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to image distortion of the objects due to inherent geometric 
magnification.  

X-ray source array based on addressable field emission
cathodes could be a solution. Each x-ray source of the field 
emission x-ray source array can be independently controlled, 
and emits small cone beam x-ray through a certain portion of 
the object. And series of x-ray source bins co-treat the area to 
detected to form an overlay, hence only the region of interest 
(ROI) is irradiated, and the radiation dose to the patient could 
be decreased. Combining the high temporal resolution and 
smaller focal spots properties of field emission x-ray source, a 
high quality radiographic image can be obtained at low dose 
level. Also, using a dense x-ray source array, ROI could be 
irradiated with less source-to-object distance, in this way, an x-
ray imaging system with small size is possible. 

Due to the special geometry, projection image formation 
using field emission x-ray source array can conceptually take 
two forms: sequential exposure from non-overlapping source 
bins, or flash all the x-ray source bins simultaneously and get 
an overlapped projection image. Compare to the traditional 
radiography, which provides internal structure information of 
the whole area to be detected in one image, neither of the two 
forms could provide intuitive data for diagnostics or evaluation. 
Therefore, corresponding projection image restoration 
processing is necessary. 

To study the application of the proposed 2D field emission 
x-ray source array in radiation imaging [2], and make full use
of the properties of field emission x-ray tubes, in this work, we
propose a radiographic scheme based on 2D field emission x-
ray source array. Corresponding to the geometry, two ways of
x-ray projection strategies, and a projection image restoration
algorithm based on projection rebinning is proposed. Numerical
simulations were performed to verify the effectiveness of the
proposed approach.

II. METHODS AND MATERIALS

A. System description

A radiographic scheme based on 2D field emission x-ray
source array is proposed, shown as Fig. 2 and Fig. 3(a). Uniform 
field emission x-ray source bins are used and evenly placed in 
the same plane to form the 2D source array, consistent with the 
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I. INTRODUCTION

In recent years, x-ray sources with field emission cathodes 
have been developed [1]. Compared with the conventional 
thermionic systems, field emission sources have some 
advantages, such as high temporal resolution, smaller focal 
spots and programmable x-ray radiation [1-4]. Besides, the field 
emission based x-ray sources showed the potential for 
miniaturization and creating dense arrays of discrete and 
individually controlled x-ray sources, this further makes the 
design of new imaging geometries more flexible [2-4]. 

Chen et al. developed a 2D x-ray source array using ZnO 
nanowire field emitters which could achieve uniform distri- 
bution of x-ray generation  [2], the schematic diagram of the  
flat-panel X-ray source is illustrated in Fig. 1. ZnO nanowires 
as field emission cathodes, are uniformly distributed and have 
similar morphologies, uniform electrons emit from the ZnO 
nanowires and strike the tungsten film, then generate x-rays 
with a small divergence angle. 

In traditional x-ray radiography, x-ray tube emits radiation 
from a single focal spot, because of the limited cone beam angle, 
an appropriate distance between single point x-ray source and 
object is required, which make it difficult to reduce the system 
size, and may expose the patient and operator to unnecessary 
radiation [5]. Additionally, a diverging x-ray cone beam leads 
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Fig. 1 Schematic diagram of the field emission x-ray array using ZnO nanowire 
field emitters. 
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structure in [2]. A lead collimator with conical holes is placed 
in front of the source array to form cone beam x-rays with the 
same beam angle and direction. Every x-ray source bin emits 
cone beam x-ray through a certain portion of the area to be 
detected, and to obtain information of the object’s internal 
structure, all the sources co-treat the whole object to form a 
seamless coverage. A flat panel detector is placed parallel to the 
plane of the 2D source array to collect the projection data. 

B. Forward Projection Model

Corresponding to the proposed geometry, there are two ways
of x-ray projection strategies. The first one is to divide the 
sources into different groups, each group consists of sources 
where the associated projection data have no overlap, and the 
system collects non-overlapping projection images by flashing 
the groups sequentially (referred as grouped projection 
hereafter). The other one is that all the x-ray sources flash 
simultaneously and get an overlapped projection image 
(referred as simultaneous projection hereafter).  

In traditional radiography, x-rays emitted by the single x-ray 
source and travel through the objects, according to the Lambert-
Beer law, the x-ray intensity detected by the detector bin ݌ሺ݌ ൌ
1,⋯ , ܲሻ can be given as 

௣ܫ ൌ ∑ሺെ	௣଴expܫ ܽ௣௡ݔ௡ே
௡ୀଵ ሻ ൅ ݊௣                   (1) 

where ܫ௣଴ is the photon number emitted from the source to the 
detector bin, ܰ is the voxel number of the detected object, ܽ௣௡ 
is the length at which the ray-path intersects voxel ݊, ݔ௡ is the 
attenuation coefficient of voxel ݊, ݊௣ is the random noise. 

When flashing the source groups sequentially, the projection 
data do not overlap, the detected x-ray intensity can still be 
modelled as Eq. (1), and given by 

ݍ݌ݕ ൌ ݍ݌തݕ ൅ ݍ݌݊  (2) 

where ݕത௣௤ ൌ ∑ ܽ௣௤௡ݔ௡ே
௡ୀଵ is the integral of attenuation 

coefficient (referred as ray-sum hereafter) on the ray path ݍ݌, 
and ݕ௣௤ is the detected ray-sum with random noise. 

When flashing the total sources simultaneously, Eq. (1) can 
be modified as 

݌ܫ ൌ ∑ ∑ሺെ	0expݍ݌ܫ ݊ݔ݊݌ܽ
ܰ
݊ൌ1 ሻܳ

ൌ1ݍ ൅  (3)     ݌݊
Compare to the traditional radiography, which provides 

internal structure information of the whole area to be detected 
in one image, neither of proposed strategies could provide 
intuitive data for diagnostics or evaluation. The first strategy 
provides series of clear and non-overlapping data, each of 

which represents a part of the object. The second strategy 
provides information in one image, but it is overlapped. To 
alleviate this problem, a projection image restoration algorithm 
based on projection rebinning is proposed. 

C. Image Restoration Algorithm

To obtain a relatively clear restoration image for diagnostics
or evaluation, a virtual parallel pencil beam projection model is 
assumed, and a restoration algorithm from x-ray source array 
projection to the parallel pencil beam projection is proposed. 

Suppose that there is a virtual x-ray source plane which 
coincides with the position of the real x-ray source plane and 

has the same number of x-ray sources as the detector bins. Each 
virtual x-ray source emits parallel pencil beam x-rays with the 
same photon number ܫ′ travelling through the object, and the 
attenuation signal is detected by its corresponding detector bin 
without any scatter or quantum noise, shown as Fig. 3(b). The 
photon number detected by detector bin ݌ in virtual projection 
can be modeled as

௣ᇱ௣ᇱܫ ൌ ∑ሺെ	exp′ܫ ܾ௣ᇱ௣௡ݔ௡ே
௡ୀଵ ሻ                      (4) 

where ݌′ is the corresponding virtual x-ray source of detector ݌, 
and ܾ௣ᇱ௣௡  is the virtual beam length of the intersection with 
voxel ݊. The ray-sum on the ray path from the virtual source ݌′ 
to the detector ݌ can be modeled as 

݃௣ᇱ௣ ൌ ݃௣ ൌ ∑ ܾ௣௡ݔ௡ே
௡ୀଵ                            (5) 

where virtual path ݌′݌ is simplified as path ݌ because of the 
one-to-one relationship of virtual source ݌ᇱ and detector ݌. 

Based on the introduced virtual projection, the sum of the 
attenuation coefficient on the virtual ray path ݌ is represented 
by 	݃௣ , which is defined as the objective of the restoration 
problem. Through a linear transformation or a nonlinear method, 
ത௣௤ݕ  can be approximately estimated with 	݃௣  [6]. A linear 
transformation matrix ܹ  is introduced to describe the 
relationship between ݕത௣௤ and	݃௣, and is given by 

ത௣௤ݕ ൌ ∑ ௣௤௜ݓ ௜݃
௉
௜ୀଵ                                  (6) 

where ݓ௣௤௜ is the element of	ܹ. 
With the measurement and virtual projection models 

constructed, the objective function for image restoration can be 
established. The image restoration is performed by minimizing 
the cost function comprising a data term and regularization term. 
When using the grouped projection strategy, by substituting Eq. 
(2) into Eq. (6) the objective function for image restoration can
be written as

ො݃ ൌ argmin
௚	

||ܹ݃ െ ଶ||ݕ
ଶ ൅  ሺ݃ሻ     (7)ܴߚ

Fig. 2.  Schematic diagram of the radiographic system using field emission x-
ray source array. Uniform sources are evenly placed in a plane to form the 2D
source array, each source emits cone beams which go through a portion of the
area to be detected, and all the sources co-treat the detection area to form an
overlay. 

Fig. 3.  Illustration of the projection image restoration problem. (a) The x-ray 
source array projection geometry, cone beam x-rays are emitted from every 
source. (b) The virtual source array projection geometry, parallel pencil beam
x-rays are emitted form virtual source bins, travelling through the object, and 
detected by their corresponding detector bins. 
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where ݃ ∈ Թା
௉  is the restoration image, ݕ ∈ Թା

௉ொ  is the 
measured noisy projection data, ܴሺ݃ሻ  is a (edge-preserving) 
regularization function and ߚ  balances the data-fit term and 
regularization term. When using the simultaneous projection 
strategy, considering Eqs. (3) and (6), the objective function for 
image restoration can be written as 

ො݃ ൌ arg	min
௚	

∑ ฮܫ௣ െ ∑ ௣௤ܫ exp൫െݓ௣௤݃൯
ொ
௤ୀଵ ฮ

ଶ௉
௣ୀଵ ൅   ሺ݃ሻ   (8)ܴߚ

D. A Simple Projection Rebinning Method  

In order to simplify the calculation of the linear 
transformation matrix ܹ , a simple but effective projection 
rebinning method is used [6], each oblique (cone beam) ray-
sum is estimated form a single virtual pencil beam ray-sum 
which goes through the center point of the ray path in the object, 
as illustrated in Fig. 4. Define ܯ  as the mid-point of the 
intersection of the fan-line with the region of interest (ROI), ݀ 
as the distance between the source plane and the detector plane, 
and ‖ݍ݌‖ the distance between x-ray source ݍ and detector ݌, 
corresponding oblique beam ray-sum can be approximately 
calculated as 

ݍ݌തݕ ൎ
‖௣௤‖

ௗ
݃௜                                             (9) 

where ݃݅ is the selected virtual pencil beam ray-sum. 
Considering a smaller cone angle of the field emission x-ray 

source, image restoration with better quality can be expected. 

E. Experiments  

To demonstrate the imaging efficacy of the proposed 
radiographic scheme with the projection image restoration 
algorithm, two simulation experiments on a simple cube 
phantom and a MOBY phantom were conducted [7]. As shown 
in Fig. 5. The cube phantom is a water cube, and four bone with 
different thickness were symmetrically inserted in. Dimension 
of the cube phantom is 50ൈ256ൈ256, and the MOBY phantom 
is 256ൈ256ൈ256, both of the phantoms are with a pixel size of 
0.25ൈ0.25ൈ0.25mm3. 

Two kinds of monochromatic projection strategies were 
analytic simulated with a fast-ray tracing technique [8]. And the 
dimension of the source array is 9ൈ 9, with a spacing of 
5mmൈ5mm, every x-ray source in this array has a half cone 
beam angle of 5°. Due to the different size of the two phantoms, 
distances from the source plane to the center of object are 50mm 
and 121mm, and the distance from the source plane to the panel 
detector is 100mm and 172mm. A 360ൈ360 panel detector with 
a bin size of 0.25ൈ0.25mm2 is applied to capture all the 
projection data. 

With the measurement and projection models constructed, 
the radiographic image restoration is performed by minimizing 
the cost function (Eqs. (7) and (8)), in which the regularization 
term is chosen as total variation (TV) [9], and Nesterov’s first 
order methods are employed to boost the algorithm [10]. 

III. RESULTS 

We present several projection images and image restoration 
results in Fig. 6, and quantitative evaluation using root mean 
square error (RMSE) in Table I. Projection images under the 
two scan strategies of the cube phantom and the MOBY 
phantom are used to demonstrate the feasibility of the 

radiographic system and evaluate the proposed image 
restoration algorithm. 

One of the grouped projection images of the cube phantom is 
showed in Fig. 6(a), which is a projection of a portion of the 
object and has no overlap. The simultaneous projection image 
of the whole cube phantom is shown in Fig. 6(b), which 
contains the projection data form all the source array in one 
image but severely overlapped. 

Image restoration result of the cube phantom is depicted in 
Fig. 6(c), where the restored images from grouped projection 
and simultaneous projection, and the difference between the 
restored projection images and the ideal projection image were 
illustrated. It is shown that, for both scanning strategies, the 
restoration results are clear in structure, and the RMSE are 
0.0070cm-1 and 0.0074cm-1. The result using grouped 
projection appears to be better, because of the uniform visual 
effects and less difference between the parallel pencil beam 
projection image. Residual errors occur mainly at the junction 
of different substances, due to the shape edges. 

Result of the MOBY phantom, whose structure is relatively 

 
Fig. 5.  Illustrations of the phantoms used in the simulations. (a) The central 
coronal (left), sagittal (middle), and transverse (right) views of the cube
phantom. (b) The central coronal (left), sagittal (middle), and transverse (right) 
views of the MOBY phantom. (c) The ideal parallel pencil beam projection 
images of the cube phantom (left) and MOBY phantom (right). 

Fig. 4.  Illustrations of the simplified projection rebinning method. The solid 
line is the ray path from source ݍ to the detector bin	݌, and ܯ is the mid-point 
of the intersection of the fan-line with the ROI, the dash line is the 
corresponding virtual x-ray, which is emitted from virtual source ݅ᇱ to detector 
bin ݅, and passes throughܯ. 
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complex and has a greater thickness, is depicted in Fig. 6(d). It 
is shown that, when using grouped projection, the restoration 
results appear to be clear in structure and the corresponding 
RMSE is small (0.0158cm-1); when using simultaneous 
projection, the contour of the phantom is well recovered, but 
internal structure is blurred, tissues and organs are difficult to 
distinguish, the corresponding RMSE is large (0.0450cm-1). 

IV. DISCUSSION

As a new technology, 2D source array with field emission x-
ray tube was introduced to construct a radiographic imaging 
system, corresponding scan schemes and projection image 
restoration algorithm were proposed to predict the quality of 
this novel radiographic imaging method. Note that the x-ray 
source array based on field emission is not only tailored for 
radiography though we used the technology to construct a 
radiographic scheme in this work, it is expected that using the 
source array combined with the proposed scan strategies and 
projection restoration algorithm could also be applied to other 
radiation imaging systems, for example, CT and tomosynthesis, 
and a rotation free system might be expected. 

Distance between adjacent x-ray source units, cone beam 

angle and distance from source plane to object are the key 
factors when designing the radiographic imaging system, and 
will directly affect the projection image restoration quality. The	
relationship	 between	 these	 parameters	 and	 the	 imaging	
quality	will	be	investigated	in	the	future.	

As mentioned above, the projection rebinning method 
adopted here is simple but inexact, when detecting a complex 
phantom with simultaneous projection, it’s difficult to obtain a 
clear restoration image. One of our future work will be to design 
a more accurate projection rebinning algorithm to improve the 
restoration quality. 

Scatter is an important factor that influences the imaging 
quality. Future work will perform a Monte Carlo simulation to 
examine the effect of scatter in this system when using different 
scan strategies, and corresponding image restoration cost 
function will be re-established considering the statistical 
characteristics of the projection signal. 

V.  CONCLUSION

We presented a radiographic scheme based on 2D field 
emission x-ray source array. We have shown that the geometry, 
combined with the proposed scan strategies and projection 
image restoration algorithm may offer a path for noninvasive 
imaging in biomedical research and industrial inspection. 
Promising image quality could be obtained using the grouped 
scan strategy, and a fast imaging speed could be achieved using 
the simultaneous scan strategy but with some blur.  
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TABLE I 
QUANTITATIVE EVALUATION OF THE PROJECTION IMAGE RESTORATION 

RESULTS IN TERM OF RMSE (UNIT ܿ݉ିଵ) 

Phantom Grouped Projection Simultaneous Projection 

Cube 0.0070 0.0074 

MOBY 0.0158 0.0450 

Fig. 6.  Illustrations of the projection image restoration experiments. (a) One
of the grouped projection images of the cube phantom, which is a projection
of   part of the object. (b) The simultaneous projection image of the whole cube
phantom, which is severely overlapped. (c) The restoration results of the cube
phantom, and the differences between the restored images and their
corresponding parallel pencil beam projections. The profile is showed on the
right. (d) The restoration result of the MOBY phantom, and the differences
between the restored images and their corresponding parallel pencil beam
projections. The profile is showed on the right.

The 14th International Meeting on Fully Three-Dimensional Image Reconstruction in Radiology and Nuclear Medicine

659




