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The calibration accuracy of the infrared temperature measurement system near room temperature field is easily affected by the calibration environment. In this paper, an equivalent blackbody calibration method is proposed for this problem. In this method, the target radiation and ambient radiation superimposed in calibration data are separated by two calibration functions at different ambient temperatures, and an equivalent blackbody calibration function is constructed. The experimental verification of the proposed method is carried out, and the results show that the proposed method has a better calibration effect for the surface blackbody than the commonly used environmental compensation methods. This method can effectively improve the calibration accuracy of infrared temperature measurement system near room temperature field, and further improve the infrared temperature measurement theory.
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1 INTRODUCTION
The spectral detection technology has the advantages of fast response, high sensitivity, and high resistance to electromagnetic noise [1], including TDLAS [2], CARS [3], QEPAS [4], QEPTS [5], THz [6], photoacoustic spectrum [7], infrared temperature measurement technology [8] and et al. Among them, infrared temperature measurement technology is widely used for non-contact temperature measurement in military, industrial, agricultural, biological, and other fields. Calibration is very important for infrared temperature measurement technology. The infrared radiation detection equipment needs to be calibrated regularly to ensure the measurement accuracy, and many scholars are constantly studying the calibration methods [9, 10]. Fluke has set up a new IR calibration laboratory with radiometric traceability for this reason [11]. For low-temperature infrared calibration, Kimball BA began the research of low-temperature infrared calibration in 1984 [13]. In 2004, NIST held calibration and intercomparison of infrared radiometers [12]. The ambient impact of some blackbodies used in the laboratory had been calibrated by the National Institute of Standards and Technology (NIST) Thermal-infrared Transfer Radiometer (TXR), and the blackbodies calibration results can be used for subsequent ambient compensation. In 2011, Barry T et al presents a self-calibration technique for the removal of measurement errors caused by thermal gradients in thermopile-based infrared thermometry [14, 15]. In 2012, Dai Y et al developed a surface blackbody for low-temperature infrared calibration, and calculated the ambient compensation value required when using this blackbody for calibration [16]. In 2020, Zhang Z Q et al explained the compensation method that takes into account the calibration error introduced by the blackbody emissivity and ambient temperature, and illustrated the difference of calibration curves before and after compensation with examples [17].
The calibration experiment of the infrared temperature measurement system is usually carried out in laboratory with a surface blackbody [18]. If the target temperature is close to the ambient temperature, or even lower than the ambient temperature, the calibration accuracy is easily affected by the ambient. For this problem, the method given in the reference [12, 17] can generally be used for compensation, but sometimes the effect is not good because the given emissivity is inaccurate or the compensation model does not match the experiment.
In this paper, this problem is studied. The ambient influence is removed by comparing two calibration functions under different ambient temperatures. And the equivalent blackbody calibration function is obtained.
2 PRINCIPLE OF INFRARED CALIBRATION AND TEMPERATURE MEASUREMENT
It is necessary to calibrate the infrared temperature measurement system to establish the quantitative relationship between the input radiation intensity and the output signal of the infrared detector before use. In this paper, a refrigerating photoelectric detector is used in the infrared temperature measurement system [19], and the output signal of the detector has a linear relationship with the irradiance from the infrared source [20]. When the target is a blackbody, the calibration function is shown as Eq. 1.
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Where V is the output voltage of detector, k system response factor, including parameters such as lens transmittance, amplifier gain, lens area, field of view area, distance between target and instrument, b system bias, f(T) is calculated according to Eq. 2 [21].
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Where λ2 and λ1 are the upper and lower limits of the spectral response of the detector, Rλ the wavelength function of thermometer [22], LλB(T) the blackbody radiation exitance at T temperature, and c1 and c2 the first and second Plank’s radiation constants.
The calibration principle schematic diagram of the infrared temperature measurement system is shown in Figure 1 [23]. The blackbody radiation emission needs to cover the entire field of view of the calibrated infrared temperature measurement system. By changing the temperature of the blackbody, the response of the detector at the corresponding temperature can be obtained. The calibration coefficients of Eq. 1 are determined through least square fitting the band radiation response f(T) versus the detector response at different temperatures [24].
[image: Figure 1]FIGURE 1 | Schematic diagram of calibration principle of infrared temperature measurement system.
When calibration results are used to measure the temperature of a grey body target (with constant emissivity ε), focusing the thermometer on it, the target radiation exitance L is calculated from the output voltage with Eq. 1. And after compensating for environmental interference, the target temperature T is calculated inverting Eq. 2. So the following Eq. 3 is obtained [25]:
[image: image]
Where Tamb is the ambient temperature (which behaves as a blackbody being a cavity).
3 CALIBRATION METHOD PRINCIPLE OF INFRARED TEMPERATURE MEASUREMENT SYSTEM NEAR ROOM TEMPERATURE FIELD
For the infrared temperature measurement system which is easily affected by the environment near room temperature field, the calibration coefficients are different due to different calibration environments. Set the standard calibration function after removing ambient influence as Eq. 4.
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The calibration function Eq. 5 can be obtained by calibrating with an ambient temperature of Tamb1.
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The calibration function Eq. 6 can be obtained by calibrating with an ambient temperature of Tamb2.
[image: image]
Eq. 7 can be obtained by constructing Eq. 4 as the addition of target radiation and ambient radiation.
[image: image]
When the target temperature is the same as the ambient temperature, Eq. 7 is the same as Eq. 4. Eq. 8 can be obtained by further decomposing Eq. 7.
[image: image]
It can be seen from Eq. 8 that the effects of ambient temperatures Tamb1 and Tamb2 are included in coefficients b1 and b2 during laboratory calibration. Eq. 9 can be obtained by combining Eq. 8 with Eq. 5.
[image: image]
Eq. 10 can be obtained by combining Eq. 8 with Eq. 6.
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From Eq. 9 and Eq. 10, we can see that in theory k1=k2=kε. In the actual experiment, only k1≈k2 can be achieved, and kε≈(k1+k2)/2 can be used in the calculation. New calibration coefficients k and b can be obtained by substituting kε≈(k1+k2)/2 back to Eq. 9 and Eq. 10.
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In this way, the equivalent blackbody calibration function with the target temperature equivalent blackbody radiation as a variable can be obtained.
4 CALIBRATION METHOD VERIFICATION EXPERIMENT OF INFRARED TEMPERATURE MEASUREMENT SYSTEM NEAR ROOM TEMPERATURE FIELD
In order to verify the calibration method proposed in this paper, calibration experiments were carried out in two environments with different temperatures. The calibration functions are used to measure the target which is equal to the ambient temperature (the ambient temperature has little influence according to Eq. 7). The validity of the proposed calibration method can be verified by observing the measurement deviation. A temperature-controllable calibration environment is formed with a high and low-temperature test chamber.
4.1 Apparatus for Verification Experiment
In order to complete the verification experiment of the proposed calibration method, the infrared temperature measuring system and the small surface blackbody were disassembled to reduce their volume. They can be conveniently placed in the high and low temperature test chamber. The main experimental devices of the verification experiment include: the disassembled infrared temperature measurement system, the high and low temperature test chamber, and the disassembled small surface blackbody.
Since the minimum working temperature of the surface blackbody used in the experiment is −10°C, and the maximum working temperature of the disassembled infrared detector module is 40°C, the verification experiment is carried out in the range of −10°C–40°C. The schematic diagram and photos of calibration method verification experiment are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram and photos of calibration method verification experiment.
4.2 Results of Verification Experiment

1) Calibration Function Fitting
The selected calibration ambient temperature is expected to be close to the conventional laboratory ambient temperature. The high and low temperature test chamber used in this experiment has better stability during refrigeration, so two temperatures lower than room temperature, 10°C and 15°C, are selected. After setting up the experimental environment as shown in Figure 2, set the temperature of the high and low temperature test chamber to 10°C. The calibration experiment was carried out at this ambient temperature. The blackbody temperature varied from −10°C to 40°C, and the change step was 10°C. The detector output at the corresponding temperature were recorded. Then adjust the temperature of the high and low temperature test chamber to 15°C, and perform the calibration experiment again. The summary of calibration experimental data is shown in Table 1.
TABLE 1 | Calibration experimental data of infrared temperature measurement system.
[image: Table 1]According to the calibration data, the calibration function at 10°C is obtained as shown in Eq. 12. The fitting correlation coefficient is 0.9981, and the linearity is good.
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According to the calibration data, the calibration function at 15°C is obtained as shown in Eq. 13. The fitting correlation coefficient is 0.9982, and the linearity is good.
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According to the method described in Refs. [12, 17], the calibration function obtained at a fixed ambient temperature is compensated, and the calibration function after compensation is shown as Eq. 14.
[image: image]
According to Eq. 11, Eq. 12, and Eq. 13, the coefficients of the equivalent blackbody calibration function are calculated, and the calibration function is shown as Eq. 15.
[image: image]
2) Measurement Verification
An experimental scene without ambient influence is formed by adjusting the set temperature of the high and low temperature experiment chamber and the surface blackbody simultaneously, and making the two temperatures equal. The temperature increased from −10°C to 40°C. Temperature inversion on the data collected in the experiment is carried out with Eq. 13, Eq. 14, and Eq. 15. Summarize the deviation results into a table, as shown in Table 2.
TABLE 2 | Verification experiment when environmental temperature equal to target temperature.
[image: Table 2]The effectiveness of the calibration method proposed in this paper can be seen from the experimental results in Table 2. The equivalent blackbody calibration function Eq. 15 has the best data inversion result, with the maximum error of ±1.8°C and the average absolute value error of 0.9°C. The maximum error of calibration function obtained by direct calibrating is ±6.6°C, and the average absolute error is 4.0°C. The maximum error of the calibration function after conventional ambient compensation is ±5.1°C, and the average absolute value error is 3.0°C.
According Table 2, the measured result is lower than the actual temperature with the conventional calibration function when the target temperature is lower than the calibration ambient temperature. This is because when calibration is carried out in this case, the total radiation received by the infrared temperature measuring equipment will be higher than the blackbody radiation at the target temperature. When the target temperature is higher than the ambient temperature, on the contrary, the experimental measurement result is higher than the actual temperature. Because the error caused by the ambient temperature is far greater than that caused by the nonlinearity and random noise of calibration data, the signs of errors obtained by the conventional calibration method show obvious regularity with the calibration ambient temperature as the dividing line. The method proposed in this paper has largely eliminated the influence of calibration ambient temperature, so the error distribution is symmetrical, which is mainly caused by the nonlinearity of calibration data.
The experimental results show that the ambient temperature has a great influence on the infrared calibration near room temperature field in the laboratory, and the maximum error can reach ±6.6°C when using the direct calibration function in the verification experiment. Conventional environmental temperature compensation methods can reduce the environmental impact, but sometimes the effect is not ideal. The maximum measurement error is reduced from ±6.6°C to ±5.1°C in the experiment. The equivalent blackbody calibration method can more effectively remove the environmental interference in the infrared calibration, and the maximum measurement error is reduced from ±6.6°C to ±1.8°C in the experiment.
The calibration curves Eq. 12, Eq. 13, Eq. 14, Eq. 15, and the data without environmental interference measured in the verification experiment are plotted as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Calibration functions and experimental data without environmental interference.
It can be seen from Figure 3 that the calibration functions Eq. 12 and Eq. 13 obtained by calibrating at different ambient temperatures are basically parallel, that is, the slope is basically fixed. According to Ref. [17], after environmental temperature compensation, the slope of the calibration curve increases, and calibration curve is closer to the experimental data. It is indicated that the compensation has a certain effect, but the effect is not satisfactory. The equivalent blackbody calibration function basically coincides with the experimental data without environmental interference, which shows the effectiveness of the method.
5 CONCLUSION
During the calibration of the infrared temperature measurement system near room temperature field, the target temperature is close to the ambient temperature, or even lower than the ambient temperature. The calibration accuracy is easily affected by the ambient. In this paper, an equivalent blackbody calibration method is proposed to solve this problem. The calibration method can be used for the calibration of large aperture infrared radiation equipment with a surface blackbody. It is studied to solve the inadaptability of the ambient compensation method in the Refs. [12, 17]. In this method, the target radiation and ambient radiation superimposed in calibration data are separated by two calibration functions at different ambient temperatures, and an equivalent blackbody calibration function is constructed. The experimental verification of the proposed method shows that the maximum measurement error is reduced from ±6.6°C to ±1.8°C. Compared with the calibration function after conventional ambient compensation, the result of the equivalent blackbody calibration function is more satisfying.
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