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Abstract The performance of ground moving target

detection for distributed satellites will be affected signifi-
cantly when there is an image registration error, clutter

decorrelation and array error. In this paper, a new

approach to moving target detection and relocation is

proposed based on multi-channel and multi-pixel adap-

tive signal processing in an image domain. First, multi-

channel and multi-pixel joint data are equated to a simple

array model. Given that there is an image registration

error, the real steering vector of the moving target can
be estimated through a space projection approach. The

optimal beam forming approach is used to cancel clutter,

and at the same time the cross-track velocity of the mov-

ing target can be determined by searching for the peak

value of the cost function. The moving target can then

be relocated on the SAR image. The simulation results

indicate that this method has a good robustness to image

registration error, clutter decorrelation and array error.
The detection performance and the estimation accuracy

are significantly improved.

Keywords distributed satellite, ground moving target

detection, cost function, image registration error, optimal

beam forming

1 Introduction

A highly sparse radar array (also called the constellation)

composed of several small satellites can cooperate to per-

form multiple spatial missions [1–5] such as SAR imaging

with a high resolution and a wide swath, ground moving

target detection (GMTI) and digital elevation model

(DEM). Therefore, its performance and reliability are bet-

ter than those of a single conventional, larger space-borne

radar.

Spaceborne SAR can carry out wide area surveillance

and detect valuable military targets in time, which has a

critical military significance. If receiving antennas are

placed on different small satellites that run in a formation,

the distance between the antennas would be longer and

changeable. Consequently, the GMTI performance would

be significantly improved. If only SAR imaging and

GMTI are needed, the optimal satellite formation is a

linear array along a track. Such an array has no resolving

ability on the topography altitude to obtain optimal clut-

ter cancellation performance.

At present, the methods for multi-channel SAR ground

moving target detection mainly include displaced phase

center antennas (DPCA) [6], along track interferometry

(ATI) [7], and space-time adaptive processing (STAP) [8].

In the DPCA method, the velocity of the satellite, pulse

repetition frequency and distance between phase centers

are required to satisfy a strict condition. Thus, it is con-

strained in practical application. With the development of

a new technique, its restriction has been relaxed step by

step so that its application scope has been extended. The

ATI method uses two or more phase centers placed along

the track and computes their interferometric phase after

time calibration to detect moving targets. The STAP

method utilizes space and time information to eliminate

the clutter through an adaptive processing method.

For the existing multi-channel SAR ground moving

target detection methods, the GMTI performance is

restricted primarily by multi-channel SAR image rela-

tivity. This relativity will degrade if there are image regis-

tration errors, especially clutter decorrelation between

different channels and array error. Since the phase center

positions of the synthetic aperture radars are different,

there will be relative translation between SAR images. If

the images are very wide and there are different geometric
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deformations or even rotations between images, the regis-

tration will be complicated with lower precision. To avoid

collision, the baselines are tens or even hundreds of

meters, the overlong along-track baseline will prevent

absolute coherence of clutter from different channels.

Thus, the image relativity will be reduced accordingly.

In addition, array error (especially sensor position error

and gain and phase error) can also cause degradation of

image relativity. Therefore, research on ground moving

target detection and relocation method which is highly

robust to image registration error, clutter decorrelation

and array error is significant. In Ref. [9] a method using

the coherence information of neighboring pixels is pro-

posed to solve the image registration problem in InSAR.

In this paper, we make use of that idea and propose a new

method which can jointly implement ground moving tar-

get detection and relocation based on multi-channel and

multi-pixel joint adaptive processing. In this method, joint

data from the multi-channel and multi-pixel approach are

equated into a simple array model. Given an image regis-

tration error, the real steering vector of the moving target

can be estimated through space projection. The optimal

beam forming approach is used to cancel clutter, and at

the same time the cross-track velocity of moving target

can be determined by searching for the peak value of the

cost function. The moving target can then be relocated on

the image. The performance analysis and simulation

results show that this method is highly robust to image

registration error, and the moving target detection per-

formance and velocity estimation accuracy are enhanced

at a high degree.

The following sections are arranged as follows: In

Sect. 2, we analyze the signal model of multi-channel

and multi-pixel joint data. Section 3 gives the equivalent

model of multi-channel and multi-pixel joint data and

presents the moving target detection and relocation

method. Section 4 includes performance analysis and

simulation results. Finally, conclusions are provided in

Sect. 5.

2 Signal model of multi-channel and multi-
pixel joint data

If only SAR imaging and GMTI function are needed, the

optimal satellite formant is a linear array along a track,

and we thus suppose that the satellite array is a linear one

along the track. Moreover, the azimuth velocity of a mov-

ing target will cause the target to defocus from the SAR

image. However, the velocity of the satellite is very high

and the moving target usually moves at a slow speed.

Therefore, the Doppler frequency modulation rate of

moving target is approximately equal to that of immobile

targets, i.e., the moving target can be well focused using

the Doppler frequency modulation rate of the immobile

targets. For this reason, the influence of the azimuth veloc-

ity of moving target is ignored in this paper.

We first analyze the signal model of multi-channel

SAR. The first satellite is regarded as the reference.

After SAR imaging processing, accurate image registra-

tion and phase compensation, the signal of pixel i of the

mth channel is

xm(i)~cm(i)znm(i), m~1, . . . ,M, ð1Þ

where cm(i) is the clutter component of that pixel. If the

incident angles of different satellites are approximately

equal, the complex reflection coefficient does not change.

Therefore, after accurate registration and phase com-

pensation, the clutter component is the same for different

satellites, i.e., c1(i)~c2(i)~ � � �~cM(i)~c(i) ¼D si, which
can be regarded as complex reflection coefficients of the

pixel. nm(i) is the noise component of that pixel, and M is

the number of channels.

The signals of all satellites can be written as a vector:

X(i)~ac(i)zN(i)~

1

..

.

1

2
64

3
75sizN(i), ð2Þ

where a is the steering vector of clutter.

When there is image registration as shown in Fig. 1 (for

convenience, the number of the satellites is supposed to be

3), then
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775zN , ð3Þ

where s1, s2, s3 denote the complex reflection coefficients

of pixel 1, 2 and 3 respectively. rmi,m5 2,3, i5 1,2,3 is the

correlation coefficient of the pixel required to be detected

on the mth image and the pixel i on the first image (ref-

erence image).

It can be seen from the above equation that the steering

vector of the clutter cannot be simply written as [1,…,1]T

and it becomes a matrix as A in Eq. (3). Furthermore, the

Fig. 1 Formation sketch map of pixels when there is image
registration error
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freedom of the clutter will increase and may be less than,

equal to or even more than N. If the system controllable

freedom is onlyN, when the freedom of the clutter is equal

to or more than N, it has inadequate capability to restrain

all clutters.

In such a case, full use of the clutter component

information in the neighboring pixels should be made

to eliminate the clutters. We can then use the pixel

required to be detected and its surrounding pixels for

joint adaptive processing. Given that one pixel registra-

tion precision can be obtained in coarse registration, this

method can only choose the pixel that needs detecting

and its adjacent pixels.

Choosing the desired pixel and its neighboring eight

pixels as a rectangle, the formation sketch map of multi-

channel and multi-pixel data is shown in Fig. 2. The num-

ber of satellites shown in the figure is supposed to be 3.

Realign the signals as follows:

zm ið Þ~ xm(i{4),xm(i{3), � � � ,xm(i), � � � ,xm(iz4)½ �T,
m~1, . . . ,N, ð4Þ

where pixel i is the one required to be detected, and

(i2 4), …, (i2 1), (i + 1), ???, (i + 4) are its neighboring

eight pixels respectively. Arrange the multi-channel sig-

nals as a vector:

Z(i)~ zT1 (i) zT2 (i) � � � zTN (i)
� �T

: ð5Þ
The dimension of this vector is 9N6 1. The covariance

matrix of the clutter and noise can then be estimated by

averaging the surrounding signals which are independ-

ently and identically distributed (i.i.d.):

R(i)~
1

ML

XL=2{1

l~{L=2

XM=2{1

s~{M=2

Z(mzl,nzs)ZH(mzl,nzs),ð6Þ

where L and M are the sample numbers along the azimuth

and range respectively. To ensure the signal-to-noise

ratio (SNR) loss is less than 3 dB, the condition

ML> (26 9N2 1) should be met. In GMTI, the target

signal will deteriorate the samples. To avoid that regression,

some protected pixels should be reserved in estimating the

covariance matrix, i.e., the pixel that needs detecting and its

adjacent pixels should not be used in estimation.

3 Equivalent model of multi-channel and
multi-pixel joint data and method of ground
moving target detection and relocation

Build the multi-channel and multi-pixel joint adaptive

processing as an array model as follows (the number of

satellites is still supposed to be 3): three channels can be

regarded as three sub-arrays. Each sub-array is composed

of nine sensors according to nine pixels, and the signal

received by each sensor is the echo of the corresponding

pixel. All sensors compose a big array as shown in Fig. 3.

Considering the moving targets, the immobile targets

signals of the whole array can be expressed as

X~ X1 X2 X3½ �T, ð7Þ

where X1, X2,X3 are signal vectors received from the three

sub-arrays respectively:

X1~ s1,s2, . . . ,s9½ �T,
X2~ s1bz4a,s2bz5a, . . . ,s9bz12a½ �T
X3~ s13bz1a,s14bz2a, . . . ,s6bz9a½ �T,

, ð8Þ

si, i5 1,…,15 is the complex reflection coefficient of the

pixel i.

Rewrite Eq. (7) in the following form:

X~ACzN , ð9Þ

where A is the manifold of the array, and every column of

Fig. 2 Formation sketch map of multi-channel and multi-
pixel data

Fig. 3 Equivalent array model of multi-channel and multi-
pixel joint data

Highly robust ground moving target detection and relocation method for distributed satellites 427



A denotes the steering vector of one signal. From the

independence of the clutter it can be known that

C5 [s1,s2,…,s9,s10,s11,s12,s13,s14,s15]
T. The number of

the source in C is the clutter freedom.N is the noise vector

received by the array.

The steering vector form of the signal will be analyzed

in detail as follows. Define the steering vector of the signal

according to pixel i under an array model as

Si~Ssi0Spi, ð10Þ

where ‘‘#’’ denotes the Hadamand product. Ssi is the spatial
steering vector of the signal. For the clutter on the ground,

the spatial steering vector is Ssi5 [1,1,1]T. Spi is the correla-
tion coefficient vector of the signal. Let Spi5 [Spi1,Spi1,Spi3]

T,

where Spi1, Spi2, Spi3 are correlation coefficient vectors on

the three sub-arrays respectively. When the images are regis-

tered accurately, Spi1, Spi2, Spi3 are equal to the ith column of

the unit matrix I969. In this case, only one of the three

elements of the correlation coefficient vector is one and

the others are zeros. For convenience, we define this cor-

relation coefficient vector as the ‘‘perfect correlation coef-

ficient vector’’ and the corresponding steering vector as the

‘‘perfect steering vector’’. However, when image registration

error exists, a part of or almost the whole pixel i moves out

of its position, and the correlation coefficient vector of this

pixel is no longer perfect. Only several elements of this cor-

relation coefficient vector are nonzero, while the number of

the nonzero elements may not be 3 and the value of these

elements is definitely not 1. The nonzero element denotes

that it contains a component of the pixel i. In this case, the

real steering vector of the pixel is required to be estimated

based on the real image registration error.

Suppose the moving target is in pixel 5. Therefore, the

perturbance of the moving target’s correlation coefficient

vector caused by image registration error is the same as

that of pixel 5.

First, compute the correlation coefficients of the pixel

that are required to be detected on the nth image

(n5 2,3,…,M) with the required to be detected pixel and

its adjacent eight pixels on the first image. The image regis-

tration error direction of the nth image from the reference

image can be determined by comparing magnitudes of the

correlation coefficients. The positions of nonzero elements

in the correlation coefficient vector on the sub-array

according to that image then can be determined. For

example, the image registration error direction of the sec-

ond image is shown in Fig. 1. Since part of pixel 5 moves

into pixel 2, the correlation coefficient of the pixel required

to be detected with its upper pixel is much bigger than those

with the other adjacent pixels. We simulated the condition

that the image registration error is up 0.4 pixel. The cor-

relation coefficients of the required to be detected pixel on

the second image with the nine pixels on the first image are

0.0451, 0.5064, 0.0455, 0.0526, 0.7585, 0.0368, 0.0128,

0.0970, 0.0483, respectively.

After determining the positions of nonzero elements in

the correlation coefficient vector of pixel 5, suppose the

initialization of its correlation coefficient vector forma-

tion is

S0
p5~ S0

p51,S
0
p52,S

0
p53

h iT
~

h
0, � � � ,0|fflfflffl{zfflfflffl}

4

,1, 0, � � � ,0|fflfflffl{zfflfflffl}
4

,0,1,0,0,1, 0, � � � ,0|fflfflffl{zfflfflffl}
4

,

0, � � � ,0|fflfflffl{zfflfflffl}
4

,1,0,0,1,0
iT
27|1

: ð11Þ

The result of Eq. (11) is gained based on the image

registration error shown in Fig. 3. From Eq. (10), the

initial steering vector of pixel 5 can be written as

S0
5~Ss50S0

p5~ 1,1,1½ �T0 S0
p51,S

0
p52,S

0
p53

h iT
~

h
0, � � � ,0|fflfflffl{zfflfflffl}

4

,1, 0, � � � ,0|fflfflffl{zfflfflffl}
4

,0,1,0,0,1, 0, � � � ,0|fflfflffl{zfflfflffl}
4

,

0, � � � ,0|fflfflffl{zfflfflffl}
4

,1,0,0,1,0
i
:

ð12Þ

This steering vector is the same as the real one only in

form and the values of its elements have errors. We make

use of the space projection method [10] to resolve such

problem. The more important step is to determine their

values.

By performing eigenvalue decomposition on the covar-

iance matrix of clutter and noise expressed in Eq. (6):

R ~
EVD

UcLcU
H
c zUMLMUH

M , ð13Þ

where Uc and UM are composed of eigen-vectors accord-

ing to P large eigenvalues and M2P small eigenvalues

respectively. Lc is a diagonal matrix and its diagonal ele-

ments are P large eigenvalues in descending order. The

diagonal elements of LN are M2P small eigenvalues

which are approximately equal. The column space of Uc,

which is expressed as span(Uc), is the clutter sub-space of

the received signal. The projective matrix on the clutter

sub-space is

Pc ~
def

Uc UH
c Uc

� �{1
UH

c ~UcU
H
c : ð14Þ

For the real steering vector, pixel 5 is included in clutter

sub-space, and the real steering vector and the real cor-

relation coefficient vector of pixel 5 can be obtained by

projecting Eq. (12) on the clutter sub-space:

S5~Ss50Sp5~PcS
0
5~UcU

H
c S

0
5: ð15Þ

For the moving target, the correlation coefficient vector

is the same as that of the clutter in the pixel where the
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moving target lies. However, the spatial steering vector of

the moving target is different because of its cross-track

velocity, and its spatial steering vector can be expressed as

ª vrð Þ~ 1, exp {j
4pvrd2
lva

� �
, exp {j

4pvrd3
lva

� �� 	T
, ð16Þ

where dn, n5 2,3 denotes distance from the equivalent

phase center of the nth satellite to the reference satellite
along the track. va is satellite velocity, vr is cross-track velo-

city of the moving target and l is the wavelength. The real

steering vector of moving target can then be obtained

g vrð Þ~ª vrð Þ0Sp5

~ 1, exp {j
4pvrd2
lva

� �
, exp {j

4pvrd3
lva

� �� 	T
0 Sp51,Sp52,Sp53

� �T
: ð17Þ

When the beam forms on the signal using the weight

vector composed of the real steering vector of the moving

target, the moving target signal is coherently accumulated

and its output is maximal. However, the steering vector of

the clutter is different from that of the moving target so

that its output is less. Using the linear constraint minimal

variance criterion [11], the adaptive weight vector can be
constructed as

w vrð Þ~mR{1g vrð Þ, ð18Þ

where m is a complex constant.

Use the adaptive weight expressed in Eq. (18) for multi-

channel and multi-pixel joint adaptive beam formation on

the pixel where the target lies. When vr in the constructed

adaptive weight is equal to the moving target cross-track
velocity, the output signal to clutter and noise ratio is

maximal. Thus, we construct a cost function as follows:

J(vr)~
ESout

ECzEMð Þout
ECzEMð Þin

ESin

~
ESout

ECzEMð Þout
(CNRz1)s2n

ESin

, ð19Þ

where ESin
and ESout

are input and output average power of

the signal respectively. (EC +EM)in and (EC +EM)out are

input and output average power of the clutter and noise.
CNR is the average clutter to noise ratio in the image

domain, while s2n is the input average power of noise.

The cost function denotes the ratio of output signal to

clutter and noise ratio (SCNRout) to input signal to clutter

and noise ratio (SCNRin). It can weigh the degree of

SCNR improvement. Change vr to find the maximum of

the cost function so that cross-track velocity estimation �vr
of the moving target can be obtained. It should be men-
tioned that the cost function is very important when

estimating the cross-track velocity of the moving target.

The clutter has randomness, which may induce the output

average power of the clutter to be larger than that of the

signal. For that reason, the cost function cannot be con-

structed as the power spectrum in the conventional Capon

approach, i.e., the performance of weight can not be eval-

uated by finding the maximum of the output power, but

by finding the maximum output signal ratio to clutter and

noise ratio to input signal to clutter and noise ratio. The

clutter power here means the average clutter and noise

power of the whole range cell.

A search can only be performed in the pixel where the

target lies so that the computational complexity is very min-

imal. In the search process, along track distances between

satellites are supposed to be accurate. When there are errors

in satellite positions, the velocity estimation error will exist

accordingly. The detailed analysis is given in Sect. 4.

After the cross-track velocity estimation is gained, the

real azimuth position of target can be solved by the fol-

lowing equation and then the target can be relocated on

the SAR image:

�x~x0z�vr
r(i)

va
, ð20Þ

where x0 is the false azimuth position of target on the SAR

image and r(i) is the slant range from the satellite to the

target in the middle of illuminating time.

The presence of blind speed is the most important ques-

tion in the cross-track velocity estimation process. It can

be seen from the spatial steering vector expressed in Eq.

(16) that blind speed will exist when the phase is equal to

integer times 2p. Since multi-channel processing is used in

this paper, when the distances between satellites are

uneven, the velocity scope where there is no blind speed

can be extended. Because if and only if the equation set

below is satisfied, the blind speed will exist.

2vrd2

lva
~k, k is integer,

� � �
2vrdM

lva
~l, l is integer:

8>>>>><
>>>>>:

ð21Þ

When the least common multiple of d2,…,dM is very

large, a wider velocity scope without blind speed can be

obtained. When the number of satellites is small, for

example, when there are three satellites, the system con-

trollable freedom is very limited so that the speed response

is not very good outside the slow speed region. But it can

satisfy our requirement of detecting the slow targets.

However, an increase of the satellites will enhance the

speed response, although the cost and computational

complexity will be increased accordingly. In this paper,

the emphasis is put on the moving target detection method

which can be done with the least number of satellites and

minimal computational complexity.
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But the problem is that the above method is based on

the supposition that the moving target position is already

known on the SAR image. In practice, the position of the

moving target on the SAR image is not defined, thus per-

forming the above processing on the whole SAR image is

impractical. Hence, the moving target position on the

SAR image should be determined first.

Because the spatial steering vector and correlation coef-

ficient vector of the moving target is unknown before

detection, it can be replaced by b5 [1,0,…,0]T to minimize

the clutter output power, but cannot ensure that the target

signal has no loss. The weight vector used to eliminate the

clutter then becomes

w~mR{1b: ð22Þ
Adaptive beam forming is done on every pixel on the

SAR image using the above weight vector. The moving

targets can be detected by constant false alarming ratio

(CFAR). The structured diagram of the proposed method

is given in Fig. 4.

4 Performance analysis and simulations

The proposed method has been verified with several simu-

lated results and its performance has been analyzed. The

parameters used in simulations are as follows. The

satellite array is composed of three satellites, whose along

track position is 0, 133, 217 m. The satellite velocity is

v5 7000 m/s, and their height from the ground is

h5 800 km. The observing range is R5 1000 km. The

radars work at X band and the wavelength is

l5 0.03 m. The pulse repetition frequency is

fr5 1400 Hz. Some airborne real data is used in the simu-

lations. We obtained the complex reflection coefficients of

the scene from the real data and simulated echo data of

the three satellites using the coefficients. The height of the

simulated ground scene is plain. A moving target which

has only cross-track velocity was put on the scene,

CNR5 30 dB, SCR5 0 dB. The required to be detected

pixel and its adjacent pixels were avoided when estimating

the covariance matrix.

4.1 Performance of ground moving target detection

In the analysis above, for the conventional DPCA and

ATI moving target detection methods, the precision of

image registration will affect the clutter cancellation per-

formance directly. However, the proposed method in this

paper has a good robustness to image registration error

because it coherently and jointly uses multi-channel and

multi-pixel to do adaptive processing. Figure 5 shows the

performance comparisons of conventional DPCA and

this method at three conditions.

From Fig. 5 we can see that when the registration error

is a bit large such as 0.2 pixel or more, the conventional

DPCA method cannot detect the target while the method

proposed in this paper can do it well.

Besides the image registration error, the clutter correla-

tion performance will affect the clutter cancellation per-

formance. Fortunately, the proposed method in this paper

makes use of multi-channel and multi-pixel joint adaptive

processing; therefore, the influence of clutter decorrela-

tion on detection performance is significantly reduced.

In the simulation, the first satellite is considered as the

reference, while each of the other two satellites is added

on a random fluctuation. The amplitude satisfies a

Gaussian distribution with a mean of zero and a variance

of 0.1, while the phase satisfies uniform distribution

between 0–0.2p. The variation curve of improvement fac-

tor (IF) gained with DPCA and the method proposed in

this paper with clutter correlation coefficient is shown in

Fig. 6. The definitions of the improvement factor and the

correlation coefficient are

IF(dB)~
SCNRout

SCNRin

, ð23Þ

r~

PK
k~{K

PS
s~{S

x1(izk,jzs)x�2(izk,jzs)










ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPK

k~{K

PS
s~{S

x1(izk,jzs)x�1(izk,jzs)
PK

k~{K

PS
s~{S

x2(izk,jzs)x�2(izk,jzs)

s , ð24Þ

Fig. 4 Structured diagram of proposed method
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where x1, x2 denote the signals of the corresponding pixels

on two SAR images respectively. The correlation is calcu-

lated by averaging the (2K + 1)(2S + 1) surrounding pixels

around the required computed pixel.
It can be seen from the figure that when the clutter

correlation is dropped to 0.97, the IF gained with this

method is still more than 24 dB. However, the perform-

ance of DPCA is much poorer.

For the conventional GMTI methods, the array error

has a severe effect onGMTI performance. The inter-chan-
nel inconsistency would lead to a remainder after clutter

cancellation. For the side-looking distributed SAR with

Fig. 5 Comparison of DPCA andmethod proposed in this paper. (a) Accurate registration; (b) registration error is (0, left 0.25, down
0.5) pixels; (c) registration error is (0, left 0.75, down 1.5) pixels
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narrow azimuth beam, the cross-track position error can

be equivalent to the inter-channel gain and phase error.

Fortunately, the proposed method in this paper has a

good error suppression ability of gain and phase error

caused by the two above reason. Figure 7 shows the simu-

lation results when there is a gain and phase error. We can

see that this method can obtain a good performance when

there is a 10% gain and phase error and cross-track posi-

tion error in decimeters.

4.2 Performance of cross-track velocity estimation and

relocation of moving target

Given that the real steering vector of the moving target

can be estimated through the space projection approach

when there is an image registration error and the optimal

beam forming approach using the real steering vector

formation is performed to search for the peak of cost

function, a higher accuracy of velocity estimation can be

obtained. The left figures of Figs. 8(a)–8(d) show results

with statistics of the cross-track velocity estimation error

under four conditions.

The estimation results are obtained statistically 1200

times. In every estimation process the cross-track velocity

of the moving target is randomly distributed in [0,5] m/s.

The estimation results by the two methods are shown in

Fig. 8. One method estimates velocity using the real steer-

ing vector estimated by the method proposed in this

paper, while another estimates velocity using the perfect

steering vector defined above. It can be seen from the

comparison of these two methods that the accuracy of

the method in this paper is much higher and that most

estimation results are less than 0.08 m/s. The results

around 1 m/s are speed ambiguities caused as a result of

the velocity near the high side-lobe in speed response. If

the velocity is estimated with the perfect steering vector

form without estimating the real steering vector, the

estimation error is much larger, especially for a larger

image registration error. For example, if the image regis-

tration error is about 1 pixel, this method will be a com-

plete failure. However, the method proposed in this paper

can still obtain satisfying results even under the condition

that image registration error is along the tilted direction

(the condition of Fig. 8(d)). Therefore, this method is

applied to arbitrary direction of the image registration

error. The right figures of Figs. 8(a)–8(d) give the results

with statistics of relocation errors based on the velocity

estimation results shown in the left ones.

After imaging and registration, the along-track position

error can be compensated so that it has no influence on the

moving target detection. However, accurate along-track

baselines are needed in velocity estimation and relocation.

When along-track baselines have errors, a velocity estima-

tion error will be generated and then relocation cannot be

done accurately. The velocity estimation result is shown in

Fig. 9 under the condition that there are along-track base-

line errors in decimeters. Although the estimation error

exists, it is tolerable because the target velocity is very low

and the baseline errors are only in decimeters.

5 Conclusions

Spaceborne GMTI can carry out wide area surveillance

from a high altitude, which has critical value in military

applications. However, when the image registration error,

clutter decorrelation and array error exist, the GMTI per-

formance of conventional DPCA and ATI methods

would be significantly affected, such as increasing false

alarm probability and even resulting in complete failure.

Therefore, we researched on the GMTI method which has

robustness to image registration error, clutter decorrela-

tion and array error. A new method which can jointly

implement ground moving target detection and relocation

is proposed in this paper based on multi-channel

and multi-pixel adaptive signal processing in an image

domain. In this method, the joint data from the

Fig. 6 Improvement factor VS clutter correlation coefficient

Fig. 7 GMTI performance with array error

432 Ying LIU, et al.



Fig. 8 Cross-track velocity estimation and relocation results of moving target. (a) Accurate registration; (b) registration error is (0,
right 0.2, up 0.5) pixels; (c) registration error is (0, 0, up 1.0) pixels; (d) registration error is (0, left 0.56down 0.5, up 0.5) pixels
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multi-channel and multi-pixel are equated to/expressed in
a simple array model and the real steering vector of the

moving target under the condition that the image regis-

tration error can be estimated through a space projection

approach. The optimal beam forming approach is used to

cancel clutter. At the same time, the cross-track velocity of

the moving target can be determined by searching for the

peak value of the cost function and the moving target can

then be relocated on the image. Because moving target
detection and velocity estimation can be done without

increasing satellite number and computational complex-

ity, this method has practical significance. The perform-

ance analysis and simulation results show that this

method has a good robustness to image registration error,

and the moving target detection performance and velocity

estimation accuracy are improved.
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