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Widefield Parametric Polar Format Algorithm for
Spotlight SAR Imaging

Zhichao Meng ", Lei Zhang

Abstract—For widefield synthetic aperture radar (SAR) imag-
ing, range-dependent motion errors and range curvature are the
main obstacle for range cell migration correction (RCMC) and az-
imuth focusing. The parametric polar format algorithm (PPFA) can
handle the range-dependent motion errors after RCMC, but the
nonsystem range cell migration is ignored. Furthermore, the resid-
ual range curvature is neglected, causing the undesired range cell
migration. In this article, a novel widefield PPFA is developed for
widefield spotlight SAR imaging. A precise range-compressed do-
main motion compensation algorithm is introduced for the range-
dependent motion errors. It can precisely compensate for the range-
dependent motion errors before RCMC. After RCMC, an accurate
range curvature correction algorithm is carried out, accelerated
by the scaling Fourier transform. Based on these improvements,
an azimuth wavenumber resampling integrating azimuth-variant
phase error compensation is implemented to achieve well-focused
images. Finally, extensive simulated and real-measured SAR data
have validated the algorithm’s effectiveness.

Index Terms—Nonsystem range cell migration (NsRCM),
parametric polar format algorithm (PPFA), range-compressed
domain motion compensation (RC-MOCQO), range-dependent
motion errors, synthetic aperture radar (SAR).

1. INTRODUCTION

YNTHETIC aperture radar (SAR) [1], [2], [3] is an ad-
S vanced microwave remote sensing device. It is able to
achieve Earth observation in all-day and all-weather. Its high-
resolution flexibility and wide-area observation capability have
attracted worldwide attention. With the development of Earth
observation missions, wider swaths have become essential fea-
tures of modern SAR [4], [5], [6], [7]. As a result, the develop-
ment of accurate imaging and motion compensation (MOCO)
algorithms for widefield SAR has become an urgent issue.

Current popular SAR algorithms can be roughly sorted into
three classes, i.e., time domain algorithm [8], [9], [10], [11],
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[12], [13], [14], [15], [16], frequency domain algorithm [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], and time-
frequency hybrid algorithm [28], [29], [30], [31], [32]. The clas-
sical time-domain algorithms, such as the fast back-projection
(BP) algorithm [9], [10], the fast factorized BP algorithm [11],
[12], [13], and the Cartesian factorized BP algorithm [14], [15],
[16], are all improved algorithms based on the BP algorithm [8].
These algorithms perform accurate two-dimensional pulse com-
pression of echoes by calculating the phase history of the imag-
ing grid point by point. They are able to overcome various motion
errors to generate high-resolution imaging results, but the high
computational complexity limits their application. The typical
representatives of the frequency domain algorithm are range
Doppler (RD) algorithm [17], [18], [19], [20], chirp scaling (CS)
algorithm [21], [22], [23], [24], and range migration algorithm
(RMA) [25],[26], [27]. Among them, the RD and CS algorithms
achieve uniform processing by low-order approximation of the
echo signal, while the RMA algorithm achieves batch processing
of the echo signal by interpolating the exact two-dimensional
wavenumber spectrum. To compensate for motion errors, they
often need to be combined with the “two-step” MOCO algo-
rithm [28], [29], [30]. However, for spatial-variant motion errors,
the more complex MOCO algorithms or the lower order signal
expressions have to be used, increasing the complexity and limit-
ing the algorithm’s accuracy. In contrast to the previous two, the
time-frequency hybrid algorithms achieve fast two-dimension
focusing of echoes by alternating processing in the time and
frequency domains. The polar format algorithm (PFA) [31], [32],
[33] and the parametric polar format algorithm (PPFA) [34],
[35] are two prime representatives of this class. Since the SAR
imagery formed by these algorithms is in the Doppler domain
and the signal before azimuth focusing is consistent with the
actual slow-time, they can be easily combined with various aut-
ofocusing algorithms [36], [37]. As a result, they are frequently
used in spotlight SAR imaging missions.

As previously stated, PFA achieves the two-dimension fo-
cusing by alternating interpolation in the time and frequency
domains. The planar wavefront hypothesis [38], [39], [40],
which limits the size of the imaging scene, is the only as-
sumption in PFA. In other words, the imagery can be well-
focused if the scenario is small enough. For the widefield SAR
task, a common method is image block division. However, the
spatial-variant motion error compensation is complicated be-
cause the original interpolation operation does not adequately
account for these spatial-variant motion errors. As a result,
some complex postprocessing algorithms [41], [42] are required,
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significantly increasing the computation burden. To handle this
problem, the PPFA [31] is developed. PPFA thoroughly consid-
ers the effect of spatial-variant motion errors and uses the plat-
form’s motion errors as the parameters of interpolation operation
to achieve accurate spatial-variant motion error compensation
while resampling the azimuthal wavenumber. However, on the
one hand, the original PPFA considers the range-dependent
motion errors so minor that the impact on the signal envelope can
be ignored before the range cell migration correction (RCMC).
On the other hand, the original PPFA ignores the residual range
curvature after range walk correction to simplify the RCMC
procedure. These assumptions are reasonable in low-resolution
narrow-swath SAR but significantly decrease the effective slant-
range focusing depth in high-resolution and widefield SAR.

To realize the widefield spotlight SAR imaging, a widefield
parametric polar format algorithm (WPPFA) is proposed in
this article. First, a novel range-compressed domain MOCO
(RC-MOCO) algorithm for spotlight SAR is developed to com-
pensate precisely for the range-dependent motion errors. It paves
the way for precise RCMC and, ultimately, azimuth focusing.
The accurate mathematical model of residual range curvature is
investigated based on the signal whose range-dependent motion
errors have been eliminated. According to the model, a range
curvature correction (RCC) algorithm is introduced. We improve
its efficiency while maintaining accuracy by scaling the Fourier
transform (SFT). Based on these advancements, an azimuth
wavenumber resampling integrated azimuth-variant phase error
compensation is utilized to focus the azimuthal signal.

The rest of this article is organized as follows. Section II
describes the signal model of high-resolution and widefield
SAR and profoundly analyzes the existing problems in PPFA.
In Section III, the proposed algorithm is introduced in detail.
The extensive experiments with simulated and real-measured
airborne SAR data are shown in Section IV. Finally, Section V
concludes this article.

II. MATHMATICAL MODEL OF PPFA

This section introduces the fundamental mathematical model
of SAR echo and the PPFA algorithm so that the subsequent
enhanced PPFA can be easily understood. The geometry of
spotlight SAR imaging is shown in Fig. 1. The platform flies
on the height H with a constant velocity v in the ideal condi-
tion. The black dashed line is the ideal trajectory, and the red
dashed curve is the actual trajectory. At a specific moment, the
nominal antenna phase center (APC) is A(X, 0, H), while the
actual APCis A'(X + AX, AY, H + AZ) due to atmospheric
turbulence. The AX, AY, and AZ are the three-axis deviations,
respectively.

According to the geometry model, the actual range history
R(t, A; 0y, rp) from the actual APC A'(X+AX,AY, H+AZ)
to the point py, (7, 0p) is represented by

R(X,A,0,7p)

= (X +AX —2,) + (AY —y,)* + (H+A2)° ()
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Fig. 1.

SAR imaging geometry with polar coordinate.

where, X = vt, tis slow time variable, and A donates the three-
axis motion errors. In addition

Tp = Tpsinb, (2a)

Yp = \/(TP cos6,)® — H2.

Furthermore, when the SAR system transmits a linear fre-
quency modulate signal with centroid frequency f. and band-
width B, the base-band signal in range wavenumber domain can
be given by

(2b)

So (ke, X, A 0,) = exp [—7 (ke + kee) R(X, A, 6p,15)] (3)

where, k =4nf;/c is the range wavenumber, f; € [-B
/2 ,B/2],and k. = 47 f./c. Similarly, the instantaneous range
from the APC to the reference point p. (7, 6.) is given by

R (X7 A? 0‘:7 TC)

= \/(X +AX —2)* + (AY —y)* 4+ (H+AZ)% (4)

In the original PPFA, the spatial-invariant MOCO and az-
imuth dechirp procedures are implemented by multiplying the
reference function H;

Hy (e, X, A) = exp [k - R (X, A, 0c,70)] . )
Then, the dechirped signal is given by
S (ke, X, AL 6,)
= exp[—jke - (R(X, A, 0p,7p) = R(X, A, O, 7e))]
=exp (—jk - AR (X, A, 6,,1p)) (6)
where, the instantaneous differential range AR(X, A, 0, 7) is
AR (X, A,0y,1m) = R(X,A,0p,1m) — R(X,A,0c,7¢). (7)

After performing Taylor series expansion at ¢, = 6. and neglect-
ing the second-order and high-order terms, the (7) is rewritten
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as
AR (X, A, 0y, 1)
=ag (X, A, 0c,1p) + a1 (X, A,0,1rp) - Ip+0(Fp) (8)

where, ¥, =0, — 0. is difference azimuth angle variable
and the zero-order term o (X, A, 0c,rp) = R(X, A, 6c,1p) —
R(X,A,0.,1.) contains the range-dependent residual range
curvature and motion errors. In addition, the second term is given
by

a1 (Xa Aa 0Ca /’np)

—rp cos O,
— % (X L AX —AY - .
ROCA Gy tnp) O

where, tan ¢pe = @y / Ype, and

Tpe = Tpsin O (10a)

Ype = 1/ (rpcos be)® — H2. (10b)

From (9), one can see that when AX, AY < r., the one-
order term coefficient a1 (X, A, 6., 7,) can be approximated by
a linear function

ar (X, A, 0, rp) ~ =X - cos .. (11)
In addition, when the condition || < 1 is hold, the impact
on the envelop of Sy (k,, X, A, 6,) bcringing by ao(X, A, 0, 7p)
and the high-order term o(¢,) can be neglected. As a result,
PPFA performs the RCMC by keystone transform algorithm
(KTA) [43], which is equivalent to a variable substitution pro-
cessing

kr + er
Fe

One can see that KTA achieves the slow time scaling transform
with the scaling factor ~j. To simplify, the new slow time vari-
able X still replaced by X after KTA processing. The decoupled
signal in 2-D time domain is given by

ke - X = (ke + ko) - X & X =

X =7 -X. (12)

S (X, A, ¥y, 1p) = sinc (1 — Arpe)
- exp [—jkre (a0 (X, A, 0c,1p) + oy (X, A, 0c,1p)0p)] (13)

where, the Arp,. = r, — r¢is the range difference between target
Pp(7p, 0p) and reference point p (7, f). In the following pro-
cessing of PPFA, the range-dependent range curvature phase and
motion error phase are compensated by the reference function
H 2!

Hy (X, A, 1p) = exp [jkre - 0 (X, A, 0c,7p)] . (14)
After phase compensation, the (13) is rewritten as
Ss (X, AUy, 1)
= sinc (r — Arpe) - exp (—jkrear (X, A,0c,1p) - 9p) . (15)
Moreover, the azimuth angle wavenumber is defined as

ko (X, A1) = ke - a1 (X, A, 0c,1p). (16)
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The (15) rewritten as
S3 (Xa Aa ll9p7 Tp)
= sinc (r — Arpe) - exp [—jkg (X, A, rp) - 9p] . (17)

One can see from (17), S5(X, A, ¥, 1) is a single-frequency
signal with the center frequency ;9—; in the azimuth angle
wavenumber domain. For this reason, the well-focused SAR
imagery can be formed by inverse fast Fourier transform (IFFT)
operation along azimuth angle wavenumber axis. However, the
azimuth angle wavenumber ky(X, A, rp) has the nonuniform
sample interval due to the nonlinear function a1 (X, A, 6.,7p),
precluding well-focused SAR imagery formation. Therefore,
an azimuthal uniform sampling operation for ky(X,A,rp)
is required. For simplify, we refer to the uniformly sampled
ko (X, A, rp) as ky. Based on this, (17) becomes
Ss (kg,Vp) = sinc (r — Arpe) - exp [—jkg - Up] . (18)
After resampling ky(X, A, ) at equal intervals for every
range cell r, the image I(A,d,r) in polar coordinate can be
obtained by IFFT along azimuth angle wavenumber axis, i.e.,

I (A, 19, 1") = IFFT/W [53 (kﬂ, ’L9p)]

= sinc (r — Arpe) - sinc (9 —9) . (19)

From (15)—(19), it is clear that the nonuniform azimuth angle
wavenumber variable ky (X, A, rp) contains three-axis motion
errors, resulting in the defocused SAR imagery. Therefore, the
azimuth resampling operation not only promises a fast azimuth
focusing by IFFT but achieves azimuth-variant MOCO. Com-
pared with conventional subaperture division and frequency
division algorithms, PPFA can perform azimuth-variant MOCO
precisely and efficiently. Since the resampling takes motion
errors as parameters, it is called parametric azimuth resampling.

III. WIDEFIELD PPFA

Section II shows two vital hypotheses in PPFA. First, the
nonsystem range cell migration (NsSRCM) caused by range-
dependent motion errors is ignored before the RCMC. The
second is that the residual range-dependent range curvature is
neglected when correcting range cell walk. These approxima-
tions can always be guaranteed in narrow-field SAR imaging.
However, the severe NsSRCM and range cell curvature will
become nonnegligible for widefield spotlight SAR imaging,
resulting in SAR image degradation. This section proposes a
WPPFA algorithm to achieve high-resolution widefield spotlight
SAR imaging. First, a novel RC-MOCO algorithm is developed
to eliminate the NsSRCM and azimuth phase errors caused by
range-dependent motion errors. Following range walk correc-
tion, an RCC approach is introduced to correct the residual
range curvature. And SFT is embedded into RCC to improve
efficiency. Finally, based on these improvements, the azimuth
wavenumber resampling is used to focus the azimuth signal.
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Fig. 2. Distinctions between OS-MOCO and RC-MOCO.

A. Precise RC-MOCO

From (6)-(8), we can see that the residual zero-order
term (X, A, 0, 7,), including range curvature and range-
dependent motion errors, do not be considered when KTA is
executed. In this section, the range-dependent motion errors are
first considered. We rewrite it as

ao (X, A,0c,1p) = ao (X, 0c,1rp) + dRpe (X, A, 6c,15) (20)
where

ao (X, 60c,1mp) = R(X,0c,7rp) — R(X,0c,7c) 21)

is the residual range curvature term, and
dRpe (X, A, 0c,mp) = dR (X, A, 0c,1p) — dR (X, A, b, 7c)  (22)

is the range-dependent NsSRCM term. One can see that range-
dependent motion errors can be removed by precise interpolation
along range direction in the range-compressed domain.

The RC-MOCO is similar to the one-step MOCO
(OS-MOCO) algorithm [43], [44], [45]. However, the traditional
0OS-MOCO algorithm is derived for stripmap mode, and spot-
light mode has some differences. For clarity, the motion error
geometric models about stripmap and spotlight modes are shown
in Fig. 2.

For stripmap SAR imaging, the line of sight (LOS) direction is
fixed and always parallel to the direction of the scene center line.
As the platform moves, the unirradiated targets enter the beam
while the targets inside the beam gradually move out of the beam.
Usually, range-dependent motion errors are compensated along
the scene center line. As a result, the fixed LOS direction means
that the instantaneous range of the targets at the scene center line
coincides with range-dependent motion errors along the LOS
direction. For the ¢th range-compressed signal, the pseudocode
of the OS-MOCO algorithm for the ith pulse is given by

Sy (X, A9, 1) =
interp [Rn + dRpc (Xi, A, O, 7“), So2 (Xi, A, 9, 7”), Rn}
SO (X,, A, 19, T’) = Sé (X7, A,’l?,’l’) . H3 (X,, A,Gc, T’) (23b)

(23a)

where, I?, is the range axis for range compressed signal.
However, the direction of LOS is a time-variant for spotlight
mode, whereas the direction of the scene center line is fixed.
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The inconsistency between LOS and the scene center line causes
the mismatch between target range and range-dependent motion
errors. As a result, extra range cell rearrangement is needed
before phase errors compensation. The pseudocode of the new
RC-MOCO is given by

Sé = interp| [Rm So (Xi7 A, 19, T) R (Xi7 A, 0., ’I“)] (24a)
Sé = interpl [R (X, 6, 1) + dRp (Xi, A, Oc,7) ..
SH(Xi, A9, 1), R(X;,00,7))] (24b)

SH(X, A9, 1) = S5 (X, A9, 1) - Hy (X3, A, 6c,7) (24c)
SQ (XiaAa’l?ar) = interpl [R (Xiaec;’r)ﬂséaRn] (24d)

where, H3(X;, A, r) is the phase compensation function corre-
sponding to the slant range error, i.e,

Hj3 (X, A0, 7r) = exp [jke - dRpe (X, A, 6c,7)] . (25)

B. Residual RCC

After compensating for range-dependent motion errors, the
residual range curvature becomes the main obstacle on RCMC.
As shown in (20), the residual range curvature exists in the zero-
order term (X, 6, 7). We perform a Taylor expansion on it
and retain its second-order term

Qo (Xv QC,TP) = R(X, gca'rp) - R(X, QC,TC)

cos20, Arpe

~ Arp — S X2 (26)

2 Tp - Te

We can see that the first term is a constant range differ-
ence, and it does not produce range cell migration. The second
term is the range curvature term, which is range-dependent. To
simplify expression and avoid misunderstanding, we simplify
ag(X, A, 6c,1p) as ag, and simplify &o(X,0c,rp) as Go. In
practice, the condition Arpc < r.canbe always met. As aresult,
the range curvature can be given by

cos?0, Arpe
2
2 T2

RC (X, 0c,7p) ~ — - X2 27)

In order to verify the rationality of this hypothesis, the range
curvature approximation error curves with different Ar. are
shown in Fig. 3, respectively. The simulation reference range is
20 km, the squint angle is 20°, and the synthetic aperture length
is about 1.13 km. In practice, the Arp. is generally between
100 m and 3 km, limited by the maximum operating range of
airborne SAR systems. From Fig. 3, one can see that (27) is
precise enough to be suitable for high-resolution and widefield
SAR imaging.

Based on this, the precise range wavenumber domain signal
So(kr, X, A, V,) after KTA processing can be expressed as

Sa (km X, A, ﬁp) = €xp (_jkrATpC) exXp (_jkrcalﬁp)

k2
exXp (‘f Bt
T Tc

where, 1 donates o1 (X, A, 6, rp). The first exponent term is
the range difference, determined by the target range. The second

cos?0,
' 2
278

CArpe - X2> (28)
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Fig. 3. Range curvature approximation error curves with different Arpc.

exponent term is the linear phase term involving the targets’
azimuth angle, which decides the azimuth position of the targets.
The third exponent term is the range curvature term, and we will
introduce a new algorithm to correct it. First, the range curvature
term is rewritten as

SRC (k'r'aXv 007rp)

]{32
= exp < k’ n krc

00520

T (29)

“Arpe - X > .

In practice, the SAR echo signal can always be regarded as a
narrow band signal, and the swath width is often much smaller
than the reference range. In other words, the following inequality
holds:

T

— << 1.

Te c

(30)

Based on these two hypotheses, the (29) can be approximated
as

SRC (kh X7 905 rp)

cos20,

57 3D

A exp [j (ke — kre) - -~ Arpe - XQ}

By combining (26), the (28) can be rewritten as
S (kra X7 Aa ﬂp) = eXp [_jkrc . (540 + Oélqu)]

cos?6,

Compared with (6), we can see that the direction of range
curvature becomes opposite after KTA processing. Based on
(32), we can correct range curvature by a resample operation
along fast time after range inverse Fourier transform. However,
the resample accuracy is constrained by the interpolation kernel
length and computational complexity. We can see from (32) that
the range-dependent range curvature already becomes a linear
function of range difference Ary, after appropriate approxima-
tion. Therefore, the SFT [46], [47], [48] can be utilized to realize
the RCC operation by a time-variant scaling factor v,.(X). It is

exp {—jkr - Arpe <1
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clear that the ~,.(X) can be expressed by
1

cos20,
1 - 2r

¥ (X) = (33)

X2

It is worth noting that the SFT dramatically improves the
efficiency of RCC while maintaining high correction precision.
After RCC, the precise signal expression is given by

52 (Xa Aaﬂpﬂn)

= sinc (r — Arpe) - exp [—jki (G0 + an¥p)]  (34)
and the reference function H> becomes
Hy (X, A7) = exp [k - G0 (X, 0c,7p)] - (35)

After phase compensation by H 5, the (15) is now considered as
the precise signal expression before azimuth focusing, i.e.,

S3 (X, A,0,,7p) = S (X, A, 9, 7). (36)

After the parametric azimuth resampling, the well-focused
image is given by

[(0,r) = IFFT [5*3 (X, A, 0y, 7)

= sinc (r — Arp) - sinc (0 — p) . (37)

For clarity, the block diagram of our proposed algorithm’s is
depicted in Fig. 4.

IV. EXPERIMENTS AND ANALYSIS

This section presents the experiment results of simulated
and real-measured SAR data via the developed algorithm. The
performance of our proposed WPPFA is thoroughly investigated
based on extensive comparison experiments.

A. Experiment With Simulated SAR Data

In this section, the results of simulated widefield spotlight
SAR echo data, processed by our proposed algorithm, are in-
troduced to illustrate the effectiveness of WPPFA. The SAR
echo data are simulated with a point target scene, depicted in
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TABLE I
PARAMETERS OF SIMULATION SAR SYSTEM

Parameter Value || Parameter Value
Carrier frequency 10 GHz Pulse repeat frequency 500 Hz
Band width 810 MHz Azimuth beam width 1.8°

Platform height 3194 m Squint angle 20°
The center range 20.5 km Platform velocity 69.27 m/s
The range samples 16384 The number of pulses 8192

- - datal
data2
~-—-data3

Deviation/m
[\S)

1000 2000 3000 4000 5000 6000 7000 8000
The Index of Pulse

Fig. 6. Three-axis direction deviations.

Fig. 5. It can be seen that the point target scenario is composed
of a five-by-five dot matrix. The size of this scenario is about
2330 m (Range) x 518 m (Azimuth).

Furthermore, a simulation SAR system working at X-band
generates the SAR echo data. Some crucial radar system param-
eters are shown in Table I. According to these parameters, the
nominal range resolution is 0.164 m, and the azimuth resolution
is 0.239 m.

In addition, the trajectory deviations, derived from a real iner-
tial navigation system (INS), are added into the simulated SAR
echo to produce the spatial-variant motion errors. The trajectory
deviations are depicted in Fig. 6. One can see that the trajectory
deviations are severe, and the maximum deviations in the X-, Y-,
and Z-directions are about —2.3, 10.5, and 9.2 m, respectively.
Considering the width of scenario, the radar parameters and the
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severe trajectory deviations, the spatial-variant characteristics of
the motion errors will not be neglected.

In this experiment, the scene center point B is selected as
the imaging reference point. Our proposed WPPFA is utilized
to image the simulated SAR echo. We also use PPFA and PFA
to process the same SAR data to compare the superiority. The
images produced by the three algorithms are shown in Fig. 7.
We can see that our proposed algorithm achieves well-focused
images of all the points. As reference point B, the edge points
are also sharply focused. Their main-lobes have almost no
spreading, and the distortion of the side-lobes is also acceptable.
Howeyver, for the result of PPFA, one can see that the main-lobes
in the range direction are significantly diffusing due to residual
range curvature, especially for those edge points. PFA result
shows that only reference point B is well-focused, whereas the
other point targets are distinctly defocusing due to spatial-variant
motion errors. Clearly, our proposed algorithm achieves the best
imaging result, owing to the developed RC-MOCO and RCC
approaches. For this reason, we will introduce the RCMC and
azimuth-focused results to illustrate these improvements in the
following deeply.

The RCMC results of the three different point targets, i.e.,
points A, B, and C in Fig. 7, obtained through the three algo-
rithms are shown in Fig. 8(a)—(c). One can see that WPPFA
achieves excellent RCMC results. Both reference point B and
the edge points have straight envelopes, and the signal’s energy
is concentrated onto the same slant range cell. These results
indicate that our proposed algorithm can completely remove
NsRCM and correct residual range curvature precisely. How-
ever, for PPFA, the residual range curvature is visible, which is
the leading cause of the undesired range cell migration. More-
over, the signal envelope spreads into multiple nearby range
cells due to the combined impact of residual range curvature
and motion errors. For PFA, range-dependent motion errors
are the primary impediment to obtaining good RCMC results.
As a result, the NsRCM is significant, and the signal envelope
disperses into several neighboring range cells.

In addition, to illustrate the MOCO performance, we also
present the profiles of different points” azimuth impulse response
functions produced by the three algorithms in Fig. 9(a)—(c). One
can see that our proposed algorithm achieves the best-focused
results for all three points. The focused results of points A
and C are comparable to that of reference point B, indicating
the developed RC-MOCO and RCC enable WPPFA to achieve
well-focused widefield SAR imaging with spatial-variant mo-
tion errors. However, the results of points A and C formed by
PPFA and PFA are significant defocusing. On the one hand,
NsRCM and range curvature shorten the effective synthetic
aperture length resulting in the main-lobe widening. On the
other hand, spatial-variant motion errors degrade the azimuth
focusing, causing side-lobe distortion.

We also calculate the impulse response width (IRW), peak
side-lobe ratio (PSLR), and integrated side-lobe ratio (ISLR)
of these impulse response functions to assess the compensation
performance of the three algorithms quantitatively. The IRW,
PSLR, and ISLR are listed in Tables II, III, and IV, respec-
tively. According to Table II, it can be seen that the IRWs of
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Fig. 7. Point target imaging results formated by different algorithms. (a) WPPFA. (b) PPFA. (c) PFA.
The RCMC Res The RCMC Res The RCMC Res: TABLE III
PSLR OF DIFFERENT POINTS PROCESSED BY ALL THE ALGORITHMS
algorithm
N WPPFA  PPFA PFA
Point
' Point A (dB) -16.0620 -13.1708  -2.6638
pan —— Point B (dB) -13.2694 -13.2693 -13.2787
Point C (dB) -14.5375 -15.6606 -1.2218
TABLE IV
ISLR OF DIFFERENT POINTS PROCESSED BY ALL THE ALGORITHMS
algorithm
. WPPFA PPFA PFA
Point
Point A (dB) -12.1842  -15.2300 3.2456
Point B (dB) -10.1921 -10.1921 -10.2281
Point C (dB) -13.2953 -16.4727 1.7646
. . . TABLE V
Fig.8. RCMCresults formated by different algorithms. (a) WPPFA. (b) PPFA. PARAMETERS OF REAL SAR SYSTEM
(c) PFA.
Parameter Value || Parameter Value
At Repone of o 1 Carrier frequency 9.6 GHz Pulse repeat frequency 533 Hz
Band width 480 MHz Azimuth beam width 2.3 deg
o Platform height 7534 m Squint angle 0.25 deg
fa The center range 24.4 km Platform velocity 154 m/s
ERY The range samples 16384 The number of pulses 8192

(@ (b)

Fig.9. Azimuthimpulse response functions processed by different algorithms.
(a) Azimuth response of point A. (b) Azimuth response of point B. (¢) Azimuth
response of point C.

TABLE II
IRW OF DIFFERENT POINTS PROCESSED BY ALL THE ALGORITHMS

. Algorithm |\ boes  PPEA PFA
Point
Point A (m) 02601 04518  0.5921
Point B (m) 02438 02438  0.2444
Point C (m) 02640  0.4051  0.7453

the WPPFA are almost the same as the simulation azimuthal
resolution, which means the three points are all well-focused.
However, the other algorithms have some degree of defocusing.
In Tables III and IV, WPPFA maintains the lowest level of
the PSLR and ISLR than other algorithms, indicating that the
proposed WPPFA algorithm achieves excellent widefield SAR
imaging results.

B. Experiment With Real-Measured SAR Data

In this section, we will apply our proposed algorithm to real-
measured widefield SAR echo data, and the experiment results
are introduced to investigate the WPPFA’s imaging performance.
This SAR data are recorded by an airborne SAR system mounted
on an unmanned aerial vehicle. Some key radar system param-
eters are listed in the Table. V. According to these parameters,
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Fig. 10.  Full-image results formated by different algorithms. (a) WPPFA. (b) PPFA. (c) PFA.
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Fig. 11.  Three-axis motion errors in real-measured SAR data.

the system achieves a range resolution of about 0.27 m with a
480 MHz signal bandwidth and an azimuth resolution of roughly
0.16 m with a synthetic aperture of about 2.37 km. It can be
considered a high-resolution and widefield SAR system due to
a swath width of about 4.48 km.

The trajectory deviations are depicted in Fig. 11. The raw
trajectory deviation data are collected by an INS mounted on
the platform. One can see that the deviation along the vertical
track direction is serious, which reaches about —3.2 m in the
Y-direction, indicating that the range-dependent characteristic
of motion errors cannot be ignored.

The proposed WPPFA algorithm is used to process the SAR
echo data to achieve high-resolution and widefield SAR imag-
ing. Then, PPFA and PFA are also used to image the same SAR
echo. The images formed by the three algorithms are exhibited
in Fig. 10. Fig. 10(a) shows that the image achieved by our
proposed algorithm is focused with high quality. One can note
the roads, villages, and wild scenes are clearly distinguished and
well-focused with high contrast. However, the result processed
by PPFA has some degree of defocusing, primarily in the scene
edge. Furthermore, we can see that the result processed by PFA
is seriously blurred and distorted in geometry due to range-
dependent motion errors, particularly in the near-and far-range
regions.

For the sake of clarity, the local scenes, highlighted in Fig. 10
by rectangles, are amplified in Fig. 12. We can see from Fig. 12
that our proposed WPPFA produces the best-focused results. The
image contrast is high, and the edges of buildings and roads are

Fig. 12. RCMC results formated by different algorithms. (a) Scene A.
(b) Scene B.
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Fig. 13. RCMC results formated by different algorithms. (a) WPPFA.
(b) PPFA. (c) PFA.

visible. However, the results of PPFA show that the side-lobe
levels are higher in the range direction, and the main-lobes
of dominant points are significantly widening. Moreover, the
results formed by PFA are noticeably defocusing. Besides, from
the entropy values marked in the upper left corner of these
images, we can also notice that our proposed WPPFA achieves
the best imaging results.

The RCMC results of two isolated point-like targets, A and
B, processed by different algorithms, are displayed in Fig. 13.
Fig. 13(a) shows that envelopes of signals processed by WPPFA
are straight and smooth, meaning that the developed RC-MOCO
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and RCC algorithms entirely remove NsSRCM and residual range
curvature. However, the residual range curvature severely affects
PPFA’s RCMC results. One can see that the signal’s envelope
spreads into multiple nearby range cells. Furthermore, the results
of PFA are similar to that of WPPFA. But, compared to WPPFA,
the range side-lobes are more prominent, indicating that the
minor high-order NsSRCM remains.

Furthermore, these two targets’ azimuth impulse response
functions are enlarged in Fig. 14. We can see that WPPFA indeed
achieves better-focused results than other algorithms, as evi-
denced by narrower main-lobes and lower side-lobes. However,
the resolution of PPFA’s results is obviously degraded because
the residual range curvature shortens the effective synthetic
aperture length. The PFA’s results are significantly defocused
because the spatial-variant motion errors substantially impact
the scene edge points.

V. CONCLUSION

This article develops a novel PPFA for high-resolution and
widefield spotlight SAR imaging. First, the precise RC-MOCO
approach is introduced, and the distinctions between RC-MOCO
and OS-MOCO are thoroughly investigated. Based on this,
an interpolation-based approach is presented to compensate
precisely for the range-dependent motion errors. Following,
the residual range curvature after range walk correction is
derived, and a high-efficiency RCC is implemented using
the SFT with the specific parameter. Finally, based on the
above improvements, the azimuth-dependent phase errors
are uniformly adjusted via parametric interpolation along the
azimuth angle wavenumber axis. Finally, extensive simulated
and real-measured SAR data experiments validate the proposal’s
superiority.
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