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Abstract— In this paper, we propose a novel algorithm for SAR ground moving target imaging
(SAR/GMTT) and motion parameters estimation (MPE) in consideration of Doppler ambiguity.
This algorithm involves the keystone transform (KT) and the modified second-order keystone
transform (MSKT), Radon transform (RT) and Fractional Fourier transform (FrFT). With this
algorithm, the fast moving targets can be focused well and the motion parameters can be es-
timated accurately even in situation of Doppler ambiguity. The effectiveness of the proposed
algorithm is demonstrated by processing the simulated airborne SAR data.

1. INTRODUCTION

Synthetic aperture radar ground moving target imaging (SAR/GMTTI) is widely used in both civil-
ian and military applications. There are various algorithms proposed for dealing with moving
targets [1-3]. The keystone transform (KT) [1] and the second-order KT (SKT) [3] can be used to
correct the RCM of moving targets without any prior knowledge required about their motion pa-
rameters. However, both KT and SKT suffer from the Doppler ambiguity problem. In real-world
situations, Doppler ambiguity usually occurs for SAR imaging of fast moving target due to the
limited PRF. In this paper, we propose an algorithm based on KT and Modified SKT (MSKT) for
SAR/GMTI and MPE in Doppler ambiguity situation. This algorithm involves Radon transform
(RT) [4] and Fractional Fourier transform (FrFT) [2] besides KT and MSKT. With this algorithm,
the fast moving targets can be focused well and the motion parameters can be estimated accurately.
The effectiveness of the proposed algorithm is demonstrated by processing the simulated airborne
SAR data.

The remainder of the paper is organized as follows. In Section 2, we introduce the imaging
model of an airborne SAR observing moving target and deduce the signal expression after range
compression. In Section 3, we describe the proposed algorithm for moving target imaging and MPE.
In Section 4, the simulated data is processed to show the effectiveness of the proposed algorithm.
Finally, conclusion is drawn in Section 5.

2. THE IMAGING MODEL AND SPECTRUM ANALYSIS

The geometry of a broadside SAR observing a moving target is shown in Fig. 1. We use the LFM
signal as the transmitted signal, so the baseband echo can be expressed as [5]:

s(r, ) = oect [7_23(”)/0] rect (;) exp {—j4”fcR (n) — jrK <T 2k “”)2} (1)
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where R (1) denotes the instantaneous slant range between radar and target, A denotes an arbitrary
complex constant, 7 and 7 represent range-time and azimuth-time, respectively. T, f. and K
represent the time duration, carrier frequency and slope of the transmitted LFM signal, respectively.
T, denotes the target exposure time in azimuth.

According to Fig. 1, R(n) can be expressed as follows:

R (n) Z\/(yo +o,n)? 4+ (V —vg)? 02+ H3 =~ Ry + an + B0 + xn°

Ry = \/W, a = vy sind (2)
and _ (V—uv,)?402 cos? ¥ Yy sinﬁ-[(V—vw)z—l—vi cos? 19]
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where, V' and Hj denote the velocity and height of the radar platform, v, and v, denote the along-
track velocity and across-track velocity of the target, respectively, yo denotes the ground range of
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the moving target perpendicular to projection of the flight track, ¥ denotes the incident angle of
SAR antenna, and sinv = yo/Rp.
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Figure 1: The geometry of SAR observing a moving target.

Suppose p = fr/fe (1 < 1, since fr < f. is valid for general SAR), the output of range matched
filtering in (f;, ) domain is expressed as:

Ar f.
J
c

S (fr,m) =G (fr, n)exp{— (1+ ) Om}exp{—J 47rcfc (14 p) 5772}6‘}(1){—] 47TCfC (14 p) xn3}

(3)

where G (fr,n) = orect (Ié}) rect ( ) exp{ j47rf° (1+p) RO}

Suppose o = g +nay, ¢, g corresponds to the ambiguous Doppler centroid, n denotes the PRF
fold factor and ay,f = cPRF/(2f.), then the second term in (3) can be expressed as following:

4 fe 4 fe
¢

eXp{—lesz(lJru) om} =exp{—j (14 p) aon} exp{ —J ke aprfn} (4)

In (4) we omit the phase term exp{ —J f° nozprfn} = exp {—72mnPRFn} = 1.

3. THE PROPOSED ALGORITHM

In this section, we will present the proposed algorithm for moving target imaging and MPE. We
first conduct KT on (3) to correct the range walk induced by the ambiguous Doppler centroid. KT

is substituting the azimuth-time n with the expression n = (f ' ) £ = m§ [1]. After KT, the

signal in (3) is changed to:

S1 (fTaf) = G(ff,ﬁ)exp{ ]lejfcaog}exp{_jétﬂcfc1_/:/Ln'aprf£}
Arnfe B A fe X 3
eXP{—] c mf }eXP{—J - (1+/ﬁ)2€ } (5)

Next, we will use (6) in the following to correct the range walk induced by the integer PRF
ambiguity, and estimate n as done in [6], we will not repeat here.

H (fr, &) = exp <j47;fclﬁﬂn-aprf§> — exp (jzw A PRF&) (6)
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By multiplying (5) with (6), the signal is expressed as following:

526 = GUr e {5 Fant fexp { L g e [ Xtk )

In the following, let us conduct MSKT on (7) for range curvature correction, which is substituting

¢ with the expression &€ = /1 + usc =4/1+ ch =4/ f‘+f’g After applying the MSKT, the signal
becomes as,

S3(fri¢) = G (fr:<) eXp{ <fc Ir )aog}eXp{—jzliﬂﬂ&}exp{ (fc fT) XS }
(8)

where the approximations /1 + p ~ 1+ p/2 and 1/\/1 + pu~1—p/2 are applied.

After transforming (8) to (7, ¢) domain through range IFFT, the signal can be expressed as
following:

T c ° c
A A A
exp {—chcaoc} exp {—] Cfcﬂcz} exp {—J Cfcx<3} 9)

Since |x| < |ap| is usually valid, the target trajectory can be treated as an inclined line with
a fix slope along the azimuth dimension. We can estimate the slope using RT, and thus obtain
the estimation of ag, denoted by «f [4]. At this time, we can obtain the estimation of a as
a®t = aft +n - Qprf, and construct the correction functlon for range walk and Doppler shift as
following:

Ho (fr, c)zexp{J mfe aftc 2T f eStC} (10)

Let us multiply (8) with (10) and do range IFFT, the signal in (7,¢) domain is expressed as,

84 (1,5) = Arect (;CL) sinc <KTP <7‘ - 2130>> exp {_j47fcfcﬁg2} exp {_j47chcXg3} (11)

Eqaution (11) shows that, the energy of the moving target is concentrated in a single range cell.
Here, we can extract the moving target azimuthal signal and estimate the Doppler rate through
FrFT [2], denoted by K5, and then we can obtain the estimation of 3 as 5! = 01(65’5/4]”C We
should indicate that the third-order phase term is treated as clutter in the implementation of FrFT.
In the following, we can calculate the motion parameters as,

’UZSt — OéESt/SiIl”ﬂ7 and vgegst -V — \/2R0ﬂ68t _ (U;St cos 19)2 (12)

At present, we can construct the azimuth matched filter function H, (f¢) and the third-order
phase compensation function Hy (fr, &) as follows,

2
H, (f¢) = exp {jﬂ' Cf§ } , and Hy(fr, &) =exp {j47TCfC (1 — fT) X€5t§3} (13)
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After azimuth matched filtering and compensation of the third-order phase to (11), the final
image of the moving target in (7, £) domain can be obtained as following:

Sac (T, §) = Asinc [KTP <7‘ - 2150>] - sinc <4ﬁ:StT §> (14)
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4. SIMULATION

In this section, we will conduct simulations to validate the proposed algorithm. In real situations,
there exist nonlinear motions for the SAR platform. However, these motion errors can be well
compensated by the existing methods [7]. After the motion compensation, the proposed algorithm
can be used to deal with the moving targets. Therefore, the motion errors of the SAR platform
are not taken into consideration in this simulation. The simulation system parameters are listed in
Table 1. There are three moving targets in the scene, 77 is a slowly moving target without inducing
Doppler ambiguity, while 75 and T3 are fast moving targets with Doppler ambiguity induced. The
true motion parameters of the targets and the estimated motion parameters with the proposed
algorithm are listed in Table 2, it is clear that our algorithm can achieve accurate MPE. Fig. 2
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Figure 2: The procedure of the proposed algorithm. (a) The target trajectories after range compression,
which shows that the range walk and range curvature for the three targets are different. (b) The Doppler
spectrums after range compression, the spectrum of T5 is split into two parts. (c¢) The result of KT, which
shows that the range walk of T is corrected, while the range walks of T and T3 still exist due to the
integer PRF ambiguity. (d) The result after integer PRF ambiguity compensated for 75 and T3, which
shows that there are only range curvatures left. (e) The result of applying MSKT, which shows that the
range curvatures for each target are corrected. (f) The result of range walks correction after using RT to
estimate the slope, which shows that the energy of each target is concentrated in a corresponding range cell.
(g) The final focused image after using FrFT to estimate the Doppler rate and then having the azimuthal
signals compressed.

Table 1: The simulation system parameters.

carrier frequency f. | bandwidth B pulse duration T}, range sampling rate Fs | incident angle ¥
14.0 GHz 200 MHz 5us 250 MHz 45°
azimuth beamwidth PRF platform velocity V platform height Ho
3° 1000 120m/s 5000m

Table 2: The simulated targets motion parameters.

Targets | Ro(m) | vy(m/s) | vy (m/s) | Relative error | vz(m/s) | v5**(m/s) | Relative error

T 7007 2 1.99 0.5% 3 2.97 1%
T 7071 8 8.00 0 -20 —19.98 0.1%
T3 7149 —43 —42.99 0.02% 4 3.60 10%
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presents the result of each step of the proposed algorithm until the final image is obtained, obviously,
they are very well focused, i.e., the effectiveness of the proposed algorithm is demonstrated.

5. CONCLUSION

In this paper, we propose an algorithm for SAR/GMTI and MPE. In this algorithm, the KT, the
MSKT, the RT and the FrFT are utilized. With this algorithm, the fast moving targets can be well
focused and their motion parameters can be estimated accurately even with the Doppler ambiguity

involved. The effectiveness of the proposed algorithm is validated by processing the simulated
airborne SAR data.
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