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Abstract 

 
Nowadays, the term smart device has become a common term around us. A large number of smart 

devices appear on the market in the form of wearable electronics, and the size of market has steadily 

increased in recent years. Among them, healthcare and medical related wearable electronics shows the 

steepest growth. In this sense, this paper proposes a multifunctional electronic skin which can detect 

bio-signals of human body.  

 

The compound of polyvinylidene fluoride and reduced graphene oxide (PVDF-rGO) was used as a 

sensing material. It has a piezoresistive characteristic by adding reduced graphene oxide. This 

characteristic can be utilized to detect static pressure such as respiration and pulse wave. In addition, 

the piezoelectric property of PVDF was maximized by adopting interlocking microdome structure. 

Therefore, sufficient performance is guaranteed even with the adition of rGO.  

 

Generally, there are two types of readout integrated circuits for reading piezoresistive and 

piezoelectric properties of PVDF-rGO: resistance-to-digital converter (RDC) and charge-to-digital 

converter (QDC). The resistance-to-digital converter is also divided three types: resistor array based 

RDC, current DAC based RDC, and correlated double sampling based RDC. The most common form 

of charge-to-digital converter can be categorized based on the number of amplifiers used, referred to 

as single-AMP based QDC and multi-amps based QDC, and will be introduced in the paper. 

 

The readout integrated circuits so far introduced in past papers are insufficient to apply to PVDF-

rGO. Therefore, a novel structure of piezo-sensor readout integrated circuit should be needed for 

wearable healthcare platform. This paper focuses on minimizing power consumption by sharing 

blocks with as many common factors as possible in the process of implementing the necessary circuits 

to detect multi-bio-signals. Especially, considering ADC structure, the single ended signal can be 

converted to pseudo differential signals that means no additional circuit is needed for converting 

analog voltage to digitized bits. Due to the nature of PVDF-rGO, it is important to bias a constant 

voltage. The proposed ROIC structure can guarantee the reliability of the signal read through biasing 

the constant voltage at any circumstances. Furthermore, in order to maximize the linearity of the input 

pressure and the output voltage by experimentally measuring the inverse relationship of the pressure 

and the resistance within a certain range. All of the implementations are designed in forms of on-chip 

including the passive components of low pass filter. It means that a smaller, better-performing 

platform can be implemented. 

 



In addition to implementing the circuit, the prototype was built so that the user can finally recognize 

his or her bio-signal information through microcontroller and Bluetooth module. Simultaneous 

measurement of ECG and pulse wave was made within a single chip. The peak time delay of ECG 

and pulse wave can be calculated and this gives the possibility of measuring blood pressure in real 

time with minimum restraint.  
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Chapter 1 

Introduction 

 

This chapter describes the basic information that should be mentioned before explaining the 

implementations in this paper. First, the concept and market situation of wearable electronics will be 

described. Second, polyvinylidene fluoride and reduced graphene oxide (PVDF-rGO), an innovative 

sensor material for wearable electronics will be also dealt with. 

 

1.1 Wearable electronics 

 

 

Wearable electronics, wearable devices, and wearable technology all mean smart electronic devices 

which can be easily worn on the user’s body such as accessories [1]. It can be a sort of computer that 

performs computing functions with smaller size. Interest in the wearable electronic devices has been 

growing ever since the concept of the Internet of Things (IoT) has surfaced. It refers to intelligent 

technologies and services that connect all things based on the Internet and communicate information. 

These days, we can see various smart devices that send and receive data as shown in Fig. 1 [2], [3], 

[4], [5]. However, the future of IoT is not just an exchange of information in passive manner, but 

exchanging and understanding information actively and subjectively depending on the situation. For 

example, the time taken for the navigation to be determined in real time according to the changing 

weather, and the temperature of the user arriving at the home based on the time is automatically 

adjusted in advance. All these to be in a form that is easily accessible at all times by users, so there is 

an increasing need for wearable electronic devices that are portable everywhere.  

Fig. 2 shows the worldwide wearable electronics market share from 2011 to 2018 [6]. Market share 

is measured statistically from 2011 to 2016, and for 2017 and 2018, is the expected values. According 

to Transparency Market Research which is the worldwide market research institute, the wearable 

 
 

Fig. 1. Smart devices commonly found in everyday life in forms of wearable electronics. 
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electronics market is increased every year in exponentially. Among them, healthcare and medical 

wearable electronics showed the highest growth.  

 

 

In this sense, a novel multifunctional electronic skin prototype was implemented in this paper. As 

shown in Fig. 3 [7], there are many bio-signals such as EEG, EMG, and pulse wave etc. If many 

important bio-signals which are directly related to the user’s health condition, it can detect protect the 

user’s life by enabling emergency rescue activities in response to a dangerous situation. Existing 

 
 

Fig. 2. Worldwide wearable electronics market share from 2011 to 2018. 

 
 

Fig. 3. Wearable devices and sensors with self-powered systems and multifunctional abilities. 
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healthcare systems are inferior in terms of size and performance, and require that the system be 

implemented with minimal power because it is required to monitor the user’s health state all the time 

in portable forms. Therefore, in this paper, it is aimed to implement a platform close to prototype 

including sensing material, readout integrated circuit (ROIC), microcontroller (MCU), and wireless 

transmission device in order to make a system capable of detecting a large number of bio-signals.      
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1.2 Polyvinylidene fluoride and reduced graphene oxide (PVDF-rGO) 

 

As a sensor, polyvinylidene fluoride and reduced graphene oxide (PVDF-rGO) is an innovative sensor 

material for detecting multi bio-signals. It’s a compound of interlocked microstructures of PVDF and 

reduced graphene oxide (rGO) composites which shows high piezoresistive, and piezoelectric 

characteristics [7]. PVDF which is a piezoelectric material is applicable to flexible e-skins and the 

piezoelectric performance can be increased by adopting bio-inspired structures such as interlocked 

microstructures. To maximize the sort of signals to detect, reduced graphene oxide (rGO) is mixed 

with and demonstrated its piezoresistive property.  

 

1.2.1 Piezoresistivity 

 

 

 

Piezoresistivity means a characteristic that a material changes its resistance depending on the applied 

mechanical stress. The resistance change can be attributed to several factors, including the band-

structure changes in semiconductors, variation in contact resistance between conduction materials, 

and alternation of conductive networks under mechanical deformations [7]. Fig. 4 shows the 

resistance value that changes depending on the applied pressure. The higher the pressure, the lower 

 
 

Fig 4. Piezoresistive characteristic graph of PVDF-rGO.  
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the resistance of PVDF-rGO, which is affected by the weight percent of rGO. It can be seen that as the 

pressure incrases, the rate of change of resistance becomes smaller, so PVDF-rGO is an useful tool to 

detect strain at lower pressures than at higher pressures. If you limit the range of pressure, there is a 

way to increase the linearity of the system by defining the relationship between pressure and 

resistance in inverse proportion, which will be discussed later in this article. 

 

1.2.1 Piezoelectricity 

 

 

Piezoelectricity is the ability of certain materials to generate electrical charges in response to 

mechanical stress. The mechanical stress on piezoelectric materials induces the deformation of 

oriented non-centrosymmetric crystal structures, leading to the separation of electric dipole moments 

and generation of piezoelectric voltage [7]. As shown in Fig. 5, piezoelectric property of PVDF-rGO 

can be manifested by periodic dynamic pressure. The interlocked microdome structure is able to 

improve piezoelectricity to some extent. It can be seen that a larger amount of current is generated 

compared to a single planar structure in Fig. 5(a). Fig. 5(b) shows that the higher the shock and 

frequency applied, the more frequent the charge is generated. This suggests that PVDF-rGO may be 

used to analyze dynamic pressure signals related to frequency. 

 

 

  

 
 

Fig 5. Piezoeletric characteristic graph of PVDF-rGO.  
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Chapter 2 

Types of readout integrated circuit for piezo-sensors 

 

There are many types of readout integrated circuit (ROIC) for detecting the signal of sensors. ROIC 

means an integrated circuit which is strongly designed to detect and control signals in chip. Among 

them, ROIC that we should pay attention to is RDC (Resistance-to-digital converter) and QDC 

(Charge-to-digital converter) which can measure resistance and charge of PVDF-rGO. RDC is used 

for detecting piezoresistance and pyroresistive characteristic and QDC is optimized with measuring 

piezoelectricity of PVDF-rGO. 

 

2.1 Resistance-to-digital converter 

 

 
Fig. 6 shows the simplest structure of resistance-to-voltage converter where Rsens is the resistance 

that wants to know and resistance, Rstd, is intentionally attached by the designer. Vout is decided by 

the ratio of R𝑠𝑒𝑛𝑠 and Rstd. Thus, output voltage, Vout provides the clue to calculate and trace 

back the resistance Rsens.  Strictly speaking, resistance-to-voltage converter is different from 

resistance-to-digital converter (RDC) in that the voltage was not digitalized to bits. But usually, from 

a broad perspective, R to V convert is the basis of RDC, and the terms are used without distinction 

because all RDCs start by reading the resistance in forms of voltage. There are many types of RDC 

depending on how to read and how to digitalize the information of resistance. From the next page, we 

will discuss three types of RDCs; resistor array based RDC, current digital-to-analog converter (DAC) 

based RDC, and correlated double sampling (CDS) based RDC which have been used frequently in 

readout integrated circuit fields.  

  

 
 

Fig 6. Simple resistance-to-voltage converter.  
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2.1.1 Resistor array based resistance-to-digital converter 

 

 

Fig. 7 shows the typical schematic and operation process of resistor array based RDC. This type of 

RDC uses unit resistance such as R1 and R2 for measuring Rsens that wants to know. The switches 

are controlled by control logic until the output voltage Vout is larger than comparator voltage 

reference, VREF. Let us suppose the signal path is formed as blue lines during RDC operation. The 

output voltage, Vout can be given as 

 

Vout =
2R1 + 3R2

2R1 + 3R2 + Rsens
 … (1) 

 

If Vout is larger than VREF the comparator generates low signal and the control logic ceases its 

operation and the designer can guess Rsens would be located in 

 

 
 

Fig. 7. Resistor array based resistance-to-digital converter.  



8 

 

2R1 + 2R2 < Rsens < 2R1 + 3R2 … (2) 

 

range. This type of RDC can increase the performance by adding more unit resistor array. However, it 

also increases the calibration time and make the circuit operation slower than before. Resistor array 

based RDC is used in many applications. It shows extremely low power consumption since most of 

the blocks consists of digital blocks and it can be implemented as a very simple structure. 

 

2.1.2 Current DAC based resistance-to-digital converter 

 

 

A typical current DAC based RDC is shown in Fig. 8. Current DAC generates current to bias 

specific voltage into Rsens. Since the size of the sensor resistance is not known, the amount of current 

is determined through a process of calibrating through the comparator so that a suitable current source 

to be operated in the current DAC to maximize ADC performance. If the biased voltage on Rsens, 

which is Vout is too high compared to reference voltage, counter number is decreased through 

 
 

Fig. 8. Current DAC based resistance-to-digital converter.  
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comparator logic state and smaller size of current source operates. In the opposite case where biased 

voltage on Rsens is lower than reference voltage, counter number is increased and larger size of 

current source operates. When the switch is closed with blue lines, the output voltage becomes as 

 

Vout = (
ID

2
+

ID

4
) ×Rsens … (3) 

 

The voltage passes through low pass filter to reduce noise and digitized to digital bits through ADC. 

Since current DAC is vulnerable with noise since there are many technical problems to generate 

ideally constant current source, it usually includes low pass filter. In low resistance range, it is very 

precise since large amount of current is relatively resistant to noise. However, if the Rsens is large, it 

results in small current flow through Rsens which means that it is vulnerable to small amount of 

noise. Therefore, designers should consider the application to determine whether to use the current 

DAC based RDC, and to look at the tradeoffs of power consumption due to the current source.    

 

2.1.3 CDS based resistance-to-digital converter 

 

 

Correlated double sampling is a technique to remove offset noise of amplifier. When a circuit is 

fabricated, unlike the designer’s intention, a complete symmetrical form of amplifier is not 

implemented in the fabrication process. This error causes offset noise, Voffset in amplifier and it’s 

normally 1 mV to 10 mV. The operation principle of CDS based RDC is shown in Fig. 9. In sampling 

1 where SW1 is attached to supply voltage, and output voltage, Vout1 is given by 

 

 
 

Fig. 9. Operation process of correlated double sampling based resistance-to-digital converter.  
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Vout1 = VREF +
RDAC2(VREF + Voffset)

RSENSE
 … (4) 

 

In sampling 2, SW2 is attached to ground, and output voltage, Vout2 is given by 

 

Vout2 = VREF −
RDAC2(VDD−VREF−Voffset)

RSENSE
… (5)  

 

Both Vout1 and Vout2 are sampled and hold in C-DAC. This enables ADC to subtract Vout2 from 

Vout1 in A-D conversion process although sampling 1 and sampling 2 don’t happen at the same time 

in time domain. Thus, Vout is given as 

Vout = Vout1 − Vout2 =
RDAC2

RSENSE
VDD  … (6) 

 

This equation shows that offset voltage of amplifier was removed by simultaneous equations. Of 

course, the Vout is acquired in digitized form and this means users have to take the error of ADC that 

uses.  
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2.2 Charge-to-digital converter 

 

Charge-to-digital converter transmit the amount of charge in forms of digital data. Assuming that 

analog-to digital conversion is given via ADC, only charge-to-voltage converter part would be dealt 

with in the next paragraph. 

 

2.2.1 Single-AMP based charge-to-digital converter 

 

 

Piezoelectric material is represented as combination of current sources, capacitor, and resistance. Fig. 

10 shows the modelling of piezoelectric material including PVDF-rGO. Although, piezoelectric 

material generates charge, we need to interpret this in the form of current, which is useful when 

designing a circuit. Current is the derivatives of charge in time domain. Generally speaking, a large 

amount of charge is generated means charge is generated in a short period of time. There are two 

types of current sources: ID and IC in Fig. 10. IC represents for common mode DC current and ID 

is the differential current which generates current differentially in opposite direction. Considering 

these characteristics, it is desirable that the charge-to-digital converter be designed with a differential 

structure at the input.  

Fig. 11 shows the single operational amplifier based QDC. ADC was temporarily removed to make a 

simple analysis. The gain of charge amplifier is formed as 

 

G =
Vout

ID
=

2RF

1 + sRfCf
… (7) 

 

As you can see from the gain, this is also the role of amplifying the signal, but it can perform the 

function of integrating the signal with the voltage while performing the filtering function like low pass 

 
 

Fig. 10. Modelling of piezoelectric material. 
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filter. Therefore, it is desirable to implement the charge amplifier in combination with resistance and 

capacitance rather than simply integrating with a resistor. 

 

2.2.2 Multi-AMPs based charge-to-digital converter 

 

Fig. 12 shows the multi-AMPs based charge-to-digital converter without ADC. The gain of the first 

stage is same with the single-AMP based charge-to-digital converter but the signal can be amplified 

on more time at the second stage by the ratio of the resistances. At this time, since the noise was 

removed through RC combination at the first stage, only resistors were used at the second stage. In 

addition to its large gain, this circuit also has the advantage of being able to bias the piezoelectric 

material at the input node. More stable operation can be guaranteed. The overall gain of Fig. 12 is 

 

G =
Vout

ID
=

2Rf

1 + sRfCf
×

R4

R3
… (8) 

 
 

Fig. 11. Single-AMP based charge-to-digital converter (without ADC). 
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Fig. 12. Multi-AMPs based charge-to-digital converter (without ADC). 
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Chapter 3 

Proposed readout integrated circuit for piezo-sensors 

 

There are many aspects that are not structurally suitable for using piezo-sensor ROIC as it is. This 

chapter describe how new readout integrated circuit for piezo-sensors is implemented and what kind 

of things are considered and improved. 

 

3.1 Problems and idea proposals 

 

 

Fig. 13 shows the process how the user can get his or her bio-signals. The platform targets 7 bio-

signals such as electrocardiography (ECG), electromyogram (EMG), bio-impedance (Bio-Z), 

respiration, pulse, relative blood pressure, and body temperature. All of the signals can be detected 

throughout the readout integrated circuits and the digitized bits transferred to microcontroller (MCU). 

Microcontroller controls all of the acquired data and reinterprets in a user-friendly language and 

transmitted to the smart device through the Bluetooth module. A platform that detects as many bio-

signals as possible on a small device is very convenient for users. However, to process a large amount 

of bio-signals and detect in real time makes power consumption absolutely insufficient. Thus 

proposed new architecture has focused on reducing power consumption by sharing a large number of 

common circuit blocks. In particular, ADC is essential for converting analog signals to digital data. As 

shown in Fig. 14, it is generally accepted that ADC is designed to have a differential structure not to 

be disturbed by noise. In this paper, we implemented RDC which can convert the single-ended signal 

from the resistor to differential signal and use it immediately in the existing general ADC structure. 

 
 

Fig. 13. Signal process of multifunctional wearable platform. 
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However, it should be noted that PVDF-rGO selectively exhibits two properties depending on the 

surrounding environment. In other words, when the piezoresistive property is expressed, the RDC 

circuit is used, so that the piezoelectric property should not be expressed for the reliability of the 

detected bio-signal. On the other hand, the opposite is true for piezoelectric properties. As shown in 

Fig. 15(a), the piezoresistive property is exhibited when a sufficient voltage is biased to the PVDF-

rGO, and the piezoelectric property appears when zero voltage is biased to the PVDF-rGO. Fig. 15(b) 

 
 

Fig. 14. Differential input structure of ADC for noise reduction.  

 
 

Fig. 15. Property of PVDF-rGO based on bias voltage (a) and incorrect circuit structure without 

considering bias voltage (b). 
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shows the incorrect ROIC which does not consider the bias voltage. According to Kirchhoff’s First 

Law, the current amount of Rstd and Rsens should be same and equation is given as 

VDD − VREF

Rstd
=

VREF − Vout

Rsens
… (9) 

 

Arrange it in terms of Rsens,  

 

Rsens =
VREF − Vout

VDD − VREF
×Rstd … (10) 

 

is given. Of course, we know all the values of right. If the Vout is given precisely through ADC, 

Rsens could be calculated. However, inferring the value of a resistor according to the output voltage 

changing in the following structure means that the voltage across the Rsens changes every moment. 

This poses a serious problem with the reliability of PVDF-rGO whose characteristics are determined 

by the biased voltage. This is because it is assumed that a constant voltage is applied to Rsens during 

operation in order to accurately calculate the applied pressure from the changing resistance. Therefore, 

the new ROIC to be designed should have a structure that ensures a constant voltage bias to the 

PVDF-rGO at all times. 

 

 
 Fig. 16 shows a system where linearity of input and output is not guaranteed. It’s a very simple R-to-

V converter that we discussed earlier. Depending on the ratio of Rsens and Rstd, output voltage Vout 

is given as  

 

Vout = VDD×
Rstd

Rsens + Rstd
… (11) 

 
 

Fig. 16. A system where linearity of input and output is not guaranteed. 
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Fig. 16 also shows the relation between input Rsens and output Vout. It tells us that this system is 

not guaranteed linearity. In our implementation, it is necessary to design the circuit to maintain the 

linear relationship between the input pressure and the output voltage. 

Lastly, considering the application of wearable electronics, all the circuits are implemented in the 

size of 2000 μm ×2000 μm in on-chip form. All the passive components were also implemented 

inside the chip including low pass filter.  
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3.2 Implementation of readout integrated circuit for piezo-sensor 

 

 
 

The proposed readout integrated circuit for piezo-sensor is shown in Fig. 17. EMG, ECG, and Bio-Z 

are also designed as a single chip with piezo-sensor ROIC, but we will not discuss it in detail in this 

paper. Proposed ROIC provides two operation modes that can be selected according to the user’s 

choice: RDC and QDC. If the user wants to detect piezoresistive signal of PVDF-rGO, ENRDC signal 

is activated and the piezo-sensor ROIC operates as RDC. On the other hand, if the user wants QDC 

mode for measuring the piezoelectric signal of PVDF-rGO, ENQDC is activated. The enable signals, 

ENRDC and ENQDC have the opposite logic states each other and controlled by microcontroller. Piezo-

sensor ROIC consists of two operational amplifiers in the front-end and chopper and low pass filter 

operates depending on the operation mode. It is designed to adjust the gain of the amplifier according 

to operation mode by using programmable gain amplifier (PGA) before analog signal enter the ADC. 

The EMG, ECG, and Bio-Z blocks are connected in the bypass form at the PGA input, and the entire 

chip is designed to share the PGA and the ADC. 

  

 

 

 

Fig. 17. Proposed wearable healthcare readout integrated circuit for piezo-sensor. 
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Fig. 18 represents the RDC operation mode of piezo-sensor ROIC. The PVDF-rGO is modeled as a 

resistance which changes depending on the applied static pressure. As you can see VDD − VCM 

voltage is biased on PVDF-rGO. R-DAC, chopper, and low pass filter are also activated and PGA 

operates as a buffer for stable analog voltage signal transfer to 12-bit SAR ADC. 

 
Fig. 19 represents the QDC operation mode of PVDF-rGO for measuring charge. Since both nodes 

are all biased as VCM, PVDF-rGO takes a zero voltage and piezoelectric property is exhibited. Q-

 

 

 

Fig. 18. RDC operation mode for measuring resistance. 

 

 

 

Fig. 19. QDC operation mode for measuring charge. 
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DAC is activated and chopper and low pass filter are not activated in this case. PGA operates as a 

amplifier which has gain enough to enlarge the signal. 

3.1.1 Resistance-to-digital converter mode operation 

 

 

In case of Fig. 20(a), we can calculate the VON and VOP. According to Kirchhoff’s First Law, the 

amount of charge must be preserved that flows through Rsens and Rstd. Thus, in the closed loop of 

the first amplifier above the Fig. 20(a), 

 

VDD − VCM

Rsens
=

VCM − VON

Rstd
… (12) 

 

is given. And in the closed loop of the second amplifier in the Fig. 20(a) below, 

 

VON − VCM

Rstd
=

VCM − VOP

Rstd
… (13) 

 

is given. Based on the simultaneous equations, VON is 

 

 

 

 

Fig. 20. Front stage operation according to switch control when Fchop is high (a),  

and when Fchop is low (b).  
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VON = VCM −
Rstd

Rsens

(VDD − VCM) … (14) 

 

And VOP is given as 

 

VOP = 2VCM − {VCM −
Rstd

Rsens

(VDD − VCM)} = VCM +
Rstd

Rsens

(VDD − VCM) … (15) 

 

In the opposite case when Fchop is low as shown in Fig. 20(b), the same method is applied. In the 

closed loop of the first amplifier above the Fig. 20(b), 

 

VON − VCM

Rstd
=

VCM − VON

Rstd
… (16) 

 

is given. And in the closed loop of the second amplifier in the Fig. 20(b) below,  

 

VDD − VCM

Rsens
=

VCM − VOP

Rstd
… (17) 

 

is given. Based on the simultaneous equations, VON is 

 

VON = 2VCM − {VCM −
Rstd

Rsens

(VDD − VCM)} = VCM +
Rstd

Rsens

(VDD − VCM) … (18) 

 

And VOP is given as 

 

VOP = VCM −
Rstd

Rsens

(VDD − VCM) … (19) 

 

If we replace the 
Rstd

Rsens
(VDD − VCM) with α, the graph of Fig. 21 is shown with the switching 

operation of Fchop. The patterns of VON and VOP which are opposite waveforms each other are 

VCM + α and VCM − α at a constant periodicity of 
1

Fchop
. This means DC to AC signal modulation 

was occurred through front stage. The fact that a single signal is converted into a differential signal 

and that signal modulation occurs is somewhat meaningful in a circuit, leaving room for the 

application of chopper technology. 
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 The structure and principle of chopping technique is shown in Fig. 22. There are two chopper blocks 

which can modulate and demodulate signals. In perspective of signal, signal is modulated from DC to 

AC at the first chopper. The AC signal is amplified through amplifier A1. This A1 block simply acts 

as a general amplifier to amplify the signal. However, in this process, the DC offset of the amplifier 

acts as a noise which can distort the signal, and a second chopper and low pass filter are used at the 

back to remove it. At the second chopper DC offset modulated from DC to AC while signal is 

demodulated from AC to DC. It means that error term offset noise can be removed by low pass filter 

keeping the desired signal intact. The circuit designer should design the switching frequency of the 

chopper high enough so that the low pass filter does not attenuate the original signal. 

 

 

 

Fig. 21. DC to AC signal modulation thorough front stage. 

 

 

 

Fig. 22. Simple structure of chopping. 



23 

 

 
 

Fig. 23 shows the waveform of chopping technique in time domain. The signal Vin is amplified to 

V1 from Fig. 23(a) to Fig. 23(b), but involves offset noise through amplifier. The V1 waveform 

created by DC offset is drawn with the center voltage shifted by DC offset parallel to Y axis, not 0 V. 

At the Fig. 23(c), the signal returns to the original DC signal with being amplified, but the high 

frequency noise component is caused by the DC offset effect. In the signal domain, it is said that the 

DC offset is modulated to a high frequency component. The demodulation of this signal and the 

modulation of noise have the significance that it is possible to extract a clean signal by filtering as 

shown in Fig. 23(d) through low pass filter. 

 

 
 

This chopping process can be reinterpreted in the frequency domain graph. As shown in Fig. 24(a) 

and Fig. 23(b), the signal is amplified while being modulated to AC signal with harmonic components. 

The red dotted line represents the offset and white noise that occurred during the processing of the 

signal through amplifier. At the Fig. 24(c), the signal is demodulated to DC component and 

conversely the noise components are modulated for low pass filtering. As you can see, the noise is 

 
 

 

Fig. 23. Waveform of chopping technique in time domain. 

 

 

 

Fig. 24. Waveform of chopping technique in frequency domain. 
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located in the high frequency band range. Lastly, in Fig. 24(d), the low pass filter implemented by the 

designer is intentionally designed and filter out high-frequency band noise while leaving the original 

amplified signal intact. 

 

 

In this perspective, it is possible to apply the same principle of chopping technique through 

implementation of additional chopper and low pass filter. In Fig. 21, we confirmed that the single 

ended signal was modulated into a differential AC signal across two amplifiers. Therefore, the 

structure shown in Fig. 25 is a new type of RDC that converts single ended structure into differential 

mode and applies chopping technology. The proposed new type of differential conversion scheme 

uses the output signal received from the output stage as the input of the opposite amplifier again such 

as VON and VOP, which is very vulnerable to the offset error occurring in the amplifier. If the 

chopping technique is applied to compensate for this, as shown in the right side of Fig. 25, the original 

DC signal can be derived again in form of differential signals. This new form of RDC has the 

 
 

 

Fig. 25. Proposed architecture of RDC with chopping technique and its waveform. 
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advantage of eliminating nearly 50% of the offsets that occur and eliminating white noise as well as 

offsets through a low pass filter.  
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Fig. 26 represents the low pass filter that is implemented. Two capacitors, each 20.28 fF and 3.806 

pF in size, were connected at both sides. The original filter is formed by a combination of resistance 

and capacitance, and the size of capacitor is always problem. However, the switches that repeats 

opening and closing at high frequencies can act as a low pass filter since they act as resistors. In step 1: 

FLPF is high, the first capacitor, which is relatively small in size, charges very quickly. In step 2: 

FLPF is low, the second capacitor, which is relatively large in size, charges, but requires a greater 

amount charge to reach the target level of voltage. It is obvious that noise of higher frequency 

components that the switch will not be transmitted in the series of charge transfer process. This allows 

us to intuitively know that the signal can be attenuated as the frequency band goes up. The low pass 

filter implemented in piezo-sensor ROIC shows 5.1 Hz 3dB bandwidth when 80 kHZ switch control 

was applied. This type of low pass filter is very simple in design and can be reduced in size. However, 

there is a problem in that the impedance of the output stage is increased while a clock for controlling 

the switch is required. Among the areas of the chip actually implemented, the low pass filter occupies 

80 μm × 160 μm. 

  

 

 

 

Fig. 26. Low pass filter and bode plot. 
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Fig 27 shows the operation of programmable gain amplifier. In case of RDC, it operates as a buffer 

which has unit gain. This is a way to solve the impedance problem of the passive low pass filter to 

some extent for transferring analog voltage signal to 12-bit SAR ADC. When FPGA is high, Vin =

VCM + α is charged to CR which is located in front node. Since the input node of amplifier is biased 

with VCM, there is an α voltage drop at the front capacitor, CR. In the opposite node, there is an α 

voltage increase at the capacitor since Vin2 = VCM − α. (Since this is already discussed in the 

previous section, we omit the calculation) When FPGA  is low, the voltage differences α  is 

transferred to next capacitor CL. According to the law of conservation of charge, since the ratio of 

capacitor is 1:1, the voltage as much as the increase is transmitted as it is to output. Thus, Vout1 is 

given as 

 

Vout1 = VCM −
Rstd

Rsens

(VDD − VCM), when α =
Rstd

Rsens

(VDD − VCM) … (20) 

 

And Vout2 is also given as 

Vout2 = VCM +
Rstd

Rsens

(VDD − VCM), when α =
Rstd

Rsens

(VDD − VCM) … (21) 

 

Therefore, although the phase of the voltage is inverted, the absolute value of the voltage is 

transferred to the input terminal of ADC, and it is suitable of the input of ADC which needs to receive 

the differential voltage signals with same amount of α voltage was moved to opposite direction 

 

 

 

Fig. 27. Operation of programmable gain amplifier. 
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based on the common mode voltage. PGA acts as a buffer and has the advantage of making the signal 

easier to transmit. 

 

 
In this situation, the ADC outputs the voltage in the form of digital bits. The ADC output α voltage 

is the basis for ensuring linearity when considering the piezoresistive characteristics of PVDF-rGO. 

As shown in Fig. 28, PVDF-rGO shows an inversely proportional change in the resistance when the 

pressure is applied experimentally. Therefore, we can express the relationship between pressure and 

resistance as a constant C that varies with the weight percent of rGO. ADC output voltage α is given 

as 

 

α =
Rstd

𝑅𝑠𝑒𝑛𝑠
×(𝑉𝐷𝐷 − 𝑉𝐶𝑀) … (22) 

 

and the relation between pressure and resistance of PVDF-rGO can be expressed, 

 

Pressure =
C

Rsens
… (23) 

 

By using simultaneous equations, (22) and (23) can be solves as 

 

Pressure = C×
α

Rstd(VDD − VCM)
… (24) 

 

 

 

 

Fig. 28. Piezoresistive characteristic of PVDF-rGO. 
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Equation (24) has a very important meaning that the output voltage α has a linear relationship with 

the input pressure. The linearity of the system including the sensing material PVDF-rGO and ROIC 

has the advantage that the pressure can be measured with consistent performance and reliability. In 

short, even if the rate of change of resistance decreases with the pressure applied to PVDF-rGO, if the 

ROIC is designed so that the resistance and the voltage are inversely proportional, it means that the 

pressure can be sensed as a voltage by correcting it to some extent. Of course, this is a conclusion 

from the assumption that the value of variable C is a constant. To test whether this assumption is valid, 

experimentally, the constant C value is found to be 22.1 % tolerance between 0.294 kPa and 17.64 

kPa as shown in Table. 1. Therefore, we can see that the linearity of the system is guaranteed to be 

within the pressure range of the application that we will use, although this is not guaranteed over the 

full range. 

 

 

 

 

 

  

 

Pressure (kPa) Resistance (Ω) Constant C Tolerance (%) 

0.294 1568840 461239 +20.1 

0.49 882952 432646 +12.7% 

0.686 5110050 349894 -8.8 

0.98 351586 344554 -10.2 

1.47 213191 313391 -18.3 

2.45 127646 312733 -18.5 

3.92 81775 320559 -16.4 

5.88 59605 350480 -8.6 

7.84 46185 362091 -5.6 

9.8 37384 366372 -4.5 

11.76 33509 394070 +2.6 

13.72 30541 419027 +9.1 

15.68 27732 434844 +13.3 

17.64 26575 468793 +22.1 

 

 

Table. 1. The resistance value according to the pressure of PVDF-rGO and tolerance of constant C. 
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3.1.1 Charge-to-digital converter mode operation 

 

 
 

Fig. 29 shows the charge-to-digital converter mode operation when PVDF-rGO acts as a 

piezoelectric material. This structure basically follows the structure shown in Fig. 29. At the 

transresistance stage, there is a zero-bias voltage on PVDF-rGO because of the common mode voltage 

on both ends. This structure has the advantage of being able to define the characteristics of PVDF-

rGO which is sensitive to bias voltage. The Q-DAC which consists of resistors converts current to 

voltage. That’s why the charge amplifier is called as transresistance amplifier. In the QDC mode, the 

PGA operates as an amplifier that amplifies signals 
Cstd

CQ
 times.   

  

 

 

 

Fig. 29. Charge-to-digital converter mode operation. 
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Chapter 4 

Fabrication and measurement results 

 

4.1 Fabrication results 

 

 

 
Table. 2(a) shows the specification results of fabricated chips and comparison table is shown at Table. 

2(b). Major difference between 1st fabricated chip and 2nd fabricated chip is that 2nd FAB implements 

QDC mode while consuming less power. The comparison table was based on 2nd fabricated chip, and 

its biggest advantage is to realize various bio-signal detecting functions in the form of one chip. Fig. 

30(b) shows the only area used for RDC and QDC operation in the implemented chip. Compared with 

Fig. 30(a), it is seen that the area is very minimized. Furthermore, since ADC and PGA are block sthat 

are used in common, the area only for RDC and QDC is extremely small. 

 

 

 

Table. 2. (a) Specification results of fabricated chips and (b) comparison table. 

 

 
Fig. 30. Microphotograph of fabricated chips: (a) 1st and (b) 2nd  
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4.2 Measurement results 

 
 

 The performance of RDC is shown in Fig. 31. Passive resistor components are used to derive the 

graph and output ADC bits were converted into resistance unit. The ADC output bits from ROIC are 

read wirelessly through microcontroller and Bluetooth module, and the data is shown as a graph. 

 

 

 
 

Fig. 31. Measured graph of RDC with passive resistor components. 
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Fig. 32 shows the actual pulse measurement using PVDF-rGO which has 3 wt% rGO and its 

waveform. The waveform was drawn with 150 samples per second. For measuring pulse wave, piezo-

sensor ROIC was operated as RDC mode. The waveforms shown in Fig. 32 are real-time displays of 

pulses received by a smartphone using wireless communication. 

 

 

 

 

 

 

Fig. 32. Measured waveform of RDC for pulse with PVDF-rGO. 

 

 

 

Fig. 33. Measurement setup for detecting piezoelectric property. 
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Fig. 33 is the setup environment for measuring piezoelectric property of PVDF-rGO. Vibration 

motor PN-VM102 and PVDF-rGO with 1 wt% rGO was used to test performance. The amount of 

charge generated by PVDF-rGO was observed in the form of voltage while varying the intensity and 

period of the applied vibration. Fig. 34(a) is the derived waveform when high impulse was forced 

with 13.3 Hz low frequency. It can be seen that high voltage is sensed every 75 ms. Fig. 34(b) is the 

waveform with changed frequency from Fig. 34(a). More frequently charge is generated. There is a 

subtle change in Fig. 34(c). It is very difficult to distinguish the small shocks and this happens very 

slowly. However, even if the impact applied is small as in Fig. 34(d), it can be seen that a certain 

amount of charge is derived if it occurs frequently. Such a piezoelectric characteristic is easy to detect 

a signal in a high frequency band such as a voice, but has a disadvantage in that sensitivity is 

insufficient for practical use. 

 

  

 

 

 

Fig. 34. Measured waveform of piezoelectric property of PVDF-rGO. 
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4.3 Possibility to measure relative blood pressure 

 

 
 

As shown in Fig. 35(a), existing blood pressure measurement has a disadvantage of restricting users 

and cannot be applied to a wearable healthcare platform for healthcare anytime and anywhere. In 

general, the blood pressure is measured by attaching a curff which can pressurize the air. This makes 

it difficult to measure the blood pressure continuously and the volume of the apparatus is also 

inconvenient to carry. Therefore, there is a tendency to measure the blood pressure of the users as the 

minimum restraint by using ECG and PPG [16]. PPG and ECG show peak delays for the same cardiac 

response as shown in Fig. 35(b) and it is called pulse transit time (PTT). PTT is the time it takes the 

pulse pressure waveform to propagate through a length of the arterial tree and is inversely 

proportional to systolic blood pressure. PTT implements a regression model with blood pressure and 

this provides a basis for measuring the blood pressure. 

Strictly speaking, pulses do not refer to PPG, but it is not problematic in that pulse is used to infer 

blood pressure through peak delay Therefore, in this paper, we implemented a code that to measure 

the peak delay between ECG and pulse at the same time. As shown in Fig. 36, if we run the ECG and 

RDC alternately at very high speeds, the ADC bits coming out of the PGA and ADC will have 

information about different signals every moment. This has the disadvantage of reducing the 

resolution of the signal to half, but it is significant in that it suggests the possibility of blood pressure 

measurement if the reduced number of sample is enough to display both signals in real time. Fig. 37 

 

 

 

Fig. 35. The problem of existing blood pressure meter and possibility of using PTT. 
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shows the actual measured pulse and ECG signal in this way. In the same time domain, you can see 

that both signals can be displayed on the smart phone to calculate the peak delay. 

 
 

 
  

 

 

 

Fig. 36. Solutions to measure both ECG and pulse signals on one chip. 

 

 

 

Fig. 37. ECG and pulse measure waveform on smart device in real time. 
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Chapter 5 

Conclusions 

 

A piezo-sensor readout integrated circuit for multifunctional electronic skins is implemented, which 

has low power consumption while providing resistance and charge detecting modes. The single-ended 

piezoresistive signal was converted to pseudo-differential signals to be suitable for operation of ADC. 

The offset noise and white noise that can occur in this process are minimized by applying the chopper 

principle. The piezo-sensor ROIC was designed to give constant bias voltage on PVDF-rGO for 

reliability and linear characteristic was kept between pressure and output voltage. All the passive 

components including low pass filter were designed in the form of on-chip to reduce platform size.  

 

The healthcare ROIC was fabricated in TSMC 180 nm process to verify its performance. A platform 

that includes sensing material, ROIC, microcontroller, and Bluetooth module is implemented to 

confirm that pulse signals are observed on smart devices. In addition, we observed the generated 

charge according to the changes in intensity and frequency by vibration motor. 

 

 The RDC and ECG blocks, which are implemented together, are controlled very fast through the 

microcontroller, display both signals simultaneously on the smart device. Pulse and ECG show peak 

delays for the same cardiac response. Therefore, simultaneous display of both signals in the time 

domain means that this peak delay can be calculated. The calculated peak delay is meaningful since it 

is a means of estimating the blood pressure. 
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Appendix 

 Schematic of piezo-sensor ROIC (Library: KSM_ROIC, Cell: 

XDC_ver_final) 

 

 Schematic of Q-DAC (Library: KSM_ROIC, Cell: Q-DAC) 

 



 Schematic of R-DAC (Library: KSM_ROIC, Cell: R-DAC) 

 
  



 Schematic of clock generator (Library: KSM_ROIC, Cell: 

CLK_GEN) 

 
 Schematic of RESISTOR DATA (Library: KSM_ROIC, Cell: 

SIGNAL_OUT) 

  



 Schematic of core amplifier (Library: KSM_ROIC, Cell: 

AMP_KSM_FINAL) 

 

 Core amplifier specification 

 



 Core amplifier specification with closed loop stb analysis 

 

 Schematic of bias block (Library: KSM_ROIC, Cell: 

VBIAS_AMP_KSM) 

 

  



 Schematic of voltage reference block (Library: KSM_ROIC, Cell: 

VBIAS_KSM_V2) 

 

 Schematic of control logic (Library: KSM_ROIC, Cell: 

CONTROL_LOGIC_LMODE) 

 



 Schematic of programmable gain amplifier (Library: EXG, Cell: 

PGA_V9) 
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