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1.1 Flexible electronics and its role in fuelling innovation  
 

1.1.1 Electronics integrated on chip and large-area electronics  
Silicon-based technologies have been the main vehicle to integrate electronics for 

several decades. Different kind of devices, from bipolar junction transistors to planar field 

effect devices, all the way to tri-dimensional structures for power switches, silicon on 

buried oxides, and fin-like digital transistors have been developed to enable increasingly 

high integration and different kind of applications. The development of chips exploiting 

these technology is present in all the aspects of everyday life, and drives the economic 

development of the world we live in, fuelling the fourth industrial revolution.  

With the developments achieved by academics and industry, electron devices 

have become increasingly smaller and faster. Due to its abundance on the earth surface 

and foundries’ ability to produce quasi-pure crystalline wafers in large quantities, silicon 

enables the lowest price per transistor. The mass production price per square inch is below 

27$ for wafer lines of 300 mm diameter (for a 90nm CMOS technology node), and 

decreases as technology nodes become increasingly more mature. 

Although improvements of switching speed and massive transistor integration 

have been the driving force of innovations in Silicon technologies, in applications where 

very high speed is coupled with high power, as well where light conversion is involved, 

(direct) semiconductor compounds of the group III-V play a dominant role. Examples 

include radio frequency power amplifiers and current-to-light conversion. The total 

market size for these semiconductors was 24 billion dollars in 2017, with the biggest 

market sector being LED-related products. Compound semiconductors hold 100% of the 

market of Radio Frequency Power Amplifiers for smartphones, worth 7b$ for GaAs and 

1b$ for GaN in 2015, due to the large mobility of these semiconductors (up to 6 times 

larger than silicon), higher heat resilience and much larger blocking voltages. 

On the very other end of the electronic spectrum, there are applications that do 

not require high speed, but benefit from other functionalities, such as large area coverage, 

biocompatibility, flexible form factor and shaping, transparency and ability to emit or 

absorb light. Many of these applications can be addressed with what we call large-area 

electronics. Large-area technologies do not match the integration capabilities of silicon, 

achieving billions of transistors per silicon chip, or frequencies in the gigahertz range. 

They can, on the other hand, cover very large surfaces at a much lower cost per unit area.  

In today's market products, Thin Film Transistors (TFTs) technologies based on 

amorphous materials are used to fabricate backplanes of flat TVs and smartphone displays 

on glass. Small and medium size displays are a market worth 50b$ in 2017, and 

smartphones with bent touch screens and curved displays are already available. In these 

commercially available products, the refresh rate is up to 240 frames per second. This kind 

of speed is more than fast enough to image cancer in the body, reconfigure an antenna, or 

monitor biomedical signals. For these applications, speed is not a limiting factor, while 

cost per unit area is.   
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1.1.2 A vision for large-area electronics 
Silicon is too expensive to cover squares meters of displays as done in e.g. a 

generation 10 fabrication process, and crystalline semiconductor are in general more 

expensive to process. Therefore, in the past years there has been a growing interest around 

amorphous semiconductor materials processed on glass, allowing to reduce drastically the 

cost per unit area.  

A further important step forward in large-area electronics is to decrease the 

thermal budget needed for a full fabrication process. Nowadays maximum processing 

temperatures can be kept below 200ºC, allowing to fabricate TFTs on flexible plastic 

substrates that can be bend on arbitrary surfaces without altering in a significant way their 

performance. Thanks to the development of low-temperature processes, we now can build 

flexible, conformable and even stretchable circuits, and the ability to produce this kind of 

circuits makes us wonder if we can integrate electronics where it was not possible before.  

For example, future products at reach are foldable smartphone displays that can 

be eventually wrapped around the wrist, or displays that unfold and become as large as a 

television. Solar cells can have the form of a roll of plastic, to which one can plug in a 

laptop to recharge the battery, or could charge while walking outside via solar power-

generating clothes. 

In addition, study on materials and electronic systems will help creating 

biocompatible films that can be directly interfaced to human tissues for different 

applications, for example to build advanced medical devices such as flexible implants that 

can monitor and treat cancer, glucose-checking tattoos for diabetics, stick-on patches for 

monitoring the vital signs of new born babies, and sensors that can track the electrical 

signals of the brain.  

Moreover, transparency can be a big enabler, making possible the production of 

solar cells on top of windows, or laminated onto window panes, or to improve Virtual 

Reality/Augmented Reality (VR/AR) capabilities. Flexibility and transparency together 

make possible interesting scenarios such as solving eye pathologies, build synthetic 

retinas, monitor glucose levels via a sensor built into contact lenses, or instead of viewing 

images on a screen, we could be able to generate them straight onto contact lenses. 

Large-area electronics that conform to arbitrary shapes can also improve human-

machine interaction, e.g. giving the sense of touch to robot via artificial skins. In addition, 

it can improve the quality of robot-assisted surgery by boosting the integration of haptic 

feedback in the control systems of the robotic arms used in this kind of systems. 

 

1.1.3 State-of-the-art of large-area flexible electronics 
All the futuristic applications that we mentioned till here can be addressed with 

flexible and conformable electronics. The development of flexible electronics has started 

from creating electron devices built on flexible substrates. First, flexible technologies have 

been developed using organic [1], as well as metal oxide materials (such as Indium-

Gallium-Zink Oxide, IGZO) [2]. Throughout the years the features size has shrunk down, 
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to the sub-micrometre region, with channel lengths as small as 280nm using IGZO TFTs 

[3]. Also, the semiconductor has been improved in order to achieve higher mobility and 

thus enable better speed in the applications, with IGZO reaching field effect mobility 

above 60 cm2/Vs [4]. 

On top of these technology advancements, researchers have designed and 

fabricated numerous basic circuit blocks. In the digital domain, logic inverters and gates, 

made by TFTs with two control gates [5] and logic exploiting positive feedback [6] have 

been shown. In the analogue domain, we can find in literature several approaches to 

implement simple amplifiers [7] [8] [9] [10] [11] [12] made using organic and metal oxide 

semiconductors. 

These simple blocks have been put together to build more complex 

analogue/mixed signal circuits. Several examples of data converters have been shown 

ranging from organic Successive Approximation Register [13], VCO-based [14] and 

sigma delta modulators [15] to IGZO steering DACs [16]. Also, circuits for radio 

frequency application have been shown [17]. Full application demonstrators have been 

shown in the fields of flexible displays [18], flexible medical imagers [19], NFC tags [5], 

all the way to biomedical readout systems for electro miography [20], and electro 

encephalography [21]. Flexible TFTs have also been used for computational applications, 

like the microprocessors based on organic TFTs [22]. 

Although a lot of building blocks and applications have been demonstrated, two 

main issues represent the limiting factors to build market-ready products, namely 

parametric variability and performance. Parametric variability limits the reliability of 

analogue and mixed-signal circuits, which are the fundamental means to interface 

electronic systems to the real world. It also limits the yield (and therefore increases the 

cost) of digital electronics. On the other hand, reduced performance limits the relevance 

of flexible circuits to specific applications that can cope with slow signal processing, and 

makes necessary the use of supplementary silicon electronics to complete the full system.  

Therefore, technological improvements followed by dedicated design techniques 

are a must to promote the next generation of flexible electronics applications. 

 

1.2 Problem statement 
The design challenges of high-performance analogue and mixed signals circuits 

with flexible TFTs are mainly variability, speed and noise performance, and also the lack 

of complementary devices. These drawbacks come from intrinsic properties of the 

semiconductors, as well as from the technology process, and will be presented further in 

this Paragraph. 

The development of fabrication techniques have allowed to process 

semiconductors at relatively low temperature, enabling the use of plastic substrates to 

build circuits that can be flexible, conformable, or even stretchable. Materials such as 

organic and metal oxide semiconductors used for such applications carry intrinsic 

properties that are related to their chemical structure and morphology. These materials are 

characterized either by structural disorder or by presence of large number of traps, which 

have a strong effect on their charge transport properties.   



9 
 
 

In contrast with the extended band theory used for crystalline silicon, the 

transport in metal oxide materials is typically described by Multiple Trapping and Release 

(MTR) and percolation theory [23], whose effect is to produce a carrier mobility at least 

2 to 3 order of magnitude lower than standard silicon. The circuit-level consequence is a 

low transconductance gm of the devices, and a low transition frequency fT, which is 

exacerbated by the large parasitic capacitances due to the large physical dimensions 

typical of TFTs.  These lead to a very low gain-bandwidth product (GBW) efficiency, 

meaning that a lot of power is required to produce a relatively large GBW. Also, the 

transport mechanism and the limited control of device characteristics like the interfaces 

between dielectric and semiconductors typical of TFTs cause poor intrinsic matching 

between identical neighbouring devices [24]. As a result, sensor interfaces based on 

differential circuits will carry a large random error, when considering i.e. multiple smart 

sensors on a large surface. The large mismatch is also seen as offset that reduces the swing 

of amplifiers for a given supply voltage, and can induce soft faults due to the saturation of 

amplifiers with large gain. 

Metal oxide and organic TFTs do not have source/drain diffusion as in standard 

CMOS technologies, but a direct contact occurs between the semiconductor and SD 

electrodes. Due to different work functions of the two materials, a Schottky barrier creates 

a contact junction, which is often modelled by a resistance. The latter reduces the 

transconductance of the TFTs even more, appearing as a source degeneration. In addition, 

due to the source resistance, the devices are able to carry overall less current for the same 

gate overdrive. 

Issues also come from limitations during the intentionally low-cost low-

temperature fabrication process. Due to the mask misalignment, the future size λ can be 

in the order of microns, leading to large channel lengths compared to modern silicon 

technologies, and also to large overlapping capacitances. The latter produces very large 

parasitic at every circuit node, including input nodes, which can be very challenging when 

flexible front-ends are interfaced with capacitive sensors, or with high output impedance 

sensors. Moreover, when capacitive networks are used in analogue circuits, the explicit 

capacitors must be much larger than the parasitic ones to guarantee precision. This 

produces circuits that occupy large areas and are more susceptible to hard faults because 

the number of defects per unit area is still quite large. 

Fabrication processes over a large area often produce low quality semiconductor-

insulator interfaces, leading to large low frequency (or 1/f) noise [25]. This is a stochastic 

process with large time constants, which can be reduced by increasing the device area at 

the design stage. Low-frequency noise sets the biggest challenge in designing sensor front-

ends, making it difficult to obtain very high resolutions. More in detail, increasing the 

device area decreases 1/f noise, but decreases the input impedance due to the increase of 

input parasitic capacitances. Therefore, a trade-off is set between input 1/f noise, and thus 

front-end resolution, and its input impedance.  

The best hard yield for flexible circuits has been demonstrated using unipolar 

approaches [22] [26], simple unipolar technologies should thus be preferred to more 

complex and defect-prone complementary ones when building large area circuits. At the 
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same time, the choice of a unipolar technology precludes the use of well-known CMOS 

circuit techniques to improve circuit performance. To give an example, in case of 

amplifiers using unipolar technologies, it is difficult to reach even a 10V/V gain with 

reasonable transistor sizes [15]. 

Active loads, as in a CMOS approach, are not available with simple unipolar 

configurations and low transistor count. Investigation on this circuit element is needed if 

we aim to reduce supply voltage, and thus power consumption. The reason is that these 

circuits have the advantage of offering different AC and DC resistances, meaning that its 

DC bias voltage is independent from the AC output impedance. Without active loads, DC 

biasing becomes cumbersome. For example, if large GBW is required, large currents must 

be used in the drivers of a differential amplifier, and high signal gain requires high AC 

impedance. If DC and AC impedance are the same, a large DC voltage is generated over 

the load and very large supply voltages are needed.  

Moreover, large output swing is always difficult to obtain with unipolar 

technologies. In standard CMOS circuit design, the output swing, or alternatively the 

minimum supply voltage for a gain stage, is calculated considering the overdrive voltages 

of stacking transistors on top and bottom of an output node. Using unipolar TFTs, some 

device in the stack will contribute with their overdrive voltages, and some with their gate-

source voltage, which is a threshold voltage larger. For this reason, rail-to-rail output 

characteristics in analogue unipolar circuits are extremely difficult to obtain. 

In conclusion, the main challenges in the design of high-performance flexible 

circuits with TFTs are the large technology variability, poor speed and noise performance, 

as well as design difficulties coming from the lack of complementary devices. For this 

reason, non-conventional approaches at circuit and system level need to be explored to 

create high performance flexible frontends. 

 

1.3 Aim of the thesis 
The aim of this thesis is to advance the state-of-the-art of flexible electronic in 

terms of circuit performance in several relevant applications of this technology, in 

particular: 

• Smart sensors on foil 

o Develop circuit techniques that enable integration of the sensing element with 

front-end electronics, in order to improve the signal to noise and interference ratio, 

and integrate data conversion on foil, to enable smart and ultra-cheap solutions.  

• Interfaces with the human body 

o Design simple and effective ways to interface human body to flexible front-ends in 

order to read biomedical signals with good quality, increase robustness against 

external interferers, and exploit conformability to remove artefacts during 

monitoring. 

o Build a fully autonomous large area sensing system that include a flexible sensing 

element and a silicon element performing complex functionalities. In this thesis, 

the problem of multiplexing between multiple sensor nodes is tackled, together 

with the interface between the flexible and Si technologies, and the partitioning of 
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functionalities between flexible and silicon electronics from a system architecture 

perspective.  

More in detail, the research activities have been focused mainly on: 

• TFT Modelling and circuit simulation 

o Implement a TFT model into a circuit simulation environment, to predict circuit 

behaviour and assist the circuit design activities. 

o Attempt to predict the outcome of a fabrication runs in terms of variability and 

matching of TFTs to estimate offset. Verify functionality of the circuits and 

systems despite batch-to-batch variations. 

• Design of analogue building blocks 

o Design simple single-stage amplifiers with maximum possible gain, in order to 

ensure performance and yield, together with robustness against process variations. 

o Design load circuits optimized for different performance indicators: high gain, very 

high gain together with stability to the bias point, controlled gain and suppression 

of output offset 

• Design of a smart temperature sensor on foil 

o Increase accuracy of data converters on foil and apply signal conversion to produce 

an output waveform that can be easily transmitted via radio communication. 

o Demonstrate feasibility of a front-end for smart temperature RFID tag to monitor 

temperature of food packaging during transportation and storage. 

• Design a biopotential monitoring system integrating flexible and Si elements 

o Build a flexible patch to monitor biopotentials, which can reduce motion artefacts 

and cost of medical equipment. 

o Identify the best solution for system partitioning when considering multiplexing 

and interfacing between the Si and flexible technologies, which are characterized 

by very different supply voltage domains. 

o Proof of concept of a system integrating flexible electronics and a custom silicon 

chip to implement a fully autonomous conformable patch. 

 

1.4 Scope of the thesis 
The work we present in this thesis focuses on large area and flexible smart sensors 

fabricated using a dual gate n-type only IGZO TFTs fabricated at Holst Centre/TNO, 

Eindhoven. For developing smart sensor circuitry on foil, we focus on the interface of the 

flexible electronics with the real world, designing circuit blocks to target two main 

applications: 

• Temperature monitoring of food packaging during transportation and storage 

• Monitoring of biopotentials on a large surface for measuring Muscle Fibre conduction 

velocity. 

In order to build these applications, we attempt to advance the state-of-the-art designing, 

fabricating, and characterizing the following circuits: 

• A sigma delta modulator on foil 

• Resistive temperature sensor on foil interfaced with the sigma delta modulator 
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• A biopotential front-end to monitor EMG and EHG  

• A matrix of active electrodes with only one output per column of electrodes 

• A custom silicon chip to interface the biopotential matrix to a base station. 

 

1.5 Original contributions 
This manuscript introduces some novel topologies at circuit level and at system 

level that contribute to the advancement of the state-of-the-art in analogue and mixed-

signal circuits for smart sensors on flexible unipolar technologies. The author’s main 

contributions are summarized in this Section.  

In Chapter 3 we propose a novel load circuit that exploits the intrinsic properties 

of double gate TFTs to create a high impedance load. This new circuit topology involves 

cascoding of double-gate diode-connected loads in a way that increases the output 

impedance with a polynomial relation to the number of cascaded devices. Thus, high DC 

gain single stage amplifiers can be designed. Also, we use cross-connected double gate 

devices to increase the transconductance of the amplifiers’ driver pair. Using these 

techniques, the fabricated amplifiers demonstrate a DC gain up to 30dB. Moreover, we 

showed the first characterization of noise in amplifiers fabricated with IGZO TFTs 

reported in literature. The results have shown a noise level that allow to perform heart rate 

detection, while monitoring of electro hysterograph (EHG) and electro miograph (EMG) 

biopotentials is at reach with further circuit improvements.  

In Chapter 4 we present the first asynchronous delta sigma modulator on flexible 

substrate ever fabricated. We select asynchronous operation because it requires less 

performance from the loop filter compared to synchronous operation, and is thus the best 

choice for an implementation with a low performance technology. Also, we choose a 

current input that drastically simplify the summing node circuitry and the loop filter 

design. We also present a novel comparator circuit, which uses the specific characteristic 

of double gate TFTs to implement positive feedback and tune the hysteresis width. This 

feature also enables the external tuning of the limit cycle frequency. Using these circuit 

techniques, the fabricated Asynchronous Delta Sigma Modulator achieves the best 

performance reported to date in terms of speed and accuracy of data converters fabricated 

on foil, with 55 dB of SNR and 50 dB SNDR in 10 Hz bandwidth, and 43 and 40 dB 

respectively of SNR and SNDR in 300 Hz bandwidth.  

Chapter 5 demonstrates for the first time in literature an interface between a 

matrix of active electrodes fabricated on flexible substrate and a custom silicon chip. The 

aim of the system is to measure biopotentials such as EMG and EHG on a surface, and to 

reach a millimetre-size electrode pitch, enabling to reconstruct the signal from a single 

motor unit in a contracting muscle. 

In the flexible part of the system, we propose a front-end circuit integrated inside 

the active electrode based on a novel gain stage topology.  

At the beginning of the signal chain, we designed an input high-pass filter that 

involves the input chopper and the parasitic capacitance of a buffer stage to create the 

Switched Capacitor resistive element of a CR network. This strategy allows to realize 
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high-pass frequencies in the Hz range, keeping the explicit input capacitor in the nF range. 

As the input capacitor dominates the size of the active electrode, this strategy to implement 

the input high-pass filter enables mm-size electrode pitch. 

The novel gain stage has an intrinsic band-pass response in order to suppress as 

much as possible offset and avoid saturation of the single stage amplifier, thus improving 

soft yield. The novelty is in the active load, which exploits an active circuit network that 

provides the total gain stage with its frequency-selective characteristic. A detailed 

explanation of this circuit is given in Chapter 5. The band-pass amplifier achieves a 

measured bandwidth of 15Hz – 17kHz and an input referred noise of 1.3 µV @ 5 kHz. 

Also, measurements of 24 samples show a DC output offset of ±149.5 mV, demonstrating 

that the front-end is immune to soft faults even in presence of the large offsets typical of 

flexible TFT technology. 

In each column of the matrix of active electrodes, we choose to sum all the front-

end outputs in the current domain using Frequency Division multiplexing. Doing so, we 

are able to have only one output per column of electrodes, and to design a silicon chip that 

is small in terms of bond pad area, and thus cheap. Using the current domain we can easily 

connect the two technologies together with simple circuitry, despite the very different 

power supply rails. Considering the variability of flexible electronics, it would have been 

very difficult in the voltage domain to align the flexible front-end DC output level to the 

input range of the silicon back-end, avoiding clipping. In the current domain, an input 

TIAs inside the silicon chip ensures correct functionality of the interconnection. 

To prove the correct functionality of the entire system, we have characterized it 

experimentally and also measured muscle fibre conduction velocity from a volunteer, 

showing for the first time a full-time diagram with multiple electrodes realized with 

flexible TFTs, and extraction of muscle fibre conduction velocity in line with the 

physiological range. 

 

1.6 Outline of the thesis 
The manuscript is organized following the research activities in a bottom-up 

design fashion: it will guide the reader from the technology level, stepping up to the circuit 

level, up to the system and application level. In Chapter 2, the description of the 

technology, layer stack, fabrication steps, electrical characteristics and electrical TFT 

modelling are given. Also, an analysis and modelling of device noise is presented. Chapter 

3 describes the single-stage amplifiers used in the larger circuits. Chapter 4 and 5 describe 

the circuits for the two different applications. Chapter 4 provides details of the design of 

an asynchronous sigma delta modulator on foil. In the same Chapter, the sigma delta 

modulator is interfaced with a temperature sensor also on foil. Chapter 5 shows a 

biopotential front-end, its integration into a matrix of active electrodes, and its interfacing 

with a custom silicon chip to form a conformable bio potential measurement patch. 

Finally, Chapter 6 provides the conclusions of this research. 
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2 a-IGZO TFT 

Technology 

 
In this Chapter, the a-IGZO TFT fabrication process used in this manuscript is 

briefly described, together with the layer stack building the TFTs. Details about the 

geometry of both single and double gate devices are provided. Further, an overview of the 

physical-based compact models used to describe channel current, contact effects, double 

gate effects, and noise is given. A description of the implementation of these models in a 

commercial simulation tools concludes this Chapter.  
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2.1 a-IGZO TFT devices fabrication 

The devices manufactured for the work described in this manuscript are TFTs 

with a-IGZO as semiconductor. Since only a-IGZO is used, only n-type transistors are 

available. 

Figure 2.1 shows the cross Section of a typical device, which has a staggered 

bottom-gate top-contact structure. All the layers are processed at a maximum temperature 

of 200 ºC on top of flexible PEN or PI plastic substrate, which is hold on glass during 

manufacturing and released afterwards. The circuits realized can thus be bent without 

modifying in significant way their electrical characteristics [1]. 

First, a 100nm chromium-molybdenum metal film, which provides the gate layer, 

is sputtered on top of the flexible plastic substrate, and patterned using photolithography. 

On top of this, a 200nm SiO2 gate insulator (GI) is formed by a Plasma enhanced chemical 

vapour deposition (PECVD) process, which is followed by the DC sputtering of the IGZO 

layer with a thickness of 12nm. 

After the IGZO deposition a photoresist layer is spin coated on top, and is 

exposed using maskless lithography tools. The IGZO layer is thus wet-etched in an oxalic 

acid solution, followed by the stripping of the photoresist layer. IGZO film thickness and 

oxygen flow in the sputter chamber are optimized in order to achieve good TFT 

performance at low temperature. 

Above the semiconductor there is an Etch-Stop Layer (ESL), which prevents 

damage of the IGZO when processing the other layers. It is a SiO2 layer with a thickness 

of 100 nm, and grown using PECVD at 200ºC on top of the patterned semiconductor. 

In order to create the contact openings, the ESL layer is opened using dry etching 

and a second metal layer is sputtered from a Mo-Cr target to form the source and drain 

contact. Finally, a 2µm-thick SiU8 passivation layer (interlayer) is deposited on top of the 

second metal layer in order to avoid interaction with the environment, and protect the 

layers underneath from further processing steps.  

The last, optional processing step involves the sputtering of the third metal layer, 

 

  

Figure 2.1: Cross section of an a-IGZO TFT. The layer stack is formed as follows (from the 

bottom): Plastic substrate, gate metal, gate insulator (GI), a-IGZO, ESL, source/drain metal, 

and final insulator (interlayer). An optional third metal later (anode) can be added on top of 

the stack. 
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mainly used in the fabrication of displays. In particular, this electrode can become the 

anode metal of organic LEDs for the fabrication of foldable screens. This third metal layer 

offers the possibility to contact a carbon film, or a material with large temperature 

coefficient, to build temperature sensors integrated in the layer stack, and also it can be 

used as metal electrode to interface the IGZO TFTs with human skin. 

The overall process employs a 32 cm by 35 cm substrate. 

Due to the presence of the ESL on top of the semiconductor, it is possible to have 

an area overlapping the channel on the second metal layer, which can be used as a second 

(or top) gate (TG in Figure 2.1). Because of the extension of the connection from the 

contact opening, the top gate will only have a partial overlap with the channel, as shown 

in Figure 2.1. Figure 2.2 shows a microscope photograph of a double gate TFT, in which 

the metallization of bottom gate, top gate, drain, and source are recognizable.  

The minimum feature size of this technology is 5μm, which results in a minimum 

channel length of 15μm for single gate devices, and 30μm for double gate devices.  

 

2.2 Channel current modelling 

Figure 2.3a shows the measured transfer curves of 100 TFTs with the same aspect 

ratio, measured on the same foil, while Figure 2.3b shows a sample output characteristic 

from this population of devices. In order to describe these characteristics, the analytical 

physical-based model described by Ghittorelli et al. in [2] has been used. 

The drift-diffusion model for the current integral in the TFT channel can be 

written as: 

 

 𝐼𝐷𝑆 = ∫ ∫
𝑞𝜇𝑏𝑛𝑏(𝜑, 𝑉𝑐ℎ)

√𝐹𝑥𝑡
2 (𝜑, 𝑉𝑐ℎ) + 𝐹𝑥𝑏

2 (𝜑, 𝑉𝑐ℎ)

𝜑0

0

𝑑𝜑𝑑𝑉𝑐ℎ 
𝑉𝐷

𝑉𝑆

 (2.1) 

   

Where Fxt and Fxb are electric fields, taking into account both degenerated and 

non-degenerated conduction regimes. Solving the integral taking into account both 

conduction regimes, the formula can be elaborated as:  

 

Figure 2.2: Picture of a fabricated double gate TFT.   

 

Drain

Source

Bottom 
gate

Top 
gate

10µm



20 
 
 

 

 
𝐼𝐷𝑆 =

𝑊

𝐿

Γ𝑡Ψ𝑡 × Γ𝑏Ψ𝑏

Γ𝑡Ψ𝑡 + Γ𝑏Ψ𝑏

 

 

(2.2) 

Where: 

 Γ𝑡 =
𝜖𝑠𝜇𝑏𝑁𝑏

𝐶𝑖

𝑘𝐵𝑇
𝑇

2𝑇𝑡 − 𝑇
[

𝐶𝑖
2

2𝜖𝑠𝑁𝑡𝜃𝑡𝑘𝐵𝑇𝑡

]

𝑇𝑡
𝑇⁄

 

 

(2.3) 

 

 Γ𝑏 =
𝜇𝑏𝐶𝑖

2
 (2.4) 

 

 Ψ𝑡 = [𝜙𝐺𝑆

2𝑇𝑡
𝑇 − 𝜙𝐺𝐷

2𝑇𝑡
𝑇 ] (2.5) 

 

 Ψ𝑏 = [𝜙𝐺𝑆
2 − 𝜙𝐺𝐷

2 ] (2.6) 

 

 ϕ𝐺𝑋 = 𝑉𝐺 − 𝑉𝑓𝑏 − 𝜑𝑠𝑋 (2.7) 

 

VG and Vfb are respectively the gate and flat band voltage, while φsX is the surface 

potential [3] at the drain (φsD), or at the source (φsS). All the other parameters are physical 

parameters: the dielectric constant εs, band mobility μb, carrier concentration in band Nb, 

concentration of traps Nt, characteristic temperature of the tail states Tt, Boltzman constant 

kB, and θt =sinc-1(T/Tt).  

To extract these model parameters, first, the transfer and output curves have been 

measured on groups of devices with length scaling from 200μm down to 15μm and width 

scaling from 200μm down to 15μm. Then, the parameters for the channel model are 

extracted according to the procedure described in [4]. It has been observed that the model 

 

Figure 2.3: Transfer characteristics measured on 100 single gate TFTs manufactured on the 

same foil, with W/L = 100 µm/30 µm at drain voltage of  0.1 V and 1 V (a). In (b), output 

curves measured on a TFT with W/L=100µm/30µm at VG = {2; 4; 6; 8; 10} V. 
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in [3] tends to overestimate the drain current due to contact effects. For this reason, the 

contact model described in [5] has been added to the simulation model, and its parameters 

have been suitably extracted from the measurements. The model describes the contact 

effect as a reverse biased Schottky-gated diode, and follows the mathematical description: 

 

 I𝑐 = 𝑊 × 𝐼0 × 𝑒
√

𝑉𝐶
𝑉0

4

× [𝑒
−

𝑞𝑉𝑐
𝜂𝑘𝐵𝑇 − 1] (2.8) 

 

 I0 = 𝐼00 × {𝑙𝑜𝑔 [1 + 𝑒
𝑉𝐺−𝑉𝑓𝑏

𝑉00 ]}

𝛾

 (2.9) 

 

Where V0, I00, η, and γ are respectively the Schottky barrier lowering effect, 

reverse current pre-factor, quality factor, and a fitting parameter. The model is described 

in detail in [5], and the parameter values are listed in Section 2.4, Table 2.I.  

In order to model the electrical characteristics of double gate TFTs, an approach 

similar to [6] has been followed. It has been observed that the TG bias modifies the transfer 

curves in two ways: a threshold modulation for negative TG bias, and a modulation of the 

on-current for positive TG bias. As observed in [6], threshold modulation occurs for 

negative TG-source bias voltages, which causes depletion of the region underneath the 

TG. The threshold voltage of the whole channel will increase as the depletion layer under 

the top gate increases, and this can be justified by a capacitive division between the bottom 

gate and top gate potential, as shown in Figure 2.4a. On the other hand, when a positive 

voltage is applied to the TG, a modulation of the channel on-current is observed. Under 

this bias condition, indeed, accumulation in the semiconductor layer under the TG occurs. 

If the main TFT channel above the bottom gate is formed, the total on-current is increased 

due to the presence of the second accumulation sheet (Figure 2.4b). If the main TFT 

channel is absent, due to the bottom gate (VG) bias, the device remains off because the 

second accumulation sheet cannot reach the source and drain contacts.   

 

Figure 2.4: A capacitive divider formed by CGI and CESL moves the VTH of IGZO, for VTGS<0 

(a), while for VTGS>0 two accumulation layer are formed (b), causing ON current 

modulation. 

  

Fig. 5a: Transfer characteristics measured with VTG in the range {-5,5} and a step of 1 

V, increasing in the direction of the arrow.  5b: Detail of negative VTG measurements 

and simulations: a threshold modulation is observed.  5c: Measurements and 

simulations for positive VTG = 0; 2; 5 V: an on-current modulation is observed. 
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Taking into account these phenomena, the influence of the TG bias on the 

transistor characteristics has been modelled for VTG < 0V as follows: 

 

 𝑉𝑇𝐻 = 𝑉𝑇𝐻,0 − 𝜂𝑉𝑇𝐺 (2.10) 

 

And for VTG > 0V as:  

 

 𝐼𝐷 = 𝐼𝐷,0(1 + 𝛼𝑉𝑇𝐺) (2.11) 

         

Equation (2.10) describes the threshold modulation as linear function of TG 

voltage by means of a top gate coupling coefficient η, as explained also in [6].VTH,0 is the 

value of threshold voltage with zero applied TG bias. For this particular technology, the 

thickness of the gate insulator layer is double compared to the ESL, and, due to different 

processing, the dielectric constant of the gate dielectric is lower than that of the ESL. This 

leads to a η which is as large as 2.1 V-1. The on-current increase with positive VTG is 

modelled in (2.11) with a linear dependence of the on-current on the TG voltage, through 

the coefficient α. The value of α is extracted from measurement and is 0.25 V-1. ID,0 

represent the drain current with zero applied TG bias. 

Figure 2.5a shows the typical transfer characteristics obtained measuring a double 

gate TFT. Confirming our analysis, it can be observed that the transfer curve moves as the 

TG voltage increase from negative towards zero. For positive TG the subthreshold region 

is basically independent on VTG, while the above threshold current increases as the TG 

voltage becomes more positive. 

In Figure 2.5b, a comparison between the model and the measurements is shown 

for negative TG bias voltages in the range -5 V to -1 V. A very good agreement is reached. 

Figure 2.5c shows the same comparison for positive TG bias voltages of 0 V, 2 V and 5V. 

 

Figure 2.5: a: Transfer characteristics measured with VTG in the range {-5V,5V} and a step of 

1 V, increasing in the direction of the arrow. b: Detail of negative VTG measurements and 

simulations: a threshold modulation is observed. c: Measurements and simulations for positive 

VTG = 0; 2; 5V: an on-current modulation is observed. 
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In this bias region, a larger disagreement between model and measurements can be 

observed.  This is because the on-current modulation factor α is actually not exactly 

constant for changing TG bias. For this reason, further studies on the modelling of TG bias 

influence on the TFT characteristics are actually needed.  

 

2.3 Device noise modelling 

Current noise in field effect transistors is typically modelled by two main 

contributions: thermal noise and flicker noise. The former has been described using the 

Johnson formulation [7]: 

 

 𝑆𝐼𝐷(𝑓) = 4𝑘𝐵𝑇 (
2

3𝑔𝑚

) (2.12) 

 

Where kB is the Boltzmann constant, T is the temperature, and gm is the 

transconductance of the device. 

For low frequency noise on the other hand, the Hooge model explained in [8] is 

used. Previous literature [9] shows that the mobility fluctuation model describes well the 

noise behaviour of a-IGZO TFT devices, as opposed to number fluctuation theory, which 

is used to describe noise in long-channel MOSFET in saturation region of operation. 

The power spectral density (PSD) of low frequency current noise above threshold 

can be written as follows [10]: 

 

 𝑆𝐼𝐷(𝑓) =
𝛼𝐻𝑞𝐼𝐷

2

𝑓𝑊𝐿𝐶𝑖(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
 (2.13) 

 

The PSD is function of geometrical TFT parameters, the bias point, and the 

Hooge coefficient αH. The latter is constant for devices that follow the mobility fluctuation 

theory, while it is bias dependent according to the number fluctuation theory [8]. In case 

of standard silicon CMOS devices in saturation region, we can model the output current 

noise by a voltage noise referred-to-input (RTI), and the result reads [7]: 

 

 𝑅𝑇𝐼𝑛,𝐶𝑀𝑂𝑆
2 (𝑓) =

𝐾𝑓

𝑓𝑊𝐿𝐶𝑂𝑋

 (2.14) 

 

Where Kf is a process-dependent constant on the order of 10-25 V2F. In the case 

of silicon CMOS the Hooge parameter αH is bias dependent, and the resulting input voltage 

noise (2.14) is bias independent. Indeed we can observe that the RTI noise is dependent 

only on technology and geometrical parameters.  

In order to obtain a similar formulation for the RTI voltage noise of a-IGZO 

TFTs, a tool has been used that simplify the calculation, enabling also hand-calculations 

and faster simulator resolution. More in detail, an analytic expression of the channel 

current has been used here as follows [11]: 
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 𝐼𝐷=

𝑊

𝐿
𝛽[𝑉𝑂𝑉,𝑠

𝛾
− 𝑉𝑂𝑉,𝐷

𝛾
] (2.15) 

 

where 𝛾 = 2𝑇𝑡 𝑇⁄ , 𝛽 is the current pre-factor, and the overdrive voltage Vov,X is 

defined as: 

 

 𝑉𝑂𝑉,𝑋 = 𝑉𝑆𝑆𝑙𝑛 [1 + 𝑒
𝑉𝐺−𝑉𝑋−𝑉𝑇𝐻

𝑉𝑆𝑆 ] (2.16) 

 

X refers to the source or drain potential, while VSS is the subthreshold slope, and 

VTH is the threshold voltage. The parameters of this analytic model are extracted from 

measurements according to [12]. The transconductance is then calculated analytically as 

∂ID/∂VG, with ID defined in (2.15), and it is used to calculate the RTI voltage noise. After 

mathematical calculations, we obtain the following expression: 

 

 𝑅𝑇𝐼𝑛,𝐼𝐺𝑍𝑂
2 (𝑓) =

2𝛼𝐻𝑞

𝐶𝑖𝛾
2𝑊

𝛾+1
𝛾 𝐿

𝛾−1
𝛾 𝑓

√
𝐼𝐷

𝛽

𝛾

 (2.17) 

 

As we can observe, in the case of a-IGZO, the input noise voltage is dependent 

on technology and geometrical parameters, as well as the bias current ID. In theory, this 

latter property adds a tuning nob for controlling the input noise of the devices, but, if we 

perform a quantitative analysis, changing bias current has very little effect. More in detail, 

since the parameter γ is ≈3, scaling the current by two orders of magnitude would result 

in a decrease of the PSD by only a factor 7. Therefore, also in the case of a-IGZO TFTs, 

the most effective strategy to reduce 1/f noise is to increase the device area. 

 

2.4 Simulation tools 

The successful realization of analogue and mixed-signal circuits requires careful 

design and pre-fabrication verifications in a computer simulator environment. For this 

purpose, two main tools are necessary: 

a. A device electrical model for circuit simulations 

b. A parametric cell for layout 

The electrical description of the devices is implemented into a Verilog-A model 

inside a Cadence environment. The devices are thus described in a behavioural fashion, 

which results in a larger flexibility in the choice of a physical based model, with the 

drawback of lower simulation performance. Standard SPICE models can be used, but a 

complete physical description of a-IGZO TFTs is not available yet in SPICE.  

Therefore, the equations (2.2) and (2.8) are implemented in Verilog-A, and linked 

to a device symbol for circuit simulations. The model parameters for channel current and 

contact effect are extracted from measurements of devices fabricated for characterization 

purpose, and inserted in the Verilog-A model. Both thermal and flicker noise contribution 

described by (2.12) and (2.13) have also been implemented in a simulation



25 
 
 

 
environment, to predict the noise performance of the fabricated circuits. The parameter αH 

has been extracted from noise measurements on different circuit topologies described in 

Chapter 3 of this manuscript. The latter has values between 0.025 and 0.05, well in line 

with previous reports [9] and [10] for a-IGZO TFTs. A typical parameter set used for 

simulations is given in Table 2.I. 

Hand-calculation and gm/ID method are the main design tools used for device 

sizing. After verification via Cadence simulations, a PCell is implemented as the base for 

circuit layout, before fabrication.  

Although the electrical modelling described in this Chapter describes pretty well 

the characteristics of the circuits, for a robust circuit design a further deep characterization 

of TFT variation in terms of technology variability and device mismatch is certainly 

needed. 

 

 

 

 

 

 

 

 

  

TABLE 2.I 

MODEL PARAMETERS FOR CIRCUIT SIMULATION 

Parameter Value 

Nb [cm-3] 5×1018 

Nt [cm-3] 1.5×1018 

Tt [K] 470 

µb [cm2/Vs] 22×10-9 

Vfb [V] -1.18 

Roff [Ω] 90×1012 

I00 [A/cm] 1.2×10-6 

γ 2.88 

V0[V] 20 

η 10 

αH 2.5~5×10-2 
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3 Single-stage 

Amplifiers 

 
In this Chapter, three novel differential amplifier topologies designed and 

fabricated using double gate a-IGZO TFTs on flexible substrate are presented.  

The designs exploit positive feedback and a load with self-biased top gate to 

achieve the highest static gain in single stage a-IGZO amplifiers reported to date. After 

fabrication, the three amplifiers have been characterized in detail for frequency response 

and noise.  

Based on the obtained results, the a-IGZO amplifier providing the highest gain 

turns out to be suitable as front-end for heart rate measurements and, with some further 

optimization here verified in simulation, can also be used for other biopotential 

applications, like electro hysterogram and electro cardiogram.  

The content of this Chapter has been published in IEEE JETCAS [1]. 

 

  



30 
 
 

3.1 Introduction 

Heart, muscles in activity and neural tissues generate biopotentials, which are by 

nature signals distributed over the body surface. However, ambulatory biopotential 

measurements are often impaired by patient movements, which induce strong variations 

in the impedance of the measurement electrodes. This causes large unwanted signals, 

called “motion artefacts”, which are typically in the same frequency range as the 

biopotentials, and thus difficult to distinguish from the target signals. Compared to 

traditional methods of biopotential monitoring using bulky wet and dry passive electrodes, 

ultra-light electrodes in adhesion to the skin and integrating analogue front-ends can 

potentially reduce motion artefacts, while increasing the robustness to common-mode 

electric disturbances like e.g. interference from the mains. This is because a very light 

electrode is likely to experience small mechanical forces and thus small alterations of the 

mutual position between electrode and skin during the movements. A technology platform 

able to manufacture ultra-light circuits on large area flexible substrates would thus be 

ideally suited to measure biopotentials distributed on the body surface, while improving 

resilience to motion artefacts and interferers. Large-area electronics manufactured at near 

to ambient temperature on flexible plastic substrates seems thus an excellent fit to medical 

applications based on biopotential measurements.  

A first well-known application example is multi-lead electro cardiogram (ECG) 

acquisition. Another interesting application is presented in [2], where the electro 

hysterogram (electrical activity due to the uterus contractions - EHG) is monitored by a 

matrix of electrodes placed on the abdomen of a pregnant woman. From the analysis of 

the EHG signals over a certain area the contraction conduction velocity can be extracted, 

which can be used to estimate preterm delivery with high accuracy. Further examples of 

possible applications of large-area electronics to the biomedical domain include EMG [3] 

and EEG measurements [4], muscular stimulation [5], etc. 

In order to enable all these applications, high-performance analogue, digital and 

mixed-signal circuit blocks manufactured with a-IGZO TFTs on flexible substrates need 

to be developed. The work described in this Chapter is on analogue front-end amplifiers 

manufactured with a-IGZO TFT on flexible substrate. More in detail, novel a-IGZO single 

stage amplifiers with high gain are proposed, designed and characterised. Special attention 

is devoted to the experimental analysis of the amplifier noise performance, which is 

typically missing in prior literature, and to understand if these blocks can successfully 

support different kind of applications based on biopotential measurements. 

This Chapter is organised as follows: In Paragraph 3.2 three novel a-IGZO high-

gain amplifier topologies are introduced, analysed and designed.  Measurements of these 

amplifiers are presented in Paragraph 3.3. In Paragraph 3.4 the measurements results are 

discussed, followed by some conclusions. 
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3.2 Design of novel IGZO amplifier circuits 

In this Section, three novel amplifier topologies built using unipolar a-IGZO 

TFTs are presented. The main goal of these circuits is to improve the DC gain provided 

by a single stage amplifier. This is important and challenging, because unipolar TFT 

circuits, like the ones explored in this work, typically suffer from reduced gain. High gain 

from the first stage of a front-end can be useful to reduce efficiently the requirement of 

equivalent noise of the following stages in a signal processing chain. 

Our first amplifier consists of a simple differential pair with positive feedback 

applied to the top gates of the input devices, which is used as a starting point for further 

optimization. The other two architectures contain non-conventional load circuits which 

exploit the top gate available in our technology. 

Also, a first attempt to realize a reliable bias scheme for a-IGZO circuits is shown. 

3.2.1 a-IGZO differential amplifier with positive feedback 
Figure 3.1 shows the schematic of the first topology studied. M1 and M2 are 

double-gate devices, connected as a source coupled differential pair. Transistors M3 and 

M4 are n-type TFTs in a diode connected configuration, and act as load of the differential 

amplifier. The top gate of the drivers in each branch is connected to the output of the 

opposite branch, in a cross coupled fashion, creating a positive feedback which increases 

the gain. Analytically, the small-signal gain can be calculated to be: 

 

 𝐺 =
𝑔𝑚1,2 𝑔𝑚3,4⁄

1 − 𝛼 𝑔𝑚1,2 𝑔𝑚3,4⁄
 (3.1) 

 

In this equation the open loop gain is given by the ratio of driver to load 

transconductances, multiplied by the top gate coupling factor α. Since the top gate-source 

DC bias point (VTGS) is positive, the coupling coefficient is reduced to the on-current 

modulation coefficient α, which is 0.25, as seen in Chapter 2, Section 2.2. The factor 

𝛼 𝑔𝑚1,2 𝑔𝑚3,4⁄  is less than one, and thus the closed loop gain is increased by the positive 

feedback. 

At the output stage, a buffer, which consists of a source follower stage M13-M14, 

is used to interface the amplifier with the measurement setup. It also has the function of 

level shifter, and brings the output DC voltage to a bias level similar to the input nodes. 

This enables the straightforward use of a resistive feedback network around the amplifier, 

if needed.  

Transistors M5 to M12 compose the bias circuit of this amplifier. The supply 

voltage is divided by four through a voltage divider composed by M9 to M12. This voltage 

is then used to bias the gate of M5 to M8, which are used as tail current source for the 

amplifier stage and the buffers. Above threshold and in saturation region, the simplified 

equation for channel current in Chapter 2, eq. 15 becomes: 
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 𝐼𝐷 =
𝑊

𝐿
𝛽(𝑉𝐺𝑆 − 𝑉𝑇𝐻)𝛾 (3.2) 

 

From (3.2) the output bias point as function of the supply voltage can be easily calculated 

as: 

 

𝑉𝑂 = 𝑉𝐶𝐶 − [ √
𝑆6

𝑆3

𝛾

(𝑉𝐶𝐶 4⁄ − 𝑉𝑇𝐻) + 𝑉𝑇𝐻]

− [ √
𝑆14

𝑆8

𝛾

(𝑉𝐶𝐶 4⁄ − 𝑉𝑇𝐻) + 𝑉𝑇𝐻] 

(3.3) 

 

Here Si represents the W/L of the TFT Mi and VCC =VDD-VSS is the supply rail. 

From (3.3), it is easy to observe that, if S6=S3, and S14=S8, the output bias point will be 

equal to half of the supply rail, independently on the effect of process variations on the 

threshold voltage, which can be as large as a few volts between different technology 

batches.   

This approach enables an output voltage bias point which is insensitive to 

threshold process variations and can be very useful in case of cascading different gain 

stages. Also, it allows alignment of the input and output common mode levels, enabling 

the use of resistive feedback networks. The proposed threshold-insensitive biasing of the 

output node works well as long as the devices are in saturation regime, and if the devices 

are matched. Indeed, TFT mismatch will still cause a DC offset to appear at the output 

node. The drawback of using this technique is that the bias current is not set directly by 

the biasing circuitry, but it is defined by the tail current source topology, and the supply 

voltage. For this reason, the three amplifier topologies presented in this Paragraph will 

have different bias currents at the same supply voltage.   

  

Figure 3.1: Schematic of the amplifier with positive feedback and diode connected load. 
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3.2.2 a-IGZO differential amplifier with positive feedback and source 

degenerated load with self-biased top gate 
The amplifier presented in this Subsection uses a new topology which increases 

the output resistance, and thus the DC gain. As shown in Figure 3.2, M5 and M3 are diode 

connected TFTs in series, and the top gate of M5 is connected to the source of M3. When 

the current in this branch increases, the voltage across M3 increases, and the VTGS of M5 

becomes more negative. When this happens, M5 is depleted of charges and becomes more 

resistive. Therefore, the total small-signal output resistance is larger than the series of two 

diode connected load, due to the effect of the second gate over M5. The total output 

resistance can be expressed as: 

 

 𝑅𝑂𝑈𝑇 =
1

𝑔𝑚5

[1 +
𝑔𝑚5

𝑔𝑚3

(1 + 𝜂)] (3.4) 

 

Since the VTGS is negative, η corresponds to the threshold modulation coefficient, 

which is typically bigger than 2 for this technology. As transistors M3 and M5 are equal, 

(3.4) clearly shows that this topology increases the small signal resistance of M3 by a factor 

of 1+ η. 

The technique implemented for biasing this circuit is similar to the one described 

in Paragraph 3.2.1. However, here the complete load circuit is replicated as a tail current 

source, namely M7, M9, M8, and M10. Also in this circuit S13=S14, and S11=S12, as in Sub-

Section 3.2.1. Therefore, setting the VGS of M13 (and thus of M14) and VG7 - VS9 (and thus 

VG5 - VS3) equal to VCC/4 will bring the output bias voltage to half of the supply rail. 

 

  

Figure 3.2: Schematic of the amplifier positive feedback and a new topology for the load 

circuit. 

 



34 
 
 

3.2.3 a-IGZO differential amplifier with positive feedback and 

enhanced source degenerated load with self-biased top gate 
The amplifier presented in this Subsection represents a further improvement in 

terms of DC gain compared to the topologies discussed previously. The schematic is 

shown in Figure 3.3.  

This topology uses the same technique to increase the output resistance as 

described in Paragraph 3.2.2, but adds another double gate diode load, M7, on top the 

stack, with its second gate connected to the source of M3.  

The total output resistance can be expressed in this case as: 

 

 𝑅𝑂𝑈𝑇 =
1

𝑔𝑚7

+
1

𝑔𝑚5

(1 + 𝜂) +
1

𝑔𝑚3

(1 + 𝜂)2 (3.5) 

 

Equation (3.5) shows that the contribution to the output resistance by M5 is 

increased by a factor of 1+ η, and the contribution to the output resistance of M3 is 

increased by (1+η)2, which leads to a remarkable increase in DC gain, compared to the 

stage presented in 3.2.2. 

For this amplifier, the input pair and the bias techniques are the same explained 

in Subsections 3.2.1 and 3.2.2. 

3.3 Measurement results 
The circuits presented in Section 3.2 have been designed and fabricated on foil 

as described in Chapter 2. The foil contains devices for the characterization of the 

technology and several test circuits. The transfer and output characteristics of 12 TFTs 

  

Figure 3.3: Amplifier with positive feedback and a load circuit (M3, M5, and M7) which 

drastically improves DC gain. 
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with widths ranging from 15 µm to 200 µm and lengths ranging from 15 µm to 200 µm 

have been measured using the Keysight B1500A Semiconductor Parameter Analyser. The 

results have been used to extract the parameters of the model implemented in the 

simulator.  

The measurement setup for the amplifiers consists of a voltage buffer, connected 

with probe needles and short coax cables the output of the amplifiers, and an 

instrumentation amplifier. The output of the instrumentation amplifier is fed into the 

HP35670A Dynamic Signal Analyser in order to measure the frequency response and 

  

Figure 3.4: Microphotograph of the amplifiers presented in Paragraph 3.2.1 (a), 3.2.2 (b), 

and 3.2.3 (c). 

 

  

Figure 3.5: Frequency response (a), and noise Referred-To-Input (RTI)(b) of the amplifier in 

Figure 3.1. 

 



36 
 
 

output noise. The parasitic capacitance introduced by this setup is about 20 pF, and all 

measurements use a supply voltage for the amplifiers of ±10 V.  

In the following Subsection, the measurement results of the different amplifier topologies 

are reported. In the last Subsection the agreement between measurements and circuit 

simulations is discussed.  
 

3.3.1 Differential amplifier with positive feedback 
The frequency response and noise spectral density referred to input for the 

amplifier in Figure 3.1 (Section 3.2.1) have been measured, and the results are shown in 

Figure 3.5. The DC gain is measured to be 5.4 V/V, or 14 dB. The cut-off frequency 

reaches 2 kHz, due to the internal pole of the amplifier. The output pole due to buffer and 

external load provided by the measurement setup is at about 20 kHz.  
The noise spectral density clearly shows a flicker behaviour up to the corner 

frequency of 2 kHz, reaching about 200 µV/√Hz at 1 Hz, down to 5 µV/√Hz in the thermal 

noise region. The integrated equivalent noise at the input is 420 µVrms. The measured 

current consumption of the gain stage is 2.5 µA.  

  

Figure 3.6: Frequency response (a), and noise Referred-To-Input (RTI)(b) of the amplifier in 

Figure 3.2. 
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3.3.2 Differential amplifier with positive feedback and source 

degenerated load with self-biased top gate 
The measurements of the amplifier in Figure 3.2 (Subsection 3.2.2), shown in 

Figure 3.6, demonstrates a DC gain of 12 V/V, or 21.5 dB, which is more than a factor 

two improvement on the previous topology. At the same time, because of the increase in 

output resistance, the bandwidth decreases to 400 Hz. The output pole, due to buffer and 

load capacitances offered by the measurement setup, stays at 20 kHz.  
The measured noise spectrum is presented in Figure 3.6. The noise spectral 

density at 1 Hz is 100 µV/√Hz, and the total equivalent integrated noise at the input is 195 

µVrms.  

It is interesting to notice that the graph shows a 1/f behaviour up to 1 kHz, 

followed by a positive slope in the noise spectral density at higher frequencies. This 

phenomenon is observed because the main contribution to the noise in the circuit comes 

from TFTs which are not the input pair. When this happens, the noise transfer function is 

different from the signal transfer function. For this reason, the spectrum of the input 

equivalent noise shows a behaviour which is different from the typical 1/f trend at low 

frequency and white noise at high frequency. In this particular case, as it is demonstrated 

analysing the contribution of the different TFTs in an AC noise simulation, the largest 

contribution to the noise comes from the source degeneration TFTs M3 and M4 (Figure 

3.2), followed by the input pair.  
The current consumption measured for the gain stage is 100nA.  

  

Figure 3.7: Frequency response (a), and noise Referred-To-Input (RTI)(b) of the amplifier in 

Figure 3.3. 
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3.3.3 Differential amplifier with positive feedback and enhanced 

source degenerated load with self-biased top gate 
In Figure 3.7 are shown the measurements of both the frequency response and 

input noise spectrum of the circuit in Figure 3.3 (Subsection 3.2.3). The frequency 

response shows that this circuit has a DC gain which reaches 35 V/V, or 30 dB, and a cut-

off frequency of 150 Hz (Figure 3.7a). The topology adopted for the load gives thus a 16 

dB improvement compared to the circuit with diode connected load.  
The input noise spectral density is shown in Figure 3.7b, and the integrated input 

noise is 146 µVrms. The same behaviour observed in the noise spectral density of Figure 

3.6b is present in the graph of Figure 3.7b, because the main contribution to the noise 

comes from the TFTs M3 and M4 in Figure 3.3.  

The low frequency noise measurements require seven hours of measurements time, and 

we could not observe relevant changes of the amplifier performance during this 

operational time.  

Repeating the noise measurements of this amplifier topology after 10 months of 

shelf life, the gain was found constant at 30dB, but the 3dB bandwidth decreased to 8Hz 

and the input referred noise increased to 290 µVrms. TFT stack optimization and suitable 

encapsulation layers are presently actively researched to improve shelf life stability.  
The measured power consumption for the gain stage is 20 nA. It is important to notice that 

the chosen biasing strategy does not fix the tail currents, and thus circuits with different 

topologies do have different biasing currents. However, the DC gain of all circuits 

proposed in Paragraph 3.2 is at the first order independent from the bias current, as it is 

actually determined by the ratio of transcoductances. For this reason we can be sure that 

the improvements in DC gain are actually achieved thanks to the novel circuit topologies 

proposed, and are not due to changes in the tail currents.  

3.3.4 Circuit simulations 

The measurements of the circuits described in Paragraph 3.2.1 to 3.2.3 show very 

good agreement with the simulation results, which are obtained using the analytical 

physical-based model described in Chapter 2 and the parameter set extracted from the 

characterization TFTs. In particular, the graphs in Figure 3.6a and Figure 3.7a show that 

the model describes well the AC behaviour of the circuits.   

Figure 3.6b and Figure 3.7b also show a good agreement between input noise 

spectral density measurements and the AC noise simulations based on the model presented 

in Chapter 2. A comparison between the topologies presented in this work is given in 

Table 3.I, while a comparison with amplifiers previously presented in literature will be 

provided in the next Section.  
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3.4 Discussion 

3.4.1 Circuit results 
A major drawback of designing circuits in a-IGZO technology is the lack of a 

complementary n and p-type devices, which strongly limits the options for circuit 

topologies, and especially has a detrimental impact on gain. For this reason, the second 

gate in the source/drain metal layer has been exploited here in order to design 

nonconventional topologies targeting high DC gain in single stage amplifiers. As the 

measurements show, the circuits in Sections 3.2 and 3.3 reach a gain above 20dB, which 

allows relaxing the noise requirements of the following stages.  

The poor speed performance obtained compared to silicon devices is due to the 

low mobility offered by a-IGZO, which is at least two orders of magnitude lower than 

crystalline silicon, and to the high value of parasitic capacitances in the long and non-self-

aligned TFT devices offered by our technology.  

As discussed in Sections 3.3.1 and 3.3.3, the noise performance in the proposed 

amplifiers is mainly influenced by the low-frequency noise of the TFTs in the load circuits. 

This means that there is still margin to improve the noise performance of these gain stages. 

According to the discussion in Chapter 2, the most effective approach to reduce low 

frequency noise of IGZO TFTs is to increase TFT area.  

 

3.4.2 Application perspective  
The characteristics of flexibility and large area coverage, make our technology 

suitable for medical applications in which the acquisition of biopotential on a surface is 

helpful or necessary. One example is described by Rabotti et al. in [2], where a matrix of 

passive electrodes is used to acquire EHG signals. These signals are used to monitor the 

uterine action potential conduction velocity, in order to predict preterm labour of pregnant 

women. The system uses at a moment a matrix of passive electrodes and a large number 

of discrete biopotential amplifiers, resulting in an obtrusive and unpractical solution. A 

matrix of electrodes on foils with embedded a-IGZO TFT biopotential amplifiers would 

be an excellent approach to ensure wearability and comfort of use in this application. In 

[2] it has been shown that it is possible to extract conduction velocity with very good 

TABLE 3.I 

COMPARISON BETWEEN THE TOPOLOGIES PRESENTED IN THIS WORK 

 
Gain 

[dB] 

BW 

[Hz] 

Unity 
gain 

freq. 

[kHz] 

Current 

cons. 
[nA] 

Input 
referred 

noise 

[Vrms] 

Noise 

efficiency 
factor 

3.2.1 14 2000 4 2500 420 µ 582 

3.2.2 21.5 400 2.5 100 195 µ 120 

3.2.3 30 150 5.5 20 146 µ 66 
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accuracy from signals having an SNR of 5.88 dB. Here the SNR is expressed as:  
 

 𝑆𝑁𝑅 =
𝑉𝑠𝑖𝑔𝑛,𝑝𝑝

2√2𝑉𝑛,𝑟𝑚𝑠

 (3.6) 

 

The amplitude of the EHG signal is typically more than 500 µVPP in a 10 Hz 

bandwidth: the requirement for a front-end to meet the target SNR is thus an input noise 

of 90 µVrms.  

The best of the presented amplifiers reaches 125 µVrms, input noise in 10Hz band, therefore 

the target SNR demanded by EHG seems at reach. Indeed, Figure 3.8 shows the simulation 

of gain and input noise for the amplifier topology presented in 3.2.3, after some further 

optimization in the transistor dimensions to decrease the input noise. This amplifier shows 

an input noise of 20 µVrms in the EHG band, with a current consumption in the gain stage 

of 32 nA, and thus is sufficiently low noise for EHG measurements. Besides, if chopping 

is used to decrease the influence of 1/f noise on the amplification chain, applying a 

chopping frequency of only 30 Hz to the amplifier presented in Paragraph 3.2.3 will 

already be sufficient to meet the SNR required for EHG measurements.  
Another case study which is worth mentioning is Heart Rate (HR) monitoring during 

physical activities, described in [6]. In this kind of wearable application, the use of a 

  

Figure 3.8: Simulation results of gain and input noise spectral density for the amplifier 

described in 3.2.3, optimized for improved noise performances. 

 TABLE 3.II 
WIDTH AND LENGTH OF THE TFTS IN TOPOLOGY SECTION 3.2.3, BEFORE AND AFTER 

OPTIMIZATION. 

TFT 
W/L [µm/µm] 

before optimization 

W/L [µm/µm] after 

optimization 

M1, 2 400/30 2000/30 

M3, 4, 13, 14 15/15 100/100 

M5,6,7,8,9,10,11,

12  
30/30 120/100 
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flexible electronic frontend could be a very interesting option, for its potential of 

decreasing motion artefacts. The authors of [6] use a Doubechies orthonormal wavelet to 

improve the detection rate of R-spikes present in the ECG signal. The algorithm is 

evaluated by analysing real signals with different SNR, from 36 dB to 6 dB, and the results 

show a correct detection rate of 94.8% on signals with 6 dB of SNR.  

Considering the amplitude of R-waves, which is typically larger than 1 mVPP in 

a 100 Hz bandwidth, the input noise in band can be as high as 177 µVrms. This is larger 

than the input noise measured for the amplifier presented in Subsection 3.2.3. Therefore, 

we can say that our best amplifiers are already suitable for HR detection in the presence 

of typical signal amplitudes.  

Finally, the noise performance required for medical diagnosis on ECG [7] is less 

than 30 µVrms integrated noise in a 150 Hz band, which means that none of the amplifiers 

we measured meets this requirement. However, the noise-optimized amplifier simulated 

in Figure 3.8 has an input equivalent noise in the ECG band of 29.5 µVrms and thus would 

be suitable, from the SNR perspective, to perform medical-grade ECG measurements, 

even without chopping. Table 3.II shows TFT dimensions before and after optimization. 

Table 3.III shows a performance comparison with other amplifiers fabricated with 

amorphous technologies. For the sake of completeness, some Si state of the art circuits 

developed for similar applications should also be considered in the benchmarking. Two 

recent papers propose solutions ([16] and [17]), fabricated respectively using 180 and 40 

nm silicon CMOS technology. They provide similar DC gain (26dB in [17]) to the 

amplifiers presented in this Chapter, although the bandwidth and noise performance are 

obviously superior. In particular, they show a BW of 4kHz, an RTI noise of 1.2 and 7 

µVRMS respectively, consuming only 202.5 and 2 µW. Also, the silicon area is 

respectively 0.53 and 0.071 mm2. These works are able to achieve better noise and power 

consumption due to the larger mobility (×102), better low frequency noise performance 

(×104), and better variability (×102) compared to the IGZO counterpart. The overall better 

performance and the thinner insulator layers in Si allow for supply voltage down scaling 

TABLE 3.III 

PERFORMANCE COMPARISON 

 
Gain 

[dB] 

BW 

[kHz] 

Unity 

gain 

freq. 
[kHz] 

Power cons. 

[µW] 

Nr. of 

stages 

[8] 22.5 5.6 31 160  3 

[9] 19 25 330 6760  2 

[10] 25 220 3900 2320  2 

[11] 34 5 N.A. 570  1 

[12] 18.7 108 427 0.9  3 

[13] 24.5 6 32 N.A.  3 

[15] 19.9 0.25 2.5 N.A.  1 

This 

work 

30 0.15 5.5 0.4* 188.4** 1 
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of a factor 10 compared to our IGZO front-ends. The active area of this work is comparable 

to [16], and ×10 larger than [17]. The added cost that would be needed to create multi-

channel solutions using Si technology is the drawback of Si use for biopotential 

applications. 

 

3.5 Conclusions 

In this Chapter, different topologies of high-gain single stage a-IGZO amplifiers 

have been presented, together with their dynamic measurement and their experimental 

noise characterization. As a first result, the novel amplifier topologies shown in this 

Chapter improve the DC gain compared to single-stage a-IGZO amplifiers previously 

presented in literature. Secondly, the value of the Hooge parameter αH extracted by low 

frequency noise circuit measurements is in agreement with previous literature results 

available for a-IGZO TFTs. Finally, a very good agreement has been achieved between 

circuit simulations of noise and AC dynamics of the amplifiers circuits and the 

corresponding measurements. The experimental characterization shows that the proposed 

amplifier which achieves the best integrated input noise can be used for HR detection in 

typical cases. Furthermore, simulations demonstrate that with an improved design, both 

EHG measurements and medical grade ECG acquisition can be performed using an a-

IGZO front-end. The integration of ultra-lightweight electrodes and front-end amplifiers 

on a foil in adhesion with the skin appears thus as a promising innovative route to build 

systems for the measurement of biopotentials distributed on the body surface with the 

ability to ensure high immunity from motion artefacts.  
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4 A Temperature 

Sensor on Foil 

 
In this Chapter, a current input Asynchronous Delta Sigma Modulator (ADSM) 

fabricated on plastic foil is presented. The self-oscillation of the circuit eliminates the need 

of a clock generation circuit. Together with a resistive temperature sensor, the ADSM is 

used to build a smart temperature sensor on plastic foil. 

Compared to the synchronous approach, the asynchronous DSM achieves higher 

performance due to the less stringent requirements of the analogue circuits for the same 

signal bandwidth. The implementation presented in this Chapter contains simple single-

stage amplifiers, and has a low transistor count. The circuit blocks used to build the ADSM 

are a high-gain current-input loop filter which reduces circuit complexity and simplifies 

the interface with resistive temperature sensors, and a comparator with tunable hysteresis, 

which allows to tune the self-oscillating frequency. 

In this Chapter, the working principle, and the difference with the synchronous 

approach are explained first, followed by the circuit description of the building blocks. 

Afterwards, measurement results are shown, and, at the end, the demonstration of the 

smart temperature sensor, fabricated with the ADSM and a temperature sensor based on 

the same technology process of the ADSM, is presented. The solution is therefore ready 

for full integration. 

The content of this Chapter has been presented to ISSCC 2017 [1]. 
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4.1 Introduction 

Low cost and flexible patches integrating smart temperature sensors have a large 

potential in applications such as food monitoring and skin temperature monitoring. The 

temperature during storage and transportation can be measured and logged in order to 

reduce food waste. In particular, the expiration date can be calculated accurately by 

knowing the history of temperature at which the food has been exposed, together with 

parameters like relative humidity, CO2 and ethylene concentration, depending on the 

specific kind of food. Flexible plastic smart tags can be integrated in the food packaging, 

and using a smartphone, an application can extract different kinds of information reading 

the smart tag via RFID or NFC.  

Another possible application of smart temperature sensor tags is the readout of 

skin temperature. A patch built with flexible TFTs can be comformable to the body of a 

patient and accurately monitor skin temperature. 

A possible way to implement this application is composed by an RFID smart tag 

integrating the sensor, and a base station. A block diagram is shown in Figure 4.1. The tag 

contains a temperature sensor, a sensor front-end, data conversion on foil, or conversion 

to a robust representation, and radio transmission. It could also contain RF energy 

scavenging according to the RFID standards, the base station can be a smartphone or an 

embedded system with functionalities of data receiver, digital conversion, processing, and 

storage.  

In order to obtain reliable data transmission, the output of the sensor readout can 

be converted to a robust digital multi-bit representation or to a binary analogue 

representation (PWM) directly on foil. This digital or PWM signal can be transmitted 

using load modulation, with good immunity to noise and interferers, and be reconstructed 

afterwards on the base station. Due to the low performance of flexible amorphous 

technology compared to standard silicon, the final conversion to a digital representation 

can be better performed on the base station using a powerful silicon chip.  

This focus of this Chapter is the sensor read-out on the flexible tag, and it is 

structured as following. First, the system architecture is described in the next Section, 

followed by the description of the blocks used in the read-out circuit. Then, the circuit 

  

Figure 4.1: Concept of the proposed smart temperature sensor application: a flexible RFID 

tag with sensor and its readout interfaced via RF to a silicon base station. 
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implementation of each block is analysed in detail. The characterization of the circuit 

blocks in the smart temperature tag is given in the measurement results Section, followed 

by the validation of the full smart temperature sensor. At the end of this Chapter, 

comparison with the state of the art and conclusions are given.  

4.2  System description 

The system that we target in this Chapter is show in Figure 4.2. The temperature 

sensor is a thermistor fabricated with the same process flow of our IGZO TFTs, and is 

directly interfaced to a current input asynchronous delta sigma modulator (ADSM). The 

current input of the ADSM simplifies the interface with the sensor. When reading resistive 

sensors of high value, it is convenient to implement a Wheatston bridge approach, because 

the sensitivity is independent of the excitation current, and low power consumption and 

high resolution are achievable at the same time. A Wheatston bridge implies the use of i.e. 

two sensitive elements, and two fixed elements. In our TFT technology temperature-stable 

resistors are not available, thus the fixed elements cannot be realized. Also, if thermistors 

with temperature coefficient of opposite sign are available, a voltage divider can be used 

to implement a single leg of the bridge. In our case the thermistors are all of the same type, 

and this approach is not at reach as well. A convenient approach in our case is to use two 

thermistors biased with opposite bias voltages on one side, and the other side connected 

to the current input of the ADSM (Figure 4.3). This produces at the input a differential 

current equal to: 

 

 𝐼𝑖𝑛 = 𝑉𝐵 𝑅𝑆(𝑇)⁄  (4.1) 

 

Where VB is the bias voltage, and RS(T) is the temperature dependent resistance 

of the sensor. The ADSM produces at the output a Pulse Width Modulation (PWM) signal. 

The latter is a two level signal, therefore has the robustness of a digital signal, while the 

duty cycle of the square wave carries the temperature information. The full temperature 

  

Figure 4.2: Detailed block diagram of the full smart temperature sensor system as 

implemented in this Chapter. 
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read-out effectively performs a temperature-to-time conversion.  

Following, a radio module can be used to implement data transmission to the base 

station. Radio transmission via RFID, or NFC, have already been demonstrated elsewhere 

[2] [3]. The PWM signal can be sent via wireless communication with good immunity to 

noise and interferers.  

The base station can be implemented using performing silicon electronics, and 

will be composed by a radio receiver, which reconstructs the PWM generated by the 

ADSM on foil (Figure 4.4). Following, a baseband filter removes the PWM harmonics 

from the signal and gives at the output the reconstructed baseband signal. Once the 

baseband signal is generated, a silicon ADC can perform the final A/D conversion. In the 

end, a processor/DSP can perform further processing, storage, and display. 

In the next Section, the block diagram of the ADSM is analysed in details. 

4.3  ADSM topology selection 

The motivation of the architectural choices and a block level implementation is 

described in this Section.  

The block diagram of the ADSM is shown in Figure 4.4. It is composed by a loop 

filter L(s), a hysteresis comparator, a 1-bit current DAC, and a summing node. This system 

closed in a loop reaches the Barkhausen condition for stable oscillation even with a first 

order loop filter, thanks to the non-linear element. The hysteresis comparator introduces 

indeed an amplitude-dependent phase shift, and therefore it is possible to reach the 

condition in which the loop gain equals -1. In this condition the system oscillates, and the 

oscillation frequency is called limit cycle frequency (fLC). This is a natural oscillation of 

the system, therefore no external clock circuit is needed, and it is dependent on system 

loop parameters. In particular, according to [4], the limit cycle angular frequency 

normalized by the pole of the loop filter, ωLC, is given by: 

  

Figure 4.3: Test configuration of the demonstration of the smart temperature sensor on foil. 

 

  

Figure 4.4: Block diagram of the Asynchronous Delta Sigma Modulator. 
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 𝜔𝐿𝐶 =
𝜋

2ℎ
 (4.2) 

 

where h is the hysteresis width normalized to the Full Scale (FS) voltage swing of the 

ADSM. The ADSM presents advantages compared to its synchronous counterparts, the 

first one being that it leads to a simpler circuit implementation (it does not have a sampling 

stage), and therefore enables higher yield when using IGZO TFTs.  

Secondly, the ADSM can also be seen as an oscillator, whose steady state oscillation is 

perturbed by the input signal, and no sampling occurs at its output. This means that the 

duty cycle, and thus the output data, is still a continuous signal, and no quantization error 

occurs in the loop that generates the PWM representation of the input. Indeed, in an ideal 

pulse width modulation of a signal, the PWM waveform contains the baseband 

components of the input signal and the signal harmonics, as well as the input signal with 

its harmonics modulated around the PWM fundamental and its harmonics fLC, 3× fLC and 

so on. In a synchronous DSM, the quantization error (=discrete sampled word – 

continuous signal) is random and normally distributed. For this reason, it manifests itself 

as noise floor of amplitude q/√12, where q represent the quantization step, integrated up 

to fS/2. In the case of PWM, the integrated error is zero, and no quantization noise occurs. 

This represents an advantage in terms of total noise, and the noise floor of this type of 

converter will be determined only by the electronic noise of the blocks in the system. The 

input-equivalent noise coming from the loop filter will be seen as input noise. The 

comparator noise, if dominant, will be shaped by the noise transfer function of the system.  

The quantization noise will appear only in case the PWM at the output is sampled 

i.e. through a counter to generate a digital word. In this case, the discretization in time of 

the duty cycle introduces discretization of the output signal amplitude, and therefore 

quantization noise will appear [4]. There are other advantages of choosing an 

asynchronous DSM implementation over a synchronous DSM and other form of 

converters for an implementation with amorphous IGZO, and these benefits are listed here 

below. 

In other forms of data converters, such as flash converters and successive 

approximation register (SAR), the linearity is influenced by mismatch. In case of flash 

ADCs, a resistive division of the reference voltage is typically used to generate different 

voltage levels with which the input signal is compared in order to produce a thermometer 

code. The mismatch of the resistive elements in the divider introduces a non-uniformity 

in the conversion steps and therefore non-linearity. Additional inconsistency in the 

conversion steps and thus non-linearity is produced by a random offset in the different 

comparators used to compare the n-th level of the resistive divider to the input signal, to 

generate the thermometer code.   

In the case of SAR converters, the offset of the comparator introduces an offset 

in the converted data, while the offset in the elements constituting the DAC will introduce 

non-linearity. In the delta sigma modulators, the possible non-linearity issues introduced 

by DAC non-linearity can be solved by using a single bit quantizer and DAC. 1-bit blocks 
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are intrinsically linear, because the output can assume only 2 values. A possible large 

mismatch coming from the technology will introduce only offset, and will not degrades 

linearity, which is a big advantage when using IGZO TFTs that are prone to large 

mismatches. An eventual residual offset at the output can be calibrated in post-processing.  

The main drawback of using a 1-bit quantizer is that it injects a large error power 

in the delta sigma loop, which may lead to loop instability. Besides, when using a 

synchronous approach compared to the asynchronous one, more stringent requirements on 

the step response of the loop filter are typically needed. In the case of a synchronous 

implementation, the loop filter will be composed by an amplifier with passive network 

around it, and its output is sampled by the quantizer in cascade. Each clock cycle at 

fS=BW*OSR (where OSR stands for oversampling ratio), the amplifier in the loop filter 

must settle in a fraction of the clock cycle, in order to minimize sampling error at the input 

of the quantizer. This typically means a sufficiently fast slewing. The same requirements 

apply for either switched capacitor or continuous time filter implementation.  

Finally, whichever is the order of the quantizer, in a synchronous implementation, 

the loop filter must to settle in ≈1/(10×fS), while in asynchronous implementation the loop 

will automatically adjust to the dynamics of the filter (although the OSR will be affected 

by the varying loop oscillation frequency). On the other hand, if the OSR of the DSM is 

set by requirements, different base amplifier specifications for the different 

implementations are needed. For the synchronous version, the GBW must be larger than 

10×fS. To better understand the requirements in case of the asynchronous implementation, 

deeper details on the loop filter are needed. The loop filter circuit will exhibit a low-pass 

response as long as the amplifier has gain. At the unity gain frequency of the amplifier, a 

zero in the transfer function of the filter will occur, and the circuit will not work as 

integrator anymore. From the theory of the asynchronous sigma delta modulator, the input 

signal modulates fLC as well, and the fLC,MAX corresponds to the value calculated in (4.1). 

If the GBW of the amplifier in the loop filter is ≥fLC, then at fLC the loop filter still has a 

low-pass characteristic, and the loop will work with expected performance.  

In conclusion, comparing the synchronous and asynchronous delta-sigma 

approach, both running at a frequency fS = fLC, the requirements of GBW for the 

asynchronous case are much more relaxed compared to the synchronous one, representing 

the best choice for an implementation with low-performance IGZO TFTs. 

 

4.4  Circuit level design 

Our implementation of the ADSM is presented in Figure 4.5. It is composed by 

a first order current input low-pass filter as loop filter, a preamplifier, the hysteresis 

comparator, and a 1-bit current steering DAC. Starting from the input node, at the current 

coming from the input and the 1-bit DAC are summed. The latter is composed by the 

reference current IREF and switches S1-S4. This implements a push pull current steering 
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with the use of only n-type device. The working principle is explained as follows. When 

VC1 is ON, the corresponding switches are ON, and the IREF will flow from the input 

summing node in one direction through the switch S1.This time frame is called TON. When 

VC2 is ON, the reference current will flow in the summing node in the opposite direction 

through S2. This time frame is called TOFF. The function of the top switches is to always 

guarantee a DC connection at the input of the loop filter. Indeed, when S3 or S4 is on, the 

corresponding input is connected to the common voltage VCM. In absence of input current, 

when the reference current is sinking at the bottom switch S1, it is flowing through C1 of 

the loop filter. Since the amplifier is fully differential, an equal and opposite current is 

flowing through C2 and consequently through the switch S3. If the amplifier gain is large 

enough, the 2 inputs are tied together forming a virtual ground. In the end, during TON, 

IREF is integrated by the loop filter, and -IREF is integrated during TOFF. 

In case a differential current is applied to the input as well, during TON of the 

output signal, IC1=-IC2=IIN++IREF, while during the TOFF, IC1=-IC2=IIN+-IREF, thus 

implementing the Σ and Δ phase of a DSM. 

This represent an efficient solution to implement a 1-bit push-pull current steering 

DAC when complementary technology is not available.  

The loop filter, as presented in Figure 4.5, is a first order low pass filter with current input. 

It is implemented as a single stage high gain amplifier with feedback capacitors to simulate 

an ideal current integrator L(s) = K/s. The high gain amplifier A1 is designed using the 

schematic in [5], and it is shown in Figure 4.6. It uses an internal auxiliary amplifier, M5-

M8, M10, to reduce the swing at the VGS of the load TFTs M3, M4, boosting the total output 

impedance and, therefore increasing the DC gain compared to the case of diode connected 

loads. Neglecting the small-signal output resistance of the different transistors, the gain of 

A1 can be written as:  

 

 𝐺𝐴1 =
𝑔𝑚1

𝑔𝑚3(𝐴0 − 1)
 (4.3) 

 

  

Figure 4.5: Detailed block diagram of the first order ADSM. 
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where A0 represents the gain of the auxiliary amplifier, and gm1,3 are the transconductances 

of M1,3 (Figure 4.6). Stability of the single stage amplifier is granted for 0<A0<1. As we 

can see in (4.2), if A0 = 1, the gain can be infinite. A calculation including the output 

resistance of the devices show that the gain approaches the intrinsic gain of the technology. 

This guarantees large rejection of non-idealities in the total ADSM loop, together with 

very low circuit complexity. The same results can be obtained by a 0-VGS load approach, 

although with this solution the stability of the bias point against process variations is very 

poor. In particular, when a 0-VGS load is used, in case the VTH changes due to process 

variation, the common mode output voltage changes, and the amplifier can even saturate. 

The reason is that this type of load has an impedance ≈r0 of the TFTs for both bias and 

signal current. For this reason, a Common Mode FeedBack (CMFB) circuit is a must, and 

this increase complexity of the gain stage.  

In the circuit proposed in Figure 4.6, on the other hand, the gates of the load TFTs 

M3, M4 are kept constant by the auxiliary amplifier for all common mode shifts, coming 

either from common mode signals or process variations. In this conditions, M3,M4 behave 

as diode connected loads, offering a much smaller gain, and thus common mode 

variability, compared to the case of the 0-VGS loads. If we consider the actual TFT output 

resistances, for a differential signal, and in the case A0=1, the VGS3,4 is kept basically 

constant, offering an output impedance of r0 only at the differential signal, and thus 

creating a large DC gain. The low gain offered for common mode (and thus also at the 

bias point) enables biasing for large GBW without producing large DC voltage over the 

load, and thus without the need for an increased supply voltage. 

In case of mismatch, in both our approach and in the 0-VGS approach, the output 

dynamic range is strongly reduced, and the amplifier could even saturate. In Chapter 5 a 

possible solution to this problem is investigated. 

A preamplifier is placed after the loop filter. The aim of the preamplifier is to 

increase the swing at the output of the loop filter. By doing so, the loop filter output will 

swing by a small amount, preserving its linearity. The preamplifier is implemented as a 

differential amplifier with diode connected loads and double gate driver TFTs. The top 

  

Figure 4.6: Schematic of the amplifier A1 in the loop filter. 
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gate of each driver is connected to the output of the opposite branch, creating a positive 

feedback. The latter increases the transconductance of the drivers, and the gain of the 

amplifier. Stability is guaranteed by the small coupling factor when VTGS>0. As described 

in Chapter 2, in this region of operation the top gate modulates the on-current with a 

coupling factor 0.25 time smaller than the main bottom gate. More details on this amplifier 

stage have been given in Chapter 3. 

The quantizer of the ADSM is a comparator with tunable hysteresis (Figure 4.7). 

This represent a novel topology implemented with IGZO TFTs, which exploits a specific 

characteristic of the double gate TFTs available in our technology to produce strong 

positive feedback and tune the switching point.  

In order to create the positive feedback, the top gate of the driver in a branch (M1 

or M2) is connected to the output of the opposite branch (VS4 or VS3). In this case source 

follower level shifters, M5,M8 and M6,M9, are interposed between the output and the top 

gate (TG) of the driver. The level shifters are used to ensure that VTGS<0, and the 

  

Figure 4.7: Schematic of the comparator with tunable hysteresis. 

 

  

Figure 4.8: VTC of the comparator with tunable hysteresis. The hysteresis width ranges from 

0.6V to 5.2V, with a control voltage VH between 3.58V and 4.83V. 
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comparator is in a strong positive feedback region. The input voltages for which VTGS=0 

corresponds to the switching point of the comparator VH+/VH-. When VTGS approaches 0, 

the drivers of the comparator go from the region where the TG bias results in onset current 

modulation to the region where it results in threshold modulation. In this transition, the 

TG coupling factor goes from 0.25 to 2.1, the open loop gain surpasses 1 and switching is 

triggered. A more detailed explanation of the working principle follows.  

Supposing that INP rises at the input, and INN falls, the OUTN falls and OUTP 

raises. The node X in Figure 4.7 rises as well, shifted by VGS5 from OUTN, which is kept 

constant by a constant bias current coming from M8. The node X is connected to the TG 

of the opposite driver transistor M2. When the voltage of X falls below the node Y, 

VTGS2<0 and the threshold of M2 raises, turning the M2 off. Consequently, OUTP raises 

even more reaching saturation. The condition at which the switching point is reached 

depends on the voltage difference VOUTN - VX, equivalent to VGS5. This shift determines 

the hysteresis width, and can be tuned by changing the bias voltage VH in Figure 4.7. In 

Figure 4.8 a simulation of the VTC at different VH is presented. The designed comparator 

shows a tunability of the hysteresis width in the range [0.6-5.2]V when VH=[3.58-4.83]V. 

According to (4.1), this range of hysteresis allow for a tuning of self-oscillation frequency 

between 0.11×fLC and fLC.  

All the circuit blocks described in the Section have been fabricated together in an ADSM 

on foil, and its experimental characterization is discussed in the following Section.  

4.5 Measurement results 

In this Section, the detailed characterization of the fabricated ADSM is presented. 

Further, a smart temperature sensor is built and measured, to demonstrate the use of the 

ADSM system in a real sensing application.  

  

Figure 4.9: In (a) the fabricated temperature sensors on plastic foil used for the 

demonstration of the smart sensors, while in (b) the micrograph of the ADSM. The ADSM 

blocks are indicated: A1, A2, the comparator (COMP), and the switched of the 1-bit DAC (S). 
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4.5.1 ADSM characterization 
 The different block presented in the previous Section, and the full ADSM have 

been fabricated using the process described in Chapter 2, using a 150µm thick Polyetilene   

Napfalene (PEN) substrate, and all the characterization and measurements have been 

performed after delamination of the plastic foil from the glass support. The micrograph of 

  

Figure 4.10: Frequency response of the loop filter amplifier A1 connected as voltage follower 

buffer(a), and its output noise (b). 

 

 

 

Figure 4.11: Frequency response of the preamplifier A2 in open loop configuration (a), and 

its output noise (b). 
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the fabricated temperature sensor and the ADSM are shown respectively in Figure 4.9a 

and Figure 4.9b.   

  The loop filter amplifier A1 is fabricated and measured with a current 

consumption of 5.2µA, and the common mode output sets at 3/4VDD. The feedback 

capacitor is driven by a source follower buffer, and its value is 1nF. The latter has been 

chosen to ensure robustness against the parasitic capacitances at the input and output node 

of A1. Measurement results show a DC voltage gain up to 62.4dB and the GBW of 10kHz 

at 1nF load. This high gain is achieved pushing the auxiliary amplifier in Figure 4.6 to 

have a gain very close to 1. Figure 4.10 shows the frequency response and noise 

measurements, with A1 connected as voltage follower buffer. The open loop gain and 

frequency response of the preamplifier A2 are shown in Figure 4.11. Measurement results 

  

Figure 4.12: VTC at different value of the tuning voltage VH (a). In (b), the comparator output 

at a triangular waveform of frequency of 2kHz is shown. 

 

  

Figure 4.13: Output spectrum at IIN = -7dBFS and fIN = 100 Hz, with 2 kHz of limit cycle 

frequency. 
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show a DC gain of 12dB, and a BW of 12kHz. If the loop transfer L(s) (Figure 4.4) is 

analysed, the BW of the preamplifier A2(s) is by far exceeding the limit cycle frequency 

and the integrator I(s) pole. We can thus assume that L(s)≈I(s).  

  In order to characterize the comparator, first the tunability of the hysteresis 

width is tested. The DC transfer characteristics is measured with tuning voltage VH ranging 

from 6.8V to 10V. As visible in Figure 4.12a, in this tuning range of VH the hysteresis 

width ranges from 0.3V to 5.2V. This allows to tune the limit cycle frequency in a range 

between 200Hz and 3.4kHz, in agreement with (4.1). Figure 4.12b shows the output of the 

comparator  in the time domain with a triangular waveform at the input with frequency of 

2kHz, and a VH=7.8V. The output waveform in red shows a rising edge when the input 

crosses +1V, while shows a falling edge when the input crosses -1V.  

Assembling the ADSM with the blocks characterized in this Section, the  

following results are obtained. The ADSM is measured using a reference current IREF of 

715nA, while the differential input current ranges between 7.8nA and 780nA. The PWM 

output signal has been digitally recorded and analysed, considering 2 different BWs, 

namely 10Hz and 300Hz. The former represents a BW for slow, or quasi-static sensors, 

such as temperature sensors, or slow biopotentials, such as heart rate and EHG. In Figure 

4.13, an example of the output spectrum is presented for an input sinusoidal current of -

7dBFS at 100Hz. In the graph we can identify the signal fundamental, and at 2kHz the 

limit cycle fundamentals plus its second and third harmonics at respectively 4 and 6kHz. 

The noise floor is dominated by the loop filter noise.  

SNR, SFDR, and SNDR for increasing input amplitude have been measured for 

both 10Hz and 300Hz BW (Figure 4.14). In the 10Hz BW, a signal frequency of 3.3Hz is 

used, and Figure 4.14a shows the measurement results. A maximum SNR of 55dB, and an 

SNDR of 50dB are obtained, peaking at -7dB FS. The SFDR is 55dB maximum, at -7dB 

FS.  

 

Figure 4.14: Characterization of SNR, SNDR, and SFDR vs input amplitude in a 10Hz BW(a), 

and 300Hz BW(b). 
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In the BW of 300Hz, the same measurement is performed using a signal of 100Hz. In this 

case, we obtain a maximum SNR of 44dB, an SNDR of 40dB peaking at -3dB FS, and an 

SFDR of 55dB, peaking at an input signal of -7dB FS (Figure 4.14b).  

Using the characterized ADSM, a smart temperature sensor is demonstrated (Figure 4.9), 

and the result of this test are shown in the next Section.  

4.5.2 Flexible temperature sensor on foil 
 Two thin-film thermistors of nominal resistance value of 29MΩ at 24ºC, and 

fabricated using the same layer stack of the flexible circuits presented in this Chapter have 

been connected to the ADSM and biased with a bias voltage VB=2.9V. The connection 

schematic is shown in Figure 4.3. The measurements have been performed in the 

commercial temperature range of 0 to 70ºC. In this demonstration, 3 couples of sensors 

have been measured, and both the sensors and the ADSM have been put into a controlled 

temperature oven. During each temperature step, 30 readings with integration time of 

100ms have been performed, in order to estimate the accuracy. The results of this 

measurement are shown in Figure 4.15a. The nonlinear behaviour of duty cycle over the 

commercial temperature range is due to the nonlinear response of the sensor itself. The 

measurement results show an accuracy of 0.54ºC in the 100ms integration time. 

To estimate the precision of the smart sensor, the couple of sensor 1-2 (Figure 4.15a) has 

been considered as reference temperature response of the system, and the precision is 

estimated by measuring the error between the sensors 3-4 and 5-6 and the reference. After 

a 3 point calibration, a maximum full range error of 2.3ºC is measured. The calibration 

procedure is explained in [6], and Figure 4.15b shows the measured inaccuracy over the 

full temperature range after calibration.  

The value of resolution that results from these measurements is mainly 

determined by noise performance of the ADSM, in particular the noise coming from the 

  

Figure 4.15: Measurement of the output PWM duty cycle over temperature for 3 couples of 

sensors(a). Error of 2 couples of sensors after a 3-point calibration (b). Couple Sensor1-2 is 

taken as reference sensor for this measurement. 
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loop filter. As discussed in Chapter 2, the noise is dominated by the 1/f component, and 

better performance could be obtained by increasing the area of the devices in A1, or using 

chopping around the amplifier. The precision of the smart sensor on the other hand is 

determined mainly by the variability of the sensors’ characteristics.  

Figure 4.9a shows different temperature sensors fabricated on a plastic foil, while Figure 

4.9b shows the ADSM fabricated on foil. Both have been used for the temperature 

characterization explained in this Section.  

4.5.3 Comparison against state of the art 
 A benchmark of the ADMS reported in this Chapter against organic and IGZO 

ADCs published in literature is shown in Table 4.I. Only paper [7] presents measurements 

of the dynamic ADC performance and can be directly compared to this work: our ADSM 

improves the SNDR by more than 25dB in 10Hz BW, and enables a more than 19× larger 

BW than [7]. The power consumption is similar, and area is 9× reduced. Compared to the 

best noise performance [8] previously reporter, the ADSM achieves 7dB higher SNR in a 

60× larger BW. The main benefit introduced by a-IGZO compared to the organic previous 

art [7] is the higher signal BW achieved for a similar bias current. The better SNDR is 

achieved by designing a single-stage amplifier with high gain, and avoiding the use of 

TABLE 4.I 

COMPARISON WITH THE STATE-OF-THE-ART 

 [9] [7] [8] This work 

Technology 
Complementary 

Organic 

Unipolar 
Organic 

Unipolar 
Organic 

Unipolar IGZO 

Patterning method Lithography Lithography Lithography Lithography 

µ [cm
2
/Vs] 

0.5(p) 
1 0.01 14 

0.02 (n) 

LMIN [µm] 20 5 5 
15* 

30* 

Architecture SAR Syncr. ΔΣ VCO-based ADSM 

Output type Digital word Bit stream Digital word PWM 

Bandwidth [Hz] 5 50 15.6 0.167 10 300 

SNR [dB] N.A. 26,5 48 55 43 

SNDR [dB] N.A. 24.5 N.A. 50 40 

ENOB [bit] N.A. 3.8 N.A. 8 6.4 

INL [LSB] 
0.6 

@6b 

1.5 
@6b 

N.A. 1 @6b N.A. 

Current consumption 
[µA] 

1.2** 100 2,4 100 

Supply voltage [V] 3 15 20 20 

Area [mm
2
] 616 mm

2
 260 mm

2
 19,4 mm

2
 27.9 mm

2
 

FOM [nJ/c.s.] N.A. 3450 N.A. 390 39.4 

*   15µm for single gate TFTs, 30 µm for double gate TFTs 

**  SAR logic not included 
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nonlinear elements in the integrator and in the feedback ( [7] exploits TFTs to emulate 

resistors). Furthermore, the higher transconductance provided by a-IGZO and the absence 

of quantization noise in the asynchronous implementation contribute to a better SNR. 

The ADSM approach is exploited nowadays also in Si for ultra-low power data 

acquisition system powered through energy harvesting. The works presented in [10],[11] 

are fabricated respectively using 180 and 130 nm silicon CMOS technology. In [10], a 53 

dB SNDR is obtained in a 62 Hz BW and 2.72 kHz limit cycle frequency. The total power 

consumption is 37 nW, bringing to a power efficiency of 0.79 pJ/conv step. On the other 

hand in [11], a 38 dB SNDR is shown in a 30 Hz BW and 680 Hz of limit cycle frequency. 

The overall power consumption is 20 nW, and a power efficiency of 5.1 pJ/conv step. The 

superior electrical characteristics of silicon (listed in Section 3.4.2), and its ultra-scaled 

oxide layers, allow for a ×102 supply voltage scaling for similar dynamic performance 

compared to the ADSM presented in this chapter. Indeed, a 104 lower power consumption, 

and consequently better power efficiency by the same order of magnitude are achieved in 

[10],[11].  

 

4.6 Conclusions 

In this Chapter we have demonstrated for the first time an ADSM modulator 

using amorphous IGZO technology, which is built based on a novel comparator with 

tuneable hysteresis. The circuit design choices enabled a smart sensor converter that 

transforms temperature into a robust PWM representation with low transistor count. The 

smart sensor achieves state-of-the-art performance on flexible foil. Also, it does not need 

external clock sources or clock synthesis circuitry, resulting in a simple and more 

autonomous system.  

The self-oscillation frequency of the delta sigma modulator can be selected 

externally to achieve the desired oversampling ratio, thanks to the tunability of the 

hysteresis width of the comparator.  
In the end, a full smart temperature sensor on foil has been demonstrated. It is 

composed by the ADSM and resistive temperature sensors, both fabricated using the same 

process flow. Therefore sensor and circuitry can be fully integrated, and further addition 

of RFID transmission would enable a fully autonomous flexible smart temperature tag.  
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5 An EMG 

Measurement Foil 

 
In this Chapter, a flexible biopotential measurement patch is presented, capable 

of biopotential signal amplification, analogue-to-digital conversion, and serial 

transmission to a base station. It can be used to monitor EMG signals on the skin surface 

to provide relevant information for medical diagnosis of neuromuscular diseases. Many 

challenges have been faced in building this system. In the front-end, to achieve millimetre-

size electrode resolution, a Switched Capacitor input HPF is used. Still in the front-end, 

an amplifier with intrinsic band-pass response is exploited for low noise and offset. To 

enable a low-cost solution, a miniature custom silicon chip has been designed, containing 

a TIA that compensates for different bias and offset from the flexible front-end, and a SAR 

ADC with serial output to a base station. Frequency multiplexing and interface between 

IGZO and silicon in the current domain allow small silicon area and compatibility 

between the IGZO and Si technologies, which employ very different supply voltages. 

In the text, the overall architecture and multiplexing technique are presented, 

followed by the design of the flexible front-end, and of the silicon chip. At the end, circuit 

characterization, full system in-vitro and in-vivo validation on a measured multichannel 

EMG signal are presented.  

Part of the content in this Chapter has been submitted to the IEEE Journal of 

Solid State Circuit, and part of it has been published on the IEEE SSC Letters [1]. 

 

 

 

 

 

 



65 
 
 

5.1 Introduction  

High Density Electro Miography (HD-EMG) consists of monitoring EMG 

signals with high spatial resolution, typically in the millimetre range. This technique is 

able to detect changes in the electrical activities of Motor Units (MUs), which are 

fundamental in the diagnosis of neuromuscular disorders.  

Typically, HD-EMG is performed with needle EMG electrodes, which can cause 

discomfort, require medical supervision and carry a risk of infection. Although needle 

EMG represented a conventional approach in the past, it has been demonstrated [2] that it 

is possible to monitor MU activity from the skin surface. In this process, the diagnosis of 

several neuro-muscular diseases, such as (ALS), and epilepsy can be performed in a non-

invasive way. The non-invasive method also enables new applications, such as Electro 

Hysterography (EHG) - the analysis of signals coming from the uterus contractions of 

pregnant women in order to predict the time to delivery within hours [3], and prosthetic 

hand control [4]. 

The key component in the diagnosis of neuromuscular disorders is the 

measurement of Muscle Fibre Conduction Velocity (MFCV) [5], which is the speed at 

which the contraction travels through the muscle fibres. MFCV changes compared to 

physiological values are indicative of significant physiologic changes. In the case of EHG, 

for example, it has been shown that EHG MFCV measured on the abdomen of pregnant 

women is proportional to the pressure inside the uterus, which, in turn, is proportional to 

the time to delivery [3]. The advancement towards non-invasive EMG analysis is possible 

only when it enables MFCV measurement at motor unit (MU) level, achieving sufficient 

accuracy and repeatability. The isolated MU, indeed carries essential information to the 

diagnosis of neuromuscular disorders, often related to the change in structural and 

functional property of the single motor units. On the other hand, between motor units the 

MFCV changes considerably, and therefore it cannot be defined for a full muscle tissue. 

Therefore, high-resolution multi-electrode measurements of MFCV are critical for the 

diagnostic use of EMG.  

The EMG spatial resolution also depends on the electrode readout configuration; 

the common standard differential electrodes have limited spatial resolution compared to 

other spatial filtering options. To increase the spatial resolution, information coming from 

monopolar electrodes can be post-processed to implement Laplace filtering, such as 

Normal Double-Differential filtering (NDD-filter). This technique is analogous to spatial 

filtering in 2D image processing.  

When using multi-electrode arrangements, an Active Electrode (AE) approach 

increases robustness against external interferers, and enables further reduction of the inter-

electrode distance [2]. Indeed, the integration of electrodes and frontend electronics can 

minimize the pickup of electromagnetic interferers and the parasitic capacitance to ground 

seen by the electrodes, resulting in better signal integrity and in potentially better SNR.  

Another issue regarding signal integrity is related to the so-called motion 

artefacts. Multiple electrodes can be connected to back-end readout electronics using 

many shielded cables, or a single (heavy) shielded cable with multiple leads. The added 
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cable weight can exacerbate motion artefacts, due to the temporary deformation of the 

skin-electrode interface. These artefacts often fall into the band of interest of EMG and 

EHG. Heavy cables can also be source of artefacts due to respiration of the subject under 

analysis, creating unwanted motion of the electrode setup. Respiration-related artefacts 

are slow, and their frequency can overlap the EHG band. 

A lightweight multichannel active electrode patch (Fig. 5.1) on a flexible 

substrate could address the above-mentioned issues. Being flexible and conformable to 

the shape of the muscle under analysis, it is potentially less vulnerable to motion artefacts 

and increases comfort during long-term monitoring of EMG and EHG. In addition, if a 

mm-size electrode pitch can be ensured, this approach can enable a non-invasive MU 

activity monitoring. If fabricated at low production price, the proposed biopotential 

monitoring patch could be extensively used, e.g. for home monitoring and prevention, 

with the final goal of improving personal health. Another potential application of an 

autonomous lightweight patch is monitoring of endurance and muscle fatigue during 

professional athletic activities. High-levels of fatigue can inhibit proper adaption to 

training and hinder performance in competition [6]. Therefore, actively monitoring fatigue 

levels in athletes can provide valuable information to adjust training and improve overall 

performance. Finally, a very low-cost, lightweight biopotential patch can enable a single-

use solution.  

Traditional equipment for monitoring of EMG signals is too bulky for this 

purpose, and thus a different technological solution must be investigated. The use of 

standard integrated silicon chip in conjunction with a flexible patch including only passive 

electrodes constitutes a possible approach. Nevertheless, shielding the interconnects 

towards the silicon electronics is not trivial. Moreover, the number of 

electrodes/electronics interconnections will require a very large bond pad area in a silicon 

chip, increasing drastically the cost of the overall solution. To give an example, a matrix 

  

Figure 5.1: Concept of the system: a fully autonomous flexible biopotential patch amplifies 

EMG signals and a silicon chip collect them and send them wirelessly to a base station. 
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of 8×8 passive electrodes requires 64 bond pads on the silicon chip. Each bond pad is 

roughly 6.4×10-3 mm2 in modern sub-0.1µm technology nodes, leading to a total bond pad 

area of 0.4 mm2. Besides, the chip could easily become pad-limited. This scenario based 

on a single Si chip would be even less attractive if bipolar measurements, or active 

shielding of the interconnections between electrodes and chip are required. 

To solve the problem of shielding, simple silicon chips can be used to implement 

buffering/amplification functions per electrode (active electrodes), while a main chip 

performs system control. Each die will have a bare minimum of input, output, and power 

supply pads, but this corresponds to an even larger number of interconnections compared 

to the previous implementation. This approach consequently leads to a total silicon area 

even larger than the previous solution, not considering the overhead of the multiple die 

cutting. In addition, the cost of this solution is increased by the cost of bonding a large 

number of chips on a flexible substrate. Overall, this represent a very expensive solution.  

The solution proposed here to preserve multichannel signal integrity at a 

reasonable cost is to integrate TFT electronics in the flexible support/substrate, including 

passive electrodes, electrode front-ends, and multiplexing circuitry, interfaced to a silicon 

chip performing only complex functions and carrying a minimum number of 

interconnects. To accomplish this system, low temperature amorphous TFT technologies 

typically used for displays can be exploited. Low temperature TFT technologies processed 

on flexible plastic substrates represent a better choice in term of cost/unit area compared 

to silicon ICs. In this approach, the silicon chip interfaced with the flexible TFT circuits 

will have few external connections, and will perform multiplexing between arrays of 

active electrodes grouped together, digital conversion, and serial or radio transmission. 

The design and fabrication of this system sets many challenges. First, passive 

biopotential electrodes must be integrated in a display process flow, and at the same time 

a silicon chip, possibly in the form of a naked die, must be connected to the flexible support 

on which the TFTs are fabricated. Semiconductors used in low temperature amorphous 

TFT technologies have mobility and noise performance orders of magnitude worse than 

crystalline silicon. Besides, they are affected by strong variability and mismatch. This per 

se sets difficult challenges in designing analogue front-ends capable of amplifying EMG 

signals with good Signal-to-Noise Ratio (SNR), and able to offer reasonable yield. Next, 

the output signals of multiple electrodes in an array, or a matrix, must be multiplexed or 

grouped together in order to reduce the number of interconnections to the silicon chip, and 

reduce drastically the cost of the silicon part of the system. Regarding the interconnection 

between flexible TFTs and silicon technology, another challenge is set by the difference 

in voltage supply between the two technologies. TFT circuits normally run at tens of volts 

of power supply, while the power supply of silicon circuits is often limited around one 

volt for the latest technology nodes. The reason for this large difference in supply voltage 

is essentially in the thickness of the gate oxide for different FET. For TFT a 100nm gate 

oxide is customary, while in modern monocrystalline Si FETs, typical gate oxide thickness 

are in the order of an equivalent 1nm SiO2. Therefore, a proper electrical interface must 

avoid damage in the input stage of the silicon chip. 
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The rest of this Chapter is structured as follows; first a brief description of the 

system architecture is presented, discussing both the global architecture of the flexible 

patch, and the integration of the different elements of the system. Afterwards, the 

multiplexing technique is discussed. This influences the design of the biomedical front-

end in the flexible part, and for this reason the description of the front-end design follows. 

Then, the interface between flexible electronics and a silicon chip is addressed, including 

the design of the silicon chip. In the end, the design procedure is given, followed by the 

characterization of all the blocks and the measurement results. To verify the full system, 

both an in-vitro and in-vivo test are presented, to proof the functionality of the system in 

a real environment. In the end, the main advancement achieved by this work are discussed 

in the conclusions. 

 

5.2 System architecture 

In this Section, a brief description of the entire system is given. Later, the 

integration between the biopotential electrodes and the TFT circuits is described, followed 

by the physical interconnection between the flexible patch and the silicon die. The 

architectural design of each part of the system is descried in the following sub-Sections.  

 

5.2.1 Global system architecture 
Figure 5.2 shows the system architecture of the flexible biopotential patch. On a 

flexible plastic foil, the sensing element is a matrix of biopotential electrodes directly 

 

Figure 5.2: System level block diagram of the flexible biopotential patch. At the bottom, the 

expanded block diagram of the flexible front-end, and the silicon chip. 
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connected to front-ends. Each front-end, also integrated on the flexible plastic foil, embeds 

a chopper which is used to decrease low frequency noise and implement Frequency 

Division Multiplexing (FDM). The latter allows to group the active electrode signals 

together in arrays with a single output. In the system, the single elements are grouped in 

columns of electrodes, as shown in Figure 5.2. Each electrode has a different chopping 

frequency, and their outputs are summed together in the current domain. The current 

output is connected to the silicon chip, which translates the current signal back to the 

voltage domain, multiplexes between the different columns in the matrix, performs data 

conversion, and transmits serially the data to the base station.  

 

5.2.2 Technology integration 
The display technology used to implement the flexible part of the system uses (as 

in the other parts of this thesis) amorphous Indium-Gallium-Zink Oxide (IGZO) as 

semiconductor. It compares favourably with other low temperature amorphous 

semiconductors in terms of mobility, uniformity, and noise performance. 

As described in Chapter 2, three metal layers are available in technology flow. 

Metal 1 (MT1) and metal 2 (MT2) are used for device and circuit interconnection, while 

on top of the stack the third metal layer (MT3) is deposited, separated by a 1.5 µm thick 

interlayer from the layers underneath it. MT3 constitute the Anode layer in the fabrication 

of Organic LEDs. Being the most external metal, it can be exploited for interconnection 

to sensors processed on top of the stack, or as metal electrode directly interfaced to the 

human skin.  

In case of contacting MT3 with the skin, a good electrochemical contact is 

required. To ensure good contact, Ag/AgCl can be screen printed on top of MT3. The 

thickness of the interlayer results in a capacitance per unit area of 0.2nF/cm2, 100 times 

smaller than the ESL and gate insulator capacitance/unit area. For this reason, the 

capacitive coupling between the metal electrode and the circuit processed underneath is 

considered negligible. 

Electrodes and electronics integrated on a 50µm flexible PI substrate constitute a 

relatively fragile patch to be interfaced with human skin during normal movements or 

intense sport activities. To solve this issue, the foils can be embedded in a flexible 

encapsulation, leaving openings for the metal electrodes. Before the application of the 

flexible patch to the body, electrode openings can be filled with standard conduction gel, 

creating a low resistivity electrode/skin contact. 

The signals coming from an array of electrodes are converted to a digital 

representation using a silicon chip, which must be mechanically attached to the flexible 

patch, and electrically connected to the flexible circuits. In order to perform the 

mechanical bonding and connection, chip-on-flex techniques can be used. The naked die 

is oriented with the bonding pads towards the flexible substrate (flip chip), and the 

connections are bonded by means of an anisotropic conductive film to bond pads on MT3 

on the flexible foil. This will offer strong adhesion to the plastic support, and low 
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connection resistance between the silicon bond pads and the bond pads on the flexible 

substrate.  

In the following sections, each relevant aspect of the system, namely the integration of 

biopotential electrodes and electronics on plastic foil, the multiplexing technique, the TFT 

front-end and silicon chip design, will be examined in depth.  
 

5.3 Multiplexing on foil 

The aim of performing multiplexing on foil is to reduce the number of bond pads 

on the silicon chip, and thus its total area and cost. At the same time, this on-foil function 

must not be demanding in terms of performance and should be realized with as low a 

number of TFTs as possible, in order to ensure a low probability of hard faults.  

Possible multiplexing implementation are time multiplexing and frequency 

multiplexing. A comparison of circuit requirements between the two techniques for this 

application is given in Table 5.I.  
In the table, N represents the number of channels, while BW is the bandwidth of 

the front-end circuits. Multiplexing in the time domain involves an analogue multiplexer 

composed by pass transistors, and a decoder to address all the elements of an array. The 

output of the array will be one, possibly accompanied by the sampling clock (depending 

on the encoding of the output samples). In this discussion, we assume a linear response to 

a switching event, therefore BW in Table 5.I represents the inverse of the time constant. 

On the other hand, the implementation of frequency multiplexing requires the input signal 

of each front-end to be modulated at different carrier frequencies. The output of all the 

elements in the array must be summed together obtaining a single output in this case. In 

case of biomedical front-ends, the input chopper is used to reduce 1/f noise, by modulating 

the input signal with a square wave as carrier. For this reason it can be exploited to up-

convert each element in the array to different chopping frequencies, thus implementing 

the Frequency Division Multiplexing (FDM) technique. Using this approach, the input 

chopper of the front-end has a 2-fold function, which results in reduced complexity of the 

flexible circuitry. Eventually, the different chopping frequencies can be generated on foil 

using digital electronics and ring oscillators implemented with double gate devices, in 

order to tune the TFT threshold and thus the oscillation frequency. Comparing the two 

approaches in terms of BW requirement for multiplexing and circuit complexity, the FDM 

TABLE 5.I 

COMPARISON BETWEEN MULTIPLEXING TECHNIQUES 

 Time multiplexing Frequency multiplexing 

Connections 1-2 1 

Sampler Bandwidth 10×BW×N 4×BW×N 

Minimum Sampling rate 2×BW×N 8×BW×N 

Additional circuits on foil 

Multiplexer control, 

Sampler, 

Chopping and De-Chopping 

Frequency synthesiser, 

Transconductor, 

Chopper (used for FDM too) 
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approach is more suitable for an implementation with flexible IGZO TFTs, offering lower 

transistor count.  In terms of sampling rate, the requirement is higher in the case of FDM. 

Nevertheless, the higher requirements can be easily satisfied by moving the sampling and 

acquisition function outside the foil, to the silicon electronics, more than capable to 

perform the task using much lower power and achieving much higher performance 

compared to IGZO.  On the contrary, TDM needs the bandwidth-demanding sampling 

action to be done on the TFT foil, before the multiplexer, which is very difficult to achieve 

with present state of the art TFT devices. 

In the end, in the implementation of frequency multiplexing all the outputs of the 

front-ends need to be summed together to produce a single output. To implement the sum, 

the signals are converted to current using a transconductor and then summed in the current 

domain. This is a preferred solution in the interface between flexible circuits, which 

require large power supply voltage, and the silicon chip requiring low supply voltage. The 

details of this interface are given in the Section “Silicon back-end: OC-TIA”. 

The use of FDM, and the choice of a current output, enable a single output per 

array and therefore a single input per array will be required on the silicon chip, saving area 

and overall cost.  

 

5.3.1 Foil architecture 
In the FDM approach, each channel resides in a certain band, centred at the 

different carrier frequencies. In our biomedical patch, the N channels represent each front-

end input after up-conversion, and amplification.  

The carrier frequencies fCHOPX (were X is the channel number in the array) and 

the channel spacing in th frequency domain depend on the bandwidth (BW) of biomedical 

signal in analysis. In particular, since a chopper is used as modulator, a second harmonic 

of the carrier fchop1 is produced. All the channels must fall between fCHOP1 and its second 

harmonic. The minimum value of fchop1 that avoids overlapping between the last channel 

fCHOPN and the second harmonic of fchop1 is calculated as:  

 

 𝑓𝑐ℎ𝑜𝑝1,𝑚𝑖𝑛 = [2 × 𝐵𝑊𝑠𝑖𝑔𝑛 + 𝑓𝑠𝑝𝑎𝑐𝑒] × 𝑁 (5.1) 

 

Where fchop1,min is the lowest chopping frequency that can be used, BWsign is the 

bandwidth of the biomedical signal, fspace  is an additional bandwidth used to space the 

channels, and N is the number of channels grouped together in the array.  

In the implementation of this technique, a narrow band front-end is desirable, in 

order to avoid out-of-band interferers to invade the frequency space allotted to another 

channel. To solve this problem, a filter should be applied to each channel output with a 

narrow band pass at different centre frequencies. This solution is very cumbersome to 

implement in reality due to process variation. Tunability is an option, but leads to an 

increase in the number of connections, and cost. A possible solution to the rejection of the 

out-of-band interferer is filtering directly at the input using the same filter in all the 

channels, and up-convert the filtered signal afterwards. This extra input filter will affect 
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the noise levels, and the input impedance will be lowered. Moreover, the area of the single 

front-end will increase, reducing electrode density. Although further investigation is 

required, both in-band and out-of-band interferers can be rejected in post-processing, as 

long as they do not saturate the front-end and they can be distinguished from the useful 

signal e.g. due to their spectral properties. 

Similar considerations apply for noise produced at the output of each front-end. 

The output noise of all FEs is summed together as well. Considering that all the FEs are 

the same, that noise from the different channel is uncorrelated, the total noise at the output 

of the array, referred to input (RTI) will be: 

 

 𝑣𝑛𝑜𝑖𝑠𝑒𝑇𝑂𝑇,𝑅𝑇𝐼 =  𝑣𝑛𝑜𝑖𝑠𝑒𝐹𝐸,𝑅𝑇𝐼 × √𝑁 (5.2) 

 

 

Where VnoiseFE,RTI is the noise of each front-end referred to input, and N is the 

number of channels. This formula must be taken into account during the FE design phase 

in order to design the noise contribution of each channel according to specifications.  

To avoid summing of all the noise contribution, also in this case, narrowband 

filtering after the output transconductor would be required. This is unpractical because 

being the signal in the current domain it would require inductors. Another possibility is to 

filter before the transconductor. Also in this case, every channel needs to be tuned at its 

centre frequency and this will increase complexity and connections to outside the foil. 

Additionally, the wideband noise of the transconductor will still be summed at the output. 

The simplest solution remains thus to accept a degradation of noise characteristics due to 

the superposition of multiple channels, and considering it while designing the front-end. 

 

 

5.4 IGZO biomedical front-end 

The EMG front-end constitutes the main circuit block implemented on the 

flexible part of the system. The core of the front-end circuitry is a novel Band-Pass 

Amplifier (BPA) topology. The schematic of the full FE is shown in Figure 5.3a.  
A monopolar connection is selected for the FE as biopotential electrode 

configuration, due to the good accuracy it provides for MFCV extraction. A bipolar 

configuration indeed would introduce artefacts in the extraction of MFCV depending on 

the specific electrode position. The drawback of using unipolar electrodes is the lack of 

common mode rejection, therefore an active common mode rejection circuit, such as 

active right leg driving [7], should be implemented in the future to improve the CMRR.  
The electrode-skin contact creates DC offsets at the input of the front-end that 

can be as large as ±300mV, and must be filtered out in order to avoid FE saturation, or 

reduction of the dynamic range. For this reason, the first block in the signal chain is an 

input High Pass Filter (HPF). As shown in Figure 5.3, the HPF is composed of CIN plus 

the Switched Capacitor (SC) resistor created by the chopper and the parasitic capacitances 

(Cgd1,2) of the following buffer stage. In Figure 5.3 the chopper and the buffer are 
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composed by MA-MD and M1-M4, respectively. The buffers after the chopper are source 

followers and they are used to shield the input from the parasitic capacitances of the gain 

stage Cgd5,6,, which are large being multiplied by the Miller effect.  

The source follower offers the lowest input parasitic capacitances among the single stage 

amplifier circuits, but obviously adds noise and power consumption to the front-end. The 

second input of the chopper (VIN,DC in Figure 5.3) is connected to a common reference 

voltage.  

In Figure 5.4a, a block diagram of the input HPF is presented. When the steady 

state is reached, the input capacitor is charged at an average voltage equal to VIN,DC. On 

the other hand, analyzing the single chopping clock cycle, the input capacitor is connected 

for the first half of the chopping cycle at the input of the transistor M1 as in Figure 5.4b 

Φ(t)=HIGH. The gate of M1 is charged to an intermediate voltage through the capacitive 

voltage divider CIN-Cpar,1, while the gate of M2 is at VDC,IN. During the second half of the 

chopping cycle (Φ(t)=LOW in Figure 5.4c), CIN is connected to the gate of the transistor 

M2, previously charged at VIN,DC. This creates an exchange of charges between CIN and 

the Cgd1-Cgd2, which results in a residual offset at the output of the chopper. The offset 

manifests itself as a harmonic at the carrier frequency, which can be calculated to be 

(VDD − VIN,E) × [Cpar,1−2 (Cpar,1−2 + CIN)⁄ ], and is estimated to be in the final design 

≈20mV for VIN,E equal to zero.  

  

Figure 5.4: Detailed function of the switched capacitor input HPF: the simplified circuit 

diagram (a), and the detailed configuration during the high clock state (b), and the low clock 

state (c). 

 



75 
 
 

This chopping artefact represent the largest signal at the input of the FE, and must 

be considered when designing the noise floor levels of the different blocks of the system.  

The main block in the front-end is a single stage amplifier with intrinsic band-

pass response, called BPA, corresponding to M5-M20 in Figure 5.3a. Several aspects of the 

IGZO technology have been taken into account for this choice. Standard multistage (2 

stage) OTA design as front-end would require the use of a negative feedback network 

around the amplifier. In the technology we have available, resistors have very low yield, 

and a capacitive feedback requires large capacitances that increase the size of the front-

end, and thus that of the active electrode considerably. A single stage amplifier is a simpler 

circuit that does not require large passive feedback elements and leads to higher yield. 

Besides, the BPA stage here proposed has an in-band gain which still depends on ratios of 

capacitors and transistor aspect rations, offering a rather process and temperature 

insensitive solution. 

Amorphous low temperature technologies suffer from large TFT mismatch which 

results in a very large amplifier offset. When this happens the DC output nodes move close 

to saturation limiting the dynamic range. In this case, gain compression and output swing 

limitation occur, with consequent increase of the front-end non-linearity. A possible 

solution is to limit the gain, but a gain of minimum 20dB is preferred to relax the noise 

requirements of the following stages in the processing chain, therefore saving area and 

power consumption. Input and output HPF are ineffective in avoiding gain compression 

in case the output offset is very large and the amplifier is close to saturation. The amplifier 

stage presented in Chapter 4 [1] can achieve high gain in a single stage, but the offset will 

indeed cause gain compression and distortion.  

To avoid this problem, we propose a novel topology that reduces the output offset 

of unipolar differential amplifiers and whose gain is set by ratio of geometric parameters. 

The auxiliary amplifier used in the topology of Chapter 4 is substituted with a complex 

network implemented in Figure 5.3 by M9-M16. Analyzing the differential half-circuit of 

the BPA at low frequency (BPA LF Figure 5.3b), the output is set to a known voltage by 

the inner amplifier gm (M9-M14, M18 in Figure 5.3a) via negative feedback. The inner 

amplifier is based on a double gate impedance-boosted load, described in [8]. The DC 

rejection, defined as the ratio of the BPA in-band gain and DC gain, can be calculated to 

be: 

 

 𝐷𝐶 𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
1

𝐴 + 1
×

𝐶𝐿

𝐶𝐹 + 𝐶𝐿

 (5.3) 

 

where A=gmr0 is the DC gain of the inner amplifier in Figure 5.3a. Through the 

use of inner amplifier in a negative feedback configuration, the DC gain and output offset 

are strongly reduced, and consequently the output dynamic range is increased, together 

with the robustness of the BPA stage to mismatch. Ideally, if this gain is extremely large, 

the output offset will be very low. 

At the signal frequency, which is much higher than the GBW of the inner 

amplifier, only the buffers M15,M19 and M16,M20 plus capacitor CF control the response of 
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the amplifier. The output voltage, which is also the voltage at the source of the load TFTs 

M7,8, is buffered and a voltage division occurs between CF and CL. Therefore Vgs7,8 is 

reduced compared to a diode connected configuration, and the output impedance is 

increased by a factor (CF+CL)/CL. According to this analysis, the signal gain Gsign in band 

can be calculated to be (Figure 5.3c):  

 

 𝐺𝑠𝑖𝑔𝑛 =  
𝑔𝑚,𝑑

𝑔𝑚,𝑙

×
𝐶𝐹 + 𝐶𝐿

𝐶𝐿

 (5.4) 

 

In this equation 𝑔𝑚,𝑑 is the transconductance of the driver and 𝑔𝑚,𝑙 is the 

transconductance of the load transistors. This gain at the signal frequency Gsign depends 

on the ratio of capacitors and the ratio of transconductances sharing the same bias current, 

therefore it is stable against global process variations.  

The overall BPA transfer function can be written, for low to middle frequencies, 

as: 

 

 𝐺(𝑠) =  
𝑔𝑚,𝑑

𝑔𝑚,𝑙

×
1

𝐴 + 1
×

1 + 𝑠𝑅0(𝐶𝐹 + 𝐶𝐿)

1 + 𝑠𝑅0𝐶𝐿 (𝐴 + 1)⁄
 (5.5) 

 

The inner amplifier must be biased and sized to obtain a pole which is lower than 

the lowest chopping frequency. The reason is that the chopped signal will have fast rising 

edges, and if the high pass pole is close to the chopping frequency, the overshoots can 

saturate the amplifier. The high pass pole is set by the explicit capacitor CL and the gm of 

the inner amplifier (Figure 5.3), which varies with process variation. For this reason, the 

inner amplifier must be designed such that at the worst process corner the circuit still fits 

the requirements. The noise is dimensioned keeping in mind equation (5.2), and thus 

considering that the front-end will be used in an array of N electrodes. 

About the stability of the gain stage, we consider 2 cases in order to simplify the 

analysis. At low frequency, the equivalent circuit is represented by Figure 5.3b. The output 

pole determined by the load capacitance can be neglected because at much higher 

frequency. Therefore, as transfer function we can consider equation 5.5. In this case, 

stability is achieved if the pole of (5.5) falls in the left half plane of the Nyquist plot, 

meaning that A=gmr0 in Fig. 5.3b must be larger than -1. In the circuit configuration in 

Figure 5.3b, a positive value of A is necessary to ensure a negative nature of the feedback, 

satisfying at the same time the necessary condition for stability.  

At the signal frequency, the circuit is simplified as in Figure 5.3c. It is equivalent 

to Figure 4.7, and the same condition for stability applies also for this case, which 

corresponds to a gain of the auxiliary amplifier between 0 and 1.  

In this specific case, this corresponds to having 0<CL/(CF+CL)<1. As discussed 

in Figure 4.7, if this condition is verified, the poles of the system are always in the left half 

plane. This condition is always verified for all the values of CF and CL.  
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Following the BPA, a transconductor M21-M29 converts the output of the amplifier into 

current to be summed with the signals coming from other electrodes in the array. It is 

composed of a differential pair M25,26 with source degeneration implemented using a TFT 

in linear region, M27 in Figure 5.3a. The gate of the degeneration TFT can be tuned 

externally to adjust the total output transconductance. Using the degeneration, the FE has 

an improved linearity and its performance is not degraded. The level shifter M21-M24 is 

interposed between the amplifier and the transconductor to align the DC levels. The 

outputs of all transconductors are connected together in the array and to the input of the 

silicon chip using a single differential connection. 

 

5.5 Silicon back-end: Offset Compensated-TIA (OC-TIA)  

The single differential current output per array of active electrodes is connected 

to the silicon chip for readout, data conversion and transmission to the base station. The 

challenge is to design an interface to connect the flexible FE electronics, which normally 

runs at tens of volts, to a silicon chip whose transistors run up to 1.2V.  

If the signal is exchanged in the voltage domain, some design restrictions need to 

be taken into account. First, the DC output voltage of the FEs and input DC levels of the 

silicon readout must be aligned to avoid saturation of the input stage. This can be 

challenging, because the variability of the flexible electronics can be as large as the full 

supply voltage of the silicon chip. Capacitors can be used to decouple the DC bias from 

the signal, but this will lower the yield due to the large defectivity of large area capacitors. 

Furthermore, the gain of each channel will change with carrier frequency. A charge 

amplifier could solve this issue while ensuring galvanic isolation. However, capacitive 

voltage division at DC still occurs, and it can damage the silicon input circuitry in case the 

amplifier saturate and it is not able to keep the input node within its power supply rail.  

In the current domain on the other hand, the silicon chip sets the input bias voltage 

to a safe level, for example at half of the silicon power supply rail, and the input current 

is converted back to voltage for data conversion. The output stage of each active electrode 

is an effective open drain transconductor, and a fully differential Trans-Impedance 

Amplifier (TIA) is a basic solution to read them out. In our system, the bias current coming 

from the transconductor moves the output common mode voltage and reduces the TIA 

dynamic range. In addition, the transconductor’s Offset (OS) currents push one of the 2 

branches of the TIA even further, reducing the dynamic range even more. Cascading the 

TIA with an HPF will not solve the problem because the dynamic range would be already 

compromised.  

A possible solution employs a common mode feedback (CMFB) at the input of 

the fully differential TIA, in order to compensate for the transconductor bias current IB 

variability, and a DC servo loop to compensate the OS currents. We preferred to split the 

differential transimpedance function into 2 pseudo-differential TIAs, and use a single DC 

servo loop per branch to compensate both OS and bias currents in a large range.  

The circuit includes a standard single ended TIA in the forward path, depicted in 

Figure 5.5b, which is composed by the two-stage Miller-compensated amplifier A1 and 
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the feedback resistor RF.  

 In the feedback path the DC servo loop is composed of an integrator, A2, R1,2, 

C1,2, and a transconductor, MS1, RS in Figure 5.5b. The integrator BW determines the 

frequency at which the servo loop performs its function. To obtain a high-pass pole at low 

frequencies, we use MIM capacitors and PMOS pseudo-resistors which provide an 

extremely large resistance value. The sensitivity of this implementation to the process 

corners has been taken into account during the design phase applying sufficient design 

margins, verified in simulation.  

Following the integrator stage, the transconductor, implemented as a common 

source PMOS MS1 with source degeneration RS has the capability to provide the necessary 

DC current per branch, and its gm is in principle constant with varying bias current at the 

input of the TIA. Indeed, the DC current coming from the flexible array will change the 

bias point of an OTA used as transconductor and therefore its gm, while a source 

degenerated transistor has a gm≈1/RS at different bias currents, and serves the purpose. 

The input DC current range of the TIA is determined by the output swing of the integrator. 

In addition, a small NMOS MS2 pull-down transistor in Figure 5.5 prevents the input stage 

from latch-up during start-up. MS2 pulls the input node down in case there is no current 

flowing in the input branch, while it turns off when the circuit reaches the steady state. 

MS2 is a high-threshold voltage NMOS, thus its contribution to the transconductance 

becomes negligible already when the DC output voltage of A2 is at half supply rail. 

In this Offset Compensated TIA (OC-TIA), each input node voltage is set at the 

bias voltage Vb (Figure 5.5b) applied to the non-inverting input of the TIA in the forward 

path.  

The final transfer function of the OC-TIA is: 

 

 

 

𝑣𝑜𝑢𝑡

𝑖𝑖𝑛

=
𝑅𝑓

𝐴0𝑅𝑓

𝑅𝑠
+ 1

×
1 + 𝑠𝜏

1 + 𝑠
𝜏

𝐴0𝑅𝑓

𝑅𝑠
+ 1

 
(5.6) 

  

Figure 5.5: Block diagram of the silicon back-end interfaced with the flexible array (a). In (b), 

the schematic of the Offset Compensated-TIA. 
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A0 and τ represent respectively the DC gain and the time constant of the 

integrator. From (5.6) we obtain a DC transresistance, DC rejection and poles and zeroes 

of the system as following: 

  

 
𝐺 = 𝑅𝑓 (5.7) 

 𝐷𝐶 𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =
𝐴0𝑅𝑓

𝑅𝑠

+ 1 (5.8) 

 𝑧1 =  
2𝜋

𝜏
 (5.9) 

 𝑝2 =  
2𝜋

𝜏
(

𝐴0𝑅𝑓

𝑅𝑠

+ 1) (5.10) 

 

The equations (5.7)-(5.10) are used to design the OC-TIA according to 

specifications. The requirements, together with simulation and measurement results of the 

designed OC-TIA are given in the Section “Measurement Results”.  

Last, considering the start-up phase of the full biomedical patch, the input circuit 

of the silicon chip might not be fully turned on right after the power-on. If the input node 

is charged very fast at the negative supply rail of the flexible circuit, the input transistors 

can be damaged. For this reason, a small protection diode is used at the input in reverse 

bias. The diode clips the input node at GND-Vγ,diode until the input stage of the TIA is fully 

functional, and protects it from damage. 

 

5.6 System implementation and Measurement results 

The biopotential front-end matrix described in the previous sections has been 

designed, and the procedure and simulation results are described in Subsection 1 and 2. In 

Subsection 3 the measurement results of the single blocks and the full system are shown 

as well. In the end, the proof of concept is demonstrated by both an in-vitro bench test, 

and an in-vivo EMG measurement in Subsection 4.  

5.6.1 IGZO electronics design 
We designed a matrix containing 4×4 active electrodes, each one composed of a 

biopotential metal electrode on the layer MT3, and the front-end (FE) fabricated 

underneath the metal electrode using up to layer MT2. The electrodes are grouped in 

columns of 4 electrodes each, therefore we use 4 differential outputs to read the full matrix.  
Considering the design requirements for the active electrode circuit, we decide to 

target the monitoring of EMG signals, considering that a proof of concept is more 

accessible compared to that in the case of EHG from a pregnant woman. In order to 

amplify EMG signals, the active electrode FE needs a bandwidth between 20-500Hz. 

Considering the use of FDM approach, the upconverted signal will have 2 lobes and a total 

BW of 1kHz. Each array contains 4 electrodes, therefore according to the required EMG 

BW and number of channels N, using (5.1), the minimum chopping frequency must be 

fCHOP1 = 4 kHz. We choose to set it to 5 kHz. The fCHOP at different rows are respectively 
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at 5, 6, 7, and 8 kHz. Each BPA must have a BW of at least 8kHz+500Hz to be able to 

amplify all the 4 channels with enough gain. The BPA gain is set to be 20dB (10V/V) at 

all chopping frequencies, in order to relax the noise requirements for the cascading blocks, 

therefore saving area and power consumption. Difference in gain among the different FEs 

in the array can be calibrated in post-processing. The DC rejection of the BPA is set to be 

20dB compared to the in-band gain. The actual DC gain is therefore set to 0dB, which 

corresponds to transferring the input offset at the output with a unity gain. The GBW of 

the inner amplifier in Figure 5.3 determines the low frequency pole of the BPA, therefore 

the inner amplifier has been designed and biased in subthreshold in order to have a GBW 

in the hundreds of Hz, a decade below the smallest chopping frequency. The GBW will 

vary with process variation, therefore its value has been optimized in simulation to fit the 

requirements at the worst process corner. Table 5.II shows a summary of the FE 

requirements. In Figure 5.6 simulation results show the frequency response of the BPA, 

both at process corners (Figure 5.6a),  and Monte Carlo mismatch simulations (Figure 

  

Figure 5.6: Simulation results of frequency response of the BPA at PV corners (a), and at 100 

Monte Carlo runs (b). 

 
TABLE 5.II 

SUMMARY OF THE FRONT-END REQUIREMENTS 

Parameter Value 

Channel BW 20-500 Hz 

Nr. Channels 4 

Min fCHOP 4 kHz 

BPA BW 8 kHz 

Max BPA hi-pass f-3dB 500 Hz 

BPA gain in-band 

DC 

20 dB 

0 dB 

Max AE hi-pass f-3dB 20 Hz 

Min ZIN 1 MΩ 

AE VnRTI 106 µVRMS 
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5.6b). As shown in Figure 5.6a, at different corners the first pole vary between 32 and 135 

Hz, in line with the requirements. On the other hand, the DC gain, the in-band gain, and 

the second pole show negligible variation across the process corners, being respectively 

4.44-4.87 dB, 25.5-25.6 dB, and 20 kHz. In Figure 5.6b, 100 Monte Carlo runs of 

mismatch simulation show and AC characteristic that is substantially unaffected by 

parameter variations. Results show a mean DC gain of 4.8dB  and σDC=1.3%, an mean in-

band gain of 25.6dB with a σin-band=0.26%, and high-pass f-3dB of 60Hz with a maximum 

spread of 7.25Hz.  

Considering the whole FE circuit, its BW is set at the high-pass f-3dB by the input 

HPF, therefore by CIN, the parasitic capacitances of the buffers M1-M4, and the chopping 

frequency (due to the SC resistor formed by the chopper and the buffers). Considering a 

BW of the BPA with a high f-3dB at 20kHz, we can assume to set the maximum chopping 

frequency at 20kHz for test purpose. Also, the value of Cdg1,2 is set by the noise  

requirements that set the device area, which result in a CP ≈ 2.2pF. The low cut-off 

frequency can be calculated according to: 

 

 𝑓−3𝑑𝐵 =
2𝑓𝑐ℎ𝑜𝑝𝐶𝑝

2𝜋𝐶𝑖𝑛

 (5.11) 

 

We must thus set a CIN of 1.4nF, to achieve a low f-3dB of 10Hz. In the end, 

considering the value of CP, the expected ZIN is 45MΩ at fCHOP of 5kHz, down to 28MΩ 

at 8kHz of chopping frequency.  

According to [3], an SNR of 6dB guarantees the extraction of MFCV with good 

accuracy. For future developments, we set the SNR requirement at 20dB. In order to size 

the RTI noise of the single front-end circuit, we refer to a maximum EMG amplitude of 

10mV from all the muscles in the human body. If we consider small muscles, this value 

reduces to 3mV. Assuming that the power is concentrated in a single harmonic, as in a 

sinusoidal waveform, the VEMG,RMS = 2.12mV. With 212µVRMS as RTI noise from the full 

array, the target of 20dB SNR is reached. To size the RTI noise of the single element in 

the array we use the formula (5.2), and considering 4 channels we obtain: 

 

 𝑉𝑛𝑅𝑇𝐼,𝐴𝐸 =
𝑉𝑁,𝑟𝑒𝑞

√𝑁
=

212𝜇𝑉𝑅𝑀𝑆

√4
= 106𝜇𝑉𝑅𝑀𝑆 (5.12) 

   

The noise of the front-end will come from both the input buffer and the BPA, and they 

have been sized to contribute equally in terms of noise. This represent the best design 

choice in terms of area and power consumption. Thus, the noise requirement from (5.12) 

for the BPA in the EMG band result in: 
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𝑉𝑛𝑅𝑇𝐼,𝐵𝑃𝐴 =
106𝜇𝑉𝑟𝑚𝑠

√2
⁄ = 75𝜇𝑉𝑟𝑚𝑠 

 

From the requirement on VnRTI,BPA, and given a noise which is predominantly 1/f, 

we can elaborate some calculations to extract the noise spectral density for the BPA. This 

results in 171µV/√Hz @1Hz, or 2.42µV/√Hz @5kHz of noise floor.  

Last element of the flexible front-end circuit is the transconductor. The TFT have 

been sized in order to achieve a transconductance of 1µA/V, and noise and distortion 

performance that are not detrimental to the input stage SNR and SNDR, meaning at least 

10dB above the SNR requirements for the BPA. Figure 5.7 shows the output spectrum of 

two transient simulations, namely with and without transient noise. At the input, a 2-tone 

signal is applied, at frequency 5kHz±100Hz and amplitude of 200mV, corresponding to 

the maximum expected input signal. The resulting spectrum without noise shows 

intermodulation products well below the noise floor (Figure 5.7), with as SFDR at 

90.77dB. The spectrum of the transient simulation with noise, on the other hand, show an 

SFDR of 69.26dB, determined by the noise floor, and a total SNR of 59.7dB.  

 

5.6.2 Si electronics design 
The last circuit element of the FE is the transconductor, which has a 

transconductance gm of 1µA/V with 1µA per branch of biasing current. Summing 4 

channels together gives a DC bias current at the differential output of 4µA per branch. For 

future developments we consider to expand the matrix to 8 channels, therefore in case they 

will be fully unbalanced, each branch can carry a DC current of 16µA. Considering a 

margin of 25%, this value reaches 20µA. Thus the silicon chip has to sustain input DC 

currents up to 20µA per branch. The PMOS MS1 aspect ratio, RS resistance value, and 

  

Figure 5.7: Output spectrum of the output transconductor in simulation without and with 

noise. 
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maximum output swing of A2 in Figure 5.5 are sized to accommodate for this maximum 

input DC current.  

The OC-TIA is the back-end of the system, therefore its dynamic range must be 

large enough that its noise is negligible compared to the FE noise. More in detail, the 

maximum input at the silicon chip is represented by the residual input OS of the FE, 

estimated at 200nARMS, considering a total front-end gain of 10µA/V as per design. The 

signal resides 20dB below this value, at 21.2nARMS, and the noise at 2.12nARMS. We plan 

a margin of 10dB for the noise coming from the silicon chip, at 670pARMS. Considering a 

BW of the EMG signal of 20-500Hz, we obtain a current noise spectral density of 

34pA/√Hz for the noise floor, which corresponds to -75dBc, being 0dBc the maximum 

current input signal.  
Regarding the frequency response of the total OC-TIA, the DC servo loop needs 

to guarantee a rejection of 40dB compared to the signal gain at the worst process corner. 

With this value of DC rejection, all the low frequency signals at the input will be one order 

of magnitude smaller than the signal, and therefore negligible. The low f-3dB is set at 10Hz 

at the worst process corner, approximately 2 decades lower than the smallest fCHOP used 

in this system. Also in this case, as described for the BPA low cut off frequency, this 

margin is set to avoid overshoot and saturation. The in-band gain is set such that the 

maximum input signal reaches the full-scale (FS of the SAR ADC at 0.8VPP, and is equal 

to 120kΩ. 

Following the OC-TIA, an anti-aliasing filter (AAF) prevents folding of the noise 

due to the sampling performed with data conversion. The cut-off frequency of the AAF is 

designed at 30kHz. After the AAF, a multiplexer switches between the four rows in the 

matrix and feeds the input of the SAR ADC.  

In Figure 5.8 the simulation results of the frequency response of the OC-TIA at 

different process corners are shown. We obtain a DC rejection in the worst case of 49dB, 

and a maximum low f-3dB at 9.55Hz. The in-band gain is fairly constant against process 

corners, above 100dBΩ. Also, the simulation shows the results of each corner at different 

input bias currents, 5, 8, and 11 µA. As it is shown in Figure 5.8, the frequency response 

  

Figure 5.8: Simulation results of the OC-TIA at different process and input DC current 

corners. 
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characteristics of the OC-TIA are not sensitive to the different input DC current in the 

designed range.  

After transistor sizing and verification in simulation of the single blocks in both 

IGZO and Si, the system has been verified by suitably splitting the flexible and silicon 

blocks. Simulations of the whole system simultaneously, including the SAR ADC, 

requires extremely high computational power and time. Therefore, the full system has 

been tested by splitting the system verification in 2 macro blocks, ensuring the correct 

input/output interfacing. More in detail, the flexible part of the system has been tested 

using a discrete circuit model of the electrode impedance at the input, while an ideal model 

of the OC-TIA has been connected at the output. The output of the ideal OC-TIA has been 

analysed to verify the functionality of the flexible matrix of electrodes. Afterwards, the 

OC-TIA has been simulated by connecting at the input an ideal model of the front-end 

circuits together in an array, and the output from the MUX (Figure 5.5) has been connected 

to the sampler block of the SAR ADC. After system verification, both the flexible matrix 

and the Si chip have been fabricated, and the measurements are presented in the following 

subsections. 

  

Figure 5.9: Micrograph of an array of active electrode for test purpose. 

 

Figure 5.10: Micrograph of the array of active electrode (a), and Silicon chip micrograph (b). 
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5.6.3 Measurement results 
All the circuits described in the previous sections have been fabricated using the 

process described in Chapter 2 for the flexible part of the system. The single blocks have 

been characterized first, up to the full matrix on foil. The Si chip have been fabricated 

using a commercial 65nm technology process. Figure 5.9 shows the micrograph of an 

array of FE used for measurements purpose, while Figure 5.10a and Figure 5.10b show 

the micrograph of respectively the 4x4 matrix of active electrodes, and the silicon chip. 

The BPA has been characterized by measuring frequency response and noise 

RTI. As we can see in Figure 5.11, after fabrication the BPA frequency response shows 

an in-band gain of 20dB, a DC gain of -3dB, and a BW of 15Hz-17kHz. The fabricated 

BPA shows performance above specifications, and can be used as amplifier stage in the 

biopotential FE. In addition, in a BW of ≈17kHz it is possible to fit up to 8 EMG channels, 

considering an array of FEs grouped together. Also, with a DC gain of -3dB the input OS 

will be attenuated at the output, increasing robustness to mismatch. Table 5.III shows a 

comparison of input and output OS between an amplifier using the impedance boosting 

technique shown in Figure 4.7, and the BPA described in this Chapter, both fabricated 

using the same technology, but on different substrates. Measurements on 20 amplifiers 

each show an in input OS which is roughly the same, while the output OS is ≈18X better 

in the BPA, confirming that the use of an intrinsic band-pass response improve OS 

rejection.   

After fabrication of the full flexible front-end (including output transconductor), 

we measured its BW by measuring the upconverted signal amplitude at a selected 

chopping frequency, while the input frequency was swept. In Figure 5.12a, the gain vs 

baseband frequency is plotted. We can observe an in-band gain, reported as 

transconductance, of 20µA/V, and a BW of 3Hz-30kHz. Also, the measurements of the 

in-band gain at different chopping frequencies, as in Figure 5.12b, shows a 

transconductance above 10µA/V up to 40kHz. Considering that the transconductor gm is 

  

Figure 5.11: Gain and noise Referred to Input of the BPA. 
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1µA/V (as designed), this implies a gain above 20dB in the whole measurement range.  
Moreover, the characterization of the input impedance ZIN has been performed, 

in order to verify that the FE can interface with the human body without significant SNR 

degradation due to voltage partition at the input. The measurement has been performed in 

an indirect way: after setting the fCHOP, the low f-3dB is measured, and knowing the value 

of the input capacitance the ZIN can be calculated. Measurement results presented in Figure 

5.13 show a ZIN above 10Mohms in the BPA band. In particular, using fCHOP between 5 

and 8 kHz results in a ZIN between 40 and 25 MΩ. This result proves that the interface 

with standard wet electrodes will not degrade the SNR, and even interface with dry 

electrodes is at reach [9].  

As shown by the measurements in Figure 5.11, the BPA RTI noise at 5kHz is 

lower than specifications, and results in 1.3 µV/√Hz. Therefore, assembling an array of 4 

active electrodes, the SNR is expected to result better than 20dB. In order to verify this 

assumption, a sinewave is given at the input of each FE in an array of 4 active electrodes, 

with 3mV amplitude and frequency of 130Hz. At the output, a standard TIA with a gain 

of 220kΩ is used to measure the single output of the array. Figure 5.14 shows the output 

spectrum. We can observe the signal upconverted at 5, 6, 7, and 8 kHz, and the residual 

offset as harmonic at the different fCHOP. The SNR measured in the EMG BW at different 

fCHOP range between 27 and 31.6 dB, well above specifications. It is worth noticing that 

the maximum gain difference between all the FEs in the array is 3dB.  
Lastly, Figure 5.15 show the THD of the front-end in the array vs input amplitude. 

The maximum value is reached for an input signal of 20mVPP, at -50dB, or 0.32%. In case 

 

Figure 5.12: Gain of the single active electrode circuit @5kHz fchop, and in-band gain at 

different chopping frequencies. 

 
TABLE 5.III 

OFFSET MEASUREMENTS OF DIFFERENT TOPOLOGIES 

 
Input OS 

(±3σ) 

Output OS 

(±3σ) 

[7] 630.4 5624.7 

BPA 751.5 298.9 
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Figure 5.13: Input impedance vs chopping frequency of the full front-end circuit. 

 

Figure 5.14: Output spectrum of the array of active electrodes with a single 130Hz input 

signal at 3mV amplitude. 

 

Figure 5.15: Active electrode front-end THD vs input voltage amplitude at different chopping 

frequencies. 
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of biomedical signal, typically 1% (or -40dB) of THD is sufficient, and referring to the 

measurement in Figure 5.15 this value is reached at VIN=100mvPP. Up to this input level, 

a possible interferer at the input can be removed in post-processing without introducing 

excessive distortion to the EMG signal.  
In Figure 5.16 measurements of the frequency response of the full silicon chip 

are shown. Here, we can observe a total in-band gain of 112dBΩ and a low f-3dB at 

0.138Hz. The high f-3dB is set by the AAF at 30kHz. The DC rejection has been measured 

varying the input DC current and measuring the OC-TIA output around 8µA, resulting in 

50dB.  
In order to verify that the dynamic range matches the design parameter for the 

full system, the following procedure has been used. First, a 2-tone signal has been applied 

at one input of the silicon chip, with amplitude corresponding to the maximum amplitude 

 

Figure 5.16: Measurements of the frequency response of the silicon chip. 

 

 

Figure 5.17: 2-tone test for the silicon chip (a). Also, alignment of the out AE spectrum and Si 

chip out spectrum (b). 



89 
 
 

expected from the flexible FE array, corresponding to 200nARMS. Four measurements have  

been performed, using the centre frequency of the 2-tone signal respectively at 5, 6, 7, and  

8 kHz, and the 2 harmonics of the signal at 100Hz from the centre frequency. This 

approach emulates a 100Hz sinewave chopped at the fCHOP used in our system. The output 

signal is converted to the digital domain using the embedded ADC and the resulting 

spectrum is shown in Figure 5.17a. The noise floor is at -75dB, matching the system 

requirements. If the spectra of the output signal coming from the flexible array (Figure 

5.4), and the 2-tone test of the silicon chip (Figure 5.17a) are superimposed, we obtain the 

results in Figure 5.17b. The 0dB reference in the graph corresponds to the maximum 

current output from the array, and to the maximum input current of the OC-TIA, at 

200nARMS. The graph in Figure 5.17b shows a 10dB margin between the FE array and the 

OC-TIA noise floors, as designed, demonstrating that the dynamic range of the silicon 

back-end will not degrade the front-end performance.  

In the end, circuit performance of all blocks show that the full system is capable 

of monitoring EMG signals from the skin of a person. To validate the actual functionality, 

an in-vitro bench test and an in-vivo measurement of EMG signals are presented in the 

following Section.  

 

5.6.4 In-vitro validation 
The flexible patch has been tested in an in-vitro experiment, before performing 

the final in-vivo validation with a real EMG signal. The in-vitro experiment has been setup 

as in Figure 5.18a. A commercial DAC is used to emulate an EMG source. The EMG 

signal belongs to the Physionet database [10], and refers to an EMG recording of a patient 

affected by neuro-junction disorders. A portion of this signal is plotted in Figure 5.18b. 

The DAC generates 4 identical EMG signals, each channel i+1 shifted by a Δt=2ms 

compared to the channel i. The 4 outputs of the DAC are connected to 4 AEs in a column 

of electrodes, and the single output of the column is connected to the Si chip for data  

conversion, prior transmission to the base station. On the base station in post-processing,  

the digitized output signal of the column is down-converted from the different AE 

chopping frequencies, and filtered in the EMG band. In Figure 5.18c the result of this 

acquisition is shown. An expansion of the acquired signals in a small time frame is plotted 

in order to appreciate the time shift between the different AEs. Indeed, in Figure 5.18c a 

time shift of 2ms can be appreciated at the output of the full system, proving the 

functionality of the flexible patch.  

 

5.6.5 In-vivo validation 
A measurement of multiple muscle contraction was recorded with the proposed 

flexible patch, in order to validate the functionalities of the system in a real environment. 

An electrode assembly is used, composed by a matrix of 8×8 passive Ag/AgCl 

electrodes processed on a flexible substrate. Of this matrix, only a subgroup of 4×4 

electrode is used. The electrodes have a diameter of 4mm, with interelectrode distance of 

4mm, and on top of the electrode a conductive gel is applied to guarantee a low impedance 
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Figure 5.18: Block diagram of the in-vitro test (a). Below, the reference signal replicated in 

all the electrode channels with a time shift (b), and the results of the acquisition of 3 channels 

in a column (c). 
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electrical contact with the skin. The matrix of passive electrodes is connected to the 

flexible FE patch via a flat cable. Through the same flat cable, the flexible FE matrix is 

connected to the silicon chip, controlled by an ARM-based microcontroller. The SPI 

interface of the microcontroller provides the ADC clock and receives the data from it. In 

addition, the GPIO of the microcontroller are used to switch between the different columns 

in the FE matrix. The microcontroller during the test saves the data coming from the ADC 

that are sent afterwards to the PC via USB. 

To record the EMG signals, the patch of passive electrode is attached to the 

tibialis anterior, and a volunteer performs random contractions. In post-processing, each 

channel in a column is demodulated back to baseband, and filtered in the EMG BW. The 

result of this process are shown in Figure 5.19a. The measurement shows the four 

channels, in which the EMG bursts are clearly identifiable from the noise floor. Figure 

5.19b shows a zoom of the signals in the time axis, centred at 17s. Applying cross-

correlation among the different channels, we extract a value of MFCV that ranges between 

2m/s and 8m/s, which are physiological values for a multichannel measurement on surface 

EMG. 

In conclusion, Table 5.IV presents a comparison with previous art. Considering 

the single active electrode element, our front-end achieves similar performance compared 

to the best achievements in previous literature in terms of gain, PSRR, area and power 

consumption. On the other hand, it offers a 5.6× larger BW, a 35% higher input 

impedance, and a THD 3× better than previous papers. The most significant improvements 

on the other hand come at system level, in particular using FDM as multiplexing technique 

allows to reach the highest number of active electrode per array, up to 10, in our case only 

limited by the BPA BW, and not by the FDM approach itself, and also to achieve the 

 

Figure 5.19: Results of the in-vivo test (a). Zoom during a contraction in (b) 
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smallest number of connection per array, with only 1 differential output per column. The 

latter achievement would reduce area needed for interconnection to silicon, and finally the 

cost of the overall solution.  

Several examples of multichannel biomedical readout fabricated using standard 

CMOS technology have been reported, including some recent work in [13] and [14]. 

Reference [13] presents a 4-chanel readout chip for EMG signals, while [14] shows a 

solution capable of reading 1024 channels for action potential measurements. As expected, 

the better transconductance efficiency and low frequency noise performance of silicon 

allow these systems to electrically outperform the flexible patch presented in this Chapter 

by at least ×10 and ×5 on noise and power consumption per channel, respectively. It is 

interesting to notice, however, that the work described in this Chapter can readout up to 

TABLE 5.IV 

  [11] [12] [1] This work 

Application EEG EMG EMG EMG 

Gain 20dB 27dB 24.9 - 23.1 dB 26dBµA/V 

BW [kHz] 0.2 0.09 5.4 - 5.2 30 

Vn,in [µVRMS] 5.14 NA 125 - 31.4 94.7-55 

ZIN [MΩ] 0.26 0.032 @ 100Hz 29.6 - 23 40@5kHz 

THD NA NA <1% <0.32% 

Area [mm2] NA 100 11.2 16 

CMRR [dB] 0dB* 45dB@50Hz 0dB* 0dB* 

PSRR [dB] NA NA 32 - 74 79.1 

Power [mW] 11 30 1.3 5.13 

Multichannel Yes Yes No Yes 

Mux. technique 

TFT scanning  

for compressive  

sensing 

Time  

multiplexing 
N.A. FDM 

Max nr.  

channels + 
<5 8 N.A. 10Δ 

Nr. External 

connections 

1 ctrl sign.+ 

1 output 

10 ctrl sign. + 

1 output □ 
N.A. 1 output □ 

FE fully  

integrated on 

 single foil  

No No Yes Yes 

*     Monopolar electrode configuration  
+      Sampling above Nyquist frequency 
Δ     Considering max fCHOP = f-3dB,BPA 

□      External connection based on a single column of electrodes 

 



93 
 
 

40 EMG channels, while using basically the same Si chip area of the four-channel EMG 

solution in [13]. The Si chip area is indeed 1.5mm2 for [13] and 1mm2 for this work. 

In conclusion, for the first time in literature it is demonstrated here a full smart 

biopotential measurement system including a functional interface between IGZO TFT 

front-end and a custom deep-submicron Si backend. The system offers the perspective of 

a strong reduction of Si area (and cost) per channel.  
 

5.7 Conclusions 

In this Chapter we demonstrated a flexible biomedical patch containing active 

electrodes in a matrix, fully integrated in an amorphous IGZO process flow for display 

applications. The matrix is interfaced with a silicon chip performing backend functions, 

such as data conversion and transmission. 

The active electrode reaches mm-size, enabled by an unconventional input high 

pass filter schematic. The same solution guarantees a high input impedance, and therefore 

good electrical interface with the human skin.  
 The novel TFT amplifier topology with intrinsic band-pass response used in the 

front-end reduces offset and increase resilience to mismatch. In addition, it shows a 

relatively large in-band gain and low in-band noise.  
The interface in the current domain guarantees safe operations between parts of 

the system using very different power supply rail. The Offset Compensated TIA is able to 

reject all the DC components coming from the flexible electronics, thus having enough 

headroom to compensate the non-idealities coming from the flexible electronics in post-

processing. 

From the application perspective, this work demonstrates a fully autonomous and 

flexible patch for acquisition of biopotential signals on a large surface. It shows a fully 

integrated flexible patch, interfaced with a custom silicon read-out IC, with a single serial 

output. Using the fabricated patch, for the first time, EMG signals in the time domain from 

a multitude of channels, acquired at once using amorphous IGZO, have been shown. 

Our solution can reduce motion artefacts, it is low cost, and at the same time has 

performance that allow to extract medical information, such a muscle fibre conduction 

velocity on the skin surface.  
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6 Conclusions 
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6.1 Circuit advancements 

In this manuscript, various analogue design solutions have been presented with the 

final goal of enabling high performance data conversion on foil, and the readout of surface 

biopotentials using a-IGZO TFTs. 

Starting from the building blocks of these systems, we presented a set of different 

amplifier topologies fabricated with double gate IGZO TFTs. In particular, in Chapter 3 a 

novel amplifier topology is proposed, which exploits the intrinsic properties of double gate 

TFTs to create a high impedance load. Thus, high DC-gain single-stage amplifiers can be 

designed. Using this idea, a DC gain up to 30dB can be achieved. The results have shown 

the feasibility of heart rate detection circuits made with flexible front-ends, as well as 

monitoring of electro hysterogram (EHG) and electro myogram (EMG) biopotentials with 

sufficient accuracy to enable medical diagnosis.  

A novel comparator circuit has been presented in Chapter 4. It exploits a specific 

characteristic of double gate TFTs to implement positive feedback and tune the hysteresis 

width. This feature enables external tuning of the oscillation frequency of an 

Asynchronous Delta Sigma Modulator (ADSM) on foil. 

Specifically designed for biomedical front-ends, a novel gain stage with intrinsic 

band-pass response has been presented. It achieves suppression of the output offset and 

avoid saturation of the single stage amplifier, thus improving resilience to mismatch and 

TFT variability. This topology has been presented in Chapter 5. The active load exploits 

an auxiliary circuit network which gives to the total gain stage its frequency selective 

characteristic.  

More in general, at simple circuit level, this thesis delivers some design strategies 

that allow designing high-performance flexible operational amplifiers with unipolar 

technologies, regardless of the specific technology in use. In addition to that, a topology 

that is especially robust to technology variability is presented, both in terms of process 

variations as well as mismatch. This circuit can be advantageously used in unipolar 

analogue thin film technology design.  

Double gate devices, especially when dynamic driving is applied to the second 

gate, bring another useful degree of freedom in analogue circuit design. Nevertheless, a 

deeper physical based modelling is needed in order to predict with very good accuracy the 

behaviour of analogue circuits. 

It is definitely preferable to choose or invest effort in designing circuit architectures 

whose performance are disentangled from absolute transistor matching. Ratiometric 

readout is the key to obtain dependable performance.  

 

6.2 System level advancements 

In Chapter 4, the first ADSM ever fabricated with flexible IGZO technology is 

presented. The topology brings advantages in terms of reduced performance requirements 

for the circuit building blocks compared to synchronous delta sigma counterparts, 

representing a better choice for an implementation with a low performance technology 
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like flexible TFTs. The current input of this circuit drastically simplify the summing node 

circuitry, the loop filter design, and the interface with thermistors to realize a smart 

temperature sensor. Using these circuit techniques, the fabricated ADSM achieves the best 

performance reported to date in terms of speed and accuracy of data converters fabricated 

on foil. 

In Chapter 5, a system built interfacing a custom silicon chip with a matrix of active 

biomedical electrodes fabricated on flexible substrate with TFTs has been demonstrated 

for the first time. It can measure EMG and EHG signals on a surface while with millimetre-

resolution, thanks to the reduced size of the active electrode circuitry. This is enabled by 

an input high pass filter which is composed by an input chopper and the parasitic 

capacitance of a buffer stage to create the switched capacitor resistive element of an RC 

network. 

In each column of the electrode matrix, the differential front-end outputs are 

summed together in the current domain using Frequency Division Multiplexing. 

Consequently, only one differential output per column of electrodes is achieved, and the 

silicon chip interfacing the matrix needs only two connections per column, minimizing 

area and cost. Interfacing these different technologies in the current domain reduces circuit 

complexity and ensures proper functionality, despite the large difference in supply 

voltages. Experimental characterization shows the feasibility of the system, and in-vivo 

validation on a volunteer demonstrates for the first time a time acquisition of a multi-

channel EMG signal realized with flexible TFTs. The results show a muscle fibre 

conduction velocity extracted from the in-vivo measurements in line with the expected 

physiological range, proving the functionality of the flexible biopotential monitoring patch 

in a real-life application. 

From the technology integration perspective, monolithic integration of biomedical 

active electrode has been demonstrated to be at reach, although further investigation is 

needed on the detailed functionality of this integration. Also, the integration of standard 

silicon chips with flexible electronics has been shown to be possible and functional despite 

the different requirements for supply voltage. In particular, the use of signal transmission 

in the current domain is a key component to the success of this integration, and has also 

been exploited to enable multiplexing different channels on foil to a reduced number of 

interconnects.  

 

6.3 Future work 

The large 1/f noise and low transition frequency of the TFT devices limit drastically 

the techniques that can be implemented to design low noise analogue circuits. The 

advancement of the technology process will push the performance of the presented work 

even further, and could potentially overcome some fundamental limitations. Further 

scaling of the feature size certainly helps reducing circuit footprint, but also to strongly 

increase transition frequency of the devices and circuit bandwidth. Furthermore, the use 

of self-aligned fabrication processing reduces the parasitic capacitances, increasing 

circuits speed by an additional factor two to three. Investigation and use of high-k 
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dielectric is essential for reducing the footprint of transistors and capacitors, increase 

transconductance, and ultimately reduce 1/f noise.  

A deep study and characterization of variation and mismatch is needed in the 

future, in order to investigate and design new variability-insensitive circuits. Further 

investigation on multiplexing on foil prior interface to silicon chips on foil can trigger 

multiple applications in the biomedical field, both of sensing and stimulations. 
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Summary 
 

Analogue Circuit Design for Smart Sensors in Flexible TFT 

Technologies 

Silicon CMOS is the technology universally used in electronic chip 

manufacturing both for market products and research activities. With the progress of 

fabrication techniques, the price per transistor has reduced, as well as devices footprint 

and chip area, all in agreement with Moore’s law. Nevertheless, several applications 

benefit from large area electronics (LAE) approached offering large surface coverage, 

mechanical flexibility, and low cost/unit area. Technologies following this trend are 

nowadays used for e.g. the production of displays. LAE technologies fabricated on flexible 

substrates are mainly based on organic and metal oxide semiconductors. They are widely 

used in back plains to serve e.g. as LED switches, but high performance analogue read-

out circuitry are still lacking in literature. This work investigates new designs and 

implementations of sensor read-outs based on flexible LAE, in order to enable full sensing 

systems on plastic foils.  

The thesis focuses on large area and flexible smart sensors fabricated using dual 

gate n-type IGZO TFTs. In particular, the interface of flexible electronics with the real 

world is investigated, designing circuit blocks to target two main applications, namely 

temperature monitoring of food packaging during transportation and storage, and 

monitoring of biopotentials on a large surface. In order to build these applications, we 

attempt to advance the state-of-the-art designing, fabricating, and characterizing: 1) A 

sigma delta modulator on foil, which is interfaced to a resistive temperature sensor to 

demonstrate a smart and flexible temperature sensor tag. 2) A matrix of biopotential front-

ends designed to monitor EMG and EHG signals on the skin surface. The latter circuit is 

integrated with a small custom silicon chip using a reduced set of interconnects, to build 

a flexible biopotential measurement patch at low cost.  

After introducing the research in Chapter 1 and discussing the state of the art of 

flexible IGZO technology in Chapter 2, Chapter 3 presents a set of different IGZO 

amplifier topologies, together with their detailed design and experimental 

characterization. Here a novel amplifier topology is proposed, which exploits the intrinsic 

properties of double gate TFTs to create a high impedance load. The new approach 

involves cascoding double-gate diode connected loads in a way that increases the output 

impedance with a power law of the number of cascaded devices. Thus, high DC-gain 

single-stage amplifiers can be designed. Using this idea, a DC gain up to 30dB can be 

achieved. In addition, in Chapter 3 a characterization of the noise in amplifiers fabricated 

with IGZO TFTs is reported for the first-time. These results show the feasibility of heart 

rate detection circuits made with flexible TFTs on foil, as well as monitoring of electro 

hysterogram (EHG) and electro myogram (EMG) biopotentials with sufficient accuracy 

to enable medical diagnosis. 
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In Chapter 4, the first Asynchronous Delta Sigma Modulator (ADSM) ever 

fabricated with flexible IGZO technology is presented. This topology brings advantages 

in terms of reduced performance requirements for the circuit building blocks compared to 

synchronous delta sigma counterparts, representing a better choice for an implementation 

with a low performance technology like flexible TFTs. The current input of this circuit 

drastically simplifies the summing node circuitry, the loop filter design, and the interface 

with the thermistors. A novel comparator circuit is presented, which exploits a specific 

characteristic of double gate TFTs to implement positive feedback and tune the hysteresis 

width. This feature enables external tuning of the ADSM oscillation frequency. Using 

these circuit techniques, the fabricated ADSM achieves the best performance reported to 

date in terms of speed and accuracy of data converters fabricated on foil, with 55 dB of 

SNR and 50 dB SNDR in 10 Hz bandwidth, and 43 and 40 dB respectively of SNR and 

SNDR in 300 Hz bandwidth.  

Chapter 5 demonstrates for the first time, a system built interfacing a custom 

silicon chip with a matrix of active biomedical electrodes fabricated on flexible substrate 

with TFTs. The aim is to measure EMG and EHG signals on a surface while reaching a 

millimetre-size electrode pitch, in order to enable the analysis of a single motor unit in a 

contracting muscle. 

The flexible matrix of electrode integrates a front-end circuit based on a novel 

gain stage topology in each pixel. At the input, an High Pass Filter (HPF) is composed by 

an chopper and the parasitic capacitance of a buffer stage to create the Switched Capacitor 

resistive element of an RC network. This allows high-pass frequencies in the Hz range, 

while keeping the input capacitor in the nF range, and thus enabling mm-size electrode 

pitch. After the HPF, the novel gain stage has an intrinsic band-pass response to suppress 

the output offset and avoid saturation of the single stage amplifier, thus improving 

resilience to mismatch and TFT variability. The active load exploits an auxiliary circuit 

network which gives to the total gain stage its frequency selective characteristic. The band-

pass amplifier achieves a measured bandwidth of 15 Hz – 17kHz and an input referred 

noise of 3 µV/√Hz @ 1 kHz. Also, measurements of 24 samples show a DC output offset 

of ±298.9 mV, demonstrating that the front-end is immune to soft faults even in presence 

of the large offsets typical of flexible TFT technology.  

In each column of the electrode matrix, the differential front-end outputs are 

summed together in the current domain using Frequency Division Multiplexing. 

Consequently, only one differential output per column of electrodes is achieved, and the 

silicon chip interfacing the matrix needs only two connections per column, minimizing 

area and cost. Interfacing these different technologies in the current domain reduces circuit 

complexity and ensures proper functionality, despite the large difference in supply 

voltages. Experimental characterization shows the feasibility of the system, and in-vivo 

validation on a volunteer demonstrates for the first time a time acquisition of a multi-

channel EMG signal realized with flexible TFTs. The results show a muscle fibre 

conduction velocity extracted from the in-vivo measurements in line with the expected 

physiological range, proving the functionality of the flexible biopotential monitoring patch 

in a real-life application.  
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