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Analysis and Correction of Smeared Image From
Interline-Transfer CCD in Beam

Quality Measurement
Jie Luo, Laian Qin , Zaihong Hou, Wenyue Zhu, Feng He, Wenlu Guan, and Yilun Cheng

Abstract—The smear effect caused by light penetration of
interline-transfer (IT) CCD in beam quality measurement (BQM)
is detrimental and not analyzed pertinently. This report proposes a
mathematical model and a correction method for the smeared im-
age. The smear noise is fitted and subtracted through its correlation
with the light signal obtained from the model and pre-calibration.
The application in BQM is presented by measuring beam quality
factor M2 and power in the bucket (PIB). The results verify the
validity of the method. An evaluation standard of the correction
effect is also recommended.

Index Terms—Charge-coupled-device (CCD) image sensor,
interline transfer (IT), laser beams.

I. INTRODUCTION

CCD sensors are widely used in beam quality measurement
(BQM) to image the cross-section spot and reproduce its

intensity distribution [1], [2], [3], [4]. Interline-transfer (IT)
CCD is one of the most typical structures. Its signal charges are
transferred from the photodiode to the vertical CCD (V-CCD)
after the photosensitivity, then enter the horizontal CCD (H-
CCD) for amplification and readout [5]. IT-CCD has a balanced
performance in terms of high frame rate, imaging quality and
sensitivity [6], [7], [8]. The smear effect is a common error
source for IT-CCD, which is caused by light penetration through
the light shield on VCCD, light leakage from diffraction, refrac-
tion, and waveguide effect on CCD surface, or charge diffusion
during signal transfer in V-CCD [9], [10]. Generally, it appears
as vertical line noise across the image.
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Some semiconductor processes and pixel structure designs
that suppress the smear effect provide significant references for
sensor development. Optimizations for P-N junctions can effec-
tively reduce charge diffusion in the p-well below the photodiode
[11], [12], [13], [14]. Moreover, double layer design and material
replacement of the light shield can further avoid light penetration
[7], [8], [15], [16]. Furthermore, the optimization of on-chip
lenses used to guide light onto photodiodes was reported, which
controls light leakage [17]. Some electrical methods are also
effective, such as a special clocking mode to dump noise charge
before the image readout [6], [18].

Correction algorithms are an attractive alternative to hardware
design and electrical processing due to their convenience and
applicability for the generated smeared image [19], [20]. Using
the optical black area (OBR) [19] and dummy pixel [20] is a
comprehensible research direction without the analysis of the
causes of the smear effect. The noise can be estimated from the
area without a valid light signal, and the smeared image can be
effectively corrected through appropriate filters. Nevertheless,
the premise is that the image has an area that is unexposed and
easy to extract. Establishing a theoretical model to solve the
noise mathematically is a potential idea. Several reliable results
have been published about frame transfer CCD (FT-CCD) [21],
[22], [23]. In contrast, because the smear effect of IT-CCD has
more complex contributing factors [9], it is challenging to do a
universal mathematics analysis.

However, in BQM, the factors of the smear effect are limited
and analyzable, which provides feasibility to analyze mathe-
matically. The smear effect is usually caused by low quantum
efficiency (QE) and short exposure time. This situation is com-
mon in BQM. For instance, the Silicon camera is a frequent
substitute for the InGaAs camera in measuring near-infrared
laser beams. Although the latter has a higher QE, its cost is
much higher, and the thermal noise is noticeable [24]. Also,
the short exposure time has advantages in taking the details on
the time axis and preventing the response threshold from being
exceeded. In this case, the light intensity to reach the CCD sensor
is relatively strong for sufficient response value and dynamic
response range. This intensity is not too high to damage the
sensor, so the measurement is safe. However, it will result in
strong light penetration in the aluminum mask on the V-CCD.
When signal charges are transferred to H-CCD line by line under
the effect of the readout pulse from V-CCD, noise charges caused
by light penetration are mixed in. In principle, the noise on any
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pixel finally read out will be related to the total amount of light
penetration in this column and the pixel transfer time in V-CCD.
Finally, there is a strong smear effect on the image because the
light penetration on the pixel scale accumulated in the whole
column [17], [18]. In summary, light penetration is considered
the main factor of the smear effect. Based on this, the correlation
between noise and signal is expected to be solved according
to the mathematical analysis. The expression is related to the
working wavelength, exposure time and pixel transfer time. The
first two are generally known, while the last one is fixed to the
camera, which generally at microsecond level. It is believed
that the expression parameters can be obtained from the camera
pre-calibration. Finally, the noise can be corrected through the
expression in subsequent series measurements.

Following the above contents, this report introduces the image
feature and proposes a mathematical model of the smear effect
for IT-CCD in BQM (Section II), shows the experiment results
of pre-calibration and correction by the model to various spots
(Section III), achieves BQM by the correction, and provides
relevant evaluation criteria (Section IV). This work provides the
following main contributions.

1) A reliable mathematical model of the smear effect for IT-
CCD in BQM.

2) A complete, effective method and the related validation
for correcting smeared images in BQM.

3) A reference for the studies related to the smear effect
caused by light penetration in other fields, such as the
millimeter wave lidar or fast imaging in strong light.

II. SMEAR MODEL FOR IT-CCD

Analyzing the actual image feature is necessary to establish
a reliable model, so a typical imaging in BQM is set. A silicon
IT-CCD camera takes the cross-sectional spots at 1064 nm, and
the total power is around 10 mW. The QE is less than 2%, and
the exposure time is between 10 and 100 μs.

A. Image Feature

Fig. 1(a), (b) and (c) show the same cross-section spot with a
diameter of around 9mm, which are taken by IT-CCD and CMOS
camera, respectively. The comparison emphasizes the line smear
noise. It is worth noting that the CMOS camera is selected as the
control group because it has no structure to produce the smear
effect. However, considering image quality and other noise, it is
not a perfect alternative to the CCD camera in this application.

The line noise will have a negative impact on the measurement
of the centroid position and beam width of the spot, resulting in
a significant error in BQM. According to Fig. 1(c), the lateral
width of the line noise is larger than the diameter of the spot,
which means that not all the noises are caused by the incident
light in the same column. Fig. 1(d), (e) and (f) are the spots with
a diameter of around 2 mm. It can be noticed that the line noise
is divided into several thinner lines. To distinguish, the brightest
one in the middle is called the main line, and the lines on both
sides, which seem to be symmetrically distributed with the main
line as the axis, are called the sub-lines. The same rule also
exists in the 9 mm spot. The main line and the sub-lines overlap

Fig. 1. (a)The smeared image of a spot with a diameter of around 9 mm taken
by an IT-CCD camera and the exposure time is 20 µs, and light source is around
10 mW, and ADU means Analog-to-Digital Unit; (b) The image of the spot
of Fig. 1 (a) taken by a CMOS camera at 50 µsand 10 mW; (c) The centr-oid
profiles of Fig. 1 (a) and (b); (d)The smeared image of a spot with a diam-eter
of around 2 mm taken by an IT-CCD camera at 50 µsand 4 mW; (e) The image
of the spot of Fig. 1 (d) taken by a CMOS camera at 100 µs and 4 mW; (f) The
centroid profiles of Fig. 1 (d) and (e).

and are visually indistinguishable since their width increase as
the spot diameter increases. As for the reason for the sub-lines,
the diffraction is excluded because no bright diffraction spot is
observed in the sub-lines. Moreover, there is no diffraction or
other optical phenomenon in the image from the CMOS camera
for the same light source. This kind of noise should be analyzed
as a nonrandom pattern noise. The validity of this analysis will
also be verified in the pre-calibration.

Another method of extracting noise is needed to discuss the
numerical feature of the smeared image. The CMOS image is
unavailable because of the difference in resolution, photoelectric
conversion efficiency and exposure time with the CCD. The
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Fig. 2. (a) The profile of line noise from the image for a 2 mm spot. (b) the
multiple relationships between the sub-lines and the main line of various spots,
which conforms to linear regression. The total goodness of concatenated fitting
is 0.986.

method is supposed to be reliable but does not need to con-
sider convenience and applicability because of the controllable
experimental environment. Therefore, OBR [19] is selected to
extract the line noise in images of spots with different sizes,
powers and shapes. As shown in Fig. 2(a), a profile of the smear
noise consisting of a main line and the multilevel sub-lines
exemplifies the extraction result. Fig. 2(b) shows the multiple
relationships between the sub-lines and the main line of various
spots. This result is calculated by deconvolution because the
image is the superposition of multiple lines. According to Fig. 2,
the smeared image for IT-CCD shows the following numerical
characteristics:

1) The multiple relationships between the sub-lines and the
main line conform to linear regression.

2) The distances between adjacent lines are equal and fixed.
3) The slope and intercept of the linear correlation do not

change significantly with the spot’s size, power, and shape.
The total goodness of concatenated fitting of various spots
is 0.986. The fitting goodness R2 is calculated as

R2 =
SSR

SST
=

∑n
i=1 (fi − ȳ)2∑n
i=1 (yi − ȳ)2

, (1)

where SSR is the sum of squares for regression and SST
is the sum of squares for total. Also, y represents source
data and f represents fit data.

According to the image feature of the smear effect caused
by light penetration, it is believed that the main line is caused
by the light signal in the same column, while the sub-lines
follow the main line. Next, finding the relationship between
the line noise and the light signal represented by the spot’s
intensity distribution is necessary. Then the smeared image can
be corrected because it is the sum of light signal and noise.

B. Mathematical Theory

Based on Section II.A, the Total Smear Noise N Can Be
Expressed As

N = N0 +Nl1 +Nr1 +Nl2 +Nr2 + · · · , (2)

where N0 is the main line, Nlx and Nrx represent the sub-line
of level x on the left and right. The closer to the main line, the
smaller x is. As shown in Fig. 2, about the fifth and the following
sub-lines can be ignored because they are submerged in dark
current noise. The original smeared image O (i, j) taken by the
IT-CCD camera can be represented by

O(i, j) = t0I(i, j) +N(i, j), i ∈ [1,m], j ∈ [1, n], (3)

where i and j respectively represent the row and the column
number where the pixel is located, and there are all m rows and
n columns of pixels in the image. N (i, j) and I (i, j) represent
the noise and the relative light intensity, respectively, and t0
represents exposure time. In application, O (i, j) and t0 are
known, but I (i, j), representing the corrected image, is supposed
to be solved.

First, the relationship between N (i, j) and I (i, j) needs a
solution. By the signal transfer principle, N0 (i, j) is caused by
the total light intensity of the column and is linearly related to∑m

i=1 I(i, j) , as shown in (3). The line noise of each row is
equal, so N0 and the other line noise will only be related to the
column number j as

N0(j) = k0

m∑
i=1

I(i, j). (4)

(3) is substituted into (1), then there is

N(j)=k0

m∑
i=1

I(i, j)+kl1

m∑
i=1

I(i, j+d)+kr1

m∑
i=1

I(i, j−d)

+ kl2

m∑
i=1

I(i, j + 2d) + kr2

m∑
i=1

I(i, j − 2d) + · · · ,

(5)

where kx represents the multiple of Nx (i, j) to
∑m

i=1 I(i, j), and
d is the distance between adjacent lines. For ease of calculation,
the functions fN (j) and fI (j) are used to fit the discrete N (j)
and

∑m
i=1 I(i, j). It is worth noting that the defined domains

of the two functions are different, so their intersection j�[jl, jr]
is taken. jl and jr are the left and right column numbers where∑m

i=1 I(i, j)reduces to near zero. So there is

fN (j) = k0fI(j) + kl1fI(j + d) + kr1fI(j − d)

+kl2fI(j+2d)+kr2fI(j − 2d) + · · · , j ∈ [jl, jr] .
(6)

Then solve the derivative of fN (j) with respect to fI (j) as

f ′
N (fI) =

dfN
dfI

=
dfN
dj

dj

dfI
=

f ′
N (j)

f ′
I(j)

= k0 + kl1 + kr1 + kl2 + kr2 + · · · , j ∈ [jl, jr] .
(7)
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Fig. 3. (a) fk (j) · fI (j) of the main line and different sub-lines and total
noise fN (j) expressed by ADU. The asterisks with different colors represent
the contributions of different sub-lines to the total noise at j = jl. (b) fk (j)/k0.
The dots with different colors represent multiple relations belonging to different
sub-lines. (c) fk (j) · fI (j) of the main line and its integral. The asterisks with
different colors represent the correspondences of the sub-lines contribution to
the main line.

(6) proves that N (j) and
∑m

i=1 I(i, j) conform to linear
regression with a slope of k0 + kl1 + kr1 + kl2 + kr2 + · · · .
To determine the complete expression, solving the intercept is
necessary. It can be found that when

∑m
i=1 I(i, j) is near zero,

N (j) can be regarded as the Y-axis intercept. At this time, j is
equal to jl or jr. Take jl as an example, so there is

m∑
i=1

I(i, jl) =
m∑
i=1

I(i, jl − d) =
m∑
i=1

I(i, jl − 2d) = · · · = 0.

(8)

The Y-axis intercept N (jl) or fN (jl) is related to several sub-
lines on the left, which is also related to the main line, as shown
in Fig. 3, which can be expressed as

N(jl) = kl1

m∑
i=1

I(i, jl + d) + kl2

m∑
i=1

I(i, jl + 2d) + · · · ,

(9)

and

fN (jl) = kl1fI(jl + d) + kl2fI(jl + 2d) + · · · . (10)

To facilitate function operation, fk (j) is set to fit k0, kl1, kl2,
…, as shown in Fig. 3(b), and follows

fk(j) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

k0, j = jl
kl1, j = jl + d
kl2, j = jl + 2d

...

, j ∈ [jl, jr] . (11)

Then, fN (jl) is represented by the accumulation of data
points multiplied by fk (j) and fI (j), which is proportional
to

∫ jr

jl (fk(j) · fI(j))dj, and can be further used for partial
integration as

fN (jl)

=fk(jl + d)·fI(jl + d) + fk(jl + 2d) · fI(jl + 2d) + · · ·

∝
∫ jr

jl

(fk(j) · fI(j)) dj

=

∫ jr

jl

(
fk(j) ·

(∫
fI(j)dj

)′)
dj

=

(
fk(j) ·

∫
fI(j)dj −

∫ (
f ′
k(j) ·

∫
fI(j)dj

)
dj

)∣∣∣∣ jr
jl

= (fk(jr)− fk(jl)) ·
∫ jr

jl

fI(j)dj

= (fk(jr)− k0) ·
∫ jr

jl

fI(j)dj

∝
∫ jr

jl

fI(j)dj. (12)

From the above, fN (jl) is proportional to
∫ jr

jl fI(j)dj , then it
can be assumed as

fN (j) = η1fI(j) + η2

∫ jr

jl

fI(j)dj,j ∈ [jl, jr] . (13)

By the analogy, there is

N(j) = η1

m∑
i=1

I(i, j) + η2

m∑
i=1

n∑
j=1

I(i, j), j ∈ [jl, jr] . (14)

(13) is the relationship between N (j) and I (i, j). According
to (6), η1 is equal to k0 + kl1 + kr1 + kl2 + kr2 + · · · , η2 is
unknown due to the derivation of multiple proportional relations.
However, both can be obtained by pre-calibrating the camera at
the working wavelength.

Second, in the application, it is necessary to fit N (j) from
the original image O (i, j) and then subtract it from O (i, j) to
obtain I (i, j) representing the optical signal, which is calculated
as follows. Accumulate (13) in the column direction as

n∑
j=1

N(j) = (η1 + nη2)

m∑
i=1

n∑
j=1

I(i, j), j ∈ [jl, jr] . (15)
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Substitute (14) into (13), then there is
m∑
i=1

I(i, j) =
1

η1
N(j)− η2

η1 (η1 + nη2)

n∑
j=1

N(j), j ∈ [jl, jr] .

(16)

According to (2), accumulate (13) in the row direction as
m∑
i=1

O(i, j) = t0

m∑
i=1

I(i, j) +mN(j). (17)

Substitute (15) into (16), then there is
m∑
i=1

O(i, j) =

(
t0
η1

+m

)
N(j)− t0η2

η1 (η1 + nη2)

n∑
j=1

N(j),

j ∈ [jl, jr] . (18)

To further accumulate (17) in the column direction, there is
m∑
i=1

n∑
j=1

O(i, j) =

(
t0η1 +mη21 +mnη1η2

η1 (η1 + nη2)

) n∑
j=1

N(j),

j ∈ [jl, jr] . (19)

Substitute (18) into (17), then there is

N(j) =
η1

t0 +mη1

m∑
i=1

O(i, j)

+
t0

(t0 +mη1) (t0 +mη1 +mnη2)

m∑
i=1

n∑
j=1

O(i, j),

=

(
t0η1 +mη21 +mnη1η2

η1 (η1 + nη2)

) n∑
j=1

N(j),

j ∈ [jl, jr] . (20)

Substitute (19) into (2), then there is

I(i, j) =
1

t0
(O(i, j)−N(j)) = ηaO(i, j)

+ ηb

m∑
i=1

O(i, j) + ηc

m∑
i=1

n∑
j=1

O(i, j), j ∈ [jl, jr] ,

(21)

where:

ηa =
1

t0
, ηb = − η1

t0 (t0 +mη1)
,

ηc = − 1

(t0 +mη1) (t0 +mη1 +mnη2)
. (22)

(19) is the correlation expression between I (i, j) and O (i, j). It is
worth noting that the expression of N (j) is incomplete because
the calculation where j ∈ [1, jl) ∪ (jr, n] is unavailable. The
noise in this defined domain represents exactly the sub-lines
in the area of no light incidence mentioned in Section II.A.
However, since the optical signal is only generated in [jl, jr], the
expression of I (i, j) is complete and does not result in missing
signal resolution.

Fig. 4. (a) N (j) varying with
∑m

i=1
I(i, j) of different spots. P means

the total power of the spot. (b) Y-axis intercept N (jl) varying with∑m

i=1

∑n

j=1
I(i, j)and the linear regression line.

This section determines the correlation between N (j) and I
(i, j) firstly, then deduces the correlation between I (i, j) and
O (i, j). The parameters of the expression can be obtained by
pre-calibration.

III. FITTING AND CORRECTION OF SMEARED IMAGE

A. Pre-Calibration

Section II derives the correlation expression of the corrected
image I (i, j) and the original smeared image O (i, j). The relevant
parameters need to be measured by pre-calibration to the camera.
The OBR method is still used because the pre-calibration exper-
iment is also controllable. For truncated Gaussian spots with
different power and size but the same wavelength of 1064 nm,
use a silicon-based IT-CCD camera to take images with different
exposure times t0. Subtract O (i, j) from N (j) of m rows extracted
from ORB to obtain I (i, j), and the data from sequence images
are shown in Fig. 4.

Fig. 4(a) shows the relationship between N (j) and∑m
i=1 I(i, j). It can be seen that N (j) rises to an obvious value

when
∑m

i=1 I(i, j) close to zero, especially for the spot with high
total power. Notably, the slopes of different spots are similar,
which is consistent with the derivation in Section II.B. Based on
(13), The global linear regression fitting with uniform slope η1
is performed in Fig. 4(a). The intercept N (jl) of different spots
is obtained, too. At this time, the total fitting goodness is 0.989.
Then the relationship between N (jl) and

∑m
i=1

∑n
j=1 I(i, j) is

fitted by linear regression to solve η2, and the fitting goodness
is 0.997. Consequently, the specific relationship is available,
and the sufficient fitting goodness of pre-calibration proves the
derivation in Section II.
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Fig. 5. (a) Broken spot in the smeared image at 120 µm and 5 mW. (b) Broken
spot in the corrected image. (c) Annular spot in the smeared image at 50 µm
and 20 mW. (d) Annular spot in the corrected image. (e) Diffracted spot in
the smeared image at 200 µm and 4 mW. (f) Diffracted spot in the corrected
image. (g) Non-truncated spot in the smeared image at 50 µm and 12 mW.
(h) Non-truncated spot in the corrected image.

B. Correction Effect

Equation (20) is used to process the original smeared image
in the application. The expression is simple, so the program
runs fast and meets the requirement of real-time processing.
Fig. 5 shows the smeared images of the cross-section spots of
various beams taken by the camera pre-calibrated in Section
III.A and the corrected images by fitting the line noise based on
the specific expression. Considering that the truncated Gaussian
spot is selected for pre-calibration, several other valuable spots
in the laser field are chosen for real-time processing to verify
the applicability of the correction method. There is a broken
spot commonly seen in atmospheric turbulence measurement, an
annular spot used for laser cutting and other fields, a diffracted
spot usually seen at the outlet of the laser source, and a non-
truncated spot corresponding to the one used to pre-calibrate.
Their differences are not only reflected in the shape, power and
exposure time but also in the imaging method. The near-infrared
lens takes the spots imaged on the transmissive Lambertian in
Fig. 5(a) and (c). The CCD sensor array is directly used to
truncate and receive the attenuated beam in the propagation in

Fig. 6. BQM platform. 1-collimator, 2-spectroscope, 3-attenuator,
4-aberrationless convex lens, 5-transmitted Lambertian, 6-filter, 7-short
focal lens, 8-camera, 9-lens, 10-intergrating sphere.

Fig. 5(e). The spot imaged on the reflective Lambertian are taken
by the camera with lens in Fig. 5(g). These three types of imaging
modes can cover the most application of BQM. The correction
makes the line noise no longer visible in Fig. 5(b), (d), (f) and (g).
However, to verify the feasibility of BQM using this correction,
the calculation of specific beam quality evaluation parameter is
still required, which will be described in detail in Section IV.

IV. APPLICATION IN BQM

For BQM, the correction of the smear effect should not affect
the accurate calculation of quality evaluation parameter. As
shown in Fig. 6, a typical BQM platform based on a CCD
camera is built to test a multimode laser source at 1064 nm.
A group of spots of different cross sections in the optical axis
direction are obtained through camera translation shooting, and
corrected in real time. Then the quality evaluation parameter is
calculated according to the spot sequence. The CCD used in the
experiment belongs to Sony ICX445ALA, and the camera has
been pre-calibrated by a 1064 nm laser. It has a 960×1280-pixel,
monochrome, and silicon-based IT-CCD with a pixel size of
10 μm combined with a near-infrared lens. The exposure time
of this test is 50μs. The image bit depth is 14-bit, and the running
time of the smear correction program does not exceed 100 μs. It
shall not exceed 4% of the total calculation time of BQM. The
same series CMOS camera is used for the comparison experi-
ment. Although the pixel size differs from the CCD camera’s,
the effect on the contrast between the evaluation parameter can
be ignored.

The typical beam quality factor M2 is selected as the evalu-
ation parameter to the image sequence, which can comprehen-
sively evaluate the near-field and far-field characteristics of the
beam. Its conceptual calculation formula is

M2 =
π2

16λ2

[
d40x ·Θ2

x d40xy ·Θ2
xy

d40xy ·Θ2
xy d40y ·Θ2

y

]
. (23)

where x and y direction belong to the laboratory coordinate
system perpendicular to z direction, which is the optical axis.
d20x and d20y are the square of the beam waist width in x and y
direction, respectively, and d20xy is the cross term of these two.
Θ2

x and Θ2
y is the square of the beam divergence angle in x and

y direction, respectively, and Θ2
xy is the cross term of these two.

The beam waist width is calculated by the centroid coordinate
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Fig. 7. (a) The image sequence taken by CMOS camera at 100µm and 10 mW.
(a) The smeared image sequence taken by IT-CCD camera at 50 µm and 10 mW.
(b) The corrected image sequence.

Fig. 8. (a) Schematic diagram of PIB. (b) PIB curves of different images.

and intensity distribution of the spot, and the beam divergence
angle is calculated by the binominal fitting of the beam width.

According to Fig. 7(a) and (c), M2 without smear effect taken
by the CMOS camera is 4.2158, while M2 of the corrected spot
taken by CCD camera is 4.1004, with an error of less than 3%,
which generally meets the requirements of BQM. It is a typical
multimode laser M2, which is about 2∼10. For the smeared spots
in Fig. 7(b), the centroid coordinates and beam width cannot be
accurately obtained due to line noise, so the beam divergence
angle cannot be effectively binomially fitted.

To further discuss the correction effect of single image, power
in the bucket (PIB) is selected. It is the ratio of the total power
within diameter D to that of the image, and the area within
D is centered on the spot centroid, as shown in Fig. 8(a). PIB
can be used to calculate the beam width, which is the basis of
BQM. Generally, D corresponding to PIB = 86.5% is selected
as the beam width. Take the images in the focal plane from
the sequences in Fig. 7 as an example. Fig. 8(b) shows PIB
varying with D of the images. By the curves, the beam width
measurement error of the corrected image does not exceed 4%.

Without a control group, there is also a convenient and ef-
fective evaluating standard in the practical application. It can be
noted that the PIB slope of the smeared image cannot remain
zero in Fig. 8(b). The reason is that the significant line noise in
the area outside the spot makes PIB continue increasing. It is also
why the beam divergence angle cannot be effectively binomially
fitted in the calculation of M2. Given the row similarity of the
line noise, whether the PIB slope is close to zero at the curve
end can judge whether the correction meets the requirements of
BQM.

V. CONCLUSION

This paper proposes a correction method of the smeared image
from IT-CCD in BQM. Its mathematical model, implementation
process and experimental results are investigated. The conclu-
sions are followed.

1) The smear effect from IT-CCD in BQM performs as the
superposition of the main line noise caused by light pene-
tration and the sub-lines noise. The sub-lines are linearly
related to the main line, and their total noise and optical
signal also follow the relationship expression that can be
deduced. The pre-calibration of the camera can obtain
the expression parameters at the working wavelength.
According to the above expression, the smeared image
can be corrected in the next measuring.

2) The correction is used for the cross-section spots of differ-
ent shapes, intensities, imaging modes and exposure times
to discuss the broad application of the method.

3) A multimode laser’s beam quality factor M2 is calculated
with the correction for the image sequence, and an error
less than 3% verifies the correct effect. Correspondingly,
PIB is selected for a single image, and an error of beam
width is less than 4%.

4) PIB is proposed as the evaluation function without a
control group. If the PIB slope tends to zero at the curve
end, the smear correction meets the requirement of BQM.

This work proposes a new research idea for smeared images.
Here are some possible further development directions based on
this work.

1) Further research can be carried out on the smeared image
features of IT-CCD, especially the causes of its formation
are supposed to be traced from the photoelectric structure
and signal processing of sensors and cameras.

2) Experiments can be conducted for lasers with different
wavelengths, and the stable correction methods for broad
spectrum can be discussed.

3) For the smeared image caused by light penetration in other
fields, if no sub-lines are found, it is feasible to only deal
with the main line based on the idea of this work, which
is the correction according to the correlation between the
noise and the optical signal.
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