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Abstract—The purpose of this work is measurement of the 

system presampling MTF of a variable resolution x-ray (VRX) CT 
scanner. In this paper, we used the parameters of an actual VRX CT 
scanner for simulation and study of effect of different focal spot sizes 
on system presampling MTF by Monte Carlo method (GATE 
simulation software). Focal spot size of 0.6 mm limited the spatial 
resolution of the system to 5.5 cy/mm at incident angles of below 17º 
for cell#1. By focal spot size of 0.3 mm the spatial resolution 
increased up to 11 cy/mm and the limiting effect of focal spot size 
appeared at incident angles of below 9º. The focal spot size of 0.3 
mm could improve the spatial resolution to some extent but because 
of magnification non-uniformity, there is a 10 cy/mm difference 
between spatial resolution of cell#1 and cell#256. The focal spot size 
of 0.1 mm acted as an ideal point source for this system. The spatial 
resolution increased to more than 35 cy/mm and at all incident angles 
the spatial resolution was a function of incident angle. By the way 
focal spot size of 0.1 mm minimized the effect of magnification non-
uniformity.  

 
Keywords—Focal spot, Spatial resolution, Monte Carlo 

simulation, Variable resolution x-ray (VRX) CT.  

I. INTRODUCTION 
HE capability of computed tomography (CT) to provide 
three-dimensional and high contrast images, has made it a 

powerful method of diagnostic imaging. The field of view 
(FOV) and spatial resolution are two main factors of CT 
scanners. Clinical CT scanners have relatively large FOV of 
50 cm for imaging of whole body and spatial resolution of 2-3 
cy/mm [1], [2] . Decrease in object size has no effect on 
spatial resolution of the clinical CT scanners. On the other 
hand, micro-CT scanners are appropriate for imaging of small 
objects. Such scanners have spatial resolution of up to 100 
cy/mm however, the FOV of them is only a few centimeters 
[2], [3].  

A CT scanner that can provide the advantages of both 
clinical and micro-CT scanner is highly demanded. In variable 
resolution x-ray (VRX) CT scanner, the spatial resolution can 
be changed according to the object size [4], [5]. The main 
innovation in such scanner is that by angulation of the detector 
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with respect to the incident x-ray beam, the apparent cells 
width in object plane will decrease and the detector resolution 
will rise consequently. This technique provides great increase 
in the detector resolution and by changing the detector angle 
with respect to the x-ray beam, variable resolution will be 
achieved. By VRX CT scanner,  objects are imaged at highest 
possible spatial resolution according to their sizes or FOV. 
Small objects are imaged at high spatial resolution and small 
FOV; on the contrary large objects are image at relatively low 
spatial resolution and large FOV. 

In VRX CT systems the main factor that limits the spatial 
resolution is the influence of the focal spot. By angulation of 
the detector, the spatial resolution improvement is due to 
increase in detector resolution but the influence of geometrical 
unsharpness due to the focal spot remains constant. To reach 
acceptable spatial resolution in VRX CT systems, the limiting 
effect of focal spot on spatial resolution should be precisely 
studied. To fulfill this aim, we used the numerical values of 
parameters of an actual VRX CT scanner for simulation and 
calculation of line spread function (LSF). The effect of 
different focal spot sizes of 0.6 mm, 0.3 mm, and 0.1 mm on 
the spatial resolution of the system was studied. By focal spot 
size of 0.6 mm, the spatial resolution could not rise more than 
5.5 cy/mm and by 0.3 mm, spatial resolution stopped at 11 
cy/mm. The focal spot size of 0.1 mm was ideally small for 
this system and totally eliminated the influence of geometrical 
unsharpness due to the focal spot effect on the spatial 
resolution of the system. 

II.  MATERIALS AND METHODS 

A. VRX CT scanner 
   Fig. 1 shows a typical VRX CT scanner that includes a 

dual-arm VRX detector. The two detector’s arms can rotate 
around a common pivotal point (vertex). The dual-arm VRX 
detector is preferable for its left-right symmetry, lower 
magnification variations, and higher uniformity of detector 
performance from one end of detector to the other [6]. On the 
diagram, the scanner’s FOV is represented by the circle and 
the object plane is at the center of the FOV circle.  

The x-ray source is placed at a distance SV (source-vertex) 
from the vertex and SO is distance of x-ray source from the 
center of object plane. α and θ  are respectively opening half 
angle and incident angle. 
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Fig. 1 Schematic diagram of a variable resolution x-ray (VRX) CT 
scanner. 

B. System presampling MTF 
  The MTF is a standard measure of spatial resolution for the 
imaging systems. The response of the system to the sinusoidal 
inputs in frequency domain is called MTF [7]. The System 
presampling MTF is a valuable measure of spatial resolution 
for the digital imaging systems [8]-[10]. The system 
presampling MTF consists of two main parts: detector 
presampling MTF and geometric unsharpness MTF. 

MTFsystem presampling =MTFdetector presampling×MTFgeometric unsharpness   (1) 

The detector presampling MTF is the inherent resolution of 
one cell in the detector and includes only detector aperture, x-
ray scattering, and light diffusion in detection medium. 
Therefore, the detector presampling MTF describes the 
resolution of discrete detector without influence of geometric 
unsharpness, sampling, and image reconstruction [11]. 
Measuring the line spread function (LSF) is experimentally 
usual for evaluation of the detector presampling MTF. The 
LSF is defined as a pixel intensity distribution in the image of 
a line object of unit intensity [7]. The detector presampling 
LSF is measured by moving wire or slit method for 1 
dimensional discrete detectors [12]-[14]. After measurement 
of LSF, the corresponding MTF can be computed as 

MTFሺfሻ ൌ k|FሼLSFሺxሻሽ|                                 (2) 

Where F{} is the Fourier transform function, x and f 
represent the spatial and frequency coordinates, and k is a 
normalization constant.  

Once the detector presampling LSF is modeled, the detector 
presampling MTF is then computed. 

The geometric unsharpness MTF refers to loss in image 
details due to effects of finite size of x-ray tube focal spot and 
system magnification [8]. The width of the focal spot when 
projected onto the object plane determines the geometric 
unsharpness due to influence of focal spot [8]. This width at 
the object plane is equals 

Sሺxሻൌ AሺxሻൈሺM‐1ሻ
M

                           (3) 

where A is the focal spot size and M is the system 
magnification.  The geometric unsharpness MTF due to 
influence of focal spot is obtain by 

MTF geometric unsharpnessሺfሻ ൌ k|FሼSሺxሻሽ|             (4) 

The system magnification also determines the projected 
detector presampling LSF on the object plane (LSF(Mx)). 
Hence, the system presampling MTF that is the total influence 
of detector resolution and focal spot size at the object plane is 
obtained by 
MTFsystem presamplingൌMTF geometrical unsharpnessሺfሻൈMTFdetector presamplingሺf/Mሻ 

C. VRX CT scanner parameters 
   To evaluate the system presampling in a VRX CT scanner 

, we used a geometrical model of VRX CT scanner based on 
an actual system designed and built by R. Melnyk et al [15].  
The VRX CT scanner consists of dual-arm VRX detector (like 
Fig. 1). Each arm includes 12 modules of 24 cells. Two outer 
lead separators are placed at the module's ends and cells in 
every module are separated by inner lead separators.  Cells are 
composed of Cadmium tungstate (CdWO4) that reflective 
paint (Al2O3) coats between scintillator crystals (cells) and the 
separators in a module.  Table 1 gives the main parameters of 
the VRX detector. 

In the actual VRX CT scanner 256 out of 288 cells are 
assumed to image an object that are the active cells. Based on 
Schematic diagram (Fig. 1) and geometrical parameters of the 
actual VRX CT scanner that are given in Table 1, the relevant  
geometrical parameters of the system (FOV, opening half 
angle, incident angle, and system magnification) were 
computed. 

TABLE I 
Parameters of VRX detector and VRX CT scanner [15] 

Number of cells 576 
Cell material CdWO4 

Separator  material Pb 
Reflective paint material Al2O3 

Cell width 0.79 mm 
Inner separator width 0.10 mm 
Outer separator width 0.18 mm 
Reflective paint width 0.05 mm 
Cell height 20.14 mm 
Cell thickness 3.00 mm 
Source-vertex distance 150 cm 
Source-vertex distance 106 cm 
Number of active cells per arm 256 
Number of reference cells per arm 32 
Active arm length 25.617 cm 

 
 

D. Monte Carlo simulation 
GATE 4.0 software was used for the simulation. This 

software is a dedicated Monte Carlo code for simulation of the 
PET and SPECT [16]. But GATE 4.0 provides proper tools for 
simulation of CT scanners. GATE 4.0 has predefined 
functions and geometries that they facilitate the procedure of 
the simulation. 

To simulate the detector presampling MTF, we used the 
actual VRX detector parameters in Table 1 and the features of 
Melnyk’s model [15]. Only one arm of the VRX detector was 
considered because there is left-right symmetry. In the model, 
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288 cadmium tungstate (CdWO4) cells and inner cells 
separators of lead composed one detector module. There were 
gaps between the inner separators and the cells corresponding 
to a reflective paint in the actual VRX detector. There was an 
aluminum oxide (Al2O3) base behind the cells. 

A polychromatic beam x-ray source was used to instead of 
slit or wire for simulation of LSF. The spektr toolbox was 
used to generate the source spectra [17]. For the source 
spectrum generation, we used aluminum (Al) filtration of 3 
mm and the optimum x-ray tube voltage for tissue phantom 
according to Melnyk experimental measurement [15]. The 
voltage of the x-ray tube changed nonlinearly from 40 kVp to 
125 kVp as the FOV increased from 1 cm to 40 cm. The beam 
thickness was equal to 10 cm at all opening half angles. 

For modeling and measuring the system presampling MTF, 
15 different opening half angles were chosen for assessment of 
the total trend of system presampling MTF. At each of these 
opening half angles, first, the detector presampling LSF was 
measured three times for cell#l , cell#128 (middle active cell), 
and cell#256 (last active cell).  The number of samples for 
simulation of each LSF was 512. We used the Move command 
in GATE code for 512 samples of LSF in each run. Each 
movement was equal to 1/20 of the projected cell width. The 
number of photons for simulation of each sample was 30,000 
to ensure the statistical error of less than 0.3%. 

After obtaining the detector presampling MTF, the system 
magnification and geometrical unsharpness due to effect of the 
focal spot size were computed for measuring the system 
presampling MTF. To investiGATE the effect of focal spot 
size at system presampling MTF, in each opening half angle 
different focal spot sizes were computed and compared. 

III. RESULTS 
Table 2 represents the detector presampling MTF of the 

VRX detector at some incident angles. This is provided to 
validate the result of model in GATE software with the earlier 
published practical measurement and simulation [15]. 

The system presampling MTF of four different focal spot 
sizes at opening half angle of 25º for cell#128 (middle active 
cell) is shown in Fig. 2.  Since in the actual VRX CT scanner 
the focal spot size is 0.6 mm, in the following figures the 
corresponding curves are of the special interest. At the 
opening half angle of 25°, the focal spot size has almost no 
effect on the spatial resolution of the system. 

Even focal spot size of 0.8 has no significant effect on the 
spatial resolution of the system but the focal spot sizes of 
above 1 mm can deteriorate the spatial resolution at this 
opening half angle. By reducing the opening half angle, the 
spatial resolution of the system becomes more limited by the 
influence of the focal spot size. 

 
 
 
 
 
 
 
 
 

TABLE II 
RESULTS OF OUR MODEL BY GATE SIMULATION SOFTWARE WITH 
PRACTICAL AND SIMULATION RESULTS OF THE REFERENCE [15] 

Opening half 
angle 
(deg) 

        Incident angle 
               (deg) 
 Reference    Modeled 

  Spatial resolution 
          (cycle/mm) 
 Reference       Modeled 

53.43 
 (cell#128) 

57.55 57.50      1.45 1.44 

21.9 
(cell#1) 

21.91 21.91       3.3 3.3 

10.6 
(cell#256) 

12.76 12.73      5.5 5.4 

5.26 
(cell#256) 

6.34 6.33      11 10.8 

2.63 
(cell#283) 

3.24 3.23      22 21.8 

1.31 
(cell#283) 

1.62 1.61      42 41.7 

 
At the opening half angle of 10°, the spatial resolution of 

the system is limited by the influence of focal spot (Fig. 3). 
Decreasing the focal spot size from 0.6 mm to 0.3 mm can 
increase the spatial resolution more than 1 cy/mm. As the 
opening half angle decreases, consequently the spatial  

resolution of the system is expected to increase, but the 
influence of focal spot (0.6 mm) limits the spatial resolution of 
the system to constant value (Fig. 4). Even with focal spot size 

Fig. 2 Spatial resolution of the system at opening half angle of 25° 
with different focal spot sizes for middle active cell (cell#128). 

Fig 3. Spatial resolution at opening half angle of 10°.  Focal spot size 
of 0.3 mm is ideal at this angle for middle active cell (cell#128). 
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of 0.3 mm, the spatial resolution of the system at opening half 
angle of 4º cannot reach 14 cy/mm. An ideally small focal spot 
size is needed to obtain high spatial resolution at small 
opening half angles. The influence of focal spot on the spatial 
resolution of the system is not similar for all the detector cells 
at each opening half angle. Since there is magnification non-
uniformity from one end of the detector arm to the other, the 
effect of focal spot is different for each cell. Because of 
angulation of the detector arms in VRX CT scanner, the cell#1 
has largest system magnification and last active cell (cell#256) 
has the lowest magnification. 

This magnification non-uniformity depends on the length of 
the detector and opening half angle. The study of Fig. 5 and 
Fig. 6 shows how different system magnification for cell#1 
and cell#256 causes huge difference in system presampling 
MTF at small incident angles. 

Focal spot size of 0.1 mm is sufficiently small for this 
system that has no effect on the spatial resolution of the 
system. Since focal spot size of 0.1 mm acts as an ideal focal 
spot, it minimizes the influence of geometrical unsharpness on 
spatial resolution of the system (Fig. 7). Therefore, the spatial 
resolution of the system is totally determined by detector 
resolution. The difference in presampling system MTF for 
cell#1 and cell#256 stems from effect of magnification non-
uniformity on detector resolution. The effect of magnification 
non-uniformity is less effective on detector resolution than 
geometrical unsharpness. Hence the resolution difference 
between the cell#1 and cell#256 greatly decreased by focal 
spot size of 0.1 mm [18]. 

IV. DISCUSSION 
In a VRX CT scanner by angulation of the detector and 

consequently decreasing the apparent cell size in object plane, 
the spatial resolution of the system will increase. This 
resolution improvement is due to increase in detector 
resolution and the influence of the geometrical unsharpness 
remains constant for all opening half angles . At large opening 
half angles, where the detector resolution is lower than 
geometrical unsharpness, changing the focal spot size has no 
significant influence on the spatial resolution of the system. 
Because the main parameter that determines the spatial 
resolution of the system is detector resolution, by decreasing 
the opening half angle the spatial resolution of the system will 
increase as a function of the incident angle. But at small 
opening half angles (below 17º for cell#1) by focal spot size of 
0.6 mm, the geometrical unsharpness is the main factor that 
determines the spatial resolution of the system, so it limits the 
spatial  resolution to the constant value and resolution will not 
increase as a function of the incident angle. 

When the detector resolution is lower than geometrical 
unsharpness, cell#1 has the highest resolution because it has 
maximum system magnification and cell#256 has lowest 
resolution. On the contrary, when the geometrical unsharpness 
is the dominant factor that determines the spatial resolution of 
the system, cell#1 has lowest resolution and cell #256 has 
highest resolution. So study of cell#1 is a good benchmark for 
investigation of focal spot effect. 

Reducing the focal spot size from 0.6 mm to 0.3 mm has no 
signification effect on the spatial resolution of the system at  

 

incident angles of larger than 17º for cell#1. But for incident 
angles of below this value, focal spot size of 0.3 has two 
advantages. First, the spatial resolution increased twice as high 
as with focal spot size of 0.6 mm. Second, the limiting effect 
of focal spot appeared at lower incident angles (under 9°). It 
means that the spatial resolution of the system changes in 
larger range as a function of incident angle.  Even by focal 
spot size of 0.3 mm, the resolution of the system at small 
incident angles is dominantly under influence of the 
geometrical unsharpness. So the magnification non-uniformity 
causes great difference between cell#1 and cell#256 (up to10 
cy/mm). Focal spot size of 0.1 mm eliminates the effect of 
geometrical unsharpness due to the effect of focal spot on the 
spatial resolution of the system. So at all incident angles, the 
spatial resolution is determined by detector resolution and 
changes as a function of incident angle. 

V. CONCLUSION 
In a VRX CT scanner, by decreasing the opening half angle, 

the detector resolution will increase as a function of the 
incident angle. But the spatial resolution of the system stops at 
constant value due to focal spot limitation. The focal spot size 
of 0.6 mm limits the spatial resolution at the value of 5.5 
cy/mm in incident angle of 17º for cell#1.Reducing the focal 

Fig. 4 At opening half angle of 4°, the focal spot sizes of 0.6 mm 
and 0.3 mm greatly limit the spatial resolution of the system. 

Fig. 5 The effect of focal spot size of 0.6mm on the spatial 
resolution of the cell#1 and cell#256. 
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spot size under 0.6 mm has no considerable effect on the 
spatial resolution of the system for incident angles of larger 
than 17º, but at small incident angles, by focal spot size of 0.3 
mm, the spatial resolution rises up to 11 cy/mm. Since there is 
magnification non-uniformity along the VRX detector, the 
difference between the spatial resolution of cell#1 and 
cell#256 (last active cell) is more than 6 cy/mm for focal spot 
size of 0.6 mm and 10 cy/mm for focal spot size of 0.3mm. 
Focal spot size of 0.1 mm acts as an ideal point source for this 
system and has three advantages. First, the spatial resolution 
increases to more than 35 cy/mm. Second, the spatial 
resolution of the system at all incident angles is the function of 
incident angle and third, it minimizes the difference between 
resolution of cell#1 and cell#256. 

Fig. 6 The effect of focal spot size of 0.3 mm on the spatial                 
resolution of the cell#1 and cell#256. 
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 Fig. 7 Focal spot size of 0.1 mm  is ideally small for the VRX CT 
scanner. It totally eliminates the influence of focal spot. 
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