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Abstract  11 

To overcome the limitation of long calibration time of traditional infrared radiation calibration 12 

methods, the paper presents the efficient calibration method for wide dynamic range infrared 13 

radiation measurement systems. First, by analyzing the energy transfer mechanism in systems 14 

incorporating variable optical attenuator and adjustable integration time settings, we develop the 15 

comprehensive system response model that accounts for the effects of both optical attenuator and 16 

integration time, incorporating nonlinear corrections in both dimensions. The model is designed to 17 

be universally applicable and can be seamlessly integrated with the inner-outer calibration concept, 18 

enabling full calibration method coverage—from collimator-blackbody and close-range extended 19 

source to inner-outer calibration—within a unified efficient framework. Consequently, the efficient 20 

calibration algorithm is derived based on the model, utilizing nonlinear optimization for parameter 21 

estimation. Experiments demonstrate that the proposed method boosts calibration efficiency 22 

multiple times relative to traditional approaches Furthermore, compared to Yang's fast calibration 23 

method, the approach does not require strict linearity in the attenuation and integration time 24 

dimensions, making it applicable to a broader range of infrared radiometric systems. 25 
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 28 

1.Introduction 29 

Infrared radiation measurement is a non-contact technique for obtaining the infrared radiation 30 

emitted/reflected by targets. It plays an important role in target detection and perception, 31 

performance evaluation of infrared stealth materials, and non-contact temperature measurement. 32 

Due to the importance of infrared radiation measurement technology, many countries have deployed 33 

comprehensive detection architectures incorporating airborne, space-based, and ground-based 34 

components[1-4]. The ground-based infrared radiation system has been greatly developed due to its 35 

advantages such as large aperture and easy maintenance, playing an important role in the field of 36 

infrared radiation measurement[5,6]. As shown in Fig.1, in order to measure multiple types of 37 

airborne targets, ground-based infrared radiation measurement systems often need wide dynamic 38 

range measurement capabilities by adding optical attenuation settings and integration time settings. 39 
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 40 

Fig.1. Infrared imaging system with variable attenuator and integration time. 41 

Typically, three methods are employed to calibrate wide dynamic range infrared radiation 42 

measurement systems: collimator-blackbody calibration, the close-range extended source method, 43 

and inner-outer calibration[7,8]. As illustrated in Fig.2(1), the collimator-blackbody calibration 44 

involves placing blackbodies at different temperatures at the focal plane of a collimator. The 45 

radiation passes through the entire collimator, becoming parallel light that completely covers the 46 

full optical path of the device, thereby establishing the relationship between blackbody radiation 47 

and system response. The outer calibration component of the inner-outer calibration is essentially 48 

the close-range extended source method, as shown in Fig.2(2). In the approach, an extended-area 49 

blackbody is placed in front of the system lens, covering the full aperture. However, because 50 

extended-area blackbodies struggle to achieve high temperatures—the maximum temperature of 51 

existing large-area blackbodies is only 300°C—this method is limited to calibrating from ambient 52 

to medium temperature ranges. Both the collimator-blackbody calibration method and the close-53 

range extended source method calibrate the full aperture and full optical path of the system; 54 

therefore, their data processing procedures are identical. As depicted in Fig.2(2), the inner-outer 55 

calibration employs the close-range extended source method (covering ambient to medium 56 

temperatures) for full optical path calibration in the ambient temperature range (outer calibration), 57 

while a cavity blackbody (covering ambient to high temperatures) is used to calibrate the rear optical 58 

path across both ambient and high-temperature ranges (inner calibration). By leveraging the 59 

overlapping temperature range between inner and outer calibration, the high-temperature segment 60 

of the inner calibration is corrected, yielding the calibration equation for the full optical path across 61 

the entire temperature range. 62 

The collimator

 The cavity blackbody

 The optical system   63 

Fig.2. (1) The blackbody-collimator calibration; (2) The inner-outer calibration 64 

the traditional calibration method uses the linear model to fit the calibration equation for each 65 

integration time setting and attenuation setting, which means that the number of detection settings 66 

(1) 
(2) 
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corresponds to the number of calibration equations (for example, a system with 3 attenuation 67 

settings and 4 integration time settings requires 12 calibration equations). Therefore, the traditional 68 

method requires a large number of calibration temperature points, resulting in a long calibration 69 

time (For the infrared imaging system with 3 attenuation settings and 4 integration time settings, 70 

perform the traditional calibration, and capture blackbody images for each setting starting from 50ºC 71 

up to 1200ºC in 50ºC intervals. It took 22 hours and 10 minutes to complete the acquisition of these 72 

blackbody images. Capturing images at one blackbody temperature takes approximately one hour.) 73 

and inaccurate calibration coefficients caused by changes of ambient temperature during the 74 

calibration process[9,10].  75 

Due to the constraints of the traditional calibration model in wide dynamic range radiation 76 

measurement systems, researchers both domestically and internationally aim to integrate the 77 

influence of attenuators and integration time into the calibration model. This would enable the entire 78 

system to utilize a single calibration equation. In 2013, Luo examined how the response of infrared 79 

focal plane arrays are influenced by target radiation and integration time. Additionally, she proposed 80 

the least squares method to fit the response function relating the focal plane's output grayscale values 81 

to both target radiation and integration time[11]. In 2017, Li and Chang incorporated integration time 82 

into the calibration model and proposed the simplified and fast calibration method that only requires 83 

three blackbody images at two different integration time settings[12,13]. In 2020, Yang further 84 

incorporated the influence of attenuators into the calibration model and completed the simplified 85 

and fast calibration method using four blackbody images with different integration time settings and 86 

attenuator settings[14]. Existing methods have advanced the development of efficient infrared 87 

radiation calibration for wide dynamic-range infrared radiation measurement systems. However, 88 

these approaches still exhibit limitations. Luo, Li, and Chang only considered the influence of 89 

integration time in the calibration model. Although Yang further integrated the influence of the 90 

attenuators into the calibration model, the model relies on the assumption that the infrared radiation 91 

system's response must be strictly linear in both the integration time dimension and attenuation 92 

dimension. Consequently, the unknown parameters of the model can be determined by solving a 93 

linear equation system using four blackbody images with different integration time settings and 94 

attenuator settings. However, the applicability of this model is subject to stringent conditions. 95 

Moreover, none of these methods involve important inner-outer calibration, resulting in insufficient 96 

completeness for efficient and rapid calibration. 97 

The research process of the paper is shown in Fig.3. Aiming to address the long calibration 98 

time for wide dynamic range infrared radiation measurement systems, this paper proposes the new 99 

efficient and rapid radiation calibration methodology. Compared to the traditional linear calibration 100 

model, we develop the system response model that accounts for the effects of both optical attenuator 101 

and integration time, incorporating nonlinear corrections. Crucially, this model is designed for 102 

universal applicability; it can be seamlessly integrated with the inner-outer calibration concept. This 103 

integration allows the proposed efficient framework to achieve full calibration method coverage—104 

encompassing collimator-blackbody, close-range extended source, and inner-outer calibration—105 

within a unified approach. Consequently, the entire system can utilize a single calibration equation, 106 

enabling all working settings to be calibrated as a whole and eliminating the need for individual 107 

calibration of each setting. Compared to existing calibration models, the proposed calibration model 108 

incorporates nonlinear factors in both the optical attenuator dimension and integration time 109 

dimension, and employs nonlinear optimization algorithms to solve the model parameters. This 110 



4 

 

approach enhances the universality of the proposed method, making it applicable to a wider range 111 

of infrared radiation measurement systems.  112 

The traditional calibration model:

DN=kL+b

DN=t(α1τ2+α2τ+α3)R0L+ tτBout1 + tBout21+ t2Bout22 + t3Bout23+(1-τσ)tBatt+Bdet  

Model upgrade

collimator-blackbody 

calibration/ close-range 

extended source calibration

inner-outer calibration

Integration with the Inner-Outer 

Calibration Concept

The unified efficient 

framework covering all 

calibration methods

Wide dynamic range infrared radiation 

measurement systems

The energy transfer mechanism

The infrared radiation calibration model considering 

the integration time and the attenuator :

 113 

Fig.3. The research roadmap 114 

2. The infrared radiation calibration model considering integration time and 115 

attenuator 116 

2.1 The calibration model considering integration time and optical attenuator 117 

The purpose of radiation calibration is to establish the quantitative relationship between the 118 

target radiation and the digital number output from the infrared radiation measurement system. The 119 

traditional infrared radiation calibration model can be written as 120 

DN=RL+B                                  (1) 121 

In the formula, DN is the digital number of the calibrated blackbody image; L is blackbody 122 

radiance, R is the system response gain, B is the system response offset. When the integration time 123 

is incorporated into the calibration model, the response gain R of infrared detectors exhibits a strong 124 

proportionality to the integration time. The response offset B of the system primarily consists of two 125 

components: the offset contributed by the detector's dark current and the offset arising from the 126 

thermal stray radiation of the infrared system. The detector-induced offset remains independent of 127 

the integration time, whereas the offset caused by thermal stray radiation is directly proportional to 128 

the integration time. Therefore, the infrared radiation calibration model considering integration time 129 

can be written as  130 

DN=tR0L+tBout+Bdet                            (2) 131 

In the formula, t is integration time, R0 is the system response gain for 1ms integration time, 132 

Bout is the offset caused by the thermal stray radiation of the infrared system, Bdet is the offset caused 133 

by detector dark current. The offset may be treated as a constant, because its change is extremely 134 

small relative to all other offsets in the model. If the influence of the attenuators is further considered 135 

in the calibration model, the infrared radiation before the attenuator will be attenuated by the 136 

attenuator, and the attenuator itself will also produce infrared radiation. The infrared radiation 137 
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calibration model considering the integration time and the attenuator can be written as  138 

DN= tτR0L+ tτBout1 + tBout2+tεBatt+Bdet               (3) 139 

In the formula, τ is the transmittance of the attenuator, Bout1 is the offset caused by the stray 140 

radiation of the system before the attenuator, Bout2 is the offset caused by the stray radiation of the 141 

system behind the attenuator, ε is the emissivity of the attenuator, Batt is the offset caused by the 142 

attenuator radiation. 143 

However, there may be some deviation between the actual transmittance and the design 144 

transmittance for the attenuator. And the transmittance of the attenuator may also change over time. 145 

Therefore, directly inputting the design transmittance into the calibration model will cause 146 

significant errors and is not conducive to long-term use of the model. In an ideal scenario, the actual 147 

transmittance of the attenuator would match the designed transmittance exactly. However, in 148 

practice, these values primarily exhibit a linear relationship. To address the deviation between the 149 

ideal and actual performance, a quadratic correction is required. Furthermore, the emissivity of 150 

attenuators ε of the attenuator is also unknown and can be expressed empirically as ε=1-τσ. τ is the 151 

transmittance of the attenuator. σ is a correction parameter of emissivity. The infrared radiation 152 

calibration model considering the integration time and the attenuator can be further written as 153 

DN=t(α1τ2+α2τ+α3)R0L+ tτBout1 + tBout2+(1-τσ)tBatt+Bdet              (4) 154 

In the formula, α1τ2+α2τ+α3 is the functional relationship between the actual transmittance and 155 

the design transmittance for attenuators, 1-τσ is the emissivity of the attenuator (According to 156 

Kirchhoff's law, under thermal equilibrium, the absorption and emission of heat by an object are 157 

proportional. 1-τ is represents the reflection and absorption losses of the attenuator, σ is a correction 158 

parameter to transform the attenuator losses into an emissivity. 1-τσ is the empirical relationship of 159 

the attenuator emissivity). The integration time and system response may exhibit nonlinearities. The 160 

quadratic and cubic correction coefficients of the integration time are substituted into the calibration 161 

model. The final radiation calibration mathematical model considering integration time and the 162 

attenuator can be obtained 163 

DN=t(α1τ2+α2τ+α3)R0L+ tτBout1 + tBout21+ t2Bout22 + t3Bout23+(1-τσ)tBatt+Bdet    (5) 164 

In the formula, Bout22 is the offset related to the quadratic correction of integration time, 165 

Bout23 is the offset related to the cubic correction of integration time. 166 

2.2 Integration with the Inner-Outer Calibration Concept 167 

According to Model (5), the mathematical expression for outer calibration in the common 168 

temperature range can be written 169 

DN=t(αw1,gτ2+αw2,gτ+αw3,g)Rw0,gLw+tτBw,out1,g+tBw,out21,g 170 

+t2Bw,out22,g+t3Bw,out23,g+(1-τwσ,g)tBw,att,g+Bw,det,g                (6) 171 

The subscript w is the outer calibration identifier, and g is the common temperature range identifier. 172 

The mathematical expression for inner calibration in the common temperature range can be 173 

written 174 

DN=t(αn1,gτ2+αn2,gτ+αn3,g)Rn0,gLn+tτBn,out1,g+tBn,out21,g 175 

+t2Bn,out22,g+t3Bn,out23,g+(1-τnσ,g)tBn,att,g+Bn,det,g                (7) 176 

The subscript n is the inner calibration identifier. 177 

Based on the conventional inner-outer calibration, the relationship between the incident 178 

radiation for outer calibration and inner calibration is[7,8]  179 

Ln=aLw+b                                (8) 180 
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In the formula, Ln denotes the radiance of the cavity blackbody during inner calibration, Lw 181 

represents the radiance of the extended-surface blackbody during outer calibration, a is the 182 

attenuation coefficient of the front optical system, and b accounts for the background radiance 183 

introduced by the front optical system. 184 

By substituting formula (4) into the inner-outer calibration mathematical model in the common 185 

temperature range, the equation can be derived  186 

t(αw1,gτ2+αw2,gτ+αw3,g)Rw0,g= t(αn1,gτ2+αn2,gτ+αn3,g)Rn0,ga             (9) 187 

tτBw,out1,g+tBw,out21,g+t2Bw,out22,g+t3Bw,out23,g+(1-τwσ,g)tBw,att,g+Bw,det,g= 188 

t(αn1,gτ2+αn2,gτ+αn3,g)Rn0,gb+tτBn,out1,g+tBn,out21,g+t2Bn,out22,g+t3Bn,out23,g+ 189 

(1-τnσ,g)tBn,att,g+Bn,det,g                          (10) 190 

According to formula (5), the inner-outer calibration response correction coefficients can be 191 

obtained  192 

2

1, 2, 3, 0,

2

1, 2, 3, 0,

( )

( )

  + + 
=

  + + 
w g w g w g w g

w n w n w n w n

R
a

R
                    (11) 193 

Because the transmittance (τ) of different attenuation filters is nonlinear, the number of inner-194 

outer calibration response correction coefficients matches the number of attenuation filter settings. 195 

The offset (Bdet) caused by detector dark current can be approximated as a constant. Moreover, 196 

the quadratic correction(Bout22) and the cubic correction(Bout23) of integration time in the inner 197 

calibration can remain consistent with the outer calibration (It’s necessary to ensure that the outer 198 

calibration model in common temperature range is sufficiently accuracy, while the inner calibration 199 

is only used to estimate the variation trend of outer calibration in high-temperature range. Therefore, 200 

the inner calibration does not need to be so precise, as long as it reflects the linear variation trend). 201 

Equation (6) can be simplified as  202 

τBw,out1,g+Bw,out21,g+(1-τwσ,g)Bw,att,g=(αn1,gτ2+αn2,gτ+αn3,g)Rn0,gb 203 

+ τBn,out1,g + Bn,out21,g+(1-τnσ,g)Bn,att,g                    (12) 204 

Since (αn1,gτ2+αn2,gτ+αn3,g)Rn0,g corresponds to a constant for each attenuation setting, the 205 

inner-outer calibration bias correction coefficients can be written as  206 

B={τBw,out1,g+Bw,out21,g+(1-τwσ,g)Bw,att,g}-{τBn,out1,g+ Bn,out21,g+(1-τnσ,g)Bn,att,g}  (13) 207 

Like the response correction coefficients, the number of inner-outer calibration bias correction 208 

coefficients also matches the number of attenuation filter settings. 209 

The mathematical expression for inner calibration in the full temperature range can be written 210 

DN=t(αn1,qτ2+αn2,qτ+αn3,q)Rn0,qLn+ tτBn,out1,q + tBn,out21,q+t2Bn,out22,q 211 

+t3Bn,out23,q+(1-τnσ,q)tBn,att,q+Bn,det,q                   (14) 212 

The subscript q is the full temperature range identifier. 213 

By substituting the inner-outer calibration correction coefficients of formula (11) and (13) into 214 

formula (14), the calibration mathematical model after correction for the complete optical path and 215 

full temperature range is obtained. 216 

DN=t(αn1,qτ2+αn2,qτ+αn3,q)Rn0,qaLw+tτBn,out1,q+tBn,out21,q 217 

+t2Bn,out22,q+t3Bn,out23,q +(1-τnσ,q)tBn,att,q+Bn,det,q+tB             (15) 218 

3.The efficient infrared radiation calibration method  219 

The traditional calibration process is time-consuming and labor-intensive due to the lengthy 220 

blackbody temperature stabilization period and the overly dense selection of calibration points for 221 
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blackbody-collimator method, extended-area blackbody method, and inner-outer method. Therefore, 222 

the key to the efficient calibration method lies in how to reduce calibration temperature points while 223 

ensuring calibration accuracy. 224 

3.1 The efficient infrared radiation calibration for blackbody-collimator method 225 

Performing once 

traditional calibration

Determine the  linear grayscale 

and blackbody temperature 

ranges for each  working setting

Choose required 

blackbody temperature

Using interior-point 

optimization algorithm 

minimize the objective 

function J

Obtain 11 calibration 

coefficients(α1,α2,α3,R0,B

out1, Bout21, Bout22, 

Bout23,σ,Batt,Bdet)
 226 

Fig.4. The flow chart of the efficient calibration for blackbody-collimator method 227 

The radiation calibration model involving integration time and attenuator has 11 unknowns, 228 

necessitating at least 11 valid data points for calibration. These data points should cover all 229 

attenuator settings to ensure proper parameter estimation. The specific process is shown in Fig.4, 230 

and the steps are as follows. 231 

(a) Determine the linear grayscale and blackbody temperature ranges for each attenuator setting 232 

and each integration time setting by performing once traditional calibration. 233 

(b) According to (a), for each attenuator setting, choose one blackbody temperature ensuring 234 

that the resulting output grayscales stay in the linear range under as many integrated time settings 235 

as possible. Then, increase 1-2 blackbody temperatures for the attenuator with a larger calibration 236 

temperature range, and cover the low temperature range. These selected blackbody temperatures 237 

ensure that the number of valid data output by the system is not less than 11. Collect the infrared 238 

images (DNn) of all settings at these blackbody temperatures. 239 

(c) According to (5), the weighted least squares method is used to establish an objective 240 

function for solving the calibration coefficients: 241 

n 11 2

T M Ti 1
J {(L L ) / L }



=
= −                               (16) 242 

2 3

M n out1 out21 out22 out23

2

att det 1 2 3 0

L (DN t B t B t B t B

(1 ) t B B ) / (t ( ) R )



     

= −   −  −  − 

− −   −  + +                     (17) 243 

LT is the theoretical value of blackbody radiance. LM is the measured value of blackbody 244 

radiance According to (5). Using interior-point optimization algorithm minimize the objective 245 

function J and obtain 11 calibration coefficients(α1,α2,α3,R0,Bout1, Bout21, Bout22, Bout23,σ,Batt,Bdet)[13]. 246 

3.2 The efficient infrared radiation calibration for inner-outer method 247 

According to the mathematical principle of the inner-outer calibration, not all working settings 248 

require inner calibration correction. Instead, only those settings whose dynamic range cannot be 249 

covered by outer calibration require inner calibration correction. Efficient and rapid inner-outer 250 

calibration primarily aims to ensure calibration accuracy while reducing the number of calibration 251 

temperature points. It involves completing efficient outer calibration in the common temperature 252 

range, efficient inner calibration in the common temperature range, and efficient inner calibration 253 

in the full temperature range. The specific process is shown in Fig.5, and the steps are as follows. 254 
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Perform once conventional internal-

external calibration 

Determine the linear grayscale and blackbody 

temperature ranges for each working setting

Determine working settings 

requiring correction 

Determine working settings 

not requiring correction 

perform the efficient external 

calibration in the common 

temperature range

perform the efficient internal 

calibration in the common 

temperature range

Determine the calibration correction 

coefficients

perform the efficient internal 

calibration in the full temperature 

range

 the calibration mathematical model after 

correction for the complete optical path 

and full temperature range for  working 

settings requiring correction 

 the efficient external calibration 

mathematical model in the full 

temperature range for working 

settings not requiring correction 

 the calibration mathematical model in 

full temperature range for all working 

settings
 255 

Fig.5. The flow chart of the efficient inner-outer calibration method 256 

(a) In the laboratory, the conventional inner-outer calibration is performed on the infrared 257 

radiometric system. Based on the calibration results, determine the linear grayscale and blackbody 258 

temperature ranges for each attenuation setting and integration time setting. 259 

(b) Based on (a), identify the working settings that require inner-outer calibration correction. 260 

For working setting requiring correction, determine the calibration temperature points of efficient 261 

outer calibration in the common temperature range, efficient inner calibration in the common 262 

temperature range, and efficient inner calibration in the full temperature range. For working setting 263 

not requiring correction, determine the calibration temperature points of efficient outer calibration 264 

in the full temperature range. 265 

(c) For working setting requiring correction, perform the efficient inner-outer calibration in the 266 

common temperature range. And, determine the calibration correction coefficients.  267 

(d) For working setting requiring correction, perform the efficient inner calibration in the full 268 

temperature range. By substituting the inner-outer calibration correction coefficients into formula 269 

(10), the calibration mathematical model after correction for the complete optical path and full 270 

temperature range is obtained. 271 

(e) For working setting not requiring correction, the efficient outer calibration mathematical 272 

model in the full temperature range is adopted. For working setting requiring correction, the 273 

calibration mathematical model after correction for the complete optical path and full temperature 274 

range is adopted. 275 
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4. The experiment 276 

4.1 The efficient radiation calibration 277 

(1) The efficient radiation calibration for blackbody-collimator method 278 

The infrared radiation measurement system is the 600mm aperture infrared imaging system. 279 

The detected band is 3.7-4.8 μ m. The detector has the resolution of 640 × 512 and the pixel size of 280 

15 μ m, the bit depth of 14 bits, and F #=1.93. The integration time settings used in the experiment 281 

is 0.02ms, 0.1ms, 0.5ms, 2.5ms. Three optical attenuators with transmittance of 100%, 10%, and 1% 282 

were placed in front of the detector. And, different attenuators were switched by rotating the target 283 

wheel. 284 

First, perform the traditional calibration, and capture blackbody images for each attenuator and 285 

integration time starting from 50ºC up to 1200ºC in 50ºC intervals on February 3, 2023. It took 22 286 

hours and 10 minutes to complete the acquisition of these blackbody images. Then Perform linearity 287 

assessment on different blackbody-temperature images to determine the grayscale linear range and 288 

the associated blackbody temperature range for each setting shown in Table 1. 289 

Table 1. The grayscale linear range and the associated blackbody temperature range for each 290 

setting 291 

Integration 

time/ms 

The grayscale 

linear range 

for the 100% 

transmittance 

attenuator 

The 

blackbody 

temperature 

linear range 

for the 100% 

transmittance 

attenuator/℃ 

The grayscale 

linear range 

for the 10% 

transmittance 

attenuator 

The 

blackbody 

temperature 

linear range 

for the 10% 

transmittance 

attenuator/℃ 

The grayscale 

linear range 

for the 1% 

transmittance 

attenuator 

The 

blackbody 

temperature 

linear range 

for the 5% 

transmittance 

attenuator/℃ 

0.02 1264~6924 50~350 3297~7090 600~900 1257~2233 300~1200 

0.1 1517~11426 50~250 1545~13975 150~650 1655~6375 400~1200 

0.5 2803~13025 50~150 2587~13367 125~350 2631~13770 300~850 

2.5 9266~14509 50~75 6879~9846 100~150 5706~12754 150~400 

Select several required blackbody temperatures based on the linear temperature range of each 292 

attenuator and integration time in the Table 1. Select a blackbody temperature under each attenuator 293 

so that the output grayscales for the maximum number of integrated time setting are in the linear 294 

region. 50℃ blackbody temperature can be selected for the 100% transmittance attenuator. 150℃ 295 

blackbody temperature can be selected for the 10% transmittance attenuator. 550℃ blackbody 296 

temperature can be selected for the 1% transmittance attenuator. In order to improve the 297 

performance of calibration in the low radiation range and high radiation range, the 100℃ blackbody 298 

temperature and 850℃were added. Because the fitting errors at both high-temperature and low-299 

temperature points are difficult to control, additional data need to be included to mitigate it. 850℃ 300 

is a relatively high temperature, and it covers integration times of 0.02ms, 0.1ms , 0.5ms for 1% 301 

transmittance attenuator, and 0.02ms for 10% transmittance attenuator. Similarly, 100℃ is a 302 

relatively low temperature, and it covers integration times of 0.02ms, 0.1ms , 0.5ms for 100% 303 

transmittance attenuator, and 2.5ms for 10% transmittance attenuator. Confirm the integration time, 304 

the transmittance of the attenuator, and corresponding blackbody radiance of each data. Establish 305 

the objective function based on the equation (7). And optimize it using the interior point method to 306 

obtain the calibration coefficient (R0=54.32 α1=337.06 α2=963.90 α3=-1.01 Bout1=535.93 307 
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Bout21=702.62 Bout22=163.01 Bout23=-68.19 Batt=965.26 σ=7.96 Bdet=1200.20). Therefore, the 308 

calibration equation considering integration time and attenuator is 309 

DN=t(337.06τ2+963.90τ-1.01)54.32L+tτ535.93+t702.62+t2163.01 310 

- t368.19+(1-τ7.96)t965.26+1200.20 311 

The variation of the objective function is shown in the Fig.6, the measured data and fitted data 312 

is shown in the Fig.7(1), and the relative error of each data is shown in the Fig.7(2). 313 

 314 

Fig.6. The variation of the objective function 315 

  316 

Fig.7. (1) The comparison of measured data and fitted data (2) The relative error of the standard 317 

blackbody radiance and the fitted radiance 318 

It can be seen that the objective function has been reduced to a relatively small value. And, the 319 

relative error of each data point is also very small within 5%. This indicates that the model output 320 

values fit well with the measured values, thus successfully completing the efficient calibration of 321 

the model considering integration time and attenuator through 5 blackbody temperature points. 322 

(2) The efficient radiation calibration for inner-outer method 323 

For inner-outer method, the infrared radiation measurement system is the 450mm aperture 324 

infrared imaging system. The detected band is 3.7-4.8 μ m. The detector has the resolution of 640 × 325 

512 and the pixel size of 15 μ m, the bit depth of 14 bits, and F #=1.93. The integration time settings 326 

used in the experiment is 0.1ms, 0.25ms, 0.5ms, 1ms, 1.5ms and 3ms. Three optical attenuators with 327 

transmittance of 100%, 10%, and 1% were placed in front of the detector. And, different attenuators 328 

were switched by rotating the target wheel. The inner calibration used the cavity blackbody (HFY-329 

(1) (2) 
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D1200) produced by Shanghai Fuyuan Photoelectric Technology company, with an aperture 330 

diameter of 50mm and a temperature range of ambient +15℃ to 1200℃. Since the extended-331 

surface blackbody used for outer calibration has a maximum temperature of 300℃, making it 332 

impossible to verify the superiority of inner-outer calibration method. The alternative approach 333 

using a blackbody combined with a collimator is adopted for the outer calibration. The approach 334 

can achieve the same temperature range as the inner calibration, spanning from ambient +15℃ to 335 

1200℃. Perform the blackbody-collimator calibration and the inner calibration, with the calibration 336 

temperature range of 50℃~1200℃ (The calibration temperature above 300℃ for blackbody-337 

collimator calibration is used to verify the correction results of inner-outer calibration). The 338 

calibration temperature intervals are 30℃ below 300℃ and 50℃ above 300℃. The calibration 339 

temperature range in the linear digital number of blackbody images for each working setting is 340 

shown in the Table 2 and Table 3. 341 

Table 2. The calibration temperature range in the linear digital number for each working setting 342 

using blackbody-collimator calibration 343 

Integration time 

Attenuator 
0.1ms 0.25ms 0.5ms 1ms 1.5ms 3ms 

100% transmittance 140~260

℃ 

140~170

℃ 
140℃ —— —— —— 

10% transmittance 140~450

℃ 

140~450

℃ 

140~290

℃ 

140~260

℃ 

140~200

℃ 
—— 

1% transmittance 260~1200

℃ 

260~1150

℃ 

260~800

℃ 

260~550

℃ 

260~450

℃ 

200~260

℃ 

 344 

Table 3. The calibration temperature range in the linear digital number for each working setting 345 

using inner calibration 346 

 347 

Integration time 

Attenuator 
0.1ms 0.25ms 0.5ms 1ms 1.5ms 3ms 

100% transmittance 80~170℃ 50~110℃ —— —— —— —— 

10% transmittance 170~350℃ 140~290℃ 140~230℃ 110~170℃ —— —— 

1% transmittance 290~1100℃ 260~750℃ 200~550℃ 200~400℃ 170~290℃ —— 

It can be seen that the working settings requiring correction for outer calibration include 348 

integration time of 0.1ms, 0.25ms, and 0.5ms under the 10% transmittance attenuator, as well as 349 

integration time of 0.1ms, 0.25ms, 0.5ms, 1ms and 1.5ms under the 1% transmittance attenuator. 350 

For working settings requiring correction, the efficient outer calibration is performed at blackbody 351 

temperatures of 140℃,170℃,200℃,and 260℃. 352 

DN=t(999.42τ2+994.71τ-0.095)56.67Lw+tτ173.75+t1828.06 353 

+t2111.41-t326.55+(1-τ420)t1609.05+78                  (18) 354 

For working settings requiring correction, the efficient inner calibration is performed at blackbody 355 

temperatures of 140℃,170℃,200℃,and 260℃. 356 

DN=t(1000.8τ2+1007.3τ-1.07)165.43Lw+tτ132.61+t2454.85+t2111.41 357 

-t326.55+(1-τ90)t2329.9+78                     (19) 358 

Based on Equations (7) and (9), we can obtain the inner-outer calibration correction coefficients 359 

(a10%=0.3416，a1%=0.3745，b10%=-1343.53，b1%=-1347.24). 360 
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For working settings requiring correction, the efficient inner calibration in full temperature range 361 

is performed at blackbody temperatures of 140℃,200℃,350℃,and 1050℃. 362 

DN=t(1000.26τ2+1002.34τ-1.45)163.18Lw+tτ89.68+t2484.43+t2111.41 363 

-t326.55+(1-τ44)t2377.66+78                  (20) 364 

By substituting the inner-outer calibration correction coefficients into formula (14), the 365 

calibration mathematical model after correction for the complete optical path and full temperature 366 

range is obtained. 367 

DN=t(1000.26τ2+1002.34τ-1.45)163.18aLw+tτ89.68+t2484.43+t2111.41 368 

-t326.55+(1-τ44)t2377.66+78+tb                  (21) 369 

For working settings not requiring correction, the efficient outer calibration is performed at 370 

blackbody temperatures of 140℃,170℃,200℃,and 260℃. 371 

DN=t(435.03τ2+1459.47τ-0.50)40.53Lw+tτ63.92+t1674.636+t2205.34 372 

-t346.55+(1-τ57)t1598.95+220.06                  (22) 373 

Therefore, the calibration mathematical model in full temperature range for all working settings 374 

( )

( )

2

w

2 3 44

2

w

2

t 1000.26 1002.34 1.45 163.18 a L t 89.68 working settings

requiring correctiont 2484.43 t 111.41 t 26.55 (1 ) t 2377.66 78 b
DN

t 435.03 1459.47 0.50 40.53 L t 63.92

t 1674.636 t 205.

  



  

 + −    +  

+  +  −  + −   + +
=

 + −   +  

+  +  3 57

working settings

not requiring correction34 t 46.55 (1 ) t 1598.95 220.06








−  + −   +

(23) 375 

4.2 The calibration accuracy 376 

(1) The radiation accuracy for blackbody-collimator method 377 

Perform the traditional calibration by using 24 blackbody temperature points to obtain the 378 

calibration equation for each integration time and attenuator setting. By incorporating values of 379 

integration time and attenuator transmittance into the proposed calibration model, the calibration 380 

equation for each integration time and attenuator setting can be calculated. The calibration 381 

coefficients of Yang’s proposed calibration model were obtained by solving a system of linear 382 

equations using four blackbody images (Their specific details are shown in the Table 4). The 383 

integration time and attenuator transmittance of each setting were then substituted into Yang’s 384 

calibration model to derive the calibration equation for each setting. The comparison of the 385 

calibration coefficients for the three methods is presented in the Table 5. It can be observed that the 386 

gains and offsets calculated for each setting by the method proposed in this paper are relatively close 387 

to those obtained by the traditional method, whereas the results computed by Yang's method show 388 

significant discrepancies. 389 

Table 4. Integration time, attenuator and blackbody temperature information contained in four 390 

blackbody images for Yang’s method 391 

Image Blackbody 

temperature 

Integration 

time 

attenuator DN 

1 300℃ 0.5 ms transmittance 10% 9166 

2 300℃ 0.1 ms transmittance 10% 2784 

3 450℃ 0.1 ms transmittance 10% 6109 

4 450℃ 0.1 ms transmittance 1% 1779 

Table 5. The comparison of calibration coefficients of the traditional method, the proposed 392 

method and Yang’s method 393 
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Detected setting (attenuator 

transmittance and 

integration time) 

The gain 

k for the 

traditional 

method 

The offset 

b for the 

traditional 

method 

The gain k 

for the 

proposed 

method 

The offset 

b for the 

proposed 

method 

The gain k 

for the 

Yang’s 

method[12] 

The offset b 

for the 

Yang’s 

method[12] 

transmittance 100%、0.02ms 1409.8 1225.0 1412.2 1225.0 1072.3 1466.6 

transmittance 100%、0.1ms 7069.8 1321.9 7060.8 1325.6 5361.3 2579.2 

transmittance 100%、0.5ms 35774.3 1814.4 35304.3 1851.7 26807.0 8142.2 

transmittance 100%、2.5ms 176362.2 4409.5 176521.6 4249.8 134033.6 35957.1 

transmittance 10%、0.02ms 103.3 1216.0 107.3 1234.7 107.2 1236.0 

transmittance 10%、0.1ms 537.7 1380.2 536.4 1373.8 536.1 1426.0 

transmittance 10%、0.5ms 2827.2 2052.9 2681.8 2093.1 2680.7 2376.1 

transmittance 10%、2.5ms 14437.6 5310.1 13409.3 5457.1 13403.3 7126.6 

transmittance 1%、0.02ms 9.3 1233.5 9.4 1233.7 10.7 1212.9 

transmittance 1%、0.1ms 46.8 1367.2 47.0 1369.1 53.6 1310.7 

transmittance 1%、0.5ms 234.1 2057.9 235.2 2069.0 268.0 1799.5 

transmittance 1%、2.5ms 1217.2 5325.2 1176.1 5336.5 1340.3 4243.6 

Using the traditional calibration method, Yang’s proposed calibration method, and the calibration 394 

method presented in this paper, the radiance of the captured blackbody images was calculated for 395 

temperatures ranging from 50°C to 1200°C at 50°C intervals. The results were compared with the 396 

standard blackbody radiance, and the relative error was computed, as illustrated in Fig.8 & Fig.9. 397 

The blackbody image sequence corresponding to attenuator and integration time is shown in Table 398 

6. The sequence number is related to the x-axis ranges shown in Fig.8 & Fig.9. 399 

  400 

Fig.8. (1) The comparison of relative errors between the proposed method and the traditional 401 

method (2) The deviation of relative errors between the proposed method and the traditional 402 

method 403 

(1) (2) 
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 404 

Fig.9. The relative errors of Yang's proposed method 405 

Table 6. The blackbody image sequence corresponding to attenuator and integration time 406 

Attenuator Integration time 

0.02ms 0.1ms 0.5ms 2.5ms 

100% transmittance 1-9 10-16 17-21 22-23 

10% transmittance 77-83 84-94 95-100 101-103 

1% transmittance 21-42 43-59 60-70 71-76 

It can be seen that the relative error of the calibration method in this article is relatively close 407 

to that of the traditional calibration method. The average relative error of traditional calibration 408 

methods is 1.03%, while the average relative error of our method is 1.81%; Their average relative 409 

error deviation is 0.8%. Only a few points have significant deviations, but the relative error of the 410 

method proposed in this article can still be maintained within 6%. However, Yang's proposed 411 

method requires the infrared radiation measurement system to exhibit good linearity in both the 412 

integration time dimension and the attenuation filter dimension, making it unsuitable for achieving 413 

satisfactory calibration results with the system described in this paper. The relative error at the 100% 414 

transmittance attenuator and 10% transmittance attenuator is significantly better than that of the 1% 415 

transmittance attenuator. This is likely because the four blackbody images used to calculate the 416 

calibration coefficients included information from the 100% and 10% transmittance attenuators but 417 

did not incorporate data from the 1% transmittance attenuator. For both the 100% transmittance and 418 

10% transmittance attenuation filters, there are still some blackbody images with relatively large 419 

errors in integration time. This is likely due to the weakening linear relationship between system 420 

response and integration time as the number of detection settings increases. 421 

(2) The radiation accuracy for inner-outer method 422 

For working settings not requiring correction, the calibration coefficients of the proposed 423 

method and the conventional blackbody-collimator calibration method are shown in the Table 7. 424 

Table 7. The calibration slope/offset of the proposed method and the conventional blackbody-425 

collimator calibration method for working settings not requiring correction 426 

working settings not requiring correction the proposed method the conventional method 

k b k b 

100% transmittance, 0.1ms integration time 7676.9  395.9  7547.7  433.3  

100% transmittance, 0.25ms integration time 19192.3  666.8  19492.4  611.5  

100% transmittance, 0.5ms integration time 38384.6  1134.9  26352.6  4385.0  
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10% transmittance, 0.1ms integration time 6071.7  3658.8  6070.4  3658.5  

10% transmittance, 0.25ms integration time 9107.6  5444.9  9086.0  5455.5  

10% transmittance, 0.5ms integration time 1719.1  10634.0  1714.8  10631.4  

Using the proposed method and the conventional blackbody-collimator calibration method, the 427 

radiance of the captured blackbody images was calculated. The results were then compared with the 428 

standard blackbody radiance, and the relative error was computed, as illustrated in Fig.10. 429 

 430 

Fig.10. The comparison of relative errors between the proposed method and the conventional 431 

method 432 

The average relative error of the proposed method is 0.57%, compared to 0.42% for the 433 

conventional method, indicating that the two methods have very similar relative errors. From the 434 

calibration coefficients of the proposed method and the conventional method in the Table 3, it can 435 

also be seen that their calibration gain (k) and offset (b) are quite close. It’s noteworthy that for the 436 

setting (100% transmittance attenuator, 0.5ms integration time), the calibration gain (k) and offset 437 

(b) differ significantly between the two methods. It’s because only 140℃ blackbody image falls 438 

with the linear range of the detector for the setting, and the conventional method can’t accurately 439 

calculate the two unknown parameters with only one input. In contrast, the proposed method takes 440 

into account the influence of the optical attenuator and integration time in the calibration model, 441 

allowing for extrapolation along these two dimensions while maintaining accurate calculations. 442 

For working settings requiring correction, the calibration coefficients of the blackbody-443 

collimator method in the full temperature range, the blackbody-collimator method in the common 444 

temperature range, and the proposed method are shown in the Table 8. 445 

 446 

Table 8. The calibration slope/offset of the proposed method, the conventional inner-outer method, 447 

the blackbody-collimator method in the full temperature range and the blackbody-collimator method 448 

in the common temperature range for working settings not requiring correction 449 

working settings not 
requiring correction 

the blackbody-
collimator 

method in the 
full temperature 

range 

the proposed 
method 

the blackbody-
collimator 

method in the 
common 

temperature 
range 

the 
conventional 
inner-outer 

method 

k b k b k b k b 
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10% transmittance, 

0.1ms integration time 
618.9 430.3 606.5 431.8 638.5 422.6 574.8 542.0 

10% transmittance, 

0.25ms integration time 
1496.6 961.6 1516.2 966.4 1530.9 948.2 1485.9 975.8 

10% transmittance, 

0.5ms integration time 
3038.7 1858.2 3032.4 1866.3 3038.7 1858.2 3093.8 1753.7 

1% transmittance, 0.1ms 

integration time 
53.8 429.7 53.0 430.7 61.0 413.9 47.1 602.7 

1% transmittance, 

0.25ms integration time 
130.2 963.6 132.5 963.5 146.5 929.1 118.7 1296.8 

1% transmittance, 0.5ms 

integration time 
261.6 1881.9 265.0 1860.4 292.8 1818.4 242.7 2480.8 

1% transmittance, 1ms 

integration time 
537.8 3672.0 529.9 3678.6 573.5 3603.5 491.7 4868.2 

1% transmittance, 1.5ms 

integration time 
816.9 5446.8 794.9 5512.7 863.6 5360.6 761.5 7168.1 

The correction coefficients can be derived using the conventional inner-outer calibration 450 

method (as described in Reference 8) with the combinations of optical attenuator, integration time, 451 

and blackbody temperature listed in the Table 9 and Table 10. 452 

4

w

5

n

6.04 10
0.349

1.74 10





= = =

   
w n

5

n filter

W W 3592 5213
0.093

1.74 10 0.1


 
− −

= = = −
           (18) 453 

In the formular,  is the calibration gain correction coefficients, w and n are system response 454 

gain of the conventional outer calibration and inner calibration, respectively. β is the calibration 455 

offset correction coefficients, Ww and Wn are the offset caused by the system stray radiation of the 456 

conventional outer calibration and inner calibration, respectively. τfilter is the transmittance of the 457 

attenuator. 458 

For working settings requiring correction, perform the conventional inner calibration in the full 459 

temperature range. By substituting the conventional inner-outer calibration correction coefficients 460 

into the conventional inner calibration in the full temperature range, the correction calibration 461 

coefficients can be obtain in the Table 8Table 9. 462 

 463 

Table 9. the combinations of optical attenuator, integration time, and blackbody temperature used 464 

in conventional outer calibration 465 

Attenuator Integration 

time 

Blackbody 

temperature 

the digital number of 

blackbody images 

w Ww DNw 

10% 0.5 170/0.4492 3231 6.09104 3592 64.7 

0.5 200/0.7271 4077 

1 170 6394 

1 200 8082 

Table 10. the combinations of optical attenuator, integration time, and blackbody temperature used 466 

in conventional inner calibration 467 

Attenuator Integration 

time 

Blackbody 

temperature 

the digital number of 

blackbody images 

n Wn DNn 
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10% 0.5 170 6616 1.74105 5213 97 

0.5 200 9038 

1 170 13137 

 468 

Fig.11. The comparison of relative errors among the proposed method, the blackbody-collimator 469 

method in full temperature range and the blackbody-collimator method in common temperature 470 

range 471 

Using the proposed method, the blackbody-collimator method in full temperature range, the 472 

blackbody-collimator method in common temperature range, the conventional inner-outer method, 473 

the radiance of the captured blackbody images was calculated. The results were then compared with 474 

the standard blackbody radiance, and the relative error was computed, as illustrated in Fig.11 and 475 

Fig.12. 476 

 477 

Fig.12. The relative errors of the conventional inner-outer method 478 

For the blackbody-collimator method in full temperature range, the average relative error is 479 

1.84%, and the maximum relative error is 4.97%. For proposed method, the average relative error  480 

is 2.08%, and the maximum relative error is 6.20%. For the blackbody-collimator method in 481 
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common temperature range, the average relative error is 4.34%, and the maximum relative error is 482 

9.80%. For the conventional inner-outer method, the average relative error is 25.80%, and the 483 

maximum relative error is 217.35%. The average relative error of proposed method is two times 484 

smaller than that of the blackbody-collimator method in common temperature range. And, its 485 

relative error is already close to that of the blackbody-collimator method in full temperature range. 486 

It demonstrates that the proposed calibration method can significantly improve calibration accuracy. 487 

The conventional inner-outer calibration method exhibit excessively high average and maximum 488 

relative errors, thus is inapplicable to the system. It’s because the method only considers 1 attenuator 489 

and 2 integration time during inner-outer correction, which requires the system to have good linear 490 

extrapolation in both the attenuator dimension and the integration time dimension. As shown in 491 

Fig.12, the relative error is relatively small for the working settings used in inner-outer correction, 492 

but it becomes exceptionally large for the working settings not used in inner-outer correction. 493 

Moreover, the proposed method requires only 6 calibration temperature points 494 

(140℃,170℃,200℃,260℃,350℃, and 1050℃), whereas the blackbody-collimator method and the 495 

conventional inner-outer calibration method require much denser calibration temperature points. 496 

Therefore, the proposed method can improve calibration efficiency by at least several times. 497 

5. Conclusion 498 

The paper proposes the efficient calibration method suitable for wide dynamic range systems 499 

to address the time-consuming nature of traditional calibration methods. By establishing a nonlinear 500 

response model that simultaneously considers integration time and attenuators, the method 501 

incorporates secondary correction of attenuator transmittance, attenuator self-radiation, and 502 

nonlinear terms of integration time, resulting in a total of 11 parameters solved through nonlinear 503 

optimization. The model also deeply integrates the inter- outer calibration concept, enabling unified 504 

coverage of the collimator-blackbody calibration, close-range extended source calibration, and 505 

internal-external calibration. Experiments show that in the collimator-blackbody calibration, the 506 

paper requires only five calibration temperature points, improving efficiency nearly fivefold 507 

compared to the traditional method's 24 calibration temperature points, with a relative error of 508 

1.81%, close to the traditional method's 1.03%. In contrast, Yang's rapid calibration method, which 509 

fails to account for nonlinear factors in both modeling and algorithms, exhibits a relative error that 510 

severely exceeds acceptable limits. In the inner-outer calibration, the paper requires only six 511 

calibration temperature points, achieving a fourfold efficiency improvement over the traditional 512 

inner-outer calibration method's 26 calibration temperature points, with a relative average error of 513 

2.08%, far superior to the traditional inner-outer calibration method's 25.8%. This method achieves 514 

efficient and rapid radiation calibration with full coverage of collimator-blackbody calibration, 515 

close-range extended source calibration, and internal-external calibration. It offers efficient and fast 516 

radiation calibration capabilities, playing a positive role in reducing calibration time, increasing 517 

system task response efficiency, and mitigating the impact of environmental temperature changes 518 

during the calibration process, holding significant scientific value and engineering application 519 

prospects. 520 

 521 
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