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Abstract—This letter proposes a fast Doppler parameter
estimation and refocusing method for ground moving targets in a
SAR system. In the proposed method, after implementing the
main-lobe clutter rejection by using the azimuth adaptive
processing technique, the range-azimuth positions of smeared
target scatterers can be obtained via the constant false alarm rate
(CFAR) detection. Then, an autocorrelation function is
constructed to transform a moving target signal into the
time-frequency plane, where the target parameters can be
precisely and efficiently estimated by applying the scaled FFT.
Finally, ground moving targets can be well refocused and
relocated in a SAR imagery. Compared with the conventional
methods, the target output SNR can be enlarged about 3 dB under
the low SNR by using the proposed parameter estimation method.

Index Terms—Ground moving target refocusing and relocation,
Doppler parameter estimation, synthetic aperture radar (SAR).

l. INTRODUCTION

As a high-tech environmental sensor, high-resolution
synthetic aperture radar (SAR) is widely used in many
civilian and military applications [1]. However, when a ground
moving target is present in the observed scene, the target in
virtue of motion mismatch may be usually smeared and
dislocated in a well-focused SAR imagery, especially in a
high-resolution SAR system with relatively long aperture time.

In the last decades, many motion parameter estimation
methods have been proposed, which can be mainly categorized
into four types. The first type is the Keystone transform (KT)
based methods, such as first-order KT [2], second-order KT [3],
and Doppler KT [4], which can blindly realize the linear or
curved envelope migration correction for multiple moving
targets via the time-scaled transform. The second type is the
modified Radon-based methods [5], [6], which may be time
consuming due to the multidimensional searching along target’
motion trajectory. The third type is the joint time-frequency
analysis (JTFA) methods, for example, the discrete chirp
Fourier transform (DCFT) [7] and fractional Fourier transform
(FrFT) [8], which can effectively realize the target focusing via
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the chirp or rotational angle estimation. The last type is the fast
target imaging methods without the requirement of target
motion parameter estimation, typical methods including the
Deramp-KT method [9] and 2-D frequency filtering method
[10], which are computationally efficient at the sacrifice of the
signal-clutter and noise ratio (SCNR).

Motivated by the previous works, a novel Doppler parameter
estimation method for ground moving target refocusing and
relocation in a SAR system is proposed in this letter, where the
target range migration is firstly compensated by using the radar
system parameters. Then, the moving target chirp signal is
transformed into the 2-dimensional (2-D) time-delay time plane
via the autocorrelation transform. After performing the scaled
fast Fourier transform (FFT) with respect to the delay time
variable, the target azimuth chirp parameter can be efficiently
estimated in the 2-D frequency domain. Finally, the smeared
ground moving target can be fully imaged and target’s output
SCNR can be greatly improved, beneficial for the subsequent
target relocation. Real-measured multi-channel SAR data
processing results validate the proposed algorithm.

The rest of this paper is organized as follows. In Section II,
the signal model of a ground moving target in an airborne SAR
observation configuration is presented. Section Il introduces
the principle of the proposed Doppler parameter estimation
method in details. Section IV provides some real-measured
airborne SAR data processing results and gives discussions to
validate the proposed method. Finally, some conclusions are
drawn in Section V.

Il. RECEIVED SIGNAL MODEL
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Fig. 1. Geometry configuration of a ground moving target in a SAR system.
Assume that an airborne SAR system installed with M spatial

receiving channels works in a side-looking mode (see the 3-D
geometry configuration shown in Fig.1), where H denotes the
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platform height, v is the platform velocity, and d refers to the
distance between two adjacent channels. In an O-XYZ Cartesian
coordinate, assume that a ground moving target with an
along-track velocity vy and a ground cross-track velocity vy is
present in the observation scene, with the initial position
located at (x,,Y,,0).

Suppose that the linear frequency modulated (LFM) signal is
adopted as the baseband waveform by this multi-channel SAR
system, that is

p(t)=rect [TLJ exp( jrut? )exp( j2rft) @)

where rect(-) is arectangle window function, and is equal to 1

for [t|<T,/2 and 0 otherwise. The parameters t, fc, Tp, and u

denote the fast time, carrier frequency, pulse duration, and
range chirp rate of transmitted signal, respectively. Then, the
received target baseband signal of the mth receiving channel
can be noted as [10]

p

where A, ¢, and R, (t,) denote the wavelength of the

transmitted signal, light speed, and equivalent target
slant-range of the mth azimuth receiving channel, respectively.

According to the equivalent phase center principle in Fig. 1,
after implementing the second-order Taylor series expansion,

the slant-range history R, (tm) can be approximated as
R (t,)= \/(vtm — Yo —V,t, )2 + (% + vyt )+ H2 /2
+\/(vtm +d, =Y, — VL, )2 +(%, VL, )+ H? /2
~ \/(vtm +d, /2-y, —vytm)2 +(% VL, )+ H? /2 3)

dv
=R, + Z—”R‘Otm —VC0SH,, L,

@

+v.t,

2 2

d V-V +V,
——M cos 0C0ne + %ti
2 2R,

where R, =/ +Yy.+H? denotes the initial target

XoVy + YoV,

slant-range, V, = is the target radial line-of-sight

0

Yo

(RLOS) VeIOClty, HCone =
RO

represents the target cone angle,

d, =(m—1)d is the physical distance between the reference

channel and the mth receiving channel, and d,vt, /2R, refers

to the registration error related term.
For the same reason, the equivalent slant-range of a ground

static scatterer with (vx,vy ) =[0,0] can be simplified as
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where 6., . represents the clutter cone angle.

After performing the SAR imaging by using the well-known
chirp scaling (CS) algorithm [11], the range migration of the
ground moving target can be approximately corrected by using
the radar system parameters since the target velocity is far
smaller than the SAR platform velocity [12]. After performing
the azimuth compression and image registration, the
expressions of a well-focused static scatterer and a smeared
ground moving target can be, respectively, expressed as:

Sem (b f2) =04 exp(j%jsinc{gb_&ﬂ
. y .
><Sinc|:TE>1 ( fa _ﬂemme C\J:|
2 .

.7Z'dm fa A dir
Stum (t' fa) =0y exp(lT]eXp(_lzﬂ'Wj
xsinc{B( _ﬁj}smc[-ra(fa_agcone+ﬂj:| (6)
c A A
Ar(VEHVi-2w,
®FFT, <exp| —j—| ——t.,
" A 2R,

01 Oy, B, fa ®, and FFT _ denote the

observation time, clutter amplitude, signal amplitude, signal
bandwidth, Doppler frequency, convolution operation, and FFT
operation along the slow-time variable, respectively. It can be
clearly seen from (5) and (6) that, due to the Doppler shift
caused by target RLOS velocity v, the ground clutter can be
well rejected by using the spatial beamforming technique
because of the spatial vector differences. In addition, it is
known from (6) that the target azimuth offset in a SAR image
domain is noted as

®)

where Ta, o

C

v, /A v,
AP, =—— i =—R,— 7
azi ]/Ta pa2| 0 v ( )
where p,. =AR,/2T,v is the azimuth resolution. After

performing the channel balance [13] and image-domain
space-time adaptive processing [14], [15], the smeared target
signal can be detected by using the constant false alarm rate
(CFAR), with the slow-time domain expression given by

s (tt,)~ ausinc{B(t —%H

VZ+V2 2w
xexp| — A7\ _ycos Oconeliy + Vi b, + ————L1t2
A 2R,

=0, sinc{B(t —Z—?H exp[—j 47”(cltm +c,t? )}
®)

where oy and B denote, respectively, the target signal amplitude
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in t-ty domain and the signal bandwidth. ¢, =-vcos@,,, +V

Cone r
and c, :(vf +Vp —2w, ) /ZR0 represent the equivalent first-

and second-order motion parameters, respectively. It should be
noted that the spatial synthesis of this moving target signal with
respect to these M channels has been automatically
accomplished in (8) by using the space-time adaptive
processing (STAP). In addition, due to the non-stationary phase
caused by ¢, the Doppler broadening will appear, which should
be precisely compensated.

I11. PROPOSED ALGORITHM DESCRIPTION

A. Ground Moving Target Refocusing and Relocation

In the following, a novel chirp parameter estimation method
is firstly introduced, which can efficiently accomplish the target
cross-range imaging. Based on (8), the 1-dimensional (1-D)
time-domain signal is transformed into the 2-D time-delay time
plane via a symmetrical instantaneous autocorrelation function,
that is

2R T 2R T
t,r)=s|—>t +—|s | —>,t ——
§( m 7'-) t( c m 2] t[ c m 2)

=0, eXp {—j %(chtm +2C,t% + % c,7’ H

where z and o,, denote the delay-time variable and the signal
amplitude in t, —z domain, respectively. Comparing with the
1-D chirp signal in (8), the above autocorrelation signal in (9) is
a 2-D chirp and the length in each dimension is the same as that
in (8). The 2-D chirp signal in (9) can be coherently
accumulated in each dimension with the better integration
quality. This is the main reason why the method proposed in
this letter outperforms the related 1-D time-domain
autocorrelation methods (see the typical methods in [19] and
[20]) since they only try to accumulate 1-D chirp signal in (8)
directly. Similar to the scaled FFT in [16], [17], after
performing the scaled FFT (SFFT) on (9) with respect to 7?2,
the target signal becomes:

4 (tm, fm) =SFFT. [£(t,.7)]
= ff(tm,r)exp(—jzn f[ﬂrzj dz?
Ar 5 ,
=0, EXp [—J 7(201% +2¢,t;, )}5( fH + %j

where SFFT, denotes the SFFT operation with respect to the

©)

(10)

delay-time variable, f[ ] is the scaled frequency variable with

respect to 7>, and o, denotes the signal amplitude in
t, — fw domain. It should be noted that this SFFT operation

can be efficiently realized by applying the non-uniform FFT
(NUFFT) [16], [17]. Considering that the slow-time variable tn
exhibits the symmetrical structure, thus one has f =-t_,
where the symbol “ - above ty, corresponds to the slow-time
reversing operation. Then, the following autocorrelation
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function can be constructed to remove the adverse influence of

t2 -term:
(1=t 1€ (11
=SFT.[&(t,.7)®, & (1,.7)]

.167zct C
=|013|2 exp[—J Al m j5[ fm +72j

where SFT_[-] and “®” denote the scaled FT with respect to

and the convolution operation, respectively. Obviously, after
employing the FFT on (11) over tn, the signal in (8) can be well
integrated as a well-focused peak in f, — f[ ] domain, i.e.,

11)

TZ

()= FFT, {5 (i) (6 fmﬂ

=0[45(f +8—Clj5(f , +C—2j
T2 L)

where o,, denotes the signal amplitude in f, — fH domain. It

(12)

is seen from (12) that this smeared moving target signal has
been characterized as a standard point spread function in

SR( f., fwj . After performing the target refocusing based on

¢, =—Af -, the target output SCNR can be greatly increased,

[*]
and thus the target RLOS velocity can be precisely estimated by
using the adaptive matched filtering (AMF) along spatial
dimension [18]. According to the spatial vector difference
between the ground moving target and static scatterer (see (5)
and (6)), the target radial velocity can be estimated as

2 (v, )RIZ(t.,)
a (v, )Rya, (v,)

S cn s

2

v, =argmax (13)

where as(v,):[l,...,exp(—jZH(M —1)dv,//1v)JT denotes

the target spatial wvector, R, is the clutter-plus-noise

covariance matrix constructed by the multi-channel samples,
and z(t, f,) is the multi-channel SAR data vector containing

the refocused ground target signal. Therefore, based on V, in
(13), the target relocation can be accomplished according to (7).

B. Doppler Parameter Estimation Performance Analysis

In the following, the parameter estimation performance and
the anti-noise capability are evaluated via simulations, where
some typical compared methods are employed, such as DCFT
[7], 1-D time-domain reversion transform method in [20], and
high-order ambiguity function (HAF) [19]. In this simulation,
pulse repetition frequency (PRF), carrier frequency, target
along-track velocity, target ground cross-track velocity, and
target initial range are set as 1000 Hz, 10 GHz, -10 m/s, 5 m/s,
and 10 km, respectively. The tested SNRs vary from -10 dB to
10 dB with a step of 1 dB, and 200 Monte-Carlo experiments
are performed for each given SNR. Fig. 2(a) depicts the
relationship between the root-mean-square errors (RMSESs) of
the estimation of the equivalent second-order chirp parameter
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¢ and the input SNR and Fig. 2(b) displays the target output
SNR versus the input SNR, where the CRB of c; is expressed as

CRB,, =/90(1/47P,; )’ /KiSye [21], With Per, Sy, and Ko

denoting the pulse repetition interval, the target signal-to-noise
ratio, and the number of transmitted pulses, respectively. From
the figures, it is observed that compared with the optimal DCFT
method, the proposed method is computationally efficient and
has the close parameter estimation accuracy as well as the
output SNR performance when the input SNR is larger than
-7dB. In addition, compared with the HAF and time-domain
reversion transform method, the target output SNR is about 3
dB smaller than that of the proposed method in the case of input
SNR lower than -4dB. In conclusion, the proposed method may
well achieve a tradeoff between the computational complexity
and the parameter estimation performance.
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Fig. 2. Parameter estimation performance and anti-noise analysis. (a) RMSE of
¢, versus input SNR. (b) Input-output SNR comparison.

IV. REAL-MEASURED SAR DATA PROCESSING RESULTS

In the following, the real-measured airborne multi-channel
SAR data are provided to validate the proposed method, which

were recorded by a high-resolution radar with a broadside mode.

This real-measured SAR scene covers a suburb area of China,
with the SAR system parameters listed in Table I. Fig. 3(a)
shows the experimental SAR imaging scene, where two ground
moving targets labeled by yellow ellipses, denoted by Tarl and
Tar2, will be used to validate the effectiveness of the proposed
method. From the figure, it can be seen that due to the target
uncooperative motions, these two targets are smeared and
dislocated in this SAR scene. Fig. 3(b) depicts the
interferometry phase distribution with respect to the first
channel and the second channel, and the range-dependent
clutter interferometric phases induced by a small crab angle are
presented. After performing the terrain phase elimination by
using the spectrum filtering method in [1], the interferometic
phase of ground static scatterers is mainly concentrated on zero
degree, as displayed in Figs. 3(c) and (d), beneficial for the
subsequent clutter filtering processing. Finally, these two
smeared targets can be clearly observed after clutter filtering by
using the image-domain STAP method, as shown in Fig. 3(e).
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Fig. 3. Experimental SAR scene, interferometric phase distribution, and clutter
rejection result. (a) Stationary scene SAR image and relative zoom around a
road with the presence of two smeared and dislocated ground moving cars. (b)
Original interferometric phase. (c) Terrain phase compensation. (d) Histogram
result of the interferometric phase distribution. (e) Clutter rejection by using the
image-domain STAP method.

TABLE |
SAR SYSTEM PARAMETERS

Wavelength 0.02m

Range resolution 0.4m
Pulse repetition frequency 1000 Hz
Platform velocity 122 m/s

Azimuth pulse number 2048

Receiving channel number 3

After performing the parameter estimation by using the
proposed method (see Section Il1), the chirp signal of Tarl is
represented as a sharp peak in f, — fm domain, as forecast by

(12), where the equivalent second-order motion parameter of
Tarl is estimated as 0.1362 m/s? according to the peak position
along f[rz] axis in Fig. 4(a). Finally, based on the estimated

chirp parameter, this moving target is finely refocused after
performing the target motion compensation, as shown in Fig.
4(b). On the contrary, since the target along-track motion
influence is not considered, this moving target is still smeared
by using the Deramp-KT method [9] and the 2-D frequency
domain filtering method [10], as provided in Figs. 4(c) and (d).

For the same reason, according to (12), the equivalent
parameter ¢, of Tar2 can be estimated as 0.1154 m/s? according
to the peak position in Fig. 4(e), and then this moving target is
well refocused by using the proposed method, as shown in Fig.
4(f). In addition, since the target along-track velocity influence
is ignored, Tar2 is slightly smeared by using the Deramp-KT
method and the 2-D frequency filtering method (see Figs. 4(g)
and (h)). After accomplishing the target refocusing by using the
proposed method, the radial velocities of Tarl and Tar2 are,
respectively, estimated as 1.99 m/s and 1.54 m/s by using the
AMF method with respect to these multi-channel data (see Figs.
4(i) and (j)). Finally, based on (7), these two dislocated moving
targets can be precisely repositioned along the road, as
displayed in Fig. 4(Kk).
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Fig. 4. Refocusing and relocation results of Tarl and Tar2. (a) Parameter
estimation of Tarl. (b) Imaging result of Tarl by the proposed method. (c)
Imaging result of Tarl by the Deramp-KT method. (d) Imaging result of Tarl
by the 2-D frequency filtering method. (e) Parameter estimation of Tar2. (f)
Imaging result of Tar2 by the proposed method. (g) Imaging result of Tar2 by
the Deramp-KT method. (h) Imaging result of Tar2 by the 2-D frequency
filtering method. (i) Radial velocity estimation of Tarl by the AMF. (j) Radial
velocity estimation of Tar2 by the AMF. (k) Relocation results.
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V. CONCLUSIONS

In this letter, a novel Doppler parameter estimation algorithm
for ground moving targets has been proposed, and the airborne
multi-channel SAR data with a high resolution have been
applied to validate the proposed method. Compared with the
maximum likelihood (ML) based grid searching method, the
proposed method is much more computationally efficient.
Compared with the conventional fast methods, the proposed
method exhibits relatively superior target focusing performance
since the target motion influence can be effectively addressed.
The effectiveness of the proposed method has been validated by
the real-measured SAR data processing results.

REFERENCES

[1] P.Huang, X. Zhang, Z. Zou, X. Liu, G. Liao, and H. Fan, "Road-aided along-track
baseline estimation in a multichannel SAR-GMT] system," IEEE Geosci. Remote
Sens. Lett., vol. 18, no. 8, pp. 1416-1420, Aug. 2021.

[2] R.P.Perry,R.C. Dipietro, and R. L. Fante, “SAR imaging of moving targets,” IEEE
Trans. Aerosp. Electron. Syst., vol. 35, no. 1, pp. 188-200, Jan. 1999.

[3] J.Wan, Y. Zhou, L. Zhang, and Z. Chen, "A Doppler ambiguity tolerated method for
radar sensor maneuvering target focusing and detection,” IEEE Sensors Journal, vol.
19, no. 16, pp. 6691-6704, 15 Aug.15, 2019.

[4] G. Li, X.-G. Xia, and Y. N. Peng, “Doppler Keystone transform: an approach
suitable for parallel implementation of SAR moving target imaging,” IEEE. Geosci.
Remote Sens. Lett., vol. 5, no. 4, pp. 573-577, Oct. 2008.

[5] J. Xu,J. Yu, Y.-N. Peng, and X.-G. Xia, “Radon-Fourier transform for radar target
detection, I: Generalized Doppler filter bank,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 47, no. 2, pp. 1186-1202, Apr. 2011.

[6] X. Chen, J. Guan, N. Liu, and Y. He, “Maneuvering target detection via
radon-fractional Fourier transform-based long-time coherent integration,” IEEE
Trans. Signal Process., vol. 62, no. 4, pp. 939-953, Feb. 2014.

[71 X.-G. Xia, “Discrete chirp-Fourier transform and its application to chirp rate
estimation,” IEEE Trans. Signal Process., vol. 48, no. 11, pp. 3122-3133, Nov.
2000.

[8] V. Namias, “The fractional order Fourier transform and its application to quantum
mechanics,” IMA J. Appl. Math, vol. 25, no. 3, pp. 241-265, Feb. 1980.

[9] G. C. Sun, M. D. Xing, X.-G. Xia, Y. R. Wu, and Z. Bao, “Robust ground
moving-target imaging using Deramp-Keystone processing,” IEEE Trans. Geosci.
Remote Sens., vol. 51, no. 2, pp. 966-982, Feb. 2013.

[10] S. Q. Zhu, G. S. Liao, Y. Qu, Z. G. Zhou, and X. Y. Liu, “Ground moving targets
imaging algorithm for synthetic aperture radar,” IEEE Trans. Geosci. Remote Sens.,
vol. 49, no. 1, pp. 462-477, Jan. 2011.

[11] R. K. Raney, H. Runge, R. Bamler, I. G. Cumming, and F. H. Wong, "Precision
SAR processing using chirp scaling," IEEE Trans. Geosci. Remote Sens., vol. 32, no.
4, pp. 786-799, Jul. 1994.

[12] J.Yang, C.Liu, and Y. F. Wang, “Imaging and parameter estimation of fast-moving
targets with single-antenna SAR,” IEEE Geosci. Remote Sens. Lett., vol. 11, no. 2,
pp. 529-533, Feb. 2014.

[13] C. H. Gierull, “Digital channel balancing of along-track interferometric SAR data,”
Defence R&D Canada, Ottawa, ON, Canada, Tech. Memorandum DRDC Ottawa
TM 2003-024, Mar. 2003.

[14] D. Yang, X. Yang, G. Liao, and S. Zhu, "Strong clutter suppression via RPCA in
multichannel SAR/GMT I system," IEEE Geosci. Remote Sens. Lett., vol. 12, no. 11,
pp. 2237-2241, Nov. 2015.

[15] P. Huang, X.-G. Xia, L. Wang, H. Xu, X. Liu, G. Liao, and X. Jiang, "Imaging and
relocation for extended ground moving targets in multichannel SAR-GMTI
systems," IEEE Trans. Geosci. Remote Sensing, vol. 60, pp. 1-24, 2022.

[16] J. Zheng, T. Su, W. Zhu, X. He, and Q. H. Liu, “Radar high-speed target detection
based on the scaled inverse Fourier transform,” IEEE J. Sel. Topics Appl. Earth
Observ. Remote Sens., vol. 8, no. 3, pp. 1108-1119, Mar. 2015.

[17] D.Li, X. G. Gui, H. Q. Liu, J. Su, and H. Xiong, “An ISAR imaging algorithm for
maneuvering targets with low SNR based on parameter estimation of
multicomponent quadratic FM signals and nonuniform FFT,” IEEE J. Sel. Topics
Appl. Earth Observ. Remote Sens., vol. 9, no. 12, pp. 5688-5702, Dec. 2016.

[18] Y. Shu, G. Liao, Z, Yang, "Robust Radial Velocity Estimation of Moving Targets
Based on Adaptive Data Reconstruction and Subspace Projection Algorithm," IEEE
Geosci. Remote Sens. Lett., vol. 11, no. 6, pp. 1101-1105, Jun. 2014.

[19] B. Porat and F. Benjamin, “Asymptotic statistical analysis of the high order
ambiguity function for parameter estimation of polynomial-phase signals,” IEEE
Trans. Inf. Theory, vol. 42, no. 3, pp. 995-1001, Mar. 1996.

[20] P. Huang, G. Liao, Z. Yang, X.-G. Xia, J. Ma, and X. Zhang, “An Approach for
Refocusing of Ground Moving Target Without Target Motion Parameter
Estimation,” IEEE Trans. Geosci. Remote Sens., vol. 55, no. 1, Jan. 2017.

[21] S. Peleg and B. Porat, “The Cramer-Rao lower bound for signals with constant
amplitude and polynomial phase,” IEEE Trans. Signal Process., vol. 39, no. 3, pp.
749-752, Mar. 1991.





