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ABSTRACT With the introduction of cold electron sources such as nanotubes, X-ray sources became small
in size so that many sources are installed in array to form stationary CT, which brings benefits of simplicity in
mechanism and fast response. However, the nanotube-based X-ray source is still singly packaged and hence
density of X-ray sources is limited, which introduces severe sparse-view artifacts and could not be used in
practice.With the invention ofX-ray sources device based on ZnOnanowires as cold electron emitters, a large
amount of X-ray sources is first integrated in a flat panel device. In this study, we design a stationary CT
architecture using high-density sources devices, called HD-SCT, and develop corresponding reconstruction
algorithm. Specifically, several flat panel detectors and X-ray sources devices are spliced together to form a
source-detector plate. Multiple source-detector plates are organized as a polygon that encloses object to
complete CT scanning. In HD-SCT, X-ray sources are close to object which can significantly decrease
CT device volume. The X-ray beam emitted by each source just cover part of object and the spot sources
alternately light to completely scan object. Simultaneously, we propose a reconstruction method for the
specific configuration which adopts an iterative algorithm to resolve the reconstruction based on alterative
part projections, as well as a novel correction process of projection completion for the shadowed area of
placing X-ray source devices. To validate the design of the proposed HD-SCT, we execute a series of
simulation experiments, which show that the proposed HD-SCT and corresponding reconstruction method
effectively remove the artifacts caused by the embed X-ray source device. The results also disclose that with
the increase of density of X-ray sources, the resolution of reconstruction has been dramatically improved,
which demonstrates the practical value of introducing high-density X-ray sources device into stationary CT
design.

INDEX TERMS Stationary CT scheme, high-density X-ray sources devices, source-detector plate, iterative
reconstruction.

I. INTRODUCTION
Cone beam computed tomography (CBCT), including a
single cone-beam X-ray source and flat detectors, scans the
object by rotating 360◦ to obtain projection data, and hence
reconstruct the inner structures of the object based on the pro-
jection. It has been widely used in many applications. How-
ever, in conventional CBCT devices, limited with cone angle
of thermionic X-ray source, the distance between source and
object should be far enough to cover the region of interest
(ROI), which results in the large volume of CT device. The
imaging system with large volume cannot be tightly coupled
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with object, which causes dose radiation to non-related areas.
Besides, due to the rotation scanning of CBCT, mechanical
vibration is inevitable, which will seriously degrade the imag-
ing quality [1], [2].

To overcome the limitation of conventional CBCT devices,
in recent years, field emission (FE) X-ray cold electron
sources are gradually developed due to their great advan-
tages. By using cold electron cathode tubes, FE sources
have faster time response, higher stability, longer lifetime,
and lower energy consumption [2]–[6]. For example, cold
electron sources based on carbon nanotubes (CNT) have
small size, instantaneous response, and can be electroni-
cally controlled, make it possible to design linear arrays of
X-ray sources, which motivate developing novel CT imaging
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FIGURE 1. System design scheme of stationary CT based on array X-ray
sources devices. (a) The whole structure of stationary CT. (b) one
source-detector plate.

schemes [7]–[9]. G. Yang et al. developed a stationary dig-
ital breast tomosynthesis system with a multi-beam field
emission X-ray source array [7]. E. Quan et al. designed
rotation-free square and hexagonal micro-CT configurations,
and proposed a reconstruction method for the designed
configuration [8]. B. Gonzales presented a rectangular
fixed-gantry CT for airport security inspection system,
and developed a compression-based iterative reconstruction
method [9].

The above stationary CT imaging architectures make use
of X-ray source array based on cold electron cathodes such
as CNT, which bring benefits of simplicity in mechanism
and fast time response. However, each X-ray source based on
carbon nanotube is still singly packaged and hence the density
of X-ray sources is limited, which introduces severe sparse-
view or limited angles artifacts in CT reconstruction. With
severe sparse-view artifacts, polygonal stationary CT system
could not be used in practice [10].

With the invention of X-ray sources device based on
ZnO nanowires as cold electron emitters, a large amount
of X-ray sources is first densely integrated into a flat
panel device [11]–[13]. X-ray sources device based on ZnO
nanowires not only preserves FE superior properties, but also
arranges a large amount of X-ray sources densely into a
device, which could be used to efficiently solve sparse-view
artifacts existing in the above stationary CT system. Hence,
in this study we propose a novel stationary CT scheme based
on arrangement of high-density X-ray sources devices using
ZnO nanowires field emitters, called HD-SCT.

Based on the high-density integrated X-ray source device,
the configuration of the proposed HD-SCT, splices array
X-ray sources devices and flat detectors together to form
a source-detector plate, organizes multiple source-detector
plates as a polygonal columnar that encloses the object to
complete CT scanning, as shown in Fig. 1. Such closed
polygon-shape structure not only reduces architecture vol-
ume, but also avoids unnecessary dose radiation to non-
related area. In addition, the dense arrangement in an X-ray
sources device can reconstruct the object with high spatial
resolution. During the scanning, each source emits a small

FIGURE 2. (a) An example of scanning process of stationary CT in the
central transaxial plane. Assume that each sources device integrates
4 source units, every source-detector plate places 3 X-ray sources devices,
which means a total of 72 sources in 6 source-detector plates. Then, from
t1 to t72, all X-ray sources emit cone-beam X-ray one after one. (b) The
final scanning results of stationary CT in the central transaxial plane and
sagittal plane.

cone-beam X-ray, which only irradiates a certain part region
of object. And all of cone-beams emit one after one to
ensure an overlapped coverage for the entire object, as shown
in Fig. 2.

In the same time, we propose a reconstruction method
for the specific configuration which adopts an iterative algo-
rithm to resolve the reconstruction based on the alterative
part projections. Besides, there are missing projection data
that is at the region of placing X-ray source devices in
the source-detector plate, which will result in artifacts in
the reconstructed image [14], [15]. Due to the width of the
X-ray source device is in millimeter level, which is much
higher than the pixel size of the detector, the conventional
artifact deduction methods, such as interpolation [16], [17],
regularization in iterative reconstruction [18] cannot handle
it well. In this regard, we propose a data completion method
to compensate the lost projection. Specifically, combined
with interpolation reconstruction and direct reconstruction,
we put forward a correction method based on a combined
prior information to complete missing projection data.

In this study, we initiatively design a novel stationary CT
scheme based on recently proposed high-density array X-ray
sources configuration using ZnO nanowires as cold electron
emitters, called HD-SCT. In the design of HD-SCT, we splice
flat panel detectors and array X-ray sources devices together
to form a source-detector plate, and then organize multiple
source-detector plates as a polygonal columnar to enclose
the scanning object. The proposed HD-SCT architecture not
only retains the huge advantages of stationary CT, such
as fast response, low radiation, stationary scanning, and so
on, but also solves the problem of sparse-view artifacts in
CT reconstruction. Based on this closed polygonal architec-
ture, we design specific scanning scheme and then develop
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corresponding reconstruction algorithm including iterative
reconstruction and projection completion method. Finally,
we validate the proposed HD-SCT configuration by a series
of simulation experiments based on a hexagonal columnar
geometry.

II. METHOD
A. SYSTEM DESCRIPTION
The proposed HD-SCT system configuration is composed of
six source-detector plates, which enclose the scanned object
to form the structure of regular polygonal columnar. The
schematic diagram of the system is shown in Fig.1. Each
source-detector plate is formed by splicing flat detectors and
array X-ray sources devices. Adjacent source-detector plates
are connected by a hinge structure that can easily wrap the
object. Specifically, a large amount of X-ray sources with
high-density arrangement are integrated into a flat panel
device, and then X-ray sources devices combine with flat
panel detectors to make up source-detector plate. In every
source-detector plate, several X-ray sources devices are dis-
tributed in an array with the equal space.

Different from conventional CT architecture, which only
use a single X-ray source, the proposed HD-SCT architecture
use high-density X-ray sources devices, which contain a large
amount of X-ray sources. For the specific CT configuration,
the scanning scheme is designed as follows. During scanning,
every source emits a cone-beam X-ray, which only covers a
small certain part region of object, as shown in Fig. 2(a), and
all of cone-beams are emitted one after one to have an over-
lapped coverage for the entire object, as shown in Fig. 2(b).
By making use of individual addressable character and ultra-
switch time of field emission cathode [12], the spot sources
alternately light to completely scan the object. And it is
ensured that every flat detector does not receive two or more
X-ray sources simultaneously which will result in overlapped
scanning area.

Due to the specific CT configuration, the proposed HD-
SCT structure exists detection blind zones, which are located
at the regions of placing X-ray source devices in the source-
detector plate, as shown in Fig.1. Therefore, we need raise up
a corresponding correction method to complete the missing
projection data. Zhang et al. have proposed a metal arti-
fact correction method, which utilizing original reconstruc-
tion and corrected reconstruction by linear interpolation to
finish image mutual correction [19]. Inspired by this idea,
by exploiting the advantages of missing projection and inter-
polation projection, we can fill up the missing projection data
based on combined prior information.

The working procedure of the proposed HD-SCT configu-
ration can be divided into the following steps. First, we place
the scanned object in the CT architecture. Second, X-ray
sources scan object alternately, and detectors located at the
opposite plate receive projection data until all the spot X-ray
sources are lighted. Third, we fill up the missing projection
data, which is located at the shadowed area of placing X-ray

source devices in the source-detector plate. Last, according to
the physical model of scanning process, we construct object
function and reconstruct image iteratively. Through above
steps, we can obtain the volume reconstruction of the scanned
object.

The characteristics of HD-SCT mainly contains four parts.
(1) The CT system surrounds the object with a polygonal
columnar. It doesn’t need rotate to finish scanning, which not
only reduces the complexity of mechanical design, but also
avoids the effects ofmechanical vibration during rotation pro-
cess. (2) By using high-density X-ray sources devices, each
source doesn’t need completely cover the scanned object.
That credibly reduces the distance between X-ray sources
and the object. Besides, the size of imaging architecture
can be significantly reduced, which shows great potential
on applying the system to practical applications. (3) This
special structure enables tight coupling of the object with
the scanning system. It effectively reduces the dose radiation
to non-related areas during the scanning process. (4) More
importantly, we make use of the high-density X-ray sources
device into HD-SCT design, which can significantly reduce
sparse-view artifacts in reconstruction compared to other sta-
tionary CT schemes, which will be investigated in this study.

B. RECONSTRUCTION
1) FORWARD AND BACKWARD PROJECTION ALGORITHM
Due to lighting the spot sources alternately, the projection
data is considered to be un-mixed. Therefore, we can con-
struct the forward projection model as what conventional CT
does. In conventional X-ray radiation, we combine air scan-
ning to obtain actual projection data. In forward projection,
we assume that all X-ray sources were monochromatic and
detectors were considered ideal. When the qth source lights,
the measured photon counts in pth detector unit can be written
as:

ŷpq = Ipq exp(−apqx)+ np. (1)

where Ipq are the emission counts from qth(q = 1, · · · ,Q)
source to opposite pth(p = 1, · · · ,P) detector, P is the
number of detector units and Q is the number of sources in
one source-detector plate, ŷpq is the expected measurement
of response photon number from qth source to opposite pth

detector, apq is the length along the X-ray path, x is the object
attenuation coefficient and np is the random noise.
In the above projection, due to the detection blind zones

of the proposed HD-SCT architecture, the projection data is
incomplete and partly missing. The corresponding comple-
tion method will be introduced in the next subsection.

To obtain the internal structure for diagnostics or evalu-
ation with the projection data from the geometry, a recon-
struction algorithm is proposed. The objective function of the
reconstruction is as follows:

min
x

mP∑
p=1

Q∑
q=1

‖apqx − b̂pq‖2 + λR(x). (2)
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where m is the number of source-detector plates,
b̂pq = log Ipq

ŷpq
represents the linear integral value along the

X-ray path from qth source to opposite pth detector. The
first term indicates the data fidelity in the l2-norm. The sec-
ond term consists of R(x) as a regularization function. The
parameter λ controls the balance between the fidelity and the
regularization [20], which is selected empirically.

For the optimization of objective function, we solve it by
an iterative reconstruction method. Each iteration includes
two phases to solve data fidelity and regularization term
separately. Assuming the data fidelity is f (x), then we update
reconstruction image iteratively by gradient descent method
as follows [21]:

xk+1 = xk + α
f ′(xk )
f ′′(xk )

. (3)

where xk+1 and xk are the iterative results, f ′(xk ), f ′′(xk ) are
the first derivative and second-order derivative, respectively,
and α is relaxation factor.
For the regularization term, we employ TV algorithm [18]

as l1-norm constraint to reduce total variation of the image
estimate. Meantime, to improve the speed of iterative conver-
gence, we adopt Nesterov’s momentum acceleration strategy
to speed up the convergence [22].

2) PROJECTION COMPLETION ALGORITHM
We adopt a correction method based on combined prior
information to complete missing projection data. The main
procedure of correction is shown in Fig. 3, which can be
described in details as follows:

(1) Linear Interpolation. Interpolate the projection data in
the missing region of the original projection P0 to obtain
interpolation projection P1.

(2) Pre-reconstruction. Iteratively reconstruct the original
projection P0 and interpolation projection P1 to obtain an
uncorrected reconstructed image F0 and an interpolated cor-
rected reconstructed image F1.

(3) Artifacts splitting. The original image F0 can be
regarded as the ground truth image plus an artifacts image
caused by missing data, and the interpolated corrected image
F1 can be treated as the ground truth image plus an artifacts
image caused by interpolation data. Therefore, the difference
of these two reconstructed images, F0-F1, represents the
superposition of artifacts with missing data and the interpo-
lation data.

(4) Threshold segmentation. Selecte a suitable threshold
to divide the artifacts superposition image so as to obtain a
strong artifacts map.

(5) Correlation map. Image mutual correlation can be used
to evaluate the degree of similarity of two images [23]. The
mutual correlation of two vectors x and y can be calculated
as follows:

C(x, y) =
2〈x, y〉 + ε

‖x‖2 + ‖y‖2 + ε
. (4)

FIGURE 3. The correction procedure of HD-SCT based on combined prior
information.

where symbol 〈·, ·〉 represents the inner product, and ε is a
small positive constant to make sure that the denominator is
not zero.

We calculate the mutual correlation of the artifacts image
blocks and F0, F1 respectively. The larger the correlation
coefficient is, the more similar we consider their structure to
be, which indicates the artifacts blocks are mainly from the
more similar blocks of image. For example, if the correlation
coefficient of a certain artifact block and F1 is higher, the arti-
fact is more likely to be caused by interpolation data. In this
case, F0 is likely to contain fewer artifacts and is selected
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FIGURE 4. Two phantoms used in the simulations. (a) The chosen
transverse (left), sagittal (middle) and coronal (right) planes of the XCAT
phantom. (b) The transverse (left), sagittal (right) planes of the designed
phantom.

to build the combined image; otherwise, F1 is chosen. If an
artifact image block with both low correlations to F0 and F1,
F1 will be selected by default. After that, a smooth transition
in the combined image is needed.

(6) Generation of combined prior image. Segment the com-
bined image into different material tissues, each of which
is assigned a uniform value. Therefore, we can obtain the
combined prior image.

(7) Projection completion and image reconstruction. Com-
plete the missing data of the original projection and make
a smooth transition, and then we can get the final corrected
projection.

After obtaining the final corrected projection, we can
reconstruct the image based on the iterative algorithm.

III. EXPERIMENT
A. EXPERIMENTAL MATERIALS
In this study, we adopt simulation experiments to
quantitatively analyze the performance of the proposed CT
configuration and corresponding reconstruction algorithm.
Specifically, we investigate the effect of the density of X-ray
sources on the reconstruction quality. We use two phantoms
for evaluation. The first phantom is XCAT phantom [24],
as shown in Fig. 4(a). The structure of XCAT has enough
structural features to fully evaluating the reconstruction
performance of the proposed CT configuration. The sec-
ond phantom is our designed uniform cylinder, in which
eight spheres of 1mm are inserted symmetrically, as shown
in Fig.4(b). Such a simple multi-sphere phantom is used to
analyze spatial resolution in HD-SCT reconstruction.

The purpose of this study is to validate the feasibility
of the proposed CT configuration and explore the recon-
struction performance. Hence in the simulation experiments,
we assume that all X-ray sources were monochromatic and
detectors were considered ideal. The size of the phantom is
256× 256× 200 with a voxel size of 0.25 mm× 0.25 mm×
0.25 mm. The distance between two opposite source-detector
plates is 100 mm. Without considering the detection blind
zones in the source-detector plate, the flat detectors have

FIGURE 5. Reconstruction of HD-SCT based on combined prior
information. The first column is the ground truth, the second column
is the ideal reconstruction without missing projection, the third column is
the direct reconstruction with missing projection, and the last column is
the reconstruction based on combined prior information. Display window
is [0, 0.035].

a dimension of 900 × 800 with a resolution of 0.2 mm ×
0.2 mm. There are four X-ray sources devices with adjacent
distance 12 mm in every source-detector plate, and each
sources device integrates 64 X-ray sources with 0.8 mm
adjacent space. The width of missing projection is set 2mm,
which is suitable for the currently developed device. During
scanning, each source irradiates a narrow cone beam X-ray
with same cone angle of 45◦, which is easily implemented in
the currently developed X-ray sources device.

B. RECONSTRUCTION RESULTS
1) ITERATIVE RECONSTRUCTION WITH PROJECTION
COMPLETION
Based on the proposed HD-SCT scheme, we use the XCAT
phantom to perform forward projection based on formula (1),
and then complete iterative reconstruction based on formulas
(2) and (3). The results of reconstruction are shown in Fig.5.
Among them, the first column shows the reference image,
the second column shows the ideal reconstruction when the
projection data is assumed to be complete and un-missing,
the third column shows the direct reconstruction when the
projection data is partly missing, and the last column shows
the final reconstruction when the projection data is corrected
based on projection completion algorithm.We can easily find
that the ideal reconstruction without missing projection is of
highly quality, which shows the reliability of the HD-SCT
scheme. Considering the missing projection located at the
occlusion area of placing X-ray source devices in the source-
detector plate, the reconstruction exists evident artifacts in the
center part, such as structure missing and blurring, as shown
in the third column. After the correction based on combined
prior information, these artifacts reduce considerably, which
indicates that the proposed correction method is effective to
solve artifacts caused by missing projection, as shown in the
last column.

To quantify the reconstruction image quality before and
after projection completion, we evaluate the reconstructed
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FIGURE 6. RMSE of different reconstruction results.

FIGURE 7. A group examples of projection for different missing
projection widths. From left to right, the missing widths are 1mm, 2mm,
3mm, and 4mm.

phantom by the root mean square errors (RMSE). The results
are shown in Fig.6. It confirms that the correction based on the
combined prior information really reduces artifacts caused
by the missing projection and improves the image quality.
Therefore, applying the proposed CT system to practice is
feasible.

2) INFLUENCE OF PROJECTION MISSING WIDTH
During forward projection, the width of missing projection
caused by placing X-ray source devices decides the loss rate
of the valid information. We define loss rate as the ratio
of number of missing projection pixels to number of ideal
projection pixels. Keeping other system parameters as the
same, under the normal dose scanning, we set projection
missing width to be 1mm, 2mm, 3mm and 4mm respectively.
Then, the corresponding loss rate is 3.5%, 7.0%, 10.5% and
14%, respectively. The sample is shown in Fig.7.

Fig.8 shows iterative reconstruction results about XCAT
phantom using corrected completion projection under differ-
ent projection missing widths, which illustrates the proposed
projection completion algorithm can basically recover the
information of missing projection. As the width of the miss-
ing projection increases, the quality of reconstruction grad-
ually decreases, which is reflected in the blurring effect of
the image edge and disappearance of small tissue structures.
When projection missing width is more than 2mm, severe
trailing artifacts appear in the center of the reconstruction,
as indicated by the red boxes.

Table 1 shows the RMSE and contrast to noise ratio (CNR)
values of reconstruction with different projection missing
widths about XCAT phantom. We calculate CNR in two
regions, which are marked by yellow boxes in Fig.8. It can be

FIGURE 8. Reconstruction results using corrected completion projection
under different projection missing widths. Projection missing width from
left to right is 1mm, 2mm, 3mm and 4mm respectively. Display window is
[0, 0.035].

TABLE 1. RMSE and CNR of reconstruction with different projection
missing widths.

seen that as the projectionmissingwidth increases, the RMSE
value gradually increases and the CNR value decreases,
which indicates that the reconstruction quality gradually is
gradually getting worse. When the projection missing width
is less than 2mm, the reconstruction quality is close to
the ideal reconstruction; and after larger projection missing
width, the reconstruction quality is significantly reduced.
Therefore, the proposed projection completion algorithm is
more suitable for iterative reconstruction with projection
missing width less than 2mm.

3) NOISE PERFORMANCE
In real X-ray scanning, due to the interaction of X-ray with
phantom, the photon intensity received by the detector is a
random value, in statistics which is called ‘‘Poisson noise’’.
Assuming all X-ray sources are monochromatic, the level
of Poisson noise will increase as the number of photons
decreases. Keeping other system parameters as before, we set
different noise levels to analyze the effect of noise on recon-
struction quality about XCAT phantom.

Fig.9 shows the iterative reconstruction results using un-
missing projection and corrected completion projection with
two noise levels of 50k and 10k, respectively. These two
noise levels represent high-dose and low-dose scanning situa-
tions, respectively, fromwhich we can observe the robustness
of the proposed projection completion algorithm to noise.
It can be seen from Fig.9 that there are no obvious arti-
facts in the reconstruction results. However, observing the
details of the image label by red boxes, as the noise level
increases, the reconstruction appears slightly blurring effect
and reduced resolution.
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FIGURE 9. Reconstruction results using un-missing projection and
corrected completion projection with different noise levels. The first
column is ideal reconstruction without missing projection (50K photons),
the second column is the reconstruction based on combined prior
information (50K photons), the third column is ideal reconstruction
without missing projection (10K photons), the last column is the
reconstruction based on combined prior information (10K photons).
Display window is [0, 0.035].

TABLE 2. RMSE and CNR of reconstruction with different noise levels.

Then, we calculate RMSE and CNR values of reconstruc-
tion with different noise levels, as shown in Table 2. With the
increase of noise levels, the RMSE increases, and the CNR
decreases, which indicates that the reconstruction quality of
XCAT phantom get worse under the effect of noise. Besides,
it can be found that the RMSE and CNR values of recon-
struction using un-missing projection and corrected comple-
tion projection are almost close under the same noise level.
Therefore, we can conclude that the projection completion
algorithm based on combined prior information is robust for
different noise levels.

4) SPATIAL RESOLUTION
For the proposed HD-SCT, we analyze the spatial resolu-
tion of reconstruction based on the designed multi-sphere
phantom. The multi-sphere phantom consists of eight spheres
of 1mm diameter, which can be considered as points to mea-
sure full-width at half-maximum (FWHM) of point spread
functions (PSF) and modulation transfer function (MTF) by
taking the Fourier transform of the PSF. The FWHM is
measured at 50% whereas the MTF is measured at 10%.
Therefore, the loss of resolution can be measured by the
average FWHM and MTF of eight points. Besides, RMSE
is used to measure the overall reconstruction of the multi-
sphere phantom. Keeping other system parameters as before,
we reconstruct the designed phantom under different noise
levels, which are noiseless, 50k photons, and 10k photons,
respectively.

FIGURE 10. Reconstructions and residual maps in the transverse plane of
the multi-sphere phantom. The first column is the reference, the second
column is the reconstruction without noise, the third column is the
reconstruction with 50k photons, and the last column is the
reconstruction with 10k photons.

TABLE 3. Image quality metrics about reconstruction of multi-sphere
phantom.

Fig. 10 shows reconstruction slices and the correspond-
ing residual maps under different noise levels. According
to Fig. 10, it can be found that under these three kinds of
noise levels, the sphere points can be reconstructed well.
However, by observing the residual maps, the reconstructed
errors increases as the noise level increases, which are mainly
reflected in the edge of the cylinder and the spheres.

Then, we calculate the average FWHM, MTF and RMSE
of these reconstruction about the designed phantom. The
results are shown in Table 3. As the noise increases, the over-
all reconstruction quality of the designed phantom decreases.
According to the average FWHM and MTF values of the
eight sphere points, it can be concluded that when the noise
level increases, the spatial resolution of the reconstructed
sphere points just decrease a little, which indicates that the
reconstruction algorithm only sacrifices the spatial resolution
to a small extent while suppressing noise to make a balance
between resolution and noise.

C. PARAMETERS COMPARISON
In order to better design the HD-SCT scheme, we con-
duct comparative experiments on different system parame-
ters, including the arrangement density inside each X-ray
sources device, the number of X-ray sources devices in a
source-detector plate, and the distance betweenX-ray sources
devices.

1) THE DENSITY OF EACH X-RAY SOURCES DEVICE
We consider different densities inside each sources device
to study what they impact on reconstruction. Assuming
the length of X-ray sources device is fixed, we set the
source units inside each X-ray sources device as 8, 16, 32,
64, 128, 256, 512, where the distance between adjacent
units are 6.4mm, 3.2mm, 1.6mm, 0.8mm, 0.4mm, 0.2mm,
0.1mm, respectively. The number of X-ray sources devices
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FIGURE 11. RMSE curve of reconstruction and reference under different
densities inside each X-ray sources device.

in a source-detector plate is set as 1. Then, keeping other
system parameters same as initial settings, we reconstruct
XCAT object by the above parameters.

Fig. 11 shows how RMSE value between the reconstruc-
tion results and the reference changes under different param-
eter settings. From it, we can find that with the source
units inside each X-ray sources device increases, the RMSE
value gradually decreases, indicating that the reconstruction
quality is getting better and better. The source units set as
64 is the turning point of the overall curve. At this point,
the reconstruction algorithm has the greatest benefit, that
is, both high reconstruction quality and low computational
complexity. Therefore, we select the source units inside each
X-ray sources device as 64, where the distance between
adjacent units are 0.8mm.

2) THE DISTANCE BETWEEN X-RAY
SOURCES DEVICES
In order to study the influence of the distance between
sources devices on reconstruction, we experiment on the pro-
posed HD-SCT structure. Keeping other system parameters
as before, we set the number of sources devices set as 4, and
adjust the distances between sources devices as 4mm, 8mm,
12mm, and 16mm. In each X-ray sources device, 64 source
units with the distance 0.8mm between adjacent units is
used.

We calculate RMSE between reconstructed slices and ref-
erence slices, as shown in Fig.12. Therefore, we find that
the distance between sources devices does not obviously
affect the reconstructed quality. However, as the distance
increases, the sources device is more evenly distributed in the
source-detector plate, which can consider the whole recon-
struction more equally so that the RMSE values in marginal
slices are smaller. Therefore, we think the distance between
sources devices should depend on the number of sources
devices.

3) THE NUMBER OF X-RAY SOURCES DEVICES
The number of X-ray sources devices in a source-detector
plate could also impact reconstruction quality. Keeping other
system parameters as the same, we set 64 source units
inside each X-ray sources device with the distance 0.8mm

FIGURE 12. RMSE curve of reconstructed slices and reference slices
under different distances between X-ray sources devices.

FIGURE 13. RMSE curve of reconstruction and reference under different
numbers of sources devices in a source-detector plate.

between adjacent units, which is easily implemented in
the currently developed device. Then, we adjust the num-
ber of sources devices to 1, 2, 3, 4, 5, 6 in a source-
detector plate to find the most suitable numbers about
sources devices. Correspondingly, depending on the number
of sources devices, we set the distance between each two
adjacent sources devices are 0mm, 24mm, 16mm, 12mm,
10mm, 8mm, respectively to ensure the sources devices dis-
tributed more evenly in the source-detector plate. Then we
reconstruct XCAT object by the above parameters. The values
of RMSE between reconstruction and reference are shown
in Fig.13. It can be seen from Fig.13 that when the num-
ber of sources devices is changed from 1 to 6, the recon-
struction quality has increasingly improved. The number of
sources devices in the source-detector plate set as 4 with
the interval space 12mm is the turning point of the overall
curve. At this point, the reconstruction algorithm has the
greatest benefit, that is, both high reconstruction quality and
low computational complexity. Therefore, we suggest the
number of sources devices in a source-detector plate set as
4 with the interval 12mm for reconstruction in the proposed
HD-SCT.

D. STRUCTURE COMPARISON
Conventional cone beam computed tomography (CBCT),
including a single thermionic X-ray source and flat detectors,
scans the object by rotating 360◦ to obtain projection data,
which has great applications in practice.With the introduction
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FIGURE 14. Reconstruction slice and the corresponding residual map by
these three structures. The system structures from left to right are from
CBCT, SCT, and the proposed HD-SCT. Display windows of reconstruction
and residual are [0, 0.035] and [-1e-4,1e-4].

of the structure of the X-ray source array, some researchers
have designed a stationary CT structure, called as SCT in
this study, which is hexagon-shape consisting of six detecting
plates [8]. In the configuration of SCT, three source arrays
based on CNT, each consisting of 30 sources, form three
contiguous sides of the hexagon and three area detectors form
the other three sides. The source units in source arrays are
flashed one by one, and the corresponding detectors on the
other side receive projection data.

To analyze the differences among these two structures
and the proposed HD-SCT, we perform a structural com-
parison experiment. In the proposed HD-SCT, source units
inside each X-ray sources device are set as 64, where the
distance between adjacent units are 0.8mm. The number
of X-ray sources devices in a source-detector plate is set
as 4, where the distance between each two adjacent sources
devices are 12mm. In order to compare structure differences
among these three structures, we need ensure same projection
photons during scanning. Hence, in SCT, it is assumed that
512 source units are distributed in three contiguous sides
of the hexagon with the resolution of 0.2 mm (such source
density cannot be achieved in the original SCT). In the
conventional CBCT, about 400-angles of projection data are
evenly obtained to ensure the same number of projection
photons during scanning. Besides, due to a single source
in CBCT, to completely cover the scanning object, the dis-
tance between the single source and flat detectors is set as
150mm, and the distance between center of rotation and flat
detectors is set as 50mm. Keeping other system parameters
as the same, we reconstruct XCAT phantom by such three
structures.

Fig.14 shows one reconstruction slice and the correspond-
ing residual map by these three structures. According to the
reconstruction slice, we can find that the scanning object can
be reconstructed by these three structures. For the recon-
struction of CBCT, SCT, and HD-SCT, we calculate CNR
values about a small regionmarked by yellow boxes in Fig.14.
The CNR values of CBCT, SCT, and HD-SCT are 38.52,
30.90 and 35.42, respectively, which indicates the region

FIGURE 15. Pixel curves, labeled by red dotted lines in Fig. 14. The first
group is plotted by row pixels; the second group is plotted by column
pixels.

quality of CBCT is better than the other two, and SCT’s
region quality is the worst. In addition, we show the corre-
sponding residual map to analyze the various artifacts caused
by such three structures. Specifically, the artifacts of CBCT
are more evenly distributed and not severe. The blurring
artifacts of SCT are themost serious, which aremainly caused
by the limited angles scanning. In comparison, the results
of the proposed HD-SCT has clearly reconstructed edge
structures while exist slight streaking artifacts. In general,
the image quality reconstructed by CBCT and the proposed
HD-SCT is quite close, and the image reconstructed by SCT
exists severe sparse-view artifacts and may not be used in
practice.

In order to observe the difference between the reconstruc-
tion and the ground truth, we plot pixel curves according to
the reconstruction pixels labeled by red dotted lines in Fig.14.
The pixel curves are shown in Fig.15. It can be found that such
three structures can reconstruct the original values well in the
smooth region. However, at the location of edge structure,
the pixel reconstructed by CBCT and the proposed HD-SCT
is closer to the reference value. The reconstruction by the SCT
is slightly worse, implying that it cannot exactly catch fast
changes of pixel intensities.

Finally, to more comprehensively compare the differences
between SCT, HD-SCT and CBCT, we quantify and analyze
the reconstruction quality under different system structural
parameter settings, including the system configurations we
mentioned above, as well as CBCT having 200,150,100 rota-
tion angles. The RMSE curve at different reconstruction
slices is shown in Fig.16. In Fig.16, in addition to reconstruc-
tions of three different structures we have mentioned above,
we also add reconstructions of CBCT with 200, 150 and
100 rotation angles to compare.

According to the RMSE curve in Fig.16, the image recon-
structed by theHD-SCT is of higher quality compared towhat
reconstructed by SCT. Due to same number of X-ray sources
such two structures have, we consider different reconstruc-
tion results are caused by the differences between such two
structures. Sources are distributed in all sides of the hexagon
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FIGURE 16. RMSE curve of reconstructed slices and reference slices
under different system structural parameter settings.

in the proposed HD-SCT while they are only distributed in
half sides in the SCT. That means the proposed structure
is better to reconstruct images with high quality. Moreover,
in the original structure of SCT, X-ray source can hardly be
distributed densely, which probably lead to severe sparse-
view artifacts in reconstruction.

Comparing conventional CBCT with the proposed struc-
ture, the reconstruction by CBCT with 400 rotation angles
is better than ours, which means reconstruction by CBCT is
better under the same projection photon numbers. The image
quality reconstructed by the proposed structure is only equiv-
alent to the reconstruction quality of CBCT with 150 rotation
angles. However, in practice, conventional CBCT has prob-
lems of mechanical vibration and motion artifacts caused by
long-time scanning [25], which will degrade the reconstruc-
tion quality. Instead, the HD-SCT configuration with high-
density X-ray sources devices doesn’t have above problems
and still has the potential to achieve better reconstructed
image quality.

IV. DISCUSSION
First, we have analyzed the reliability of the proposed
HD-SCT scheme. Specifically, we utilized combined prior
information to fill up the missing projection and then finished
reconstruction. Experimental results show that the recon-
struction based on combined prior information is effective
and feasible. Besides, the proposed projection completion
algorithm based on combined prior information is robust for
different noise levels when the projection missing width no
more than 2mm.

Second, we have investigated to select the suitable sys-
tem configuration parameters through multiple comparison
experiments, which can provide guidance for building the
practical CT system. Experiments show that the reconstruc-
tion quality has been greatly improvedwith the increase of the
density of X-ray sources. Considering both computation time
and reconstruction quality, we selected the source units inside
each X-ray sources device as 64 with the interval distance
0.8mm, and set the number of sources devices in a source-
detector plate as 4, where the distance between each two
adjacent sources devices are 12mm.

Third, to illustrate the characteristics of the proposed CT
structure, we have compared it with two different struc-
tures, i.e., conventional CBCT and SCT. By the experimental
results, the proposed HD-SCT structure can reconstruct the
image with higher quality compared to what reconstructed
by SCT. On the other hand, the image quality reconstructed
by the proposed HD-SCT is only equivalent to the recon-
struction quality of CBCT with 150 rotation angles. How-
ever, it is worth noticing that, in practice, the proposed HD-
SCT doesn’t suffer from mechanical vibration problems and
motion artifacts caused by long-term scanning, both of which
may occur in CBCT and SCT. Thus, the proposed HD-SCT
still has the huge potential to achieve better reconstructed
image quality.

The proposed HD-SCT utilizes a large amount of cold
sources based on ZnO nanowires to finish stationary scan-
ning. Due to individual addressable character and ultra-
switch time of these cold sources, the temporal resolution
of HD-SCT may be higher than other rotational CT systems
as long as the detector frame-rate can be fast enough. And,
in real implementation, it is not limited to the only form
of switching on the sources one by one. Another equivalent
option is to divide all the sources into several groups as small
as possible, and there are no intersected parts in projection
data when switching all sources in any groups. In this way,
the scanning time of HD-SCT can reduce further.

Further more, in real implementation, the hexagonal HD-
SCT structure utilizes X-ray sources device and flat-panel
detectors to make a complete device, which can be imple-
mented in currently developed device. And six source-
detector devices are organized as a polygon that encloses
object to complete stationary CT scanning. The whole scan-
ning process is a stationary imaging, which does not need
mechanical rotation or vibration. In this way, HD-SCT system
reduces the hardware cost of complicated machinery design,
which is inevitably the most difficult part in conventional
CT configurations. Besides, the rotational CT configurations
usually have a larger imaging volume, which also increase
the hardware cost. Hence, the cost of proposed HD-SCT
system can be expected to be much lower than the current
CT systems. In addition, respiratory motion is a very impor-
tant issue in CT reconstruction. Although the proposed HD-
SCT may have high temporal resolution, which may reduce
the artifacts caused by respiratory motion to some extent,
the problem of respiratory motion still cannot be ignored.
Some researchers have proposed effective algorithms to solve
the artifacts caused by respiratory motion in CBCT [25], [26],
whichwill be helpful to settle this concern. In the future work,
we will strengthen the research on solving respiratory motion
problem in HD-SCT. Furthermore, for the application of real
system, lowX-ray dosage is very important, andwewill study
it in depth after the real equipment is finished.

V. CONCLUSION
In summary, we design a stationary CT scheme based on
high-density X-ray sources devices using ZnO nanowires as
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cold electron emitters. In the proposed HD-SCT configura-
tion, we use multiple source-detector plates to form a polyg-
onal structure so as to avoid mechanical rotation during the
scanning. In each plate, high-density X-ray sources devices
and flat detectors are spliced together. This specific design
significantly solves the problem of sparse-view artifacts in
CT reconstruction. Besides, the polygonal plates are arranged
closely, that not only reduces the volume of CT device, but
also avoids unnecessary X-ray dose radiation problem.

Based on the proposed specific CT architecture and scan-
ning scheme, we develop corresponding algorithms to finish
forward projection, projection data completion, and iterative
reconstruction. Experimental results have shown that our
system configuration can effectively reconstruct 3D object
with high quality. Further, the novel combination of high-
density X-ray sources devices and flat-detectors opens a door
to design new stationary CT systems in practice.
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