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ABSTRACT

In order to reduce the grid artifacts, which are caused by us-

ing the antiscatter grid in obtaining x-ray digital images, we

analyze the effect of applying band-rejection filters (BRFs) in

the frequency domain. The property of the grid artifacts is

quite different depending on the shape of the object to be re-

covered in the spatial domain. Furthermore, if the frequency

component of the grid artifact is relatively close to that of the

object, then simply applying a BRF may seriously distort the

object and cause the ringing artifact. In this paper, we pro-

pose a hybrid filtering scheme, which can cooperate such dif-

ferent properties in the spatial domain. In order to perform a

robust detection of the position of the ringing artifact, we pro-

pose the frequency-modulation (FM) model for the extracted

signal, which corresponds to a specific grid artifact. An es-

timation of the position image for the ringing artifact is then

conducted based on the slope detection algorithm, which is

commonly used as an FM discriminator in the communica-

tion area. Numerical result for real x-ray images shows that

applying BRFs in the frequency domain in conjunction with

the spatial property of the ringing artifact can successfully re-

move the grid artifact, distorting the object less.

Index Terms— Frequency modulation model, grid arti-

facts, slope detector, radiography

1. INTRODUCTION

In x-ray imaging, the radiated x-ray emitted from the source

penetrates specimens, and the primary beam reaches the im-

age detector, where digital images are constructed. However,

the scattered beam, which is inevitably produced when a pri-

mary beam passes through a subject, degrades the image qual-

ity. In order to remove undesired scattered beams, an antis-

catter grid before the image detector is normally used. The

grid is composed of strips, which are made of an x-ray trans-

mitting material, such as aluminum, and an x-ray absorbing

material, such as lead. The transmitting and absorbing strips

are arranged to the primary radiation, and protect from blur-

ring.

(a) (b)

Fig. 1. X-ray image by using the motor grid. (a) Part of image

(×32 magnified). (b) Centers of the grid artifacts from f1 and

2f1 in the frequency domain (the alias of 2f1 is very close to

the origin, where 139μm/pixel and 103ls/inch).

As high-resolution imaging systems are developed how-

ever, gird artifacts, which are caused by the grid pattern,

become annoyingly visible. In order to remove the grid ar-

tifacts, moving grids, which is operated by the spring or

motor, are generally employed with additional implementa-

tion complexity. Even though we use the moving grids, the

grid artifact is still visible as shown in Fig. 1(a), and thus

it should be removed from the obtained x-ray image by ap-

plying filters in the spatial [1] or frequency domain [2]. In

the frequency domain, the grid artifacts can be described as

amplitude-modulated terms [3], and thus the band-rejection

filters (BRFs) should be applied to remove the grid artifacts.

Since the spectrum of the object is usually concentrated

around low-frequency area, we can efficiently remove the

modulated terms if their locations are as far as possible from

the origin. The rotated grid with an appropriate angle for

given sampling and grid frequencies can move the locations

of the modulated terms to the boundaries in the frequency do-

main [3]. Instead of the rotated grid, if we use a non-rotated

grid, then the modulated terms from the harmonics of the

grid frequency occasionally occur near the origin (see ‘2f1’

in Fig. 1(b)). Thus, applying BRFs to these modulated terms

may seriously distort the object to be recovered. In order to
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minimize the damage to the object, we may apply a narrow

bandwidth BRF. The ringing artifact is however observed

near edges. Here, the ringing artifact occurs when the signal

is bandlimited by filtering and is ripples in the sinc function.

If we apply a wide bandwidth BRF, of which shape is the

Gaussian function, then the reconstructed object is usually

blurred. In this paper, we first propose an algorithm to detect

the ringing artifacts based on a frequency-modulation (FM)
model and then develop a hybrid filtering technique in the fre-

quency domain considering the detected artifact in the spatial

domain.

2. FILTERING ARTIFACTS IN THE SPATIAL
DOMAIN

2.1. Modulation Image Formation Model

For a model of the stationary linear grid, we consider a rect-

angular signal as g : R
2 → {0, 1}. The grid image, which

is not rotated, is then defined as g(x, y) = 1 for 0 ≤ x < τ ,

g(x, y) = 0 for τ ≤ x < T , and g(x, y) = g(x + T, y), for

x, y ∈ R. Here, τ and T − τ imply the interspacer thick-

ness and the absorber thickness, respectively. The grid den-
sity or grid frequency, which is the number of lead strips per

mm, is given by f1 := 1/T (ls/mm). Since g is periodic

with respect to T , g can be expanded as the Fourier series

g(x, y) = a0 +
∑∞

n=1 an cos(2πnf1x + θn), where nf1,

for n = 2, 3, . . ., are the harmonic frequencies, θn are con-

stants, a0 = τ/T is the ideal primary radiation of grid, and

an = (nπ)−1 sin (nπτ/T ), for n = 1, 2, . . .. For the anal-

ysis of the observed image hg after the grid, the modulation
image formation model [3] is defined by a multiplicative form

as hg(x, y) = h(x, y) · g(x, y). Here, a map h : R
2 → [0, 1]

represents the original projected image to be recovered, and

hg is an observed image, which can be expanded as

hg(x, y)

= a0h(x, y) +

∞∑
n=1

anh(x, y) cos(2πnf1x+ θn) (1)

for (x, y) ∈ Λ. The modulation model of (1) for hg is a linear

combination of the object h(x, y) and the modulated terms
h(x, y) cos(2πnf1x + θn) with the carrier frequencies nf1,

∀n1. Note that the aliases of the modulated terms appear as

the grid artifacts and should be removed by using appropriate

filers, such as the BRF in the frequency domain.

Let εn denote the signal that is removed by the nth BRF.

If the spectra of the object h and the modulated terms of nf1,

∀n, are not overlapped, then by using an ideal BRF we may

successfully extract the modulated terms that cause the grid

artifacts. In other words, the extracted signals εn satisfy

εn ≈ anh(x, y) cos(2πηnx+ θn), ∀n (2)

1An extended model, which can cope with the saturation property, is in-

troduced in [4] to perform the adaptation to the different artifact strengths.

(a) (b) (c)

Fig. 2. Adaptive grid artifact rejection based on BRF in the

frequency domain [4]. (a) Part of the observed image hg with

the grid artifacts from both f1 and 2f1. (b) Grid artifact from

the harmonic frequency 2f1 is visible when only the modu-

lated term of f1 is removed. (c) The ringing artifact is visible

around the edge areas when both modulated terms of f1 and

2f1 are removed.

where ηn is the minimal alias frequency of the nth harmonic

nf1 and can be calculated by the integer transform function

as in [3]. Note that even for the overlap case, the canter fre-

quency of the modulated term from nf1, i.e., ηn, should be as

far as possible from the origin such that the overlap is min-

imized. When we extract the nth modulated term by using

a BRF in the frequency domain, if ηn is relatively close to

the object h. The extracted signal εn then may contain a part

of h as well as anh(x, y) cos(2πηnx + θn). In other words,

applying a BRF filter also distorts the recovered image. Fur-

thermore, the extracted signal yields the ringing artifact due

to the bandlimited property.

2.2. Example of the Ringing Artifacts

In this section, we analyze the effect of filtering in the fre-

quency domain to the spatial domain by showing an example.

To obtain images, we use a direct radiography image detector

(DRTECH Co.), of which sampling frequency is fs = 7.194
(139μm/pixel) and the grid frequency is f1 = 4.055 (103
ls/inch). The center frequency of the alias of the modulated

term from f1 is (|fs − f1|, 0) = (3.139, 0) and is relatively

far from the origin (0, 0) in the frequency domain, since the

maximum frequency in each axis is given by |fs|/2 = 3.597.

Hence, we can successfully remove the modulated term with-

out distorting the object. However, the center frequency of

the modulated term from the second harmonic 2f1 is given

by (|fs − 2f1|, 0) = (0.916, 0), which is quite close to the

origin as shown in Fig. 1(b). Hence, removing this modulated

term may distort the object. In Fig. 2, an example of grid arti-

fact reduction is shown, where a BRF algorithm is employed

[4]. Fig. 2(a) is an observed image hg , which includes the grid

artifacts. Fig. 2(b) shows a filtered image, where an adaptive

BRF to the artifact strength is applied to the frequency of the

modulated term from f1. We can notice that the serious grid
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(a) (b) (c)

Fig. 3. Hybrid filtering based on the magnitude of |εn|. (c)

Image of the magnitude 200 × |ε2| (5th-order Butterworth

BRF with the bandwidth 0.4). (b) Segmented image based

on |ε2| > 0.005, morphological dilation, and then low-pass

filtered. (c) Hybrid filtered image result.

artifact from f1 is removed, but the grid artifact from 2f1 is

still visible especially in the background area of Fig. 2(b). In

Fig. 2(c), BRFs for both the modulated terms from f1 and 2f1
are applied. However, we can notice the annoying ringing ar-

tifact near the edge between the skull and background, and

around the letters. We can also notice that the edge part is

blurred.

2.3. Ringing Artifact Detection Based on |εn|
The extracted signal, which is obtained by the BRF for 2f1,

corresponds to the difference image between the images of

Figs. 2(b) and (c), and is shown in Fig. 3(a). Let Figs. 2(b)

and (c) be denoted as h1
g and h2

g , respectively, and Fig. 3(a)

be denoted as ε2. Then ε2 ≈ h1
g − h2

g holds. From εn, we

can also observe the grid artifact, of which alias frequency is

(0.916, 0) in the background. However, near the edge areas,

seriously distorted signals, which is far from the usual grid

artifact, are observed. Since this distortion is dependent on the

shape of the object in the spatial domain, an adaptive scheme,

which can detect the distorted parts in the spatial domain and

then process them in a different way, should be developed.

The region, which shows the ringing artifact, usually have

large values of |εn| as shown in Fig. 2(c) and Fig. 3(a). Thus,

by searching relatively large |εn| for each pixel (x, y) ∈ Λ,

we may determine the positions of the ringing artifact.

Fig. 3(b) is obtained by thresholding |εn| with a constant

T and applying morphological dilation and moving average,

where the white part implies the position of the ringing arti-

fact. The final result of the hybrid filtering result based on the

magnitude of |εn| is shown in Fig. 3(c). The final image is a

linear combination of the filtered images h1
g and h2

g , and the

coefficient is given by the image of Fig. 3(b). In other words,

letting s ⊂ [0, 1] denote the detection image as Fig. 3(b), the

filtered image Fig. 3(c) is obtained from

h1
g(x, y) + [1− s(x, y)] · h2

g(x, y), for (x, y) ∈ Λ. (3)

(a) (b) (c)

Fig. 4. Other part of the simulation in Fig. 3 (detection is

failed due to the low |εn| and low-amplitude ringing artifacts

are visible inside the object).

From Fig. 3(c), we can notice that the proposed hybrid

method, which is based on the magnitude |εn|, can suc-

cessfully remove the grid artifact from 2f1, and the ringing

artifact is not visible compared to the usual case of Fig. 2(c).

However, the pixels that even show relatively low magnitude

of |εn| could belong to the ringing artifact area especially

when the pixels of the ringing artifact are inside the object as

shown in Fig. 4(c). Instead of using the magnitude of |εn|, we

consider an FM model for εn to describe the ringing artifact

and propose a ringing artifact detector, which is based on a

discriminator for FM [5]. Note that the FM model is robust

to the noisy amplitude compared to the magnitude |εn| case.

3. SLOPE DETECTOR BASED ON THE
FREQUENCY MODULATION MODEL

We now propose an FM model for the extracted signal εn.

Suppose that pn(x, y) denotes modulating signal for nf1 and

its derivative rn := ∂pn/∂x denotes an image that indicates

the positions of the ringing artifact that is made by applying a

BRF for the modulated term of nf1. Before applying the FM

demodulation, a limiter and then a BRF with the center fre-

quency ηn are used to eliminate any amplitude noise present

in εn [5]. Let ε′n denote such a signal, which is passed through

the limiter and the band-pass filter (BPF). The FM model of

the ringing artifact for the extracted signal εn is then given by

ε′n(x, y) := cos
(
2πηnx+ pn(x, y)

)
, for (x, y) ∈ Λ. (4)

Here, we set the amplitude as one to simplify the expansion of

the FM demodulator. Figs. 5(a) and (b) are limited and BPF

images, respectively. As shown in Figs. 5(a) and (b), phase

shifts around the ringing artifact area are noticeable. Based on

the model of (4), searching the positions of the ringing artifact

is to estimate rn. The estimation of rn is the demodulation of

the FM signal ε′n [5]. By differentiating ε′n with respect to x,
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(a) (b) (c)

Fig. 5. Slope detection based on the FM model (same part of

Fig. 2). (a) Limited image of ε2 (5th-order Butterworth BRF

with the bandwidth 0.2). (b) BPF image of the limited image.

(c) Differentiated and then envelop-detected image.

we first obtain

∂ε′n(x, y)
∂x

=

[
2πηn +

∂pn(x, y)

∂x

]
sin

(
2πηnx+ pn(x, y)

)

for (x, y) ∈ Λ. If the amplitude term satisfies 2πηn +
∂pn(x, y)/∂x ≥ 0, then by applying an envelope detector

we can extract the amplitude term (see Fig. 5(c)). Finally, we

obtain an estimate of rn(x, y) = ∂pn(x, y)/∂x by applying a

DC blocking filter to remove 2πηn (see Fig. 6(a)). By using

the estimate of rn, we segment it based on the Otsu method

(see Fig. 6(b)) and obtain a filtered image in a similar manner

as (3). For the same part of Fig. 4, Fig. 7 shows the proposed

hybrid method, which is based on the FM model. As shown

in Fig. 7(b), even though the magnitude of |ε2| is relatively

small, the slope detector can determine the area as the ringing

artifact area. Hence, the hybrid filtered result of Fig. 7(c)

does not suffer the ringing artifact problem.

4. CONCLUSION

The property of the grid artifacts is quite different depending

on the shape of the object to be recovered in the spatial do-

main. Furthermore, if the frequency component of the grid

artifact in x-ray imaging is relatively close to that of the ob-

ject, then simply applying a band-rejection filter (BRF) may

seriously distort the object, and cause the ringing artifact or

blurring. In order to detect the position of the ringing arti-

fact, we proposed the frequency-modulation (FM) model for

extracted modulated terms and used the slope detection algo-

rithm, which is usually used as the FM discriminator. Nu-

merical result showed that applying BRFs in the frequency

domain with the information on the ringing artifact can suc-

cessfully remove the grid artifact distorting the original image

less. Furthermore, the slope detector can successfully extract

the ringing artifact information indepedantly of the magnitude

of the ringing artifact.

(a) (b) (c)

Fig. 6. Proposed hybrid filtering based on the FM model. (a)

Mean-extracted image from the envelop-detected image. (b)

Segmented image based on the Otsu algorithm, morpholog-

ical dilation, and then low-pass filtered. (c) Hybrid filtered

image result.

(a) (b) (c)

Fig. 7. Other part of the simulation in Fig. 6
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