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Abstract 

 
With the advancement of China's satellite technology, the HuanJingJianZai-2 A/B (HJ-2 A/B) satellites, equipped with whisk-broom 

infrared sensors, represent a significant leap forward in environmental monitoring and Earth observation capabilities. This 

technological leap, however, introduces new challenges in calibration. The unique structure of the HJ-2 A/B infrared spectroradiometer 

(IRS) necessitates innovative calibration techniques, as traditional methods primarily focused on exterior orientation parameters (EOPs) 

and often overlooked the importance of interior orientation accuracy, which is essential for accurate multispectral band registration and 

color rendering. Addressing this gap, we introduce an innovative multi-focal-plane-array joint calibration method specifically designed 

for whisk-broom cameras. Our method involves selecting a master band from each focal plane array for accurate focal length calibration 

and deriving ground control points from image matching and altitude interpolation for comprehensive bundle adjustment. This 

adjustment refines EOPs and interior orientation parameters (IOPs), ensuring globally optimal EOPs and enhanced IOPs calibration 

stability. The application of our method to the HJ-2 A/B IRS yielded substantial improvements in georeferencing and band registration 

accuracies, surpassing traditional methods. This paper details the multi-focal-plane-array joint calibration method, describes the IRS 

and experimental setup, presents the experimental results, and concludes with the implications and potential applications of our findings. 

 

 

1. Introduction 

Infrared sensors, crucial for tasks such as vegetation analysis and 

smoke detection (Corsi, 2010; Liu et al., 2021), are increasingly 

adopting whisk-broom mode for broader data collection, as seen 

in MODIS, AVHRR, and MERSI-II (Fowler et al., 2014). The 

HuanJingJianZai-2 A/B (HJ-2 A/B) satellites, pivotal elements 

in China's remote sensing endeavors, represent a significant leap 

in high-resolution (HR) environmental observation technology. 

These two satellites, equipped with advanced whisk-broom 

infrared spectroradiometers (IRS), were specifically launched to 

meet the complex demands of Earth's environmental monitoring 

and observation. The focus of the HJ-2 A/B is primarily on 

thermal infrared imaging, a crucial aspect for applications 

ranging from land resource management to disaster management. 

The unique structure of the IRS on these satellites presents 

specialized calibration and geometric correction challenges. To 

obtain better inversion results in terms of the position and area 

of interest through the improvement of georeferencing accuracy, 

the on-orbit calibration of spaceborne sensors is necessary, 

which includes exterior orientation parameters (EOPs) and 

interior orientation parameters (IOPs) calibration (Garcia et al., 

2020; Tao et al., 2014; Zhang et al., 2013). Moreover, the 

dynamic nature of whisk-broom sensors, with their rotating 

mirrors, introduces more complex calibration challenges than 

push-broom sensors (Li, 2021; Sheng et al., 2018).  

 

To achieve stable and high georeferencing accuracy, it is 

essential to analyze and compensate the systematic errors of 

whisk-broom sensors through calibration (Hugenholtz et al., 

2016). In the early era of whisk-broom sensor georeferencing 

development, much effort was devoted to reducing errors caused 

by inaccurate measurement of ephemeris and attitude for 

 
 * Corresponding author 

satellite navigation (Ye et al., 2017; Toutin, 2004). Benefitting 

from improved ephemeris accuracy (Caporali et al., 2021), 

compensation for attitude can achieve sub-pixel georeferencing 

accuracy, as reported in studies of AVHRR and microwave 

radiation imager (Fang et al., 2021). However, these studies 

mainly aimed at improving the exterior orientation accuracy. 

Attention should also be paid to the interior orientation accuracy 

to achieve better multispectral band registration performance, 

important for good color rendering and sharp area estimation of 

ground objects. Consequently, many studies have been 

conducted to compensate for the systematic errors within 

dynamic sensors (Pan et al., 2022a; Schorlemer et al., 2021). The 

study on the YaoGan-14's thermal-infrared sensor involved 

calibrating temporal system parameters and whisk-broom angle 

parameters, a process that successfully achieved plane 

positioning accuracy at the sub-pixel level (Sheng et al., 2018). 

Furthermore, systematic errors in MERSI-II, such as pitch angle 

errors of K-mirrors and principal distance error, were 

significantly reduced, achieving a root mean square error 

(RMSE) of 0.4 pixels in nadir image (Pan et al., 2022b). To 

calibrate different band arrays, these studies adopted a band-to-

band registration method (Tilton et al., 2019). Specifically, a 

master band, whose wavelength is close to the visible spectral 

band, is generally first selected to match reliable ground control 

points (GCPs) from reference digital orthophoto maps (DOMs) 

and be calibrated after optimization the attitudes and scanning 

angles by bundle adjustment (Cao et al., 2019; Tong et al., 2019), 

then the other slave bands are calibrated based on the EOPs of 

the master band. However, this method is not suitable for those 

whisk-broom sensors with multiple focal plane arrays (FPAs) 

since the master band does not share the same focal length with 

the slave bands on different FPAs. Besides, the corresponding 

ground objects on different bands are observed at different times, 
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which means the master and slave bands suffer different exterior 

orientation errors during the same exposure period (Liu et al., 

2012). Thus, the calibration strategy using one master band for 

bundle adjustment is not stable because the difference between 

focal lengths of different FPAs is ignored and the EOPs may not 

be global optimal due to the fact that the slave bands are not 

participated in the bundle adjustment. 

 

To address the above issue, we propose a multi-focal-plane-array 

joint calibration method for whisk-broom sensors. First, for each 

FPA, a master band is selected to calibrate the focal length. 

Secondly, GCPs are obtained based on matching these master 

band images with the reference DOMs and interpolating their 

altitudes from reference digital elevation models (DEMs). 

Thirdly, GCPs on all the master band images participate in 

bundle adjustment for refining the EOPs and IOPs of master 

bands. Finally, the IOPs of the slave bands are calibrated based 

on the global optimal EOPs and their corresponding focal 

lengths. Our method's major innovation, compared to methods 

selecting a single master band for all FPAs, lies in achieving 

globally optimal EOPs for different FPAs and accurately 

calibrating their focal lengths, resulting in more stable IOPs. 

 

The IRS adopted in HJ-2 A/B was successfully calibrated based 

on the proposed method. The experiment results showed that our 

method excels in correcting exterior and interior orientation 

errors, ensuring a globally optimized calibration and yielding 

superior results in band registration accuracy. The remainder of 

this paper is organized as follows: Section 2 details the proposed 

calibration method. Section 3 introduces the IRS of HJ-2A/B and 

experimental data. Section 4 presents and discusses the results. 

Section 5 draws the conclusion. 

 

2. Methodology 

The core idea of the proposed method is to set one master band 

for each FPA. The focal lengths of different FPAs and the IOPs 

of the master bands are solved uniformly in the bundle 

adjustment, achieving a global optimal result. After obtaining 

global optimal EOPs, the slave bands on each FPA are calibrated 

based on the corresponding master band. The overall technical 

process is shown in Figure 1. It can be decomposed into two key 

modules: 1) master bands calibration, and 2) slave bands 

calibration. 

2.1 Geometric Model 

2.1.1 Geometric Model of Whisk-broom Sensor 

For the dynamic whisk-broom sensor, the geometric model can 

be expressed as follows: 

 

[
𝑋
𝑌
𝑍

] = [

𝑋𝑆

𝑌𝑆

𝑍𝑆

] + 𝜆𝑅𝐸𝐶𝐼
𝐸𝐶𝐸𝐹𝑅𝑏𝑜𝑑𝑦

𝐸𝐶𝐼 𝑅𝑐𝑎𝑚
𝑏𝑜𝑑𝑦

𝑅𝑈𝑅𝑆 [

𝑥 − 𝑥0

𝑦 − 𝑦0

𝑓
]   (1) 

 

where [𝑋 𝑌 𝑍]𝑇  is the coordinate of a ground point in the 

earth-centered earth-fixed (ECEF) coordinate system; 
[𝑋𝑆 𝑌𝑆 𝑍𝑆]𝑇 is the position of the satellite determined by the 

global positioning system (GPS); 𝑅𝐸𝐶𝐼
𝐸𝐶𝐸𝐹  is the rotation matrix 

between the earth-centered inertial (ECI) coordinate system and 

the ECEF coordinate system; 𝑅𝑏𝑜𝑑𝑦
𝐸𝐶𝐼  is the rotation matrix 

between the satellite body coordinate system and the ECI 

coordinate system; 𝑅𝑐𝑎𝑚
𝑏𝑜𝑑𝑦

 is the rotation matrix of sensor 

installation angle in the body coordinate system; 𝑅𝑈 is the offset 

matrix, which is be used to eliminate particular equipment 

installation and attitude errors; 𝑅𝑆  is the rotation matrix 

composed of the steering mirror angle around the X axis of the 

sensor coordinate system during imaging; (𝑥, 𝑦)  is the 

coordinate of a pixel in the focal plane; (𝑥0, 𝑦0) is the coordinate 

of the principal point; 𝑓 is the focal length; 𝜆 is the scale factor. 

 

2.1.2 Master Bands Calibration 

The master bands calibration addresses three main issues: i) 

obtaining the distortion parameters of each master band, ii) 

correcting the focal length and coordinate of principal point of 

each FPA, and iii) obtaining the accurate EOPs of each image 

frame. Generally, to obtain numerous GCPs for calibration, the 

master band images are first matched with the reference DOMs, 

followed by interpolation of elevations from the reference DEMs. 

The matching algorithm with two steps of expansion (Zhang et 

al., 2016) is adopted to acquire GCPs. Since the raw master band 

images contain severe distortion, leading to unreliable feature 

point matching, image rectification is first performed based on 

the model in Equation (1) and the reference DEMs. Note that this 

matching step is only used for extracting GCPs, the subsequent 

bundle adjustment process is based on the coordinates of the 

matching points in the original images. 

 

 
Figure 1. The workflow of the proposed calibration method. 
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After obtaining GCPs, multi-FPA bundle adjustment is 

performed. For whisk-broom sensor, the EOPs for each image 

frame include seven parameters: three for position, three for 

attitude, and one for the scanning angle. Given that solving the 

position and attitude for each image frame results in large 

parameter blocks and a time-consuming iteration process, the 

Lagrange Interpolation Model is employed during bundle 

adjustment. This model selects image frames at specific time 

intervals as orientation fixes. Only the EOPs of the orientation 

fixes are solved during bundle adjustment, and the EOPs of other 

image frames are interpolated based on the orientation fixes. The 

3rd-order Lagrange Interpolation Model employed in this paper 

can be expressed as follows: 

 

𝑃3(𝑡) = ∑ 𝑃(𝑡𝑖) ∏
𝑡−𝑡𝑗

𝑡𝑖−𝑡𝑗

3
𝑗=0,𝑗≠𝑖

3
𝑖=0                       (2) 

 

where 𝑃3(𝑡) at time 𝑡 is interpolated from the values 𝑃(𝑡𝑖) at the 

four neighboring orientation fixes with time 𝑡𝑖; 𝑃3(𝑡) is the 

position and attitude parameters for image frame at time 𝑡. 

 

The measurement of scanning angle suffers errors from variation 

of rotation velocity of the steering mirror, which makes the angle 

not be linearly correlated with time 𝑡, it can be modeled on the 

basis of Fourier series: 

 

𝜃(𝑡) = 𝑎0 + ∑ [𝑎𝑖 cos(𝑖𝜔𝑡) + 𝑏𝑖 sin(𝑖𝜔𝑡)]𝑛
𝑖=1          (3) 

 

where 𝜃(𝑡) at time 𝑡 is the scanning angle; 𝑎0, 𝑎1, … , 𝑎𝑛, 𝑏1, … ,
𝑏𝑛  are the coefficients of Fourier series; 𝜔  is the angular 

frequency; 𝑛 is the order of the Fourier series, which is 8 in this 

paper. 

 

After the satellite is launched, the laboratory IOPs may change 

due to variation in the thermal environment and physical stress 

release, and the effective focal length differs for each FPA. Thus, 

the following additional parameters model is established as

 

{
∆𝑥𝑖 = ∆𝑥0,𝑖 −

∆𝑓𝑖

𝑓
�̅�𝑖 + (𝑘1,𝑖𝑟𝑖

2 + 𝑘2,𝑖𝑟𝑖
4)�̅�𝑖 + 𝑝1,𝑖(𝑟𝑖

2 + 2�̅�𝑖
2) + 2𝑝2,𝑖�̅�𝑖�̅�𝑖

∆𝑦𝑖 = ∆𝑦0,𝑖 −
∆𝑓𝑖

𝑓
�̅�𝑖 + (𝑘1,𝑖𝑟𝑖

2 + 𝑘2,𝑖𝑟𝑖
4)�̅�𝑖 + 2𝑝1,𝑖�̅�𝑖�̅�𝑖 + 𝑝2,𝑖(𝑟𝑖

2 + 2�̅�𝑖
2)

                                                (4) 

 

where 𝑖 is the index of each FPA; (∆𝑥0,𝑖 , ∆𝑦0,𝑖) is the correction 

term of principal point coordinate; 𝑘1,𝑖 , 𝑘2,𝑖  are the radial 

distortion parameters; 𝑝1,𝑖 , 𝑝2,𝑖  are the decentering distortion 

parameters; (�̅�𝑖 , �̅�𝑖) = (𝑥 − 𝑥0,𝑖 , 𝑦 − 𝑦0,𝑖)  and 𝑟𝑖 = √�̅�𝑖
2 + �̅�𝑖

2 ; 

∆𝑓𝑖 is the correction term for each FPA. 

 

Combining Equation (1) to (4), the master bands calibration 

model is as follows: 

 

𝑉𝑀 = 𝐴𝑋 + 𝐵𝑋𝑀 + 𝐶𝑋𝑖 − 𝐿𝑀       𝑃𝑀               (5) 

 

where 𝑋  is the vector of the corrections in the exterior 

orientation elements of the orientation fixes; 𝑋𝑀 is the vector of 

corrections in the Fourier series parameters; 𝑋𝑖 is the vector of 

corrections in the additional parameters of master band sensor 

arrays and focal length of each FPA; (𝐴, 𝐵, 𝐶)  are the 

corresponding design matrices; 𝐿𝑀 is the corresponding 

discrepancy vector; 𝑃𝑀 is the weight matric. 

 

2.2 Slave Bands Calibration 

At the beginning of slave bands calibration, images from both 

master and slave bands are rectified based on the multi-FPA 

bundle adjustment results. Note that the geolocation accuracy of 

master bands images should be comparable with the reference 

DOMs after this rectification step. Then the slave band images 

are matched with the master band images that share the same 

FPA to get reliable feature points. Digital GCPs are obtained by 

interpolating the elevation of matching points from reference 

DEMs. 

 

Based on the accurate EOPs, and the corresponding focal lengths 

and coordinates of principal points, the slave bands calibration 

focuses solely on adjusting the sensor array offset and distortion 

parameters, expressed as 

 

{
∆𝑥𝑗 = ∆𝑥𝑗 + (𝑘1,𝑗𝑟𝑗

2 + 𝑘2,𝑗𝑟𝑗
4)�̅�𝑗 + 𝑝1,𝑗(𝑟𝑗

2 + 2�̅�𝑗
2) + 2𝑝2,𝑗�̅�𝑗�̅�𝑗

∆𝑦𝑗 = ∆𝑦𝑗 + (𝑘1,𝑗𝑟𝑗
2 + 𝑘2,𝑗𝑟𝑗

4)�̅�𝑗 + 2𝑝1,𝑗�̅�𝑗�̅�𝑗 + 𝑝2,𝑗(𝑟𝑗
2 + 2�̅�𝑗

2)
                                                    (6) 

 

Equation (6) is performed based on Equations (1) and (4), which 

means only the additional parameters of slave band sensor arrays 

are solved during the bundle adjustment. The slave bands 

calibration model is as follows: 

 

𝑉𝑆 = 𝐷𝑋𝑠 − 𝐿𝑠       𝑃𝑠                          (7) 

 

where 𝑋𝑆 is the vector of corrections in the additional parameters 

of slave band sensor arrays; 𝐷 is the corresponding design matric; 

𝐿𝑆  is the corresponding discrepancy vector; 𝑃𝑆  is the weight 

matric. 

 

3. Materials 

3.1 Design of Infrared Sensor on HJ-2 A/B 

Launched on September 27, 2020, HJ-2 A/B are two satellites 

sharing the same design. Each satellite is equipped with four 

types of optical payloads, including the IRS, the 16m-resolution 

charge-coupled device (CCD) camera, the hyperspectral imager, 

and the polarized scanning atmospheric corrector. Among these 

instruments, the IRS has nine spectral bands covering the 

visible-near infrared (VNIR), short-wave infrared (SWIR), 

middle-wave infrared (MWIR) and long-wave infrared (LWIR), 

which correspond to B1 to B3 (0.63-0.69 μm, 0.73-0.77 μm, 

0.78-0.9 μm), B4 to B6 (1.19-1.29 μm, 1.55-1.68 μm, 2.08-2.35 

μm), B7 (3.5-4.8 μm) and B8 to B9 (10.5-11.4 μm, 11.5-12.5 

μm), respectively. Arrays of B1 to B5 and B6 to B9 consist of 

800 and 400 pixels respectively. The spatial resolutions of B1 to 

B5 are 48 m, which are twice as high as those of B6 to B9. In 

this paper, B1 to B2, B5 and B7 to B9 are calibrated based on 

B3, B4 and B6, respectively. 

 

As shown in Figure 2 (a), the IRS collects data in one scanning 

direction, utilizing a steering mirror and an off-axis three-

reflector optical system (OTOS) to correct image rotation. This 

setup achieves a large scanning angle of 60° and a wide swath of 

720 km. The collected radiation is projected onto three FPAs. 

For B4 and B5, the radiation is reflected six times—once more 

than for the other bands—resulting in inverted images compared 

to those of the other bands. One scanning cycle of the IRS is 

about 5.331 s, including 4 s for imaging and 1.331 s for returning 
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the steering mirror. The imaging commences only when the 

steering mirror moves at a uniform speed. To mitigate satellite 

jitter, an angular momentum elimination device is used to 

suppress rotational inertia as the steering mirror returns. 

 

    
(2) (b) 

Figure 2. Mechanism design of the IRS of HJ-2 A/B(a) and the 

equivalent imaging sketch (b). 

 

The equivalent camera model, as shown in Figure 2 (b), reveals 

that all detector linear arrays are arranged off-principal-point. 

This arrangement means detectors across different bands 

observe the same ground object at varying times. It is designed 

that the focal lengths of B1 to B5 and B6 to B9 are about 337.7 

and 268.6 mm, respectively. However, focal lengths of B1 to B3 

are not the same as those of B4 to B5 since these two groups of 

arrays are arranged on different assemblies.  

 

3.2 Dataset 

Considering that HJ-2 B shares the same type payloads and 

calibration procedure with HJ-2 A, the experiment exclusively 

utilizes images from the IRS of HJ-2 A. Figure 3 displays the 

coverage and overview of the three experimental images, 

denoted as A, B, and C. To achieve a satisfactory matching result, 

these images were carefully selected with little cloud cover. 

Dataset A was used for calibration, while datasets B and C were 

prepared for comparison with different calibration methods in 

terms of georeferencing accuracy and band registration accuracy. 

Datasets A, B, and C were collected on January 19, February 18, 

and January 17, 2021, covering areas of 536,289 sq km, 536,414 

sq km, and 595,431 sq km, respectively.  

 

The IRS collects data for about ten minutes each time it is turned 

on, which means there are about 118 whisk-broom images in 

each imaging mission. To facilitate image processing, these 

whisk-broom images are divided according to the coverage area. 

Respectively, there are 19, 19 and 21 whisk-broom images in 

datasets A, B, and C. 

 

 
Figure 3. Coverage and the IRS images of B3 of study area. 

 

To support the calibration work, the 15 m DOM from Landsat 

images and the global 30 m Shuttle Radar Topography Mission 

(SRTM) DEM are used as reference data. 

 

4. Experiments and discussions 

4.1 Comparative Methods and Evaluation Metrics 

To assess the performance of the proposed calibration method, 

we chose the single master band calibration method (classical 

method) for comparison, which calibrated all the slave bands of 

different FPAs based on the bundle adjustment result of one 

master band. Specifically, B3 has been as the master band, with 

the remaining bands being calibrated were as slave bands. This 

approach compensated for band registration errors resulting 

from focal length differences by correcting 𝑥0 and 𝑦0. 

To quantitatively evaluate the calibration performances of the 

two methods, two metrics have been adopted to measure the 

georeferencing and band registration accuracies. The 

performances were compared based on the evaluation dataset, 

indicating that the georeferencing and band registration 

accuracies were calculated based on the EOPs bundle adjustment 

using the calibration result. The two metrics are defined as 

follows: 

 

⚫ Georeferencing accuracy. This metric indicates the 

georeferencing accuracy of the master band images after 

calibration. Specifically, the master band images are 

rectified and matched with the reference DOM to obtain 

dense GCPs. The RMSE of the reprojection errors in the 

image space of the GCPs, denoted as 𝜎𝑔  (𝜎𝑠𝑎𝑚𝑝𝑙𝑒
𝑔

  and 
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𝜎𝑙𝑖𝑛𝑒
𝑔

  are the components of 𝜎  in the sample and line 

directions, respectively), is calculated for quantitative 

evaluation of the georeferencing accuracy. 

 

⚫ Band registration accuracy. This metric indicates the 

band registration accuracy between the master band and 

slave bands after calibration. Specifically, the slave band 

images are matched with the corresponding master band 

images after rectification to obtain dense feature points. 

Based on the reference DEMs, the RMSE of the 

reprojection errors in the image space of the matching 

points is calculated for quantitative evaluation of the band 

registration accuracy. 

 

4.2 Overall Results and Comparison 

4.2.1 Quantitative Evaluation 

The georeferencing accuracy and band registration accuracy are 

delineated in Tables 1 and 2, respectively. It is important to note 

that the sample direction aligns with the track, whereas the line 

direction traverses across the track. For datasets B and C, 

reference data was additionally utilized to refine the EOPs. This 

strategic refinement was instrumental in enhancing the 

evaluation of the precision achieved by the two calibration 

methods and in mitigating the impact arising from variations in 

scan angle errors among different datasets. Furthermore, as 

indicated in Table 2, bands 1, 2, 4, 5, and 6 were assessed for 

registration accuracy using band 3 as the baseline, while bands 

7, 8, and 9 were evaluated in comparison to band 6. This 

approach was adopted due to the close wavelength similarity 

between bands 6 and 3, which results in a more consistent 

representation of surface textures in the images, thereby yielding 

higher matching accuracy. In contrast, the considerable 

wavelength disparity between bands 7, 8, 9, and band 3 

heightens the risk of mismatches. 

 

Method Dataset 
B3  B4  B6 

𝝈𝒔𝒂𝒎𝒑𝒍𝒆
𝒈

 𝝈𝒍𝒊𝒏𝒆
𝒈

 𝝈𝒈  𝝈𝒔𝒂𝒎𝒑𝒍𝒆
𝒈

 𝝈𝒍𝒊𝒏𝒆
𝒈

 𝝈𝒈  𝝈𝒔𝒂𝒎𝒑𝒍𝒆
𝒈

 𝝈𝒍𝒊𝒏𝒆
𝒈

 𝝈𝒈 

Classical method 

A 0.254 0.323 0.411  0.299 0.359 0.467  0.153 0.174 0.232 

B 0.225 0.192 0.296  0.276 0.865 0.908  0.176 0.447 0.480 

C 0.256 0.197 0.323  0.241 0.791 0.827  0.115 0.444 0.458 

The proposed method 

A 0.271 0.316 0.416  0.273 0.321 0.422  0.144 0.171 0.223 

B 0.149 0.198 0.248  0.228 0.214 0.313  0.155 0.156 0.220 

C 0.218 0.190 0.289  0.234 0.207 0.312  0.095 0.117 0.151 

Table 1. Comparison of georeferencing accuracies of representative bands on each FPA (unit: pixel). 

 

Method Dataset Direction B1 B2 B4 B5 B6 B7 B8 B9 

Classical method 

B 

Sample 0.09 0.08 0.16 0.21 0.11 0.30 0.41 0.41 

Line 0.30 0.39 0.42 0.55 0.45 0.21 0.26 0.26 

Planimetry 0.32 0.39 0.45 0.59 0.47 0.37 0.48 0.49 

C 

Sample 0.10 0.10 0.10 0.15 0.14 0.15 0.19 0.21 

Line 0.32 0.42 0.40 0.55 0.47 0.29 0.34 0.36 

Planimetry 0.34 0.43 0.42 0.57 0.49 0.33 0.38 0.41 

The proposed method 

B 

Sample 0.10 0.10 0.09 0.10 0.09 0.28 0.26 0.24 

Line 0.16 0.07 0.13 0.17 0.15 0.21 0.23 0.27 

Planimetry 0.19 0.12 0.15 0.19 0.18 0.35 0.35 0.36 

C 

Sample 0.11 0.16 0.21 0.23 0.16 0.12 0.19 0.23 

Line 0.31 0.30 0.27 0.40 0.26 0.23 0.25 0.30 

Planimetry 0.33 0.34 0.34 0.46 0.31 0.25 0.31 0.38 

Table 2. Comparison of band registration accuracies using B3 and B6 as reference bands (unit: pixel). 

 

Table 1 offers a detailed comparison of our method against the 

baseline method when applied to calibration dataset A. Our 

method demonstrates a planimetric precision of 0.416 pixels in 

band 3, closely aligning with the baseline with a minor 

difference of 0.005 pixels. For bands 4 and 6, our method records 

precisions of 0.422 and 0.223 pixels, respectively, representing 

slight improvements over the baseline method. This comparison 

illustrates the comparable efficiency of both techniques in 

precision measurement, with our method showing slight 

enhancements in certain bands. 

 

Regarding test datasets B and C, both our method and the 

baseline method used band 3 as the reference for refining EOPs. 

This resulted in similar geometric positioning accuracies in band 

3 across both methods. However, our method achieved 

planimetric accuracies of 0.248 pixels for dataset B and 0.289 

pixels for dataset C, demonstrating consistent improvements in 

precision. Significantly, in bands 4 and 6, our method exhibited 

considerable precision advantages, with accuracies substantially 

exceeding those of the baseline method. These results 

underscore the robustness of our calibration process, particularly 

in line direction calibration and scan direction, as evidenced in 

bands 4 and 6. 

 

Moreover, the distinct advantage of our method is further 

underscored by the results for datasets B and C, as detailed in 

Table 2. In this case, our method's planimetric registration 

accuracy clearly outperforms the baseline. For instance, in 

dataset B, the accuracy for band 5 reached 0.19 pixels with our 

method, significantly better than the baseline's 0.59 pixels. 

Similarly, in dataset C, our accuracy for band 1 was 0.33 pixels, 

slightly exceeding the baseline's 0.34 pixels. This comparative 

analysis between datasets B and C emphasizes our method's 

enhanced effectiveness, especially with dataset B, where 

differences in platform attitude and scan mirror angle errors 

during data acquisition were more pronounced. 

 

Importantly, a 5th-order Fourier series correction was applied to 
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both datasets. However, the effectiveness of the correction 

varied, being less so for dataset C. This underlines the impact of 

scan angle correction precision on registration accuracy among 

different bands. While a higher order Fourier series could 

potentially improve results for dataset C, it also carries the risks 

of overfitting and increased computational demands. The 

baseline method's consistent planimetric registration accuracy 

across datasets B and C suggests inherent calibration limitations, 

particularly in optimizing the primary band, leading to a 

compromised correction outcome in other bands. This disparity 

accentuates the global optimization capability of our method in 

achieving refined intrinsic parameters. 

 

4.2.2 Error Distribution of GCPs 

In the interest of advancing the analytical discourse, Figure 4 and 

5 have been prepared to illustrate the reprojection errors in the 

control points for bands 3, 4, and 6, both pre- and post-

calibration. This delineation facilitates a deeper understanding 

of the calibration impact. Specifically, the intrinsic calibration of 

bands 1 and 2 referenced the metrics of band 3. Similarly, band 

5's calibration was predicated on the parameters of band 4, while 

bands 7, 8, and 9 were calibrated in alignment with the 

characteristics of band 6. 

 

 
Figure 4. Reprojection Errors of Control Points for Bands 3, 4, and 6 Along Sample and Line Directions Before Calibration. 

 

 
Figure 5. Reprojection Errors of Control Points for Bands 3, 4, and 6 Along Sample and Line Directions After Calibration. 

 

Comparing Figure 4 and 5 reveals that bands 3, 4, and 6 exhibit 

pronounced distortion patterns prior to calibration. The error 

curves of these bands show distinct trends, indicating that errors 

in the principal point offset and focal length predominantly 

affect the curves deviation in both the sample and line directions. 

Meanwhile, the lens distortion parameters affect the slope or 

polynomial order of these curves. Therefore, Figure 4 

underscores the necessity of setting distinct calibration 

parameters for different FPAs. Additionally, the error 

distribution in the line direction is not as concentrated as in the 

sample direction, due to alignment with the scanning mirror's 

sweep. The non-ideal and non-uniform motion of the scanning 

mirror impacts the error distribution in the line direction. 

 

The error curves in Figure 5 clearly show the elimination of the 

distortion patterns in both line and sample directions is apparent, 

underscoring the effectiveness of our method in compensating 

for the interior orientation errors in bands 3, 4, and 6. Our 

approach has produced globally optimal results for these bands, 

thereby enhancing their geometric precision and ensuring 

accurate band registration. 

 

5. Conclusion 

This study presents a multi-focal-plane-array joint calibration 

method for the HJ-2 A/B satellite's whisk-broom sensors, 

marking a significant advancement in the field of the infrared 

remote sensing calibration. By integrating master bands and 
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applying comprehensive bundle adjustments, we achieved 

notable improvements in georeferencing and multispectral band 

registration accuracy, surpassing traditional method. This 

method effectively addresses the dual challenges of exterior and 

interior orientation accuracy, offering a comprehensive solution 

to the unique calibration requirements of whisk-broom sensors. 

The resulting enhancements in object localization, area 

estimation, and terrain analysis highlight the importance of the 

holistic calibration approach. 
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