

This design also proves the effectiveness of the inverter-based current reuse technique. 

Therefore, this technique will further be investigated in other topologies which are better 

suited for the fECG application, together with techniques that further improve the power 

efficiency in the voltage domain. 
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4. Design of a current reuse multiple channel amplifier 

In chapter 3 the design of current reuse telescopic amplifier has been presented, which 

enables an excellent NEF. Further improvement on NEF (which takes into consideration only 

the current consumption) is becoming difficult, while optimization in the voltage domain can 

still achieve significant power savings. To better compare front-end amplifiers with different 

voltage supplies, a new figure of merit, the Power Efficiency Factor (PEF) is introduced. 

Besides optimization in the voltage domain, one can also note that multiple-channel 

measurements are needed in an fECG application to guarantee reliable monitoring. Therefore, 

in this chapter, a multiple channel amplifier exploring power reduction in both current and 

voltage domain is proposed as a first design specifically tailored for the fECG monitoring 

application. 

First the design of a multiple-channel amplifier is motivated from system perspective, 

according to the discussion in section 2.4. A current sharing technique based on a novel middle 

rail current sink/source (MCS) is then proposed in section 4.1. Further, a current reuse 

multiple-channel amplifier for fECG monitoring which exploits MCS is introduced, analyzed 

and compared with state of the art biomedical frontend amplifiers in section 4.2. Simulation 

results are also provided, showing that this multiple channel amplifier can provide, reusing 

the same current, one low noise channel (input noise: 0.30µV) and two low power channels 

(input noise: 0.43µV), which suits the fECG monitoring application. The proposed amplifier 

achieves a NEF of 1.17 and 1.21 for the low noise channel and low power channel respectively. 

It also achieves a PEF of 1.37 and 1.46 for the two types of channels. Finally, it will be shown 

in section 4.5 that this multiple channel design based on MCS can be modified for EHG signal 

measurements. 

4.1 Multiple channel amplifier based on current sharing with MCS  

The NEF (section 1.4, Eq. 1) is widely used to compare the power efficiency of frontend 

amplifiers, however only the current consumption is considered in this figure of merit. A 

power efficiency factor (PEF) that also includes the supply voltage VDD is introduced in Eq. 

8 [40] to allow better power efficiency comparison for amplifiers with different supply 

voltages. This figure of merit is included in the benchmarking from this chapter onwards. 

𝑃𝐸𝐹 = 𝑁𝐸𝐹2 ∙ 𝑉𝐷𝐷  (8) 
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As discussed in 2.4, three measurement channels are needed for fECG. Moreover, for the 

proposed fECG monitoring method, different channels can have different functions, in order 

to reduce the computational complexity of the algorithm implemented in the DSP, and thus 

reduce the power consumption of the DSP. Indeed, in our proposed system, a low input noise 

is required for the channel with the best signal quality, while for the other two channels more 

input noise can be allowed. Therefore, the frontend system should include three amplifiers 

with two different noise levels to increase the power efficiency.  

The simplest way to implement multiple channel monitoring system is using several 

identical readout channels, each including one electrode pair and one amplifier. This 

configuration results in unnecessary high power consumption in channels with bad signal 

quality, where more noise can be allowed according to section 2.4. 

The techniques discussed in 3.1 can be used to implement a multiple channel monitoring 

system. However, the orthogonal current reuse technique [46] only achieves its best power 

efficiency when the number of channels is 2n, which is not the case in our fECG application. 

The current sharing technique [60], on the other hand, does not allow bipolar measurement. 

On top of this, both techniques only provide channels with identical noise levels and they 

suffer from crosstalk between different channels, which is not desirable in fECG monitoring 

applications.  

A mid-rail current sink/source (MCS) [36] enabling current-reuse among different 

channels while avoiding crosstalk is proposed in Figure 28 (a). The MCS consists of an NMOS 

and a PMOS transistor with their sources connected. The gate voltages are provided by the 

biasing branch on the left side. 

All transistors (N and PMOS) in the MCS and in the amplifiers that are discussed in the 

following sections are biased in weak inversion. To ensure that these transistors are also in 

saturation, the minimum VDS (VDS.min), for both N and PMOS, should be larger than 4 times 

the thermal voltage, i.e. about 100mV. Therefore, the voltage across the MCS (VMCS) should 

be sufficiently high (VMCS≥2VDS.min). The voltage at B1 is kept equal to Vm by amplifier A1, 

which is implemented by a simple differential pair with active load. Then the voltage at B2 is 

equal to B1 by the matching of the two 1:K scaled current branches. 
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Figure 28 (a) The proposed middle-rail current sink/source (MCS), (b) Connection of two differential 

pairs, (c) Split of the NMOS [36] 

The MCS features high impedance at both output terminals (drains). Therefore, it allows 

for connection of two independent differential pairs at both outputs as shown in Figure 28 (b): 

an NMOS pair on the top and a PMOS pair at the bottom, which are driven separately by two 

different inputs. Based on this technique, a multiple channel amplifier with current reuse 

technique for fECG monitoring applications can be implemented. 

Because the two channels provided are isolated by the MCS, in principle no inter channel 

crosstalk between the two differential signals can happen. The current sharing technique based 

on MCS is also able to provide three channels with different noise levels, namely, one channel 

with low noise level and two channels with high noise level by e.g. further splitting the NMOS 

transistor in the MCS into two as shown in Figure 28 (c). This configuration suits well the 

fECG application as discussed in section 2.4. It is also possible to split one of the two 

transistors in MCS into more than two to provide more channels. 

4.2 Current reuse multiple channel topologies based on MCS 

A current reuse folded cascode amplifier exploiting a MCS, as shown in Figure 29 (a), is 

proposed for the core amplifier in the fECG monitoring system. A complete frontend amplifier 

can be built around each channel of this core amplifier together with choppers and a capacitive 

feedback network (Figure 29(b)), as it will be further detailed in section 4.3. 

In this circuit, besides using the MCS, the current source transistors M3a,b and M7a,b are 

driven together with the input pairs M1a,b and M2a,b to reuse the current and thus double the 

effective gm. As shown in Figure 29(a), the input stages of two folded-cascode amplifiers share 
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the same bias current and the same MCS, taking advantage of the limited supply voltage 

needed for the input stage in fECG (and more in general in biomedical) applications.  
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Figure 29 (a) Proposed current reuse folded-cascode amplifier with MCS (b) Close loop chopper 

stabilized amplifier (c) The inverter based amplifier with current reuse technique [36] 

Summarizing, in the current domain, the current through the MCS is reused four times 

(twice in the two different channels, and twice in the input devices). Therefore, the equivalent 

NEF for one channel is reduced to half of the one for a single differential pair (which is called 

NEF0 in Eq. 9). More in detail, the voltage noise for one channel is reduced to 1/√2 of the 

original value because M3a,b and M7a,b are driven together with the input pairs. At the same 

time, the equivalent current consumed per channel is reduced to half because the MCS enables 

sharing the same bias for two channels. One should observe that the current in the output stage 

is typically just 5-10% of the one in the input stage of folded-cascode amplifiers for 

biomedical applications, and thus it will not substantially deteriorate the NEF. The NEF of 

each channel in the stacked current-reuse topology in Figure 29 (a) can thus be approximated 

as shown in Eq. 9: 

𝑁𝐸𝐹𝑠𝑡𝑎𝑐𝑘𝑒𝑑 =
𝑉𝑟𝑚𝑠

√2
√

2∙(𝐼𝑡𝑜𝑡/2) 

𝜋∙𝑉𝑡∙4𝑘𝑇∙𝐵𝑊
=  

𝑁𝐸𝐹0

2
   (9) 

All transistors in this design are in weak inversion and the thresholds for P and N type are 

similar in absolute value (300mV) for the 0.18μm technology that will be used to design 
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this circuit. For this reason, the gate-source bias voltage VGS is basically the same for all 

transistors. Therefore, in the voltage domain, the minimal supply voltage of the proposed 

amplifier is 4VGS+2VDS.min, namely VGS3+VGS2+VGS1+ VGS7+VMSC.min. In comparison, the 

inverter-based current reuse amplifier [39] shown in Figure 29 (c) needs a minimal supply 

voltage of 2VGS+2VDS.min (the voltage across the current source and current sink is also equal 

to one VDS.min in its implementation) but provides only one channel rather than two. 

Considering that two channels with identical noise level will be provided, the power 

consumption of these topologies can be compared in Eq. 10, neglecting the current in the 

second stage of the amplifier in Figure 29 (c) [39] and the current in the output stage of the 

proposed current-ruse multiple-channel folded-cascode amplifier. 

𝑃𝑀𝐶𝑆.𝐹𝐶

 𝑃𝑟𝑒𝑢𝑠𝑒
=  

𝐼∙(4𝑉𝐺𝑆+2𝑉𝐷𝑆)

2𝐼∙(2𝑉𝐺𝑆+2𝑉𝐷𝑆)
=

2𝑉𝐺𝑆+𝑉𝐷𝑆

2𝑉𝐺𝑆+2𝑉𝐷𝑆
   (10) 

In this formula 𝑃𝑀𝐶𝑆.𝐹𝐶  is the consumption of the amplifier with MCS and  𝑃𝑟𝑒𝑢𝑠𝑒  the 

power needed for the inverter-based amplifier in Figure 29 (c) [39]. Inserting in Eq. 10 the 

actual values of the bias voltages VGS and VDS obtained from simulation, a 20% reduction in 

power can be estimated for the amplifier with MCS compared to the current-reuse solution of 

Figure 29 (c).  

Finally, the NMOS transistor in the MCS can be split in 2 identical ones as shown in Figure 

28 (c), providing two channels above the MCS, each with half of the current. In this case two 

copies of the amplifier in the dashed block in Figure 29 (a) will be needed. This configuration 

provides one low-noise amplifier (below the MCS) and two low-power amplifiers (above the 

MCS), each using half of the current consumed in the low-noise amplifier. A more detailed 

discussion on this topology can be found in [36] and further details on the circuit design are 

given in the next two subsections.  

4.3 Circuit design of the current reuse three-channel amplifier 

The proposed three-channel current reuse amplifier is designed in a standard 0.18µm 

CMOS process. The amplifier includes one low noise channel and two low power channels. 

The schematic of the core amplifier is shown in Figure 29 (a). The W/L ratios of the input pairs 

are designed to be 480μm/0.3μm and 600μm/0.3μm for the NMOS pair and PMOS pair 

respectively to make the transistor work in weak inversion. This maximizes the gm/ID and 

together with the bulk biasing (connecting to ground) of PMOS pair allows a low supply 
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voltage (only 1V is required), minimizing power consumption. The complete schematic of the 

MCS is shown in Figure 30, where K=10. The ancillary amplifier A1 is implemented with a 

differential pair with active load, which consumes 50nA comparing to 220nA in the biasing 

branch and 2.2μA in the main branch. 
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Figure 30 Complete schematic of the MCS [36] 

As discussed in section 3.5, chopper stabilization needs to be built around the core 

amplifier to cancel the 1/f noise components. There are two possible configurations for the 

chopper-stabilization as shown in Figure 31. In (a), the chopper is at the input of the capacitive 

feedback network, which helps to cancel the 1/f noise, the DC offset of the amplifier and 

increase CMRR/PSRR. In this case, the input capacitor C1 is working around the chopping 

frequency, resulting in low input impedance. Topology (b) has its choppers around the AMP. 

This topology can achieve higher Zin than (a) since C1 now works in the signal band. However 

it suffers from a limited CMRR, which depends on the matching of the C1 capacitors. In fECG 

monitoring application, wet electrodes are used for better signal quality. Since the equivalent 

impedance of the electrodes is low (~20kOhm), a relatively low input impedance (MOhm) is 

acceptable. On the other hands, a high CMRR is desirable to cancel the power line interference.  

Therefore, the configuration in (a) should be chosen. Besides, a DC servo loop is needed to 

create a high pass filter that cancels the modulated electrode DC offset and part of the motion 

artifacts, to prevent saturation of the amplifier. One servo loop is needed for each recording 

channel as shown in Figure 32 (a) and (b). 
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Figure 31 Two possible configurations for chopper-stabilization 
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Figure 32 (a) Block-diagram of the three-channel core amplifier discussed in section 4.2 

(b) The DC servo-loop used to build a recording channel 

4.4 Simulation Result of the current reuse three-channel amplifier 

The performance of the proposed amplifier is tested by simulations. The periodic AC 

(PAC) simulation result is shown in Figure 33. The small-signal gain is 50dB, including a 

second stage amplifier which provides 18dB gain. The high pass corner frequency is 0.2Hz, 

which is realized by a DC servo loop similar to [10], while the low pass corner frequency is 

120Hz. The periodic (with chopping) and AC (without chopping) noise simulation are shown 

in Figure 34 with solid lines and dashed lines respectively. The 1/f noise is effectively 

cancelled by chopper stabilization at 8kHz. The input-referred noise density for the low noise 

channel is 27nV/√Hz and for the low power channel it is 38nV/√Hz. The output waveform 

and spectra of the fECG channel are given in Figure 35. The total harmonic distortion (THD) 
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is tested by a 2mVpp input sinusoidal signal. The dominant harmonic is 50dB below the 

fundamental and the THD is 0.5%. 

fECG Channel 
Gain=50dB

BW = 0.2~120Hz
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Figure 33 PAC simulation of the current reuse 

multiple channel amplifier in low noise mode  

Figure 34 PAC and AC noise simulation of the 

current reuse multiple channel amplifier [36] 
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Figure 35 The output waveform and spectra with a 2mVpp sinusoid signal at the input [36] 

The simulated performance of the proposed three-channel amplifier is compared to 

previous related works in Table 3. Since one low noise channel and two low power channels 

(each with half current) are provided, the equivalent current consumption from the supply is 

1.25µA and 0.63µA, respectively. Therefore, the equivalent NEF per channel is calculated to 

be 1.17 and 1.21 for the low noise and low power channel. Both values are close to the 

theoretical limit (improved by current reuse and MCS) mentioned in section 4.2 with 

NEF0=2.02 (Eq. 9). The power efficiency should be considered in terms of PEF. For this figure 
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of merit, the proposed design achieves a value of 1.37 for the low noise channel and 1.46 for 

low power channel compared to 1.12 for the state-of-the-art [39]. 

Table 3 Comparison of the proposed frontend with other works 

 [39] [61] This work (simulation) 

Power [µW] 0.73 7.56 2.5 

Supply [V] 0.45 2.8 1.0 

Gain [dB] 52 40.9 32 (+18*)  

BW [Hz] 1-10k 45-5.3k 0.2 -120 

Noise [µVrms] 3.2 3.06 0.30/0.43 

NEF 1.57 2.67 1.17**/1.21** 

NEF2·VDD 1.12 19.9 1.37**/1.46** 

THD [%] N/A 1% @7.3mVpp 0.5%@2mVpp 

Technology  0.18 µm 0.5 µm 0.18 µm 

     *  from a second stage amplifier 

     **Equivalent value for one channel (calculated by the equivalent current) 

Compared with the dual supply voltage frontend system [39] with 0.45V supply for the 

frontend amplifier and 0.9V for the second stage amplifier (because of the large output signal 

swing), no power management circuitry performing DC/DC voltage conversion is needed in 

the proposed topology, reducing complexity and chip area. Implementation of the proposed 

topology in a dual-well process would give a better power efficiency, as the bulks of both 

PMOS and NMOS input pairs could then be connected to suitable bias potentials to reduce 

their VGS and thus the supply voltage. 

4.5 Extension of the multiple channel amplifier for EHG measurement 

The multiple channel folded cascode topology based on MCS can also be used for EHG 

measurement, where four to eight channels with identical noise performance are usually 

required [35]. The proposed topology, in an embodiment providing four channels, is shown 

in Figure 36. The MCS is shared by the NMOS and PMOS differential pairs in the same way 

described in section 4.2. For simplicity, only the PMOS part is shown in Figure 36 (the part 

in the left block should contain the N-type version). 

Comparing to fECG signal, the amplitude of EHG signal is much larger (~1mV), allowing 

higher noise from the frontend amplifier (~10µV). Therefore, instead of  implementing the 

mailto:0.5%25@2mVpp
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current-reuse technique with complementary input devices, on each side of the MCS, two 

input differential pairs are stacked and the second-layer differential pair is split into two sub 

differential pairs (M21a,b and M22a,b in the PMOS part), generating four signal currents that flow 

into the four folded cascode branches. According to the orthogonal current-reuse technique 

described in section 3.1, these four signal currents can be mirrored and combined to obtain 

the two output voltages in the way described in [59]. In this arrangement, the current through 

MCS is also reused four times for four different channels. The minimal voltage required by 

this topology is 2𝑉𝐺𝑆 + 4𝑉𝐷𝑆 or 8VDS, which is lower than the above mentioned topology for 

fECG. 
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Figure 36 Proposed current reuse folded-cascode amplifier for EHG [36] 

Compared to the orthogonal current-reuse technique in [59], the proposed topology can 

provide the same number of channels with less stacked input pairs. Considering that four 

channels should be provided, four differential pairs need to be stacked in [59], and thus 16 

orthogonal output currents will be generated and combined to obtain four outputs as shown in 

Figure 37.  According to [59], the rise in the number of differential pairs that is stacked results 

in a rise in the crosstalk from up-stream pairs (i=1) to down-stream pairs (i=4). The proposed 

topology can provide 4 channels with 2 differential pairs stacked on each side of the MCS and 
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thus only 4 split output branches are needed. As a result the proposed topology provides 

current saving and reduces complexity. 
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Figure 37 Comparison of the proposed topology exploiting MCS (top) with the orthogonal current 

reuse topology in [59] (bottom), in the case of four channels 

4.6 Conclusion 

A current reuse three-channel amplifier for fECG recording is presented in this chapter.  

Exploiting the MCS circuit, the proposed amplifier topology can reuse the current four times 

from a single supply voltage of 1V, while avoiding the crosstalk problems typical of the 

orthogonal current-reuse approach. The frontend amplifier for fECG is designed taking the 

requirements of the fECG application into consideration and is able to provide one low-noise 

channel and two low-power channels. Effective NEF of 1.17 and 1.21 are achieved for the 

low noise channel and low power channel respectively, both of which are better than the state 

of the art according to our knowledge; also, PEF of 1.37 and 1.46 are achieved for the two 

types of channels. The possible extension of the proposed multiple-channel topology for EHG 

signal measurement is also presented. This version of multiple-channel amplifier is able to 

provide four recording channels with identical noise levels. 
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5. Design of current-reuse low-voltage folded cascode amplifier 

The current-reuse multiple-channel amplifier discussed in chapter 4 can provide three 

channels with excellent power efficiency. However, according to the discussion in section 2.2, 

for the fECG processing algorithms one amplifier with a noise level of 0.3μVrms and two 

amplifiers with a noise level of 1μVrms should be provided. Assuming the same NEF, the 

current consumed in the low power amplifier should be 10% of that in the low noise amplifier 

[64]. The current in the two low power amplifiers (above the middle-rail current sink/source 

MCS) described in section 4.3 is, on the contrary, always 50% of that in the low noise 

amplifier, hence the noise levels of the three channels cannot be tuned individually. This 

results in unnecessary high power consumption at system level. Therefore, an amplifier with 

high power efficiency which allows for individual tuning of the noise level in each channel 

would be the most suitable choice for our fECG application. In this chapter, a novel current-

reuse low-voltage folded-cascode amplifier is suggested.  

First the current-reuse low-voltage folded-cascode topology for fECG monitoring is 

introduced in section 5.1 and analyzed. The circuit design including the core amplifier, the 

capacitive feedback network and DC servo-loop is described in section 5.2. In the following 

section (5.3), the design of the power management circuitry that generates all needed supply 

voltages for the low voltage amplifier is discussed with focus on the power efficiency. Then, 

the proposed current reuse low voltage topology from this chapter is compared in chapter 5.4 

with the current reuse multiple channel topology that was described in Chapter 4. The 

simulation results show that the proposed low voltage topology offers better power efficiency 

while providing one low-noise and two low-power channels, as needed in the fECG 

monitoring application. Finally, measurement results from an IC implementation of the low-

voltage topology are illustrated. In the low-noise mode, the input-referred noise in the signal 

band is 0.34µVrms, while in the low-power mode, it is 1.01µVrms. The amplifier core consumes 

1.17µW (NEF=1.74, PEF=1.05) and 0.30µW (NEF=2.04, PEF=2.50) for the two settings 

respectively. The whole circuit including power management consumes 1.56µW (PEF=1.41) 

and 0.52µW (PEF=4.33) in the two modes. The amplifier is also validated with adult ECG 

and pre-recorded fetal ECG measurements. 



 

58 

 

5.1 Current-reuse low-voltage folded-cascode topology 

The proposed low-voltage current-reuse folded-cascode topology is shown in Figure 38. 

The current reuse technique is still exploited as the NMOS and PMOS pairs are driven 

together. The MCS is not used: instead, power management circuitry including charge pumps 

and LDOs (low dropout regulators) is employed to scale down aggressively the supply voltage 

VDD1 for the input stage of the folded-cascode amplifier, saving power. This scaling down will 

not deteriorate the linearity, since distortion is mainly generated in the output stage, where a 

higher supply VDD2 is used. 
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Figure 38 The proposed current reuse low voltage folded cascode amplifier 

In order to further reduce the supply voltage in the input stage, the biasing voltages of the 

NMOS pair M7a,b and the PMOS pair M1a,b are provided separately. This method reduces the 

theoretical value of the minimum supply voltage for the input stage from 2VGS +VDS.min to 

3VDS.min. Besides, the bulk terminals of both PMOS input transistors M1a,b are connected to 

ground to reduce VTH, avoiding the need for a negative voltage to bias their gates. As a result, 

VDD1 can be as low as 0.3V. The simulated value of leakage current from the PMOS wells 

connected to ground is negligible, being below 10pA.  

Compared with the two-stage amplifier in Figure 39 (a) [39], the proposed low-voltage 

current-reuse amplifier has only one dominant pole at the output, providing good stability 

when used in closed loop. The two stage amplifier with two poles is usually compensated by 
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exploiting the Miller effect, which makes the pole at the first stage dominant. This may result 

in an increase in current needed in the second stage to provide enough phase margin. 

Compared to the telescopic amplifier with current reuse in Figure 39 (b) [38][13], the low-

voltage topology allows 3VDS.min supply on the main current path, which is typically 50% of 

the minimum supply (2VGS+2VDS.min) required by the telescopic topology. The noise tuning is 

realized by changing the bias current of the input stage of the proposed amplifier. The 

comparison to the multiple channel topology in chapter 4 is given in section 5.4.  
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Figure 39 (a) The two stage topology with current-reuse; (b) the telescopic topology with current-reuse 

5.2 Circuit design of the current reuse low voltage amplifier 

As shown in Figure 38, the complete schematic of the amplifier includes the core, the RC 

biasing circuit for the input transistors M1a,b/M7a,b and the CMFB circuit. The W/L ratios of 

the input pairs are designed to be 200μm/0.5μm and 500μm/0.5μm for the NMOS pair and 

PMOS pair respectively, to make the transistors work in weak inversion. The common mode 

feedback circuit is implemented with two pseudo-resistors made with PMOS transistors in 

series as shown in Figure 38, which provides 10GOhm simulated resistance. In the CMFB 

loop, the dominant pole is defined by these pseudo-resistors and the parasitic capacitance at 

the gate of M10. The supply voltage of the amplifier is designed at 0.3V for the input stage 

(VDD1) and 0.6V for the output stage (VDD2). For these supply voltages the simulated 

maximum differential output swing of the amplifier reaches 530mV.  

Since the biasing voltages of the NMOS pair M7a,b and the PMOS pair M1a,b are provided 

separately, two capacitive feedback networks (with C1=48pF, C2=1.06pF, Cm=2pF) are 
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required in closed loop configuration, as shown in Figure 40. A 1.2V supply is used for the 

amplifier in the DC servo loop to enable there a large output swing and decrease the size of 

Cm. The power management circuitry that performs voltage conversion will be discussed in 

section 5.4. 
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Figure 40 The amplifier with feedback network and DC servo loop 

Chopper stabilization is used in the low-voltage amplifier to cancel 1/f noise. The choppers 

are implemented by transmission gates. A DC servo loop is needed to create a high pass filter 

that cancels the modulated electrode DC offset and prevents saturation of the amplifier. The 

relation between the maximum DC offset (VDEO) that can be cancelled and the voltage swing 

of the amplifier in the DC servo loop can be expressed as VDEO·C1= Vint.·Cm, where Vint is the 

maximum output voltage of the integrator in the DC-servo loop, C1 is the input capacitor and 

Cm is the capacitor connected to the servo loop as shown in Figure 40. The ratio Cm/C1 should 

be made large enough to provide sufficient VDEO cancellation (e.g. 50mV). However, the 

overall input referred noise of the amplifier increases with the ratio Cm/C1 as shown in Eq. 11.  

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 = (

𝐶1+𝐶2+𝐶𝑚

𝐶1
)

2

∙ 𝑣𝑎𝑚𝑝.𝑛𝑜𝑖𝑠𝑒
2    (11) 

Therefore, a relatively high supply voltage (1.2V) is chosen for the amplifier in the DC 

servo loop in order to increase Vint. In this way, the ratio Cm/C1 can be kept as small as 1/24, 
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tolerating VDEO up to 50mV, and in meanwhile avoiding significant increase of the input 

referred noise level. 

The schematic of the amplifier in the DC servo loop is shown in Figure 41. Since the 

output common mode voltage of the main amplifier is around 0.3V, a PMOS input pair is 

used. The first stage and the second stage use both diode-connected loads. Their outputs drive 

a push-pull output stage to achieve rail to rail output swing and increase Vint. The amplifier 

has only one dominant pole at the output stage. The common mode feedback (CMFB) is 

applied to the output stage. The current ratio between the CMFB branch and the main branch 

is 1:3 (Figure 41), to reduce the gain of the open loop transfer function of the CMFB and 

improve stability, while keeping the current consumption low. The whole servo-loop amplifier 

consumes only 150nA.  
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Figure 41 Amplifier in the DC servo loop 

5.3 Circuit design of the power management unit 

The power management circuitry performs on chip all voltage conversions needed for the 

proposed low-voltage current-reuse amplifier including the DC-servo loop. The design goal 

is to maximize power efficiency. According to the block diagram in Figure 42, the circuitry 

includes two 1/2 step-down charge pumps and three LDOs. Three supply voltages are 

generated for the frontend amplifier (input and output stage of the folded-cascode gain stage) 

and the DC-servo amplifier. A minimum input supply voltage of 1.4V is required to allow 

enough dropout voltage in the LDOs. 
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Figure 42 Scheme of the power management circuitry 

The power efficiency of charge pumps is analyzed and optimized. The three main 

contributions to the losses in a charge pump are [65]: (1) charge redistribution losses (PRL) 

that are inversely proportional to the switching frequency fsw; (2) conduction losses from the 

switches (PCL) that are frequency independent; (3) switching losses from switches, switch 

drivers and from the parasitic capacitance at the bottom plate of the capacitors (PSL) that are 

proportional to fsw. A modified version of the model in [66], which includes also the switching 

losses PSL and models all power losses by the output impedance Ro (Figure 43), is used to 

optimize the power efficiency of the charge pumps. The qualitative behavior of Ro for varying 

switching frequency is plotted in Figure 43 (black curve). Due to the sum of the different loss 

contributions, the minimum Ro (and thus the optimal efficiency of the charge pump) can be 

expected at medium frequencies, where the conduction loss is dominant. As shown in Figure 

44, a two-phase implementation of a simple parallel-series topology including two flying 

capacitors (Cf) is chosen for its good efficiency and low ripple in this region [67]. 

The power efficiency of the charge pump is maximized following a suitable optimization 

procedure, which exploits the proposed model of all losses (based on [66]). First, the 

maximum total on-chip capacitance Ctot= Co+2Cf is fixed because of the limited chip area. 

Second, the maximum allowed amplitude of the output voltage ripple Vrp is specified. 

Accordingly, the minimum fsw can be obtained based on Ctot, Vrp and the load current: fsw = 

Iload/(2Ctot·Vrp) because in this topology, there is a charge transfer twice per period. In order to 

reduce the conduction losses, the width of the switches can then be increased, reducing the 

on-resistance. As shown by the dashed curve in Figure 43, this will result in the increase of 
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the switching losses, since the capacitance of the switches increases with their width, and a 

decrease of the conduction losses. The minimum loss is achieved when the corner frequency 

between conduction and switching losses equals the minimum fsw calculated before. A 

Matlab® model is implemented to verify the calculation results. The LDOs are designed for 

minimum voltage dropout and minimum current consumption in the loop amplifier. The 

reference voltages for LDO are generated off-chip. 

RO

fSW

1            n

+

 

+

 

Vin Vo
RLRO

RRL RCL RSL

Ropt.

Increasing the
width of switchers

 

Figure 43 The model of a charge pump and its output resistance Ro 
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Figure 44 (a) The schematic of the chosen ladder charge pump with Cf =100pF and C0=25pF and (b) 

equivalent circuit in two phases (P1 and P2) 
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5.4 Comparison of the multiple channel amplifier and low voltage amplifier 

The proposed low-voltage amplifier topology suits the fECG application better than the 

multiple channel current-reuse amplifier described in Chapter 4 since it allows individual 

tuning of the noise in each channel of the system. As discussed before (chapter 1.4), the NEF 

is widely used for comparison of the power efficiency of frontend amplifiers, however only 

the current consumption is considered in this figure of merit. A power efficiency factor (PEF) 

that also includes the supply voltage VDD is introduced as PEF= NEF2·VDD, to allow better 

comparison of power efficiency for amplifiers with different supply voltages. For an amplifier 

with multiple supply voltages, the definition of PEF as given in chapter 1.4 is less useful; 

therefore, we suggest to calculate the PEF then as in Eq. 12, where Itot is the total current 

consumption used to calculate the NEF, and Ptot is the total power consumption of the circuit 

considered. 

𝑃𝐸𝐹 = 𝑁𝐸𝐹2 ∙
𝑃𝑡𝑜𝑡

𝐼𝑡𝑜𝑡
   (12) 

According to the discussion in section 2.2, the fECG system should be provided with one 

channel with 0.3µVrms noise level and two channels with 1.0µVrms noise. The power efficiency 

of the proposed low-voltage topology and the multiple channel current-reuse topology can 

then be compared in Table 4 based on simulation results. In this Table the core power per 

channel is the power consumed by the closed-loop amplifier (including DC servo) tuned to 

the specified channel noise level, and results in a core NEF/PEF per channel. The core power 

of all channels is the total power consumed by the two closed-loop amplifiers in low-power 

mode and one in low-noise mode. The total power for all channels is the total power of the 

three amplifiers together with the power management circuitry. 

As it can be seen in Table 4, in both modes the multiple channel current-reuse amplifier 

achieves a better NEF than the low-voltage topology, because the current is reused four times. 

However, the low-voltage current-reuse topology achieves lower PEF in low-noise mode 

because of its lower supply voltage (0.3V) in the input stage compared to the 1.0V supply 

needed for the multiple channel current-reuse amplifier. 

When providing three channels with the different noise specifications described above, the 

total core power of the low-voltage amplifiers is less than 50% of the core power consumed 

by the multiple channel amplifier. This is because the proposed topology allows individual 

tuning of the noise level in each channel, while the multiple-channel topology fixes the 

relation between the noise level in the low-noise channel and that in the low-power channels. 
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When the power consumed in the power management circuitry is included in the simulation 

of the low-voltage amplifiers and one LDO (1.2 to 1.0V) is included for the multiple-channel 

amplifier, the simulated total power of the fECG system based on the low-voltage amplifiers 

is still 37% lower than the one exploiting the multiple-channel amplifier. 

Table 4 Simulation results of the frontend system 

* includes one low-noise channel and two low-power channels 

5.5 Measurement results of the current reuse low voltage amplifier 

The proposed low-voltage chopper-stabilized amplifier (shown in Figure 38, Figure 40)  

is implemented in a standard 0.18µm CMOS process together with the power management 

circuitry. The amplifier stage, capacitive feedback network, the DC servo loop, the charge 

pumps, LDOs and buffers to drive the off-chip load are shown on the die-photo (Figure 45). 

The chip occupies an area of 1.7 mm2. The performance of this design is verified by suitable 

measurements. 

               Topology & mode                                  

 

 

 

Performances 

Low-voltage amplifier 
Multiple-channel amplifier 

(Chapter 4) 

Low-noise 

channel 

Low-power 

channels 

Low-noise 

channel 

Low-power 
channels 

Current Supply Current Supply Current Supply Current Supply 

Input stage 3.1µA 0.3V   0.35μA 0.3V   3.1μA 1.0V 1.55μA 1.0V 

Output stage 50nA 0.6 V   50nA 0.6 V   50nA 1.0V 50nA 1.0V 

DC-servo amplifier 150nA 1.2 V   150nA 1.2 V   150nA 1.0V 150nA 1.0V 

Noise level 

(in  band of 180Hz) 
0.32μVrms 1.0μVrms 0.32μVrms 0.47μVrms 

NEF of channel  1.66 2.12 1.17 1.24 

Core power per channel 1.14µW 0.31µW 1.65µW 0.98µW 

Core PEF per channel 0.95 2.79 1.37 1.54 

Core power of all channels* 1.76µW  3.60µW 

Total power for all channels 2.72µW 4.32µW 
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Figure 45 Die-photo of the prototype amplifier 

      - Electric characterization   

Figure 46 shows the measured AC transfer of the amplifier obtained with an Agilent 

35670A signal analyzer. The small signal gain is 33dB (45V/V). The -3dB bandwidth is 

0.7~182Hz. The linearity is tested by a 45Hz, 2.3mV sinusoid signal generated by an Agilent 

33250A function generator, obtaining a 1.5% total harmonic distortion (THD). The obtained 

output spectrum is shown in Figure 47. The second and third harmonic components are 

respectively 41dB and 50dB lower than the fundamental. 

Figure 48 shows the output noise spectrum. The noise performance of the amplifier is 

measured for two power settings. In the low-noise high-power mode, the chopping frequency 

is 4kHz and an output thermal noise of 1.1µV/√Hz is measured, corresponding to an input-

referred noise of 24.4nV/√Hz. An integrated noise Vrms of 0.34µV in the signal band (0.7 to 

182Hz) is calculated. In the high-noise low-power mode, the chopping frequency is 400Hz 

(because of the lower 1/f noise corner frequency) and an output thermal noise of 3.3µV/√Hz 

is measured, corresponding to an input-referred noise of 73.3 nV/√Hz. An integrated noise 

Vrms of 1.01µV in the signal band (0.7 to 182Hz) is calculated. It can be observed that the 1/f 

noise component is effectively removed by the chopper-stabilization. Some 50Hz interference 

can be observed in the measured noise spectra. The amplifier core consumes 1.17µW 

(NEF=1.74, PEF=1.05) and 0.30µW (NEF=2.04, PEF=2.50) for the two settings, while the 

whole circuit including power management consumes 1.56µW (PEF=1.41) and 0.52µW 

(PEF=4.33) in the two modes. 
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Gain: 33dB

-3dB bandwidth: 0.7-182Hz

 

Figure 46 Measured AC transfer of the amplifier in low noise mode 

Frequency (Hz) 
101                                                                 102

10-1 

10-2

10-3

10-4

10-5

41dB  50 dB  

 

Figure 47 Measured output spectrum of the amplifier for a 2.3 mV 45Hz signal in low noise mode 
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Without Chopping

With Chopping

(b) 

 

Figure 48 (a) Output noise spectrum in low-noise mode. (b) Output noise spectrum in low-power mode 

The two charge pumps (CP1, 2) are measured at 5µA current load, which is the total load 

expected in the system with two low-power and one low-noise channel. The efficiencies of 

CP1 and the cascaded CP1/CP2 are plotted in Figure 49 (a) as a function of the switching 

frequency. At low frequencies PRL dominates, and the efficiency increases with fsw; at high 

frequency PSL dominates, and the efficiency decreases with fsw; as foreseen in the design phase, 

the efficiency reaches a maximum around 100kHz, where PCL dominates. In Figure 49 (b), 

the measured efficiency of the charge pumps at different load conditions is plotted at the 

chosen fsw=100 kHz. Peak efficiencies are 90% for CP1 and 83% for the cascaded CP1/CP2. 

The overall efficiency of the power management circuit supplying one low noise and two low 

power channels is measured to be 68.1%. This figure is calculated as the total output power 

divided by the input power, including the LDOs. 

(a) (b)
CP1 CP1/2 cascaded CP1 CP1/2 cascaded 

 

Figure 49 The efficiency of charge pumps for different fsw (a) and load conditions at fsw=100kHz (b) 
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      - Biologic measurements  

The proposed low-voltage amplifier is validated measuring an adult ECG in a lab 

environment with commercial Ag/AgCl wet electrodes. With two electrodes placed at only 

3cm distance on the chest, an ECG signal of 45-50mVpp is measured at the output of the 

proposed amplifier (corresponding to an input amplitude of ~1mVpp), setting the amplifier in 

low-power mode. The result in Figure 50 shows a clean ECG waveform.  

 

Figure 50 Measured adult ECG signal output with Ag/AgCl electrodes 

The amplifier is also verified with pre-recorded signals measured in the 26th week of 

pregnancy with the electrode configuration of Figure 10 (a). This signal is replayed by an 

Agilent arbitrary waveform generator 33250A and suitably attenuated to obtain the correct 

signal amplitude expected at the input of the chip. In this experiment, the maternal ECG 

(mECG) has indeed 80µVpp amplitude, and the fECG amplitude is 5µVpp, as shown in Figure 

51 (a). An off-chip amplifier INA217 is used to provide 20dB additional gain after the IC and 

the signal is subsequently digitized with an oscilloscope and processed on a PC using Matlab®. 

In this way the quantization noise of the oscilloscope is made negligible. The resulting signals 

(input referred) are shown in Figure 51 and Figure 52. The positions of the detected mECG 

and fECG peaks are annotated. The waveforms in Figure 51 (b) and (c) are measured with the 

amplifier in low-noise mode (0.34µVrms noise): the fECG peaks are well preserved. The 

waveform obtained after running the high-accuracy mECG removal algorithm (discussed in 

section 2.2) on the signal in Figure 51 (c) is shown in Figure 51 (d). The fECG peaks and the 

fHR are well detected.  
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(a)

 

mECG peaks

(b)

 

fECG peaks
mECG peaks

(c)
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fECG peaks

(d)

 

Figure 51 (a) Original pre-measured signal (b) Measured signal with amplifier in low-noise mode and 

(c) its zoom-in (d) fECG waveform after mECG removal 

The waveforms in Figure 52 (a) and (b) are measured with the amplifier in low-power 

(1.01µVrms noise) mode. In this case higher noise is visible. The waveform obtained after 

running the simple algorithm (which blanks the mECG QRS waves as described in section 

2.2) on the signal in Figure 52 (b) is shown in Figure 52 (c). It can be observed that the last 

peak is missing since it overlaps the QRS region of a mECG signal. However, the fECG 

amplitude can still be estimated from Figure 52 (c), knowing the position of the fECG peaks, 

which is determined observing the low-noise channel. 

mECG peaks

(a)
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fECG peaks

mECG peaks

(b)

 

(c)

fECG peaks detected
fECG peaks missed

 

Figure 52 (a) Measured signal with amplifier in low-noise mode (b). Zoom in of the signal (c). Waveform 

after running the simple algorithm. 

      - Benchmarking 

The proposed low-voltage current-reuse folded-cascode amplifier together with power 

management circuitry is compared to previous related works in Table 5. The supply voltage 

of this amplifier is the lowest for the amplifier core (0.3V and 0.6V). In spite of the aggressive 

supply scaling, the measured THD at 2.3mV input amplitude is similar to the one reported by 

other designs with comparable gain and 1V supply [68]. The bandwidth and noise level suit 

well to the fetal monitoring application. The PSRR and CMRR are well in line with other 

works. The gain of this work only includes the preamplifier, and it can be easily increased by 

changing the feedback ratio or including a second stage amplifier with little power penalty. 

The noise level of the low-voltage amplifier can be tuned from 0.34µVrms (1.17µW power) 

to 1.01µVrms (0.30µW power), by changing the bias current in the input stage. The measured 
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NEF of 1.74 is among the lowest published, the core PEF of 1.05 improves previous 

achievements [39] , and the PEF including the power management circuitry is 1.41. 

Table 5 Benchmarking of the proposed low-voltage amplifier with other works 

 [39] [13] [41] [68] [69] This work 

Year 2013 2014 2012 2012 2013 2014 

Technology 0.18µm 0.35µm 0.18µm 0.13µm 0.18 µm 0.18 µm 

Supply [V] 0.45 2.5 1.0 1.0 1.0*/1.2** 0.3,0.6,1.2*/ 1.4** 

Gain [dB] 52 40.7 34/40 40 54.8 33 

THD  

@input 

0.53% 

2mV 

1% 

2.5mV 
N.A. 

1% 

0.5mV 

1% 

1.6mV 

1.5% 

2.3mV 

Bandwidth [Hz] 1-10k 0.5-1k 0.2-5.8k 0.1 -10.5k 0.4-5.1k 0.7-182 

Noise BW [Hz] 1-10k 0.05 -200k 0.2-10k 0.1 -10.5k 0.4-10k 0.7-182 

Noise [µVrms] 3.2 2.8 5.71 2.2 4.0 0.34 1.01 

NEF 1.57 2.01 2.59 2.9 1.9 1.74 2.04 

PEF 1.12* 10.1 6.7 8.4 3.6* 1.05*/1.41** 2.50*/4.33** 

Power [µW] 0.73* 0.86 0.8 12.1 0.8*/1.0** 1.17*/1.56** 0.30*/ 0.52** 

CMRR [dB] 73 >70 >60 80 >60 >70 

PSRR [dB] N/A >70 >70 >80 >70 >70*** 

Noise Tuning No Yes No No No Yes 

* without power management circuitry 

**with power management circuitry 

5.6 Conclusions  

A low-voltage current reuse chopper-stabilized amplifier is presented in this chapter as a 

further improvement on the multiple channel frontend amplifier discussed in chapter 4. The 

low-voltage amplifier allows for individual tuning of the noise level in each channel. 

Therefore, it achieves lower power consumption in a fetal ECG system than the stacked 

multiple-channel amplifier. The proposed low-voltage current-reuse folded-cascode topology 

enables a supply voltage of 0.3V in the input stage and 0.6V in the output stage, resulting in 

significant reduction of the power consumption. The aggressively scaled supply voltage in the 

input stage is made possible using a suitable bias for the input devices, together with bulk 
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biasing of the PMOS devices and a modified DC servo-loop. The power management circuitry 

performing on-chip voltage conversion is designed and optimized for high efficiency. The 

measured power consumption of the amplifier in low noise mode is 1.17µW for the core and 

1.56µW including the power management circuitry, corresponding to a PEF of 1.05 and 1.41, 

respectively. The amplifier is validated with on-body adult ECG measurements and with a 

pre-measured mECG+fECG signal.   
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6. Design of a current reuse resistive feedback amplifier 

In Chapter 3, 4 and 5, three different current reuse topologies have been proposed, to 

achieve excellent power efficiency. These topologies, especially the current-reuse low-voltage 

folded-cascode amplifier discussed in Chapter 5, are suitable for fetal monitoring applications 

where wet Ag/AgCl electrodes are used, which provide a low-impedance contact to the body. 

On top of power efficiency, which allows reducing the battery size needed to achieve a certain 

lifetime, another important factor to improve user comfort would be the possibility to avoid 

wet electrodes. This can be made possible by a frontend amplifier featuring very high input 

impedance. 

A well-known approach to increase input impedance in a frontend amplifier exploits the 

current-feedback topology shown in Figure 53 (c). In this chapter an innovative design which 

focuses on improving the power efficiency of the current-feedback topology to create a noise-

reconfigurable current-reuse resistive-feedback amplifier is proposed and optimized in a 

standard 0.18µm CMOS technology. In section 6.1, the resistive feedback topology is 

compared with the capacitive feedback topology which is used in chapter 3, 4 and 5.  In section 

6.2 the new current reuse resistive feedback topology is introduced and analyzed in detail. 

This topology intrinsically provides high input impedance. In the following section 6.3, 

several additional techniques aiming at improving power efficiency are described: a capacitive 

feedback is used to eliminate DC electrode offsets, and part of the current in the amplifier is 

made adaptive to the maximum signal amplitude, to save power in user scenarios 

characterized by small motion artifacts. The circuit design of the complete amplifier is detailed 

in section 6.4. 

Measurement result given in section 6.5 show that the noise level of the frontend amplifier 

can be scaled from 0.4µVrms to 2.6µVrms while consuming 6.3µW to 0.9µW from a 1.2V supply, 

resulting in an NEF from 2.8 to 6.6. This efficiency is achieved while providing a minimum 

input impedance (Zin) of around 20MΩ in the signal band. This input impedance level works 

well with the wet electrodes that are used in our system. It is also shown in this section that 

this topology has the potential to provide GOhm level input impedance. 
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6.1 Capacitive feedback and resistive feedback 

Before introducing the novel current reuse resistive feedback topology, a brief review of 

feedback topologies used for biopotential amplifiers is given. There are mainly three 

topologies of chopper stabilized biopotential frontend amplifiers as shown in Figure 53. 

Topology (a) and (b) use capacitors in the feedback network (C1 and C2) since capacitors do 

not add noise to the circuit. In (a), the chopper is at the input of the frontend amplifier. The 

relation between the equivalent input-referred-noise power density of the frontend amplifier 

(𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 ) and that of the core amplifier (𝑣𝑎𝑚𝑝.𝑛𝑜𝑖𝑠𝑒

2   ) is shown in Eq. 13, where Camp is the 

input parasitic capacitance of the core amplifier [70]:  

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 = (

𝐶1+𝐶2+𝐶𝑎𝑚𝑝

𝐶1
)

2

∙ 𝑣𝑎𝑚𝑝.𝑛𝑜𝑖𝑠𝑒
2       (13) 
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Figure 53 Possible topologies: (a) capacitive feedback with external chopper, (b) capacitive 

feedback with internal chopper, (c) current feedback 
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In order to reduce the NEF of the AMP, the W/L ratio of the input transistors should be 

designed large enough to take advantage of the high gm/ID ratio in subthreshold region. 

Meanwhile, L should be designed large enough to keep the corner frequency of the 1/f noise 

lower than the allowed chopping frequency (fc), resulting in large Camp. To keep the NEF low, 

C1 (which works in chopping band) must be designed large, making Zin low. In other words, 

the NEF has to be traded off with Zin. Therefore, this topology can achieve good NEF and 

high CMRR, but at the expense of low Zin. Topology (b) has its choppers around the AMP. 

This topology can achieve higher Zin than (a) since C1 now works in the signal band. However 

it suffers from a limited CMRR, which depends on the matching of the C1 capacitors.  

Topology (c) in Figure 53 [8] applies feedback with resistive components, where I1=I2, 

I3=I4 and I5=I6. The input voltage is buffered at the terminals Rin, creating a current which is 

copied to Ro and defines the output voltage. To obtain the high-pass corner frequency, a 

current based DC servo loop is applied to null the DC current in presence of differential 

electrode offset (VDEO) by tuning I7,8. Since now Zin is determined by Camp, the value of C1 can 

be made large to avoid noise increase by the voltage divider (Camp and C1) without 

compromising Zin. This is expressed in Eq. 14, which is similar to Eq.13. 

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 = (

𝐶1+𝐶𝑎𝑚𝑝

𝐶1
)

2

∙ 𝑣𝑎𝑚𝑝.𝑛𝑜𝑖𝑠𝑒
2     (14) 

This topology can achieve high CMRR because the chopper is before the input devices, 

and high Zin, because the input impedance is determined by parasitic capacitance, Camp that 

can be made very small. The bias resistor in Figure 53 (c) is made by PMOS pseudo-resistor, 

therefore its parasitic capacitance is negligible and the resistance is high (up to 10GOhm level). 

The current feedback topology, however, has a relatively low power efficiency (high NEF) 

mainly because the noise contributed by the resistor Rin is added to the total noise. In the 

following section, a novel resistive feedback topology is proposed to improve the NEF. 

6.2 Current reuse resistive feedback topology 

The resistive feedback amplifier offers high Zin and CMRR, as discussed. The current-

reuse technique has been used to take advantage of the doubled gm of complementary input 

devices and has been widely adopted in capacitive feedback amplifiers, as discussed in 

Chapters 3, 4 and 5. This current-reuse approach can also be applied to a resistive-feedback 
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frontend amplifier as shown in Figure 54. For simplicity, only the amplifier core is shown 

here. 
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Figure 54 Proposed current-reuse resistive feedback topology 

- Analysis of AC gain  

The amplifier is built up of an input stage (left side) and an output stage (the right side). 

In both stages, complementary input devices are driven together. The devices M1 and M2 of 

the first stage (left side of Figure 54) copy the differential input Vin = Vinp-Vinn on the resistor 

Rin (top one), creating a signal current Vin/Rin, which is shown with the dashed line. This signal 

current is absorbed by the differential pair M7-M8, creating an unbalance Vin/gm78Rin at its input 

(where gm78 is the transconductance of M7-M8). This unbalance contributes to the output 

voltage Vop1-Von1. In the second stage (right side of Figure 54), the output voltage Vop1-Von1 is 

applied to the devices M11/M12, which match the pair M7-M8. In this way the unbalance creates 

a differential output voltage Vo = Vop-Von= Ro/Rin. In a similar way, the differential input Vin is 

also copied by transistors M3/M4 across resistor Rin (bottom one), creating a signal current 

Vin/Rin as shown in the input stage with a continuous line.  

Similarly to what is described above, this signal current is absorbed by the differential pair 

M5/M6, creating an unbalance at its input Vin/gm56Rin, which also contributes to the output 

voltage Vop1-Von1. This unbalance is applied to the devices M9/M10 in the second stage (right 

side of Figure 54), which match the pair M5/M6. In this way the unbalance creates an additional 
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differential output voltage Vo = Vop-Von= Ro/Rin. Summarizing this analysis, both of the two 

signal path in parallel contribute to the output voltage, resulting in:  

𝐴0 =
1

𝑔𝑚_𝑖𝑛𝑅𝑖𝑛
∙ (2𝑔𝑚_𝑜𝑅𝑜) =

2𝑅𝑜

𝑅𝑖𝑛
    (15) 

In Eq. 15, gm_in equals to gm78 or gm56 in the input stage and gm_o equals to gm1112 or gm910 in the 

output stage. 

Considering the topology in Figure 53 (c), two current sources I5 and I6 are used to provide 

the output current, both of which have a minimum value of VoM/Ro (VoM is the maximum 

output amplitude). In this topology VoM/Ro equals to VinM/Rin, where VinM is the maximum input 

amplitude. Similarly, in the input stage of Figure 54, the two current sources I5 and I7 are 

needed to create the small signal current in both Rin (top one and bottom one), respectively. 

The minimum value of these two current sources is 2∙VinM/Rin, because a differential pair can 

only generate a differential current on one input resistor with a maximum value of half of the 

tail current. For this reason, the current consumption in this part of the input stage (comprising 

two Rin, M5-8 and I5,7) is doubled because two differential pairs should be deployed for two 

input resistors. 

It should be noticed that the bias currents in the output stage can be scaled down as I6 (I8) 

= kS·I5 (I7). At the same time, the sizes of the pairs in the output stage must be scaled 

accordingly as (W/L)9,10 = kS·(W/L)5,6 and (W/L)11,12 = kS·(W/L)7,8 and the value of Ro has to 

be scaled up to Ro/ks. The kS can be as low as 0.1, which thus saves current while keeping the 

gain unchanged as shown in Eq. 16.  

𝐴𝑠𝑐𝑎𝑙𝑒𝑑 =
1

𝑔𝑚_𝑖𝑛𝑅𝑖𝑛
∙ (2𝑔𝑚_𝑜𝑘𝑠) ∙

𝑅𝑜

𝑘𝑠
=

2𝑅𝑜

𝑅𝑖𝑛
= 𝐴0     (16) 

- Analysis of the current consumption  

After this scaling, the total current consumption of the proposed current reuse resistive 

feedback amplifier is given in Eq. 17, assuming the current consumption of the output stage 

can be neglected. Eq. 17 comprises two components: the first component 2nVTgM1 is the 

current through the input transistors, assuming weak inversion; the second component 

4∙VinM/Rin is the current I5+7 that is given by 2∙VinM/Rin, setting the minimum values of current 

sinks I5 and I7. 
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𝐼𝑡𝑜𝑡 = 2𝑛𝑉𝑇𝑔𝑀1 +
4𝑉𝑖𝑛

𝑅𝑖𝑛
   (17) 

      - Analysis of the input noise 

The noise analysis of the proposed topology is less straightforward compared to the 

analysis of AC gain and current consumption. The input-referred-noise power density 

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2  of the amplifier is expressed in Eq. 18. This equation comprises the noise contribution 

of input transistors M1~4 and Rin. Because there are two small signal currents in parallel that 

are combined at the output nodes of the input stage, the input referred noise power density is 

half of the one found in [41]. The noise contribution of the output stage can be omitted because 

the gain of the input stage is designed to be around 20dB. 

𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 =

8𝑘𝑇

3𝑔𝑀1
+ 2𝑘𝑇𝑅𝑖𝑛   (18) 

It is worth noting that there is a trade-off between current consumption and input noise 

with respect to selection of Rin and gM1. By increasing the value of Rin, the second current 

consumption component in Eq. 17 can be reduced. However, since Rin contributes to the input 

noise, the first current consumption component should be increased to increase gM1 and thus 

reduce the noise contribution from the input devices, keeping the total noise the same.  

- Comparison between the proposed topology and conventional topology 

The current consumption and input-referred voltage noise of the proposed amplifier and a 

conventional resistive feedback amplifier (Figure 53 (c)) are compared in Table 6. In this table, 

I0  is the current through the input device and IR is the maximum small signal current through 

the input resistor(s): IR = VinM/Rin.  

Table 6 Comparison of the proposed and conventional topologies 

 Parameters  Proposed topology  (Figure 54)  Conventional topology (Figure 53 (c)) 

 Input device current   2I1 ̶ I5=2I0  2I1 ̶ I5=2I0 

 Resistor related current   2I5=4IR   2I5=2IR  

 Second stage current  I6= ks·I5=4ks·IR   0* 

 Total current  2I0+4(1+ks)IR  2I0+2IR 

 Input-referred noise  (8kT/3gm)+2kTRin   (16kT/3gm)+4kTRin 

 Gain 2*Ro/Rin Ro/Rin 

*The conventional topology is a single stage topology [8] 
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As can be seen from the table, the proposed current-reuse current-scaling topology 

consumes similar current as the conventional current –feedback topology (provided that the 

IR contribution is not dominant) but provides approximately half input referred noise power 

because of the double effective gm and halved effective value of the input resistor. 

6.3 Power optimization of the current reuse resistive feedback topology 

Based on the total current consumption in Eq. 17, and the input-referred-noise power 

density 𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2  in Eq. 18, for a given noise level, Rin can be optimized for minimum current. 

Then, under the constraint of the specified 𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2 , Itot in Eq. 17 can be minimized as a 

function of Rin. The obtained optimal values of Rin and Itot are given by Eq. 19 and Eq. 20, 

respectively. 

𝑅𝑖𝑛.𝑜𝑝𝑡 =
𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒

2

4𝑘𝑇
∙ 𝛼    (19) 

𝐼𝑡𝑜𝑡.𝑜𝑝𝑡 =
16𝑛𝑉𝑇𝑘𝑇

3𝑣𝑖𝑛.𝑛𝑜𝑖𝑠𝑒
2

∙
1

(1−𝛼)2    (20) 

Where   (𝛼 =
√2𝑉𝑖𝑛𝑀

√2𝑉𝑖𝑛𝑀+√
8𝑛𝑉𝑇

3

) 

The input voltage VinM includes both the desired signal Vs, which has a maximum 

amplitude of 10mV that is dominated by motion artifact in ambulatory monitoring scenario, 

and the electrode offset VDEO with a maximal value of 50mV. Thus VinM= Vs+ VDEO, which is 

dominated by VDEO. As can be observed in Eq. 19 and Eq. 20, after applying the current-reuse 

technique and the optimization of input resistor, a smaller input signal amplitude Vin can still 

provide a smaller Rin.opt value that leads to less additional input noise and a lower total current 

consumption Itot.opt. 

Thus, in order to minimize the amplitude of Vin at the gate of the input transistors and 

achieve a lower total current consumption, a capacitive DC-servo loop is used to cancel the 

VDEO. Furthermore, the value of the input resistor related current (the second component in Eq. 

17) can be made adaptive to the signal amplitude, which (after VDEO cancellation) would be 

dominated by motion artifacts. A peak detector and dynamic biasing circuit can enable tuning 

of the input amplitude-related current IR for motion artifacts in the range between 1mV and 

10mV. 



 

82 

 

- Capacitive DC servo loop  

A capacitive DC servo loop as shown in Figure 55, which consumes negligible additional 

power (0.15µA), is used to cancel the electrode offset VDEO at the gate of M1,2. The DC servo 

current is independent of the signal amplitude. This approach makes possible to avoid the 

controlled current sources I7 and I8 in Figure 53 (d), saving biasing current.  

I5 I6

I7 I8

I3 I4

I1 I2

Vinp1 Vinn1

Von1 Vop1

Von1 Vop1

Vop Von

M1

M3

M2

M4

M5

M7 M8

M6

R1

R2

R3

M7 M8

M9 M10

Vin Vo

Von

Vop

C1 C2

C1
C2

Vinp1

Vinn1

 

Figure 55 The proposed topology with capacitive DC servo-loop 

In steady state the charge induced by VDEO on the gate of M1,2 should be delivered by the 

feedback C2, thus Vint.·C2 = VDEO·C1 where Vint. is the output swing of the integrator. The Vint 

should be maximized to reduce the size of C2 while still ensuring compensation of 50mV VDEO. 

A small C2 minimizes the increment of the equivalent input noise due to capacitive loading of 

the input node.  For a supply voltage of 1.2V, the ratio C2/C1 can be kept less than 1/20. On 

the other hand, C2 reduces the input impedance since it is in parallel with the parasitic 

capacitance at the input. 
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-  Signal dependent biasing  

Dynamical/adaptive biasing techniques have been proposed before in literature, one 

example can be found in [71]. To our knowledge, it is the first time that the dynamical biasing 

techniques are applied to the current feedback amplifier. To provide a dynamical biasing 

current for the input stage according to the input signal amplitude, an amplitude detector is 

designed. This circuit is implemented as shown in Figure 56. It is based on a different slew 

rate for a rising signal and a falling signal. When there is a rising signal Vin, transistor M4 will 

be turned on and charge the output capacitor, forcing the output node Vpeak to follow the input 

voltage Vin. When there is a falling signal, transistor M9 will be turned off and the charge on 

the capacitor will be discharged through a large resistor. In this way, the peak value of the 

amplitude is preserved for a certain period (the time constant RC is 1s). There are two detectors 

used, which share the same R and C. The input of each amplitude detector is connected to one 

of the two outputs of the proposed amplifier.  

VDD

Vin

M5 M6

Vpeak

charging

discharging

I1

GND

M9

RC

M1                        M2

M3                                       M4

M7                                                                    M8

 

Figure 56 Schematic of the amplitude detector 

A dynamic biasing circuit (Figure 57) is used to provide the biasing currents I5-8, which 

are scaled with the signal amplitude detected by the above mentioned detector. The two 

amplifiers force the voltage at the two terminals of the resistor to be equal to the output of the 

peak detector, Vpeak and the common mode output voltage Vcm, respectively. The resistor R1 

converts this maximum differential signal amplitude to a current with a proper value, which 

is set to 1.1 times the minimal current that is needed in the amplifier to generate the 

corresponding signal amplitude. 
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Vcm

Vpeak

Imin
Ibias

M1 M2

M3

M4 M5 M6

R1

VDD

GND  

Figure 57 Schematic of dynamic biasing circuit 

      Besides, for reliability reasons, a minimum Imin sufficient for a 1mV input signal 

amplitude is supplied by M2, M3 and M6. When an amplitude of <1mV is detected, transistors 

M4 and M5 are turned off, keeping Ibias=Imin. This prevents the biasing circuit to reduce the 

current to an undesirable low level. The amplitude detector and the dynamical biasing circuit 

consume 0.3μA and work with a motion artifact range between 1 to 10mV, saving up to 40% 

of the total current consumption of the amplifier, according to Eq. 20. 

Table 7 shows a comparison of the simulated current consumption in the resistive feedback 

current-reuse amplifier with a current-based DC servo-loop topology, with a capacitive servo-

loop topology (according to Figure 55) and with the dynamic control of the biasing current at 

different motion artifact amplitudes. All the topologies are optimized for an input noise level 

of 32nV and have a supply of 1.2V. The simulation results show that the current-reuse 

technique together with the capacitive DC servo loop saves 34% of the current in a 

conventional resistive feedback amplifier. Applying the dynamic biasing according to the 

signal amplitude, the current consumption can be further reduced to 3.7µA, achieving an NEF 

of 2.3. 
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6.4 Circuit design of the current reuse resistive amplifier  

The proposed resistive feedback, current-reuse amplifier is designed and implemented 

together with a second stage amplifier. The W/L ratios of the input pairs are designed to be 

150μm/1.0μm and 300μm/1.0μm for the NMOS pair and PMOS pair respectively. The values 

of the input capacitor C1 and the DC servo feedback capacitor C2 are designed to be 24pF and 

1.2pF respectively. There are two gain settings of the second stage amplifier, providing a total 

gain of 30 or 50dB. The core is implemented by a classic single ended folded cascode 

amplifier together with capacitive feedback [71]. 

According to the discussion in Section 2.4, applying noise scalability, the energy 

consumption of the frontend amplifier can be significantly reduced in the specified input noise 

range. This noise scalability should be realized by tuning the current through the input devices 

and changing the value of feedback resistors at the same time, since the optimal value of Rin 

is also a function of the noise voltage density vin.noise. The values of Rin.opt at different noise 

levels can be calculated by Eq. 19 and then verified and adjusted with simulations. 

 In practice, it is cumbersome to change Rin continuously while scaling the noise. Thus, in 

the IC implementation, two modes are introduced with two different values of Rin, for low and 

high input noise level. The currents I3,4 will be tuned to obtain the right noise level within each 

Table 7 Comparison of the current consumption of resistive feedback topologies with 

different servo-loops and biasing circuits 

 

Conventional with  

Current DC Servo-loop 

(Figure 53 (c)) 

Current-reuse with 

Capacitive DC servo-loop 

(Figure 55) 

With peak detector  

&dynamic biasing circuit 

VinM=10mV VinM=1mV 

Input noise  32nV/Hz1/2 32nV/Hz1/2 32nV/Hz1/2 31nV/Hz1/2 

Optimized Rin 12 kΩ 5.6kΩ 5.6kΩ 5.6kΩ 

Input device bias 7.7 µA 2.2µA 2.2µA 2.2µA 

Resistor related bias 2.4 µA  4.3µA 4.3µA 0.4µA 

DC-servo bias 0.15µA 0.15µA 0.15µA 0.15µA 

CMFB circuit bias 0.8 µA 0.65µA 0.65µA 0.65µA 

PD&Biasing circuit Not used Not used 0.3µA 0.3 µA 

Total bias current 11.05 µA 7.30µA 7.60µA 3.70 µA 

NEF 4.1 3.3 3.4 2.3 
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mode, and the value of Ro  is chosen according to Rin to keep the gain constant. The optimized 

values of Rin and the simulated performance for 10mV maximum motion artifacts are 

summarized in Table 8. The current and power listed in the table include the core amplifier, 

the CMFB circuitry and the DC servo-loop. 

Table 8 Design parameters in two modes for the frontend amplifier 

Mode vin.noise  Rin(kΩ) NEF Bias Current Power 

Low noise 32(nV/√Hz) 5.6 3.4 7.6µA 9.1µW 

Low power  200(nV/√Hz) 392 8.1 1.1µA 1.3µW 

6.5 Measurement result of the current reuse resistive amplifier 

The proposed current-reuse resistive feedback amplifier is implemented in a standard 

0.18µm CMOS process. The frontend amplifier with DC servo-loop, the second stage 

amplifier, the amplitude detector, the dynamical biasing circuit and the buffers to drive the 

off-chip load are shown on the die-photo (Figure 58). The circuit core of the chip occupies an 

area of 0.9 mm2. The performance of this design is verified by suitable measurements. 

Resistive feedback 

frontend amplifier

Amplitude detector 

&Biasing circuit

DC- servo 

amplifier 

Second 

stage 

amplifier

Buffers
100um

 

Figure 58 Die-photo of the prototype amplifier 

Figure 59 shows the measured AC transfer of the amplifier. The small signal gain is 

50dB/30dB. The -3dB bandwidth is 0.3~172Hz, which is kept similar in the two modes by 

changing the value of the off-chip load capacitor for the second stage amplifier. The linearity 
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is tested by a 10Hz, 1mVpp sinusoid signal at high gain setting. Figure 60 shows the output 

spectrum. The second and third harmonic components are respectively 53dB and 51dB lower 

than the fundamental component (150mV), resulting in a total harmonic distortion (THD) of 

0.4%.  

-3dB BW: 0.6~175Hz

Gain: 50.2 dB

Gain: 30.5 dB

 

Figure 59 Measured AC transfer of the amplifier with different gain settings 

53dB 51dB 69dB

 

Figure 60 Measured output spectrum of the amplifier for a 1mVPP input signal at 50dB gain setting 

The noise performance of the amplifier for the two noise levels is measured with high gain 

setting (50dB) for 1mV maximum signal amplitude. The result is shown in Figure 61. In the 

low-noise high-power mode, an output noise floor of 9.8µV√Hz is measured, corresponding 

to an input-referred thermal noise floor of 32.7nV/√Hz. The total input-referred noise Vrms is 

0.43µV in a signal band of 175Hz including the remaining 1/f noise component. In the high-

noise low-power mode, an output noise floor of 59µV/√Hz is measured, corresponding to an 

input-referred noise floor of 196.7nV√Hz. In this case, a Vrms of 2.6µV in the signal band is 
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achieved. The amplifier core consumes 6.3µW (NEF=2.8) and 0.9µW (NEF=6.6) for the two 

settings, including the proposed resistive current-reuse frontend amplifier and the second stage 

amplifier. The reason for the high value of NEF at the high noise setting is that the total current 

consumption in this case is dominated by the DC servo loop, the second stage amplifier and 

the peak detection/dynamical biasing circuit. Therefore, the signal dependent dynamical 

biasing scheme can be switched off in high noise mode to save power. 

High noise setting: 59μV/Hz
1/2

Low noise setting: 9.8μV/Hz
1/2

  

 

Figure 61 The output voltage noise spectral at low power and low noise mode 

The proposed current-reuse resistive feedback amplifier together with the peak detector 

and dynamical biasing circuit is compared to previous related works in Table 9. The supply 

voltage of this amplifier is the lowest. The measured THD at 1mV input amplitude is 

acceptable. The gain and CMRR of this work are in line with other works. The bandwidth and 

noise level suits well the fetal monitoring application. There are two noise settings of the 

proposed amplifier: 0.4µVrms, (6.3µW power) and 2.6µVrms, (0.9µW power). The proposed 

topology achieves better power efficiency than other resistive feedback topologies [8] thanks 

to the current reuse, the optimization of the input resistance for minimum power, and the 

signal dependent current biasing. Even compared to capacitive feedback amplifiers without 

current reuse technique [63] [34], the NEF of this amplifier is better. 
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Table 9 Benchmarking of the proposed low-voltage amplifier with other works 

 [63] [8] [34] [2] This work 

Topology (a) (c) (a)* (b)* Proposed 

Technology 0.8µm 0.5µm 0.18µm 0.18µm 0.18µm 

Supply (V) 1.8 3.0 1.8 1.8 1.2 

Gain (dB) 41/50.5 52/58/64/68 40 40 30/50 

Bandwidth (Hz) 0.4-180 0.5-125 0.5-100 0.5-100 0.6-175 

THD @input amplitude 0.1%@5mV 0.5%@5mV N/A N/A 0.4%@1mV 

Noise (µVrms) 0.95 0.65 0.91 0.8 0.4/2.6** 

NEF 4.6 9.2 5.1 12.3 2.8/6.6** 

Power (µW) 1.8 33.3 4.5 19.8 0.9/6.3** 

CMRR (dB) >100dB >120 >90 82 >70 

Zin (Ω) 5M ~1G >500M 2G 20M 

*with impedance boosting  

**two noise settings 

The proposed current reuse resistive feedback amplifier provides an input impedance of 

around 20MΩ at 50Hz, which is well beyond a chopper-stabilized capacitive feedback 

amplifier without impedance boosting technique. Compared with other chopper-stabilized 

resistive feedback amplifier without current reuse [41] [8], the 20MΩ input impedance 

provided by proposed amplifier is, however, rather low. There are two reasons for this low 

input impedance. First in this design, a capacitive DC servo-loop is used, which adds 1.2pF 

capacitance to the input of the amplifier. Second, in other designs, only the PMOS transistors 

are driven, and their bulk (N-Well) is connected to the source. In this way, the parasitic 

capacitance to ground is minimized. In our design, both PMOS and NMOS devices are driven, 

and the bulk of NMOS has to be connected to ground increasing the total capacitance to 

ground. In general, the proposed design compromise input impedance for better power 

efficiency.  

For capacitive topologies, a positive feedback technique as shown in Figure 62 has been 

proposed in [2] to boost the input impedance of topology (a) and (b) in Figure 53. With the 



 

90 

 

capacitor C3, some current from the amplifier output is supplied to the input capacitors C1, 

and thus the effective input current driven by the electrode is decreased. There are examples  

showing a wide range of boosted impedance from 30MOhm[73] to 500MOhm[34] because 

the optimum value of C3 is rather difficult to control at implementation level.  

Vin

fc fc

VoAMP

C1

C1

C2

C2

C3

C3

C4

C4

Impedance boosting loop

DC-servo loop

 

Figure 62 Capacitive feedback amplifier with impedance boosting loop 

It is worth noting that, this technique can also be used in the proposed resistive feedback 

amplifier to boost the input impedance, as shown in Figure 63, where choppers are omitted 

for simplicity. In this figure, C1 is the input capacitor, C2 includes the parasitic capacitance of 

the transistors and the capacitance from the DC servo loop, C3 is the feedback capacitor in the 

impedance boosting loop that has the same function as C3 in Figure 62. As discussed in section 

6.2, since the inherent input impedance (without boosting) of resistive feedback topology is 

higher than the one of a capacitive feedback amplifier, it is reasonable to conclude that the 

boosted input impedance is also higher than the one of a capacitive feedback amplifier using 

the same impedance boosting technique.  
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Figure 63 Input stage of the proposed topology with impedance boosting technique 

6.6 Conclusion 

A noise-reconfigurable current reuse resistive feedback chopper-stabilized amplifier is 

presented in this chapter. The amplifier topology intrinsically provides higher input 

impedance than capacitive feedback chopper-stabilized amplifiers with external chopper. 

Several techniques are employed to enhance power efficiency: current-reuse is applied to the 

amplifier core, a capacitive feedback is used to eliminate DC electrode offsets, the value of 

the input resistor is optimized for high efficiency and the bias current is made adaptive to the 

maximum signal amplitude to spare power in user scenarios characterized by small motion 

artifacts. The amplifier is designed and implemented in a 0.18µm CMOS technology. 

Measurements show that the noise level of the frontend amplifier can be scaled from 

32nV/√Hz to 197nV/√Hz while consuming 6.3µW to 0.9µW from a 1.2V supply, achieving 

an NEF from 2.8 to 6.6. This efficiency is achieved while providing an input impedance (Zin) 

of 20MΩ when chopping is on. The proposed topology has a potential to provide higher input 

impedance, when applying impedance boosting techniques, than a capacitive feedback 

counterparts.  
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7. Design of a frontend SoC for fECG monitoring 

A System on Chip (SoC) is designed, integrating the complete front-end and digitalization 

chain for the proposed fetal monitoring system. Three amplification channels with 

configurable noise level are provided, according to the discussion in section 2.4. The frontend 

amplifier used is the low-voltage chopper-stabilized amplifier discussed in chapter 5. The chip 

also includes a 12 bit SAR ADC and a power management circuit providing the needed supply 

voltages. The ADC has been designed and optimized for resolution and power efficiency. 

First the system architecture is described in section 7.1. Details on different power supplies 

for different circuit blocks are given. Second, the design of the amplification chain is discussed 

in section 7.2, where the focus is on the second stage amplifier, which has not been described 

before. Then, the design of a SAR ADC is presented in section 7.3, including the analysis on 

each circuit block, i.e sampling switch, DAC, comparator and logic circuitry. The readout and 

control logic is also discussed and finally some system simulations are presented. The system 

consumes a total power of 7.8µW while providing three channels for fECG monitoring.  

7.1 System architecture 

As a first step to implement a complete fetal monitoring system, a frontend SoC has been 

designed, optimized and taped out. The block diagram is shown in Figure 64. The chip 

includes three amplification channels with reconfigurable noise level, the power management 

circuitry able to generate all needed supply voltages, and a 12 bit SAR ADC. The control and 

readout logic circuitry is also included. In order to speed-up the design phase and enable 

maximum flexibility on this first prototype, the bias voltage/current generation circuits and 

the master clock were kept off-chip. 
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Figure 64 The proposed frontend system IC within a fECG monitoring solution 

The power management circuit is similar to the one described in Chapter 5, which had 

been already optimized for the current load offered by three frontend amplifiers (one in low-

noise and two in low-power consumption mode), summing to about 5μA. According to what 

is shown in Figure 65, a 2X step-up charge pump with LDO has been added to provide an on-

chip supply for the sampling switch in the ADC and the DC servo loop in the frontend 

amplifier. The power consumption in this branch is only 0.4µW for one channel and hence it 

will not substantially increase the total system power (which sums up to 7.8µW). Also, one 

LDO connected directly to the external power supply input has been added, to provide a 1.2V 

on-chip supply for the second stage amplifier A2, the ADC and the readout/control logic. The 

complete block diagram of the power management circuit is shown in Figure 65 together with 

the circuit blocks in the system. All needed voltages are thus produced on-chip from a single 

input supply. 
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Figure 65 Block diagram of the power management circuitry within the system 

The chip includes three fully-differential amplification channels, each built by a low-

voltage chopper-stabilized frontend amplifier with noise reconfigurability and a second stage 

amplifier (A2, will be discussed in section 7.2). The noise of the amplification channels can 

be individually tuned by setting the biasing current with an off-chip reference. A fully 

differential configuration is used for its higher immunity to common-mode disturbances and 

for its increased output voltage range. A SAR ADC with a fully differential input is also 

adopted, to provide a suitable interface with the frontend circuitry. The full-scale peak-peak 

input range of the ADC is approximately 2VDD = 2.4V. The 2VDD input range provided by the 

fully differential approach doubles the value of the LSB for the same supply level compared 

to a single-ended ADC, relaxing noise specifications in the DAC and comparator, and helping 

to achieve a better figure of merit [74]. The maximum input signal has been determined in 

Chapter 2 to be 1mVPP. To provide an additional margin and decrease the probability of 

saturation in the second–stage amplifier, the maximum input signal of the chain is specified 

to 2mVPP, and a 60dB gain will be provided by the cascade of amplifiers, resulting in a full-

scale input for the ADC of 2V. 
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7.2 Design of the amplification channel 

The frontend amplifier used in the system is the same low-voltage chopper-stabilized 

amplifier, which has been described and characterized in detail in Chapter 5.  

A standard folded-cascode topology with a fully differential output stage is used for the 

second-stage core amplifier. Capacitive feedback (Figure 66(a)) is used to define a 27dB gain 

in this second stage. The schematic of the amplifier core and its common mode feedback 

circuit are shown in Figure 66(b). The common mode feedback circuit is implemented using 

the approach described in reference [75] and it consumes 15% of the current in the main 

amplifier. Together with the frontend amplifier, a total gain of 60dB is provided. The 

simulated performance of the full amplifying chain is described in Section 7.5. 
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Figure 66 (a) Second stage amplifier with feedback (b) Schematic of the amplifier core 

7.3 Design of the SAR ADC 

As discussed in Section 7.1, a maximum input signal amplitude of 2mVPP is considered 

for the fECG application, which is twice the maximum measured motion artifact amplitude 

observed (Section 2.4). The equivalent noise level from the frontend system is specified in 

section 2.4 at 0.38μVrms; the input-referred ADC noise level is specified to 0.19μVrms, 6dB 

below the frontend noise. In this way, the SNR obtained by the frontend amplifiers can be 
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substantially preserved, as the input-referred quantization noise will only increase the total 

input noise by 1 dB. 

maximum motion artifact: 

1mVPP (0.35mVrms)

input referred electronic 
noise floor 0.38µVrms

2mVPP (0.71mVrms)

6dB

6dB
0.19µVrms

dynamical range of the 

amplification chain: 59.4dB

dynamical range

of the ADC: 71.4dB

(11.6 bit)

 

Figure 67 Input referred noise and dynamic range for the amplification chain and ADC 

Summarizing, as shown in Figure 67, the maximum DR needed from the ADC is 71.4dB, 

corresponding to an ENOB of about 11.6bit. We will assume for the actual ADC 

implementation a resolution of 12bit, to keep the circuit implementation simple and enable 

the use of a SAR approach. This means that the ADC thermal noise will need to be made 

negligible compared to the quantization noise, as will be discussed in Section 7.3.1 and 7.3.2.   

An asynchronous charge redistribution successive approximation resister (SAR) 

architecture is chosen for the implementation of the ADC, due to its excellent power efficiency. 

The SAR approach is also perfectly suited to the sampling speed, which is specified to 500Hz 

(2kHz for four channels, including 3 monitoring channel and 1 testing channel). Since the 

output swing of the amplification chain is 2.0VPP, the maximum input of the ADC is also 

specified at 2.0VPP. Taking into consideration the 1.2V supply voltage and the 2VDD full-scale 

input swing that can be handled by the fully differential SAR ADC, an attenuation factor of 

1.2 is needed to match the actual maximum input swing to the full-scale input swing of the 

ADC (2.4V2.0V), as will be discussed in the next subsection. Based on a 2.0 VPP input 

range, an LSB of 0.49mV can be derived, corresponding to a quantization noise of 0.14mVrms 

at the ADC input, resulting in an SNR of 74dB ideally.  
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7.3.1 Switched capacitor network 

There are mainly three parts of a SAR ADC, the switched capacitor network (including 

the sampling switch, the capacitor array and drivers), the comparator and the logic circuit as 

shown in Figure 68. The design follows here the flow introduced in [74]. 

Asynchronous 

Logic

DAC 
Drivers

CLK 
input

Analog input

Digital 
output

Capacitor

Array

Sample

&Hold

Switched 

Capacitor Array

Comparator

 

Figure 68 Block diagram of the asynchronous SAR ADC 

- Sampling switches 

The sampling switches are used to sample the data on the capacitor array. They can be 

implemented with transmission gates or by a single NMOS transistor (which is attractive 

because of its higher electron mobility). The bandwidth of the switch and the charge-injection 

related non-linearities have to be considered. A single NMOS transistor driven from the 2.5V 

supply is chosen, since this supply is available on chip for the DC servo loop.  

The simulation results for a single NMOS transistor (at 2kHz sampling frequency) on the 

linearity (measured in terms of signal to total distortion ratio) of the sampled signal for 

different switch sizes and input signal frequencies are given in Table 10. Usually minimum 

length is used for better bandwidth and lower charge injection. The length has been slightly 

increased in this case to 0.2µm to decrease mismatch contributions related to edge roughness. 

In the first column, the linearity becomes worse when increasing the switch size because 

charge injection increases. In the first row, the linearity becomes worse at higher input signal 

frequencies because, for relatively small width (2μm), the bandwidth is a limiting factor. The 

optimum design can be found at a transistor size (W/L) of 4μm/0.2μm, where the linearity is 

less sensitive to input signal frequency and the charge injection is also less important 
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compared to larger transistor sizes. The minimum achieved linearity (16.9bit) is well beyond 

the target resolution of 12bit. 

Table 10 Simulated signal to total distortion ratio of the sampled signal for different switch 

sizes  at sampling frequency of 2kHz 

 Size                         fsignal 62.5Hz 250Hz 1kHz  

 2μm/0.2μm 119.1dB (19.5bit) 109.7dB (17.9bit) 97.5dB (15.9bit) 

 4μm/0.2μm 116.8dB (19.1bit) 113.8dB (18.6bit) 103.3dB (16.9bit) 

 8μm/0.2μm 110.9 dB (18.1bit) 110.3dB (18.0bit) 105.8dB (17.3bit) 

 16μm/0.2μm 104.2 dB (17.0bit) 103.6dB (16.9bit) 100.8dB (16.4bit) 

- Capacitor array 

The schematic of the capacitor array is shown in Figure 69. The total capacitor value needs 

to be determined according to the noise requirements. The thermal noise from switching the 

capacitor array will be specified to 10dB below the quantization noise to preserve the ENOB 

of the ADC. This will result in a slightly worse figure of merit, but will not contribute any 

noticeable increase to the system power consumption, due to the limited power needed by the 

ADC (≈100nW as specified in Section 7.5).  

There are two set of capacitor arrays in this ADC because of its fully differential 

implementation. The capacitors are binary weighted based on a unite cell (Cu) except for the 

two capacitors for the LSB (D0). These two capacitors have half of the size of Cu as shown in 

Figure 64. In this way, the size of unit cell capacitor can be doubled, reducing its number to 

half when the total capacitance is fixed (will be discussed in this section). This measure 

simplifies the design of the layout and reduces the total length of the capacitor array layout. 

All the DAC drivers have an initial value of 0 and one of the two drivers controlled by Di will 

be set to 1 after each comparison. The ratio between the main capacitors and the attenuation 

capacitor can be also calculated: the purpose of Ch is to adjust the ADC voltage range by a 

factor 1.2 to make the 2.4V2.0V attenuation for the signal as discussed in section 7.3. This 

can be done by choosing Ch = 0.2 Cdac . 
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Figure 69 Schematic of the switched capacitor network 

There are three noise components to the thermal noise in the ADC: the noise from the 

sampling switch (𝑉𝑛𝑠𝑤
2̅̅ ̅̅ ̅̅ ), the noise from the DAC drivers (𝑉𝑛𝑑𝑎𝑐

2̅̅ ̅̅ ̅̅ ̅ ) and the noise of the 

comparator. The first two components are discussed here and are expressed in Eq. 21 and Eq. 

22. The third component is discussed in Subsection 7.3.2. The sampling switch component is 

straightforward 2kT/C (the factor 2 is from differential implementation), while the second 

component is the sum of the noise contributions from each DAC driver. In Eq. 22, Cdac.i is the 

ith capacitor in the binary weighted capacitor array and its noise contribution can be calculated 

by using Figure 70. On the left side, the thermal noise power from the ith capacitor driver can 

be calculated with the equivalent capacitor Ceq., which is the series capacitance loading the 

driver. On the right side, this noise is attenuated by a factor of Cdac.i/(Cdac-Cdaci+Ch) at the input 

of the comparator. After inserting all actual capacitor sizes, the total differential thermal noise 

of the capacitor array (𝑉𝑛𝑐𝑎
2̅̅ ̅̅ ̅) can be calculated as 𝑉𝑛𝑐𝑎

2̅̅ ̅̅ ̅ = 𝑉𝑛𝑠𝑤
2̅̅ ̅̅ ̅̅ + 𝑉𝑛𝑑𝑎𝑐

2̅̅ ̅̅ ̅̅ ̅= 5kT/(Ch+Cdac). 

𝑉𝑛𝑠𝑤
2̅̅ ̅̅ ̅̅ =

2𝑘𝑇

𝐶ℎ+𝐶𝑑𝑎𝑐
    (21) 

𝑉𝑛𝑑𝑎𝑐
2̅̅ ̅̅ ̅̅ ̅ = ∑

2𝑘𝑇(𝐶𝑑𝑎𝑐+𝐶ℎ)

𝐶𝑑𝑎𝑐.𝑖(𝐶𝑑𝑎𝑐+𝐶ℎ−𝐶𝑑𝑎𝑐.𝑖)
∙ (

𝐶𝑑𝑎𝑐.𝑖

𝐶𝑑𝑎𝑐+𝐶ℎ
)

2
𝑛−1
𝑖=0     (22) 
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Figure 70 The noise contribution from the ith  capacitor 

As discussed above, the thermal noise power from the capacitor array will be set to >10dB 

below quantization noise power, which means that Pnc < 0.002(mVrms)2. Thus, the total size of 

the capacitor array can be set to 12pF (Ch=2pF, Cdac=10pF). The unit cell capacitor is then 

10fF (the size of half-cell is 5fF). 

The layout implementation of the capacitor array is the same as described in [74]. Custom 

fringe capacitors and a careful layout are used for the DAC array to provide good matching 

and reduce the total area. In terms of non-linearity due to mismatch, this capacitor value results 

in a maximum DNL with an estimated standard deviation of 0.2LSB, assuming 1% mismatch 

for 1fF capacitance [74]. It is worth noting that the linearity of the system is dominated by the 

amplification chain. The frontend amplifier discussed in Chapter 5 already has a measured 

THD of 1.5% at 2.3mVpp, which is still in line with other state-of-the-art works. Therefore, 

the linearity of the ADC is not a primary concern in this design. 

     - DAC drivers 

Since the sampling speed of the ADC is 2kHz, the bandwidth requirement for the drivers 

is not a limiting factor. According to simulations, the driver is able to charge the capacitor in 

100ns, which is less than 1% of one SAR conversion cycle. 

7.3.2 Comparator 

The comparator is an important part of the ADC. As shown in Figure 71, a two-stage 

dynamic comparator is used [76] together with self-timing logic. The design has no static 

current consumption, so that the overall power consumption is proportional to the sampling 

frequency. 
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Figure 71 Schematic of the comparator 

In this design, the noise of the comparator is also specified to be 10dB less than the 

quantization noise power. The noise of the comparator is dominated by the first stage, where 

a simulated gain of 8 is achieved, reducing the noise contribution from the second stage. 

Compared with the design in [74] (8bit resolution and 10MHz sampling frequency), our 

design uses wider transistor in the current sink (whose gate is connected to CLK) of the first 

stage to enhance gm during operation and thus reduce the input noise density. Moreover, 

capacitors are added [74] at nodes AN/AP to limit the bandwidth (which is not a limiting 

factor in this design) and thus minimize the total noise. 

Since the comparator works in a dynamic way, transient noise simulations are performed 

to determine its noise level. In this transient simulation with multiple runs, the noise affects 

the probability distribution of high/low results from the comparator. For example, if no offset 

voltage is applied to the input, the probability of low decision is 50%, while if a negative 

offset voltage is applied to the input, the probability of low decision (Pr.low) can be calculated 

from Eq. 23, as is illustrated in Figure 72. The simulated equivalent voltage noise at the input 

of the comparator is 82μVrms. This is 5dB lower than the power of quantization noise 

(0.14mVrms), which is above our first target. 

𝑃𝑟.𝑙𝑜𝑤 =
1

2
∙ [1 + 𝑒𝑟𝑓 (

−𝑉𝑂𝑆

𝜎√2
)]     (23) 
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Figure 72 Probability of decision without offset and with a negative offset 

We can now analyze the impact of the comparator noise on the system performance. The 

total noise at the ADC input (𝑉𝑛𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ ), including the quantization noise (𝑉𝑛𝑞

2̅̅ ̅̅ ), the noise from the 

capacitor array (𝑉𝑛𝑐𝑎
2̅̅ ̅̅ ̅) and the comparator noise (𝑉𝑛𝑐𝑝

2̅̅ ̅̅ ̅) can be calculated from Eq. 24, resulting 

in 0.17µVrms. This noise (𝑉𝑛𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ ) will only increase the input-referred noise of the whole 

amplification chain by 0.04µVrms (0.38µVrms to 0.42µVrms) and is thus acceptable at system 

level. 

𝑉𝑛𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ = 𝑉𝑛𝑞

2̅̅ ̅̅ + 𝑉𝑛𝑐𝑎
2̅̅ ̅̅ ̅ + 𝑉𝑛𝑐𝑝

2̅̅ ̅̅ ̅     (24) 

7.3.3 Digital Logic 

The logic scheme of this SAR ADC is asynchronous. The comparator operates as a self-

timed state-machine [77]. A ready-indication from the comparator is used to control the timing 

of the state-machine. As shown in Figure 73, the two outputs of the latch (OUTP and OUTN) 

are pre-charged low. As soon as the comparator has taken a decision, one of the two outputs 

will go high. A logical NOR operation detects this low-to-high transition and generates an 

active-low ready-indication. This signal is used to reset the comparator. In turn, the 

comparator reset will disengage the activated ready, which then initiates the next comparison. 

The ADC system level logic follows the same sequence as in [74]. 
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Figure 73 The self-timing scheme of the comparator 

7.4 Design of the control & readout logic circuitry 

The complete digitalization system has four channels, each with a sampling frequency of 

500Hz. Three inputs are provided from the three amplification channels in the SoC and one is 

connected to input pins, to enable direct ADC testing. The ADC is multiplexed on these 

channels using a four-phase 500Hz clock signal as shown in Figure 74. The output of the ADC 

can be read out from a serial memory register driven by an external clock.  
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Figure 74 Multiplex scheme of the ADC 
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7.5 SoC simulations 

Figure 75 shows the simulated AC transfer of the full amplifier chain. The small signal 

gain is 60dB, of which 33dB is from the frontend amplifier and 27dB is from the second stage 

amplifier. The -3dB bandwidth is 0.5-200Hz.The second order high pass filter is given by the 

DC-servo-loop in the frontend amplifier and the AC coupling of the second stage amplifier. 

The low pass corner is generated in the second amplifier with suitable load. As shown in 

Figure 76, in the low-noise high-power mode, the chopping frequency is 5kHz and an input 

noise floor of 26nV/√Hz is obtained from simulation. This results in a Vrms of 0.38µV in the 

signal band. In the high-noise low-power mode, the chopping frequency is 800Hz and an input 

noise floor of 73nV/√Hz. This results in a Vrms of 1.1µV in the signal band. It can be observed 

that the 1/f noise component is effectively removed by the chopper-stabilization. The whole 

amplification chain consumes 2.1µW (NEF=2.3, PEF=2.2) and 0.90µW (NEF=2.7, PEF=6.6) 

for the two noise settings, while the three amplification chains consume a total power of 

3.9µW (with one channel in low-noise and two channels in low-power mode). 
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Figure 75 The AC simulation of the amplification chain 
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Figure 76 The noise simulation of the amplification chain 

The ADC is simulated to have an ENOB of 11.7bit including thermal noise. Schematic 

level simulations predict a 92nW consumption at 2kHz sampling frequency, which 

corresponds to a FoM of 14fJ/conversion-step. The power break-down of the complete system 

is given in Table 11, where the total power consumption of the system including the power 

management circuitry is 7.8µW. The power management circuitry has an overall efficiency of 

around 65%. 

Table 11 Power break-down of the system 

Circuit block Power 

Amplification 

chain 

Frontend amplifier low noise mode 1.7µW 

Frontend amplifier low power mode 0.5µW 

Second stage amplifier 0.4µW 

ADC (fs=2kHz) 

Comparator 36nW 

DAC 24nW 

Digital logic 32nW 

Biasing current mirrors 1.1µW 

Frontend system total (three channels)* 5.1µW 

Total including power management circuitry 7.8µW 

    *including 1 frontend amplifier in low noise mode, 2 frontend amplifiers in low    

      power mode, 3 second stage amplifiers, the ADC and current mirrors 
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7.6 Conclusion 

A low power fetal monitoring frontend SoC including three amplification channels, a 

multiplexer, an ADC and power management circuitry is presented in this chapter. The 

amplifiers allow for individual tuning of the noise level in each channel. The 12bit ADC is 

designed to minimize the additional noise which it introduces, in order to preserve the SNR 

provided from the amplification channel. The power management circuit is optimized for high 

efficiency. The amplification channel provides a gain of 60dB and it consumes in simulation 

2.1µW and 0.9 µW in low noise and low power settings respectively. The input referred noise 

levels in the two settings are 0.38μVrms and 1.1μVrms in 200Hz band, which suits the fetal 

monitoring application. The ADC achieves an ENOB (based on SQNR) of 11.7bit at 2kHz 

sampling frequency, achieving a FoM of 14fJ/conversion-step. The power consumption of 

SAR ADC is 92nW, which is negligible compared to the power of amplification chain. The 

whole SoC including the key blocks consumes a power of 8μW, excluding the buffers, which 

are needed for testing purpose. However, voltage/current biasing and clock generation 

circuitry are still to be added to achieve a fully integrated fECG frontend solution.  

  



 

108 

 

  



 

109 

 

8. Conclusions and future work 

In this chapter, conclusions are drawn in section 8.1 based on the work that is presented in 

the previous chapters. In section 8.2, a view on future developments is presented. 

8.1 Conclusions 

The focus of this study is on the power minimization of a portable fetal monitoring system 

with sufficient performance. The analysis and optimization of power consumption are 

addressed in Chapter 2 to 7 at three different levels: overall system level, frontend system 

level, and frontend circuit topology level. 

First, at the system level there are in general two possibilities: acquire and send the data to 

a central processing hub or acquire and process the data before sending. According to the 

discussion in Chapter 2, with the algorithms and the digital hardware of choice, the additional 

computational power for on board DSP is lower than the required RF power needed for 

sending the raw measurement data. Therefore, a system including frontend amplifiers, ADC, 

DSP and RF link should be chosen. With this system architecture, it is feasible to design a 

portable fetal ECG monitoring system with sub-mW power consumption.  

Considering the time and space variant properties of fECG signal, a combination of a 

complex, high performance algorithm and a low-complexity algorithm is proposed in order to 

achieve sufficient processing quality while minimizing the power consumption. The most 

power efficient way of operation is found by dynamically assigning the complex algorithm 

and minimum frontend noise (by increasing the biasing current of the amplifier) to the channel 

with highest signal quality, and by monitoring the signal quality available in the other channels 

with the low-complexity algorithm together with the frontend with higher noise, to follow the 

fetal movements. 

Second, according to the system requirements, the specification of the frontend system can 

be derived based on the fECG signal properties together with the algorithms of choice. 

Because of the time and space variant signal amplitude, noise (re)configurability should be 

applied in the frontend system to minimize the power consumption. The power consumption 

of such frontend systems including frontend amplifiers, ADC and power management 

circuitry is by far dominated by the frontend amplifiers.  
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From the results in Chapter 5 and 7, it is possible to design a multi-channel frontend system 

with suitable channel noise levels for fECG monitoring at 10μW level power consumption 

(excluding reference generations and test circuitry). More specifically, a frontend system that 

has one channel (with 0.3μVrms input noise) capable of detecting a ~3μV fECG signal and two 

channels (with 1.0μVrms input noise) with an amplitude monitoring function can be realized 

at this power level. 

Third, at circuit level, current reuse techniques are proven to be efficient to improve the 

power efficiency of the frontend amplifiers while keeping other performance metrics the same. 

Several amplifier topologies are proposed in Chapter 3 to 6 exploring current reuse techniques. 

In Chapter 3, an NEF of 1.52 is achieved with the current-reuse telescopic topology together 

with capacitive feedback. This amplifier also allows easy (re)configuration of the noise level 

by tuning the bias current and thus can be used in the proposed fetal ECG monitoring system. 

In Chapter 4, a current reuse three-channel amplifier with capacitive feedback for fECG 

recording is proposed. With the MCS circuit, this topology can reuse the current four times 

from a single supply voltage of 1V, achieving an NEF of 1.17. 

Based on the result of these two topologies, the current-reuse, low voltage folded cascode 

topology is proposed and found out to suit the fetal ECG the best in Chapter 5. This amplifier 

allows for individual tuning of the noise level in each channel, achieving lower power 

consumption in a fetal ECG system than the stacked multiple-channel amplifier. The proposed 

low-voltage current-reuse folded-cascode topology enables aggressively scaled supply 

voltages, resulting in significant reduction of the power consumption. Simulation results of 

the system design including three of this current-reuse, low voltage amplifiers, a set of power 

management circuitry and a SAR ADC show that the total power consumption of the key 

blocks within the frontend can be lower than 10μW. 

The current reuse technique can also improve the power efficiency of resistive feedback 

amplifiers. A novel resistive feedback topology exploiting current reuse is proposed together 

with signal dependent current biasing in Chapter 6. The power consumption is reduced to 

approximately 1/3 of the conventional resistive feedback topology. This topology has the 

potential to provide higher input impedance than capacitive feedback topologies, which can 

be used to enable dry electrodes and improve user comfort. 
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8.2 Future work  

As discussed above, in this work we focused on the design of power-efficient and 

adaptable frontend amplifiers. Four novel circuit topologies have been investigated in this 

thesis to enable effective optimization of the power consumption and adaptation to the signal 

characteristics. The current-reuse folded-cascode amplifier allows an aggressive reduction of 

supply voltage/power and thus is chosen in the fetal monitoring system described in Chapter 

7.  

To complete this fetal monitoring SoC, the reference generation and the biasing circuits 

should be added. Additional filters in the analog domain might be needed to further cancel the 

noise folded in band after sampling. Besides, the algorithms need to be implemented in 

suitable digital hardware to evaluate their performance and power consumption and complete 

the full fetal monitoring system. After finishing these tasks, clinical measurements should be 

done to evaluate the system. 

Moreover, the proposed system is designed assuming a maximum motion artifact of 10mV. 

Cancellation techniques that estimate the motion artifact by measuring the electrode-tissue 

impedance and subtract it from the signal could be adopted in the fetal monitoring system. 

This step can effectively improve the reliability and robustness of the system. 

On top of power efficiency, which allows reducing the battery size, another important 

factor to improve user comfort would be the possibility to avoid wet electrodes. This can be 

made possible by a frontend amplifier featuring very high input impedance. The proposed 

resistive feedback current-reuse amplifier has the potential to provide input impedance in the 

several GOhm range, outperforming capacitive feedback topologies using impedance 

boosting technique. It is thus worth exploring the combination of resistive feedback current-

reuse amplifier and impedance boosting techniques. 

Last but not the least, the proposed multi-channel current reuse amplifier is not the best 

choice in a fetal monitoring system since the noise levels are coupled. However, it is very well 

suited to multi-channel applications requiring identical input noise levels, like neural 

recording. The feature of reusing current four times provides indeed excellent power 

efficiency. 
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Summary 

Design of Low Power Frontend Circuit and System for Fetal Monitoring  

High-risk pregnancies are becoming more and more prevalent because women often 

choose to have children at a later stage of their life. Nowadays, more than 10% of all 

pregnancies are seriously complicated according to, resulting in rising perinatal morbidity and 

mortality. Regular recording of a fetal electrocardiogram (fECG), which enables fetal heart 

beat rate (fHR) measurement with beat-to-beat accuracy, has been demonstrated to be useful 

for fetal health monitoring. Hospital-based monitoring systems enable regular monitoring of 

fECG but would generate high costs if they were to be used in a large percentage of 

pregnancies, and this prevents their widespread use. Besides, their large size make ambulatory 

monitoring unpractical. Therefore future fetal monitoring systems should be home-based, low 

cost, and applicable to continuous portable monitoring with high user comfort. 

In order to enable wearable fECG monitoring systems, it is crucial to miniaturize circuit 

and the battery size, using e.g. a button cell. Battery size is especially important, as this 

component can contribute noticeably to the weight of the final solution. A small battery has 

as immediate consequence a restriction of the maximum average power available for the 

system. The research on power minimization of the needed blocks of the fECG system (which 

usually includes frontend amplifier, ADC, low power radio and DSP for bio-signal processing) 

has advanced in recent years, paving the way towards ultra-low power solutions. In this work 

we focus on the design of power-efficient and adaptable frontend amplifiers for fetal ECG 

monitoring, even a more complete system implementation, including three amplifier 

channels ,an ADC and a set of power management circuitry is presented. The focus of this 

study is on the power minimization of a portable fetal monitoring system with sufficient 

performance. The analysis and optimization of power consumption are addressed in Chapter 

2 to 7 at three different levels: overall system level, frontend system level, and frontend circuit 

topology level.  

First, at the system level there are in general two possibilities: acquire and send the data to 

a central processing hub or acquire and process the data before sending. According to the 

discussion in Chapter 2, with the algorithms and the digital hardware of choice, the additional 

computational power for on board DSP is lower than the required RF power needed for 
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sending the raw measurement data. Therefore, a system including frontend amplifiers, ADC, 

DSP and RF link should be chosen. With this system architecture, it is feasible to design a 

portable fetal ECG monitoring system with sub-mW power consumption. Considering the 

time and space variant properties of fECG signal, a combination of a complex, high 

performance algorithm and a low-complexity algorithm is proposed in order to achieve 

sufficient processing quality while minimizing the power consumption. The most power 

efficient way of operation is found by dynamically assigning the complex algorithm and 

minimum frontend noise (by increasing the biasing current of the amplifier) to the channel 

with highest signal quality, and by monitoring the signal quality available in the other channels 

with the low-complexity algorithm together with the frontend with higher noise, to follow the 

fetal movements. 

Second, according to the system requirements, the specification of the frontend system can 

be derived based on the fECG signal properties together with the algorithms of choice. 

Because of the time and space variant signal amplitude, noise (re)configurability should be 

applied in the frontend system to minimize the power consumption. The power consumption 

of such frontend systems including frontend amplifiers, ADC and power management 

circuitry is by far dominated by the frontend amplifiers. From the results in Chapter 5 and 7, 

it is possible to design a multi-channel frontend system with suitable channel noise levels for 

fECG monitoring at 10μW level power consumption (excluding reference generations and test 

circuitry). More specifically, a frontend system that has one channel (with 0.3μVrms input 

noise) capable of detecting a ~3μV fECG signal and two channels (with 1.0μVrms input noise) 

with an amplitude monitoring function can be realized at this power level. 

Third, at circuit level, current reuse techniques are proven to be efficient to improve the 

power efficiency of the frontend amplifiers while keeping other performance metrics the same. 

Several amplifier topologies are proposed in Chapter 3 to 6 exploring current reuse techniques. 

In Chapter 3, an NEF of 1.52 is achieved with the current-reuse telescopic topology together 

with capacitive feedback. This amplifier also allows easy (re)configuration of the noise level 

by tuning the bias current and thus can be used in the proposed fetal ECG monitoring system. 

In Chapter 4, a current reuse three-channel amplifier with capacitive feedback for fECG 

recording is proposed. With the MCS circuit, this topology can reuse the current four times 

from a single supply voltage of 1V, achieving an NEF of 1.17. Based on the result of these 
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two topologies, the current-reuse, low voltage folded cascode topology is proposed and found 

out to suit the fetal ECG the best in Chapter 5. This amplifier allows for individual tuning of 

the noise level in each channel, achieving lower power consumption in a fetal ECG system 

than the stacked multiple-channel amplifier. The proposed low-voltage current-reuse folded-

cascode topology enables aggressively scaled supply voltages, resulting in significant 

reduction of the power consumption. Simulation results of the system design including three 

of this current-reuse, low voltage amplifiers, a set of power management circuitry and a SAR 

ADC show that the total power consumption of the key blocks within the frontend can be 

lower than 10μW. 

The current reuse technique can also improve the power efficiency of resistive feedback 

amplifiers. A novel resistive feedback topology exploiting current reuse is proposed together 

with signal dependent current biasing in Chapter 6. The power consumption is reduced to 

approximately 1/3 of the conventional resistive feedback topology. This topology has the 

potential to provide higher input impedance than capacitive feedback topologies, which can 

be used to enable dry electrodes and improve user comfort. 
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