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Abstract

For the processing of highly squinted synthetic aperture radar (SAR) echo signals,
three key challenges need to be considered: rectifying the nonzero Doppler centroid,
compensating for azimuthal side-lobe defocusing (ASLD), and correcting the range cell
migration (RCM). To address these three problems, we developed a reliable improved
fourth-order spectral analysis (SPECAN) algorithm for highly squinted SAR imaging

in this study. First, we present a fourth-order phase model (FoPM) that is more suit-
able for the highly squinted SAR system through a theoretical analysis. Second, based
on the FoPM, we derive an improved fourth-order SPECAN algorithm in detail. In this
derivation, the nonzero Doppler centroid, the ASLD, and the RCM caused by the high
squint angle are corrected. Moreover, the whole simulation procedure of the improved
algorithm only contains fast Fourier transform and complex multiplication, so the pro-
posed algorithm can efficiently process highly squinted SAR echoes. Furthermore,

the results of a comparison with the traditional SPECAN algorithm show the better
performance of the proposed algorithm.

Keywords: SPECAN algorithm, Synthetic aperture radar, Highly squinted

1 Introduction

Because of its capability to provide two-dimensional high-resolution images of a scene
of interest in all weather, all day, and all night, synthetic aperture radar (SAR) has been
widely used as a powerful remote sensing tool in both the military and civilian fields [1,
2]. For further applications, SAR systems are increasingly being mounted on maneuver-
ing platforms [3—10] for disaster monitoring, terrain detection, etc. Compared with the
general side-look SAR, a squinted SAR works in a high-squint mode to obtain a period
of turning time. To improve the ability of a highly squinted SAR for the detection and
recognition of targets, a reliable method for processing the received echo signals is
necessary.

Many imaging algorithms have been proposed for processing low squinted SAR ech-
oes. The range Doppler algorithm is a common basic imaging algorithm, but it needs an
interpolation operation and can handle only about a squint angle less than 10°, so it can-
not meet the requirements of highly squinted SAR imaging [11]. The chirp scaling (CS)
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algorithm [12] is well-known in the study of squinted SAR imaging: It firstly removes the
range walk in time domain, and then the unified range cell migration correction (RCMC)
is accurately performed by the CS operation. However, the CS algorithm does not con-
sider the effect of high-order range curvature in the azimuth direction. Thus, with the
increase in squint angle, it is unable to obtain a well-focused SAR image. The nonlinear
CS algorithm [13] and its improved algorithm [14, 15] can be used to deal with highly
squinted echoes, but they both have high computational complexity and low computa-
tional efficiency. The spectral analysis (SPECAN) algorithm [16, 17] is highly efficient,
but only corrects the public linear parts of range cell migration (RCM). When applied to
highly squinted SAR imaging, the approximation error of the azimuth phase increases
with the squint angle. As a result, an SAR image with low accuracy in highly squinted
cases is produced, so it is mostly used in medium or low squint cases.

To simulate highly squinted SAR images, three main problems must be solved: First,
the nonzero Doppler centroid leads to Doppler ambiguity. Second, high-order phase
errors need to be considered; otherwise, azimuthal side-lobe defocusing (ASLD) will
occur. Third, the serious coupling between the azimuth and range directions results in a
spatial-variant RCM. Considering the above three problems, further research is required
on the highly squinted SAR imaging algorithm. Consequently, based on the previous
studies, we constructed an improved SPECAN algorithm that extends the azimuth phase
of the echo signal to the fourth order to process highly squinted SAR echo data. The pro-
posed model not only removes the impact of squint angle on ASLD, but also mitigates
the significant spatial-variant RCM. That is, together with the improved SPECAN algo-
rithm, the highly squinted SAR echo can be processed to produce a well-focused SAR
image.

We further used the proposed algorithm used to process an SAR echo from a complex
target. To generate a highly squinted SAR echo of targets, the key point is the accurate
estimation of the scattering properties of targets. We used the geometrical optics and
physical optics (GO-PO) hybrid method [18-20] to analyze the electromagnetic scatter-
ing from targets because of its high efficiency and accuracy.

The remainder of this paper is organized as follows: Section 2 presents a brief descrip-
tion of the imaging geometry in highly squinted SAR, and the impacts of squint angle
on azimuth phase error are analyzed. Section 3 provides a detailed derivation of the
improved SPECAN algorithm. Then, the validity of the proposed algorithm is demon-
strated through a comparison with the traditional SPECAN method in Sec. 4. In addi-
tion, we applied the algorithm to simulate the highly squinted SAR image of an airplane
target and a composite ship-ocean scene to further verify its effectiveness. Some conclu-
sions are provided in Sec. 5.

2 Highly squinted SAR geometry and phase error analysis

2.1 Highly squinted geometry and signal model

Due to the high speed of a SAR platform, the nonlinear motion of a SAR can be
approximated as a linear motion in a relatively short period of time. As illustrated in
Fig. 1a, suppose an SAR is flying at a constant speed v at a height H along the positive
y-axis. During data acquisition, the SAR beam illuminates the target of interest with a
squint angle of ;. In Fig. 1, Ry denotes the vertical distance between the scene center
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(a) (b)
Fig. 1 Imaging geometry: (@) geometrical model of highly squinted SAR imaging; (b) the slant-range plane
of (a)

point P and the flight path. At azimuth time £, = 0, the slant range between the beam
center and the point P is R.. Figure 1b depicts the slant-range plane of Fig. 1a. Then,
the expression of the instantaneous slant range R(¢,) between the SAR platform and
the point P at t, is:

R(t) = \/ ) + R — 2Rvty sin ), W

Assuming that a linear frequency modulation signal is transmitted by the SAR with
a central frequency of f;, the received echo signal S(,, ¢;) from an arbitrary target is:

R(ta)

Ss(tar tr) = wa(ta)wy |:tr -2 }U(ei: 0a)

2 2)
- exp [—jlmfcR(Cta)} exp [jnl(r (tr — 2R(Cta)> ]

where w,(t,) and wy(¢;) are the azimuth and range envelops, respectively; ¢ is the range

time; c is the speed of light; o (6;, 6,) is the backscattering coefficient with incident angle
6; and azimuth angle 6,; j = +/—1 is the imaginary unit; and K is the range chirp rate.

2.2 Phase error analysis
Equation (1) can be rewritten as Eq. (3) by the Taylor series expansion with respect to
t, = 0:

R(ta) = Re + N1 (Rta + 1aRE + v3(RES + ya(R)ty + - -+
ot 2 3)
= Re = Hacy — Hary + 13RI + Rty + -+
where the linear term is called the linear range walk (LRW), the quadratic term and
other higher-order terms are called the range curvature. The LRW and range curvature
together constitute the total RCM. y1 (R¢), Y2(Rc), ¥3(Rc), and ya(R.) are the coefficient of
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Fig. 2 Variation in phase error with squint angle
Table 1 Simulation parameters
Parameter Value
Squint angle 80°
Radar platform speed 1020 m/s
Carrier frequency 15 GHz
Transmitted bandwidth 80 MHz
Pulse width 2 us
Height 3000 m
Antenna size 3m

each term. The second row in Eq. (3) shows that the instantaneous slant range is related
to the Doppler centroid f3. and Doppler rate fy, [21, 22], where /lzj% is the center
wavelength.

According to Eq. (2), the azimuth phase of the echo signal is:

R(ta)

C

(4)

$a = —47fc

Then, by substituting Eq. (3) into (4), the cubic phase ¢3, and the quartic phase ¢4, can

be expressed as:

[Re + 71 (R ta+72(R)2+y3(R:) 2] (5)
C

P32 = _47ch

va(Re) t;; ©)
(¢)

Paa = P3a — 4TS¢

Together with Egs. (4), (5), and (6), the cubic and quartic phase errors are, respectively:

Aq)Baz |¢a - ¢3a| (7)

Aq)4a: |¢a - ¢4a| (8)
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Figure 2 shows the simulation results of the cubic and quartic phase errors for squint
angles from 0° to 80°, and the SAR parameters are listed in Table 1. From the simula-
tion result, we found that in side-looking or low-squint mode, the cubic phase error is
low; namely, the fourth-order and higher-order terms have little impact on the imaging
results. However, when the squint angle is larger than 40°, the cubic phase error sub-
stantially increases with increasing squint angle. That is, the Taylor series expansion of
Eq. (1) up to the cubic term is no longer applicable for highly squinted SAR imaging;
however, Taylor series expansion (1) up to the quartic term, namely, the fourth-order
phase model (FoPM), should be considered to increase the accuracy of the algorithm in

the final focusing.

3 Improved SPECAN imaging algorithm

The flowchart of the imaging algorithm is shown in Fig. 3. The left part is the traditional
SPECAN algorithm, where Hrc, HLrwc, and Hac represent the range compression (RC)
function, the linear range walk correction (LRWC) function, and the azimuth compres-
sion (AC) function, respectively. The related details were previously reported [16]. The
procedure of the improved imaging algorithm is shown in the right part of Fig. 3, which
mainly includes Doppler centroid, ASLD correction, and range processing. Each step is
discussed in detail below.

3.1 Preprocessing
In squinted SAR processing, the squint angle causes a nonzero Doppler centroid [23—
25]. To remove the effect of the squint angle, the Doppler center should first be shifted.

Raw data
——
Doppler shift Preprocessing
Azimuth side-lobe . .
- . Azimuth processing:
Range FFT defocusing correcton
H RC
H LRWC Hyo+tH e
[Range IFFT] [Azimuth FFT]
Range processing
H AC H SRC
Azimuth FFT Cubic phase
compemsation
«—H
Range IFFT
|
Traditional Improved
SPECAN algorithm SPECAN algorithm

Focused image

Fig. 3 Comparison of the traditional and improved SPECAN algorithms
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3.2 Azimuth processing
In azimuth processing, we adopted the FoPM for the azimuth phase to eliminate the
ASLD phenomenon. The fourth-order ASLD correction function is

[11 (R ta 4712 (ROE2A+Y3 (R 3+ 74 (Re) £ ] } o

HasLpc = exp {]’471}2 c
Then, the fourth-order ASLD correction function is multiplied by the preprocessed echo
data. Up to now, the Doppler spectrum was shifted to its own Doppler center, and the
ASLD phenomenon was eliminated as well.

3.3 Range processing
This subsection describes how the range-focusing problem of highly squinted echo sig-
nals can be solved using the following three steps.

3.3.1 Range compression
By applying the range fast Fourier transform (FFT) to transform the echo signal into the
range frequency domain, the signal becomes

2
Ss (ta,fr) = Ao (6;,0,) exp <_]n]13) exp [—]471 (fr +fc> R(Cta) (10)

where f; is the range frequency. A is the constant term and the weighted factors unre-
lated to the imaging algorithm processing.

Observing (10), the RC can be completed by multiplying (10) with the following RC
function:

f2
Hrc=e il
RC = €xp <J Kr> (11)

For further convenient analysis, we analyzed the impact of squint angle varying from 0° to
80° on LRW R, and range curvature Rqurve based on Eq. (3) and Table 1, which are shown
in Fig. 4a, b. For a side-looking SAR with a squint angle of zero, the range walk is zero. In
this case, the total RCM only contains the range curvature. However, for a squint SAR, due
to the squint angle, the total RCM only contains the component of range curvature, but

80
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Fig. 4 Simulation results for different squint angles: a LRW R4k, b range curvature Reyne. € The ratio of LRW
to range curvature Ryaik/Reurve
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also the component of range walk. To quantitatively analyze the ratio of LRW to range cur-
vature %, Fig. 4c depicts the simulation results and the system parameters are shown in
Table 1. The ratio increases with the squint angle. Furthermore, for a higher squint angle,
the LRW component becomes the dominant part of the total RCM, but the range curvature
is extremely small. Accordingly, the LRWC operation is particularly important in the entire
RCMC for the highly squinted SAR. Once the LRW is removed, only a small amount of
range curvature remains, which is much easier to correct.

3.3.2 Linear range walk correction
According to the above analysis, substituting Egs. (3) into (10), the corresponding LRW

removal function is:

. Re)
Hirwc = exp {}4”(19 +/e) s ta} (12)
The echo data after the LRWC are expressed as:
, R (ta)
Ss(tafr) = Ao (6;,6,) exp {—}471 (f +12) C“ } (13)

where R'(t,) = Rc + yz(Rc)tf + 3 (Rc)tf + y4(Rc)t§. Up to now, the LRW was removed,
which considerably mitigated the cross-coupling between the range and azimuth
directions.

3.3.3 Secondary range compression and range curvature correction
Then, transforming Eq. (13) into the 2D frequency domain by azimuth FFT with the princi-
ple of stationary phase (POSP), we obtain

Ss (tﬂ)ﬁ') = AG(@i,Qa) - exp {—]W}

cexpd = TR 2
2v2 cos? s (fy + fo ) *

14

. 7 R.c? sin 6, 3 (14)

-exp{ —j p 3/a
4v3 cos* s (f, + f2)

7R3 (5sin?6; — 1
exp | TR Gein b =) g
32v% cos® 0 (fy + f2)

Then, we can expand it into a Taylor series with respect to f;, it is:

SS (fa;ﬁ) = Ao (91, Qa)

cexp {j[@0(h) + 81 (6)f + 92 (A2 + g3 ()2 + -] } (15)

where ¢o(fa), 1(fa), ¢2(fa), and ¢3(fa) are the respective coefficients of each expansion
term; the second term is the range curvature term; and the third term is the quadratic
function of f. The range and azimuth directions are strongly coupled, which substan-
tially complicates the processing of squint SAR echoes [26]. To remove this effect, the

Page 7 of 14
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secondary range compression (SRC) operation should be implemented. Due to the high
squint angle, the influence of cubic phase term in (15) cannot be ignored; otherwise, it
will result in an asymmetrical side lobe in the range direction. Hence, before the RCC
operation, a precise compensation for the SRC and the cubic phase term must be per-
formed. The corresponding compensation factor is described by:

Hsrct-Cubic+RCC = €Xp {—j {¢1 (F)fe + b2 () + 3 (fa)ﬂ?’} } (16)

Multiplying (15) with (16) and the final focused SAR images can be obtained by inverse
FFT in the range direction.

4 Simulation experiments and discussions

To validate the effectiveness and feasibility of the proposed algorithm on processing
highly squinted SAR echoes, we conducted some simulation experiments with a squint
angle of 80°. All the simulation parameters were the same as those listed in Table 1.

4.1 Simulation of point targets

Figure 5 depicts the geometrical distribution of point target positions, where A is the
near point, B is the scene center point, and C is the far point. In this simulation, we
assumed the backscattering coefficients of the three points were 1.

The focused SAR images of targets A, B, and C are shown in Fig. 6. We obtained the
images shown in Fig. 6a, b using the traditional [16] and improved SPECAN algorithms,
respectively. A comparison of the images in Fig. 6a, b shows that an ideal symmetrical
cross-shape is presented in each figure in Fig. 6b, whereas the images in Fig. 6a show
asymmetry in the azimuth direction. A comparison of the results further shows that the
traditional imaging algorithm cannot achieve satisfactory imaging results with a higher
squint angle. In addition, for a longer distance, SAR images are still focused well in
Fig. 6b, which indicates that the spatial-variant RCM was well-corrected. The simulation
results showed that the proposed method performs better than the traditional method
in processing highly squinted SAR echoes.

To further verify the advantages provided by the improved SPECAN algorithm, we
depict the results of the comparison of the profiles from the center of the simulated

100 |
— 50
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S 0 o0
c
&
-50
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L2 | | .
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Fig. 5 Geometrical distribution of target positions
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point A, B, and C, respectively: a azimuthal profile. b Range profile

images in different directions by the traditional and improved SPECAN algorithm in
Fig.7. Figure 7a, b depicts the azimuthal profiles and the range profiles, respectively. The
azimuthal side lobe obtained by the traditional SPECAN algorithm is asymmetrical due
to the inaccurate azimuthal spectrum. In contrast, when using the improved SPECAN
algorithm, the ASLD is eliminated based on the accurate FOPM. Likewise, the magni-
tudes of azimuth slices indicate that these point targets are well-focused.
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We adopted the peak side-lobe ratio (PSLR) as the criterion to evaluate the perfor-
mance of the improved algorithm. The PSLR values corresponding to the six images in
Fig. 7 are listed in Table 2. The PSLR values in azimuth direction generated with the
improved method are much lower than those obtained with the original SPECAN
method. The numerical results indicate that the PSLRs of the point targets in both the
azimuth and range directions obtained by the improved algorithm all meet the require-
ments of SAR systems [27]. Together with the above comparison results, we found that
the improved SPECAN algorithm can substantially improve the azimuthal side-lobe
characteristics of SAR imaging results compared with those of the traditional SPECAN
algorithm at higher squint angles.

4.2 SARimage simulation of targets

We further verified the performance of the proposed algorithm by simulating SAR
images of a complex airplane target and a composite ship-ocean scene. SAR echo of the
airplane target and the composite ship-ocean scene were generated based on Equation
(2). The main procedures can be summarized as below.

Step 1 Divided the SAR imaging scene into triangle patches.

Step 2 For an azimuth sampling time, calculate the radar cross sections of each patch
based on the electromagnetic scattering model. In this study, we adopted the geometri-
cal optics and physical optics (GO-PO) method [19] to calculate the scattering coeffi-
cients of the airplane, and the combination of the facet-based asymptotical model [28]
and GO-PO method to calculate the RCS of each facet.

Step 3 For an azimuth sampling time, calculate the radar echo based on Eq. (2).

Step 4 Repeat the above two step to generate SAR echo for each azimuth sampling
time.

Step 5 Apply the proposed improved SPECAN method to the echo to obtain focused
SAR image.

4.2.1 SARimaging simulation of a complex airplane target

For further application, we simulated the highly squinted SAR image of an airplane
shown in Fig. 8 using the improved SPECAN algorithm under a squint angle of 80°.
Figure 8a displays the geometrical model of an airplane. In this simulation, the SAR
platform worked in VV mode and flied along the positive y direction; the simulation
parameters were the same as those listed in Table 1.

Table 2 PSLR of three point targets

Squint angle (°) Target Traditional SPECAN algorithm Improved SPECAN
algorithm
PSLR (dB) PSLR (dB)
Azimuth Range Azimuth Range
80 A —744 —1342 —13.50 —13.27
B —743 —1341 —1347 —13.25
C —534 —13.27 —13.38 —13.23
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Fig. 8 SARimaging simulation of an airplane: a geometrical model of an airplane. b SAR image of the
airplane produced by the traditional SPECAN algorithm. ¢ SAR image of the airplane produced by the
improved SPECAN algorithms

(@) (b)

Fig. 9 SARimaging simulation of an airplane: a The radar central frequency is 5 GHz. b The radar bandwidth
is changed to 40 MHz

Figure 8b, ¢ depicts the SAR images of a complex airplane target simulated using
the traditional and improved SPECAN algorithms, respectively. We normalized
the intensity of the SAR image with its maximum value. The defocus phenomenon
appears in Fig. 8b, while it disappears in Fig. 8¢, showing that the improved SPECAN
algorithm produces higher-quality results when dealing with highly squinted SAR
echoes. In addition, from the SAR image simulated by the improved algorithm, we
observed that the plane body, the wings, and the empennage were clearly displayed.
Additionally, even in high-squint mode, the simulated SAR image clearly shows the
geometry structure of the airplane target.

Moreover, we changed the radar frequency and the bandwidth to further show the
good performance of the proposed method under different conditions. In Fig. 9a,
the radar central frequency is changed to 5GHz, while other parameters remain. It is
seen that the plane body, the wings, and the empennage were still clearly displayed.
However, the strong scattering centers are not the same with that in Fig. 8b, which
was caused by the different frequency. In Fig. 9b, the radar bandwidth is changed to
40MHz; the resolution decreases compared with Fig. 8b.

Furthermore, the signal-to-noise ratio (SNR) is considered. The amplitude of SAR
echo is shown in Fig. 10a with a SNR of 15dB; the corresponding SAR image is shown
in Fig. 10b. The simulation parameters are the same with Fig. 8. The simulation results
indicate the good performance of the proposed method in real case.
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Fig. 10 a SAR echo amplitude. b SAR image of the airplane with a SNR of 15 dB

(@) (b) ()

Fig. 11 SARimaging simulation of a composite ship-ocean scene: a geometrical model of the scene. b SAR
image without noise. ¢ SAR image with a SNR of 15 dB

4.2.2 SARimaging simulation of a composite ship-ocean scene
In this section, we simulated the highly squinted SAR image of a composite ship-ocean
scene in Fig. 11 using the improved SPECAN algorithm under a squint angle of 80°. Fig-
ure 11a is the geometrical model of the composite ship-ocean scene. The simulated SAR
images are illustrated in Fig. 11b, ¢, there was no noise for Fig. 11b, and the SNR is set as
15 dB for Fig. 11c. Other parameters are shown in Table 1.

From the simulated SAR images, we can see the well-focused ship target. However, the
ocean disappears in SAR images. The reason is that for a large incidence angle, the radar
echo is much weaker than that of the ship target.

5 Conclusions

In this study, we constructed an improved fourth-order SPECAN algorithm for process-
ing highly squinted SAR echoes. Compared with the traditional SPECAN algorithm,
the high-order terms of the range equation are maintained in FoPM, which is helpful
for solving problems including ASLD and spatial-variant RCM in high-squint mode.
In addition, the efficiency of the proposed method is high because the procedures of
the improved SPECAN algorithm only involve FFT and complex multiplication. On
this basis, we conducted some simulation experiments to test the performance of the
improved SPECAN algorithm, and the imaging results demonstrated that the proposed
method performs better than the original imaging algorithm. Additionally, through the
simulated SAR images of a complex airplane target and a composite ship-ocean scene,
we further verified the ability of the improved SPECAN algorithm to simulate and



Fan et al. EURASIP Journal on Advances in Signal Processing ~ (2024) 2024:39 Page 13 of 14

analyze highly squinted SAR images. All the numerical analyses showed that the pro-
posed algorithm is of theoretical interest and relevant to applications in target identifica-
tion and detection. In the future, we will carry out airborne flight experiments to further
verify and optimize the SAR echo processing method.
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