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Abstract With the rapid development of China’s space and remote sensing
industry, area array CCD has been widely used in space camera technology. In this
chapter, on the basis that frame transfer area array CCD can work properly,
according to the working principle of TDI CCD, a digital TDI operation mode of
area array CCD based on curve fitting using FPGA is presented. Firstly, the dis-
placement of two adjacent images is estimated; then corrects the displacement using
Lagrange interpolation; and adds up the digital numbers of the same pixel in
different exposure time then output. Experiment shows that this digital TDI oper-
ation mode can remarkably improve image SNR, obtain high sensitivity, high
output rate and wide dynamic range under low illumination condition, greatly
reduce the influence of harsh environment that lead to low SNR. In the meantime,
digital TDI can improve the mismatching of pixel transfer rate and electric charge
transfer rate and image quality reduction caused by earth rotation.

Keywords Array CCD � TDI CCD � Curve fitting � SNR

1 Introduction

CCD (Charge Coupling Device) is broadly used in photoelectric detection and
imaging fields, since its low noise, large dynamic range, high quantum efficiency
and high charge conversion efficiency [1]. Different types of CCD are used in
remote sensing application, such as TDI (Time Delayed and Integration) CCD, area
array CCD and etc. In this chapter, frame transfer area array CCD is used in remote
sensing camera, and the traditional push broom imaging mode of TDI CCD system
is applied. In each exposure time, the camera is pushed forward the distance of one
pixel for exposure imaging. Therefore, the image data of two adjacent frames has a
one pixel difference in the TDI push broom direction.
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To overcome the image quality degradation problem caused by the mismatch
between pixel shift rate and transfer rate and earth rotation in traditional TDI
technical, a digital TDI method based on curve fitting algorithm is proposed in this
chapter. Firstly, displacement of adjacent two frame images output by area array
CCD is estimated. Secondly, displacement is corrected used Lagrange interpolation
polynomial. Finally, the corrected image data is output after digital time delay
integration. In low luminance conditions, this method can gain high sensitivity,
high output rate and large dynamic range. The negative factor of low SNR caused
by the harsh environmental conditions is greatly improved.

2 The Working Principle of TDI CCD

TDI CCD is a special linear CCD. It adopts time delay integration (TDI) technique
[2] and can obtain high sensitivity, high output rate and large dynamic range in low
luminance condition. The working process of traditional analog TDI CCD is shown
in Fig. 1. In the first integration period, the object is exposed and integrated in the
first pixel of one column. The Photo-generated charge is not read out as ordinary
CCD but transferred to the next pixel of this column. In the second integration
period, object is moved, exposed and integrated in the second pixel of this column.
The Photo-generated charge newly gained adding the charge transferred from
previous pixel then transfer to the next pixel in this column, and so on. In the Nth
integration period, object has moved to Nth pixel of this column to expose and
integrate. After this integration time, photo-generated charge of the Nth pixel added
the charge transferred from previous (N-1) pixels transfer to readout resister, and the
whole charge is read out as the ordinary linear CCD.

In this imaging mode, pixel shift rate should match charge transfer rate and pixel
shift direction must follow the TDI direction. Otherwise, the image degradation in
TDI direction (column direction) and its vertical direction (row direction) is intro-
duced. On the one hand, due to the multistage accumulation integration character of
TDI CCD, the clear image can be obtained by ensuring the match of pixel shift rate
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and charge transfer rate in a long time. On the other hand, because of earth rotation,
the satellite moving direction is not same as the actual imaging direction which will
cause image motion in one integration time and reduce image quality.

3 Digital TDI Working Mode

In this paper, frame transfer area array CCD is used in remote sensing camera, and
the traditional push broom imaging mode used in TDI CCD system is applied. The
imaging results when pixel shift rate and transfer rate is matching are given in
Fig. 2, which assumes the size of area array CCD is 4 � 4. It can be seen from the
figure that the image data of two adjacent frames has a one pixel difference in TDI
direction. In this condition, the digital TDI working mode of area array CCD can be
realized by adding the data corresponding to the same scene in different frame
image.

As discussed in the previous section, the image degradation in push broom
direction is introduced by the mismatch between pixel shift rate and transfer rate.
When pixel shift rate is faster than transfer rate, the moving distance in one
exposure time is larger than one pixel. This will cause an overlapping area between
the adjacent two lines in each frame image. As shown in Fig. 3, the lower border of
the first row of pixels and the upper border of the second row of pixels will sweep
the gray area. Therefore, the second line in the first frame image and the first line in
the second frame image are not corresponding to the same scene. In contrast, when
pixel shift rate is slower than transfer rate, the moving distance in one exposure time
is smaller than one pixel. This will cause an interspaced area between the adjacent
tow lines in each frame image. As shown in Fig. 4, the lower border of the first row
of pixels and the upper border of the second row of pixels both will not sweep the
gray area.

And furthermore, due to the earth rotation, there is a displacement in the hori-
zontal direction (which is vertical to the push broom direction) between adjacent
frame images during remote sensing camera imaging.

The first exposure The second exposure

Pushbroom 
Direction

The third exposure The fourth exposure

Fig. 2 The imaging results when pixel shift rate and transfer rate is matching
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Figure 5 gives the flow chat of digital TDI working mode. To realize the digital
TDI working mode of area array CCD, the displacement in push broom direction
and its vertical direction between two adjacent frames of image is estimated firstly.
Secondly, the image is interpolated in accordance with the calculated displacement.
Finally, the data corresponding to the same scene in different frame image is added.

The First Exposure The Second Exposure

Pushbroom
Direction

Fig. 3 The imaging results
when pixel shift rate is faster
than transfer rate

The First Exposure The Second Exposure

Pushbroom
Direction

Fig. 4 The imaging results
when pixel shift rate is slower
than transfer rate
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Fig. 5 The flow chart of digital TDI working mode

386 L. Ning et al.



A. Displacement Estimation

Theoretically, the variance between two images corresponding to the same scene
at different time reflects their relative movement. A displacement estimation algo-
rithm is proposed based on this idea. The flow chat of displacement estimation
algorithm is given in Fig. 6.

(1) Mean Filter

There is a variety of noises in the output signal of CCD [2], such as shot noise,
dark current noise, fix pattern noise (FPN), thermal noise, read noise, and so on.
The thermal noise and read noise are signal independent and like the white noise
which mean value is 0. Therefore, in order to reduce the influence of random noise
and improve the algorithm reliability, the mean filter is implemented to the image,
the formula is as follows:

gðx; yÞ ¼ 1
ð2aþ 1Þð2bþ 1Þ

Xa

s¼�a

Xb

t¼�b

f ðxþ s; yþ tÞ ð1Þ

Mean Filter

Memory

Variance Calculation

Previous Frame 
Image

Polynomial Fitting

Displacement Estimation

Image Data

Current Frame 
Image

Displacement of Row and Column Direction

Fig. 6 The flow chart of
displacement estimation
algorithm
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where, x is the TDI direction (row direction), y is the CCD direction (column
direction), f(x, y) is the input image, g(x, y) is the image after mean filter, (2a + 1)
and (2b + 1) is the size of mean filter window. In order to save hardware resource,
the mean filter of row and column direction is separated and executed respectively.

(2) Variance Calculation

Theoretically, the variance between two images of different time corresponding
to the same scene reflects their relative movement. When these two images are
complete coincide, the variance is minimal. Therefore, the displacement of two
image can be determined by calculated its variance in different phases.

The push broom method is used in this chapter camera. So the image data of
adjacent frames have a one pixel difference in TDI push broom direction (shown in
Fig. 2). The variance of adjacent frame images when they are completely overlap is
calculated as follow:

Varc0l0 ¼ 1
ðM � 1ÞN

XM

x¼2

XN

y¼1

ðgiðx; yÞ � gi�1ðxþ 1; yÞÞ2 ð2Þ

Similarly, the variance in TDI direction in different phase of adjacent frame
images after mean filter can be calculated respectively. The formula is as follows:

Varcpml0 ¼ 1
ðM � m1ÞN

XM�m1

x¼1

XN

y¼1

ðgiðx; yÞ � gi�1ðxþm1; yÞÞ2 ð3Þ

Varcnml0 ¼ 1
ðM � m2ÞN

XM

x¼m2 þ 1

XN

y¼1

ðgiðx; yÞ � gi�1ðx� m2; yÞÞ2 ð4Þ

In (3), m1 = 2, 3, 4 are corresponding to the variance of phase difference 1, 2, 3
respectively. In (4), m2 = 0, 1, 2 are corresponding to the variance of phase dif-
ference −1, −2, −3 respectively.

The variance in CCD direction of different phase can be calculated as follows:

Varc0lpn ¼ 1
ðM � 1ÞðN � nÞ

XM

x¼2

XN�n

y¼1

ðgiðx; yÞ � gi�1ðxþ 1; yþ nÞÞ2 ð5Þ

Varc0lnn ¼ 1
ðM � 1ÞðN � nÞ

XM

x¼2

XN

y¼n

ðgiðx; yÞ � gi�1ðxþ 1; y� nÞÞ2 ð6Þ

In (5), n = 0, 1, 2 are corresponding to the variance of phase difference 1, 2, 3
respectively. In (6), n = 0, 1, 2 are corresponding to the variance of phase difference
−1, −2, −3 respectively.
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(3) Polynomial Fitting

Analysis shows the variance in different phase should satisfy some
relationship. In this chapter, six-time polynomial is used to describe this
relationship:

V ¼ c0 þ c1Pþ c2P
2 þ c3P

3 þ c4P
4 þ c5P

5 þ c6P
6 ¼

X6

i¼0

ciP
i ð7Þ

where, the coefficients of six-time polynomial are calculated using the least squares
algorithm [3].

(4) Displacement Estimation

The minimum point of six-time polynomial showed in (7) is the displacement of
two adjacent frame images. Since the six-time polynomial does not have numerical
solution, the iterative approach is used to calculate its approximate solution.

During the motion of the satellite, the change of the displacement is a slow
process. So the following iterative method is used in this chapter. Assuming the
displacement calculated in the ith time is delti. The value of six-time polynomial is
calculated form delti − 0.005 to delti + 0.005, and the step is 0.0001. The dis-
placement corresponding to the minimum point in this 101 points is adopted as the
displacement delti+1 calculated in (i + 1)th time.

B. Displacement Correction

Before executing the digital TDI, in order to make the image data of the same
ground feature corresponding to the same region exactly, the image data need to be
interpolated according to the displacement of row and column direction calculated
above. The displacement correction along the push broom direction is shown in
Fig. 7. Supposing the displacement of column direction is delty, the processing for
the situation that pixel shift rate is faster than transfer rate is as follows: the first line
of each image remains intact, the second line is shifted delty downward, the third
line is shifted 2 � delty downward, and the fourth line is shifted 3 � delty down-
ward. After this processing, the image data will correspond to the same region
exactly.

In this chapter, the seven-order Lagrange polynomial is used to shift and register
the image. The calculation is as follows:

lxi ¼
Y7

i¼0;i6¼j

x� delty � j
i� j

ð8Þ

zxðx; yÞ ¼
X7

i¼0

lxi f ðxþ i� 3; yÞ ð9Þ

where, i, j = 0, 1, 2, …,7, x = 4, 5, . . ., M-4, f(x, y) is the input image.
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From the foregoing depiction, there is a displacement between two adjacent
frames of image in the horizontal direction. Supposing the displacement of this
direction is deltx. The displacement between the first frame image and the second
frame image is deltx. The displacement between the first frame image and the third
frame image is 2 � deltx. So the displacement correction in row direction is same as
column direction. The first line of each image remains intact, the second line is
shifted deltx in lateral, the third line is shifted 2 � deltx in lateral, and the fourth line
is shifted 3 � deltx in lateral. The shift and register using the seven-order Lagrange
polynomial is as follows:

lyi ¼
Y7

i¼0;i6¼j

y� deltx � j
i� j

ð10Þ

zðx; yÞ ¼
X7

j¼0

lyizxðx; yþ i� 3Þ ð11Þ

where, y ¼ 1; 2; . . .;N. To make the image after processing has the same number in
row direction, even extension is executed for the boundary pixel.

C. Digital TDI realization method

After the displacement correction in row and column direction completed, the
digital TDI working mode can be realized by adding the data corresponding to the
same scene in different frame image by using FPGA. The formula is as follows:

Tðx; yÞ ¼ 1
N

XN

i¼1

ziþ x�1ðN � iþ 1; yÞ ð12Þ

where, N is the TDI stage, zi+x−1 is the image after correction.

The First Exposure The Second Exposure

Pushbroom
Direction

Fig. 7 The schematic diagram of displacement correction along push broom direction
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4 Experiment Result

In this chapter, the Digital TDI operation method of array CCD is tested on an
imager developed by our institute. There is a relationship between the SNR of
TDI CCD and its stage. The signal of N stage TDI-CCD increase N times while the
noise only increases

ffiffiffiffi
N

p
times, which indicates the SNR improve

ffiffiffiffi
N

p
[4]. Table 1

shows the Mean Value, Noise, SNR (dB) results of the images in different TDI
stages. Because the image data after digital TDI is divided by N in formula (12), so
the output image has the same mean value in different TDI stage. It is not difficult to
find that image noise (root-mean-square error) is reduced to half of its origin when
the TDI stage is increased 4 times, so the SNR is almost improved 6 dB.

5 Conclusion

In this chapter, on the basis that frame transfer area array CCD can work properly,
according to the working principle of TDI CCD, a digital TDI operation mode of
area array CCD based on curve fitting using FPGA is presented. This method can
obviously improve the image degradation caused by the mismatch between pixel
shift rate and charge transfer rate and the earth rotation. It can be broadly used in
push broom imaging system using area array CCD. The experimental results show
the digital TDI operation method proposed in this chapter can improve SNR of
image significantly, and enhance the imaging performance of remote sensing
camera.
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Table 1 The SNR of
different TDI stage

TDI stage Mean value Noise SNR (dB)

1 12,912 236.46 34.75

4 13,177 122.02 40.50

16 12,985 68.19 45.59

32 13,015 53.38 47.76

64 12,754 42.87 49.74

128 12,836 37.55 51.06
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