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ABSTRACT Moving target detection in ultra-wideband synthetic aperture radar (UWB SAR) has to
accumulate target energy with long integration time to improve the probability of target detection. The
traditional detection and parameters estimation algorithms usually rely on parameter searching, leading to a
heavy computing burden. In this paper, a fast two-dimensional velocity estimation method of moving target
for multi-channel UWB SAR is proposed. The method processes the multi-channel data separately to realize
the target’s coherent accumulation and one-dimensional velocity estimation. Then the multi-channel signals
are processed jointly to realize the two-dimensional velocity estimation. Specifically, for each channel,
the second-order keystone transform is used to correct the range curvature. The symmetric autocorrelation
function in the range-frequency domain is used to accumulate the moving-target energy, achieving the target
detection and target’s azimuth signal extraction. Next, considering the long integration time, the azimuth
signal is processed by the non-uniform cubic phase function (NUCPF) based on the fourth-order phase signal
to estimate the relative velocity. The azimuth signal is transformed into the Doppler domain for multi-channel
data, and the interferometric signal is calculated. The phase generated by the interferometric signal is related
to the radial velocity of the target. Thus, the two-dimensional velocity of the target is obtained. Finally,
the effectiveness of the algorithm is verified by simulation experiments.

INDEX TERMS Moving target detection, parameters estimation, ultra-wideband synthetic aperture radar
(UWB SAR), keystone transform, symmetric autocorrelation function, non-uniform cubic phase function.

I. INTRODUCTION
Low-frequency ultra-wideband synthetic aperture radar
(UWB SAR) is an imaging radar that combines UWB tech-
nology and synthetic aperture technology. It has the charac-
teristics of large beam angle and large relative bandwidth and
can obtain high resolution in azimuth and range. Compared
with the wideband SAR system, the outstanding advantage
of low-frequency UWB SAR is that it has a strong ‘‘perspec-
tive’’ ability and can detect targets hidden in the forest [1].
At present, there are several successful UWB SAR experi-
mental systems, including Coherent All Radio Band Sensing
(CARABAS)-II operating in VHF band, LORA operating
in VHF (20 ∼ 90 MHz) and UHF (200 ∼ 800 MHz), P-
3 operating in VHF / UHF band with 515 MHz bandwidth.
Considering the excellent ‘‘perspective’’ ability of UWB
SAR, researchers have begun to apply it to moving target
detection.

The associate editor coordinating the review of this manuscript and
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For UWB SAR moving target detection, the moving tar-
get will produce serious displacement and defocus in the
SAR image due to the long integration time. Therefore,
a series of moving target focusing detection algorithms are
proposed. Reference [2], [3] proposed a method that com-
bines back-projection (BP) imaging processing with moving
target detection. The BP function of moving target focusing
imaging is determined by the relative speed of the target.
Through the search algorithm, the relative motion speed that
can maximize the target’s output energy is obtained, and then
target detection is realized. The experiments of LORA and
CARSBAS-II verified the feasibility of the algorithm [4], [5].
Considering that the algorithm uses the blind hypothesis
algorithm to estimate the relative velocity, the step size after
parameter discretizationmust compromise between the speed
measurement accuracy and the computational complexity [6].

In order to reduce the computational complexity, different
parameter search strategies and frequency domain imaging
algorithms are proposed. In reference [7], [8], an iterative rel-
ative velocity estimation method is proposed, which uses the
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phase information of the moving target after BP processing
to estimate its relative velocity, which is used for image pro-
cessing. Then, the relative velocity is estimated again in the
results, and the estimation accuracy is increased in the itera-
tive process. However, this algorithm requires a higher signal-
to-noise ratio (SNR) and the estimation accuracy is inferior
to the parameter searching algorithm. In addition, in order to
avoid the large amount of calculation brought by BP imag-
ing, moving target detection algorithms based on different
frequency-domain focusing methods are proposed, including
range migration algorithm (RMA) [9], UWB chirp scaling
algorithm [10], [11], local BP focusing algorithm [12], [13].
These algorithms can be used for civil traffic monitoring and
can realize multiple moving target detection. When the target
motion direction is known, velocity estimation and imaging
can be achieved. However, the frequency domain focusing
algorithms have the fixed pixel spacing in SAR images,
while the BP algorithm can adjust it. It implies that the BP
algorithm can realize a higher resolution in a large accumula-
tion angle. That is, it has better focusing performance [14].
In order to retain the advantages of the BP algorithm and
reduce the amount of computation, fast BP algorithms,
such as PBP and FFBP, are applied to focus the moving
target [15].

In addition,moving target inUWBSAR faces the problems
of serious range walk and range curvature. Literature [16]
proposed to use the first-order keystone transform to correct
the range walk of SAR target, the energy balance filtering
method to estimate and compensate the Doppler center, and
the second-order keystone transform to correct the range
curvature.

The above algorithms are applied for a single channel
system and only estimates the relative velocity. In order to
extend the application of UWB SAR in moving target detec-
tion, it is necessary to study the moving target detection of
multi-aperture/channel UWB SAR system. Soumekh from
Lincoln Laboratory proposed to carry two radar on the plane
along the flight direction to detect the stationary and moving
targets covered by leaves [17]. In addition, literature [18]
demonstrated the feasibility of moving target detection using
multistatic UWB SAR systems with different antennas on
the same platform. In reference [19], two symmetrical sub
apertures are used for SAR imaging, respectively, and the
position difference of moving target in two SAR images is
used to realize target detection and parameter estimation.

Combining UWB SAR with multi-channel moving tar-
get detection technology, a series of detection algorithms
have emerged. The displaced phase center antenna (DPCA)
is combined with the focusing detection method to elimi-
nate the interference and detect the targets with the relative
speed close to or equal to the platform speed [20], [21].
Also, along-track interferometry (ATI) can be used in
multi-channel UWB SAR, which obtains the radial velocity
according to the defocus target phase after BP processing and
estimates the azimuth velocity by searching the maximum
output of RMA with different velocity parameters [22], [23].

In addition, combining sparse array in UWB SAR with
space-time adaptive processing (STAP) can solve the problem
of angle ambiguity [24].

However, all of the above methods need to search param-
eters to achieve the moving target focusing, making it dif-
ficult to achieve real-time processing. In order to avoid
parameter searching under the longer aperture time of UWB
SAR, a fast two-dimensional velocity estimation method of
moving target for multi-channel SAR is proposed, which
focuses themoving target and estimates its motion parameters
without parameter searching, so as to realize fast detection
and two-dimensional velocity estimation of moving target.
Firstly, each channel is processed separately, the second-order
keystone transform is used to correct the range curvature, and
the symmetric autocorrelation function in the range frequency
domain is calculated. Then, the symmetric autocorrelation
function’s energy is gathered using chirp-z transform and
fast Fourier transform (FFT), so the targets can be detected.
Simultaneously, the range migration parameters of each tar-
get can be estimated according to the position of the peak, and
the azimuth signals of targets are extracted. In order to adapt
to the longer aperture time, the azimuth signals are modeled
as a fourth-order phase signal. Through phase difference
and non-uniform cubic phase function (NUCPF) processing,
the coefficients of each order of phase with respect to the slow
time can be obtained to estimate the target’s relative velocity.
Then, for multi-channel joint processing, the azimuth signal
is transformed into the Doppler domain, and the interfer-
ometric signal is calculated. The phase generated by the
interferometric signal is used to estimate the radial velocity
of the target.

The structure below is as follows: the characteristics of
UWB SAR are presented in Section II; in Section III, the sig-
nal model of UWB SAR moving target is constructed; in
Section IV, the fast two-dimensional velocity estimation
method based on multi-channel SAR data is described in
detail; in Section V, the computational complexity of the
proposed method is provided; in Section VI, the feasibility of
the proposedmethod is illustrated by simulation experiments,
and finally the conclusions are drawn.

II. MULTI-CHANNEL UWB SAR FOR MOVING TARGET
INDICATION
This section describes the multi-channel UWB SAR system
adopted in this paper. Firstly, the typical parameters of UWB
SAR are provided. Then, we discuss the characteristics of
UWB SAR. Finally, the geometric configuration of the UWB
SAR is given.

The existing UWB SAR system, such as LORA,
is equipped with a multi-channel antenna, and the echo data
obtained by its dual receivers can be used for the input of the
moving target indication processing. The typical UWB SAR
parameters are shown in Table 1 [25]. UWB SAR adopts a
large beam angle. For example, the maximum accumulation
angle of the CARABAS-II system can reach 120◦, and the
maximum accumulation angle of the P-3 system is 113◦.
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FIGURE 1. Geometric schematic diagram of moving target observation by
multi-channel UWB SAR.

TABLE 1. UWB SAR system parameters.

The system’s large beam angle makes the transmitted signal
energy spread in a wide area, and the moving target echo
power is very low. Taking the parameters in Table 1 as an
example, the SNR of the echo signal calculated according
to the radar equation is -17.8 dB. In addition, UWB SAR’s
wavelength is large, leading to the low resolution in the
azimuth direction. The long aperture time can help to improve
the azimuthal resolution.

The geometric configuration of a general moving target in
UWB SAR is shown in Figure 1. In the coordinate system
oxyz, o is the platform’s projection point on the ground; oz
is perpendicular to the horizontal direction; ox points to the
direction of the platform’s velocity; oy, oz and ox complete
the right-hand coordinate system. The platform moves along
the x axis with the speed vpl at the height h. The two channels
distribute along the flight direction, and the distance between
the mth channel and the reference channel is dm, m = 1, 2.
The moving target locates at the (x0, y0, 0) and moves with a
constant speed

(
vx , vy, 0

)
.

III. ECHO SIGNAL MODEL
In order to focus the moving target and estimate its motion
parameters, an accurate echo signal model is needed. The
signal model derived in this section is based on a series of
assumptions. First, the platform moves at a constant speed,
and the ‘‘stop-go’’ hypothesis is valid. Second, the target
is a point target with uniform linear motion. Based on the
geometric model, the moving-target slant range model of the

mth channel can be expressed as:

Rm (nTr )

=

√(
dm+vpl · nTr−x0−vx · nTr

)2
+
(
y0+vy · nTr

)2
+ h2

(1)

where n is the slow-time index and Tr is the pulse repetition
time. The slant range model is determined by the position of
the moving target and related to the velocity of the target.
Moreover, the defining velocity is the relative velocity of
the target to the platform and the radial velocity. Therefore,
the slant range model is rewritten and expressed as a function
of the relative velocity and radial velocity of the target:

Rm (nTr ) =

√√√√v2rel

(
nTr + r1

1vm + vr
v2rel

)2

+ ρ2m (2)

where vrel is the relative velocity of the target related to
the platform; vr is the radial velocity; 1vm is generated
by the delay between channels; ρm is the initial slant range
of the mth channel, and they can be expressed as:

v2rel =
(
vpl − vx

)2
+ v2y (3)

vr =
vxx0 + vyy0

r1
(4)

1vm =
vpl (dm − x0)− dmvx

r1
(5)

ρ2m = r2m − r
2
1
(1vm + vr )2

v2rel
(6)

r2m = (x0 − dm)
2
+ y20 + h

2 (7)

Then the multi-channel echo signal of the target can be
expressed in the form of time-delay and modulation of the
transmitted signal. The echo signal model of the mth channel
after demodulation can be written as:

srm (tr , n) = σt rect
[
tr − 2Rm (nTr )/c

Tp

]
rect

[
nTr
Ta

]
× exp

{
jπkr (tr − 2Rm (nTr )/c)2

}
× exp {−j4πRm (nTr )/λ} (8)

where tr is the fast time; σt represents the scattering char-
acteristics of the target; Tp is the pulse width; Ta is the
synthetic aperture time; kr is the modulate frequency; λ is
the wavelength; c is the speed of light. Then, after range
compression we can obtain:

sm (tr , nTr ) = σtsinc
[
Br

(
tr −

2Rm (nTr )
c

)]
×rect

[
nTr
Ta

]
exp

{
−j

4πRm (nTr )
λ

}
(9)

where Br is the bandwidth.
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IV. FAST ALGORITHM FOR TARGET DETECTION AND
MOTION PARAMETER ESTIMATION
A. MOVING TARGET DETECTION AND INITIAL RANGE
PARAMETER ESTIMATION
Due to the large beam angle and wide wavelength of UWB
SAR, moving targets have to face the challenge of severe
range migration, low SNR of echoes, and low resolution.
Therefore, we only can get better detection performance by
accumulating energy on the target. Firstly, we transform the
signal shown in (9) into the range frequency domain:

s1m (fr , nTr ) = σt rect
[
fr
Br

]
rect

[
nTr
Ta

]
× exp

{
−j

4π (fr + fc)
c

Rm (nTr )
}

(10)

where fr is the range frequency and fc is the operating fre-
quency. The slant range history Rm (nTr ) is in the form of the
square root. Therefore, we select a section of the full aperture
in azimuth direction for processing. For the selected aperture,
the slant range history can be expressed precisely by the
fourth-order Taylor expansion. The error of the second-order
Taylor expansion is not more than range resolution. The
fourth-order Taylor expansion is used to fit the slant range
history because of the longer synthetic aperture time than
the traditional SAR system. The accurate slant range history
is expressed by the square root. For the traditional SAR
system, the small beam synthetic aperture time is short, about
1 s or even shorter, and the slant range history can be well
fitted by the second-order Taylor expansion. However, for
the UWB SAR system, the large beamwidth provides a long
observation time, and the traditional second-order expansion
will bring intolerable error. Thus, it is necessary to retain
higher-order terms to approach the slant range history. How-
ever, when the full aperture time (hundreds of seconds) is
adopted, in order to ensure the accuracy of the slant range
model, the fitting order reaches the eighth or even the ninth
order, which significantly increases the complexity of mov-
ing target detection and parameter estimation. Therefore,
we propose to select only a small section of aperture for
imaging and parameter estimation. Considering the influence
of resolution, we limit the aperture length to a few seconds.
According to system parameters in Table 1, when the aperture
time is 12 s, the resolution is 3.92 m. The range errors for
different aperture time are shown in Figure 2. Even for the
aperture time of 25 s, it can be seen that the fourth-order
Taylor expansion of the slant range model meets the focusing
requirements, and the second-order Taylor expansion will not
exceed 1 range resolution. Then, the slant range history can
be expressed as:

Rcut_m (nTr )

= rm + a1 (nTr )+ a2 (nTr )2 + a3 (nTr )3 + a4 (nTr )4

(11)

FIGURE 2. The range error of the fourth-order polynomial and the
second-order polynomial for different aperture time: (a) the fourth-order
polynomial; (b) the second-order polynomial.

where the length of the selected aperture satisfies:

Ta_sub < min

{
3

√
ρr

a3
,

5

√
λ

16a5

}
(12)

The coefficients of each order can be expressed as:
a1 = 1vm + vr

a2 =
v2rel − (1vm + vr )

2

2rm

a3 = −
(1vm + vr )

[
v2rel − (1vm + vr )

2]
2r2m

a4 = −

[
v2rel−5 (1vm+vr )

2] [v2rel−(1vm+vr )2]
8r3m

(13)

Then, the signal of the selected aperture can be expressed
as:

scut_m (fr , nTr )

= σt rect
[
fr
Br

]
rect

[
nTr
Ta_sub

]
× exp

{
−j

4π (fr + fc)
c

[
rm + a1 (nTr )+ a2 (nTr )2

]}
× exp

{
−j

4π (fr + fc)
c

[
a3 (nTr )3 + a4 (nTr )4

]}
(14)

Thus, it can be seen that there are first-order, second-
order, third-order, and fourth-order coupling relationships
between the range frequency fr and slow-time index n. The
slant range error generated by the third-order term and the
fourth-order term will not exceed range resolution, which
will not be considered. In order to eliminate the first-order
and second-order coupling, first, we use the second-order
Keystone transformation [26] to eliminate the influence of the
second-order coupling term, where let:

n =

√
fc

fr + fc
n′ (15)

After the second-order Keystone transformation, we get:

scut_m
(
fr , n′Tr

)
= σt rect

[
fr
Br

]
rect

[
n1Tr
Ta

]
× exp

{
−j

4π fc
c

Rcut_m
(
n′Tr

)}
× exp

{
−j

4π fr
c

[
rm+

a1
2

(
n′Tr

)]}
(16)
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Then, calculate the bilinear symmetric autocorrelation
function [27]:

ARm
(
fn, n′Tr

)
=

∫
fr

scut_m
(
fr + fn, n′Tr

)
s∗cut_m

(
fr − fn, n′Tr

)
dfr

= A exp
{
−j

8π fn
c

[
rm +

a1
2

(
n′Tr

)]}
(17)

There is only a linear coupling between fn and n′, so we can
use the chirp-z transformation [28] to eliminate the coupling
effect:

Pm (fn, k)

= CZT
[
ARm

(
fn, n′Tr

)]
=

N1−1∑
n′=0

ARm
(
fn, n′Tr

) [
e−jπ fn

(
e−j

2π
N fn
)−k]−n1

≈ Ap exp
{
−j

8π fn
c

rm

}
sinc

[
8πNfn
c

(
a1Tr +

k
2N1

)]
(18)

The k axis is the Doppler-frequency index axis of the slow-
time index n′ after chirp z transformation. It can be seen that
the targets are aggregated in the direction of the axis k , and
then carry out IFFT in the direction of fn, we can obtain:

Qm (tr , k) = IFFTfn [Pm (fn, k)]

= Aqsinc
{
Br

(
tr −

4rm
c

)}
× sinc

[
8πN1fn

c

(
a1Tr +

k
2N1

)]
(19)

The target’s energy is accumulated, which can realize the
target detection, and the peak value appears at the position(
4 rmc ,−2a1NTr

)
. The estimated parameters can be used to

compensate the range migration of the target. When there are
multiple targets, the cross term between targets will not accu-
mulate [27], and different targets will be focused at different
positions due to different locations and speeds. According
to this feature, multiple targets can be detected, and their
range migration parameters can be estimated respectively.
According to the estimated parameters, the reference function
is constructed as:

sref _m (fr , nTr ) = exp
{
j
2π fr
c

a1 (nTr )
}

(20)

We use the reference function to compensate the signal
in (16) to achieve the range migration correction of the target:

s2m (tr , nTr ) = IFFTfr
[
scut_m (fr , nTr ) sref _mq (fr , nTr )

]
= σt rect

[
nTr
Ta

]
sinc

[
Br

(
tr −

2rm
c

)]
× exp

{
−j

4π fc
c

Rcut_m (nTr )
}

(21)

According to the estimated parameters, the signal at tr =
2rm/c is extracted to obtain the target signal in the azimuth
direction:

sa_m (nTr ) = σt rect
[
nTr
Ta

]
exp

{
−j

4π fc
c

Rcut_m (nTr )
}
(22)

B. MOTION PARAMETER ESTIMATION
1) RELATIVE VELOCITY ESTIMATION OF MOVING TARGET
In order to achieve the estimation of each target’s motion
parameters, we process the signal in the azimuth direction.
The signal can be approximated by the four-order phase
signal. In order to convert the signal into the third-order
phase signal, first of all, we use the phase difference for the
reduced-order processing:

PDm [n; p]

= sa_m (Tr (n+ p)) s∗a_m (Tr (n− p))

= exp
{
−j

8πpTr
λ

[
a1 + a3p2T 2

r +

(
2a2+4a4p2T 2

r

)
nTr

]}
×Apd exp

{
−j

8πpTr
λ

[
3a3 (nTr )2 + 4a4 (nTr )3

]}
(23)

For the reference channel signal, NUCPF can be expressed
as [29]:

NUCPF (n, �)

=

∑
k

PD1

(
n+
√
Ck
)
PD1

(
n−
√
Ck
)
ej�T

2
r Ck

= PD2
1 (n)

∑
k

exp
{
−j

4πpT 3
r

λ
[(6a3+24a4Trn)−�]Ck

}
(24)

We select two different time slices, i.e. n1, n2, and detect
the peak values of their |NUCPF (n, �)| to obtain �̂1, �̂2,
and thus we obtain the equations of a3, a4, and we solve them
to get:

â3 =
(
�̂1n2 − �̂2n1

)
/6 (n2 − n1)

â4 =
(
�̂1 − �̂2

)
/24Tr (n1 − n2) (25)

We use the â3, â4 to demodulate the signal. The signal after
demodulation can be expressed as:

sPD_de (nTr ) = A2pd exp
{
−j

4πpTr
λ

[
a1 + a3T 2

r p
2
]}

× exp
{
−j

4πpTr
λ

[
2
(
a2Tr+2a4T 3

r p
2
)
n
]}
(26)

The peak of the spectrum of sPD_de (nTr ) will appear at

f = − 4pT 2
r

λ

(
a2 + 2a4T 2

r τ
2
1

)
, and it can be estimated that:

â2 = −
λ

4pT 2
r
argmax

f

∣∣FFT [sPD_de (nTr )]∣∣− 2â4T 2
r p

2

(27)
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At this point, the second order a2 of the target has been
estimated. According to (13), the relative velocity vrel can be
calculated as:

v2rel = a2r1 (28)

2) RADIAL VELOCITY ESTIMATION OF MOVING TARGET
A single channel cannot estimate the two-dimensional veloc-
ity of the target. Therefore, we use the dual-channel data to
obtain the relative radial velocity of the target so as to achieve
the target positioning. Firstly, we transform the signal (22) in
the azimuth direction into the Doppler domain. Consider that
the distance between channels and the length of the aperture
is much smaller than the slant range, then

sa_m (nTr )

≈ σt rect
[
nTr
Ta

]
exp

{
j
4πdm
λvpl

vr

}

exp

−j4πλ
√√√√v2rel

(
nTr +

dm
vpl
+
r1vr − x0vpl

v2rel

)2

+ r21


(29)

Then, the azimuth signal in the frequency domain can be
expressed as:

sa_m (fa) = FFT [sA (nTr )] exp
{
j
4πdm
λvpl

vr

}
× exp

{
−j2π fa ·

dm
vpl

}
(30)

where:

sA (nTr )

= σt rect
[
nTr
Ta

]

× exp

−j4πλ
√√√√v2rel

(
nTr +

r1vr − x0vpl
v2rel

)2

+ r21


(31)

The interferometric signal between different channels is:

I (fa) = sa_1 (fa) s∗a_2 (fa)

= AI exp
{
j
4π (d1 − d2)

λvpl
vr

}
exp

{
−j2π fa

(d1 − d2)
vpl

}
(32)

where dm is the distance between the mth channel and the
reference channel. Then, the second phase of (32) can be
compensated according to the system parameters. After the
compensation, the target’s radial velocity can be estimated
as:

vr =
λvpl

4π (d1 − d2)
ϕ (33)

Based on the above analysis, referring to the existing
framework of robust parameter estimation system [30]–[32],

FIGURE 3. Flow chart of fast two-dimensional velocity estimation method
for moving target in multi-channel UWB SAR.

the flow chart of a fast two-dimensional velocity estimation
method for multi-channel UWB SAR is shown in Figure 3.
The detailed treatment process is as follows:

Step 1: carry out range compression and second-order key-
stone transform for an echo signal to realize range curvature
correction.

Step 2: calculate the symmetric autocorrelation function in
the range frequency domain, and use chirp z transformation
and IFFT transformation to realize the energy accumulation
of the moving target.

Step 3: detect the target and estimate the range migra-
tion parameters according to the peak value location, which
is used for range migration correction and azimuth signal
extraction.

Step 4: transform the dual-channel data into the Doppler
domain and calculate the interferometric signal. The target
radial velocity can be estimated by the phase.

Step 5: perform phase difference and NUCPF processing
on the reference channel data to estimate the relative velocity.

Step 6: the two-dimensional velocity of the target is
obtained by combining the radial velocity, and the target’s
relative velocity.

V. COMPUTATIONAL COMPLEXITY ANALYSIS
In order to show the computational complexity (CC) of
the proposed method, it is compared with the representa-
tive UWB SAR parameter estimation algorithm, namely the
method based on normalized relative speed (NRS) [7], [8].
Suppose the number of range cells and the number of pulses
are Nr and Na respectively, and the search times of target
slant range, azimuth position, radial velocity, and relative
velocity are Nxr , Nxa , Nvr , and Nγ respectively. For the
method based on NRS, the unknown parameters need to be
searched in four dimensions to realize the coherent integra-
tion of moving targets entirely. Thus, the CC of the method
based on NRS is O

(
NvrNγNxrNxaNrNa

)
. For the technique

proposed in this paper, the CC can be obtained according
to the main steps. The second-order Keystone transforma-
tion’s CC isO

(
NaNr log2 Na

)
, the symmetric autocorrelation

function’s CC is O
(
N 2
r Na

)
, the Chirp Z and IFFT’s CC
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FIGURE 4. Computational complexity comparison.

TABLE 2. Single moving target parameters.

FIGURE 5. (a) The echo signal after range compression. (b) The results
after the second-order keystone transformation.

is O
(
NaNr

(
log2 Na + log2 Nr

))
, the radial velocity estima-

tion’s CC is O
(
Na log2 Na

)
, and the NUCPF processing’s

CC is O
(
Na log2 Na

)
. Thus, the CC of the whole process

is O
(
NaN 2

r
)
. Assuming that Na = Nr = Nxr = Nxa =

Nvr = Nγ = N . The CC under different points is given
in Figure 4. It can be seen that the CC of the proposed
algorithm is significantly lower than that of the traditional
algorithm, and when N = 2000, the CC of the traditional
algorithm is approximately 1010 times that of the proposed
algorithm. Thus, the superiority of the proposed algorithm in
CC can be proved.

VI. SIMULATION EXPERIMENT VERIFICATION
In this section, UWB SAR simulation data are used to verify
the effectiveness of the proposed method. Radar parameters
are shown in Table 1. Our simulation experiments are divided
into two parts. Firstly, the single target’s detection and param-
eters estimation is simulated. Then, processing with multiple
targets is also conducted.

A. SINGLE MOVING TARGET
The parameters of the single moving target can be seen
in Table 2. When there is no noise, the echo signal after
range compression can be seen in Figure 5 (a), in which
the target has severe range curvature. It is obvious that its
range migration is much more severe and spans several range
cells. It results from the increase of synthetic aperture time.
From the simulation results, the length of range migration
is 17.50 m and spans 14 range cells. Thus, the impact of

FIGURE 6. (a) The symmetric autocorrelation function after the
accumulation. (b) The results after the range migration correction.

range migration has to be considered in processing. After
the second-order keystone transformation, as seen in Figure 5
(b), the range curvature has been corrected, and the trajectory
of the target in the image is a line. The second-order Key-
stone transformation is used to correct the quadratic migra-
tion. After the transformation, the range curvature has been
removed, and the residual range migration is only caused by
the range walking.

Then, the symmetric autocorrelation function in the range
frequency is calculated, and after chip-z and IFFT processing,
the result is shown in Figure 6 (a). It can be seen that the
moving target has been accumulated, and there is a peak. The
peak position implies the range and velocity of the target,
and the parameters can be used to correct range migration.
In the processing, the coupling terms between the range and
linear term have been removed by chirp z transformation.
Then, the target can realize energy accumulation both in the
range axis and velocity axis. The location of the target is
determined by its shortest slant range and speed. From the
results, it can be estimated that the slant range of the target is
12767.68 m, and the deviation is 0.46 m, which is less than
a range resolution cell (1.25 m). The target’s shortest slant
range can be estimated accurately. Moreover, the estimated
residual range walking is 4.75 m, and the deviation is 0.6 m,
which is also smaller than a range resolution cell. Thus,
the estimated parameters can be used to correct the range
migration and ensure that the target does not exceed a range
resolution cell, which leads to the results in Figure 6 (b).
After the range migration correction, the result is presented
in Figure 6 (b). The coupling between the slow time and the
range has been removed, and the target’s azimuth signal can
be extracted.

Next, the azimuth signal is processed by phase differ-
ence and NUCPF. The second-order phase term’s coefficient
can be obtained to estimate the relative velocity, which is
96.5088 m/s. Then, the interferometric signal is calculated
to estimate the radial velocity, which is 9.7966 m/s. Thus,
the two-dimensional velocities are estimated accurately and
the accuracies of relative velocity and radial velocity are
0.011 m/s and 0.016 m/s, respectively. The proposed method
estimates the parameters by accumulating the target’s energy
and exploiting the peak position to complete parameter esti-
mation. Because of the impacts of resolution and the discrete
data, there is a bias between the estimated parameter and the
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TABLE 3. Estimation results for different SNR.

TABLE 4. Multiple moving targets parameters.

FIGURE 7. The echo signal after range compression and the symmetric
autocorrelation function after the accumulation: (a) and (b) are the
results when SNR is -10 dB; (c) and (d) are the results when SNR is
-20 dB; (e) and (f) are the results when SNR is -30 dB.

actual value. The errors refer to an individual trial. Therefore,
they are the scope to show an example of performance rather
than an accuracy evaluation.

Finally, different SNRs of the echoes have been simulated.
The echoes’ SNRs are set to be−10 dB−20 dB, and−30 dB,
respectively. The echo signals after range compression are
shown in Figure 7 (a), (c), and (e). Because of the reduction

FIGURE 8. (a) Result of range compression of echo signal. (b) the
symmetric autocorrelation function after the accumulation.

TABLE 5. Estimation results of multiple moving targets parameters.

of SNR, the targets cannot be seen clearly in the image, espe-
cially for the SNR of−30 dB, which means the accumulation
before the detection is necessary. The symmetric autocorre-
lation function in the range frequency after chip-z and IFFT
processing is shown in Figure 7 (b), (d), and (f). The target has
been accumulated and can be detected even with an SNR of
−30 dB. After the estimation, the relative velocities and the
radial velocities are shown in Table 3. Under the influence
of noise, in the NUCPF processing and interference signal
processing, the target’s position after energy accumulation
will deviate, so the estimation error will also increase with the
rise of noise energy. From the results, the proposed method is
still effective when the SNR is low.When the SNR is−30 dB,
the errors of the relative velocity and radial velocity both
increase obviously. The errors do not exceed 0.1 m/s when
the SNR is not less than −20 dB.

B. MULTIPLE MOVING TARGETS
There are six moving targets set in the scene. The targets’
position and speed parameters are shown in Table 4, and the
SNR of the target is −10 dB.

The echo signal after range compression is shown in Fig-
ure 8 (a). It can be seen that the target is impacted by noise.
After range processing, each target’s energy is accumulated,
as shown in Figure 8 (b). The horizontal axis represents
the shortest slant range of the target, while the vertical axis
represents the first-order coefficient of the slant range, which
is mainly determined by the target speed. It can be seen from
the figure that due to the energy accumulation, the target has
a high SNR, which can be used to achieve target detection.
In addition, target 1, target 2, target 3, target 5, and target
6 are separated in different range cells. Target 3 and target
4 appear in the same range cell, but they are separated in the
velocity dimension due to their different velocities. In short,
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the target will be separated in the plane due to the difference
of position and velocity so that the multi-target detection can
be realized.

Next, the azimuth signal and multi-channel signal are pro-
cessed to estimate the target’s velocity parameters, including
relative velocity and radial velocity. The estimation results are
shown in Table 5. Compared with the parameters in Table 4,
the root mean square error of radial velocity is 0.094 m/s, and
the root mean square error of relative velocity is 0.247 m/s.
Thus, the proposed method is effective for multiple targets,
and the two-dimensional velocities can be estimated accu-
rately.

VII. CONCLUSION
In this paper, a fast two-dimensional velocity estimation
method for multi-channel UWBSAR is proposed, in which
the target detection can be detected and its motion param-
eters are estimated without using parameter search. Firstly,
the second-order keystone transform, symmetric autocorrela-
tion function in the range frequency domain, chirp Z trans-
form and fast Fourier transform are used to process the echo
signal to realize the energy accumulation of the target, detect
the target and estimate the range migration parameters of the
target. Then, the range migration correction is carried out for
each target, and the azimuth signal is extracted. The azimuth
signal is processed by NUCPF to obtain the coefficients of
each order of slant range history to realize the relative velocity
estimation. Next, the target’s radial velocity is estimated by
using the phase difference of multi-channel in the Doppler
domain. Finally, the algorithm’s feasibility is demonstrated
by simulation experiments. The proposed method can esti-
mate the two-dimensional velocity accurately when the SNR
is not less than −20 dB.
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