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Based on the description of the charge transfer process of a time delay integration charge coupled device
(TDI CCD), it is pointed out that the relative displacement of the target image and the transferred charge introduces
the charge transfer image shift problem in a line transfer period, which leads to the decrease of the modulation
transfer function (MTF) in the scanning direction. Based on the basic definition of MTF, the charge transfer image
shift model of the TDI CCD is established. According to the quantitative calculation of this model, the MTF curves
of the three-phase TDI CCD are obtained under the condition of different pulse widths of computer interface (CI)
signals. The MTF changes with the pulse width of CI signals, and the maximum value at the spatial Nyquist fre-
quency is obtained when the CI signals are equally spaced, which is difficult to achieve in the actual system because
of the limitation of computed radiography readout signals. In this paper, we present the improved TDI CCD driv-
ing timing, which makes it possible to realize the equal interval distribution of CI signals by adjusting the tech-
nology compatibility kit signal. Finally, the experimental platform is built, and the MTF curves are calculated from
the obtained target images. The result is consistent with the theoretical model. © 2017 Optical Society of America

OCIS codes: (040.0040) Detectors; (110.0110) Imaging systems; (280.0280) Remote sensing and sensors; (040.1520) CCD,

charge-coupled device.
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1. INTRODUCTION

The time delay integration (TDI) charge coupled device
(CCD) has multiple exposures to the same target by means
of TDI, boosting the exposure time and allowing more photons
to be collected. Compared with the linear array CCD, it has the
advantages of high responsiveness, large dynamic range, and
high signal to noise ratio [1–5]. For the ordinary CCD, there
is a contradiction between the target moving speed and the ex-
posure time. The TDI CCD is an excellent solution to the
problem, which can be high-speed target imaging, while at
the same time enhancing the exposure time. Its higher respon-
siveness can reduce the relative aperture of the optical system
and, thus, reduce the weight and volume of aerospace remote
sensors, which is very suitable for use in the field of space
remote sensing [6–8].

In the aerial camera imaging, it is necessary to keep the TDI
CCD charge transfer speed consistent with the moving speed of
the target on the focal plane in order to correctly extract the
target image information [9]. In practical application, the
charge transfer frequency of the TDI CCD is usually calculated
based on the information of the orbit and attitude parameters

of the satellite remote sensing platform, and the matching
relationship is guaranteed [10,11].

The modulation transfer function (MTF) shows the relation
between image contrast and spatial frequency when the sensor
collects images. At the same time, MTF is commonly used for
evaluating the quality of the sensor’s performance [12–15].
Therefore, the MTF in the scanning direction and the MTF
in the cross-scan direction are taken as an index to measure
the image quality in this paper.

The MTF of the obtained image in the scanning direction
is usually lower than the MTF in the cross-scan direction.
As aerospace camera imaging is a dynamic push-broom process,
so many error factors can lead to the decline of the image qual-
ity in the scanning direction [16–19]. Yanlu Du mainly ana-
lyzed the impact of sinusoidal vibration on dynamic MTF [20].
The theoretical model of MTF and quantum efficiency based
on the CCD and complementary metal–oxide–semiconductor
(CMOS) detectors was established by Ibrahima Djite, which
was mainly aimed at the factors of pixel size and charge diffu-
sion [21]. Xiaowei Shi established an MTF model for TDI de-
tectors using oversampling-superposition technology, and the
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negative effects of different velocity mismatch ratios on MTF
were analyzed at the same time. But, the model only carried out
the simulation analysis without experimental verification [22].

Steven L. Smith described the causes of the loss of image
quality in high-resolution remote sensing systems and pointed
out the factors that cause image blurring, including geometric
smear, clocking smear, terrain smear, and smear from optical
distortions. The drop of the MTF in the scanning direction
caused by integer pixels smear was also analyzed. However,
the model was analyzed in terms of the line transfer period,
and the specific charge transfer process was not analyzed.
So, this element was also neglected in the model [23].

Kaiming Nie proposed an analytical model of MTF for a
TDI CMOS image sensor (TDI-CIS) in the scanning direc-
tion. The pixel value sensitive ratio and velocity mismatch were
analyzed in the literature, and the influence of integral series on
velocity mismatch was considered. The charge transfer process
in the line period was also considered in the model, but, in the
case of the charge readout, the TDI CMOS is different from
the TDI CCD, which means that the analysis cannot apply to
the TDI CCD [24].

By analyzing the charge transfer process of a typical three-
phase TDI CCD, Dejiang Wang pointed out the reason for the
charge transfer image shift and then proposed an improved
driving timing method to improve the MTF in the scanning
direction. But, the timing is based on the TDI CCD with a
special architecture, which cannot be applied to the traditional
TDI CCD [25].

The abovementioned literature analyzes the impact of the
MTF from multiple aspects, including geometric smear, clock-
ing smear, terrain smear, and vibration smear. But, there are
few models that take into account the image shift introduced
by the multi-phase step-by-step charge transfer process in the
charge line transfer period, which we call the charge transfer
image shift.

In this paper, the charge transfer image shift model is
established for the process of charge transfer in the line period,
and the method of reducing the charge transfer image is pro-
posed. The method has been experimentally verified. The re-
mainder of this paper is organized as follows: the cause of the
charge transfer image shift is analyzed in Section 2. The charge
transfer image shift model is established for the process of
charge transfer in the line period in Section 3. In Section 4,
typical simulation results are presented, and the key parameter,
which has an impact on MTF, is analyzed. An improved
driving timing is proposed in Section 5. The theoretical analysis
is experimentally verified in Section 6. Section 7 gives the
conclusions.

2. CHARGE TRANSFER IMAGE SHIFT ANALYSIS

Compared with an ordinary CCD, TDI CCD introduced a
time delay integral technology, improving the responsiveness
and signal to noise ratio, but it also put forward stringent re-
quirements in the application conditions. First, the direction
of the target movement must be consistent with the direc-
tion of the integration of the TDI CCD, that is the direction
of the photogenerated charge packet transfer. Second, the veloc-
ity of the target on the focal plane must be consistent with the

transfer rate of the TDI CCD photogenerated packet. In the
aerial camera imaging, the target image is a continuous motion
on the focal plane, while the photogenerated charge packet is a
discrete step-by-step motion driven by the TDI CCD pulse
timing. The charge transfer line frequency can only guarantee
the average speed matching, which is calculated according to
the orbit and attitude parameters of the satellite platform, and
there is still the image shift caused by the charge step-by-step
transfer in the line period. This is one of the reasons that caused
the MTF of the majority of aerospace cameras in the scanning
direction to be lower than the theoretical value.

The TDI CCD can be divided into two phases, three
phases, and four phases, according to the number of electrodes
within the pixel, which have the same basic working principle.
The three-phase TDI CCD is analyzed as an example.

As Fig. 1 shows, the TDI CCD consists of a photographic
array of pixels, an isolated array of pixels, a transfer gate, and
a horizontal shift register. The electrodes of photographic array
and isolated array are driven by the image region clock (CI1,
CI2, and CI3) signals to complete the vertical transfer of charge
from the top to the bottom. The transfer gate is driven by the
transfer clock (TCK) signal to transfer the charge in the isolated
array to the horizontal shift register, while blocking aliasing of
the charge between the isolated array and the horizontal shift
register. The charge in the horizontal shift register is quantized
and read out one by one, driven by readout clock (CR1, CR2,
and CR3) signals.

As Fig. 2 shows, the last two lines of isolated pixels are taken
for analysis, where T1–T6 are the different times within the
line transfer period. In the T1–T2 period, the CI1 and CI2
signals remain high to form a charge potential well, the CI3
signal remains low to form a charge barrier, and a photogen-
erated charge is collected under the electrodes of the CI1
and CI2 signals. In the T2–T3 period, the CI2 signal remains
high to form a charge potential well, the CI1 and CI3 signals
remain low to form a charge barrier, and the photogenerated
charge is collected under the electrode of the CI2 signal.
After six periods of this type, at time T1, the charge transfer
of one line is completed. The TCK signal goes low to form a
charge barrier, isolating the charge in the horizontal shift regis-
ter. In the T1–T2 period, the charge in the horizontal shift
register is shifted out; at time T2, the TCK returns to high,

Fig. 1. Typical structure of the three-phase TDI CCD.
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and the transfer gate is turned on again to receive the transfer
charge of the next line.

By analyzing the transfer process of the three-phase TDI
CCD, it can be seen that the charge transfer can be divided
into six stages in a line transfer period, that is the line driving
signals CI1, CI2, and CI3 are divided into six steps to complete
the transfer of charge. In the T1–T2 period, it is necessary to
start the CR signals to read out the charge in the horizontal shift
register, which takes a certain amount of time, so this period is
usually much longer than that of other periods. Figure 3 shows
the three-phase TDI CCD specific drive signal timing.

Under the condition that the line period of the TDI CCD
matches the target moving speed on the focal plane, and the
three-phase TDI CCD is driven according to the timing shown
in Fig. 3, the contrast curve of the target image displacement
and the transferred charge displacement is shown in Fig. 4.

3. ESTABLISHMENT OF CHARGE TRANSFER
IMAGE SHIFT MODEL

The evaluation of the imaging quality of the optical system us-
ing the optical transfer function (OTF) is based on the idea that
the target is composed of spectra of various frequencies. If the
optical system is a linear time-invariant system, then, after the
transmission of the optical system, the variation of the ampli-
tude and phase with the spatial frequency is called the OTF.
The modulus of the OTF is the MTF, which is an important
indicator to evaluate the imaging quality of the optical system.
In the case of sinusoidal input signals, it is defined as the ratio of
the output contrast Co (f ) to the input contrast Ci (f )
[26–28]:

MTF � Co�f �∕Ci�f �; (1)

while the contrast is defined as

C�f � � Lmax − Lmin

Lmax � Lmin

; (2)

where Lmax and Lmin are the maximum and minimum values of
light intensity, respectively.

Based on the definition of MTF, the decrease of MTF
caused by the discrete sampling of pixels will be analyzed.
During the photoelectric conversion of the CCD, the decrease
of MTF caused by the discrete sampling of pixels is defined as
the variable MTFD.

It is assumed that the focal plane of the TDI CCD is
irradiated by the optical signal O �x; y�, which is sinusoidal
along the x-axis direction with a spatial frequency f and
constant in the y-axis direction, as shown in Fig. 5. The light
intensity can be expressed as follows:

O�x; y� � A�1� sin�2πf x��; (3)

where A is the magnitude of the light intensity.
Take one of the pixels on the CCD, and the coordinates of

the pixel center are �xp; xp�. The energy E �xp; yp� obtained by
the pixel in the integration time t can be expressed as

E�xp; yp� �
Z

t

0

Z
yp�d

2

yp−
d
2

Z
xp�d

2

xp−d2

A�1� sin�2πf x��dxdydt: (4)

The above formula can be further organized as

E�xp; yp� � t · d · A
�
d � 1

πf
sin�2πf xp� · sin�πf d �

�
: (5)

The contrast of the input and output signals can be
calculated as follows:

Ci�f � �
2A − 0

2A� 0
� 1; (6)

Fig. 2. Process of charge transfer in a line period.

Fig. 3. Timing diagram of the three-phase TDI CCD.

Fig. 4. Contrast curve of the target image displacement and the
transferred charge displacement. Fig. 5. Diagram of the light intensity of the input signal.
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Co�f � �
t · d · A

h
d � sin�πf d �

πf

i
− t · d · A

h
d − sin�πf d �

πf

i

t · d · A
h
d � sin�πf d �

πf

i
� t · d · A

h
d − sin�πf d �

πf

i

� sin�πf d �
πf d

: (7)

So, the decrease of MTF caused by the discrete sampling of
pixels can be calculated as follows:

MTFD � Co�f �
Ci�f �

� sin�πf d �
πf d

; (8)

where f is the spatial frequency of the optical signal, and d is
the pixel size of the CCD detector. Its value at the Nyquist
frequency is 0.6366, which is the ideal MTF in the cross-scan
direction.

Assuming that the phase number of the TDI CCD is n
(n � 2, 3, 4), the ratio of the T1–T2 periods occupying the
entire line transfer period T in Fig. 1 is defined as DCR ,
and the proportion of the remaining time to the line period
is defined as DCI; then, there is DCR � DCI � 1. The whole
period of charge transfer can be divided into T × DCR ,
T × DCI∕�2n − 1�, and T × DCI∕�2n − 1�…�A total of 2n�.
The position of the transfer charge in different periods is shown
in Fig. 6.

It is assumed that the focal plane of the TDI CCD is
irradiated by the optical signal O �x; y�, which is sinusoidal
along the y-axis direction with a spatial frequency f , constant
in the x-axis direction, and it moves at a constant speed v along
the y axis, as shown in Fig. 7. The light intensity can be
expressed as follows:

O�x; y� � A�1� sin�2πf �y − vt���; (9)

where A is the magnitude of the light intensity.
Take one of the pixels on the CCD, and the coordinates of

the pixel center are �xp; xp�. Considering the process of charge
transfer, the energy E sum �xp; yp� obtained by the pixel in a line
period T can be calculated as follows.

The energy E1 �xp; yp� obtained from T1 to T2 is

E1�xp; yp� �
Z

T ·DCR

0

Z
yp�d

2

yp−
d
2

Z
xp�d

2

xp−d2

A�1� sin�2πf �y − vt���dxdydt : (10)

Since the distance of the target moving on the focal plane in
a line period T is a pixel size d , there is

vT � d : (11)

Then, the above formula can be further organized as

E1�xp; yp�� d ·A
�
d ·T ·DCR �T

·
sin�πf d �
2π2f 2d

�cos�2πf �yp −d ·DCR��− cos�2πf yp��
�
:

(12)

Similarly, the energy E2 �xp; yp� obtained from T2 to T3 is

E2�xp; yp�� d ·A
�
d ·T ·

DCI

2n−1
�T ·

sin�πf d �
2π2f 2d

×
�
cos

�
2πf

�
yp�2 ·

d
2n

−d ·
�
DCR �

2DCI

2n−1

���

−cos

�
2πf

�
yp�2 ·

d
2n

−d

·
�
DCR �

DCI

2n−1
DCI

�����
: (13)

In this way, the energy E sum �xp; yp� obtained by the pixel in
line period T is the accumulation of each time period:

E sum�xp; yp� �
X2n
i�1

Ei�xp; yp�: (14)

The output signal contrast Co�f � can be obtained by cal-
culating the maximum and minimum values for E sum �xp; yp�,
and the input signal contrast Ci�f � is known as one; thereby,
the decrease of MTF due to the charge transfer image shift is
obtained, which is defined as the variable MTFS .

4. ANALYSIS OF MTF OPTIMIZATION

Based on the above model, the calculation of the specific TDI
CCD parameters is carried out. Taking the three-phase TDI
CCD as an example, assuming that the DCR is 50%, then
the DCI is 50%, and the line transfer period T can be divided
into 0 to 0.5T , 0.5T to 0.6T , 0.6T to 0.7T , 0.7T to 0.8T ,
0.8T to 0.9T , and 0.9T to T . The energy obtained at each
period is given by

E1�xp; yp� � d · A
�
d · T · 0.5� T ·

sin�πf d �
2π2f 2d

×�cos�2πf �yp − 0.5d �� − cos�2πf yp��
�
; (15)

Fig. 6. Position diagram of the transfer charge.

Fig. 7. Diagram of the light intensity of the input signal.
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E2�xp; yp� � d · A
�
d · T · 0.1� T ·

sin�πf d �
2π2f 2d

�
cos

�
2πf

�
yp −

13

30
d
��

− cos

�
2πf

�
yp −

1

3
d
����

; (16)

E3�xp; yp� � d · A
�
d · T · 0.1� T ·

sin�πf d �
2π2f 2d

�
cos

�
2πf

�
yp −

11

30
d
��

− cos

�
2πf

�
yp −

4

15
d
����

; (17)

E4�xp; yp� � d · A
�
d · T · 0.1� T ·

sin�πf d�
2π2f 2d

�cos�2πf �yp − 0.3d�� − cos�2πf �yp − 0.2d���
�
; (18)

E5�xp; yp� � d · A
�
d · T · 0.1� T ·

sin�πf d �
2π2f 2d

�
cos

�
2πf

�
yp −

7

30
d
��

− cos

�
2πf

�
yp −

2

15
d
����

; (19)

E6�xp; yp� � d · A
�
d · T · 0.1� T ·

sin�πf d �
2π2f 2d

�
cos

�
2πf

�
yp −

1

6
d
��

− cos

�
2πf

�
yp −

1

15
d
����

: (20)

When the spatial frequency f is 1∕2d , which is the Nyquist frequency,

E sum�xp; yp� � d · A
�
d · T � T ·

sin�πf d�
2π2f 2d

· 2.05824 · �sin�2πf yp� − cos�2πf yp��
�
: (21)

Then, the output signal contrast Co�f � is obtained as follows:

Co�f � �
d · A

n
d · T � T · sin�πf d �

2π2f 2d · 2.05824 ·
ffiffiffi
2

p o
− d · A

n
d · T � T · sin�πf d �

2π2f 2d · 2.05824 ·
	
−

ffiffiffi
2

p 
o

d · A
n
d · T � T · sin�πf d �

2π2f 2d · 2.05824 ·
ffiffiffi
2

p o
� d · A

n
d · T � T · sin�πf d�

2π2f 2d · 2.05824 ·
	
−

ffiffiffi
2

p 
o ≈ 0.5899: (22)

Eventually, the MTFs is obtained under the following
condition:

MTFs �
Co�f �
Ci�f �

≈ 0.5899

�n � 3; DCR � 50%; f � 1∕2d �:
(23)

According to the method above, a cluster of curves that the
MTF in the scanning direction varies with the target spatial
frequency are plotted in Fig. 8, when DCR has different values.
The spatial frequency of the horizontal axis in the figure has
been normalized.

It can be seen from the curves that there are differences be-
tween the MTF curves at differentDCR values, proving that the

DCR value does have an effect on the MTF in the scanning
direction. When the DCR is the maximum value of 90%,
the MTF at the Nyquist frequency is 0.4512. When the
DCR is the minimum value of 5%, the MTF at the Nyquist
frequency is 0.6245.

In order to analyze the influence of the DCR value on the
MTF in the scanning direction, the relationship between the
DCR value and the MTF at the Nyquist frequency is shown
in Fig. 9, where the horizontal axis is the DCR value, and
the vertical axis is the MTF value.

It can be seen from the figure that they are not linearly
related, so with the increase of DCR , the MTF value increases
first and then decreases. The MTF is 0.6354 at the DCR equal
to 16.67% of the line period, which corresponds to be the case

Fig. 8. Relationship between the MTF in the scanning direction
and target spatial frequency.

Fig. 9. Relationship between the MTF in the scanning direction
and the parameter DCR.
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of CI signals equally spaced. This value is already very close to
the value of the MTF in the cross-scan direction, which is theo-
retically 0.6366. So, the realization of equal space of CI signals
is the key to enhance MTF in the scanning direction.

5. IMPROVEMENT OF TDI CCD TIMING

Considering the actual working process of the TDI CCD, the
CR signals must be left enough time to guarantee that the
charge in the horizontal shift register is completely read out.
In practical systems, the CR signals usually take up most of the
time in a line period, which makes it difficult to implement
the maximum value of MTF in the scanning direction, that is,
the CI signals are equally spaced. In view of the above problem,
we propose an improved TDI CCD driving timing.

Figure 10 shows the improved driving timing of three-phase
TDI CCD, where T1–T6 are equal intervals in a line period.
The improved CI signals are equally spaced in six stages, and
the timing relationship between the TCK signal and CI signals
is adjusted. During the time T1–T5, the TCK signal is main-
tained at a low level to form a charge barrier, which isolates the
vertically shifted charge, and the charge to be read out in
the horizontal shift register, avoiding the charge aliasing. The
period between T1 and T5 occupies two-thirds of the entire
line period, leaving the CR signals enough time to complete
the readout of the charge.

Figure 11 shows the process of charge transfer based on the
timing of the driving signal in Fig. 10. In contrast to the tradi-
tional process of the three-phase TDI CCD charge transfer in
Fig. 2, the TCK signal remains low for T2–T5, constituting a
charge barrier. It can be seen from the process of charge transfer
that the charge barrier formed by the TCK signal in this period
does not affect the line transfer of the charge, so this timing is
feasible in principle.

6. EXPERIMENTAL RESULTS

The experimental system is established to verify the results of
the theoretical analysis above. Figure 12 shows the basic
composition of the experimental system, which mainly consists
of a three-phase TDI CCD detector and drive circuit compo-
nents, optical lens, dynamic target generator, host computer,
and optical vibration isolation platform. In order to reduce ex-
ternal shock during the imaging process, the whole system is
placed on the isolation platform, in which the target moving
direction of the dynamic target generator is placed in the same
direction as the TDI CCD charge transfer direction.

The pixel size of the CCD used in the experiment is
8.75 μm, and the corresponding space Nyquist frequency is

57.14 lines/mm. The system parameters are adjusted so that
the target selected for the experiment has a corresponding spa-
tial resolution of 57.14 to 10 lines/mm on the focal plane of
the CCD, which makes it easier to observe the lifting effect
of the MTF.

The images of the target obtained by setting the different
DCR values by adjusting the CI signals are shown in
Fig. 13. Wherein, the vertical direction in the figure is the
scanning direction, and the horizontal direction is the cross-
scanning direction. Due to the restriction of the CR readout
signals, the minimum value of DCR achievable in the experi-
mental conditions is 50% when driving with traditional timing.
Therefore, the DCR values in Figs. 13(a)–13(c) are set to 90%,
70%, and 50%, respectively, and the DCR value in Fig. 13(d) is
16.67%, using the improved drive timing.

The TDI CCD scans the target along the vertical direction
of Fig. 13, in which we can clearly see that the longitudinal
target bars have substantially the same sharpness, and the
transverse target bars have a better clarity and contrast from
Figs. 13(a)–13(c). Figure 13(d), which uses the improved tim-
ing, has the best imaging effect.

The curves of the MTF in the scanning direction at different
DCR values are calculated from the above target images, as
shown in Fig. 14, and the MTF curve in the cross-scan direc-
tion can be referenced as a static MTF. It can be seen from
Fig. 14 that the MTF curves are gradually shifted up during
the DCR value decrease from 90% to 50%. The measured
MTF values at the Nyquist frequency are 0.133, 0.151, and
0.176, respectively. When the improved timing is used, the
MTF in the scanning direction at the Nyquist frequency is
0.189, which is close to 0.191 of the static MTF.Fig. 10. Improved timing diagram of the three-phase TDI CCD.

Fig. 11. Process of improved charge transfer in a line period.

Fig. 12. Composition of the experimental system.
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So, we can enhance the MTF in the scanning direction by
adjusting the DCR value. With the improved timing, the MTF
in the scanning direction is close to the MTF in the cross-scan
direction.

7. CONCLUSIONS

In the process of the remote sensing camera scanning the
ground, which uses the TDI CCD as the sensor, usually the
MTF of the acquired image in the scanning direction is lower
than the MTF in the cross-scan direction. In addition to the
error factor of the TDI CCD charge transfer frequency and
target movement speed, it is also closely related to the transfer
timing of the charge in a line period.

Based on the theoretical model and experimental verifica-
tion, it is proved that on the basis of the existing TDI
CCD architecture and driving method, the MTF in the scan-
ning direction can be raised by adjusting the CI signals, and
there is a maximum value near the MTF value in the cross-scan
direction, which corresponds to the case of CI signals being
equally spaced.

In the actual system, by adjusting the TCK signal and im-
proving the driving timing of the TDI CCD, it is possible to
realize the equal interval distribution of CI signals in a line
period, which can significantly improve the MTF in the
scanning direction.

Funding. People’s Government of Jilin Province
(20150312039ZG).
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