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砷化銦/砷化鎵量子點紅外線偵測器陣列之低溫互補

式金氧半讀出積體電路設計與分析 

 

 學生：謝 仲 朋 指導教授：吳 重 雨 博士 

 

國立交通大學 

電機學院 IC 設計產業研發碩士班 

 

摘要 

 

本論文提出並分析低溫(Cryogenic)互補式金氧半(CMOS)讀出電路設計以製作運用

在砷化銦/砷化鎵量子點紅外線偵測器陣列光訊號讀出之積體電路晶片。讀出電路為紅

外線影像系統中偵測器陣列與後級訊號處理間的重要介面電路。為運用矽半導體元件電

路之優良特性與匹配紅外線偵測器材質之低溫工作環境，我們提出了可工作在低溫環境

下之讀出電路架構，並以互補式金氧半製程技術完成電路的設計、模擬、與晶片研製。

而所製作之讀出晶片中的優異效能與成果均已由實驗或模擬驗證。 

利用『緩衝式閘調變輸入』(Buffered Gate Modulation Input)讀出架構，可以改

進傳統『閘調變輸入』(Gate Modulation Input)的問題與缺點，並完成包括適應性增

益控制(adaptive gain control)與電流式背景壓抑(current-mode background 

suppression)功能的讀出晶片。此前級訊號處理功能(on-FPA signal processing)可以

提高讀出電路的效能並降低後級電路雜訊之影響。電流式背景壓抑更可提高訊號動態範

圍與避免積分電容飽和。雙重三角取樣(Double Delta Sampling)電路也被使用來減少

固定樣式雜訊(fixed pattern noise)、時脈回饋雜訊和通道電荷注入。一實驗性 16x16
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讀出晶片使用 0.35 μm 2P4M N-well 互補式金氧半技術設計並完成晶片研製，在 77K 溫

度下及 3.3 V 工作電壓，其量測結果成功驗證了讀出晶片的效能。輸出線性度為 95%、

最大輸出擺幅為 1V、最大讀出速度為 1.25 MHz、畫面速率為 4880 frames/sec、功率消

耗為 30 mW。此高效能讀出電路具有高注入效率(injection efficiency)、高動態範圍

(dynamic range)、高電荷容量(storage capacity)、低雜訊等優點，可適用於大範圍

背景亮度與高對比影像讀出的運用。 

我們深信，吾人所提出之互補式金氧半讀出電路架構以及其設計技術已為紅外線影

像系統之讀出處理電路設計提供一個新方向。爾後，相關的研究發展與實際應用於不同

影像系統包括可見光與紅外線將持續進行。 
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ABSTRACT 

 

In this thesis, a cryogenic CMOS readout structure is proposed, developed, and applied 

to the implementation of photon signal readout integrated circuit for InAs/GaAs quantum-dot 

infrared detector array. The silicon readout circuit is an important interface circuit of detector 

array and signal processing stage in the IR image system. To achieve high performance 

readout and fit the cryogenic working characteristic of IR detector material, a cryogenic 

CMOS readout structure has been developed and fabricated. The functions and superior 

readout performance of the proposed CMOS readout structure have been verified by 

experimental measurement under 77K environment or simulations.  

By using the buffered gate modulation input (BGMI) circuit, it can improve the 

performance and problem of the conventional gate modulation input (GMI) with adaptive 

gain control and current-mode background suppression. The on-FPA signal processing 

capability of BGMI circuit at front stage can reduce the noise effect of downstream circuit and 
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improve the readout performance. The current-mode background suppression can increase the 

signal dynamic range and avoid integrating saturation on capacitor. Moreover, the double 

delta sampling (DDS) circuit is used to suppress fixed pattern noise, clock feedthrough noise, 

and channel charge injection. An experimental 16x16 readout chip has been designed and 

fabricated by using 0.35 μm 2P4M N-well CMOS technology. The measurement results of the 

fabricated readout chip under 77K and 3.3 V supply voltage have successfully verified both 

readout function and performance. It is shown that the linearity performance of the readout 

chip is better than 95% and the maximum output swing is 1V. The maximum readout speed is 

1.25 MHz. The frame rate is 4880 frames/sec. The total active chip power is below 30 mW at 

77K. It is shown that a high-performance readout interface circuit for IR FPA with high 

injection efficiency, high charge sensitivity, high dynamic range, large storage capacity, and 

low noise is realized. These advantageous traits make the readout circuit suitable for the 

various applications with a wide range of background. 

It is believed that the proposed CMOS readout circuit and the associated design 

methodology offer new design scope and future feasibility for new-generation readout ICs of 

infrared detector array. Further improvement on circuit performance and practical applications 

in various image system including visible and thermal image readout will be explored and 

developed in the future. 
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CHAPTER 1  

 

INTORDUCTION 

 

1.1  BACKGROUND 
 

Infrared (IR) imaging technology has recently been finding a growing range of 

applications including IR search and track, medical examination [1], astronomy [2], 

forward-looking infrared (FLIR) systems, missile guidance, and other strategic equipment [3]. 

These days, the design of IR image system with multi-function is more and more valuable. 

For example, the integration of commercial and military IR imaging systems meets both 

economic and defense challenges. This concept has led to the increasing research and 

developments efforts in applying the commercial CMOS VLSI technologies in the design of 

IR imaging systems. Incorporating the rapid advancement in CMOS VLSI with the progress 

in infrared focal-plane array (IR FPA) technologies like detector material, sensing structure, 

optics, coolers, readout electronics, image enhancement, and intelligent signal processing 

results in the revolution of IR image systems to a new generation with significant 

performance improvement.  

In general, the IR FPA can be divided into two major parts, namely the detector array 

and the readout electronics. As compared to the conventional discrete design, the IR FPA has 

the inherent advantages of high packing density, low cost, high feasibility on-chip signal 

processing, and high flexibility for system integration. In the high-sensitivity applications, the 

IR FPAs are typically fabricated with narrow bandgap semiconductor detectors and silicon 

multiplexer and operated in the cryogenic environment. Thus very challenging technologies 
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for detection materials and the system interface are required. Moreover, high-performance and 

low-temperature mixed-mode circuit design are also required for the readout electronics [4]. 

To achieve the optimal overall performance of the IR FPAs, suitable trade-off among circuit 

performance, power dissipation, chip area, and image resolution should be made. A number of 

readout structures have been developed for different system application and concern. 

 

1.2  MOTIVATION 

 

The readout circuit of infrared (IR) detector focal-plane-array (FPA) is a very important 

interface in the overall IR detection system. Thus, many technologies of designing readout 

circuit are still under development. There are various design requirements and constraints on 

the readout interface circuit such as charge storage capacity, noise, dynamic range, power 

dissipation, detector bias control, array size, and pixel pitch. As the cell number in the FPA 

becomes larger, the pixel size and pitch should be scaled down to accommodate more detector 

cells. The small pixel size limits the complexity of the input stage in the readout circuit and 

the storage capacitance, which may degrade the readout performance. Thus many efforts have 

been devoted to the developments of new techniques and circuits to improve readout 

performance under various constraints. By using background suppression and adaptive current 

control techniques, the effective storage capacity, dynamic range, and noise performance are 

improved. 

Generally background suppression can be realized in two circuits, namely the charge 

domain background suppression circuit [5] and the current memory-based background 

suppression circuit [6]. The charge domain circuit integrates the complete signal prior to 

background suppression. Thus it cannot alleviate the storage capacity limit problem. On the 

other hand, the current memory suppression circuit needs complex in-pixel feedthrough 

reduction circuit and calibration cycle. Thus it is not suitable for large format FPA 
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applications. It is well known that the gate modulation input (GMI) circuit, can yield very low 

input-referred noise and high charge detection sensitivity due to the high current-mode gain. 

But the GMI circuit is susceptible to voltage bias noise and the fixed pattern noise (FPN) due 

to threshold-voltage variations. Thus, the readout performance is limited by these factors. 

In this thesis, a current readout structure for IR FPA, called the buffered gate modulation 

input (BGMI) circuit, is used to solve the above mentioned problems and improve the readout 

performance. Based on the switch-current integration (SCI) readout structure, the BGMI 

circuit integrates the shared-buffer detector biasing technique with a GMI-like current gain 

configuration in the unit cell input stage. The current gain is achieved by a new unbalanced 

current mirror configuration which is immune from the process-dependent threshold-voltage 

variation. A current-mode background suppression circuit is also implemented in the off-FPA 

shared integration capacitor unit. Moreover, the dynamic charging output stage with the 

double delta sampling (DDS) is included to eliminate noise. It has been shown from both 

simulation and experimental results that the BGMI readout circuit can achieve good readout 

performance through the use of BGMI technique, the off-FPA current mode background 

suppression. 

In this work, the BGMI readout circuit array will be combined with the InAs/GaAs 

quantum-dot IR detector array which developed by Academia Sinica to compose a complete 

IR image system. The property of the InAs/GaAs quantum-dot IR detector array is illustrated 

by Figs. 1.1-1.3. Fig. 1.1 shows the dark current of the IR detector. Fig. 1.2 shows the 

differential resistance of the IR detector. Fig. 1.3 shows the capacitance of the IR detector. 

The detector array and the readout circuit array will be combined with the indium bond. 

 

1.3  THESIS ORGANIZATION 

 

This thesis contain five chapters which include introduction, review of the techniques of 
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developing the readout circuit, the architecture and circuit design, the both simulation results 

and experimental results of the fabricated readout chip, and the conclusions and future work. 

Chapter 1 introduces the background and explains the main topics of this thesis. 

In Chapter 2, the architectures and operational requirements of IR FPA, and the CMOS 

readout techniques for IR detectors including the state-of-the-art structure are given. In this 

chapter, the analysis of advantages and drawbacks of the conventional gate modulation input 

(GMI) and buffered gate modulation input (BGMI) are given. 

In Chapter 3, the circuit structure, readout strategy, and simulation results are presented. 

By applying BGMI technique, this readout circuit can achieve good readout performance, 

high charge sensitivity, and has a good immunity from threshold-voltage variations. Moreover, 

the readout dynamic range is dramatically increased by using a threshold-voltage independent 

current-mode background suppression technique. The double delta sampling (DDS) circuit is 

used to reduce fixed pattern noise, clock feedthrough noise, and the noise from the effect of 

channel charge injection. Then the chip operation and simulation results are described.  

    In Chapter 4, an experimental 16 x 16 BGMI readout chip has been designed and 

fabricated in TSMC 0.35 μm 2P4M N-well CMOS technology. The measurement results of 

the fabricated readout chip under temperature 77K and 3.3V supply voltage have successfully 

verified both readout function and performance. It has been shown that a high-performance 

readout interface circuit for IR FPA with high injection efficiency, high charge sensitivity, 

high dynamic range, high linearity, and low noise is realized within the pixel size of 80 x 80 

um2. These advantageous traits make the circuit suitable for the various applications with a 

wide range of background current. 

    In Chapter 5, a new ion sensor chip for the applications of biology is proposed. An 

experimental ion sensor chip has been designed and fabricated in TSMC 0.18 μm 1P6M 

N-well CMOS technology. It has been shown from both simulation and experimental results 

that the proposed ion sensor structure can achieve good readout performance. The circuit 
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structure, readout strategy, and circuit performance of the new ion sensor structure are 

described first. Then both simulation results and experimental results of the fabricated ion 

sensor chip are presented. Finally, a summary is given. 

Finally, the main results of this thesis are summarized in Chapter 6. Some suggestions 

for the future work about the readout circuit design are also discussed. 
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Fig. 1.1  The dark current of the IR detector developed by Academia Sinica. 
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Fig. 1.2  The differential resistance of the IR detector developed by Academia Sinica. 

 
6



-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

-4.0x10-12

-2.0x10-12

0.0

2.0x10-12

4.0x10-12

6.0x10-12

8.0x10-12

1.0x10-11

area = 100 x 100 μm2

Voltage (V)

C
ap

ac
ita

nc
e 

(F
)

 

QWIP3

77 K, 100 KHz

 

 

 

 

Fig. 1.3  The capacitance of the IR detector developed by Academia Sinica. 
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CHAPTER 2 

 

REVIW ON INFRARED FOCAL PLANE ARRAY  

AND CMOS READOUT TECHNIQUES 

 

2.1  STRUCTURES AND OPERATIONAL REQUIREMENTS OF IR 

FPA 

 

2.1.1  IR FPA Structures 

 

Recently, the development of IR FPA technologies has made the design of 

high-sensitivity, high-density, large-format, and high-spectral-resolution IR image systems 

quite feasible. Moreover, the progress of VLSI techniques and detector fabrication 

technologies dramatically reduce complexity and cost of IR systems. The application of 

various developed technologies on the design of IR FPAs has resulted in the advantages of 

simplified electrical interconnection, higher performance reliability, and simplified package. 

Some commonly used structures of the three major classes of IR FPAs, namely, hybrid array, 

monolithic array, and pseudo-monolithic array, are reviewed below. 

1) Hybrid Array : 

The most commonly used IR FPA structures in the hybrid array [7] are flip-chip and 

Z-plane technologies [8] as shown in Fig. 2.1(a) and 2.1(b), respectively. In Fig. 2.1(a), the IR 

detector array chip and the readout chip are compounded by the indium bump grown on the 

aligned pixels of both chips. This is the mostly used structure in the hybrid array technology. 

In the Z-plane technology shown in Fig. 2.1(b), the readout chips are stacked one on top of 
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another and then the detector array is mounted to the third dimensional plate on the edge. In 

the Z-plane structure, one readout chip is used by one channel of detectors so that many 

electrical circuit techniques like complex input circuit, gain offset correction, A/D converter, 

filter, smart and neural function, as well as image signal processing stage can be implemented 

on the readout chip [9]. However, the image resolution is limited by the readout chip 

thickness. In the application of hybrid array technology, uniformity of indium bumps, chip 

alignment as well as thermal expansion effect and mechanical damage on the detectors should 

be considered during the hybridization process [10]. 

2) Monolithic Array : 

The monolithic array technology is developed to solve the hybrid process problems by 

building IR detectors like PtSi Schottky barrier [11], micromachining bolometer [12], or 

extrinsic detectors on the silicon substrate [13]. Thus both IR detectors and readout circuits 

can be fabricated in one monolithic chip as shown in Fig. 2.2(a). The reliability of IR FPAs 

can be improved under monolithic design. However, the detector types and materials must be 

compatible with the silicon process. This limits the applications of monolithic array on IR 

image systems. 

3)  Pseudo-Monolithic Array :  

As an alternative method to the indium-bumping hybrid array and monolithic array 

technologies, the readout chip and detector chip can be compounded through the via-hole 

technique [14], in the so-called pseudo-monolithic array as shown in Fig. 2.2(b). Both readout 

chip surface and detector chip surface must be polished to achieve a precisely flatness and 

parallelism before combined as a single chip. Then some detector fabrication processed and 

routing metallization processes are applied on the combined single chip. The 

pseudo-monolithic technology remains some advantages of silicon-like processing, but its 

reliability is still needed to be optimized. 
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2.1.2  Operational Requirements for IR FPA [15] 

 

In different applications of IR image systems, there exist certain specific requirements 

for the design of IR FPAs. In general, the requirements involve a broad range of electrical 

circuit and detector array parameters like detector bias control, injection efficiency, charge 

storage capacity, integration time, noise, dynamic range, readout rate, array size and pixel 

pitch, power consumption, and operating temperature. Some general discussions of these 

requirements are summarized below. 

1)  Detector Bias Control : 

The dark current, injection efficiency, detector 1/f noise, and responsibility are affected 

by the detector bias. Moreover, operation ability and linearity of spectral response are also 

affected directly by the bias. Therefore, a strict and stable detector bias control is necessary in 

IR FPAs. 

2)  Injection Efficiency and Bandwidth :  

The injection efficiency is defined as the ratio of the current flowing into the readout 

circuit to the detector current. High injection efficiency and wide input bandwidth leads to 

good responsibility and readout performance. To achieve high injection efficiency and wide 

bandwidth, the input impedance of the interface circuit should be lower than the shunt 

resistance of IR detectors. 

3)  Charge Storage Capacity : 

    In most readout structures of IR FPAs, the photon excited carriers are accumulated on 

the integrating capacitor and transferred to voltage output. Therefore, the charge storage 

capacity is determined by both background and dark current levels of IR detectors as well as 

the value of integrating capacitor. Maximum charge storage capacity can be achieved by 

keeping background and dark currents small and using a large integrating capacitor. However, 

the capacitance value is limited by pixel size and the chip area of readout circuit. 
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4)  Noise :  

    Noise in the IR FPAs can be separated typically into two categories, random noise and 

pattern noise. Random noise varied temporally and is not constant from frame to frame in the 

imager. Pattern noise is divided into two components, one is fixed pattern noise (FPN) and the 

other is the photo-response nonuniformity (PRNU). The FPN comes from dimensions, doping 

concentration, and contamination of photo-detectors and the characteristics of threshold 

voltage, width, and length in MOSFETS. The PRNU noise comes from the thickness of layers 

on the top of photo-detectors and wavelength of illumination. These noises in the CMOS in 

the IR FPAs are briefly discussed below. 

 

(i) Random Noise : 

An imager with a constant scene should produce identical output from frame to frame. In 

practice, the output from a given pixel will vary over time due to thermal noise, charge 

trapping, and 1/f noise in the devices which comprise the imager. Photonic shot noise is 

usually not included in this quantity, although this also contributes to noise at the output. 

Random noise is typically stated in terms of input-referred equivalent electrons, i.e., the root 

mean square (rms) output voltage noise divided by the conversion gain.  

(ii) Fixed-Pattern Noise : 

Fixed-pattern noise (FPN) is the fixed (constant in time) variation between pixel outputs 

under spatially uniform illumination. Fixed-pattern noise is typically due to random or 

mask-induced mismatches in device parameters such as threshold voltage, trap density, and 

parasitic capacitance. FPN is usually a function of illumination, and can be written as the sum 

of a gain term and an offset term for an imager with a linear response characteristic. Offset 

FPN is constant over illumination, and gain FPN is proportional to illumination. 

FPN consists of components that describe variation between columns, and variation 

between pixels in a single column. Column FPN is the standard deviation of the 



column-average pixel output values in a time-average, uniformly illuminated frame. The 

column FPN is expressed as :  

FPN (column) =

2( )

1

j
j

P P

j

−

−

∑
                     (2.1) 

Where jP  is the average pixel value in column j and P  is the average pixel value in the 

frame. Since a column FPN calculation requires multiple columns, j > 1. Pixel FPN is the 

standard deviation of pixel output values after column FPN has been removed. In order to 

calculate pixel FPN, multiple pixels are required. The pixel FPN is expressed as  

FPN (pixel) = 

2
,

,
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1

i j j
i j

P P

i j

−

⋅ −

∑
                    (2.2) 

where i • j > 1. 

(iii) Reset Noise :  

If the diffusion of the photodiode is reset through a MOSFET, this is equivalent to a 

capacitance being charged through the resistance of the MOSFET channel. The rms 

(root-mean-square) noise voltage can be expressed as 

 

〈 〉= rmsV kT
C

                             (2.3) 

where k is the Boltzmann constant, T is temperature, and C is the capacitance of photodiode. 

The reset noise is generally called “KTC” noise. 

(iv) Thermal Noise : 

Thermal noise is due to the random thermal motion of the electrons and is unaffected by 

the presence or absence of direct current. It is a white noise which means the noise power is 

constant over all frequencies. For a resistor, the thermal noise rms voltage can be expressed as 

〈V 〉= rms 4kTBR                                (2.4) 
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where B is the noise bandwidth and R is the resistor. Since the thermal noise covers the entire 

frequency range, the bandwidth determines the actual amount measured. 

(v) Shot Noise :  

Shot noise is another white noise that arises from the discrete nature of the electrons, for 

example, the random arrival of particles of charge. This is the result of the random generation 

of carriers such as thermal generation within a depletion region (i.e. shot noise of dark current) 

or the random generation of photon-electrons, and always associated with the direct-current 

flow through the device. 

(vi) Flicker (1/f) Noise : 

The flicker noise occurs at any junction, including metal-to-metal, 

metal-to-semiconductor, semiconductor-to-semiconductor, and conductivity fluctuation. The 

flicker noise arises mainly in amplifier circuits where there are numerous such contacts. At 

low frequency, flicker noise can be the dominant component, but it drops below thermal noise 

at higher frequency. 

 

5)  Dynamic Range :  

The dynamic range is defined as the ratio of maximum charge capacity to noise floor. 

The required dynamic range of IR FPAs is determined by the ratio of the brightest signal level 

to the weakest. Larger dynamic range is preferred but limited by storage capacitance, linearity, 

and noise level. 

6) Readout Rate :  

The readout rate is chosen according to the specific IR system requirement and limited 

by the allowable chip power dissipation as well as the circuit operation speed. Usually a 

higher readout rate is needed for multiple sampling applications in image compensation 

function. Higher readout rate is also needed to avoid the saturation of the signal after 

integration. 
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7) Integration Time :  

Like the readout rate, the integration time is chosen according to the application 

consideration. Generally, the saturation frequency of the integrating capacitor and the detector 

sensitivity determine the proper length of integration time. 

8) Array Size and Pixel Pitch :  

The array size and pixel pitch are usually determined by the IR FPA technology. Higher 

image resolution requires larger array size and smaller pixel pitch. However, a larger pixel 

size is needed to increase the integration capacitance and improve the performance of charge 

capacity and dynamic range. Thus optimal design trade-off should be made between the 

application flexibility and resolution performance. 

9) Power Dissipation :  

This is a typical requirement in the applications of the IR FPA using photon detector 

instead of thermal detector. Power dissipation is limited by the heat loading of the cryogenic 

cooling system which determines the system cost. 

10) Operating Temperature :  

The operating temperature is determined by the detected wavelength range and the 

material of IR detectors. For each detector, there is a unique operating temperature. 

 

It is important to determine the operational requirements in the design of an IR FPA for 

specific applications. A complete analysis of operational parameters like IR background 

radiation level, spectral response band, operating temperature, detector structure, signal 

contrast ratio, sensitivity, and resolution should be set before the design trade-off. Therefore, 

all the operational requirements discussed above have unique optimized orientations for IR 

image systems in different applications. 
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2.2  CMOS READOUT TECHNIQUES FOR IR DETECTORS 

 

In the development of IR FPAs, the readout circuit electronics is the second major part 

next to the IR detector array. Readout electronics is deigned to support a good interface 

between IR detector and the following signal processing stage. Different circuit techniques 

have been developed for IR FPAs with different materials and structures. The readout circuit 

techniques based on silicon CMOS VLSI technology are addressed in the following 

discussion. 

Generally, the pixel pitch of IR FPAs is reduced with the increasing array size and 

resolution. Moreover, the total power dissipation of IR FPAs is limited by the image system. 

These two major factors often put constraints on circuit design space and complexity. Thus 

the design of IR FPA readout electronics requires a trade-off between circuit performance and 

complexity. 

Some simple readout structures like source-follower per detector (SFD), direct injection 

(DI), and gate-modulation input (GMI) are still commonly used in large staring IR FPAs 

because of the small pixel area and power consumption. In addition, more complex circuit 

techniques like buffered direct injection (BDI), capacitive transimpedance amplifier (CTIA), 

and buffered gate modulation input (BGMI) have been developed to provide excellent bias 

control, high injection efficiency, linearity, and noise performance. Simple and 

high-performance circuit techniques have been a challenging work in the design of readout 

circuits for IR FPAs. 

In the following, some of the commonly used CMOS readout techniques as well as the 

state-of-the-art structures will be reviewed. The noise reduction strategies used to improve IR 

image performance are also discussed. 
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2.2.1  Readout Circuits 

 

1)  Source-follower per Detector [16] : 

A simple readout circuit called the source-follower per detector (SFD) is shown in Fig. 

2.3 where a NMOS source-follower MNI and MNL, a reset PMOS gate M-Rst, and a 

multiplexing NMOS device M-Sel are used in each cell. The integration capacitance is the 

summation of detector shunt capacitance Cdetector and input node capacitance of the SFD. The 

integration capacitor is reset to high and then discharged by the photocurrent Idetector. After an 

integration period, the cell voltage signal is sampled to the output stage serially through the 

device M-Sel controlled by the clock Select. The simple structure of the SFD makes it suitable 

for the applications of high density, large format, and low power IR FPA. However, since the 

photon excited carrier charges are integrated on the input node capacitance of the detector 

directly, the detector bias voltage changes through integration. It can result in variations of 

detector characteristics and non-linearity of readout current, which limit the application of 

SFD. Moreover, the SFD is susceptible to KTC noise induced by the integration-and-reset 

function and fixed pattern noise (FPN) caused by the process-dependent threshold voltage 

variations. Usually, a correlated double sampling (CDS) stage is used to reduce the KTC 

noise of the SFD readout circuit. 

2)  Direct Injection [17] : 

Another simple readout circuit called the direct injection (DI) is shown in Fig. 2.4. In the 

DI circuit, a common-gate PMOS device MDI is used to bias and sense the current of the IR 

detector. The detector current Idetector passing through the gate MDI is further integrated on the 

integration capacitor Cint which can be reset by the NMOS device M-Rst. The integrated 

voltage is readout through the PMOS source follower MPI and the multiplexing device M-Sel. 

In the DI circuit, a better bias control than the SFD during integration is supported by the 
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common gate device MDI. Like the SFD circuit, the DI circuit has a simple structure and no 

active power dissipation. This makes it suitable for high-density IR FPA applications. The 

injection efficiency of a readout circuit is defined as the ratio of the current flowing into the 

readout circuit to the detector photocurrent Idetector. The injection efficiency of the DI is 

determined by the ratio of detector shunt resistance to input resistance of MDI. Thus a lower 

input resistance means a higher injection efficiency and better detectivity. Since the input 

resistance of the PMOS device MDI is proportional to its overall current including the 

background current level. Thus, the DI is not suitable for the applications of low-background 

IR image readout. Moreover, a stable and low noise dc bias VDI is needed in the DI circuit. 

Both threshold voltage non-uniformity and KTC noise are still problems of the DI readout 

circuit. 

3)  Buffered Direct Injection [18] : 

A complex readout circuit called the buffered direct injection (BDI) circuit is shown in 

Fig. 2.5 where the circuit structure is similar to the DI except that an additional inverted gain 

stage with the gain -A is connected between the gate node of the common-gate input device 

MBDI and detector node. The input impedance can be decreased by a factor of A due to the 

negative feedback structure. Thus, the injection efficiency is increased to near unity. Usually, 

the inverted gain stage can be implemented by differential pair or inverter. The detector bias 

control of the BDI is more stable than those of SFD and DI due to the virtual-short property of 

the gain stage. Besides, the source voltage of MBDI can be tuned by adjusting Vcom, thus the 

bias of the IR detector can be turned to get a stable photo current. Moreover, both equivalent 

input referred noise and operational bandwidth can also be improved as compared to the DI 

circuit by this inverted gain stage. Since the detector bias is controlled by the input voltage 

Vcom of the differential pair instead of VDI and gate-to-source voltage of MDI in the DI circuit, 

both threshold voltage non-uniformity problem and strict low-noise bias requirement of the 

DI are immune. However, the additional gain stage consumes active power during integration. 
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This additional power loading can be reduced by proper design of the gain stage with low bias 

current. Generally, the BDI is suitable for those applications which require high readout 

performance and can afford additional circuit complexity, chip area, and power dissipation. 

4)  Capacitive Transimpedance Amplifier [19] : 

    The schematic of the capacitive transimpedance amplifier (CTIA) is shown in Fig. 2.6. 

Where the integration capacitor Cint is placed on the feedback loop of the amplifier with a 

reset device M-Rst to discharge the integration capacitor and reset the amplifier output to the 

reference voltage Vcom. The detector bias is also controlled by Vcom through the virtual-short 

feature of the amplifier. Thus a good detector-bias control can be obtained in the CTIA as the 

BDI. Due to the Miller effect on the integration capacitor, its capacitance can be made 

extremely small to obtain low-noise and high-sensitivity performance. Unlike DI and BDI, the 

input impedance of the CTIA is independent of detector current. However, the feedthrough 

effect of the reset clock can be coupled to the detector node and affect the stability of both 

detector bias and amplifier operational point. Moreover, additional area and power 

consumption of the inverted gain stage are needed in the CTIA. Usually, the inverted gain 

stage is implemented by a differential amplifier to provide low detector bias offset and a CDS 

stage is used to eliminate the KTC noise. 

4)  Gate Modulation Input [20] : 

The gate modulation input (GMI) readout circuit has a current-mirror configuration with 

the tunable source bias Vsource to control the current gain as shown in Fig. 2.7. The injection 

current flowing into the master device Mload is mirrored and amplified by the slave device 

Minput and integrated on the integration capacitor Cint. The current gain of the current mirror 

Mload and Minput is tunable by the adjustable bias Vsource. Similar to that in the DI circuit, the 

injection efficiency of the GMI is dependent on the ratio of detector shunt resistance to input 

resistance of Mload. However, the inherent current gain of the GMI leads to higher detection 

sensitivity and reduced input referred noise as compared to the DI. Moreover, the adaptive 



current gain in the GMI can be controlled by the background level and thus the realizable 

background suppression leads to a higher dynamic range. However, both injection efficiency 

and current gain of the GMI are sensitive to the variations of Vsource and threshold voltages. 

The effective injection efficiency (or current gain) AI.GMI which is the current ratio 

between  and  [6], the injection efficiency input IΔ photo IΔ ηinj.DI  of the direct injection (DI) 

readout structure, and the detector bias VD can be expressed as 
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D sub GS.Mload sourceV V V V= − −                            (2.7) 

where gm.input (gm.load) is the transconductance of the input (load) MOSFET Minput (Mload) under 

input background current bias, RD is the detector shunt resistance, Vsub is the detector N-node 

bias (N-on-P type PV detector), VGS.Mload is the gate-to-source voltage under input background 

current bias, and Vsource is the external adjustable source node voltage. The current Iload and the 

gate-to-source voltage VGS.Mload of the load device Mload can be expressed as 

( )I Kload load GS.Mload TV V= 2−                     (2.8) 

VGS.Mload
load

load
T= +

I
K

V                        (2.9) 

where Kload is the transconductance parameter of the MOS device and VT is the threshold 

voltage. From Eqs. (2.7) and (2.9), the detector bias VD can be expressed as 

load
D sub T source

load

V V V VI
K

= − + −                 (2.10) 

It is shown from Eq. (2.10) that the detector bias is sensitive to the adjustable source voltage 

Vsource noise and threshold-voltage variations. Since the detector shunt resistance RD is 
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sensitive to the detector bias VD, the injection efficiency is also sensitive to Vsource and 

threshold voltage variations as may be seen from Eqs. (2.6) and (2.10). To obtain a stable 

injection efficiency, a strict control on both Vsource and threshold voltage uniformity is 

required. 

Using Eqs. (2.8) and (2.9) and the relation VG.Minput = VGS.Mload + Vsource, the mirrored 

current Iinput can be represented as 
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K I
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Since the transimpedance g = 2 KIm , the transimpedance ratio between Minput and Mload is 
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As may be seen from Eqs. (2.13) and (2.5), the value of the current gain AI.GMI has a wide 

range of several orders of magnitude depending on the IR detector background current. The 

smaller the current, the higher the current gain. This means an adaptively controlled current 

gain. Moreover, the current gain also depends on ηinj.DI  and Vsource. Thus the current gain can 

be additionally adjusted by Vsource. 

    However, it is shown in Eq. (2.5) that the GMI circuit, like the DI readout structure, 

needs a large detector shunt resistance to achieve a high injection efficiency and thus a high 

current gain. Since the injection efficiency is sensitive to Vsource and threshold voltage 

variations, so is the current gain. From Eqs. (2.5) and (2.13), it can be shown that the GMI 
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circuit is susceptible to fixed-pattern-noise due to threshold-voltage variations in the 

transistors Mload and Minput causing the current gain to vary from one cell to another. To obtain 

a large total dynamic range in the GMI circuit, the current gain should be kept high and 

uniform. This leads to strict requirements on MOSFET threshold-voltage uniformity and 

extremely low noise of the dc bias Vsource which are difficult to control. 

From the discussion above, the properties of the GMI structure are obtained. The 

advantages are : 

i) The current mirror amplifies the photo excited current, therefore the GMI can achieve 

high injection efficiency. 

ii) Due to the simple structure, the pixel pitch can be very small to extend the array size 

larger.  

iii) The current gain can be adjusted to suitable value according to the current level by the 

external adjustable Vsource. 

And the drawbacks of the GMI are : 

i) The injection efficiency (or current gain) is affected by the threshold voltage variation 

and the noise of the adjustable Vsource, and the linearity is affected at the same time. 

ii) From Eq. (2.7), it is shown that the bias of the detector varies with the level of the excited 

photo current and the noise of the adjustable Vsource. Therefore, the linearity will be 

affected by this factor. 

 

5)  Buffered Gate Modulation Input (BGMI) [21] :  

The buffered gate modulation input (BGMI) structure is improved from GMI structure as 

shown in Fig. 2.8. The circuit structure is similar to the GMI except that an additional 

inverted gain stage is connected between the gate node of the common-gate input device and 

detector node. By applying Vcom to the amplifier, the detector bias will keep stable to improve 

the linearity. Besides, the current mirror with adaptive gain control is not sensitivity to source 



noise. 

   The effective current gain AI.BGMI of the BGMI circuit, the injection efficiency  of 

the SBDI readout structure [22], and V
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where A is the gain of the amplifier and Vcom is the common input bias. As may be seen from 

Eq. (2.15), high injection efficiency can be achieved with a smaller RD requirement as 

compared to that in the GMI circuit. Moreover, the injection efficiency is not sensitive to 

threshold voltage variations and noise of the source bias voltage. The detector bias VD is 

independent of the MOS threshold voltage and any source bias voltage as in Eq. (2.16). Thus, 

unlike the GMI circuit, the threshold non-uniformity and source-bias-voltage noise have no 

effect on the detector bias. 

As seen from Eq. (2.14), the current gain is equal to the transconductance ratio between 

Minput and Mload. To increase the current gain, gm.input should be larger than gm.load. To achieve 

this without any external bias voltage, shorter channel length is used in Minput whereas 

narrower channel width is used in Mload. Due to short-channel and narrow width effects, the 

threshold voltage of Mload is greater than that of Minput. With the threshold diffrence ΔVT , the 

transconductance ratio in Eq. (2.14) can be similarly derived as 
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In Eq. (2.17), the threshold voltage difference ΔVT  is geometry dependent and thus is very 
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stable. Unlike the GMI circuit, no strict source bias voltage control is required in the BGMI 

circuit. The current gain of BGMI circuit is immune to threshold non-uniformity and noise of 

the source bias voltage. It can also be adaptively controlled by different IR background input 

flux. This high front-stage current gain makes the downstream circuit and system noise 

contribution extremely low. It results in a low input referred noise. Moreover, BGMI circuit 

can operate with a larger integration capacitance compared to DI and BDI and still obtain low 

noise performance and high charge detection sensitivity. 

The integration capacitance is connected to the input MOSFET Minput through a row 

select device. In the integration period, the drain voltage of Minput will not be identical. 

Therefore, the current gain of the current mirror will not keep constant, thus the linearity 

decrease. Besides, the integration capacitance is shared for each column, the value of the 

capacitance should be chosen large to eliminate all the parasitic capacitance of the connecting 

node of the integration capacitance and all the row select switches. With the larger value of 

integration capacitance, the readout rate decreases.  

From the discussion above, the characteristics of BGMI are obtained. The BGMI not 

only keeps the advantages of GMI such as high injection efficiency, low noise, but also has 

more benefits like fixed detector bias control and adaptive gain control. 

 

2.2.2  Noise Reduction of IR Image 

 

Temporal noise and pattern noise are two main noise types of IR image systems. The 

temporal noise sources include shot, thermal, 1/f (flicker), generation-recombination, KTC, 

and photon noise which are contributed by detectors and readout circuits. The pattern noise is 

caused by the process dependent variations which produce offset drifts among detector 

channels. Usually, the temporal noise can be reduced by detector technology, operational 

condition, circuit techniques, and system arrangement, whereas the fixed pattern noise can be 
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reduced by calibration techniques [23]. The two-point and multipoint calibrations are 

commonly used to reduce the FPN [24]. The required number of calibration points is 

dependent on the infrared radiation determined by the range of object temperature variations. 

A larger radiation means a larger output voltage swing and more nonuniformity of response. 

For the same range of temperature variations, the infrared radiation of medium-wavelength IR 

(MWIR) detector is larger than that of long-wavelength IR (LWIR) detector. Thus, the 

number of calibration points of MWIR readout is usually more than that of LWIR readout. 

The noise sources contributed by readout circuits should be carefully reduced to achieve a 

background limited performance (BLIP). Some general strategies of noise reduction for 

readout circuits like correlated double sampling (CDS) [25], modified CDS [26], multiple 

correlated sample read (MCS) [27], chopper-stabilized input circuit (CSI) [28], double delta 

sampling (DDS) [29] have been proposed. 

 

2.2.3  Double Delta Sampling (DDS) Circuit 

 

The most commonly used readout circuit in CMOS imagers is double delta sampling 

(DDS) circuit [29] as shown in Fig. 2.9. The DDS circuit is composed of column sampling 

circuit and output correlated double sampling circuit. The two branches in column sampling 

circuit are used to store the reset and signal voltage. Each branch consists of a sample and 

hold capacitor (CS or CR) with a sampling switch (SHS or SHR) and the first source follower 

with a column-selection switch (Csel). The clamp switches, the coupling capacitors (COS and 

COR), and the output drivers are common to an entire column of pixels. The load transistors 

of the first set of source follower and the subsequent clamp circuits and output source 

followers are common to the entire array. The DDS circuit can be used to suppress fixed 

pattern noise (FPN) and clock feedthrough noise. The disadvantage of DDS circuit is the high 

noise due to channel charge injection. 
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The correlated double sampling (CDS) circuit [25] is another effective method in CMOS 

imagers to remove low-frequency noise and reduce offset and charge injection effects in 

readout circuits. The CDS output represents the actual signal, provided that the noise is slowly 

varying, e.g. 1/f noise, in comparison to the sampling frequency of the system. A 

disadvantage of the correlated double sampling is that it increases the mean-square thermal 

noise by a factor of two since two samples of uncorrelated thermal noise are acquired and 

subtracted [25]. 

In the double delta sampling (DDS) circuit, the reset and signal levels are read out 

differentially, allowing double delta sampling to suppress l/f noise, fixed-pattern noise, and 

KTC noise from the pixel. A DDS circuit shorts the sampled signals during the readout cycle 

reducing column fixed pattern noise. These readout circuits are common to an entire column 

of pixels. 
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Fig. 2.1  The technologies of the hybrid array structures : (a) the flip-chip array technology; 

(b) the Z-plane technology. 
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Fig. 2.2  (a) The structure of monolithic array technology; (b) The structure of 

pseudo-monolithic array technology. 
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Fig. 2.3  The source follower per detector (SFD) readout circuit. 

 

 

Fig. 2.4  The direct injection (DI) readout circuit. 
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Fig. 2.5  The buffered direct injection (BDI) readout circuit. 

 

 

 

Fig. 2.6  The capacitive transimpedance amplifier (CTIA) readout circuit. 
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Fig. 2.7  The gate modulation input (GMI) readout circuit. 

 

 

 

Fig. 2.8  The buffered gate modulation input (BGMI) readout circuit. 
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Column sampling circuit Output CDS circuit 

Fig. 2.9  Double Delta Sampling (DDS) circuit. 
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CHAPTER 3 

 

ARCHITECTURE AND CIRCUIT DESIGN 

  

3.1  CHIP ARCHITECTURE 

 

    Fig 3.1 shows the block diagram of the readout circuits. The analog circuits are the main 

signal processing stage. There are three major parts of the analog circuits in the proposed 

structure which are composed of NxN unit-cell BGMI input stage, 1xN shared integration 

capacitor stage with current-mode background suppression and double delta sampling (DDS) 

circuit, and one output stage. The integration capacitor is put in the column readout circuit to 

perform off-pixel integration. The row decoder and the row counter on the left side of pixel 

array are used to generate the control signals for the row switches. The column decoder and 

the column counter on the top side of pixel array are used to generate the control signals for 

the column reset operation, the column switches, the double delta sampling (DDS) circuit, and 

the row counter. The column readout circuit generates two analog output voltages. One is the 

signal proportional to the gray scale intensity of the image whereas the other is the signal 

proportional to the reset voltage at the integration capacitor. The output CDS circuit is used to 

drive the external loads and perform the CDS operation.  

The image information is transformed as the photocurrent in the pixel array by using the 

IR detector. The photo-current is delivered to the column bus and converted into a voltage 

signal proportional to the intensity of image after the current integration outside the pixel. The 

current-mode readout from pixel to column readout circuit avoids the voltage swing in the 

highly capacitive column bus. The photo-signal and reset signal are used for the operation of 



 
32

the double delta sampling (DDS). The two signals generated in the output CDS circuit are 

delivered to the programmable gain amplifier (PGA), A/D converter, and display system 

outside the chip to generate the raw image. 

 

3.2  CIRCUIT DESIGN 

 

Fig. 3.2 shows the schematic of readout circuit. The whole IR image system will operate 

in temperature 77K. In order to design a high performance readout chip to combine with the 

detector array developed by Academia Sinica, the buffered gate modulation input (BGMI) 

structure is used. Besides, a current-mode background suppression circuit is implemented in 

the off-FPA shared integration capacitor stage. Moreover, the double delta sampling (DDS) 

circuit is included to eliminate noise. The design of the circuits will be discussed in the 

following sections. 

 

3.2.1  Buffered Gate Modulation Input (BGMI) stage 

 

The unit-cell BGMI input stage as shown in Fig. 3.3 not only keeps the benefits of the 

conventional GMI structure such as high injection efficiency, low input referred noise, small 

pixel pitch, but also solves the problems of GMI structure. The device parameters of the 

unit-cell BGMI input stage are given in Table 3.1. Every unit cell will combine with the 

detector by an indium bond. When the detector absorbs infrared flux, the photo-generate 

current flows into the current mirror in the unit cell. Then the mirrored and amplified current 

flows into the off-FPA integration capacitance stage and transfers to voltage. 

    Fig 3.3 shows the amplifier is connected as negative feedback type. Therefore the bias 

voltage of the IR detector is fixed and is adjustable by adjusting Vcom. The difference 

between common voltage Vcom and IR detector substrate bias PVsub deference determines 
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the bias condition of detector. Besides, as the conventional BGMI structure, the applying of 

the amplifier makes the injection efficiency increase substantially as mentioned in chapter 2. 

The photocurrent flowing into the master device Ml1 is mirrored and amplified by the slave 

device Mi1. The amplified pixel current signal at the output of the current mirror is switched 

to the off-FPA shared integration capacitor stage through the MOS switch Mrsel controlled by 

the row select clock Rsel. The current signal will be amplified again by the cascade current 

mirror of integration capacitor stage. To amplify the dark current to μA level in order to 

increase the accuracy of the current-mode background suppression. After that, the 

photocurrent signal is integrated row by row in the integration capacitor stage. 

 

3.2.2  The Current Mode Background Suppression Circuit 

 

In the BGMI circuit, the amplified background current is integrated directly and thus a 

large amount of charges must be accommodated within on a unit cell, implying the 

requirement of a large integrating capacitor. This is a problem in the present large IR FPA 

system. A current-mode background suppression circuit structure is proposed to solve this 

problem. This results in higher dynamic range and better readout performance.  

The off-FPA shared integration cell with the proposed current-mode background 

suppression circuit is shown in Fig. 3.4. The device parameters of the current-mode 

background suppression circuit are given in Table 3.2. The switched current from the unit cell 

is mirrored, through a cascode structure. The use of cascode current mirror can reduce the 

effect of different input voltages across the non-uniform parasitic bus capacitance Cbus and 

increase current-mirror performance. After the cascode current mirror, the amplified current 

from the cell is subtracted by a dc tunable current before integrated in the capacitor Cint. Thus, 

the current-mode background suppression is achieved. To generate the dc current, the 

threshold-voltage compensated current source, composed of Mc1, Mc2, Mc3, is used. The drain 



current IMc1 flow in device Mc1 can be expressed as 

2

Mc2
Mc1 Mc1 tune Mc2 Mc1

Mc2

th th II K V V V
K

⎛ ⎞
= + − +⎜ ⎟⎜ ⎟

⎝ ⎠
               (3.1) 

where Mc1K  ( Mc2K ) is transconductance parameter of the MOS device Mc1 (Mc2),  

( ) is the threshold voltage of M

Mc1thV

Mc2thV c1 (Mc2), Mc2I  is the biasing current controlled by 

device Mc3, and  is a tunable dc bias. As seen from (3.1), this current source can 

generate a dc current nearly independent of MOS threshold voltages with small biasing 

current 

tuneV

Mc2I  and large transimpedance parameter Mc2K . Thus the pedestal removal of IR 

FPA readout with good immunity over threshold-voltage non-uniformity, that is, low spatial 

noise, can be achieved. The resultant input referred spatial noise is relatively small and the 

threshold-voltage uniformity requirement can be released. The suppression current is also 

adjustable through the voltage . tuneV

A no-reset-to-zero circuit realized by Mr1, Mr2, and Mr3, is used to maintain the saturation 

working region of the suppression current source device Mc1. In the reset phase, the 

integration node is reset to r1 GS.Mr1VV −  instead of zero to maintain the saturation drain 

voltage Vdsat of the device Mc1. If the device Mc1 is turned off in reset phase, it will need some 

recover time to turn on when the next row is switched in. This leads to the signal integration 

error. 

Although this current mode background suppression circuit consumes additional power 

due to the DC current source, it is still acceptable in the case of the readout structure, where 

only one-dimensional background suppression current sources are needed. For example, in a 

16x16 array readout system, only 16 suppression current sources are needed. In the BGMI 

circuit, the off-FPA shared integration capacitor can be large without the pixel-size limitation 

to increase the storage capacity. The integrated signal voltage with background suppression is 
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sampled serially to the common output stage through P-type source follower as buffer. 

 

3.1.3  Double Delta Sampling (DDS) Circuit 

 

In the original DDS circuit is shown in Fig. 2.9, both the effects of clock feedthrough 

and channel charge injection resulted from the sampling operation of MS and MR controlled 

by the signals of SHS and SHR will degrade the performance of signal readout. In the 

improved DDS circuit is shown in Fig. 3.5, the effect of signal-dependent channel charge 

injection caused by MS and MR during the falling edges of SHS and SHR is reduced by using 

CMOS switches instead of NMOS switches. Moreover, the equalization switch Mvce 

controlled by Vce is also changed to CMOS switch in order to increase the range of sampling 

voltage. The device parameters of double delta sampling (DDS) circuit are given in Table 3.3. 

The column sampling circuit is used in each column whereas the output CDS circuit is shared 

by all the columns. In the column sampling circuit as shown in Fig. 3.5, the CMOS devices of 

MS and MR controlled by the signals of SHS and SHR, respectively, are sampling switches 

whereas Mvce controlled by Vce is the equalization switch. The signals generated by the 

integration of photocurrent and the reset signal transferred through the source follower 

Mp5/Mp6 are sampled by the two CMOS devices of MS and MR, respectively. 

The signals after the sampling are held at the nodes of A and B until they are readout to 

the output CDS circuit when the column switches Mn3 and Mn5 are on. Since the column 

readout sampling is performed simultaneously in each column and the sampled column 

signals are readout to the output CDS circuit successively, the signal from the last column is 

held for the longest time. The held signal voltages at the last column will be decreased by the 

leakage currents at the nodes of A and B. An extra capacitor of 0.12 pF is added to the nodes 

of A and B to avoid the held voltage level from decreasing lower than 1 LSB of the output 

analog-to-digital converter. The extra capacitor of 0.12 pF is determined by the leakage 
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current Ileak at the nodes of A and B, the gain GPGA of the programmable gain amplifier (PGA) 

before the A/D converter, the node capacitances at the nodes of A and B Chold, and the 

integration time of photocurrent Tint. The equation can be represented as [30] 

(Chold + 0.12 pF) V1LSB = GB PGA (Ileak x Tint)                  (3.2) 

The values of Chold and Ileak are determined from the process parameter. 

The photosignal (reset) voltage is sampled to the gate of Mn4(Mn6) of the second source 

follower composed of Mn4, Mn3, and Mn7(Mn6, Mn5, and Mn8) and sent out to the output 

CDS circuit through the column select switches Mn3(Mn5). The second source follower is 

composed of NMOS devices because PMOS devices are used in the first source follower. 

Thus the voltage dynamic range at the output of the second source follower is not reduced by 

the level shifting of threshold voltage. The dynamic range of the output voltage is almost 

equal to that of the voltage at the integrating capacitor although two types of the source 

follower are used in the design of column readout circuit. The equalization of both 

photosignal path and reset signal path controlled by Vce is performed after the readout of the 

held voltage. The equalized voltage at the two nodes of A and B is then readout to the output 

CDS circuit. 

In the output CDS circuit, the NMOS devices Mn9(Mn10) controlled by the signal 

Clamp is to clamp the voltage at the gate of Mp7(Mp9) in the output source follower Mp7 and 

Mp8 (Mp9 and Mp10) to Vb5. The capacitor of 0.5 pF is used to perform the operation of 

correlated double sampling (CDS). 

 

3.3  CHIP OPERATION 

 

The control signals of the readout circuit come from the digital circuits. There are two 

major parts of digital circuits which are counters and decoders. The 1-stage counter is 



composed by two latches as shown in Fig 3.6. The switches are controlled by  and CLK

CLK . The counter produces a clock signal that is twice period of the input clock. In the work, 

an 8-stage counter is used as shown in Fig 3.7. The decoders are composed by NAND gate 

and inverters as shown in Fig 3.8. The decoders produce the control signals which control the 

selection of the row and the column. The input signals come from the 8-stage counter. The 

output of the first 4-stage counter are the input of the column select logic and the output of the 

second 4-stage counter are the input of the row select logic. By this arrangement, the row 

select logic is 16 times the period of the column select logic. 

The major operational timing diagram is shown in Fig. 3.9. Firstly, the row select signal 

Rsel#1 is high and the Reset control signal is high to reset the voltage at the integrating 

capacitor to . Then the control signal of SHR is on to sample the reset signal in 

the output of the first source follower Mp5/Mp6 to the node B of Fig. 3.5 as VR. After the 

reset operation, the photocurrents of all pixels in the Row#1 are integrated at the gate of Mp5 

of Fig. 3.5 during the integration time. Then the control signal of SHS is on to sample the 

photo-signal in the output of the first source follower to the node A of Fig. 3.5 as VS. After 

that, the Reset control signal is on again till Rsel#2 is high. Then the operation above is 

repeated to sample the reset signal and photo-signal of Row#2. The duration of reset time is 

kept long enough to eliminate the amount of residual charges due to incomplete reset. That is, 

the amount of KTC noise generated by the trapping of the switch thermal noise in the 

integration-reset function on the integration capacitor of Fig. 3.4 is the same in VS and VR if 

the settling time of the voltage on the integration capacitor of Fig. 3.4 during the reset 

operation is shorter than the reset time [31]. Thus the KTC noise due to the reset operation 

can be reduced by the CDS operation.  

r1 GS.Mr1VV −

The clamp signal in the output CDS circuit is then turned on to clamp the gate voltages 

of Mp7 and Mp9 to Vb5. Then, Csel is on to transfer the signal from the column sampling 
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circuit to the output CDS circuit. Finally, Clamp is off and Vce is on, the voltage at both 

nodes of A and B of Fig. 3.5 becomes (VS+VR)/2. If no loss in the stored charges of the 

capacitor, then the voltage change at the capacitor of 0.5 pF is transferred to the output node 

of the output source follower composed of Mp7 and Mp8(Mp9 and Mp10) as shown in Fig. 

3.5. Thus we have [29] 

cf,Mvce SG,Mp7
VR VSVout_s Vb5 V V

2
−

≅ + + +                  (3.3) 

cf,Mvce SG,Mp9
VS VRVout_r Vb5 V V

2
−

≅ + + +                    (3.4) 

where  is the effect of clock feedthrough on the node of A and B of Fig. 3.5 when the 

MOSFET of Mvce is on and ( ) is the voltage drop between source and gate of 

Mp7(Mp9). As may be seen from (3.3) and (3.4), the CDS operation is realized in the output 

CDS circuit. The fixed pattern noise in the NMOS source follower of column sampling circuit 

can be reduced by this CDS operation. The two output signals are sent out and subtracted each 

other by the subtraction circuit in the off-chip data acquisition (DAQ) card. Thus the complete 

operation of the double delta sampling circuit is realized. The fixed pattern noise caused in the 

PMOS source follower composed of Mp5 and Mp6 in Fig. 3.5 can be reduced by the 

subtraction in DAQ card. The effect of clock feedthrough by switching the signal of Vce to 

equalize the voltages at the two nodes of A and B can also be reduced from the subtraction. 

The final result after the subtraction of DAQ card can be written as [29] 

cf,MvceV

SG,Mp7V SG,Mp9V

SG,Mp9 SG,Mp7Vout_r Vout_s VS VR V V− ≅ − + −                 (3.5) 

By enlarging the size of the output source follower, the mismatch of  can be reduced. SGV

 

3.4  SIMULATION RESULTS 

 

    The simulations are performed at 77K based on the SPICE low-temperature device 
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parameters of TSMC 0.35 m 2P4M N-well CMOS process. The simulation result of the 

integration voltage Vint waveforms on integration capacitor with different input current is 

shown in Fig. 3.10. The input current signals are from 0.1 μA to 10 μA, the integration 

capacitance is 3.5 pF, and the background suppression current is 0.1 μA. As shown in Fig. 

3.10, the charging rate is proportional to the input current. The 0.1 μA current is not 

integrated by the integration capacitor because of background suppression. The simulation 

result of the voltage difference between Vout_r and Vout_s of the output CDS circuit with 

different input current is shown in Fig. 3.11. The voltage to photocurrent resolution 

(voltage/photocurrent) is 0.1 mV/nA. The simulation result of 16x16 pixel array readout 

circuit with different input current flowing into every pixel is shown in Fig. 3.12. The 

simulation readout speed can reach 1.25 MHz under 30 mW power dissipation at a 30 pF 

output loading and 3.3 V power supply with 16x16 format. The readout speed is defined as 

the reciprocal of the pixel processing time (1/T

μ

pixel). The integration time of the readout chip 

is tunable. It can be controlled by the clock frequency of the digital control signal. When the 

integration time is different, the detecting photo current range will be changed at the same 

time. The linearity of the readout circuit is greater than 99% and the maximum output swing 

is equal to 1 V as shown in Fig. 3.13. The frame rate of the 16x16 readout circuit is 4880 

frames/sec. The simulated performances and operation conditions of the readout chip are 

summarized in Table 3.4. 
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Table 3.1  The device parameters of the unit-cell BGMI input stage. 

 

Device W/L (um/um) 
Ms1  Mu1 1.5/1 
Ms2  Mu2 2/1 
Ms3  Mu3 0.8/1 

Mbu 2/4 
Ml1 0.4/6 
Mi1 0.8/6 

Mrsel 1/0.35 
Vb1 2 V 

Vcom 1.8 V 

  

 

Table 3.2  The device parameters of the current-mode background suppression circuit. 

 

Device W/L (um/um) 
Mp1 2.4/6 
Mp2 2.4/6   M=3 
Mp3 9.6/6 
Mp4 9.6/6   M=3 
Mn1 0.8/6 
Mn2 3.2/6 

Mc1  Mc2 0.4/6 
Mc3 1.2/6 

Mr1 Mr2 Mr3 1/0.35 
Vb2 2 V 
Vr1 3 V 
Cint 3.5 pF 
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Table 3.3  The device parameters of double delta sampling (DDS) circuit. 

 

Device W/L (um/um) 
Mp6 1/0.35 
Mp5 3/0.35 

MSn  MSp 1/0.35 
MRn  MRp 1/0.35 

Mvcen  Mvcep 1/0.35 

Mn4  Mn6 2/0.35 

Mn3  Mn5 1/0.35 
Mn7  Mn8 1/0.35 
Mn9  Mn10 1/0.35 
Mp8  Mp10 4/0.35   M=5 
Mp7  Mp9 4/0.35 

Vb3 2 V 
Vb4 0.9 V 
Vb5 0.9 V 
Vb6 2 V 

C1  C2 0.12 pF 
C3  C4 0.5 pF 
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Table 3.4  The simulated performances and operation conditions of the readout chip. 

 

Technology 0.35μm 2P4M N-well CMOS 

Power Supply 3.3 V 

Operating Temperature 77 K 

Input Current 0.1μA ~ 10μA 

Background Suppression Current 0.1μA 

Array Size 16 x 16 

Pixel Pitch 80 x 80μm² 

Maximum Output Swing 1 V 

Maximum Readout Speed 1.25 MHz 

Frame Rate 4880 frames / sec 

Linearity 99% 

Power Dissipation 30 mW 

 



 

 

Fig. 3.1  The block diagram of the buffered gate modulation input (BGMI) readout chip. 

 

 

 

 

input stage 
Unit-cell BGMI 
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 capacitor stage
Integration DDS circuit 

Fig. 3.2  The schematic of readout circuit. 



 

Fig. 3.3  The buffered gate modulation input (BGMI) pixel circuit. 

 

 

 

Fig. 3.4  The shared integration cell with current-mode background suppression. 
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               Column sampling circuit               Output CDS circuit 

 

Fig. 3.5  The double delta sampling (DDS) circuit. 
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Fig. 3.6  The 1-stage counter of the digital control circuit. 
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Fig. 3.7  The 8-stage counter of the digital control circuit. 
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Fig. 3.8  The decoder of the digital control circuit. 

 

 

 

 

Fig. 3.9  The major timing diagram of the column readout circuit and the output  

driver circuit. 
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Fig. 3.10  The simulated waveforms of Vint on integration capacitor with input current from 

Fig. 3.11 

 

0.1 μA to 10 μA and background suppression current 0.1 μA. 

 

 

 The simulated waveforms of the voltage difference between Vout_r and Vout_s 

with input current from 0.1 μA to 10 μA and background suppression current 0.1 μA. 
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Fig. 3.12  The simulation result of 16x16 pixel array readout circuit with different input 

current flowing into every pixel. 
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Fig. 3.13  The simulated linearity of the 16x16 readout circuit at 77K. 
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EXPERIMENTAL RESULTS 

 

4.1  LAYOUT DESCRIPTIONS 

 

An experimental chip has been designed and fabricated to verify the function and 

performance of the 16x16 readout circuit by using TSMC 0.35μm 2P4M N-well CMOS 

technology. The layout of the 16x16 readout chip is shown in Fig 4.1. The total chip size is 

2.1 mm x 2.2 mm. It is composed of analog signal processing circuits and digital clock 

control circuits. The IR detectors are connected to the readout chip through every pad in each 

pixel of 16x16 unit cells. The difference between common voltage Vcom and IR detector 

substrate bias voltage determines the bias condition of detector. There is an optimum voltage 

Vcom to achieve the largest integrated capacity while keeping the amplifier operated properly. 

The 16 shared integration capacitor stages and DDS circuits are placed at the top of the chip. 

The row decoder and the row counter at the left of the chip are used to generate the control 

signals for analog circuits the same as the column decoder and the column counter at the top 

of the chip. 

Because of the mixed mode property of this readout chip, some layout techniques are 

used. A good shielding between digital part and analog part is required to avoid substrate 

noise coupling. The isolated substrate biases are used to avoid the noise coupling effect from 

the digital power supply to the substrate. Separated substrate biases DVsub and AVsub for 

digital and analog part are used to avoid the substrate coupling effect through the bias metal 

line. In addition to this, analog power supply AVdd and digital power supply DVdd should be 

CHAPTER 4 
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separated to avoid the digital noise o dynamic switching current of logic 

gates from coupling to the analog part. 

 

4.2  TESTING ENV

 

ted infrared readout chip is shown in Fig. 4.2. The 

readout chip is placed in the vacuum chamber of the cooling system. The FT-IR spectrometer 

is use

 current is 0.1 μA. In Fig. 4.3, the Vout_r, Vout_s, and Vout_r – 

Vout

measured performances and operation conditions of the fabricated readout chip are 

f DVdd due to the 

IRONMENT 

The testing environment of the fabrica

d to generate infrared light. The analog output card in the PC is used to provide voltages 

to the readout chip as the power supplies. The function generator provides the clock signal to 

the digital control circuit of the readout chip. The oscilloscope is used to record the output 

waveforms of the readout chip.  

 

4.3  EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

The infrared readout chip is designed to work under 3.3 V power supply. The chip is 

packaged properly in a vacuum dewar and tested under an 77K environment with liquid 

hydrogen as cooling source. Off-chip testing current sources are used to simulate the 

photo-current of IR detectors and the experimental results is shown in Figs. 4.3-4.6. The 

background suppression

_s waveforms of two frame cycle are measured with end-of-frame signal. The measured 

Vout waveforms of the fabricated 16x16 readout chip on a single pixel Row#16 Col#16 with 

the end-of-frame signal are shown in Fig. 4.4. The measured Vout waveforms of the 

fabricated 16x16 readout chip under different photo current are shown in Fig. 4.5. Fig. 4.6 

shows the measured output voltage Vout_r – Vout_s versus photo current from 0.1 μA to 10 

μA. It is shown that the linearity performance of the readout chip is better than 95%. The 
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 frames/sec. The total active chip power consumption 

is below 30 mW at 77K.  

sured at 300K environment to compare with the 

erformance at 77K. The readout chip can still function well at 300K environment. Fig. 4.7 

show

 Fig. 3.5 is not enough to compensate the voltage rise of the 

MOS source follower Mp5 and Mp6. It causes the limitation of the output swing at 300K.  

cted to a single pixel 

f the readout chip for further measurement as shown in Fig. 4.8. Both readout chip and IR 

phot

summarized in Table 4.1. The maximum output swing is 0.97 V. The maximum readout speed 

is 1.25 MHz and the frame rate is 4880

The fabricated readout chip is also mea

p

s the measured output voltage Vout_r – Vout_s versus photo current. It is shown that the 

linearity performance of the readout chip is better than 99% at 300K. But the maximum 

output swing at 300K is 0.5 V which is lower than that at 77K. This is because the threshold 

voltage of MOSFETs at 77K is about 1.2 V which is much higher than that at 300K. When 

the circuit is operated at 300K temperature, the voltage drop of the NMOS source follower 

Mn3 and Mn4 (Mn5 and Mn6) in

P

One infrared photo detector developed by Academia Sinica is conne

o

o detector are placed in the vacuum chamber of the cooling system and tested under an 

77K environment with liquid hydrogen as cooling source. The infrared light generated by the 

FT-IR spectrometer illuminates the IR photo detector. Fig. 4.9 shows the measured output 

voltage Vout_r – Vout_s versus different IR photo detector bias voltage at 77K. The dark 

current is measured by covering both readout chip and IR photo detector in a dark 

environment. Then the measured output voltages can be transferred to photo current values. 

The measured photo current versus different IR photo detector bias voltage at 77K are shown 

in Fig. 4.10 and Fig. 4.11. In Fig. 4.11, the photo current versus the detector bias is similar to 

the detector characteristic compare with Fig. 1.1. It is shown that the readout chip can 

successfully recognize the difference between lightsource current and dark current of the IR 

photo detector. The measured photo current versus different IR photo detector bias voltage at 

10K is shown in Fig. 4.12. It is shown that the readout chip can also successfully recognize 
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rent is about an order difference at 10K and 77K. The 

unifo

the difference between lightsource current and dark current of the IR photo detector at 10K. 

The photo current of the IR photo detector at 10K is smaller than that at 77K. Under the same 

detector bias voltage, the photo cur

rmity of the readout chip with different current input is shown in Fig. 4.13. The 

uniformity performance although limited by the current source data resolution, is expected to 

be better than 99%. 
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Table 4.1  The measured performances and operation conditions of the readout chip. 

 

 Simulated Result Measured Result Measured Result 

Technology 0.35μm 2P4M N-well CMOS 

Power Supply 3.3 V 3.3 V 3.3 V 

Operating Temperature 77 K 77 K 10 K 

Input Current 0.1μA ~ 10μA 0.1μA ~ 10μA 0.1μA ~ 10μA 

Background Suppression 
Current 

0.1μA 0.1μA 0.1μA 

Array Size 16 x 16 16 x 16 16 x 16 

Pixel Pitch 80 x 80μm² 80 x 80μm² 80 x 80μm² 

Maximum Output Swing 1 V 0.97 V 0.98 V 

Maximum Readout Speed 1.25 MHz 1.25 MHz 1.25 MHz 

Frame Rate 4880 frames / sec 4880 frames / sec 4880 frames / sec

Linearity 99% 95% 95% 

Power Dissipation 30 mW 30 mW 30 mW 
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Fig. 4.1  The block diagram of the layout of the 16x16 readout chip. 
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Fig. 4.2  The photo raph of the fabricated 16x16 readout chip. g
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Fig. 4.3  The testing environment of the fabricated infrared readout chip
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Fig. 4.4  The measured Vout waveforms of the fabricated 16x16 readout chip at 77K during

the 2 frame-period with the end-of-frame signal. 
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Fig. 4.5  The measured Vout waveforms of the fabricated 16x16 readout chip at 77K on a 

single pixel Row#16 Col#16 with the end-of-frame signal. 
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                 (a)                                  (b) 

   

                 (c)                                  (d) 

   

                 (e)                                  (f) 

 

Fig. 4.6  The measured Vout waveforms of the fabricated 16x16 readout chip at 77K under 

different photo current : (a) 1 uA; (b) 2 uA; (c) 4 uA; (d) 6 uA; (e) 8 uA; (f

 

Vout_r 

Vout_s End of frame
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Fig. 4.7  The measured linearity of the 16x16 readout chip at 77K. 
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Fig. 4.8  The measured linearity of the 16x16 readout chip at 300K. 
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Fig. 4.9  One IR photo detector is conn  to a single pixel of the readout chip. 
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Fig. 4.11  The measured photo current versus IR photo detector bias voltage at 77K. 

 

 

Fig. 4.12  The measured photo current (log scale) versus IR photo detector bias voltage  

at 77K. 
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Fig. 4.13  The measured photo current versus IR photo detector bias voltage at 10K. 

 

 

Fig. 4.14  The uniformity on 7 testing pixels of the readout chip with different input currents 

from 1 uA to 9 uA. 
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CHAPTER 5 

 

A NEW ION SENSOR CHIP 

 

5.1  INTRODUCTION 

     

The ion sensor is of great importance in a wide range of industries. A miniature ion 

sensor is of particular interest in the field of medical diagnostics for use on catheter tips or in 

implantable devices [32]. Traditional ion sensors use a glass bulb electrode that is both fragile 

and bulk ve 

been developed since the 1970s as a miniature, robust alternative. However, they invariably 

require the use of bulky, external circuitry in or  to take readings. 

In recent years, system-on-chip (SoC) technology has been increasingly used to create 

complex, integrated systems on a single CMOS chip, for example, mobile phones and set-top 

boxes. Combining sensors with more conventional SoC components will lead to a fully 

integrated diagnostic system, which can take readings and provide analysis on a single chip. 

The ion sensors, and ISFET-based sensors, in general, are good candidates for integration 

with the CMOS process, as both are based on FETs. 

Development of miniaturized devices that enable rapid and direct analysis of the specific 

binding of small molecules to proteins could be of substantial importance to the discovery of 

and screening for new drug molecules. Identification of organic molecules that bind 

specifically to proteins is central to the discovery and development of new pharmaceuticals 

Broadly representative of the importa eloping drugs to treat disease 

y. Solid-state ion sensors based on ion-sensitive field-effect transistors (ISFETs) ha

der

and to chemical genetic approaches for elucidating complex pathways in biological systems. 

nce of this concept for dev
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have been efforts focused on identify ein tyrosine kinases [33]. 

Moreover, the field of sensor fusion has been receiving much attention recently, because 

sensing capability has been shown to be improved by combining sensors [34]. Two of the 

most useful tools that are ion of fluorescence from 

chemical reaction (for example, DNA chips), and the measurement of changes in the 

xample, ISFETs). If sensors could be built that could 

y obtain information about fluorescence intensity and ion concentration in the 

same

The circuit structure, 

readout strate

To fabricate the sensor surface of the ion sensor chip, TSMC 0.18 μm 1P6M N-well 

ing inhibitors to prot

available in chemical analysis are the detect

a 

concentration of ions (for e

simultaneousl

 sensing area, then highly sensitive and multi-functional chemical sensors would have 

been realized. Moreover, it is easy to identify a suitable chemical reaction that could be used 

to fabricate a sensing array. 

In this chapter, a new ion sensor structure is proposed, and the test solution can direct 

contact on the chip. It has been shown from both simulation and experimental results that the 

proposed ion sensor structure can achieve good readout performance. 

gy, and circuit performance of the new ion sensor structure are described in 

Section 5.2. In Section 5.3, both simulation results and experimental results of the fabricated 

ion sensor chip are presented. Finally, a summary is given in Section 5.4. 

 

5.2  CIRCUIT DESIGN 

 

The ion sensor chip in this work is designed for the test solution can direct contact on the 

chip. Then the amplified signal of the charges in the test solution is readout by the circuit. The 

circuit needs a sensor surface to drop the test solution for detecting concentration of ions as 

shown in Fig. 5.1. The sensor surface can even detect the generated ions of an enzyme 

reaction on it as shown in Fig. 5.2. Then a fast, accurate testing result is provided by the ion 

sensor circuit.  
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al (MIM) 

capa

pF, and 10 pF providing different amplification factor. And it can 

be c

. The bias circuit of 

the t scopic operational amplifier is shown in Fig. 5.5. The device parameters of the bias 

s shown in Fig. 5.3, the op amp is connected as negative feedback type with a switch 

betw

cuit operation of the ion sensor chip is similar to switched-capacitor circuits. 

The 

CMOS process is used because it contains the process of Metal-Insulator-Met

citor. The MIM capacitor is composed of Metal5 and Metal6 (top metal) layers. A PAD 

layer is open on the top metal of the MIM capacitor to form the sensor surface. Place the top 

plane of the MIM capacitor in direct contact with the test solution. Hydrogen ions in the 

solution are specifically adsorbed onto the sensor surface, causing a build up of charge that 

varies with the ions of the solution. The charged surface creates an electrical double-layer 

capacitance at the surface-solution interface across which the surface potential appears. 

The architecture of the ion sensor chip is shown in Fig. 5.3. The sensor surface is formed 

by a 1 mm x 1 mm MIM capacitor which is equal to a 1 nF capacitor. There are three 

capacitors which are 1 pF, 5 

hosen by the switches behind every capacitor. In order to achieve stable and accurate 

signal amplification, the operational amplifier of the ion sensor circuit should be high gain 

and high phase margin. A telescopic operational amplifier with single-ended output is used to 

achieve the goal as shown in Fig. 5.4. Besides high gain and high phase margin, the telescopic 

operational amplifier also has high speed, low power dissipation, and low noise. The device 

parameters of the telescopic operational amplifier are given in Table 5.1

ele

circuit are given in Table 5.2.  

A

een the negative input and output of the op amp. The switch is used to perform signal 

sampling and reset, and is composed of complementary switches to reduce charge injection. 

When the switch is off, the charges of ions on the sensor surface is amplified by the ion 

sensor circuit. The amplification factor is decided by the capacitor C2. Then the readout 

operation is achieved. When the switch is on, Vout is reset to the common mode voltage of the 

op amp. The cir

voltage gain of the circuit is 



1CVout
= −                               (5.1) 

As seen from (5.1), the charge on C  must be transferred to C , producing an output 

voltage equal to V C  / C . Thus, the circuit amplifies V  by a factor of C  / C . 

 

5.3  SIMULATION AND EXPERIMENTAL RESULTS 

 

The SPICE simulation results of the telescopic operational amplifier are shown in F

2Vin C

1 2

in 1 2 in 1 2

ig. 

5.6 w

in in

2

out

here the device parameters of 0.18 μm 1P6M N-well CMOS technology are used. The 

gain of the telescopic operational amplifier is 79 dB, the phase margin is 78 degree, and the 

unit gain bandwidth is 41 MHz. The simulation result of slew rate is shown in Fig. 5.7. The 

slew rate of the telescopic operational amplifier is 4.1 V/us. The simulated performances of 

the telescopic operational amplifier are summarized in Table 5.3. 

The simulation result of whole ion sensor circuit is shown in Fig. 5.8. A pulse voltage 

V  inputs to the circuit when the switch is off, then V  is amplified by the circuit. The 

amplification factor is changeable according to which capacitor C  is chosen. The output 

voltage V  changes from the common mode voltage of the op amp to a steady voltage. Then 

the voltage gain can be calculated by 

1V VoutAv
Vin

where the common mode voltage of the op amp is 1 V. The simulation results of positive and 

negative input voltages are shown in Table 5.4 and Table 5.5. The voltage gain of different C

−
=                             (5.2) 

m MIM capacitor is used for sensor surface, and is equal to 

2 

1 pF, 5 pF, and 10 pF are 60 dB, 46 dB, and 40 dB, respectively. The detectable range of 

input voltage is also increased by switching different C2.  

    An experimental ion sensor chip has been designed and fabricated to verify the function 

and performance. The layout of the ion sensor chip is shown in Fig. 5.9. The total chip size is 

1.5 mm x 1.5 mm. A 1 mm x 1 m
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a 1 nF capacitor. The test solution can direct cont

the c

hip will be 

blocked in order to prevent short issue. 

ith different input Vin, 

the c ip should be reset to initial condition every time. If the sensor surface has the residue of 

the la

 under 1.8 V power supply. 

Off-c

easurement result is affected by two reasons. Because 

the 1 mm x 1 mm MIM capacitor is very large, the process may not so accurate. It could cause 

some inaccuracy to the capacitor so that it may not just equal to 1 nF so well. The larger 

 

act on the sensor surface of the chip. When 

hip is measured with the test solution, only the sensor surface of the ion sensor chip 

exposes to the test solution. The bond pads and the bond wires of the ion sensor c

In case the measurement will repeat on the same ion sensor chip w

h

st test solution, the output Vout may need to be calibrated before the next measurement. 

Before the next measurement, the latest value of output voltage Vout should be recorded as the 

offset voltage value. Then the next measurement continues. The variation between two 

measurements Vout is the final value which is caused by the new test solution. 

    The photograph of the ion sensor chip fabricated in 0.18 μm 1P6M N-well CMOS 

technology is shown in Fig. 5.10. This chip is designed to work

hip testing voltage sources are used as the input voltages and the experimental results are 

shown in Figs. 5.11-5.14. The measured Vout waveforms of the ion sensor chip under different 

input voltages Vin with different C2 10 pF, 5 pF, and 1 pF are shown in Fig. 5.11, Fig. 5.12, 

and Fig. 5.13, respectively. The corresponding voltage gain Av under different C2 10 pF, 5 pF, 

and 1 pF are shown in Fig. 5.14. The m

amplification factor is chosen, the effect is more obvious. The charge injection is another 

effect factor. Although the complementary switch is used, it still can not eliminate the charge 

injection completely. The charge injection causes the decrease of the voltage gain. The effect 

is also more obvious when the amplification factor is large. 

 

5.4  SUMMARY 
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g the detectable range. The ion sensor chip achieves 

good

In this chapter, a new ion sensor chip is proposed, analyzed, and experimentally verified. 

In the ion sensor circuit, the 1 mm x 1 mm MIM capacitor for sensor surface, the telescopic 

operational amplifier for stable and accurate signal amplification, and the different capacitors 

for changing voltage gain and increasin

 readout performance, good charge sensitivity, and high detectable range. The inherent 

advantages of the sensor surface and low power make it suitable for the ion detection of 

biological reactions. For example, the enzyme reaction can direct contact on the sensor 

surface to detect the generated ions as shown in Fig. 5.15. The function and performance of 

the ion sensor chip has been verified by HSPICE simulation and the measurement on an 

experimental chip. 
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Table 5.1  The device parameters of the telescopic operational amplifier. 

 

Device W/L (um/um) 
M0  M1 2/3   M=3 
M2  M3 1/3   M=3 
M4  M5 4/2   M=10 
M6  M7 3/6   M=3 

M8 1/1.5   M=3 

 

 

 

Table 5.2  The device parameters of the bias circuit. 

 

Device W/L (um/um) 
M32  M33 1/3 
M34  M35 1/3 
M38  M39 1/1.5 
M41  M42 1/1.5 

M44 1/0.75   M=6 
M45  M46 1/1.5 
M48  M49 1/1.5 

R11 50 KΩ 
R12 102 KΩ 
R13 1550 KΩ 
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Ta r. 

Technol 0.18 ll CMOS 

ble 5.3  The simulated performances of the telescopic operational amplifie

 

ogy μm 1P6M N-we

Power Supply 1.8 V 

DC Gain 79 dB 

Phase Margin 78 degree 

Unit Gain Frequency 41 MHz 

3dB Frequency 7 KHz 

Slew Rate 4.1 V/us 

Power Dissipation 22.5 μW 

 

 

 

Table 5.4  The simulated v  the ion sensor c th positive input voltages Vin. 

 

 
60.5 947 mV50 uV

60.2959 mV40 uV

60.3969 mV30 uV

60.4 979 mV20 uV

60.7989 mV10 uV

oltage gain of hip wi

C2 = 1 pF 2 = 5 pF C2 = 10 pFC

 

 

AvVoutVin

60.5 947 mV50 uV

60.2959 mV40 uV

60.3969 mV30 uV

60.4 979 mV20 uV

60.7989 mV10 uV

AvVoutVin

46.2 837 mV800 uV

46.2 898 mV500 uV

46.3 938 mV300 uV

979 mV0 uV

989 mV0 uV

46.4 10

46.7 5

AvVoutVin

46.2 837 mV800 uV

46.2 898 mV500 uV

46.3 938 mV300 uV

979 mV0 uV

989 mV0 uV

46.4 10

46.7 5

AvVoutVin

40.2797 mV2 mV

40.2837 mV1.6 mV

40.2857 mV1.4 mV

40.2877 mV1.2 mV

40.2898 mV1 mV

AvVoutVin

40.2797 mV2 mV

40.2837 mV1.6 mV

40.2857 mV1.4 mV

40.2877 mV1.2 mV

40.2898 mV1 mV

Vin Vout Av
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Table 5 s Vin. 

 

 

1049 mV-50 uV

1040 mV-40 uV

1030 -30 uV

60 1020 mV-20 uV

601010 mV-10 uV

.5  The simulated voltage gain of the ion sensor chip with negative input voltage

 

C2 = 1 pF C2 = 5 pF C2 = 10 pF

 

60 

60

60mV

AvVoutVin

60 1049 mV-50 uV

1040 mV-40 uV

1030 -30 uV

60 1020 mV-20 uV

601010 mV-10 uV

60

60mV

AvVoutVin

46.11142 mV-700 uV

46.2 1102 mV00 uV

46.21061 mVV

46 1020 mV-100 uV

46 1010 mV-50 uV

 

-5

 -300 u

AvVoutVin

46.11142 mV-700 uV

46.2 1102 mV00 uV

46.21061 mVV

46 1020 mV-100 uV

46 1010 mV-50 uV

 

-5

 -300 u

AvVoutVin

40.11143 mV.4 mV

40.11122 mV.2 mV

40.11102 mV mV

40.21082 mV-800 uV

40.11061 mV-600 uV

-1

-1

-1

AvVoutVin

40.11143 mV.4 mV

40.11122 mV.2 mV

40.11102 mV mV

40.21082 mV-800 uV

40.11061 mV-600 uV

-1

-1

-1

Vin Vout Av
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Fig. 5.1  The test solution on the sensor surface for detecting concentration of ions. 

 

 

 

 

 

Fig. 5.2  The enzyme (imidase) reaction on the sensor surface for detecting the  

generated ions. 
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Fig. 5.3  The architecture of the ion sensor chip. 

 

 

Fig. 5.4  The schematic of the telescopic operational amplifier. 
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Fig. 5.5  The bias circuit of the telescopic operational amplifier. 

 

 

 

Fig. 5.6  The simulation results of the telescopic operational amplifier. 
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Fig. 5.7  The simulation result of the slew ate of the telescopic operational amplifier. 

 

 

Fig. 5.8  The simulation result of the ion sensor chip. 
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Fig. 5.9  The block diagram of the layout of the ion sensor chip. 

 

 

 

The area will be blocked when the chip 
is measured with the test solution 
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Fig. 5.10  The photog ph of the fabricated ion sensor chip. ra

 

 

 

 

 

 



 

                 (a)                                (b) 

 

                 (c)                                (d) 

 
                 (e)                                (f) 

Fig. 5.11  The measured Vout waveforms of the ion sensor chip with C2 = 10 pF under 

different input voltages Vin : (a) 1 mV; (b) 2 mV; (c) 3 mV; (d) 4 mV; (e) 5 mV; (f) 6 mV. 
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                 (a)                                (b) 

 

                 (c)                                (d) 

 

                 (e)                                (f) 

 

Fig. 5.12  The measured Vout waveforms of the ion sensor chip with C2 = 5 pF under 

ifferent input voltages Vd . 

V

V

S

in : (a) 400 uV; (b) 1 mV; (c) 1.4 mV; (d) 2 mV; (e) 3 mV; (f) 4 mV

out 

in 

witch 
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                 (a)                                (b) 

 

                 (c)                                (d) 

 

                 (e)                                (f) 

 

Fig. 5.13  The measured Vout waveforms of the ion sensor chip with C2 = 1 pF under 

different input voltages Vin : (a) 600 uV; (b) 800 uV; (c) 1 mV; (d) 1.4 mV; (e) 1.8 mV;  

(f) 2.2 mV. 
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(a) 

 
(b) 

 

(c) 

Fig. 5.14  The corresponding voltage gain Av under different C2 : (a) 10 pF; (b) 5 pF;  

(c) 1 pF. 
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Fig. 5.15  The enzyme reaction can dire ntact on the sensor surface to detect the 

generated ions for biology applications. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 

 

6.1  CONCLUSIONS 

     

In this thesis, a CMOS readout circuit for InAs/GaAs quantum-dot infrared detector 

array is designed, analyzed, and experimentally verified. By using the buffered gate 

modulation input (BGMI) circuit with current-mode background suppression and other 

associated design techniques, good injection efficiency, stable detector bias, good 

threshold-voltage immunity, high c d large dynamic range can be 

achieved. It can handle a larger ba daptive gain control and the readout 

dynamic range is enlarged by the current-mode background suppression. The double delta 

sam and 

channel charge injection.  has been designed and 

fabricated to verify the function and perform nce by using 0.35 μm 2P4M N-well CMOS 

technology. The layout arrangement of the 1x16 shared integration capacitor stage and DDS 

circuit are placed at the top of the chip to achieve a no-dead-time data readout. Some noise 

shielding techniques for mixed-mode IC are used in the readout chip, such as the separation of 

the analog and digital power, the different analog and digital ground, and the independent 

substrate bias line. 

This 16x16 readout chip is designed to work under 3.3 V power supply and 77K 

environment. The chip is packaged properly in a vacuum dewar and tested under cryogenic 

environment with liquid hydrogen as cooling source. Off-chip testing current sources are used 

harge detection sensitivity, an

ckground range with a

pling (DDS) circuit is used to suppress fixed pattern noise, clock feedthrough noise, 

 An experimental 16x16 readout chip

a
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to simulate the photo-current of IR d that the linearity performance of the 

readout chip is better than 95% and the maximum output swing is 1V. The maximum readout 

speed is 1.25 MHz. The frame rate is 4880 frames/sec. The total active chip power is below 

30 mW at 77K. ake the readout 

ip suitable for the IR FPA readout application with large background level range. The 

he readout circuit has been verified by HSPICE simulation and 

ent on a 16x16 format experimental chip. 

erformance and low-cost IR imaging system will be developed through 

the inventions of new 

applications of multimedia systems. Thus the proposed cryogenic CMOS readout structure 

etectors. It is shown 

The good readout performance and adaptive gain control m

ch

function and performance of t

the measurem

 

6.2  FUTURE WORK 

 

In the future, the performance of thermal imaging systems with cooled or uncooled FPA 

technologies will be further enhanced by the development of new detection methodologies 

and signal processing techniques. Moreover, the concept of military and commercial dual-use 

technology in IR imaging systems will lead to the cost-driven and application-oriented 

development. Some advanced development directions on IR imaging systems such as on-chip 

A/D conversion, optical link, background suppression, and smart-FPA concept are future 

directions. 

In this thesis, cryogenic CMOS readout techniques for infrared detector array of IR 

imaging systems are proposed and analyzed. All the structures and technologies discussed 

above have their uniqueness and features for different applications. Due to the development of 

commercial uncooled IR imaging systems and the fast advancement of submicron CMOS 

technologies, high-p

circuit techniques and structure. Moreover, the emerging technologies 

of CMOS visible-light imaging systems will share the advantages of the developed IR 

imaging systems due to their similarities. Both will be driven by rapid development and wide 
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can be further modified and designed as new techniques for the room temperature application. 

With innovative development of readout circuit, a new generation of CMOS imaging systems 

is highly expected. 
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