HIGH TECHNOLOGY LETTERSIVol. 27 No.4|Dec. 2021 | pp. 422-429

doi;10.3772/j. issn. 1006-6748.2021. 04. 011

CCD signal acquisition and optimal digital denoise technology”

Li Wencan (Z=3CHI) @™ | Wen Yan™ ™, Wang Dong ", Yao Dalei
(" Xi’ an Institute of Optics and Precision Mechanics,Chinese Academy of Sciences, Xi’an 710119, P. R. China)
(™" University of Chinese Academy of Sciences, Beijing 100049, P. R. China)
(™ College of Automation, Northwestern Polytechnical University, Xi’an 710068, P. R. China)

Abstract

To reduce the charge-coupled device( CCD) readout noise and improve the detection ability un-
der low illumination and dim targets, a new low-noise CCD signal processing technology—CCD dig-
ital denoise—is gradually being employed in aerospace detection and other fields. In this study, the
main readout noise of CCD detectors and its characteristics are analyzed. A CCD digital denoise sys-
tem and an experimental platform are designed as well as established by using a PCle data acquisi-
tion card. According to the characteristics of readout noise, some digital filters are analyzed and de-
signed based on distributed kernel coefficient, and the optimal kernel coefficients are obtained
through iteration. Then, CCD signal and filter model are established, and the optimal filter is de-
signed to apply to the digital denoise system. Finally, according to the image data obtained from the
system, the performance of the digital denoise system and digital filtering algorithm is evaluated and
compared. At 500 kHz and 1 MHz CCD readout rates, the denoising performance of the optimal filter
designed in the experiment is 16% —32% higher than that of the digital filter with kernel distribution
coefficient, and 50% —60% higher than that of the traditional correlated double sampling technology.
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0 Introduction

The charge-coupled device (CCD)"?'is a novel
type of semiconductor device developed in the early
1970s. Owing to its high sensitivity, good spatial reso-
lution, and large dynamic range, it is widely used in
industrial monitoring, image recognition, non-contact
measurement, astronomical observation, space debris
detection, and other fields.

The readout noise *' of the CCD detector limits its
energy resolution and system dynamic range. The tradi-
tional CCD signal low-noise processing technology
mainly implements correlated double sampling ( CDS)
technology through analog devices'®®'. This technology
can reduce the reset noise in the readout noise, thus,
it is widely used. The main three typical CDS circuits
are correlated sampling, double slope integration and
clamp sampling. However, the traditional CCD video
signal processing technology has some shortcomings. It
is difficult to achieve the optimal suppression of CCD

noise. In addition, its circuit structure is somewhat

complicated, which introduces new noise. Therefore,
to meet the ultra-low noise requirements of CCD detec-
tors for astronomical observations, it is essential to ex-
tensively research and explore new technologies and
methods to suppress the noise of CCD detectors.

With the continuous development of digital tech-
nology, the application of digital filtering technology to
the readout system of CCD detectors has been realized.
Ref. [9] proposed a digital CDS ( DCDS) technology
based on the digital readout technology ,which removed
the analog CDS ( ACDS) circuit and adopted high-
speed A/D and digital filtering technology to process
the readout signal of the CCD detector. Ref. [10] con-
ducted analysis and experiments on the CCD detector
digital denoise system, and compared the performance
of differential mean filtering and coefficient weighting
based on Gaussian kernel, Laplacian kernel, etc. , the
results indicated that the differential mean filtering out-
performs coefficient weighting. Ref. [11] proposed a
DCDS system based on a differential mean filter to
process CCD signals, which showed that digital readout
had better denoising performance. However, the sys-
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tem is imperfect and the digital filtering method does
not consider the relevant characteristics of noise, which
needs further improvement.

First, in this article, the source and the charac-
teristics of reset noise are analyzed. Based on a PCle
data acquisition card, a CCD acquisition and digital
noise reduction system is established and then three
digital filters based on coefficient kernel distribution
are also designed. Second, a CCD signal model is es-
tablished, and an optimal filter is designed based on
the model. Finally, the image data, generated by the
experiment, is analyzed to evaluate the performance of
the digital denoise method and filtering algorithm.

1 Reset noise and characteristic analysis

[12-14] - . . .
is the main noise source in a

Reset noise
CCD camera electronic system, which is produced by
the resistance thermal noise of the CCD output stage re-
set tube. As shown in Fig. 1, when the reset pulse ar-
rives, the reset tube is turned on and the on-channel
resistance is R,,. The thermal noise, generated by this
resistance,, will be added to both ends of the CCD out-
put holding capacitor (C,) , thus reset noise is genera-
ted. After the reset pulse has passed, the cut-off chan-
nel resistance is R, and the output holding capacitor
is in a discharging state. Because R, C, is relatively
large, there is still residual reset noise on the capaci-

tor.
VDD

Fig.1 CCD detector read circuit

The reset noise V, and the number of its equivalent

noise electron n, are expressed as

KT
V., o (1)

n, = VKIC (2)

where, K is Boltzmann’ s constant, T is the absolute

temperature , and C is the capacitance. From Eq. (1)
and Eq. (2), it can be seen that the reset noise and
temperature are related to the size of the capacitor.

It can be realized from the generation principle of

reset noise that the essence of reset noise is thermal

noise. Thermal noise can be expressed as a result of a
white noise, whose power spectral density is 2KTR,
passing through a low-pass filter, and its power spec-
tral density function can be expressed as

Se(w) =8, (w) | H(jw) |* (3)
where, S, .., (w) = 2KTR is the power spectral density
of the white noise, and H(jw) is the first-order low-
pass filter, which can be expressed as

. 1
H(Gjw) = 1 5c + juRC (4)
. ) 1

| H(jw) | © = 1 R (5)

Therefore, the power spectral density function of
reset noise is given by

Sew) = 2 (6)

The autocorrelation function and power spectral
density of a stationary random process are related by
Fourier transform. Thus, the autocorrelation function of
reset noise can be expressed as

R = Q,L’NJ'—OQ Se(w)e™ dw = %eiﬁ (7)

From Fig. 2 it can be seen, in reset noise, the
closer the sampling points are, the greater the correla-
tion is. Therefore, when using the CDS technique, two
points closer to each other should be selected, and the
noise at these two points are similar; thus, the reset
noise can be suppressed by subtraction.
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Fig.2 Reset noise autocorrelation function graph

2 CCD detector digital denoise system de-
sign

2.1 CCD signal digital readout technology

To suppress reset noise, ACDS is usually used to
suppress it and obtain pixel information'”"*'. Fig.3
shows a traditional CCD signal processing system,
which comprises front-end amplification, ACDS cir-
cuit, and A/D conversion circuit.

A digital CCD denoise technology

[1922]
1s em-
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ployed in this study. As shown in Fig.4, the digital
readout system includes front-end amplification, A/D
converter, digital filtering, and so on. It removes the
traditional ACDS circuit, so it can effectively reduce
the noise of the analog circuit. In addition, because
the digital filter is at the last end of the readout sys-
tem, it has a certain suppression effect on the noise
generated by the amplifier, A/D converter and other
circuits in the readout system.

| |
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Fig.3 CCD signal processing based on ACDS technology
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Fig.4 CCD signal processing based on DCDS technology

2.2 Experimental platform design

In this study, a digital CCD denoise system is de-
signed based on a PCle data acquisition card. As
shown in Fig. 5, the system mainly includes a CCD de-
tector, a gain amplifier, an analog low-pass filter, a
PCle data acquisition card and personal computer
(PC). The CCD signal after low-pass filtering is trans-
mitted to the computer, and then the digital CDS tech-
nology is realized by digital filtering on the computer.

PClIe data

16X Analog
acquisition

e amplifier low-pass filter

Fig.5 CCD digital denoise system

The system uses the PCle9834 data acquisition
card from ADlink company. As shown in Fig.6, the
acquisition card has a 16-bit programmable sampling
rate of up to 80 MS/s, four-channel analog input, and
1 GB on-chip storage. There are three modes, i.e.
software trigger, external digital trigger, and analog
trigger, and its programmable input voltage range and
system error are listed in Table 1.

Table 1  PCIe9834 system noise

Programmable ) +1V +5V  +10V

voltage range

System noise 0.1 mVrms 0. 15 mVrms 1 mVrms 1.5 mVrms

3 Design of optimal digital denoise algorithm

The CCD digital denoise system is mainly based
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Fig.6 PCle9834 data acquisition card

on the digital filtering technology, which relies on
high-speed ADC to oversample CCD signal and realizes
DCDS technology. Since the digital filter is at the end
of the entire readout system, a suitable digital filter can
not only suppress reset noise and obtain real pixel sig-
nals, but also suppress the noise of the entire CCD
readout system. In addition, it improves the system’ s
signal-to-noise ratio and detection capability.

3.1 CCD model establishment

To explore the best digital algorithm in terms of
denoise, CCD signal model is established (Fig.7),
where, V represents the amplitude of the reference lev-
el, V. represents the amplitude of the signal level, N re-
presents the number of samples of the reference level
and the signal level, t(0) represents the beginning of
the reference level, t(N + L) represents the beginning
of the signal level, and L represents the number of sam-
pling points at its transition.
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Fig.7 CCD signal model
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According to the principle of DCDS, the estimated
value of the i-th pixel can be expressed as

Pi =s"h (8)
= [V. +n,V. + n,,,V, + ny, Vi +

> 'r

where, s"
Ny, s Vs + Ny, ] is the sampling point, n; =
[n,, My,oty My, Nyiper s s Mayyy ) 18 the value of the
noise component in the sampling point; h is the coeffi-
cient of the digital filter. Pi is the estimated value of
the i-th pixel, and its expectation satisfies AV = V, -
V., and E(n;) =0, hence, Eq. (9) can be obtained.

N 2N
E(Pi) = E(s"h) = V.2 h, +V, X, h,
' =5\Ie = +\l 2N
=AVY b, + V(D h, + X k)
k=1 k=1 k=N+1

(9)

Assuming that Pi is an unbiased estimate, substi-

tuting E(Pi) = AVinto Eq. (9), The followings can
be obtained.

AV = AVh'e, + V.h'e, (10)
h'e, =0 (11)
h'e, =1 (12)

el =[1,1,-,1] (13)

ey =[1,1,---,1,0,0,---,0] (14)

N N

It can be seen from the derivation that the coeffi-
cients of the digital filter should satisfy Eqs (11) -
(14), and the figure should meet the conditions such
as center symmetry.

3.2 Kernel distribution coefficient weighting filter

Based on the analysis of the reset noise model, it
can be seen that the closer the sampling point is, the
greater the correlation. Therefore, the closer the point
to the transition is, the greater the weight coefficient is
obtained, which is beneficial to further suppress noise.
Therefore, the distributed kernel is mainly used as the
filter coefficient, and the difference mean filter and
Gaussian weighted filter are mostly used at home and
abroad. In this section, we briefly introduce these two
filters, and design a hyperbolic coefficient weighting
filter, whose filter shape is more consistent with the
characteristics of noise. The filter with distributed ker-
nel coefficients is as follows.

(1) Difference mean filter

The reference and signal levels of CCD signal ob-
tained from oversampling are averaged respectively,
and then subtracted as

N v
_ 2 ISi - 2 NHS;:

N (15)

where, 2N is the number of sampling points for both

Pi

the reference and signal levels, S, is the i-th sampling
point.

(2) Gaussian coefficient weighting filter

After analyzing the characteristics of the reset
noise and the autocorrelation function, it can be seen
from Fig. 8 that the closer the sampling points are, the
greater the correlation degree is. Therefore, at the tran-
sition between the reference level and signal level, the
closer the point is to the transition, the greater the cor-
relation, so the sampling data near the transition can
be given a greater weight coefficient, which is condu-
cive to further suppression noise. Therefore, Gaussian
weighted filter can be used.

2N N
z iy i z i &S
2N N
o X
i=N+1 ! i=1 !

Here, «; is the filter weight coefficient of the i-th

Pi =

(16)

sampling point, and the Gaussian function is selected
as its base waveform, given by

h(n) =

1 ~(n-p)2

e 202 (17)

2o
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Fig.8 Gaussian weighting filter

(3) Hyperbolic coefficient weighting filter

To further suppress the noise, a hyperbolic filter
(Fig.9) is designed based on the autocorrelation func-
tion graph of the reset noise. Its waveform is sharper
than that of the double Gaussian coefficient weighted
filter. Eq. (16) is used to calculate the pixel informa-
tion, where o, accords with the following base wave-
form.
P-1
h(n) _1+1+nC (18)
where, P and C are parameters. It can be seen from
Eq. (18) that when P =1, the filter is an average fil-
ter. As the parameter C continues to increase, the fil-

ter coefficient image becomes sharper.

3.3 Optimal filter
The first three filters all use a specific distributed
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core as the reference waveform, which has certain limi-
tations. To obtain the optimal filter coefficient and
achieve the optimal noise suppression, the size of the
pixel error of CCD signal is used as a measurement
standard to model and analyze it. The pixel error is ex-

pressed as

Var(Pi) = E((s'h = E(s"h))?)

(19)

Coefficient

5 10 15 20 25
Sample number

Fig.9 Hyperbolic weighting filter

Assuming that h is an unbiased estimate and sub-
stituting s into Eq. (19), Eq. (20) can be obtained.
Var(Pi) = E((n"h)*) = K"E(nn")h = h"Rh
(20)
where, R is the autocorrelation function of noise. It
can be seen from Eq. (20) that the optimal filter coef-
ficient h can be obtained by minimizing Var( Pi) , and
the Lagrange multiplier method is used to derive it.
Eqs(11) and (12) are constraints. The process is as
follows.

J =h"Rh = Ak, — A, (h"e, = 1) (21)
2—}{ 2R - Aol = Ayel =07 (22)
O g, g 9L g,
aAl_he'_O’aAz_heQ 1 =0 (23)
finally, it can be obatined
" = %(/\,e{ + Aes )R™! (24)
AesR™'e,
Ay = - —F—— 25
: elTRflel (25)
2
A, = o (26)
r R e o
(e, e]TR_l 1eI)R €

It can be seen from Eqs(24) - (26) that the op-
timal filter coefficient is only related to the autocorrela-
tion of noise, so the optimal filter coefficient can be
obtained based on the autocorrelation characteristics of
noise. The autocorrelation characteristics of reset noise
above can be analyzed. Substituting Eq. (7) into
Eqs(24) - (26), the optimal filter coefficient can be
obtained. The image is shown in Fig. 10.

Coefficient

5 10 15 20 25
Sample number

Fig.10 Optimal filter coefficient
4 Experiment results

This experiment uses C# to realize the drive and
acquisition of the PCle9834 data acquisition card
(Fig.11) to realize the channel selection, sampling
rate and point setting, trigger mode, and other func-
tions. In the test mode (no photos, only readout) and
uncooled experimental conditions, CCD signals were
collected at a readout rate of 1 MHz and 500 kHz, re-
spectively. To control variables, the sampling rate was
set to 80 and 40 MS/s. Because of the large amount of
data, the program will read the sampling points ten
times through the on-chip buffer.

Big Data
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Fig.11 Data acquisition card control panel

After collecting the data, CCD signal is processed
as follows.

(1) Extract CCD signal. A total of 590 rows of
data were extracted, with 1076 pixels per row.

(2) Set the filter coefficient. For Gaussian weigh-
ted filtering and hyperbolic coefficient filtering, 500
sets of different filter weighting coefficients of o or C are
generated respectively. The optimal filter coefficient is
obtained by minimizing the standard deviation of the
image. For the optimal filter coefficient, since the CCD
readout mode is the test mode, the optimal filter coeffi-
cient based on the noise of the entire readout system
can be obtained, so it has the ability to suppress other
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noises in the system.

(3) Digital filter. Differential average filter,
Gaussian coefficient weighted filter, hyperbolic coeffi-
cient weighted filter and optimal filter are used for the
CCD signal processing, then, its pixel information is
calculated. Filter coefficients are shown in Fig. 12,
Fig. 13 and Fig. 14, which are the optimal Gaussian
weighting coefficient, the optimal hyperbolic weighting
coefficient and the optimal filter coefficient respective-
ly.

0.5F

Coefficient
=

=051

5 10 15 20 25
Sample number

Fig.12 Optimal Gaussian weighting coefficient

Coefficient
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Fig.13  Optimal hyperbolic weighting coefficient

Coefficient
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Fig.14 Optimal filter coefficient

(4) Obtain the image. Based on the calculated
pixel information, the gray value of the image is ob-

tained through gray calculation, and the image is saved
as a RAW format image. Fig. 15 shows the image in
the test mode that was obtained by using the optimal
filter, and Fig. 16 shows the image in the normal ima-
ging mode obtained by the optimal filter.

(162, 31 )-( 829, 487 )
8093, 858"

o ize
Humber of Pixels 305276

Spatial Calibration
Pixel X [10.00

[~ scal [not availab
Set. ¥ [10.00 -

Fig. 16

Image in normal imaging mode (using optimal filter)

Finally, the image can be obtained. Because the
filter will attenuate the signal to a certain extent, the
mean value of the image is inconsistent. Therefore, the
coefficient of attenuation of the filter is set to ensure
that the average value of the image obtained is consist-
ent, and then the standard deviation of the filter is
compared to evaluate the denoising performance of the
filter. The experiment results for 1 MHz and 500 kHz
readout rates are shown in Table 2 and Table 3.

According to Table 2 and Table 3, the followings
are obtained.

(1) Compared with the traditional readout tech-
nology, the CCD detector digital readout technology
has great advantages. On the one hand, ACDS circuit
is removed and noise is suppressed. On the other
hand, owing to the digital filtering process performed at
the last end of the readout system, it has a certain abil-
ity to suppress other noises of the readout system.

(2) It can be seen from the mean value of the im-
age before filter compensation that the differential mean
filter and the hyperbolic coefficient weighting filter
have a greater influence on the signal. The main reason
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Table 2 Comparison result of traditional readout technology and digital denoising technology at 1 MHz readout rate

Traditional reading

Digital denoising technology

technology
Method
ACDS Difference Optimal Gaussian Optimal hyperbolic Optimal filter
mean filter coefficient weighting coefficient weighting coefficient weighting
Image standard
Before filter deviation 7.5 6.77 4.55 4.3 3.04
compensation
Image mean 533 612 539 589 532
Image standard
After filter deviation 7.5 5.9 4.5 3.9 3.05
compensation
Image mean 533 533 533 533 533

Table 3  Comparison result of traditional readout technology and digital denoising technology at 500 kHz readout rate

Traditional reading

technology

Digital denoising technology

Method
ACDS Difference Optimal Gaussian Optimal hyperbolic Optimal filter
mean filter coefficient weighting coefficient weighting coefficient weighting
Image standard
Before filter deviation 5.64 6.02 3.53 3.55 2.8
compensation
Image mean 521 559 525 552 512
Image standard
After filter deviation 5.64 5.61 3.5 3.35 2.85
compensation
Image mean 521 521 521 521 521

is that the weight of the filter coefficient is larger, which
causes a larger attenuation, whereas the Gaussian coef-
ficient weighted filter and optimal filter have less influ-
ence on the signal and better stability.

(3) According to the experiment results, as the
CCD signal readout rate decreases, the noise becomes
smaller. Among various filters, as the readout rate be-
comes smaller, the differential mean filter reduces its
noise reduction performance. The main reason is that
the differential mean filter has a weaker ability to sup-
press correlated noise. Contrariwise the filter based on
the coefficient kernel distribution has a stronger ability
to suppress correlated noise.

(4) By analyzing the standard deviation of the
image after filter compensation, it can be seen that the
optimal filter has better noise reduction performance at
different readout rates. Especially, at 1MHz readout
rate, the designed optimal filter has 60% , 40% ,
32% , and 22% improvement in denoising performance
compared with the traditional ACDS, differential mean
filter, Gaussian coefficient weighting, and hyperbolic
coefficient weighting, respectively.

5 Conclusions

According to the experiments and research in this
article, the following conclusions are drawn.

(1) The digitized readout technology of the CCD
detector is helpful to further reduce the noise of the
readout system of a detector. It mainly relies on the
oversampling technology of the high-speed A/D con-
verter to obtain a large amount of data information,
which is conducive to further optimization processing.

(2) Filters designed based on noise correlation,
including Gaussian coefficient weighting and hyperbolic
coefficient weighting, have greater denoise advantages
than the differential mean filtering.

(3) Different digital filters cause different attenu-
ation of the signal. Among them, Gaussian coefficient
weighted filtering and optimal coefficient weighted filte-
ring cause less loss to the signal and have better stabili-
ty.

(4) The noise range and composition of CCD sig-
nal, for different readout rates, are different, and the
denoising performance of the filter is different for differ-
ent types of noise. The results show that in various fil-
ters, the optimal filter has the best denoising perform-
ance for different readout rates and different noises.

This technology can achieve the optimal suppres-
sion of camera system noise and effectively improve the
detection capability of space targets or debris. In the
future, optimal filter will be transplanted to FPGA to
achieve pixel-level and real-time processing, thereby
applying more widely.
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