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ABSTRACT 

 

A NEW APPROACH TO SHUTTERLESS OPERATION OF 

MICROBOLOMETER BASED INFRARED CAMERAS 

 

 

 

Çavdar, Semih 

Master of Science, Electrical and Electronic Engineering 

Supervisor: Prof. Dr. Tayfun Akın 

 

 

February 2021, 127 pages 

 

 

This thesis presents an algorithm for the shutterless operation of microbolometer 

based infrared imaging systems. The active material of the microbolometer used in 

the thesis is vanadium oxide and it is produced in METU MEMS Center. The array 

size of the microbolometer is 480x640 and pixel pitch is 17 µm. The microbolometer 

has a CTIA type readout circuit which consists of detector and reference resistance.  

Voltage values are optimized at steady-state considering interactions between pixels 

in the focal plane array (FPA). An algorithm to find these interactions and optimum 

voltage values is proposed. Output distributions of the pixels obtained with the 

method are analyzed and residual nonuniformity (RNU) values are compared to 

standard methods which are sweep and binary search. These methods and the 

proposed algorithm are applied to five different samples. Improvement in the 

operability is observed and RNU values are decreased generally half of the value 

found with standard methods.  

A method is proposed to find optimum voltages for each 1 °C by using at least two 

calibration points although TCR of vanadium oxide material has nonlinear 
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temperature characteristics. 2-point correction, which contains gain and offset 

coefficients, is used as the software-based correction to improve the uniformity. Gain 

and offset coefficients are modeled for temperature and a way to estimate these 

coefficients is presented. Temperature drift, which is used to explain alterations in 

pixel outputs against small temperature variations, is modeled for 1 °C interval and 

the temperature drift compensation method is also proposed.  

The proposed shutterless algorithm is applied to three different microbolometers for 

the temperature range between 0 °C to 50 °C. RNU values are kept below 1% with 

the algorithm and decreased down to around 0.5% at low temperatures. The PSNR 

values calculated from infrared images are about 50 dB. Temperature drift 

compensation provides good stability at the pixel outputs and maximum shift at the 

output is observed around 6%. The proposed algorithm decreases the number of 

required calibration temperatures down to 12 from 51 which means a lower 

calibration time of around 76%. It requires lower memory space about 84% of the 

standard method by decreasing the array number from 102 to 16. The results show 

that the proposed algorithm can be used in the shutterless application for 

microbolometers. 

     

 

Keywords: Nonuniformity Compensation, Voltage Optimization for 

Microbolometers, TECless Operation of Microbolometers, Shutterless Operation of 

Microbolometers 
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ÖZ 

 

MİKROBOLOMETRE TABANLI KIZILÖTESİ KAMERALARIN 

ÖRTÜCÜSÜZ ÇALIŞMASINA YENİ BİR YAKLAŞIM 

 

 

 

Çavdar, Semih 

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği 

Tez Yöneticisi: Prof. Dr. Tayfun Akın 

 

 

Şubat 2021, 127 sayfa 

 

Bu tezde mikrobolometre tabanlı kızılötesi görüntüleme sistemlerinin örtücüsüz 

(İng. “Shutterless”) operasyonu için algoritma sunulmaktadır. Bu tezde kullanılan 

mikrobolometrenin aktif malzemesi vanadyum oksittir ve ODTÜ MEMS 

Merkezi’nde üretilmiştir. Mikrobolometre matris büyüklüğü 480x640 ve piksel 

büyüklüğü 17 µm’dir. Bu mikrobolometre detektör ve referans direncinde oluşan 

CTIA tipinde okuma devresine sahiptir.  

Gerilim değerleri denge durumunda odak düzlem matrisindeki piksellerin 

birbirleriyle olan etkileşimleri düşünülerek optimize edilmiştir. Bu etkileşimler ve 

optimum gerilim değerlerini bulmak için bir algoritma önerilmiştir. Bu metotla elde 

edilen piksellerin çıktı dağılımları analiz edilmiştir ve düzensizlik (RNU) değerleri 

tarama ve ikili arama olan standart metotlar ile karşılaştırılmıştır. Bu metotlar ve 

önerilen algoritma 5 farklı örneğe uygulanmıştır. Çalışabilirlikte iyileşme gözlenir 

ve RNU değerleri genellikle standart yöntemlerle bulunan değerin yarısı kadar 

azaltılır.  

Vanadyum oksit malzemenin TCR’si doğrusal olmayan sıcaklık özelliklerine sahip 

olmasına rağmen, en az iki kalibrasyon noktası kullanarak her 1 °C için optimum 
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gerilimleri bulmak amacıyla bir yöntem önerilmiştir. Kazanç ve ofset katsayılarını 

içeren 2 noktalı düzeltme tekdüzelik geliştirmek için yazılım tabanlı düzeltme olarak 

kullanılmıştır. Kazanç ve ofset katsayıları sıcaklığa göre modellenmiştir ve bu 

katsayıları tahmin etmenin bir yolu sunulmuştur. Küçük sıcaklık değişimlerine karşı 

piksel çıktılarındaki değişiklikleri açıklamak için kullanılan sıcaklık kayması 1 °C 

aralık için modellenmiştir ve sıcaklık kayması telafisi yöntemi de önerilmiştir.  

Önerilen örtücüsüz algoritma 0 °C ile 50 °C arasındaki sıcaklık aralığı için üç farklı 

mikrobolometreye uygulanmıştır. Algoritma ile RNU değerleri %1’in altında 

tutulmuştur ve düşük sıcaklıklarda yaklaşık %0,5’e kadar düşürülmüştür. Kızılötesi 

görüntülerden hesaplanan PSNR değerleri yaklaşık 50 dB’dir. Sıcaklık kayması 

telafisi piksel çıkışlarında iyi stabilite sağlamıştır ve çıkışta maksimum kayma %6 

civarında gözlemlenmiştir. Önerilen algoritma gerekli kalibrasyon sıcaklıklarının 

sayısını 51’den 12’e düşürür, bu da %76 civarında daha düşük kalibrasyon süresi 

anlamına gelir. Matris sayısını 102’den 16’ya düşürerek standart yöntemin yaklaşık 

%84’ü kadar daha düşük bellek alanı gerektirir. Sonuçlar, önerilen algoritmanın 

mikrobolometreler için örtücüsüz uygulamada kullanılabileceğini göstermektedir. 

 

Anahtar Kelimeler: Düzensizlik Telafisi, Mikrobolometreler için Voltaj 

Optimizasyonu, Mikrobolometrelerin TEC’siz Çalışması, Mikrobolometrelerin 

Örtücüsüz Çalışması 
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CHAPTER 1  

1 INTRODUCTION  

Infrared imaging depends on the observation of the electromagnetic waves, between 

0.7 μm and 1000 μm, emitted from the object that has a temperature above 0 K where 

the human eye cannot detect. The data taken from the objects enable the detection of 

them, in other words, infrared imaging systems convert the infrared radiation into 

observable changes. Thermal imaging systems are demanded from several areas for 

both military [1] and civilian [2] applications.   

Infrared detectors can be divided into two categories: photon detectors and thermal 

detectors. Photon detectors use the principle of interaction between infrared radiation 

and the electron inside the material. The interaction provides the construction of 

electron-hole pairs and an applied electric field into the system collects these pairs. 

Electronic circuits are used to integrate the produced current over the detector by 

these pairs. The working principle of the thermal detectors is different than the 

photon detectors. For the thermal detectors, infrared radiation increases the 

temperature of the material and this causes a change in the properties of the active 

material. The change is converted into meaningful signals with the help of electronic 

circuits. Thermal detectors can work properly at room temperature and therefore they 

are also called uncooled infrared detectors.  

There are different types of thermal detectors such as pyroelectric detectors, 

thermocouples, and microbolometers. However, microbolometers are the most 

preferred ones since they have important advantages like higher responsivity. 

Moreover, infrared modulation is not required as pyroelectric detectors and they can 

be fabricated in small size, unlike thermocouples. A rise in demand for high-quality 

microbolometers requires producing large array size microbolometers with smaller 
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pixel size [3] and higher responsivity while keeping them low cost compared to 

photon detectors. The requirements increase the importance of the capability of the 

readout integrated circuits (ROIC) and optimization of ROIC control parameters. 

Furthermore, an increase in the array size of the microbolometers causes higher 

nonuniformity between the pixels in the focal plane array (FPA) and the calibration 

procedure of the microbolometers in the operational temperature range becomes a 

challenging issue. 

The main goal of the thesis is to develop a shutterless algorithm for the high 

performance of microbolometers. The rest of the chapter gives detailed information 

about microbolometers. Section 1.1 explains the structure and operation principle of 

the microbolometers. Section 1.2 introduces the electronic circuits used for 

microbolometers. Section 1.3 gives information about the performance parameters 

of microbolometers. Section 1.4 explains the control parameters related to ROIC. 

Section 1.5 gives further information about nonuniformity between resistances of the 

pixels. Section 1.6 summarized the effect of temperature on microbolometers. 

Finally, Section 1.7 gives the research objectives and thesis organization.  

1.1 Microbolometer 

Microbolometers are one type of thermal detectors and they are used widely in 

different applications such as medicine, military, and security. They can be produced 

with the micro-fabrication process. Moreover, they are also compatible with CMOS 

technology.  

Microbolometers operate with the principle which is the conversion of incoming 

infrared radiation into the temperature change in the active material as shown in 

Figure 1-1. Increase in the temperature causes changes in the property of active 

material and this enables to observe infrared radiation. 
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Figure 1-1: Simple demonstration of microbolometers.  

Microbolometers can be divided into two categories: diode type and resistive type 

microbolometers. In the diode type microbolometers, the diode current alters with 

the temperature of the active material. Resistive type microbolometers use resistance 

to change in the active material due to temperature rise.  

1.1.1 Resistive Type Microbolometers 

Resistive microbolometers convert infrared radiation into an electrical signal with 

the help of a change in the resistance of active material concerning temperature. They 

have suspended bridges produced by micro-fabrication as seen in Figure 1-2. 

 

Figure 1-2: Simple demonstration of resistive type microbolometer pixel structure. 
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It is beneficial to increase the temperature rise in the resistance so that change in the 

resistance increases. For this reason, active detector material is deposited on top of 

the bridge. The material is highly sensitive to infrared radiation such as vanadium 

oxide (VOX) [4], amorphous silicon a-Si [5], and silicon germanium oxide (Si-Ge-

O) [6]. Since the incoming power is determined with the infrared radiation, the heat 

flown to the readout circuit causes loss in the resistance change of the active material. 

For this reason, the microbolometer structure should prevent the heat flow and it 

requires the suspended structure. Moreover, the support arms should have low 

thermal conductance to minimize heat loss. Another point is to absorb incoming 

infrared energy as much as possible. Therefore, the reflector layer is used in the 

microbolometer structure to increase the ratio of absorbed energy to incoming 

infrared energy. It is needed to convert resistance change to electrical signals with 

the help of the ROIC. This requires the electrical lines on the support arms to connect 

ROIC to the resistance of the active material. 

1.2 Main Performance Parameters of Microbolometers 

Performance of the microbolometers depends on the quality of the process, optical 

and geometrical structure of the microbolometer, and working conditions such as 

detector bias. The microbolometers are processed in different array sizes like 

160x120, 384x288, 640x480, 1024x768, and their derivatives. Large array sizes of 

microbolometers cause complex structures; therefore, they have several performance 

parameters at the material level which depends on only the process of the 

microbolometers or system level. Main performance parameters that are used widely 

to compare performances of microbolometers are divided into three groups: noise, 

responsivity, and NETD. 
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1.2.1 Noise 

Resistive type microbolometer structures composed of resistances processed by 

MEMS technology and circuits constructed by the silicon CMOS production. Both 

of these parts in the structure contribute to the noise level of the microbolometers. 

The noise in the microbolometers causes deviations in the infrared images and errors 

in the temperature of the target. For this reason, noise is one of the performance 

parameters for microbolometers.    

Noise due to electronic circuit decreases with developments in the silicon CMOS 

technology. The noise level of the ROIC structures is the order of μV/√𝐻𝑧 for large 

size microbolometers arrays like 384x288 and 640x480 [7] [8] [9] [10] [11].  

Noise contribution of the detectors to the microbolometer structure can be 

investigated in four groups: 

• Thermal (Johnson) Noise 

• Flicker (1/f) Noise 

• Temperature Fluctuation Noise 

• Background Fluctuation Noise 

The thermal motion of charge carriers in the materials creates thermal noise. This 

can be expressed in current or voltage form and can be found as: 

 

𝑟𝑖𝑛,𝑗𝑜ℎ𝑛𝑠𝑜𝑛 = √
4𝑘𝑇∆𝑓

𝑅
 𝑜𝑟 𝑉𝑛,𝑗𝑜ℎ𝑛𝑠𝑜𝑛 = √4𝑘𝑇𝑅∆𝐹 

(1.1) 

where T is the temperature in terms of Kelvin, R indicates the resistance value of the 

material,  ∆𝑓 is the bandwidth, and k is the Boltzmann constant. The noise is almost 

constant in the entire bandwidth, in other words, it does not change with the 

frequency in the given bandwidth. 
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Flicker noise occurs because of several reasons related to the material properties. It 

is dominant at low frequencies due to the relationship between the frequency and 

flicker noise. It can be expressed as: 

 

𝑉𝑛,1/𝑓 = √∫
𝑣𝑑
2𝑛

𝑓
𝑑𝑓

𝑓2

𝑓1

 

(1.2) 

where 𝑓1 and 𝑓2 are lower and upper frequencies of the bandwidth, 𝑛 is the flicker 

noise parameter, and 𝑓 is the frequency. The flicker noise parameter is material 

dependent; therefore, it is possible to say that the flicker noise is determined by the 

active material used in the microbolometer structure. It only occurs when the 

microbolometer is under bias. 

Temperature fluctuation noise occurs due to random variations in the temperature of 

the detector. When the detector is in interaction with the environment; conduction 

and radiation cause variations in the detector temperature, yielding to temperature 

fluctuation noise. It can be expressed as: 

 

𝑉𝑛,𝑡𝑓 = ℛ𝑉√
4𝑘𝑇𝐺𝑡ℎ
ղ

 

(1.3) 

where ℛ𝑉 is the responsivity of the detector, k is Boltzmann constant, T is the 

temperature, 𝐺𝑡ℎ is the thermal conductance of the material, and ղ is the absorption 

coefficient.  

Background fluctuation noise occurs due to fluctuations in the incoming infrared 

radiation from the environment. It can be expressed as: 

 
𝑉𝑛,𝑏𝑓 = ℛ𝑉√8𝐴𝐷ղ𝜎𝑘(𝑇𝐷

5 + 𝑇𝐵
5) 

(1.4) 

where ℛ𝑉 is the responsivity of the detector, k is Boltzmann constant, 𝑇𝐷 is the 

detector temperature, 𝑇𝐵 is the background temperature, ղ is the absorption 

coefficient, 𝐴𝐷 is the detector area, and 𝜎 is Stefan's constant.  
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The noise sources mainly construct the noise of the microbolometer. Total noise can 

be obtained by combining all of these noise sources as: 

 
𝑉𝑛 = √𝑉𝑛,𝑗𝑜ℎ𝑛𝑠𝑜𝑛

2 + 𝑉𝑛,1/𝑓
2 + 𝑉𝑛,𝑡𝑓

2 + 𝑉𝑛,𝑏𝑓
2  

(1.5) 

When all of the noise sources are compared to each other, it is seen that thermal noise 

and flicker noise dominate the total noise. However, it should be stated that the 

development of high-performance microbolometers increases the effect of thermal 

fluctuation noise and background fluctuation noise due to direct relation with the 

responsivity.    

1.2.2 Responsivity 

Responsivity is the ratio of conversion of output voltage or current change to 

incoming infrared radiation in microbolometers. ROIC structure determines the unit 

of the responsivity as Volts/Watts (V/W) or Amperes/Watts (A/W). In some practical 

applications, the unit of responsivity can be given as Volts/Kelvin or 

Amperes/Kelvin.  

Microbolometers can be thought of as thermal circuits as shown in Figure 1-3. 𝐺𝑡ℎ 

is the thermal conductance and 𝐶𝑡ℎ is the thermal capacitance of the microbolometer. 

Power of the circuit is provided by absorbed infrared power (ղ𝑃0(𝑤)) where ղ is the 

absorption coefficient, w is the modulation frequency, and 𝑃0is the incident infrared 

power. 

 

Figure 1-3: Thermal circuit representation of the microbolometer structure. [12] 
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Absorbed infrared power increases the temperature of the microbolometer (ΔT). The 

temperature difference can be estimated by analyzing the circuit as: 

 
∆𝑇 =

ղ𝑃0

𝐺𝑡ℎ√1 + (𝑤𝜏)2
 

(1.6) 

where ղ is the absorption coefficient, w is the modulation frequency, 𝐺𝑡ℎ is the 

thermal conductance, 𝑃0is the incident infrared power, and τ is the thermal time 

constant. The time constant can be found: 

 
𝜏 =

𝐶𝑡ℎ
𝐺𝑡ℎ

 
(1.7) 

where 𝐺𝑡ℎ is the thermal conductance and 𝐶𝑡ℎ is the thermal capacitance. 

A rise in the temperature of the microbolometers (ΔT) changes the current drawn by 

the microbolometer yielding voltage change for current biased systems and it can be 

expressed as: 

 ∆𝑉 = 𝐼𝑏𝑖𝑎𝑠𝛼𝑅𝑑∆𝑇 (1.8) 

where ∆𝑉 is the output voltage change, 𝐼𝑏𝑖𝑎𝑠 is the detector bias current, 𝑅𝑑 is the 

detector resistance, ∆𝑇 is the temperature, and 𝛼 is the temperature coefficient of 

resistance (TCR). By definition, voltage responsivity and current responsivity with 

the same idea can be found as: 

 
ℛ𝑉 = 

∆𝑉

𝑃0
=

𝐼𝑏𝑖𝑎𝑠𝛼𝑅𝑑ղ

𝐺𝑡ℎ√1 + (𝑤𝜏)2
 

(1.9) 

 

 
ℛ𝐼 = 

∆𝐼

𝑃0
=

𝑉𝑏𝑖𝑎𝑠𝛼ղ

𝑅𝑑𝐺𝑡ℎ√1 + (𝑤𝜏)2
 

(1.10) 

Responsivity contains several parameters as seen in Equation (1.9) or Equation 

(1.10) related to the material properties, micromachining quality, bias voltage, or 

current value. For high response microbolometer, TCR and absorption coefficient 

should be maximized and thermal conductance value should be lowered. Moreover, 

the bias value and duration should be increased.  
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1.2.3 Noise Equivalent Temperature Difference (NETD) 

NETD implies the minimum detectable temperature difference by the 

microbolometers. In other words, it shows the temperature difference which causes 

output change equal to the noise of the microbolometer. It can be thought of as one 

of the most important figures of merits for microbolometers and it contains almost 

all other performance parameters of the microbolometers. Moreover, some 

parameters related to the optics are included in the calculation of NETD and it can 

be found as: 

 

𝑁𝐸𝑇𝐷 =
(4(
𝑓
𝐷)

2 + 1)𝑉𝑛

𝜏0𝐴𝐷ℛ𝑉(∆P/∆T)𝜆1−𝜆2
 

(1.11) 

where f is the focal length of the detector, D is the diameter of the optic, 𝑉𝑛 is the 

total noise of the system, 𝜏0 is the transmission of the optic, 𝐴𝐷 is the detector area, 

ℛ𝑉 is the responsivity of the detector, (∆P/∆T)𝜆1−𝜆2 is the radiation power change 

of the blackbody per unit area at the temperature T.  

Microbolometer optics is generally F/1 optics which means focal length is equal to 

the diameter of the optic. Therefore, the term of 4(
𝑓

𝐷
)2 + 1 can be taken as 5. 

Moreover, microbolometers operate under long-wave infrared illumination which is 

between 8 μm and 14 μm. The term of (∆P/∆T)𝜆1−𝜆2 in the spectral band is equal to 

the 2.62 ×  10−4 𝑊/𝑐𝑚2𝐾 when the blackbody temperature is 295 K. For the sake 

of simplicity, the NETD equation can be written as: 

 
𝑁𝐸𝑇𝐷 =

5𝑉𝑛
𝜏0𝐴𝐷ℛ𝑉(2.62 ×  10−4)

 
(1.12) 

The NETD value shows the sensible temperature difference and it should be lowered. 

For this purpose, the noise of the microbolometers should be decreased and the 

responsivity of the microbolometers should be increased. However, there are some 

trade-offs between noise and responsivity values. For example, when the bias voltage 
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is increased, both noise and responsivity value increases. Therefore, to obtain low 

NETD, optimization of control parameters for microbolometers is also required. 

1.3 Readout Architectures for Microbolometers 

Readout integrated circuit (ROIC) is a significant part of the microbolometers 

making resistance change in the detector meaningful and measurable output for all 

pixels in the FPA. With the increasing array sizes and decreasing pixel pitches in the 

microbolometers, high-resolution ROICs becomes a requirement. They can be 

investigated in two parts: preamplifier circuits for microbolometers and readout 

mechanisms of pixel outputs. 

1.3.1 Preamplifier Circuit Types for Microbolometers  

Preamplifier circuits are one of the most important parts of the ROIC since they are 

responsible for analyzing resistance change in each pixel separately. Three main 

types of preamplifier circuits are explained in this part of the section.  

1.3.1.1 Bolometer Current Direct Injection (BCDI) 

BCDI type preamplifier circuits use NPN transistor to control current on the detector 

resistance. Moreover, for compensation of the infrared irrelevant current, reference 

resistance is used and it is controlled by PNP transistor as seen in Figure 1-4 [12]. 
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Figure 1-4: Simple schematic of bolometer current direct injection type of 

preamplifier circuit. 

Reference resistance is theoretically the same as the detector resistance except for 

the property of infrared blind. However, in practical applications, resistance values 

of detector and reference resistances are different due to process variations. 

Therefore, base voltages of NPN and PNP transistors should be arranged for detector 

and reference resistance values, respectively. Under no infrared illumination, 

theoretically, the integration current is zero. When the infrared illumination changes 

the resistance of the detector, the output current is collected onto the integration 

capacitance. 

BCDI type preamplifier circuit offers low noise since the noise of the BJTs is 

generally lower than the CMOS transistors and the resistance seen by the output of 

the circuit is large enough to decrease noise contribution of next stages [12]. 

However, the voltage on the integration capacitance can affect the detector and 

reference bias voltages and this creates stability problems in the structure. 
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1.3.1.2 Wheatstone Bridge Differential Amplifier (WBDA) 

Wheatstone bridge differential amplifier is composed of four resistances: two heat 

sunk resistances, one reference resistance, and one detector resistance. Voltage 

difference on the detector and reference resistance is amplified with the differential 

amplifier and the signal is collected in the output via a signal generator.  

 

Figure 1-5: Simple schematic of Wheatstone bridge differential amplifier type of 

preamplifier circuit. 

Heat sunk resistances in the WBDI preamplifier circuit are used to determine the 

voltage levels on the detector and reference resistances. The bias heating effect does 

not influence them since they are not suspended structures. In other words, they are 

thermally shorted to the substrate of the ROIC. The resistance values of heat sunk 

resistances are close to reference and detector resistances. 

Reference resistances are infrared blind resistances; therefore, they are not affected 

by incident infrared radiation. However, they have suspended structures and affected 

by the bias heating effect. This enables to compensate bias heating effect of detector 

resistance.  

The WBDI preamplifier circuits have a high common-mode rejection ratio resulting 

in low common mode noise [13]. Moreover, they are very effective in the elimination 
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of the detector bias offset [14]. However, detector bias voltage changes during the 

operation of the pixel. When the infrared illumination causes a change in the detector 

resistance, the ratio between heat sunk resistance and detector resistance alters. This 

creates non-linearity in the system. In addition to this, the deviations in the heat sunk 

resistances due to process variation directly affect the voltage values on the reference 

and detector resistances. Since there is no extra control mechanism on the voltages 

of the resistances, this cannot be compensated and it is amplified with the differential 

amplifier. The high gain of the differential amplifier is necessary to increase the 

response of the bolometer; however, the high gain property makes a small voltage 

difference, due to resistance mismatch, a considerable problem. 

1.3.1.3  Capacitive Trans-Impedance Amplifier (CTIA) 

A capacitive trans-impedance amplifier (CTIA) is composed of two CMOS 

transistors, one reference resistance, one detector resistance, and a switched 

capacitor integrated circuit as seen in Figure 1-6. Detector bias is responsible for the 

control of the current drawn by the detector resistances. The same principle is true 

for the reference resistance with the help of the reference bias. Reference resistance 

is used to compensate bias heating effect of the detector resistance like in the BCDI 

and WBDA type preamplifiers. Ideally, currents drawn by the detector and reference 

resistances are equal to each other, and the integration current can be obtained as 

zero. Under infrared illumination, detector resistance decreases due to negative TCR 

of active material in the bolometer, and detector current increases. The extra current 

is integrated by the switched capacitor integrated circuit, yielding output voltage.  
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Figure 1-6: Simple schematic of the capacitive trans-impedance amplifier type 

preamplifier circuit. 

CTIA is the most preferred preamplifier circuit due to several advantages compared 

to other preamplifier circuit types [15] [16] [17]. It has high sensitivity and 

suppresses line parasitic capacitor effects especially in large format arrays. 

Moreover, it provides stability in the voltage of the detector resistance as opposed to 

the BCDI type preamplifier circuit. The detector current is proportional to both the 

source-to-gate voltage of the PMOS transistor and the difference between the supply 

voltage and the source voltage of the PMOS. For this reason, when the detector 

resistance is decreased by the infrared illumination, the detector current is increased 

yielding to an increase in the source-to-gate voltage. However, since the gate voltage 

of the PMOS is constant and given by the externally, higher current increases the 

source voltage of the PMOS. This increase, therefore, decreases the voltage on the 

detector due to constant supply voltage. As a result, the current value is pushed to be 

decreased. This situation lowers the variation in the detector current due to infrared 

illumination and provides stability in the detector voltage. However, it reduces the 

responsivity of the detector.  
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1.3.2 Readout Operation of Pixel Outputs 

ROICs for microbolometers are developed continuously to make the performance of 

the microbolometer based infrared cameras detector limited [18] [19] [20] [21] [22]. 

Moreover, large format sizes and small pixel pitches make the ROIC design for 

microbolometers a challenging issue. Therefore, the microbolometer readout 

structure can be changed concerning the design of the ROIC; however, there are 

some main parts in each microbolometer ROIC as seen in Figure 1-7.  

 

Figure 1-7: Demonstration of the top-level block diagram for microbolometer 

ROIC. 

The digital controller circuit in the ROIC is responsible for the construction of 

necessary digital signals such as integration time, row selection, etc. It is not possible 

to read all pixel outputs at the same time. Therefore, the read operation is done 

consecutively and the digital controller circuit arranges this, which is also true for 

the bias mechanism of the pixels. Moreover, determination of bias time, bias voltage 

value, column readout gain, and timings such as line time and sampling times is done 
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by the digital controller circuit. For these reasons, the digital controller circuit is 

connected to all blocks in the microbolometer ROIC to adjust the required timing 

and values. These adjustments should be done to work the ROIC properly and 

optimize the performance of the microbolometer to data externally. The data is 

generally sent from an FPGA board and this situation requires a programming 

interface in the ROIC. Therefore, the digital controller circuit works in collaboration 

with the programming interface. The programming interface is a generally serial 

peripheral interface (SPI) [20] [23] or LVDS interface [19].  

The detector array is composed of detector resistance processed by MEMS 

technologies. ‘M’ and ‘N’ indicate the row and column numbers, respectively. The 

size of the detector array can change a lot for design and application.  

Reference array is another block in the ROIC design and electrical characteristics of 

reference resistances are very similar to the detector resistances. The difference is 

the thermal and infrared characteristics to eliminate the bias heating effect. Reference 

resistances are shared by detector resistances, in other words, it is not produced a 

reference resistance for each detector resistance due to limitations in the layout area. 

‘m’ and ‘n’ show the array size of reference resistances in terms of row and column, 

respectively. The array size is much lower than the one for the detector array. The 

main drawback of the structure is that the anomalies in the reference resistances due 

to the process variations are shown in many pixel outputs because of the sharing 

mechanism. Moreover, thermal time constants of the reference resistances should be 

arranged to prevent them from overheating or burned during the imaging. Therefore, 

the array size of the reference resistance plays a crucial role to obtain high-

performance microbolometers, and optimization is needed to use enough layout area 

without degrading the performance of the microbolometer in the case of process 

anomalies. In some enhanced ROIC structures [12], reference selection is possible 

to decrease the dead pixel ratio in the FPA. These structures enable to use of only 

functional reference resistances during operation. 



 

 

17 

The bias generator produces required currents and voltages for other blocks in the 

ROIC. The number of the external bias source is minimized in the ROICs to decrease 

the noise level and variation between bias values. The challenge in the design of the 

bias generator is to make it supply and temperature independent. It is divided into 

two sub-blocks: voltage DACs and current DACs [24]. In some ROICs [12], these 

blocks are also divided concerning target blocks such as low noise voltage DAC.     

The column readout is responsible for the conversion and transmission of 

differentially integrated output current into the output voltage. It is shared in all 

pixels for each column in the FPA. It is composed of three main parts: an integrator 

circuit, a sample-hold circuit, and an output buffer. The integrator circuit collects the 

differential current which is coming from the preamplifier circuit during the 

integration time at the output stage of the op-amp as seen in Figure 1-8. 

 

Figure 1-8: Schematic demonstration of integrator circuit used in microbolometer 

ROICs. 

The output of the integrator circuit is connected to a sample-hold circuit to keep the 

integrated current on the capacitor. The voltage is sent to the output stage of the 

ROIC via the output buffer system only when the column is selected by the digital 

controller circuit where the columns are selected consecutively. An output buffer 

system is used to prevent charge sharing effects. The analog outputs are generally 

converted into digital data by the external ADC or ASIC in the imaging systems. 
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However, in some ROIC designs [25], ADC is implemented into the ROIC to noise 

optimization and reduce the complexity of the imaging system. 

1.4 Control Parameters for CTIA Type ROICs 

Conventional CTIA type ROICs collect the current difference between detector and 

reference branch at the output after integrating it. During the procedure, 

modifications in the structure can increase the performance of the microbolometer 

camera. For this reason, some control parameters are implemented into these types 

of ROICs. The parameters can be analyzed as two groups: the integration time and 

bias on the active detector resistance. 

Integration time indicates the duration of the voltage on the active detector 

resistances for each frame. When the integration time increases, the collected current 

difference at the output increases and this causes higher noise and response. 

However, an increase in the response is dominant to one for noise [26]. At this point, 

it can be seen as reasonable to make integration time as high as possible to obtain 

high-performance microbolometers as shown in Figure 1-9.  

 

Figure 1-9: Effect of integration time on noise equivalent difference of temperature 

(NEDT) [27]. 
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Integration time is limited by frame time and array size of the microbolometer FPAs 

although it should be increased for higher performances. During the operation of 

microbolometer cameras, biasing and reading operations of all pixels in the FPA 

should be performed for each frame.  Generally, the frame time of the 

microbolometer cameras is 30 but some studies are performed to obtain high-speed 

cameras that work with 60 FPS [28]. Moreover, the frame time is also limited by the 

thermal time constant and the balance between these parameters should be arranged 

to increase microbolometer performance.  

Bias on the detector resistance is another important control parameter of the ROIC 

which affects the microbolometer performance. Since active materials of the 

microbolometers have negative TCR, current bias is preferred to stabilize the system. 

In the CTIA type ROICs, the current bias is controlled via transistors as explained in 

Capacitive Trans-Impedance Amplifier (CTIA). The current drawn by the reference 

resistance does not affect the performance and it is used only bias heating 

compensation. Indeed, the current drawn by the reference resistance can affect the 

total noise of the microbolometer but it can be negligible. The reference current is 

set to almost the same as the detector current, which has a great impact on the 

performance. Like the integration time, the performance of the microbolometer 

increases with the bias as seen in Figure 1-10. 
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Figure 1-10: Effect of pixel bias on noise equivalent temperature difference 

(NETD) [29]. 

Detector resistance bias is limited with the ROIC features and active pixel structures. 

The current on the detector resistance should be maximized without burning the 

active pixel structure in the range of ROIC capabilities. Moreover, some extra factors 

restrict bias such as variations in resistances over FPA. They will be explained in the 

following section. 

1.5 Resistance Nonuniformity 

Resistance values in the FPA are optimized in the process of microbolometers to 

obtain higher performance. In theoretically, optimum detector resistance is 

determined and reference resistance is designed concerning the detector resistance 

[30]. However, resistance values alter due to inevitable nonuniformities in the 

process as seen in Figure 1-11. Therefore, producing uniform resistances via FPA is 

a challenging issue as much as optimizing the microbolometer pixel process.  



 

 

21 

 

Figure 1-11: Detector resistance distribution of vanadium oxide microbolometer 

array (640x480) produced in METU MEMS Center. The pixel pitch is 17 µm. 

The value of reference resistance should be the same as the detector resistance values 

but they should be infrared blind. However, there is nonuniformity between 

reference resistances like detector resistances. A reference resistance is needed for 

each detector resistance in the CTIA type ROICs. However, the number of reference 

resistances is much smaller than detector resistances in microbolometer FPAs due to 

size constraints and they are shared during imaging application. This situation 

increases the importance of uniformity in reference resistances. 

The number of reference resistances can change with the design of the ROIC. One 

reference resistance for each column can be used consecutively [31] or the number 

may be more than one for each column [30]. Since shared reference resistances are 

biased much more times from detector resistances in a frame, the heating mechanism 

should be optimized concerning the number of used reference resistance. In the study 

completed in METU MEMS Center [30] in 2008, the effect of the reference 
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resistance number is analyzed in terms of the heating mechanism as seen in Figure 

1-12. It is seen that heating behaviors of the reference resistances vary even if their 

thermal conductance values are almost the same. A higher number of reference 

resistances improve thermal stability yielding better uniformity. However, reference 

resistance variations increase with the number of reference resistances and this 

affects the uniformity negatively. Therefore, it is reasonable to produce a higher 

number of reference resistances than the required number and make selections from 

them. 

 

Figure 1-12: Reference resistance temperature change to the number of reference 

resistance used during imaging. The reference resistances have almost the same 

thermal conductance which is 20x10-7 nW/K [30]. 

Nonuniformities due to resistance variation in detector and reference resistances 

should be compensated before imaging. The compensation method aims to make all 

output pixel currents equal when there is no infrared illumination. There are several 

methods of compensation such as bias heating [32] and voltage regulation for each 

pixel. The purpose of the bias heating compensation method is to make all resistance 

values equal with the help of external CMOS resistances and heating the resistances. 
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In the study developed in METU MEMS Center [32], it is reported that the bias 

heating compensation method is equal to 13-bit DAC. On the other hand, voltage 

regulation methods aim to set each pixel bias concerning its resistance value. In the 

scope of the thesis, voltage regulation methods are investigated.  

Voltage arrangements are controlled with the help of DACs [12] [24] [33] [34] for 

voltage regulation methods. For each pixel, the voltage which controls the current 

drawn by detector resistance is set to the optimum value. A memory that stores these 

optimum values can be implemented into the ROIC for small format arrays such as 

160x120. Moreover, the calibration can be done automatically for these ROICs with 

the modification in the digital controller [35] [36]. The working principle depends 

on observing a uniform scene and save these images. Pixel bias values are updated 

by using these images and the procedure is repeated until the nonuniformity of the 

output distribution reaches the desired value. However, in large format arrays such 

as 640x480, external memory is required due to size constraints. The calibration data 

is saved into the external memory with the help of the interface of the ROIC. 

Performance of the compensation depends on the resolution of DACs responsible for 

bias voltages. To obtain high performance, it is beneficial to design DACs which 

have a small step size. However, the higher resolution of the DACs causes a larger 

layout size and higher power consumption. In addition to this, the noise contribution 

of the DACs increases with the resolution and this increases the minimum obtainable 

NETD of the microbolometer. To solve the problem, two-stage DACs are developed 

[12]. The first stage of the DAC determines the minimum and maximum voltages of 

the second stage of the DAC. These DACs are controlled consecutively to find 

optimum points for each pixel. However, finding optimum points for large format 

array microbolometers is another challenging issue. There are two conventional 

methods to find these optimum values which are the sweep method and binary search 

method [37]. These methods and the proposed method will be explained and 

analyzed in CHAPTER 2. 
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Two-stage DACs provide fine-tuning for the pixel bias values; however, all of the 

pixel outputs cannot be at the desired value. Since it is not possible to give exactly 

the required bias values for pixels due to the nature of DACs, which is called 

quantization error. Additionally, there may be wrong calculations in the process of 

finding the optimum bias values. Therefore, after estimating optimum bias values for 

the pixels, software-based corrections are applied to obtain higher uniformity before 

imaging. Residual nonuniformity (RNU) is mostly preferred as a performance 

criterion for uniformity. To calculate RNU value, the mean of the pixel output 

histogram should be calculated firstly and it can be expressed as: 

 
𝑂𝑢𝑡𝑚𝑒𝑎𝑛 =

∑ ∑ 𝑌𝑖,𝑗
𝑛
𝑗=1

𝑚
𝑖=1

𝑚 ∗ 𝑛
 

(1.13) 

where 𝑚 and 𝑛 are row and column numbers in the FPA respectively, 𝑌𝑖,𝑗 indicates 

the pixel output at the column 𝑗 and row 𝑖, and 𝑂𝑢𝑡𝑚𝑒𝑎𝑛 shows the mean of the 

output histogram. After this, the standard deviation of the pixel output histogram 

should be found and it can be shown as: 

 

𝑆 = √
∑ ∑ (𝑌𝑖,𝑗 − 𝑂𝑢𝑡𝑚𝑒𝑎𝑛)2

𝑛
𝑗=1

𝑚
𝑖=1

𝑚 ∗ 𝑛
 

(1.14) 

where 𝑆 is the standard deviation of the histogram. Finally, RNU can be found as: 

 
𝑅𝑁𝑈 =

𝑆

𝑂𝑢𝑡𝑚𝑒𝑎𝑛
 

(1.15) 

PSNR is another performance criterion for uniformity and it can be calculated as: 

 
𝑃𝑆𝑁𝑅 = 10 ∗ 𝑙𝑜𝑔10(

(2𝑘)2

1
𝑚 ∗ 𝑛

∑ ∑ (𝑍𝑖,𝑗 − 𝑍𝑖,𝑗
′ )2𝑛

𝑗=1
𝑚
𝑖=1

) 
(1.16) 

where 𝑘 is the number of bits at the output,  𝑍𝑖,𝑗 is the reference image, and 𝑍𝑖,𝑗
′  is 

the estimated image. It is used to analyze the performance of the algorithm by using 

real infrared images. 

Conventional software-based corrections can be divided into two categories: 1-point 

correction and 2-point correction [38]. It is important to state that software-based 
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corrections improve only image quality and there is no effect on the performance 

parameters of the microbolometer. 

1-Point correction, also known as offset correction, brings all pixel outputs to the 

same point by adding or subtracting values from pixel outputs. The target value is 

generally the mean value of the output distribution but it can be set at any point for 

the application. For calculation of the offset values, the microbolometer is exposed 

to uniform infrared illumination via blackbody or closing the lid of the camera lens. 

Many frames are saved at this condition and the average of them is saved, which is 

called a dark image. The purpose is to prevent high errors in the calculation due to 

the noise of the pixel outputs. The dark image can be expressed as: 

 
𝐷𝑖,𝑗 =

∑ 𝑅𝑖,𝑗
𝑛
1

𝑛
 

(1.17) 

where 𝐷 and 𝑅 indicate the dark and raw images respectively, 𝑖 and 𝑗 are row and 

column numbers of the pixel, and 𝑛 is the number of frames taken. After the dark 

image is obtained, the pixel output values are subtracted from the target value which 

the pixel outputs are desired to be collected at, and therefore offset values are 

calculated. The expression for 1-point correction can be shown as: 

 𝑂𝑖,𝑗 = 𝑇 − 𝐷𝑖,𝑗 (1.18) 

where 𝑇 indicates the target value which is the same for all pixels and 𝑂𝑖,𝑗 indicates 

the offset value for the pixel. 

1-Point correction assumes that response values of the pixels in the FPA are constant. 

Therefore, the quality of the correction strongly depends on the response distribution 

of the FPA. To handle this issue, a 2-point correction method is used and it consists 

of gain and offset correction. Two calibration points which are uniform infrared 

illumination at different temperatures are needed for 2-point correction as seen in 

Figure 1-13. 
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 (a)    (b)    (c) 

Figure 1-13: (a) Output of different pixels for infrared power, (b) output curves after 

1-point correction is applied, and (c) output curves after 2-point correction is applied 

[39]. 

Dark images are saved for 2-point correction in the same way as the 1-point 

correction. After this, frames against uniform infrared illumination higher than dark 

case are saved additionally and the average of them is calculated, which is called a 

flat image. Firstly, gain coefficients of pixels are calculated by using the difference 

between dark and flat images. It can be shown as: 

 

𝐺𝑖,𝑗 =

1
𝑚 ∗ 𝑛

∑ ∑ (𝐹𝑖,𝑗 − 𝐷𝑖,𝑗)
𝑛
𝑗=1

𝑚
𝑖=1

𝐹𝑖,𝑗 − 𝐷𝑖,𝑗
 

(1.19) 

where 𝐷 and 𝐹 indicate the dark and flat images respectively, 𝑚 and n are the number 

of rows and columns in the FPA; 𝑖 and 𝑗 are row and column numbers of the pixel, 

and 𝐺 shows gain of the pixel. After the gain array is calculated, the offset array is 

calculated using a dark or flat image, and the expression is written as: 

 𝑂𝑖,𝑗 = 𝑇 − 𝐺𝑖,𝑗 ∗ 𝐷𝑖,𝑗 (1.20) 

where 𝑇 indicates the target and 𝑂𝑖,𝑗 indicates the offset value for the pixel. During 

imaging, raw pixel outputs are modified as: 

 𝑌 = G ∗ R + O (1.21) 

2-point correction provides high uniformity because of response difference 

compensation. The quality of the correction degrades when the difference between 

calibration scene temperatures and observed scene temperature is increased due to 

the nonlinear response characteristic of microbolometer arrays and therefore some 
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improved 2-point calibration methods are developed [40]. However, in the scope of 

the thesis, the 2-point calibration method is used as the software-based correction.  

1.6 Effect of Temperature on Calibration Parameters of Microbolometers 

Microbolometer structures are designed as highly sensitive to temperature so that 

response of the microbolometer becomes high and active materials are optimized to 

obtain high TCR values. Although these optimizations improve microbolometer 

performance, the effect of microbolometer temperature change on the pixel outputs 

increases. For CTIA type ROICs, pixel output depends on the current difference 

between the detector and reference resistances. It can be expressed as: 

 
𝐼𝑜𝑢𝑡 = 𝐼𝑑𝑒𝑡 − 𝐼𝑟𝑒𝑓 =

𝑉𝑑𝑒𝑡
𝑅𝑑𝑒𝑡

−
𝑉𝑟𝑒𝑓

𝑅𝑟𝑒𝑓
 

(1.22) 

where 𝐼𝑜𝑢𝑡 is the output current before integration procedure, 𝐼𝑑𝑒𝑡 and 𝑉𝑑𝑒𝑡 are the 

detector resistance current and voltage respectively, and 𝐼𝑟𝑒𝑓 and 𝑉𝑟𝑒𝑓 are the 

reference resistance current and voltage respectively. When the temperature of the 

microbolometer is changed, the new output current can be shown as: 

 
𝐼𝑜𝑢𝑡
′ = 𝐼𝑑𝑒𝑡

′ − 𝐼𝑟𝑒𝑓
′ =

𝑉𝑑𝑒𝑡
𝑅𝑑𝑒𝑡(1 + 𝛼𝑑𝑒𝑡)∆𝑇

−
𝑉𝑟𝑒𝑓

𝑅𝑟𝑒𝑓(1 + 𝛼𝑟𝑒𝑓)∆𝑇
 

 

(1.23) 

where 𝐼𝑜𝑢𝑡
′  is the output current at the new microbolometer temperature, 𝛼𝑑𝑒𝑡 and 

𝛼𝑟𝑒𝑓 are TCR values of detector and reference resistances respectively,  𝑅𝑑𝑒𝑡 and 

𝑅𝑟𝑒𝑓 are resistance values of detector and reference, and ∆𝑇 is the temperature 

change for the microbolometer. Although the active material of detector and 

reference resistances is the same, differences in TCR values of them are observed 

due to process variations. Moreover, variations in the process cause resistance 

differences between the detector and reference resistances. Therefore, pixel outputs 

are affected strongly by the microbolometer temperature.   
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Thermoelectric coolers (TECs) are used to stabilize microbolometer temperature, 

however, TECs increase size, cost, and especially power consumption of 

microbolometer camera. Due to these disadvantages, TECless microbolometer 

cameras are developed. This requires the compensation of output change because of 

the microbolometer temperature change. These algorithms contain many parameters 

since the output change of pixels to the temperature depends on both resistances and 

their TCR values.  

Compensation methods have been studied a lot in recent years and different 

approaches are proposed. These methods can be grouped as seen in Figure 1-14. 

 

Figure 1-14: Groups of compensation methods for output change due to 

temperature variations. 

ROIC based compensation methods depend on the feedback mechanism from the 

extra feedback loop and extra resistances in the readout architecture [41] [42]. The 

main drawback of these algorithms is an inevitable increase in the noise of the ROIC 

due to implemented extra features that limits the minimum obtainable NETD. 
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Moreover, these extra features increase the complexity and size of the ROIC. For 

this reason, algorithm-based compensation methods are more preferable.   

Algorithm-based compensation methods can be divided into two categories as seen 

in Figure 1-14 which are shutter dependent and shutterless. For shutter dependent 

algorithms, pixel bias values are calculated at initial conditions. Additionally, gain 

coefficients can be calculated and kept constant for all temperature ranges. After this, 

an opaque shutter is used to calculate offset coefficients. When the shutter is closed, 

several frames are saved, and the average of them is calculated. The average is 

multiplied with the gain initially and subtracted from the desired output. After this, 

the shutter is opened and the thermal camera starts imaging. The procedure is 

repeated periodically to update offset coefficients [43]. It is important to calibrate 

the use of the shutter since dark conditions cannot be obtained exactly with the 

shutter. Therefore, some studies are performed such as using multiple temperature 

sensors on the optical path between the detector and the shutter [44]. It provides high 

uniformity thanks to periodic calibration; however, frames are lost when the shutter 

is closed. Moreover, a decrease in the number of shutter use results in worse 

uniformity. The use of a translucent shutter is proposed instead of an opaque shutter 

to prevent frame loss due to calibration [45]. However, in the study, the performance 

of the compensation is lower than compared with the ones which use an opaque 

shutter. In addition to this, the complexity of the compensation algorithm is increased 

considerably due to the contribution of external infrared illumination during 

calibration. In other words, to improve the efficiency of the algorithm, the scene of 

the camera should be stationary while the calibration phase. In addition to these 

drawbacks, the use of a shutter increases power consumption and the size of the 

camera significantly. Therefore, shutterless algorithms are developed to prevent 

frame loss and reduce power consumption and the size of the camera. Nevertheless, 

shutter-dependent TECless cameras are used in many applications where frame loss 

is not much important thanks to high performance. 

Frame lost cannot be acceptable in some application fields such as security, military, 

etc. For this reason, shutterless thermal cameras are developed. Moreover, they are 
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more suitable for the systems in which small size or power consumption of the 

camera is more important than the performance of uniformity. They estimate 

software-based correction parameters concerning the temperature of the 

microbolometer to enable continuous imaging without frame loss by degrading the 

uniformity as small as possible when compared to the shutter dependent TECless 

cameras. They can be grouped as calibration-based, scene-based, and both 

calibration and scene-based as shown in Figure 1-14. 

Calibration based algorithms use correction parameters which are found at different 

temperatures of the microbolometer with the experiments. The simplest method is to 

save these correction parameters into the memory and use them concerning the 

temperature of the microbolometer. There is an inverse relationship between the 

number of correction data in the memory and output nonuniformity. This situation 

results in the requirement of large memory in the microbolometer camera core. 

Moreover, experiment time is increased considerably when the number of correction 

data is increased. For these reasons, improved calibration-based algorithms depend 

on the idea of modeling correction parameters with acceptable error rate after the 

minimum number of experimentally measured correction data.  

Modeling of correction parameters strongly depends on the active material 

characteristics of the microbolometer. Vanadium oxide (VOx) and amorphous silicon 

(a-Si) are used as an active material for the microbolometers [46]. Vanadium oxide 

provides high TCR yielding to high responsivity however temperature dependency 

of the TCR is complex due to temperature-dependent activation energy. On the other 

hand, amorphous silicon is more suitable for shutterless applications although its 

TCR is lower than vanadium oxide. Since amorphous silicon has almost constant 

activation energy, the TCR of the material can easily be fitted into the Arrhenius 

equation [47]. When the TCR information is fitted with a small error, it is easy to 

estimate resistance values at different temperatures and therefore optimization 

process for bias values and software-based corrections becomes straightforward. 

However, in the thesis, software-based correction parameters are optimized for 

vanadium oxide type microbolometer cameras due to their high performance. 



 

 

31 

Calibration based algorithms have been developed with different perspectives over 

the years. In 2009, offset parameters are estimated by fitting the measured offset 

values at certain points into second-order polynomial function in the temperature 

range from 23 °C to 35 °C for the microbolometer [48]. The residual nonuniformity 

(RNU), which is the ratio of standard deviation into the mean of the output 

histogram, is kept below 1%. However, in the work, when the temperature range is 

raised (between 10 °C and 45 °C), the fit equation gives a high error although the 

polynomial function is changed into the third order. In 2015, microbolometer 

response is modeled as a second-order polynomial function, and offset estimation is 

done by fitting the coefficient for the first order of the function into the linear 

function to temperature [49]. The linear regression is not applied to all pixels, in 

other words, it is done globally. Obtained uniformity results are compared with the 

one which is found by using shutter dependent algorithm and it is seen that RNU 

value is increased up to almost twice of the value with shutter when the blackbody 

is 25 °C. Moreover, the RNU is getting worse when the scene temperature changes. 

In addition to this, column-based nonuniformities are observed due to mismatches 

of the reference resistances. This shows that the performance of global linear 

regression for the fit depends on the reference resistance uniformity. Nevertheless, 

the algorithm is easy to implement into microbolometer cameras and suitable for 

real-time application due to its simplicity in the fitting. In 2016 [50], offset 

coefficients are fitted into the third-order polynomial functions for improved thermal 

camera compared to the camera in the study performed in 2009. In addition to this, 

three temperature sensors are placed into the camera housing at different locations. 

The coefficients of polynomial functions are also modeled to data collected from 

temperature sensors. Although significant improvement in the uniformity is 

observed when the number of coefficients for each pixel is increased, a huge number 

of coefficient arrays requires huge memory and an extremely long calibration time. 

Offset and gain coefficients are fitted into the linear equations from -10 °C to 50 °C 

for microbolometer temperature in the study in 2017 [51]. No performance parameter 

for the uniformity is given and obtained images with the improved algorithm are 
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compared with the standard case which does not contain any temperature change 

compensation method. The images indicate that the algorithm improves the 

uniformity; however, the stability of the algorithm with a wide temperature range is 

not given. Moreover, there is no information given about the active material of the 

camera whereas TCR characteristics of the active materials play an important role in 

the error in the fit equation. In the other study done in 2017 [52], the piecewise 

interpolation method is used to estimate offset coefficients. Experimentally 

calculated offset arrays for each 5 °C are stored in the memory for the temperature 

range between -40 °C and 60 °C. Results show that RNU values can be kept below 

1% ignoring some points for the given temperature range. However, the images from 

which RNU values are calculated are taken in dark conditions and there is no 

information is given when the scene temperature dependency of the algorithm. In 

addition to this, there is no information about bias optimization and the active 

material of the microbolometer. In summary, calibration-based compensation 

methods have been improved continuously to obtain closer uniformity performance 

to the shutter dependent compensation methods although analysis for these methods 

are time-consuming and require measurement systems such as blackbody and 

temperature chamber.  

Scene based algorithms depend on the calculation of correction parameters 

continuously according to change in the scene. In other words, the working principle 

can be explained that scene movements are analyzed statistically to determine offset 

correction continuously.  Temperature drift can be compensated immediately thanks 

to continuous recalibration process; however, they are sophisticated compared to 

calibration-based algorithms and suffer from stripe noise and ghosting artifacts 

which is can be explained as a shade of the objects remains in the image whereas the 

object moves in the scene. Special operations are needed in the algorithm in order to 

decrease these artifacts [53] [54] [55] [56] [57]. Although the operations reduce the 

degradation of these artifacts in the uniformity, they make the algorithms more 

complex.  
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There are some studies about a combination of calibration based and scene-based 

algorithms. Firstly, correction parameters are estimated with the number of 

calibration data and after this, scene-based algorithms are applied to reduce error in 

the estimation of the parameters [58] [59] [60]. However, real-time estimation of 

parameters with additional scene-based algorithms makes the algorithms complex 

and hard to implement for imaging systems.  

A calibration-based shutterless algorithm is preferred in the thesis due to suitable for 

real-time application and independence from the scene. Details of the proposed 

algorithm will be explained in CHAPTER 3. 

1.7 Research Objectives and Thesis Organization 

Throughout this section, operating principles of microbolometer imaging systems 

and performance criteria related to these systems have been discussed. An increase 

in the array size makes compensation of nonuniformity between pixel outputs more 

difficult and significant. Moreover, small size and low power requirements for 

microbolometer cameras result in the necessity of improved TECless and shutterless 

systems. Purpose of the thesis work is to provide shutterless algorithm without 

degradation of performance significantly for the microbolometer which has 17 µm 

pixel pitch and 640x480 array size. For this reason, the proposed algorithm should 

contain: 

• An algorithm to find optimum digital input values for DACs which are 

responsible for the biasing to decrease output nonuniformity as much as 

possible.  

• Software-based corrections to keep output nonuniformity as low as 

possible in the operational temperature range of the microbolometer. 

• Update in optimum digital input values for the DACs and software-based 

correction parameters with respect to temperature of the microbolometer to 

compensate for the effect of temperature change. 
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Organization of the thesis can be explained as: 

CHAPTER 2 mentioned about optimization of the microbolometer for 

uniformity at the steady-state case, in other words, when the temperature is 

stabilized. The optimization contains an algorithm to find optimum digital 

inputs of the DACs and software-based correction. These algorithms are 

written and developed in Matlab. In addition to this, the section includes 

improvement in the uniformity with the proposed algorithm for different 

microbolometers.  

CHAPTER 3 shows the effect of temperature on the uniformity and explains 

the algorithm to estimate digital input values for the DACs and software-based 

correction parameters to lower the output nonuniformity. Moreover, results 

obtained from different microbolometers related to the output uniformity when 

the proposed algorithm is applied are compared in the section. Matlab is used 

to apply the algorithms and calculate performance parameters of the 

uniformity. 

CHAPTER 4 gives a summary of the thesis works and mentions what should 

be done to improve uniformity in the future.  
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CHAPTER 2  

2 UNIFORMITY OPTIMIZATION AT STEADY STATE CASE 

The microbolometer camera in the thesis uses a CTIA type readout circuit as seen in 

Figure 2-1. Array size of the microbolometer is 640x480, which means there are 640 

columns and 480 rows in the FPA and the pixel pitch is 17 µm. Integration time can 

be controlled and increased up to 50.3 µs and reference voltage for the op-amp is 

controlled with DAC. Moreover, the circuit has two-stages DACs to control bias 

voltages for detector and reference resistances, and the output voltage is converted 

into digital values via 14-bit external ADC.  

 

Figure 2-1: Pixel readout circuit of the microbolometer which is used in the thesis. 
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All measurements in the chapter are done with the setup as shown in Figure 2-2. The 

microbolometer is placed into the PCB which is designed for microbolometer 

measurements and located inside of the Dewar. Frame grabber cable is used to 

provide communication between the microbolometer and computer with the help of 

the FPGA board which is also configurated for the microbolometers. The power 

supply gives the required voltages to work components properly. The vacuum pump 

is used to create a vacuum environment for the microbolometer due to its suspended 

structure. TEC controller enables to set the temperature of the microbolometer into 

the desired temperature between 0 °C and 50 °C. The microbolometer is controlled 

via software developed by Mikro-Tasarim.  

 

Figure 2-2: Measurement setup for microbolometers configurated in METU MEMS 

Center. 
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Integration time indicates the duration of pixel bias and the effect of resistance 

nonuniformities between pixels increases with the integration time. In other words, 

there is an inverse relationship between the output uniformity and the integration 

time. However, it is known that an increase in the integration time improves the 

NETD performance of the microbolometer as seen in Figure 2-3. Therefore, all 

measurements shown in the thesis are performed when the integration time is 

maximized whereas it makes nonuniformity compensation harder. 

 

Figure 2-3: Effect of the integration time on output nonuniformity and NETD. 

Detector and reference resistances vary because of process variations as seen in 

Figure 2-4. Since the integration time is maximized, even small resistance 

differences create significant output differences. To compensate the nonuniformity, 

two-stages DACs are implemented in the ROIC. The DAC responsible for reference 

resistances are applied to all FPA, in other words, one two-stage DAC is 

implemented to control the bias on reference resistances. The DAC which is 
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implemented for detector resistances has a different mechanism as the first stage of 

the DAC is applied to all detector resistances in the FPA and the second stage of the 

DAC enables the application of different biases for each pixel to compensate pixel 

to pixel resistance nonuniformity. In addition to these two-stages DACs, the ROIC 

is capable of reference selection. There are 640x12 reference resistances are 

produced in the process of the microbolometers and this provides 12 reference 

resistances for each column of the FPA. At least 4 reference resistances should be 

used for each column to protect the resistances from overheating. The selection can 

be arranged to improve the uniformity and performance of the microbolometer. 

 

Figure 2-4: Detector and reference resistance distributions of the microbolometer at 

20 °C produced in METU MEMS Center.   

2.1 Standard Optimization Algorithms for Bias DACs 

The calibration procedure of bias voltages (NUC voltages) consists of several steps. 

The first step is to determine the first stage of the DAC for detector resistances 

regarding the detector resistance distribution and the relation between the bias and 

NETD. Bias should be maximized to obtain higher NETD however the resistance 
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differences cause a decrease in the mean of the bias values. Therefore, the first stage 

of the DAC should be arranged to keep detector bias as high as possible while 

ensuring that all pixels can be biased well in the determined bias range. After this, 

the second stage of the DAC for detector resistances are set to half of its maximum 

value for all pixels, and stages of the DAC for reference resistances should be 

determined to get the mean of the output histogram into the desired point which is 

determined as 9000 analog-to-digital unit (ADU). This step aims to make the mean 

value of the second stage of the DAC for detector resistances half of its maximum 

value and the reason for this depends on the effects of temperature change which will 

be explained deeply in CHAPTER 3. At this point, the obtained output distribution 

can be shown in Figure 2-5. 

 

Figure 2-5: Output histogram of the microbolometer at 20 °C produced in METU 

MEMS Center before calibration of the second stage of DACs for detector 

resistances. 

The microbolometer used in the work has an 8-bit DAC for the second stage of the 

DAC for detector resistances. The calibration procedure of the stage requires finding 

the optimum value for each pixel. Since it is not possible to find these points by hand, 

an algorithm is needed. Two conventional methods are used to find them: the sweep 

method and the binary search method [37].  
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2.1.1 Sweep Method 

The sweep method depends on the idea that giving of bias values into all pixels 

consecutively and finding optimum values. The algorithm of the sweep method can 

be shown in Figure 2-6. 

 

Figure 2-6: The algorithm of sweep method for a pixel in the FPA when n bit DAC 

is used to calibration. 

All pixels are biased with the minimum DAC value initially and the bias is increased 

step by step until its final value [37]. During the progress, pixel outputs are observed 

and DAC values for each pixel where the output is closest to the desired point are 

saved as shown in Figure 2-7. 
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Figure 2-7: Selected pixel outputs for the microbolometer during calibration of the 

second stage of DACs for detector resistances with the sweep method. 

The optimum points found with the sweep method are saved into the memory. After 

this, bias values in the memory for the pixels are applied, and new output distribution 

is shown in Figure 2-8. 

 

Figure 2-8: Output histogram of the microbolometer at 20 °C when the bias values 

are found with the sweep method. 
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2.1.2 Binary Search Method 

The binary search methods work differently from the sweep method and it requires 

the ability to apply bias voltages for pixels differently at the same time. If these 

voltages can only be given with the help of the memory, this results in saving data 

into the memory for each step and this increases calibration time significantly. 

However, if the ROIC has capable of this, it provides lower calibration time. The 

algorithm of the binary search method can be shown in Figure 2-9. 

 

Figure 2-9: The algorithm of the binary method for a pixel in the FPA when n bit 

DAC is used for calibration. 

All pixels are biased with half of the maximum DAC value initially. After this, output 

for each pixel is compared with the desired point and the DAC value for the pixel is 

increased or decreased as the amount of quarter of the maximum DAC value. The 

procedure is repeated until the last step is equal to 1 and optimum values for each 
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pixel are found [37]. For the microbolometer, selected pixel outputs during the 

calibration are shown in Figure 2-10. Moreover, output distribution is shown in 

Figure 2-11. 

 

Figure 2-10: Selected pixel outputs for the microbolometer during calibration of the 

second stage of DACs for detector resistances with the binary search method. 

 

Figure 2-11: Output histogram of the microbolometer at 20 °C when the bias values 

are found with the binary search method. 
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2.2 Pixel Interactions 

The sweep and binary search methods do not give the same output histogram due to 

differences in these algorithms. RNU values and saturated pixel ratios are used to 

compare the quality of these methods as seen in Table 2-1. Although the binary 

search method requires lower calibration time, the sweep method generally provides 

a smaller number of saturated pixels.  

Table 2-1: Comparison of the sweep and binary search methods for the 

microbolometer in terms of RNU and saturated pixel ratio. 

Microbolometer ID 
RNU (%) Saturated Pixel (%) 

Sweep Binary Sweep Binary 

Sample 1 12.50 19.01 2.44 15.81 

 

There are some pixels for which optimum bias value could not be found properly 

regardless of the used algorithm. To understand the reason for this, four of these 

pixels are selected and outputs of them obtained with sweep method are compared 

to one when all pixels are biased with calculated value for the pixel by using sweep 

method as seen in Figure 2-12. 

 

Figure 2-12: Outputs of selected pixels obtained with sweep method and the case 

when all pixels are biased with calculated value for the pixel by using the sweep 

method for the microbolometer.  



 

 

45 

The output of a pixel becomes different when the bias values of other pixels are 

changed although the bias value of the pixel is the same. There can be two reasons 

for this: the interaction between outputs or inputs. To understand this, an experiment 

is performed: Cavity blackbody is placed in front of the Dewar and its temperature 

is set two different values when inputs of the pixels are the same. Obtained frames 

for these cases are analyzed and differences between these frames are found as seen 

in Figure 2-13.  

 

(a) 

 

(b) 

Figure 2-13: (a) Grayscale image for the differences between two different cavity 

blackbody temperatures and (b) detailed 3D demonstration for the region of interest. 
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The increase in the cavity blackbody temperature is only shown in pixels that are 

exposed to the illumination and there are no shadow or ghosting effects in the 

remaining pixels. This indicates that there are interactions only between bias values 

of the pixels. They can be investigated into two categories: inside row interaction 

and row-to-row interaction. 

2.2.1 Inside Row Interaction 

Pixels in a row are biased at the same time; however, the bias values for these pixels 

are determined by data in the memory thanks to the DACs. They are designed to 

share resistance string for efficiency in the layout which is one of the critical issues 

for large format microbolometers. For this reason, these DACs can face many 

problems such as the parallel resistor effect and wire resistance effect [61]. An 

experiment is done to understand whether there is an interaction between pixels in a 

row. In the experiment, initially, bias values are found with sweep method, labeled 

as original sweep method case, and the calculated values for the 160 pixels of the 

selected row, which are located at the middle of the row, are increased as the same 

amount, labeled as manipulated sweep method case. After this, these two arrays 

which contain input data for the DAC are used to obtain dark images at the same 

conditions. Differences between the pixels of the selected for these two cases are 

analyzed as seen in Figure 2-14. 
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Figure 2-14: Pixel output differences of the selected row for original sweep method 

and manipulated case. 

Outputs of the middle 160 pixels changes due to manipulation in the DAC data; 

however, output differences are seen for other pixels in the row whereas DAC data 

for these pixels are the same. The results indicate the interaction between pixels in a 

row. To model the interaction, a different number of pixels (10, 160, 320, 640) for 

which the DAC data in the memory is manipulated is used. Manipulated pixels in 

the row can be listed as: 

• 10 Pixels → from column 316 to column 325 

• 160 Pixels → from column 241 to column 400 

• 320 Pixels → from column 161 to column 480 

• 640 Pixels → entire row 

Outputs of the pixels for each of these cases are subtracted from the original case 

(the sweep method) as seen in Figure 2-15. 
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Figure 2-15: Pixel output differences of the selected row for the original case and 

manipulated cases which have a different number of manipulated pixels. 

It is seen that a higher number of manipulated pixels in a row result in higher output 

changes for the pixels which protect the DAC value in all cases and the relation can 

be seen easily in Figure 2-16. 

 

Figure 2-16: Output differences of the pixels which have constant DAC value for the 

number of manipulated pixels in the row. 
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There is a linear relationship between the number of manipulated pixels in a row and 

output changes of the protected pixels. When the bias value for a pixel is increased, 

the load resistances of the DAC alters. Since all of the fine DACs are identical, it is 

expected that the interaction is linear with the number of manipulated pixels.  

2.2.2 Row-to-Row Interaction 

The readout system of the ROIC works in rolling line type, which means that all 

pixels in a row are integrated at the same time during integration time and the next 

row is biased and integrated [12] [62]. The procedure is continued until the pixels in 

the last row in the FPA are integrated. This structure is used since it provides larger 

charge storage although it decreases the integration duration. During the consecutive 

procedure, pixels may affect each other.  

An experiment is performed to observe the effects of pixels in a different row. DAC 

values for a row are increased intentionally and obtained outputs are subtracted from 

the one which is obtained by using the sweep method. The difference can be seen 

easily by using a colored image map as shown in Figure 2-17. 

 

Figure 2-17: Colored image map of output differences between the manipulated and 

original case in terms of ADU. 
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Pixels in the next rows of the manipulated row are affected strongly whereas the 

DAC values for them are the same for these cases. Moreover, the effect decreases 

with the distance from the manipulated row. Mean values of output histograms for 

these next rows are plotted to see the decrease in the effect as shown in Figure 2-18. 

 

Figure 2-18: Mean values of output change for the next rows of the manipulated row 

in terms of ADU. 

It is seen that there is no effect of manipulation in a row on the previous rows. To 

ensure this, an extreme condition is created: all pixels in the half of the FPA (from 

row 241 to row 480) are saturated and pixel outputs in row 240 are observed as 

shown in Figure 2-19. 
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Figure 2-19: Change in the pixel outputs of row 240 when the pixels from row 241 

to row 480 are saturated intentionally.  

Rows are affected by only the previous rows as expected due to the rolling type 

system. The effect decreases exponentially and this shows that the reason for the 

interaction depends on the capacitive transient characteristics of the biases. When 

the bias value for a pixel is changed, the output of the DAC exhibits capacitive 

transient behavior due to capacitances in the switches and the buffers. The system 

passes to the next row although the input of the DAC is not settled down and this 

causes the interaction between the rows. To solve the problem, number of fine DACs 

in the system can be increased and lower input capacitances can be obtained. 

However, this causes increase in the layout area although the main advantage of the 

two-stage DACs is smaller layout area. For this reason, high number of fine DACs 

is not desirable in order to protect the advantage of two-stage DACs. 



 

 

52 

2.3 Interacted NUC Voltage Algorithm 

Conventional methods to find NUC voltages do not consider interactions between 

pixels in the ROIC. However, these interactions become significant when the array 

size of microbolometers are increased and high-speed imaging systems are 

developed. For these reasons, a method that includes the interactions is proposed. 

The proposed method requires modeling of the inside row interactions and row-to-

row interactions. Moreover, output change against one step of the DAC for all pixels, 

which can be defined as the output step, should be found. 

Inside row interactions, explained in section 2.2.1, are modeled as linear. The data is 

fitted into the linear equation and coefficients for the equations are found as seen in 

Figure 2-20. 

 

Figure 2-20: Linear regression for inside row interactions of the microbolometer. 
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Row-to-row interactions can be fitted into the exponential equation due to capacitive 

behavior, explained in section 2.2.2. The coefficients for the fit are found and can be 

labeled as a mean-based row-to-row coefficient (𝑀𝐵𝐶𝑟𝑡𝑟), and capacitive 

coefficient (𝐶𝐶) as demonstrated in Figure 2-21. 

 

Figure 2-21: Exponential fit for row-to-row interactions of the microbolometer. 

The output step can be calculated by using the sweep method. For this reason, in the 

proposed method, the sweep method is applied and outputs for each pixel are fitted 

into the linear equation after filtering the data in the saturated region as seen in Figure 

2-22. The slope of the linear equation provides the output step for the pixel. 
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Figure 2-22: Linear fit for output of a pixel for the input of the DAC during sweep 

method for the microbolometer. 

The output step depends on the detector resistance value of the pixel. Therefore, pixel 

coefficients, shortly PC, are found by normalizing the output step values of the pixels 

as seen below to estimate pixel output changes when the interactions are included in 

the calculations: 

 
𝑃𝐶𝑖,𝑗 = (

𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗
1

𝑚 ∗ 𝑛
∑ ∑ 𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗

𝑛
𝑗=1

𝑚
𝑖=1

) 

 

(2.1) 

where m and n are the number of rows and columns respectively, 𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗 shows 

the output step for the pixel, and 𝑃𝐶𝑖,𝑗 is the pixel coefficient. 

The proposed method depends on the update of NUC voltages calculated with the 

sweep method by considering inside row and row-to-row interactions. Due to the 

effects of the rolling line system, NUC voltages are updated row by row sequentially 

and the general working mechanism of the proposed algorithm can be demonstrated 

as shown in Figure 2-23. 
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Figure 2-23: Flowchart of the proposed algorithm for NUC voltages of the 

microbolometer. 

The proposed algorithm consists of several steps and it can be explained as: 

• Stage 1: Required NUC voltage change (step) to get the output into the 

desired point is calculated for each pixel in the row by using output steps 

calculated from the data obtained with the sweep method, which is 𝑜𝑢𝑡_𝑠𝑡𝑒𝑝. 
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After this, calculated values are rounded and the step vector for the row is 

found. It can be expressed as: 

 
𝑑𝑢𝑚𝑚𝑦_𝑠𝑡𝑒𝑝𝑖,𝑗 = 𝑟𝑜𝑢𝑛𝑑(

𝑌𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑌′𝑖,𝑗

𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗
) 

 

(2.2) 

 𝑠𝑡𝑒𝑝𝑖,𝑗 = 𝑠𝑡𝑒𝑝𝑖,𝑗 + 𝑑𝑢𝑚𝑚𝑦_𝑠𝑡𝑒𝑝𝑖,𝑗 

 

(2.3) 

where 𝑖 and 𝑗 are row and column number, 𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗 shows the output step 

for the pixel, 𝑌′𝑖,𝑗 indicates the output of the pixel,  𝑌𝑑𝑒𝑠𝑖𝑟𝑒𝑑 is desired pixel 

output, 𝑑𝑢𝑚𝑚𝑦_𝑠𝑡𝑒𝑝𝑖,𝑗 is the step for the iteration, and 𝑠𝑡𝑒𝑝𝑖,𝑗 is the total 

step for all iterations of the row. It is important to state that 𝑠𝑡𝑒𝑝𝑖,𝑗 is equal to 

zero and 𝑌′𝑖,𝑗 is equal to pixel output after the sweep method initially which 

is updated for each iteration of the algorithm as seen below: 

 𝑌′𝑖,𝑗 = 𝑌′𝑖,𝑗 + 𝑑𝑢𝑚𝑚𝑦_𝑠𝑡𝑒𝑝𝑖,𝑗 ∗ 𝑜𝑢𝑡_𝑠𝑡𝑒𝑝𝑖,𝑗 (2.4) 

   

• Stage 2: Effects of inside row interactions are estimated by using the data 

obtained from the fit equation seen in Figure 2-20. The slope of the linear fit 

is defined as “mean based change”, shortly 𝑀𝐵𝐶, and used to estimate 

changes in pixel outputs: 

 𝑌′𝑖,𝑗 = 𝑌′𝑖,𝑗 +𝑀𝐵𝐶 ∗ 𝑠𝑡𝑒𝑝𝑖,𝑗 ∗ 𝑃𝐶𝑖,𝑗 

 

(2.5) 

where 𝑃𝐶𝑖,𝑗 is the pixel coefficient for the pixel. These calculations are done 

for each pixel in the row. 

• Control 1: The control mechanism aims to understand whether the optimum 

values for pixels in the row are found. If the 𝑑𝑢𝑚𝑚𝑦_𝑠𝑡𝑒𝑝 is equal to 0 for 

all pixels in the row, this means that there is no need to continue the 

calculations for the row. 
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• Control 2: It controls whether the iteration number for the row reaches 500. 

Changes in the NUC voltages of some pixels cause output variation for other 

pixels in the row which has a dummy step value as 0 for the iteration. After 

this iteration, dummy steps of these pixels can be different from 0 and this 

affects the pixels in which there is a change in dummy step values. The 

situation can cause an infinite loop in the algorithm; therefore, calculations 

for the row is stopped when the iteration number reaches 500. 

• Feedback 1: If the number of iterations is lower than 500 and dummy steps 

of all pixels in the row are not 0, the iteration number is increased and the 

calculation continues.    

• Stage 3: Effects of row-to-row interactions are found with the help of the data 

in Figure 2-21. The effect appears through 23 rows and then it becomes 

negligible. Pixel outputs in these rows are updated by estimating changes in 

the outputs with the exponential fit equation as seen below: 

 𝑌′𝑖+𝑘,𝑗 = 𝑌′𝑖+𝑘,𝑗 +𝑀𝐵𝐶𝑟𝑡𝑟 ∗ 𝑒
−𝐶𝐶 ∗ 𝑠𝑡𝑒𝑝𝑖,𝑗 ∗ 𝑃𝐶𝑖,𝑗 

 

(2.6) 

where 𝑌′𝑖+𝑘,𝑗 is the pixel output at the (𝑖 + 𝑘)𝑡ℎ row and (𝑗)𝑡ℎ column, 

𝑀𝐵𝐶𝑟𝑡𝑟 indicates mean based row-to-row coefficient, and 𝐶𝐶 is the 

capacitive coefficient. The value of 𝑘 changes from 1 to 23 to determine the 

affected row number and calculate the effect of row-to-row interactions. 

These calculations are performed for each pixel in the row. 

• Control 3: It is used to understand whether NUC voltages of all pixels in the 

FPA are calculated. 

• Feedback 2: If there are still pixels for which NUC voltages should be 

calculated, it increases the row number and gets some parameters such as 

iteration number and dummy step into the initial conditions.  

• Stage 4: It is the final stage and the calculated step array shows the values 

that should be added to the NUC voltages calculated with the sweep method 

(𝑁𝑈𝐶𝑠𝑤𝑒𝑒𝑝) as seen below: 



 

 

58 

 𝑁𝑈𝐶𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑒𝑑 = 𝑁𝑈𝐶𝑠𝑤𝑒𝑒𝑝 + 𝑠𝑡𝑒𝑝 

 

(2.7) 

where 𝑁𝑈𝐶𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑒𝑑 is the final NUC voltages obtained with the proposed 

method, interacted NUC voltage algorithm. 

Inputs of the DACs are set to values found with the proposed algorithm and after 

this, output distribution for the microbolometer is compared with the conventional 

methods as seen in Figure 2-24. 

 

Figure 2-24: Output histogram comparison for the microbolometer obtained with 

conventional methods and the proposed algorithm. 

The proposed algorithm improves uniformity significantly when compared to 

conventional methods. This shows that the effects of the interactions are estimated 

well; however, there are inevitable errors during these estimations. For this reason, 

it is possible to obtain higher uniformity by applying the algorithm more than once. 

Since all coefficients related to the interactions are known, it is enough to collect 
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outputs and apply the algorithm again easily. Change in the RNU for the 

microbolometer can be seen in Table 2-2 when the algorithm is applied more than 

once and the related histograms are shown in Figure 2-25. 

Table 2-2: RNU values of the microbolometer for the number of the proposed 

algorithm repeated. 

Case First Iteration Second Iteration Third Iteration 

RNU (%) 4.01 2.10 1.80 

 

 

Figure 2-25: Output histogram of the microbolometer for the number of the proposed 

algorithm repeated. 

Coefficients of the proposed algorithm are found with several experiments and this 

increases the calibration time considerably. To solve this issue, a method is 

developed and it can be explained step by step as: 
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1. The sweep method is applied to the microbolometer and outputs are 

observed. Data obtained during the progress, are used to calculate output 

steps of the pixels and pixel coefficients (𝑃𝐶). 

2. One manipulated NUC voltage array is created by using the array found with 

the sweep method. In the manipulated array, the values of middle 160 pixels 

for a row is increased the determined amount (partial manipulation) and the 

values for a different row is also increased the determined amount (entire 

manipulation). The array is written into the memory and outputs are 

collected. It is important to notice that there should be at least 24 rows 

between the row of partial manipulation and the entire manipulation. 

3. Outputs obtained from these two cases are compared to each other. After this, 

partial manipulation is used to calculate 𝑀𝐵𝐶 and entire manipulation 

enables to find 𝑀𝐵𝐶𝑟𝑡𝑟 and 𝐶𝐶. 

4. Coefficients found in step 3 are used to calculate final NUC voltages. 

The method provides to find all coefficients by combining the experiments and 

calculate 𝑁𝑈𝐶𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑒𝑑 with one single manipulation. Thanks to this, the calibration 

time decreases significantly compared to the previous calibration.  

The proposed algorithm is applied to additional five microbolometers by using the 

method as explained above to observe the reliability of the algorithm. The results are 

compared with the conventional methods in terms of RNU and saturated pixel ratios 

as seen in Table 2-3. 
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Table 2-3: Comparison of RNU values and saturated pixel ratios for five different 

microbolometers which are calibrated with the conventional methods and the 

proposed algorithm when the temperature of the microbolometer is 20 °C. 

Die ID Case of the NUC Saturated Pixel Ratio (%) RNU (%) 

1 

Sweep 1.41 6.33 

Binary Search 1.80 6.21 

Interacted 0.71 4.91 

    

2 

Sweep 1.40 8.47 

Binary Search 3.16 8.13 

Interacted 0.77 3.67 

    

3 

Sweep 1.92 8.99 

Binary Search 2.65 7.16 

Interacted 1.14 3.67 

    

4 

Sweep 11.03 14.44 

Binary Search 9.43 10.51 

Interacted 1.38 5.18 

    

5 

Sweep 2.23 9.02 

Binary Search 1.82 7.67 

Interacted 1.40 5.31 
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The proposed algorithm provides high uniformity which increases the operational 

temperature range and scene dynamic range of the microbolometer. During the 

experiments, RNU values are decreased lower than half of the ones obtained with 

conventional methods for all of these microbolometers. The main drawback of the 

proposed algorithm is the requirement of more time for the calibration; however, it 

will be done for each microbolometer externally and saved into the memory for real-

time applications. Moreover, the calibration time will be decreased much more when 

the effects of the temperature are included in the calibrations which will be explained 

in CHAPTER 3 deeply. 

2.4 Software-Based Correction 

NUC voltages are inadequate to make all pixel outputs the same due to the nature of 

the DACs, quantization error. Therefore, more improvement is needed and this can 

be done with software-based correction. 2-point correction, as explained in section 

1.5, is used in the work. 2-point correction includes the compensation of response 

nonuniformity (gain) and dark output differences (offset) by assuming the 

responsibility of the pixels are linear with temperature. The response of the 

microbolometer is observed experimentally as seen in Figure 2-26.  

 

Figure 2-26: Mean of the output distribution for the microbolometer against the 

temperature of the blackbody. 
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The linear assumption for the microbolometer causes error in real response 

estimation yielding output nonuniformity due to characteristics of the 

microbolometer structures since the relation between incoming infrared illumination 

and temperature of the object is not linear and depends on Planck’s Law. For this 

reason, scene dynamic range should be determined and two points should be chosen 

to keep output nonuniformity lower than a certain point in the scene dynamic range. 

Scene dynamic range is determined as between 10 °C and 70 °C for the work. It can 

be increased with the use of lower bias values for the resistance; however, this results 

in performance degradation for the microbolometer. In the determined range, output 

images are saved with 5 °C interval and 2-point corrections are applied to these 

images by using different two calibration points to observe output nonuniformity as 

seen in Figure 2-27. 

 

Figure 2-27: Output nonuniformity of the microbolometer in selected scene dynamic 

range (between 10 °C and 70 °C) after 2-point correction is applied by using different 

two calibration points. 
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The effect of nonlinear characteristics of the microbolometer is seen clearly from the 

output nonuniformity values. In other words, there are significant differences in the 

nonuniformity values the calibration and remaining points. However, for the sake of 

the simplicity of the algorithm, 2-point correction is preferred and the calibration 

points are selected as 25 °C and 55 °C by considering the nonuniformity behavior 

against scene temperature. 
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CHAPTER 3  

3 COMPENSATION OF TEMPERATURE EFFECTS 

Microbolometer structures are highly sensitive to the temperature of the detector due 

to the significant dependency of the active material on the temperature. Variations 

in ambient temperature causes change in the detector temperature which affects 

resistances in the microbolometer structure. Since the output of the microbolometer 

pixels depends on the voltages and resistances, pixel outputs diverge from the desired 

point due to detector temperature variations. This results in higher nonuniformity for 

output distribution yielding a lower scene dynamic range. Moreover, it is possible to 

make all pixel outputs saturated, and therefore, meaningful thermal images could not 

be obtained. 

Microbolometer pixel output under constant bias values can be expressed for 

different temperatures as: 

 
𝐼𝑜𝑢𝑡(𝑇1) = 𝐼𝑑𝑒𝑡(𝑇1) − 𝐼𝑟𝑒𝑓(𝑇1) =

𝑉𝑑𝑒𝑡
𝑅𝑑𝑒𝑡(𝑇1)

−
𝑉𝑟𝑒𝑓

𝑅𝑟𝑒𝑓(𝑇1)
 

(3.1) 

 

 
𝐼𝑜𝑢𝑡(𝑇2) = 𝐼𝑑𝑒𝑡(𝑇2) − 𝐼𝑟𝑒𝑓(𝑇2) =

𝑉𝑑𝑒𝑡
𝑅𝑑𝑒𝑡(𝑇2)

−
𝑉𝑟𝑒𝑓

𝑅𝑟𝑒𝑓(𝑇2)
 

(3.2) 

where 𝑇1 and 𝑇2 are detector temperatures. If the TCR of the active material is 

constant between these temperatures, the relation between resistances can be shown 

as: 

 𝑅𝑑𝑒𝑡(𝑇2) = 𝑅𝑑𝑒𝑡(𝑇1) ∗ (1 + 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1 

 

(3.3) 

 𝑅𝑟𝑒𝑓(𝑇2) = 𝑅𝑟𝑒𝑓(𝑇1) ∗ (1 + 𝛼𝑟𝑒𝑓)
𝑇2−𝑇1 (3.4) 
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where 𝛼𝑑𝑒𝑡 and 𝛼𝑟𝑒𝑓 indicate TCR values of the detector and reference resistances 

in the given temperature, respectively. 

TCR characteristics of active materials used in microbolometer structures depend 

strongly on detector temperature. For this reason, modeling of pixel outputs for 

detector temperature becomes more complex.  

TCR values of detector and reference resistances are not the same although the same 

active material is used due to process variations. This causes variations in the pixel 

output depending on detector temperature and therefore bias voltages should be 

reoptimized with the temperature. However, it is not logical to update the bias values 

continuously since they are controlled via the DACs. For this reason, bias values 

should be found for each determined temperature interval.  

Software-based corrections should be updated when the bias values are reoptimized 

for the new detector temperature due to two reasons. The first one is that pixel output 

with reoptimized bias value may not be the same as the previous value due to the 

nature of the DACs. This situation requires optimization in offset parameters of 

2-point correction. The second one is related to the responsivity distributions of the 

pixels. Since TCR and resistance value change with the temperature, pixel response 

values are strongly affected by the temperature, and therefore, gain parameters of 

2-point correction should be reconfigured. Moreover, new gain parameters result in 

the requirement of an update for offset parameters. 

Small temperature variations, where detector temperature stays in the range of 

constant bias values, causes a change in pixel outputs. This phenomenon is called 

temperature drift and requires reconfiguration in software-based corrections.  

Compensation of temperature effects consists of three main parts, which are also 

related to each other. Firstly, bias voltages should be updated and after this, 

software-based corrections should be reconfigured for new bias voltages. Finally, 

software-based corrections should also be reoptimized for small temperature changes 

under constant bias values, which is called temperature drift compensation. 
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3.1 Bias Voltage Estimation 

Bias voltages control the current drawn by the detector and reference resistances and 

they can be arranged for resistance values as explained in CHAPTER 2. NUC 

voltages can be set for each pixel whereas the reference bias voltage is applied to all 

pixels same and can be set globally in the CTIA type ROIC. It is time-consuming to 

calculate the optimum bias voltages experimentally for each temperature. Moreover, 

the data occupy significant space in the memory. For this reason, they should be 

modeled and found with the minimum number of calibration points to decrease 

experiment time and memory size.  

Pixel output characteristics for temperature should be estimated to find the optimum 

bias voltages. TCR is kept constant and the compensation depends on only the NUC 

voltages to model pixel output initially, in other words, reference bias voltages stay 

the same for all temperatures. The known equations can be shown for temperature 

T1 and T2 as: 

 
𝐼𝑜𝑢𝑡_1 = 𝐼det _1 − 𝐼𝑟𝑒𝑓_1 =

𝑉det _1
𝑅det _1

−
𝑉𝑟𝑒𝑓_1

𝑅𝑟𝑒𝑓_1
 

(3.5) 

 

 
𝐼𝑜𝑢𝑡_2 = 𝐼det _2 − 𝐼𝑟𝑒𝑓_2 =

𝑉det _2
𝑅det _2

−
𝑉𝑟𝑒𝑓_2

𝑅𝑟𝑒𝑓_2
 

(3.6) 

 

 𝑅𝑑𝑒𝑡 _2 = 𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1 (3.7) 

 

 𝑅𝑟𝑒𝑓 _2 = 𝑅𝑟𝑒𝑓_1 ∗ (1 + 𝛼𝑟𝑒𝑓)
𝑇2−𝑇1 (3.8) 

 

 𝑉𝑑𝑒𝑡_2 = 𝑉𝑑𝑒𝑡_1 + ∆𝑉 

 

(3.9) 
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 𝑉𝑟𝑒𝑓_2 = 𝑉𝑟𝑒𝑓_1 (3.10) 

where 𝐼out _1 and 𝐼out _2 are output currents, 𝐼det _1 and 𝐼det _2 are detector currents, 

𝐼ref _1 and 𝐼ref _2 are detector currents, 𝑉det _1 and 𝑉det _2 are detector bias voltages, 

𝑉ref _1 and 𝑉ref _2 are reference bias voltages, 𝑅det _1 and 𝑅det _2 are detector 

resistances, 𝑅ref _1 and 𝑅ref _2 are reference resistances, 𝛼𝑑𝑒𝑡 and 𝛼𝑟𝑒𝑓 are TCR values 

of the detector and reference resistances at temperatures T1 and T2, respectively. 

The output current should be the same for these temperatures and therefore, the 

equation can be written as: 

 𝑉det _1
𝑅det _1

−
𝑉𝑟𝑒𝑓_1

𝑅𝑟𝑒𝑓_1
=
𝑉det _2
𝑅det _2

−
𝑉𝑟𝑒𝑓_2

𝑅𝑟𝑒𝑓_2
 

(3.11) 

   

𝑉det _1
𝑅det _1

−
𝑉𝑟𝑒𝑓_1

𝑅𝑟𝑒𝑓_1
=

𝑉𝑑𝑒𝑡_1 + ∆𝑉

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)𝑇2−𝑇1
−

𝑉𝑟𝑒𝑓_1

𝑅𝑟𝑒𝑓_1 ∗ (1 + 𝛼𝑟𝑒𝑓)𝑇2−𝑇1
 

(3.12) 

 

𝐼𝑑𝑒𝑡_1 ∗ (1 −
1

(1 + 𝛼𝑑𝑒𝑡)𝑇2−𝑇1
) − 𝐼𝑟𝑒𝑓_1 ∗ (1 −

1

(1 + 𝛼𝑟𝑒𝑓)𝑇2−𝑇1
)

−
∆𝑉

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)𝑇2−𝑇1
= 0  

(3.13) 

Since TCR values are very small compared to 1, using Taylor Series Expansion, it 

can be written as: 

 1

(1 + 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1

≈ (1 − 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1 

(3.14) 

 

 1

(1 + 𝛼𝑟𝑒𝑓)𝑇2−𝑇1
≈ (1 − 𝛼𝑟𝑒𝑓)

𝑇2−𝑇1 
(3.15) 

Using these equations, the equation can be converted as: 

𝐼𝑑𝑒𝑡_1 ∗ (1 − (1 − 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1) − 𝐼𝑟𝑒𝑓_1 ∗ (1 − (1 − 𝛼𝑟𝑒𝑓)

𝑇2−𝑇1)

−
∆𝑉

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)𝑇2−𝑇1
= 0 

(3.16) 
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Since 𝛼𝑑𝑒𝑡 ≪ 1,  𝛼𝑟𝑒𝑓 ≪ 1,  𝛼𝑑𝑒𝑡 ∗ (𝑇2 − 𝑇1) ≪ 1   and  𝛼𝑟𝑒𝑓 ∗ (𝑇2 − 𝑇1) ≪ 1  for 

small temperature differences, by using Binomial approximation, some terms can be 

simplified as: 

 (1 − 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1 ≈ (1 − (𝑇2 − 𝑇1) ∗ 𝛼𝑑𝑒𝑡)      (3.17) 

 

 (1 − 𝛼𝑟𝑒𝑓)
𝑇2−𝑇1 ≈ (1 − (𝑇2 − 𝑇1) ∗ 𝛼𝑟𝑒𝑓)      (3.18) 

Due to 𝐼det _1 ≈ 𝐼ref _1 ≫ 𝐼out _1, the equation can be written as: 

(𝐼𝑑𝑒𝑡 _1 ∗ 𝑅𝑑𝑒𝑡 _1) ∗ (1 + 𝛼𝑑𝑒𝑡)
𝑇2−𝑇1 ∗ (𝑇2 − 𝑇1) ∗ (𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓)

= ∆𝑉 

(3.19) 

Using Binomial approximation again and (𝑇2 − 𝑇1) = ∆𝑇, finally it can be expressed 

as: 

𝑉𝑑𝑒𝑡 _1 ∗ (1 + ∆𝑇 ∗ 𝛼𝑑𝑒𝑡) ∗ (∆𝑇) ∗ (𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) = ∆𝑉      (3.20) 

The final equation shows that at least a second-order polynomial function is needed 

although the TCR is assumed as constant. However, the assumption is not valid for 

vanadium oxide type microbolometer due to the material property. The TCR 

behavior of a vanadium oxide type microbolometer is shown in Figure 3-1. 

Activation energy of the vanadium oxide is not constant with temperature. For this 

reason, it is not logical to fit the characteristics into the Arrhenius equation in a wide 

temperature range. In Figure 3-1, the resistance value is measured from 20 °C to 

30 °C with 1 °C steps and TCR is calculated for each of these temperature intervals 

discretely.    
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Figure 3-1: TCR characteristics of the vanadium oxide type microbolometer between 

the temperatures from 20 °C to 30 °C.  

TCR characteristics of vanadium oxide could not be modeled exactly since it also 

depends on process variations such as doping qualities. To decrease error in the 

estimation of the TCR characteristics, it is assumed that the TCR of the material is 

constant for each 1 °C temperature interval. The assumption can be illustrated as 

seen in Figure 3-2. 

 

Figure 3-2: Assumed and real TCR characteristics of the vanadium oxide type 

microbolometer between the temperatures from 20 °C to 30 °C. 
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The modeled TCR characteristics enable to write of the equations below for 1 °C 

interval between the temperatures T1 and T2(=T1+1): 

 𝑅𝑑𝑒𝑡 _2 = 𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡) (3.21) 

 

 𝑅𝑟𝑒𝑓 _2 = 𝑅𝑟𝑒𝑓_1 ∗ (1 + 𝛼𝑟𝑒𝑓) (3.22) 

These equations can be inserted into Equation (3.16), which can be written as: 

𝐼𝑑𝑒𝑡_1 ∗ (1 −
1

(1 + 𝛼𝑑𝑒𝑡)
) − 𝐼𝑟𝑒𝑓_1 ∗ (1 −

1

(1 + 𝛼𝑟𝑒𝑓)
)

=
∆𝑉

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)
 

(3.23) 

Due to 𝐼𝑑𝑒𝑡_1 ≈ 𝐼𝑟𝑒𝑓_1, the equation can be simplified as: 

 
𝑉𝑑𝑒𝑡_1 ∗ (

(1 + 𝛼𝑑𝑒𝑡)

(1 + 𝛼𝑟𝑒𝑓)
− 1) = ∆𝑉 

(3.24) 

Using the Taylor Series Expansion, it can be expressed as: 

 𝑉𝑑𝑒𝑡_1 ∗ ((1 + 𝛼𝑑𝑒𝑡) ∗ (1 − 𝛼𝑟𝑒𝑓) − 1) = ∆𝑉 (3.25) 

Because of 𝛼𝑟𝑒𝑓 ∗ 𝛼𝑑𝑒𝑡 ≪ 𝛼𝑟𝑒𝑓 and 𝛼𝑟𝑒𝑓 ∗ 𝛼𝑑𝑒𝑡 ≪ 𝛼𝑑𝑒𝑡, the equation can be 

approximated as: 

 𝑉𝑑𝑒𝑡_1 ∗ (𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) = ∆𝑉 (3.26) 

By adding initial voltage into both sides, it is possible to find new optimum bias 

voltage as: 

 𝑉𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) = 𝑉𝑑𝑒𝑡_2 (3.27) 

It is logical to assume the term (1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) is constant since temperature 

characteristics of detector and reference resistances are similar although they are not 

the same. It is possible to obtain a general NUC voltage estimation equation as: 

 𝑁𝑈𝐶𝑇 ∗ 𝑡𝑒𝑚𝑝_𝑐𝑜𝑒𝑓
∆𝑇 = 𝑁𝑈𝐶𝑇+∆𝑇 (3.28) 
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where ∆𝑇 shows the temperature difference, 𝑁𝑈𝐶𝑇 is the NUC voltage at 

temperature T, 𝑁𝑈𝐶𝑇+∆𝑇 indicates the NUC voltages at temperature 𝑇 + ∆𝑇, and  

𝑡𝑒𝑚𝑝_𝑐𝑜𝑒𝑓 is the pixel dependent temperature coefficient which depends on TCR 

values of the detector and reference resistances and it can be shown as: 

 𝑡𝑒𝑚𝑝_𝑐𝑜𝑒𝑓 = 1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓 (3.29) 

The equation states that NUC voltages can be estimated by finding one unknown 

parameter for each pixel. The statement assumes the temperature characteristics of 

detector and reference resistances follow almost the same path and TCR values of 

the resistances are constant over 1 °C interval. To evaluate the statement, NUC 

voltages are found for vanadium oxide type microbolometer in the temperature range 

from 10 °C to 48 °C with 2 °C steps. Detector temperature is controlled via TEC and 

the measurement system, shown in Figure 2-2, is used again. The NUC voltages are 

calculated with the method proposed in CHAPTER 2. However, when the detector 

temperature reaches 20 °C during the experiment, it is seen that the NUC voltages 

of the pixels are saturated due to constant reference bias voltage as shown in Figure 

3-3. The situation results in higher nonuniformity and a significant increase in dead 

pixel ratio. 

 

Figure 3-3: NUC values of a pixel from vanadium oxide type microbolometer for 

temperature. 
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The reference bias voltage is reoptimized for every 10 °C intervals to prevent pixels 

from being saturated. With the correction, NUC voltages are found in the 

temperature range, and obtained data are fitted into the expression for every 10 °C 

interval discretely as seen in Figure 3-4. 

 

Figure 3-4: Fitted and measured mean NUC values for the vanadium oxide type 

microbolometer for temperature. 

Temperature coefficients for the fit equations are found for each 10 °C interval as 

seen in Figure 3-5 and it is expected that they are close to 1 since the difference 

between the detector and reference TCR values should be small. 
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Figure 3-5: Temperature coefficients of NUC voltages for the vanadium oxide type 

microbolometer for each 10 °C interval from 10 °C to 48 °C. 

The coefficients are higher than 1 for the microbolometer and the situation results in 

saturation of some pixel if the global reference bias is not reoptimized. To improve 

an algorithm that includes the global reference bias, it should be updated for each 

point where NUC voltages will be updated. At this point, optimum global reference 

biases at the minimum and maximum temperature values in the operational 

temperature range should be found and the number of steps should be calculated. It 

can be shown as: 

 𝐺𝑅𝐵𝑓𝑖𝑛𝑎𝑙 − 𝐺𝑅𝐵𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐷𝐴𝐶 ∗ ∆𝑇
= 𝑠𝑡𝑒𝑝𝑛𝑢𝑚𝑏𝑒𝑟 

(3.30) 

where  𝐺𝑅𝐵𝑓𝑖𝑛𝑎𝑙 is the global reference bias for the final temperature, 𝐺𝑅𝐵𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is 

the global reference bias for the initial temperature, 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝐷𝐴𝐶 is the voltage 

value for one-step change of the DAC, ∆𝑇 is the temperature difference between 

initial and final temperature, and 𝑠𝑡𝑒𝑝_𝑛𝑢𝑚𝑏𝑒𝑟 shows the number of steps which 
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the global reference bias should be updated for each temperature. The mathematical 

model for the NUC voltages should also be updated by including the global reference 

bias to control whether the fit equation is still valid. Equation (3.10) should be 

updated as: 

 𝑉𝑟𝑒𝑓_2 = 𝑉𝑟𝑒𝑓_1 + ∆𝑉𝑟𝑒𝑓 (3.31) 

Equation (3.23) is changed as: 

𝐼𝑑𝑒𝑡_1 ∗ (1 −
1

(1 + 𝛼𝑑𝑒𝑡)
) − 𝐼𝑟𝑒𝑓1 ∗

(

 1 −

1 +
∆𝑉𝑟𝑒𝑓
𝑉𝑟𝑒𝑓

(1 + 𝛼𝑟𝑒𝑓)
)

 

=
∆𝑉𝑑𝑒𝑡

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)
 

(3.32) 

Using the relation 𝐼𝑑𝑒𝑡_1 ≈ 𝐼𝑟𝑒𝑓_1, the equation can be written as: 

𝐼𝑑𝑒𝑡_1 ∗ (
1

(1 + 𝛼𝑟𝑒𝑓)
(1 +

∆𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓
) −

1

(1 + 𝛼𝑑𝑒𝑡)
)

=
∆𝑉𝑑𝑒𝑡

𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡)
 

(3.33) 

Multiplying both sides with 𝑅𝑑𝑒𝑡_1 ∗ (1 + 𝛼𝑑𝑒𝑡) and using 𝑉𝑑𝑒𝑡_2 = 𝑉𝑑𝑒𝑡_1 + ∆𝑉𝑑𝑒𝑡, 

it can be obtained as: 

𝑉𝑑𝑒𝑡_1 ∗ ((1 + 𝛼𝑑𝑒𝑡) ∗ (1 − 𝛼𝑟𝑒𝑓) ∗ (1 +
∆𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓
)) = 𝑉𝑑𝑒𝑡_2 

(3.34) 

Using the relation (1 + 𝛼𝑑𝑒𝑡) ∗ (1 − 𝛼𝑟𝑒𝑓) ≈ 1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓, it can be found as: 

𝑉𝑑𝑒𝑡_1 ∗ ((1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) ∗ (1 +
∆𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓
)) = 𝑉𝑑𝑒𝑡_2 

(3.35) 

It is seen that Equation 3.27 can be still used for the fit of NUC voltages, however, 

the temperature coefficients are changed as: 

 
𝑡𝑒𝑚𝑝_𝑐𝑜𝑒𝑓 = (1 + 𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) ∗ (1 +

∆𝑉𝑟𝑒𝑓

𝑉𝑟𝑒𝑓
) 

(3.36) 
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The equation states that global reference bias can be used to make the temperature 

coefficients closer to 1 which prevents the pixels from being saturated. To check the 

statement, the procedure is applied to the microbolometer and step number is found 

as: 

 0.914951 − 0.747906

0.0038 ∗ 38
= 1.12  

round
→   𝑠𝑡𝑒𝑝𝑛𝑢𝑚𝑏𝑒𝑟 = 1 

(3.37) 

The NUC voltages for the microbolometer are found again by updating the global 

reference bias at each point. The NUC voltages are fitted into the equation for each 

pixel and the mean NUC change is shown in Figure 3-6. 

 

Figure 3-6: Fitted and measured mean NUC values by including global reference 

bias manipulations for the vanadium oxide type microbolometer for temperature. 

The temperature coefficients are found for each pixel and it is seen that adjusting 

global reference bias makes the coefficients closer to 1 as seen in Figure 3-7. The 

mean of the temperature coefficients is found as 1.007.   
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Figure 3-7: Temperature coefficients of NUC voltages for the vanadium oxide type 

microbolometer from 10 °C to 48 °C when the GRB is kept constant and adjusted 

for each temperature orderly. 

Minimum and maximum errors of the estimation should be calculated to understand 

the quality of the estimation. For this purpose, two cases are created: NUC voltage 

estimation by fitting all measured NUC voltages (best case) and the estimation by 

fitting only initial and final NUC voltages (worst case) as seen in Figure 3-8. 

 

Figure 3-8: RMS errors of the estimation of NUC voltages of the vanadium oxide 

type microbolometer for the best and worst case. 
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The mean of the RMS error in the estimation is equal to 2.9 ADU for the worst-case 

while the value is found as 1.9 ADU for the best case. This shows that there is a 

relation between the number of calibration points and the error in the estimation. As 

a result, the estimation algorithm can be used to find NUC voltages with a small 

number of calibration points. 

3.2 Software-Based Correction Parameters Estimation 

The 2-Point correction which consists of gain and offset is used as the software-

based correction. Estimation of these parameters can be divided into three groups: 

gain estimation, offset estimation, and temperature drift compensation. To analyze 

the groups, blackbody images at 25 °C, 40 °C, and 55 °C are collected for the 

vanadium oxide microbolometer in the temperature range between 0 °C and 50 °C, 

and the measurement setup in Figure 3-9 is used. The NUC voltages are estimated 

with the proposed method above by using the initial and final NUC voltages. 

 

Figure 3-9: Measurement setup for microbolometers to collect uniform infrared 

images from the blackbody configurated in METU MEMS Center. 
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3.2.1 Gain Estimation 

Gain can be defined as the ratio of a pixel response into the response of the FPA and 

it is independent of the pixel output. For this reason, the response characteristics of 

the pixels should be understood to estimate gain. The response of the pixel depends 

on the bias, detector resistance value, thermal conductance value, absorption, TCR 

of the detector resistance, and time constant. Temperature affects only TCR and the 

detector resistance value strongly. Absorption, the time constant, and thermal 

conductance can be thought of as constant for each pixel and the bias is controlled 

externally. 

It is not reasonable to state that TCR characteristics of the resistances for temperature 

are the same although they tend to be similar and therefore, the gain map is varied. 

This situation makes the gain maps of the FPA material and temperature-dependent.  

Bias values of the pixels are set with the proposed algorithm and it depends on the 

TCR differences between the detector and reference resistances. However, there is 

no relation between the response values of the pixels and TCR of the reference 

resistances. For this reason, the bias estimation causes alterations in the gain map of 

the FPA. Nevertheless, if the ratio of the bias into the resistances increases or 

decreases more than other pixels yielding an increase or decrease in the gain of the 

pixel when the temperature is raised, the gain tends to be higher with increasing 

temperature since the bias values of the pixels are set in the same ratio with 

temperature, in other words, temperature coefficients for NUC voltages are constant 

for each pixel in the entire temperature range. Thus, error in the estimation of the 

gain can be decreased by making linear regression for each pixel in the FPA as seen 

in Figure 3-10. 
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Figure 3-10: Linear regression of gain values for some pixels of the vanadium oxide 

type microbolometer. Each color indicates the different pixels in the FPA. 

3.2.2 Offset Estimation 

Offset values compensate for the difference of pixel outputs after the pixel outputs 

are multiplied with their gain values. Therefore, they are affected by both the gain 

and the bias which makes the offset estimation harder. Offset values of four different 

pixels of the vanadium oxide type microbolometer from 0 °C to 50 °C is shown in 

Figure 3-11. 
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Figure 3-11: Offset values for some pixels of the vanadium oxide type 

microbolometer for temperature. 

Bias values are updated with the proposed method which aims to find optimum NUC 

voltages for each temperature of the microbolometer. However, the NUC values are 

controlled by the DACs and input should be a digital number. Therefore, the NUC 

voltages found with the algorithm should be rounded. This situation results in 

rounding (quantization) error yielding pixel output change which should be 

considered while calculating the offset coefficients.  

Quantization error can be explained by an example clearly. Assume that NUC 

voltages for a pixel is 120 at 20 °C and the temperature coefficient for the pixel is 

1.02. The NUC voltages at 25 °C can be found with the algorithm as: 

𝑁𝑈𝐶𝑇 ∗ 𝑡𝑒𝑚𝑝𝑐𝑜𝑒𝑓
∆𝑇 = 𝑁𝑈𝐶𝑇+∆𝑇  

120 ∗ 1.025 = 132.49 → 𝑁𝑈𝐶25 = 132 → 𝑅𝑜𝑢𝑛𝑑𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟 

(3.38) 
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If the NUC step is equal to 250 ADU for the pixel at the temperature, this means that 

the error is 122 ADU for the case and it should be compensated by including the 

error into the offset value. To observe the effect, offset for the pixels are assumed as 

constant, and offset array at 25 °C is estimated by using the array at 20 °C and 

including the rounding error. After this, the difference between estimated and real 

offset array at 25 °C is analyzed and the effect of the rounding error compensation 

(REC) can be seen clearly in Figure 3-12. 

 

Figure 3-12: Error histograms in offset estimation to show the effect of rounding 

error compensation (REC) for the vanadium oxide type microbolometer. 

REC decreases the error in the estimation; however, the estimation should be 

improved more. For this purpose, the effect of NUC voltages is analyzed deeply by 

selecting a pixel for which the temperature coefficient is equal to 1. In other words, 

pixel offset is observed against temperature when the rounding error is equal to 0. It 

is seen pixel offset changes as shown in Figure 3-13. 
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Figure 3-13: Pixel offset observation against temperature when the rounding error is 

0 for the pixel. 

The offset coefficient increases while the NUC voltages for the pixel is found 

without rounding error. Since resistances of the pixel decreases with the temperature 

and the NUC voltages determine the voltage on the resistances, the effect of the NUC 

voltage step on the pixel output increases also with the temperature. In other words, 

the pixel gives more response to change in the same amount of input bias due to 

lower resistances. It is difficult to model the effect since it depends only on the 

resistance values. However, to decrease the error, the linear regression method can 

be used as the gain. The offset array at 25 °C for the microbolometer is estimated by 

including the rounding error and the linear regression with the data at 20 °C and 

30 °C as shown in Figure 3-14. 
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Figure 3-14: Error histograms in offset estimation to show the effect of rounding 

error compensation and linear regression for the vanadium oxide type 

microbolometer. 

Offset estimations of the four pixels for the microbolometer shown in Figure 3-11 

are done with REC and the linear regression by using consecutive data for each 10 °C 

interval as seen in Figure 3-15. 

 

Figure 3-15: Real and estimated offset values for some pixels of the vanadium oxide 

type microbolometer for temperature. 
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3.2.3 Temperature Drift Compensation 

Temperature drift definition is used to explain pixel output alterations for small 

temperature differences. In the proposed architecture, NUC voltages are updated for 

each temperature, however, pixel outputs change in the interval continuously 

yielding variations in gain and offset coefficients. Firstly, gain parameters should be 

estimated and after this, offset parameters should be considered. 

Gain coefficients are strongly related to the responsivity of the pixels. Bias values 

are constant in the temperature range for the drift case and it is not expected to 

observe considerable variations in the other parameters such as resistance and TCR 

which affects the responsivity of the pixel. Therefore, it is logical to assume that gain 

coefficients are stable for a small temperature range. To analyze the assumption, gain 

coefficients of four different pixels are observed for 1 °C interval with 0.1 °C steps 

as shown in Figure 3-16. 

 

Figure 3-16: Gain coefficients of some pixels in the vanadium oxide type 

microbolometer for 1 °C temperature interval. 
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The error in the gain estimation is seen as low when the gain is kept constant. 

However, offset coefficients alter considerably since even small resistance variations 

cause significant changes in the offset when the pixel bias is high. Therefore, offset 

changes should be analyzed even for a small temperature range. Pixel outputs after 

2-point correction at temperature T can be written as: 

𝐼𝑜𝑢𝑡1 =  𝐼𝑑𝑒𝑡 − 𝐼𝑟𝑒𝑓 

 𝐼𝑜𝑢𝑡_1
′ = 𝐺𝑎𝑖𝑛1 ∗ 𝐼𝑜𝑢𝑡_1 + 𝑂𝑓𝑓𝑠𝑒𝑡1  

(3.39) 

When the temperature is raised to  𝑇 + ∆𝑇, the equation becomes: 

𝐼𝑜𝑢𝑡_2 = 𝐼𝑑𝑒𝑡 ∗ (1 − 𝛼𝑑𝑒𝑡)
∆𝑇 − 𝐼𝑟𝑒𝑓 ∗ (1 − 𝛼𝑑𝑒𝑡)

∆𝑇 

 𝐼𝑜𝑢𝑡_2
′ = 𝐺𝑎𝑖𝑛2 ∗ 𝐼𝑜𝑢𝑡_2 + 𝑂𝑓𝑓𝑠𝑒𝑡2  

(3.40) 

Gain is assumed as constant in the temperature range (𝐺𝑎𝑖𝑛1= 𝐺𝑎𝑖𝑛2 = 𝐺𝑎𝑖𝑛) and 

to make 𝐼𝑜𝑢𝑡_1
′ = 𝐼𝑜𝑢𝑡_2

′ , the equation should be: 

𝐺𝑎𝑖𝑛 ∗ 𝐼𝑑𝑒𝑡 ∗ ((1 − 𝛼𝑑𝑒𝑡)
∆𝑇 − 𝐼𝑟𝑒𝑓 ∗ (1 − 𝛼𝑟𝑒𝑓)

∆𝑇
) + 𝑂𝑓𝑓𝑠𝑒𝑡2

= 𝐺𝑎𝑖𝑛 ∗ (𝐼𝑑𝑒𝑡 − 𝐼𝑟𝑒𝑓) + 𝑂𝑓𝑓𝑠𝑒𝑡1  

(3.41) 

The binomial approximation can be used to simplify some terms as: 

(1 − 𝛼𝑑𝑒𝑡)
∆𝑇 ≈ 1 − ∆𝑇 ∗ 𝛼𝑑𝑒𝑡 

(1 − 𝛼𝑟𝑒𝑓)
∆𝑇
≈ 1 − ∆𝑇 ∗ 𝛼𝑟𝑒𝑓 

(3.42) 

The equation can be written finally as: 

𝐺𝑎𝑖𝑛 ∗ (𝐼𝑑𝑒𝑡 ∗ 𝛼𝑑𝑒𝑡 − 𝐼𝑟𝑒𝑓 ∗ 𝛼𝑟𝑒𝑓) ∗ ∆𝑇 + 𝑂𝑓𝑓𝑠𝑒𝑡1 ≈ 𝑂𝑓𝑓𝑠𝑒𝑡2 (3.43) 

The final equation states that offset coefficients can be modeled as linear by 

assuming the TCR and gain coefficients are constant for small temperature ranges. 

Offset coefficients for four pixels from the vanadium oxide type microbolometer 

used in Figure 3-16 are fitted into the linear equation for the same temperature range 

to observe whether the linear regression can be used as shown in Figure 3-17. 
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Figure 3-17: Offset coefficients of some pixels in the vanadium oxide type 

microbolometer for 1 °C temperature interval. 

The slope of the offset coefficients for temperature drift depends on the gain, current 

drawn by the resistances, and the TCR values. All of these parameters change for 

each temperature yielding alteration in the slope. For this reason, the slope is 

analyzed mathematically when the temperature is raised in the amount of 1 °C.  

At temperature T, the slope can be written as: 

𝑆𝑙𝑜𝑝𝑒1 = 𝐺𝑎𝑖𝑛1 ∗ (𝐼𝑑𝑒𝑡 ∗ 𝛼𝑑𝑒𝑡 − 𝐼𝑟𝑒𝑓 ∗ 𝛼𝑟𝑒𝑓)

≈ 𝐺𝑎𝑖𝑛1 ∗ 𝐼𝑑𝑒𝑡(𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓) 

(3.44) 

At the temperature T+1, the slope equation should be updated as: 

𝑆𝑙𝑜𝑝𝑒2 = 𝐺𝑎𝑖𝑛2 ∗ (𝐼𝑑𝑒𝑡
′ ∗ 𝛼𝑑𝑒𝑡

′ − 𝐼𝑟𝑒𝑓
′ ∗ 𝛼𝑟𝑒𝑓

′ )

≈ 𝐺𝑎𝑖𝑛2 ∗ 𝐼𝑑𝑒𝑡
′ (𝛼𝑑𝑒𝑡

′ − 𝛼𝑟𝑒𝑓
′ ) 

(3.45) 

The ratio of these slopes (r) can be shown as: 

𝑟 =
𝑆𝑙𝑜𝑝𝑒1
𝑆𝑙𝑜𝑝𝑒2

=
𝐺𝑎𝑖𝑛1 ∗ 𝐼𝑑𝑒𝑡(𝛼𝑑𝑒𝑡 − 𝛼𝑟𝑒𝑓)

𝐺𝑎𝑖𝑛2 ∗ 𝐼𝑑𝑒𝑡
′ (𝛼𝑑𝑒𝑡

′ − 𝛼𝑟𝑒𝑓
′ )

 
(3.46) 
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The differences between the detector and reference resistances can be assumed as 

constant like the analysis of NUC voltage estimation. Moreover, the ratio of the gain 

values is thought as very close to 1 when the temperature difference is 1 °C. 

Therefore, the ratio can be simplified as: 

𝑟 =
𝐼𝑑𝑒𝑡
𝐼𝑑𝑒𝑡
′ =

1

(1 + 𝛼𝑑𝑒𝑡)
 

(3.47) 

It is seen that the ratio depends strongly on the TCR values, however, it can be fitted 

into the exponential function to decrease error in the estimation as: 

𝑆𝑙𝑜𝑝𝑒𝑇+∆𝑇 = 𝑆𝑙𝑜𝑝𝑒𝑇 ∗ 𝑑𝑐
∆𝑇 (3.48) 

where 𝑑𝑐 implies the drift coefficient. The equation assumes the terms of 1 + 𝛼𝑑𝑒𝑡 

is constant in the temperature range. Whereas nonlinear TCR characteristics of the 

vanadium oxide make this assumption worse, the fact that the TCR is very small 

compared to 1 improves the quality of the assumption. Since the TCR of the 

vanadium oxide changes between -2 %/K and -5 %/K, the coefficient should be 

calculated in the range between 1.02 and 1.05. For this purpose, the slopes are found 

for each 5 °C in the temperature range between 0 °C and 50 °C and fitted into the 

equation. As a result, the coefficient which the fit equation gives is equal to 1.033 as 

expected shown in Figure 3-18. 
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Figure 3-18: Measured and fitted temperature drift slopes for the microbolometer. 

3.3 Results and Discussion 

Three vanadium oxide type microbolometers which have an array size of 640x480 

are used to analyze the algorithms in the thesis work. They belong to different wafers 

and there are differences in the process of these wafers such as the thickness of some 

layers and they are labeled as Sample 6, Sample 7, and Sample 8. Since the first five 

samples (from Sample 1 to Sample 5) are used for comparison of NUC methods as 

seen in Table 2-3. Therefore, it is expected that their temperature characteristics are 

not the same. In the experiment, temperatures of the microbolometers are controlled 

via the TEC and the measurement setup shown in Figure 3-9 is used for all of them. 

The vacuum level is decreased down to 5 mTorr for the measurements. Firstly, NUC 

voltages are optimized for each 5 °C in the temperature range between 0 °C and 50 

°C with the algorithm proposed in CHAPTER 2. Improvements in the uniformity are 

illustrated at 20 °C for each microbolometer in Figure 3-19. 
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Figure 3-19: Output histograms for Sample 6, Sample 7, and Sample 8 after NUC 

voltages are found with sweep and interacted algorithms, respectively. 

NUC voltages are estimated by using the data for each 10 °C in the temperature 

range. After this, outputs are saved for each temperature point to compare output 

uniformities with the calibrated data for each point as seen in Figure 3-20, Figure 

3-21, and Figure 3-22. 

 

Figure 3-20: RNU values of output distribution at each temperature point after NUC 

voltages are found with the sweep method, interacted method, and NUC voltages 

estimation for Sample 6. 
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Figure 3-21: RNU values of output distribution at each temperature point after NUC 

voltages are found with the sweep method, interacted method, and NUC voltages 

estimation for Sample 7. 

 

Figure 3-22: RNU values of output distribution at each temperature point after NUC 

voltages are found with the sweep method, interacted method, and NUC voltages 

estimation for Sample 8. 

The NUC voltage estimation results in lower RNU than obtained one with sweep 

algorithm for each temperature, whereas the RNU values higher than the interacted 

algorithm due to error in the estimation.  
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NUC voltage estimation causes deviation in the mean of output distribution because 

of estimation error. Generally, all pixel outputs shift and the RNU value is not 

changed much whereas the mean of the output distribution alters. The deviations in 

the mean can be seen in Figure 3-23 for all samples.  

 

Figure 3-23: Mean values of output distributions for Sample 6, Sample 7, and 

Sample 8 when NUC voltages are found with the proposed estimation method. 

Pixel outputs are not saturated considerably whereas the mean shifts since the mean 

values change between 7000 ADU and 11000 ADU for the worst case when 

Sample 6 is used. The difference between the quality of the estimation depends on 

the TCR characteristics of the microbolometers. The estimation algorithm assumes 

that the TCR difference between the detector and reference resistances is constant. 

The results show that the assumption is more valid for Sample 8. The functional 

region for pixels is between 2500 ADU and 14400 ADU and the mean values do not 

reach these points. This enables to compensate for the shift in the mean of output 

distribution with software-based corrections. However, some pixels can reach these 

points, and to observe this, saturated pixel ratios obtained with these algorithms are 

compared in Figure 3-24, Figure 3-25, and Figure 3-26. 
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Figure 3-24: Saturated pixel ratios at each temperature point after NUC voltages are 

found with the sweep method, interacted method, and NUC voltages estimation 

method for Sample 6. 

 

Figure 3-25: Saturated pixel ratios at each temperature point after NUC voltages are 

found with the sweep method, interacted method, and NUC voltages estimation 

method for Sample 7. 
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Figure 3-26: Saturated pixel ratios at each temperature point after NUC voltages are 

found with the sweep method, interacted method, and NUC voltages estimation 

method for Sample 8. 

The saturated pixel ratio increases with the temperature due to the increase in the 

NUC step. At low temperatures, even if NUC voltages are estimated wrongly, the 

pixel output does not reach to saturation region. However, small errors in the 

estimations are enough to saturate pixels when the temperature is increased. 

Therefore, the difference in saturated pixel ratios between the interacted NUC and 

the estimation becomes significant at high temperatures. Nevertheless, the estimated 

NUC voltages provide a lower saturated pixel ratio than the sweep method for all 

temperature points.  

Blackbody images at 25 °C, 40 °C, and 55 °C are obtained for each 5 °C from 0 °C 

to 50 °C when the NUC voltages are found with the estimation. Moreover, three 

temperature points are added for each temperature point with 0.3 °C steps while the 

NUC voltages are constant to analyze the temperature drift. In other words, each 

temperature point used in the NUC voltage analysis is divided into 4 groups with a 

0.3 °C temperature step to analyze 2-point correction parameters seen in Table 3-1. 
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Table 3-1: Microbolometer temperature points when the data are collected. 

Data Microbolometer Temperature (°C) 

NUC 

Voltages 
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 

Software-

Based 

Correction 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 

0.3 5.3 10.3 15.3 20.3 25.3 30.3 35.3 40.3 45.3 50.3 

0.6 5.6 10.6 15.6 20.6 25.6 30.6 35.6 40.6 45.6 50.6 

0.9 5.9 10.9 15.9 20.9 25.9 30.9 35.9 40.9 45.9 50.9 

 

The images taken from the blackbody at 25 °C and 55 °C are used to calculate 2-point 

correction parameters and these parameters are applied to the images collected when 

the blackbody is at 40 °C. RNU values for each temperature point are obtained after 

the 2-point correction. Estimation error of gain and offset parameters increases if the 

number of temperature points for linear regression is decreased seen in Figure 3-27. 

 

Figure 3-27: RNU values for temperature when 3 and 6 temperature points are used 

to linear regression for Sample 6. 
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The number of temperature points used in the estimation has a significant effect on 

the RNU values. Therefore, to decrease the RNU, gain arrays are estimated by using 

the data at each 10 °C from 0.0 °C to 50.0 °C with the linear regression method 

explained in Part 3.2.1. Offset arrays at these 6 temperature points are calculated by 

using the estimated gain parameters. Linear regression method is used to estimate 

offset coefficients for each temperature point by considering also rounding error 

compensation (REC) as stated in 3.2.2. REC is applied before the linear regression 

to decrease the error in the estimation. Finally, temperature drift compensation 

parameters are found by exponentially fitting the initial and final slopes. For each 

pixel, the initial slope is found with the data collected at 0.0 °C, 0.3 °C, 0.6 °C, and 

0.9 °C while the data between 50 °C and 50.9 °C with 0.3 °C step provide the final 

slope. As a result, 12 temperature points are used to estimate 2-point correction 

parameters via 44 temperature points. The algorithm is applied to these three samples 

and RNU values are compared with one obtained by using real 2-point correction 

parameters as seen in Figure 3-28, Figure 3-29, and Figure 3-30. 

 

Figure 3-28: RNU values for temperature when 6 temperature points are used to 

linear regression for Sample 6. 
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Figure 3-29: RNU values for temperature when 6 temperature points are used to 

linear regression for Sample 7. 

 

Figure 3-30: RNU values for temperature when 6 temperature points are used to 

linear regression for Sample 8. 
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The RNU values for these samples at the temperatures which are not used in the 

linear regression are also shown numerically in  Table 3-2. 

Table 3-2: RNU values for Sample 6, Sample 7, and Sample 8 obtained with the 

proposed algorithm. 

Sample ID 
RNU (%) 

5 °C 15 °C 25 °C 35 °C 45 °C 

Sample 6 0.52 0.45 0.66 0.77 1.01 

Sample 7 0.44 0.70 0.72 0.96 0.93 

Sample 8 0.36 0.51 0.73 0.78 0.90 

 

RNU values increase with the temperature after the 2-point correction. This can be 

explained by two reasons: The first one is related to the responsivity of the pixels 

and the second one is related to NUC voltage estimation. Responsivity increases with 

the temperature since the current drawn by the resistances also increases. This 

situation makes the response characteristics for incoming infrared illumination high 

order polynomial. Therefore, the linear assumption gives more error at high 

temperatures. Moreover, the error in the NUC voltage estimation increases with the 

temperature due to the higher NUC step as explained in 3.1 and it results in a higher 

error in the offset estimation yielding a higher RNU value. Sample 8 gives better 

results than other samples as observed in the NUC voltage estimation. It is seen that 

the assumptions used in the algorithm are more suitable for Sample 8. A significant 

increase is observed in the RNU values of Sample 7 when the temperature is raised 

from 25 °C to 35 °C. Most probably, TCR values of reference and detector 

resistances show different temperature characteristics in the region. This results in a 

considerable increase in the error of NUC voltage estimation as seen in Figure 3-21 

and the error increases the RNU. This situation implies that the efficiency of the 

algorithm changes with the characteristics of the sample. As a result, it is possible to 

state that the proposed algorithm provides RNU lower than 1% at low temperatures 

whereas the value is around %1 when the temperature is increased. 
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Thermal images without any correction from Sample 7 and Sample 8 for each 

temperature point used in Table 3-2 are saved. Sample 6 is damaged electrically 

during the experiment at 15 °C. After this, real and estimated 2-point correction 

parameters are applied to these images. Finally, 3x3 median filtering is used for dead 

pixels and histogram equalization is used to increase contrast. As an example, 

corrected images at 5 °C are shown in Figure 3-31. 

 

Figure 3-31: Thermal images obtained from Sample 6, Sample 7, and Sample 8 with 

real and estimated 2-point correction at 5 °C. 
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Temperature drift is compensated also for the temperatures as shown in Table 3-1 

and RNU values for each temperature point are found. Moreover, the mean values 

of the output are also calculated. The RNU and mean output difference between real 

and estimated cases can be seen in Figure 3-32, Figure 3-33, and Figure 3-34. 

 

(a) 

 

(b) 

Figure 3-32: (a) Mean (ADU) and (b) RNU (%) values of Sample 6 after 2-point 

correction parameters are found with the temperature drift compensation algorithm. 
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(a) 

 

(b) 

Figure 3-33: (a) Mean (ADU) and (b) RNU (%) values of Sample 7 after 2-point 

correction parameters are found with the temperature drift compensation algorithm. 
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(a) 

 

(b) 

Figure 3-34: (a) Mean (ADU) and (b) RNU (%) values of Sample 8 after 2-point 

correction parameters are found with the temperature drift compensation algorithm. 

The x-axis and y-axis show the microbolometer temperatures in the figures above. 

For example, the data in the 3rd row and the 2nd column indicates the microbolometer 

temperature is 10.3 °C.  
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The mean output difference increases with the drift temperature points since the 

slope of the drift is estimated in the temperature drift algorithm and the error in the 

slope estimation causes higher errors with increasing temperature. Moreover, due to 

the increase in the error of NUC voltage estimation for high temperatures, the mean 

output difference becomes higher at these temperatures. The highest difference 

among these samples is 557 ADU which is obtained at 35.9 °C for Sample 6. The 

value is insufficient to make pixels saturated and it is not seen clearly in thermal 

images if histogram equalization mode is automatic, which implies the minimum and 

maximum points of the colormap are updated concerning the mean of the output 

histogram. The maximum difference between the mean values is 82 ADU at 

calibration temperatures for temperature drift estimation (0 °C and 50 °C). This 

situation shows that the main error contribution in thermal drift compensation 

depends on the offset estimation and exponential modeling of slope values for the 

drift. In other words, although linear regression for the drift compensation provides 

a small error, the error increases considerably due to contributions of other 

estimations. It is possible to increase the number of used temperatures for the drift 

compensation to decrease error in the estimation, however, this increases the 

computational time significantly. Since, when two points are used for the exponential 

estimation, no fit equation is required and related coefficients can be found directly. 

On the other hand, when RNU values are compared for drift temperature points, it is 

seen that the RNU value at the initial case is almost protected. This shows the error 

in the slope calculation is almost the same for all pixels. The situation prevents 

thermal images from getting worse with drift temperature points considerably. 

Images obtained from Sample 8 at 15.0 °C, 15.3 °C, 15.6 °C, and 15.9 °C are shown 

in Figure 3-35. The RNU values for the temperature range increase from 0.51% to 

0.61% and mean output differences are raised from -42 ADU to 192 ADU. However, 

there are small differences that are appeared in the images and therefore it is possible 

to claim that the temperature drift algorithm works properly. In addition to these, all 

images taken from these samples can be seen in A, B, and C, respectively. 
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Figure 3-35: Thermal images obtained from Sample 8 at 15.0 °C, 15.3 °C, 15.6 °C, 

and 15.9 °C with real and estimated 2-point correction parameters. 
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The performance of the algorithm is compared with some studies performed about 

the issue. In the study in 2015 [49], a shutterless algorithm is proposed and the 

performance of the algorithm is shown by using RNU in terms of mK. Therefore, 

the performances of all samples used in the thesis are converted into RNU in terms 

of mK to compare the results as shown in Figure 3-36. 

 

Figure 3-36: Comparison of proposed algorithms in the study [49] and the thesis. 

The RNU value should be increased with the temperature in terms of ADU. 

However, the responsivity of the microbolometers is also increased with the 

temperature due to the higher current under almost the same bias. Therefore, The 

RNU value in terms of mK can be decreased as seen in the study [49]. At low 

temperatures, the algorithm proposed in the thesis gives better results, however, the 

performance is getting worse with increasing temperature. If the mean RNU values 

are compared, it is possible to state that the algorithm can work as well as the 

algorithm in the study for shutterless applications. 
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The performance of the algorithm is also compared with the study performed in 2017 

[52] and the PSNR values are calculated for the comparison as seen in Figure 3-37. 

The images taken at the temperatures from 5 °C to 45 °C with 10 °C steps are used 

in the calculation.  

 

Figure 3-37: PSNR values of Sample 7 and Sample 8 for temperature. 

The proposed algorithm in the study [52], which can be called LIM (Lagrange 

interpolation method), is compared with two known shutterless algorithms which are 

MSSE (minimizing the sum of squares of errors) and TBS (template-based solution). 

The PSNR values are compared with the average PSNR values obtained with the 

algorithm in the thesis as seen in Table 3-3. 

Table 3-3: PSNR value comparison of different algorithms. 

Shutterless 

Algorithm 
LIM MSSE TBS 

Proposed 

Sample 7 Sample 8 

PSNR (dB) 57.44 57.06 53.03 49.05 55.64 
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There is a significant difference between the PSNR values of Sample 7 and Sample 8 

like observed in the RNU values. Moreover, the values alter considerably with 

microbolometer temperature. When the average values are compared, it is observed 

that the performance of the algorithm is close to the LIM and MSSE methods and 

better than the TBS method for Sample 8. The PSNR difference between LIM or 

MSSE and the proposed algorithm does not indicate directly that these algorithms 

are better than the proposed algorithm since the microbolometer camera used in the 

study is an amorphous silicon type microbolometer which is much more uniform 

TCR characteristics compared to vanadium oxide. As a result, it can be said that the 

proposed algorithm is suitable for shutterless applications even for vanadium oxide 

type microbolometers.
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CHAPTER 4  

4 CONCLUSION AND FUTURE WORK 

The study conducted in the thesis focuses on the shutterless algorithm for infrared 

imaging systems with vanadium oxide type microbolometers. The algorithm is 

composed of two main parts: bias optimization and software-based corrections. 

Initially, bias values for the pixels, NUC voltages, are optimized at steady-state case 

including the interactions between pixels to decrease nonuniformity and saturated 

pixel ratio. After this, the NUC voltage estimation algorithm is developed which 

requires at least two calibration points so that NUC voltages can be found for each 

temperature with acceptable error. Finally, software-based corrections are estimated 

for each temperature point concerning response characteristics and pixel output 

levels after the related NUC voltages are applied. The algorithm is applied to three 

different microbolometers and obtained results are compared with known shutterless 

algorithms. It is seen that the algorithm provides low RNU and high PSNR values, 

especially at low temperatures. 

The achievements obtained during the thesis work can be listed as: 

1. Saturated pixel ratio is decreased with the NUC voltage optimization. This 

can also reduce the size of the clusters since neighboring pixels to clusters 

tend to be saturated due to interaction between pixels. Higher than 99% 

operability is obtained by using the optimization. 

2. RNU improvement with the NUC voltage optimization can change from die 

to die. Among the measured dies, the improvement is between 21% and 64%. 

However, generally, the RNU is decreased down to half of the value obtained 

with the sweep or binary search method. It is possible to obtain higher 

uniformity by applying the algorithm more than once. The RNU value is 

decreased from 4.01% to 1.80% with two iterations. 
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3. NUC voltages can be estimated with 2 calibration points. However, to 

increase the efficiency in the proposed shutterless algorithm, 6 calibration 

points are used for the temperature range between 0 °C and 50 °C. The NUC 

voltages are updated with 1 °C step. This means that the required NUC 

voltage matrices (480x640) number is lowered from 51 to 6 with the 

estimation and the required array size is decreased by about 88%. 

4. RNU values are kept below 1% after estimated 2-point correction parameters 

are applied. The highest RNU value obtained from the three samples is 1.01% 

at 45 °C and the lowest value is 0.34%.  

5. PSNR values with the algorithm are higher than 40 dB for Sample 7 and 

50 dB for Sample 8 in the entire temperature range (between 0 °C and 50 °C). 

6. The temperature drift algorithm provides good stability at the pixel outputs 

in the 1 °C interval. The highest error in the mean output from the three 

samples is 557 ADU and this means that the maximum shift at the output is 

around 6%. Moreover, the RNU values are almost protected in the 

temperature interval. The highest change in the RNU is observed for 

Sample 6 at 40 °C which is from 0.41% to 0.77%. However, generally, the 

change in the RNU is around 0.1%. 

7. Calibration should be at least 12 temperature points over the entire 

temperature range to calculate the required parameters for the shutterless 

algorithm. If the parameters are calibrated for each temperature, 51 

calibrations are needed. This provides to decreases the time for the entire 

calibration significantly.  

8. The shutterless algorithm requires 2 matrices for NUC voltages, 6 matrices 

for gain coefficients, 6 matrices for offset coefficients, and 2 matrices for 

temperature drift coefficients. Totally, 16 matrices (480x640x16) are needed 

for the shutterless algorithm. However, 51 arrays for each gain and offset 

parameters are necessary for the standard method. This shows required array 

size is decreased by about 84% whereas temperature drift compensation is 

not considered in the standard case. 
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Whereas the results obtained with the shutterless algorithm are promising, it is 

possible to improve the performance. For this purpose, future works that can be done 

are listed below: 

1. 2-point calibration can be improved by using the 3-point calibration since the 

response characteristics of the pixels is nonlinear. Obtained error with linear 

modeling of the response will decrease if the model is fitted into the second-

order polynomial function. Each coefficient in the polynomial function 

should be modeled for temperature carefully. Moreover, three points that will 

be used in the calculation of the coefficients should be found precisely to 

provide the lowest error with the second-order function in the scene dynamic 

range. This can improve the quality of the image especially in the scenes 

where the differences between object temperatures are high. 

2. The infrared illumination for the package of the microbolometer changes 

with temperature and this can increase the nonuniformity a little bit. It is not 

expected high temperature difference between the microbolometer and the 

package. However, if the ambient temperature changes suddenly, the 

difference can become high until their temperatures are settled. For these 

situations, the effect of the package temperature can be included in the 

shutterless algorithm to protect the RNU value. For real-time operations, the 

temperature of the package should be read via a temperature sensor on the 

package and the value should be considered for estimation of offset 

coefficients. Moreover, although the housing of the microbolometer camera 

is generally produced with specific material to decrease effect of the housing 

infrared illumination, it can be modeled to decrease the error more. Several 

temperature sensors should be placed into the microbolometer camera core 

even microbolometer lens and effect of the illumination for these components 

should be modeled. For this reason, an experiment setup should be prepared 

which enables to sweep temperature of these components discretely. This 

mean that the setup is complex, however, it will improve the uniformity and 

efficient especially in radiometric cameras. 
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3. Scene based algorithms such as denoising filter can be added into the 

shutterless algorithm to improve the uniformity and decrease the difference 

between RNU values at low and high temperatures. In addition to this, there 

are some studies are performed to remove effect of column based 

nonuniformity, called stripe nonuniformity [53]. In these studies, offset 

difference between output channels of the microbolometer due to mismatch 

in the output channels is analyzed. Firstly, edge detection methods are 

applied and non-edge area is found. After this, some statistical methods are 

applied to compensate the column based nonuniformity. In the proposed 

system, the nonuniformity is between rows due to error in NUC voltage 

estimation and inside row interactions; however, this can be adapted into 

proposed shutterless algorithm with some modifications in order to decrease 

row based nonuniformities in the images.  
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APPENDICES 

A. Thermal Images for Sample 6 
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B. Thermal Images for Sample 7 
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C. Thermal Images for Sample 8 
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