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Abstract 

The key component of any CT (X-ray computed tomography) machine is a detection system. In area of scientific CT imaging 

applications three types of sensors are mainly used. These are amorphous silicon (α-Si) flat panels, complementary metal–oxide–
semiconductor (CMOS) and charge-coupled device (CCD) sensors. Here the performance and comparison study of the two lastly 

named sensor types is conducted in field of high resolution CT imaging. CCD and novel sCMOS-based (scientific CMOS) 

detection systems are tested using high-resolution laboratory-based Rigaku nano3DX system (ability to achieve submicron voxel 

resolution). Properties of each camera were evaluated as well as the quality and noise properties of acquired data (both projection 

and CT data).  
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1    Introduction 

For years, charge-coupled device (CCD) sensors have domininated scientific imaging applications. Recently, complementary 

metal-oxide semiconductor (CMOS) detectors and amorphous silicon (α-Si) flat panel detectors have become its main 

challengers [1]. CCD detectors poses the high image fidelity in terms of readout noise, quantum efficiency and dynamic range 

which were hardly met by other sensor types [1]. However, the CCD architecture, where each pixel is read sequentially, results 

in slow readout rate [1], which prevents its usage from measurement of fast dynamic processes. For area of CT imaging with 

high resolution (submicron range), detectors with pixel sizes of several hundred nanometers are utilized. This significantly 

improves detectability of CT system at submicron resolution even for a laboratory-based CT systems. To achieve the high image 

fidelity of CCD detector and preserving readout rate of standard CMOS sensors, new image sensors were developed specifically 

for scientific imaging applications. They were called scientific CMOS (sCMOS) [2].The purpose of this study was to compare 

the performance of a sCMOS-based detector with a CCD-based detector for submicron CT measurement at laboratory-based 

system in terms of image quality and scanning time. Rigaku nano3DX system [3] equipped with Rigaku’s scientific X-ray CDD 

camera (XSight™ Micron LC X-ray CCD camera [4]) and scientific X-ray sCMOS camera (XSight™ Micron LC X-ray sCMOS 

camera [5]) was used in our study. Properties of each camera were evaluated as well as the quality and noise properties of 

acquired data. Several camera parameters were investigated e.g. achieved spatial resolution, modulation transfer function (MTF) 

and number of hot pixels. For data quality evaluation, acquired data of phantoms as well as selected samples were used. This 

evaluation was done in projection domain and also tomogram domain (i.e. CT data after tomographic reconstruction), for 

tomographic reconstruction ASTRA Tomography Toolbox [6] was used.  

2   Materials and methods 

2.1    Rigaku nano3DX 

In our study the laboratory-based CT system Rigaku nano3DX [3] was used for data acquisition. This system is a true X-ray 

microscope which can be used for 3D CT data acquisition with submicron spatial resolution. Achieving such high resolution is 

accomplished by using a high power rotation anode X-ray source and high resolution detection system. For purposes or our 

comparison study this CT system was equipped with Rigaku’s scientific X-ray CDD camera (XSight™ Micron LC X-ray CCD 

camera [4]) and scientific X-ray sCMOS camera (XSight™ Micron LC X-ray sCMOS camera [5]). In the nano3DX, the 

magnification takes place in the used detector using microscope optical elements which results in small sample to detector 

distances. Using such settings near-parallel beam geometry is achieved. This systems also enables switching anode materials to 

optimize contrast for specific sample types. In our study Cu and Mo targets materials were used. Apart from the material both 

targets differ in terms of used tube current and voltage (Cu: 40 kV and 30 mA, Mo: 50 kV and 24 mA) and also in shape and 

size of a X-ray spot (effective size at 6º take-off angle: Cu – 0.07 mm circle, Mo – 0.15 x 0.1 mm ellipse).  
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2.2    XSight™ Micron LC X-ray CCD/ sCMOS camera 

As mentioned previously, Rigaku nano3DX CT system can be equipped by a CCD or sCMOS type X-ray camera, both using 

the same lens units set. The XSight™ Micron LC X-ray CCD camera is a scientific X-ray CCD camera whose imaging sensor 

is based on a full-frame CCD image sensor technology. The second tested camera was sCMOS version of the XSight™ Micron 
LC X-ray CCD camera whose imaging sensor is based on a sCMOS image sensor technology. Summary of the both cameras 

nominal parameters without a lens unit is listed below in Table 1. 

 

Table 1: Nominal parameters of both tested cameras without a lens unit. 

Technical features CCD camera sCMOS camera 

Array size 3320(H) x 2500(V) 2048(H) x 2048(V) 

Pixel size 5.4 µm 6.5 µm 

Sensor diagonal 22.5 mm 18.8 mm 

Nonlinearity < 1% 0.2% 

Dynamic range 2300 : 1 21 400 : 1 

Acquisition gain 0.45 e-/ADU 0.55 e-/ADU 

Readout noise 11 e- rms 1.4 e- rms 

Readout rate 8 Mpix./s (approx. 1 fps) 40 fps (@ 16 bit) 

Dark current 0.001 e-/pix./s -35ºC 0.14 e-/pix./s @ 0ºC 

Binning Independent on-chip binning in x, y 2 x 2, 3 x 3, 4 x 4, 8 x 8 

Peak quantum efficiency 56% @ 540 nm 82% @ 550 nm 

Shutter type Electromechanical Rolling shutter 

Data interface USB 2.0 USB 3.0 

 

2.3 Acquired data 

For comparison of both tested cameras various data types were acquired which are stated in Table 2, with used acquisition 

settings and evaluated parameters. For all measurements the sensors temperature was kept at 0 degrees. Used exposure times for 

X-ray projection data were selected based on optimal contrast (dependent on amount of detected signal) and also on analysis 

type. For comparison of both systems in terms of CT data acquisition the exposure time was first selected for CCD camera based 

on optimal contrast and the exposure for sCMOS camera was subsequently derived to achieve equal detected signal level as for 

CCD. The evaluated CT data of a ruby ball (0.3 mm diameter) and a glass cup sample were reconstructed, from only background 

and flat-field corrected projections, using ASTRA Tomography Toolbox [6] – FBP reconstruction with cosine filter. No data 

processing or corrections such as noise or ring artifacts reduction were used in our study. For some analysis DN (Digital numbers) 

of acquired data were converted to number of detected electrons using vendor’s conversion specifications.  
 

Table 2: List of acquired data with corresponding acquisition parameters and evaluated parameters. 

Data 
Acquisition parameters 

Evaluated parameters 
CCD camera sCMOS camera 

Bias frames 

Exposure: 10 ms; Binning: 

1x1; Pixel size: 5.5 µm; 

Frames: 10 

Exposure: 10 ms; Binning: 

1x1; Pixel size: 6.5 µm; 

Frames: 10 

Read-out  noise properties 

Dark background 

frames 

Exposure: 1-30 s; Binning: 

1x1; Pixel size: 5.5 µm; 

Frames: 30 

Exposure: 1-30 s; Binning: 

1x1; Pixel size: 6.5 µm; 

Frames: 30 

Dark current 

Number of hot pixels 

Number of random hot pixels 

Bright frames 

Target: Cu; Exposure: 1-30 s, 

60 s; Binning: 1x1; Pixel 

size: 0.27 µm; Frames: 30, 20 

Target: Cu; Exposure: 1-30 s, 

30 s; Binning: 1x1; Pixel 

size: 0.32 µm; Frames: 30, 20 

Noise properties 

Linearity 

JIMA RT RC-02B 

frames 

Target: Cu; Exposure: 30 s, 

60 s; Binning: 1x1; Pixel 

size: 0.27 µm; Frames: 10/ 

chart position 

Target: Cu; Exposure: 30 s; 

Binning: 1x1; Pixel size: 0.32 

µm; Frames: 10/ chart 

position  

Spatial resolution 

Data quality 

 

CT data – Ruby ball 

(0.3 mm diameter) 

Target: Mo; Exposure: 13 s; 

Binning: 2x2; Voxel size: 

0.53 µm; Projections: 802 

Target: Mo;Exposure: 4.5 s; 

Binning: 2x2; Voxel size: 

0.64 µm; Projections: 802 

Spatial resolution 

Data quality 

CT data – Glass cup  

Target: Cu; Exposure: 16 s; 

Binning: 2x2; Voxel size: 

0.53 µm; Projections: 802 

Target: Cu; Exposure: 6 s; 

Binning: 2x2; Voxel size: 

0.64 µm; Projections: 802 

Data quality 
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2.4   Evaluated properties 

2.4.1    Noise properties  

Noise is an inevitable compound of both CCD and sCMOS based images and can be described as unwanted variations of detected 

signal that result in non-exact representation of the original scene. Three main noise components in CCD and sCMOS data are 

shot (photon) noise, darkcurrent noise and readout noise. Shot noise is a property of quantum nature of light and arises from 

statistical fluctuations in the number of photons emitted from the object and can be described by Poisson statistics [7]. 

Darkcurrent noise comes from thermally generated electrons in the detector itself and is sometimes described as fixed pattern 

noise because it manifests as constant signal pattern. This type of noise is thermally dependent so it can be reduced by cooling 

the sensor. Readout noise represents a noise floor which is given by signal processing electronics. In our study we evaluated 

noise properties of CCD and sCMOS based sensors using bias frames, dark background frames and bright frames. From the bias 

frames readout noise was extracted using subtraction of average bias frame from other bias images. Readout noise was then 

quantified using standard deviation calculation. For quantification of dark current the linearity analysis of dark background 

frames was used. The dark background frames were acquired for exposures from 1 s to 30 s and from each frame mean bias 

frame was subtracted. Resulting dependence of average dark current signal on exposure time was then fitted using linear 

regression and the dark current was then defined as the slope of this fit. From the bright frames the total noise (compound of 

shot, dark current and readout noise) was quantified. Total noise was extracted from bright images using subtraction of average 

bright frame and quantified using standard deviation calculation and normalized noise power spectrum (NNPS). The NNPS is a 

characterization of the noise in the spatial frequency domain [8] and in our study we incorporated NNPS calculation as specified 

in IEC 62220-1: 2003(E) standard [9]:  �  , =  2 ∙ ∆ ∆∙ ∙  ∙ |�� � |2 , (1) 

 

where S denotes average signal in the subset, Δx and Δy are the pixel size in horizontal respectively vertical directions, M is 

number of subsets, DFT2 denotes the discrete 2D Fourier transform and ni,j is extracted 2D noise image from given subset. 

2.4.2    Hot pixels 

Hot pixels are considered as a type of fixed pattern noise. They can be defined as pixels with dark current significantly above 

the average [10]. Mostly they appear as bright dots, especially in dark frames, and their presence degrades image quality and is 

undesirable. Hot pixels can be detected by taking a long exposure image and creating a map of dark current across the image. 

Subsequently pixels that have a dark current value above a set threshold are labelled as hot pixels. In our study we implemented 

proposed procedure that involves analysis of dark background frames with 10 exposure levels from 20 s to 30 s. From such 

frames mean bias frames were subtracted so only dark current map images remained. In these images extreme dark values were 

detected using this formula:  , = { , �  , ≥  + ∙ �, �  , < + ∙ �  (2) 

 

where f(x,y) is analyzed dark current frame for given exposure, M is median dark current value  and s is the standard deviation 

(both calculated from f) and g(x,y) is binary value of output binary image g both at corresponding spatial coordinates x, y. As 

hot pixels were then considered pixels with extreme dark current values whose positions was not changing within analyzed 

frames. In our study we also evaluated number of random hot pixels. These pixels are defined analogously as hot pixels but are 

mostly caused by scattered radiation. For detection similar scheme as for hot pixels was applied but in case of random hot pixels 

their positions were random within the frames.  

2.4.3    Spatial resolution 

For evaluation of spatial resolution of the nano3DX system with both tested cameras two approaches were used. In projection 

domain JIMA RT RC-02B resolution test [11] was conducted. Using such approach, spatial resolution was graphically analyzed 

by line profiles over selected pattern charts in both horizontal and vertical direction. Selected pattern charts were 0.5 µm, 0.6 µm 
and 0.7 µm. Projection data of each pattern were acquired in centered position regarding FOV (Field of View) and using best 

possible acquisition settings in terms of acquired contrast, effective pixel size and lowest binning. Such acquired data were 

subsequently background and flat-field corrected before the analysis. In resolution analysis representative frames for each pattern 

were used. Such frames were calculated by averaging of acquired frames where the extreme values were excluded from the 

calculation. This procedure was used to reduce noise in the data. To avoid any remaining effect of noise, analyzed line profiles 

were taken through a band of 100 pixels thickness. Second used approach was the evaluation of MTF (Modulation transfer 

function) which is considered as a measure of the spatial resolution of a liner imaging system. In our study, this function was 

calculated using procedure defined in: ASTM E1695-95(2013) standard [12]. As disk phantom a ruby ball with diameter 0.3 mm 

was used and corresponding CT data were acquired using acquisition parameters that simulated standard measurement scenario. 

From CT slice located at center of used phantom the composite edge disk profile was generated and used for calculation of the 

edge response function (ERF). From this function the point spread function (PSF) was obtained as the derivate. MTF was then 

calculated as unity normalized amplitude of PSF Fourier transform.  
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2.4.4    Linearity 

Both tested cameras were also evaluated in terms of their linear response. In theory the detector detected signal should be linearly 

proportional to the amount of photons incident on the sensor. In our study the system linearity was verified using a graphical 

plot analysis of detected signal as a function of exposure time for bright frames. Linearity was then expressed as the root mean 

square of the distances between detected signal points and the linear regression fit line (a linear least-squares regression model 

was used). 

2.4.5    Data quality 

Image quality is one of the most influencing factors for subsequent data processing and analysis specifically for CT based 

dimensional metrology [13]. In our study we adopted image quality evaluation procedure presented by Kraemer et al. [13]. In 

their study they proposed utilization of several image quality measures based on projection data for optimization of CT 

acquisition parameters. These measures were: Contrast to Noise Ratio (CNR), Signal to Noise Ratio (SNR), Local Contrast (C), 

Variance (VAR), Sum of Modified Laplacians (SML) and Just Noticeable Blur (JNB). In our study those image quality measures 

were calculated for both projection and CT images and all measures were evaluated as average values of given parameter over 

10 analyzed images. During these calculations operator manually selected evaluated areas such as background, object area or 

area covering object edges. In case of JNB calculation edge pixels were detected using Sobel edge detection operator and width 

parameter was calculated by performing an additional horizontal nonthinning Sobel operation on the original image. All quality 

measures were calculated for several data types stated in Table 2, evaluated was also situation when same exposure was used for 

both sensors. Apart from quantitative evaluation, quality of acquired data by tested cameras was also evaluated qualitatively.  

3    Results and discussion 

3.1 Noise properties and hot pixels analysis 

Numerical results of conducted noise properties and hot pixels analysis are presented in Table 3. It is evident that CCD based 

camera poses higher readout noise and also the dark current compared to sCMOS based camera when cooling both sensors to    

0 ºC. However, it was revealed that the total noise level was higher in sCMOS sensor acquired data (when equivalent signal was 

detected) which reflects the total noise standard deviation value (Table 3) and also both 1D and 2D normalized noise power 

spectras (Fig. 1 and Fig. 2). From these images it is evident that the biggest difference in total noise properties between both 

cameras was at lowest spatial frequencies. Specifically in sCMOS 2D total noise NNPS is evident high intensity cross (Fig. 2 

b)). However, it was revealed that sCMOS based camera has higher hot pixels and random hot pixels rate. This results in reduced 

visual image quality of CT images as further discussed below.  

 

Table 3: Results of noise properties and hot pixels analysis. 

 Readout noise 

[e- rms] 

Dark current 

[e-/pix/s] 

Total noise 

[e- rms] 

Hot pixels 

[%] 

Random hot pixels 

[% / frame] 

CCD 10.67 0.10 101.53 0.12 0.47 

sCMOS 1.32 0.06 118.75 0.50 0.74 

 

 

Figure 1: 1D NNPS for both tested cameras. 
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a) CCD b) sCMOS 

Figure 2: 2D NNPS for both tested cameras. 

3.2 Spatial resolution 

Achieved spatial resolution of nano3DX system when using tested cameras was tested in both projection and tomogram domain 

using JIMA RT RC-02B resolution test and MTF analysis. It was revealed that in projection domain and the system was able to 

reach 0.5 µm resolution in both horizontal and vertical directions for both used cameras when using specified acquisition settings. 

In case of CCD based camera the resolution was comparable in both spatial direction (Fig. 3 a) and 3 b)). However in case of 

sCMOS, it was revealed that the resolution was higher in horizontal direction (Fig. 3 c) and 3 d)). In tomogram domain the 

numerical value of MTF at 10% level and known voxel size were used for spatial resolution calculation. It was revealed that 

there was slight difference between both systems in terms of MTF. The CCD based sensor reached 0.168 at 10 % level of MTF 

and the sCMOS based 0.167. Subsequently it was calculated that CCD based detection system achieved 1.58 µm spatial 
resolution and the sCMOS based system 1.91 µm for specified acquisition settings that reflected standard measurement scenario.  

a) CCD – JIMA 0.5 µm chart, with labeled 
areas for spatial resolution line profile analysis. 

b) CCD – JIMA 0.5 µm chart spatial resolution line profile analysis. 

 

c) sCMOS – JIMA 0.5 µm chart, with labeled 
areas for spatial resolution line profile analysis. 

d) sCMOS – JIMA 0.5 µm chart spatial resolution line profile analysis. 

Figure 3: JIMA RT RC-02B resolution test 
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3.3 Linearity 

Based on conducted linearity analysis of both tested cameras it was revealed that both detection systems have responses linearly 

proportional to amount of incident photons on the sensor (see. Fig. 4 and Fig. 5). For both cameras the root mean square error 

(RMSE) of the distances between detected signal points and the linear fit was found to negligible: for CCD sensor 9.93e-11 % 

and for sCMOS sensor 2.05e-10 %.  

 

Figure 4: CCD bright frames linearity test. 

 

 

Figure 5: sCMOS bright frames linearity test. 

3.4 Data quality 

As previously mentioned quality of data acquired by both tested cameras was evaluated quantitatively and qualitatively. 

Qualitative evaluation was done by visual perception of several operators. In projection domain there were no significant data 

quality differences between both cameras. However, in tomogram domain there were present severe ring artifacts in case of 

sCMOS acquired data (see Fig. 6). These artifacts were also present in CCD acquired data but not in such extent. This corresponds 

with results from hot pixels analysis where it was revealed that tested sCMOS sensor had four times larger percentage 

representation (related to sensor area) of hot pixels compared to tested CCD sensor. For quantitative quality evaluation six 

measures were calculated. These calculation was done in both projection and tomogram domain and the results are presented in 

Table 4 and Table 5. For all evaluated data the CCD sensor reached higher signal to noise ratio. Low SNR results in case of 

sCMOS sensor can correspond to hot pixels population that could affect the analysis, specifically in tomogram domain (see 

Table 5). In situation, when same exposure time was used during data acquisition of both tested cameras, sCMOS data of JIMA 

chart pattern reached better results compared to CCD data. Also for situations, when comparable signal was detected by both 

tested sensors, sCMOS based camera reached better or comparable results to CCD based camera.  
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a) Ruby ball – CCD b) Ruby ball – sCMOS 

c) Glass cup – CCD d) Glass cup – sCMOS 

 

Figure 6: Comparison of raw CT images without any processing (no ring artifacts and noise reduction) acquired by tested 

cameras.  

 

 

Table 4: Results of data quality analysis for acquired projection data. 

 CCD sCMOS 

 JIMA 

(exp. = 30 s) 

JIMA 

(exp. = 60 s) 

Ruby ball Glass cup JIMA 

(exp. = 30 s) 

Ruby ball Glass cup 

CNR 7.07 10.15 28.83 28.80 10.51 17.75 25.52 

SNR 8.73 9.10 3.53 51.0 6.89 3.17 9.60 

C 0.56 0.61 1.0 0.14 0.72 1.0 0.48 

VAR 3e-3 4e-3 1.85e-5 1.47e-4 0.01 1e-3 8.91e-4 

SML 184.76 185.48 381.94 280.53 164.25 3778.60 137.63 

JNB 1.39 2.61 0.98 2.09 3.20 0.63 2.75 

 

 

 

100 µm 100 µm 

100 µm 100 µm 
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Table 5: Results of data quality analysis for tomographic data. 

 CCD sCMOS 

 Ruby ball Glass cup Ruby ball Glass cup 

CNR 6.15 4.44 6.11 4.41 

SNR 79.28 278.15 26.63 26.06 

C 0.08 0.03 0.39 0.40 

VAR 1.98e-4 1.03e-4 2e-3 0.01 

SML 1158.71 106.31 1682.12 519.72 

JNB 7.89 4.52 6.94 5.13 

 

4   Conclussion 

In this study comparison of CCD and sCMOS based detectors in field of high resolution computed tomography imaging using 

laboratory-based CT system was conducted. For data acquisition Rigaku Nano3DX system was used. Both detector types were 

compared in terms of their properties and also acquired data quality and noise properties. For that, image data of phantoms as 

well as selected samples from material sciences were acquired and evaluated in projection and also tomogram domain. Acquired 

results showed that there were not negligible differences between both tested cameras, specifically in terms of noise properties, 

achieved spatial resolution and number of hot pixels. However, it was shown that sCMOS camera based detection system can 

be used for the task of submicron laboratory based X-ray Computed tomography. Specifically, it brings quality and noise 

properties improvements for low exposure time measurement scenarios compared to situation when CCD sensor is used.  
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