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Abstract - Interest in air quality is increasing due to the 

awareness of the seriousness of air pollution, resulting in 

continuous monitoring of harmful ingredients in the air. 

Sensors incorporating Internet of Things (IoT) capabilities are 

required to efficiently collect general user and atmospheric 

environment information in a wide range. Therefore, it is 

necessary to develop low-cost, ultra-small, and low-power 

sensors to install a large number of sensors in a wide range. In 

this paper, Read-Out Integrated Circuit (ROIC) is proposed to 

aim to develop low-cost, ultra-small, low-power, and high-

sensitivity sensors based on High-Electron Mobility Transistors 

(HEMT) incorporating IoT functions with semiconductor-type 

gas sensors. The proposed ROIC utilizes Transimpedance 

Amplifier (TIA), Delta-Sigma Analog-to-Digital Converter 

(ADC), and Negative Charge Pump (NCP) in the TSMC 

0.18um process. 
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I. INTRODUCTION 

Due to the recent inflow of fine dust, it is necessary to 

check the components of fine dust and prepare accordingly. 

Developed countries such as the United States, Australia, 

Japan, etc. are preparing specific standards for air pollutants 

and conducting systematic management, and prepare 

standards for carbon monoxide, lead, sulfur dioxide, and 

nitrogen dioxide by analyzing pollutants and collecting 

information on human hazards. Demand for harmful gas 

detection is soaring, but existing gas detection sensors are 

developed for special spaces such as factories and are large 

and are not subject to the public at a high cost. Sensors that 

incorporate IoT functions are needed to efficiently collect 

general atmospheric environment information. To install a 

large number of sensors in a wide range, the development of 

low-power, low-cost, and ultra-small sensors are needed. 

Commercialized electrochemical gas sensors have simple 

operation and high sensitivity, but they are inappropriate for 

home use and have limitations in miniaturization as they 

contain chemicals in the sensors. In this paper, we propose 

the development of a HEMT element-based sensor, which 

combines IoT function with semiconductor gas sensor. The 

HEMT device is a sensor that sensitively responds to 

changes in electrons on the surface, and changes into a 

current signal when gas is detected at the gate[1]. The 

characteristic curve shown in Figure 1 is shown, and it can 

be seen that the highest sensitivity is obtained when a 

negative voltage is applied. Figure. 2 shows the proposed 

ROIC's block diagram. HEMT device gate biasing is formed 

by negative voltage. Therefore, using the proposed NCP 

structure, create a negative voltage at the gate [2]. If harmful 

gases are formed on HEMT devices, the current changes as 

the Threshold Voltage of the HEMT element changes. The 

corresponding current signal is amplified to voltage using 

TIA to convert the analog signal into a digital signal with 

ΔΣ ADC [3] – [7]. 
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Fig. 1. (a) Drain current and (b) transconductance transfer curve of 

HEMT element. 
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II. PROPOSED ARCHICTURE AND IMPLEMENTATIONS 

A. Negative Charge Pump 

As in Fig. 2, the HEMT element changes the drain current 

and transmission by the negative gate voltage. Increase 

detection sensitivity by setting the gate voltage that changes 

most sensitively when the threshold changes due to the 

formation of hazardous gas on the HEMT element. 

Therefore, an NCP consisting of Fig. 3 is proposed to output 

voltage in the range -7V to -2V. The proposed NCP consists 

of a total of two tiers, each of which is designed with a 

conventional double-based negative charge pump as shown 

in Fig. 4[2]. The clocks supplied to the NCP act as the 

control of the output voltage and are generated by a total of 

six 6-stage inverter chains. The size of the Clock is 

determined by the voltage supplied to the Low-dropout 

regulator (LDO) and the output voltage of the LDO is 

determined through a 16-step register reader, such as Fig. 5. 

B. Trans-impedance Amplifier 

When various harmful gases present in nature are detected 

using the Negative Charge Pump and HEMT elements, the 

detected signal is small in size and cannot be processed 

directly through the Analog to Digital Converter. Therefore, 

a process of sufficiently amplifying the change in these small 

signals is needed, which is used at this time. At this time, 

attenuation and elimination of noise and offset during the 

process of amplifying the signal is essential. For this reason, 

if noise and offset are not attenuated, noise and offset are 

amplified together during the amplification process of small 

signals, making it a big problem for signal detection. For this 

purpose, a nested coper structure was used where two low 

and high frequency choppers were placed at the input and 

output ends of the TIA, as shown in Fig. 6[3]. 

When using a common chopper, there is a problem with 

generating DC offsets in the high frequency band. However, 

when using a nested-chopper structure, as shown in Fig. 6, 

both the noise and signal are sent to the high frequency band 

through the chopper at the input level and amplified through 

the amplifier [4]. After that, bringing the signal back into the 

low frequency band can solve the problems of the existing 

chopper as it can produce the required noise performance. 

The changing drain current of the HEMT varies greatly from 

about 10uA to 1 mA. Therefore, the TIA's feedback 

resistance should also be set to be sufficiently amplified 

within this range. For this purpose, a total of four cases, 1k, 

5k, 50k, and 200k, were divided into the two-bit decoder to 

allow control by digital. This enables the response and 

amplification of detection by the drain current of the HEMT 

element up to 1uA to 1 mA. Because this ROIC is aimed at 

low power, the TIA's design must also effectively amplify 

small signals while using low power. Therefore, the 

amplifier consists of a total of 2-stage. The first stage 

consisted of a component input amplifier, as shown in Fig. 

7. In the case of conventional differential amplifiers, they 

have the advantage of being simple to design, but by not 

using the PMOS as input, but as a role to hold common-

 
Fig. 4. Two stage conventional doubler-based negative charge pump. 

 
Fig. 5. 4-bit Resistor Ladder. 

 
 

Fig. 3. The proposed Negative Charge Pump Block Diagram. 
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Fig. 2. The proposed ROIC's block diagram. 
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mode, they have the disadvantage of wasting PMOS 

transmission. 

It also has the effect of lowering the problematic thermal 

noise by using about twice the existing trans-condensation. 

For the second stage, the Class-AB structure and the folded-

cascode structure for high voltage gain were used to enable 

low power operation. Finally, for the variability of the 

voltage of the HEMT drain current, the common mode 

voltage of the TIA's 1st stage and 2nd stage is also designed 

to change to four levels through a 2-bit decoder. 

C. Delta-sigma ADC 

High resolution ADC is required in the sensor system. If 

Nyquist-rate ADC is used for high resolution, it is inefficient 

because of its greater power consumption compared to 

increased resolution. Therefore, Delta-sigma ADCs can be a 

good alternative to this [5]. Delta-Sigma ADC can 

implement high-resolution ADCs without significant power 

consumption through noise shaping and oversampling 

techniques. The third order NTF(1) was implemented to 

implement high resolution ADC [6]. The final digital output 

value is obtained through the quantification process after a 

total of three integrations. The block diagram of the 

proposed structure and the final NTF are as follows. All 

poles are located in (0.5822+j0), (0.934-j0.2792), 

(0.934+j0.2792) and are all present in the original unit so that 

they do not violate stability. By applying DAC gain, all poles 

that did not exist in the unit circle were stabilized. In 

addition, all integration values and DAC gain are optimized 

for wide dynamic areas and simple signal aggregation 

processes. 

NTF =
(1−𝑍−1)3

1−
49

20
𝑧−1+

163

80
𝑧−2−

177

320
𝑧−3

           (1) 

Ideally, this would give OSR 128 an ENOB equivalent of 

about 90 dB SQNR, about 15 bits.  The output of the TIA 

(nth value) and the value of the DOUT (N-1th value) through 

the DAC gain are obtained through the Multi-input 

comparator through a total of three integral periods. 

However, despite the use of noise shaping and oversampling, 

the use of three amplifiers for higher-order shaping results in 

high waste of power, and delta-sigma ADCs with double 

sampling structures were used to solve this problem. Unlike 

traditional sampling methods, by simultaneously 

implementing sampling and integration processes for each 

paper, digital outputs can be obtained to achieve twice the 

speed [7]. Thus, if the same speed as the existing sampling 

method is implemented, power consumption can be reduced 

by about half. To implement this, no additional design 

complexity is required because it is simply implemented 

with only a few capacitors and switches. The composition 

and timing of the ADC using the double sampling technique 

are shown in Fig. 9 and 10. 

 

Fig. 6. TIA with chopper Block Diagram. 

 
Fig. 7. Complementary Input Amplifier Structure. 

 
Fig. 8. Third order Noise shaping delta-sigma ADC Block diagram. 

 
 

Fig. 9. Delta Sigma ADC with Double Sampling. 

 
 

Fig. 10. Delta Sigma ADC Timing with Double Sampling. 
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The proposed integration structure and common-mode 

feedback are shown in Fig. 11. Integrator consists of 

switched-capacitor. Due to problems in power consumption 

when implementing the Conventional op-amp, the high gain 

was implemented through inverter-based amplifiers. The 

inverter-based structure using nmos and pmos can achieve 

twice as much transconductance as conventional common-

source amplifiers and increase the length of input MOS to 

implement more than 60dB of DC Gain to optimize the 

performance of ADC. Common-mode feedback is also 

implemented in switched-capacitor form and is implemented 

in two sets for double sampling techniques. While one set 

samples the VCMCMFB, the other set performs a feedback 

operation to find the correct common-mode output level. 

After a total of three integration periods, a single-bit 

quantizer was used instead of Multi-bit quantizer to avoid 

system complexity. A multi-input comparator performs 

single-bit quantizer while replacing the role of adding up 

three integral outputs. The comparator is shown in Fig. 12. 

 

III. RESULTS 

A. ADC Result 

As shown in Fig. 15, the simulation confirms that it can 

be approximately 60 dB/decade, i.e. third-order noise 

shaping. A resolution of approximately 90 dB can be 

obtained from OSR 128. Therefore, by using an inverter-

based amplifier, low power was used and high sensitivity 

was obtained in a low frequency band. 

B. TIA Result 

When the input & output common-mode voltage of TIA is 

set to 1V and chopping-technique is used and not used, the 

same plot as Fig.16 

 
Fig. 12. Delta Sigma ADC with Comparator. 

 

Fig. 11. Delta Sigma ADC with Double Sampling. 

 
 

Fig. 15. ADC PSD Plot. 

 
(a) 

 
(b) 

Fig. 16. (a) Chopper on, (b) Chopper off TIA Output. 



IDEC Journal of Integrated Circuits and Systems, VOL 8, No.1, January 2022                                                             http://www.idec.or.kr 

C. NCP Result 

As shown in Figure 17, it can be seen that the magnitude 

of the negative voltage, which is an NCP output, changes 

with the Vref change. 

IV. CONCLUSION 

 

In the TSMC 0.18um process, Transimpedance Amplifier 

(TIA), Delta-Sigma Analog-to-Digital Converter (ADC), 

and Negative Charge Pump (NCP) were utilized to create 

low cost, ultra-small, low power, and high-sensitivity 

sensors. 
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Fig. 17. Negative Charge Pump Output.  
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