The

University
o Of
#w  Sheffield.

This is a repository copy of An imaging algorithm for spaceborne high-squint L-band SAR
based on time-domain rotation.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/154978/

Version: Accepted Version

Article:

Sun, L., Yu, Z,, Li, C. et al. (3 more authors) (2019) An imaging algorithm for spaceborne
high-squint L-band SAR based on time-domain rotation. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing, 12 (12). pp. 5289-5299. ISSN 1939-
1404

https://doi.org/10.1109/jstars.2019.2953836

© 2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other users, including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers
or lists, or reuse of any copyrighted components of this work in other works. Reproduced

in accordance with the publisher's self-archiving policy.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

An Imaging Algorithm for Spaceborne High-squint
L-band SAR Based on Time-domain Rotation

Liwei Sun, Ze Yu, Member, IEEE, Chunsheng Li, Wei Liu, Senior Member, IEEE, Shusen Wang, and
Jiwen Geng

Abstract—For spaceborne high-squint L-band synthetic aperture
radar (SAR), the long wavelength and high-squint angle result in
strong coupling between the range and azimuth directions. In
conventional imaging algorithms, linear range walk correction
(LRWC) is commonly used to correct linear range cell migration
(LRCM), which dominates the coupling effect. However, LRWC
introduces spatial variation in the azimuth direction, limits the
depth-of-azimuth-focus (DOAF) and affects the imaging quality.
This paper constructs a polynomial range model and develops a
modified Omega-k algorithm to achieve spaceborne high-squint L-
band SAR imaging. The key to this algorithm is to rotate the two-
dimensional data after LRWC in the time domain by a proposed
time-rotation (TR) operation that eliminates the DOAF degradation
caused by LRWC. The proposed algorithm, which is composed of
LRWC, bulk compression, TR and modified Stolt interpolation,
achieves well-focused results with a one-meter resolution for a swath
of 4 km X 4 km at a squint angle of 45 degrees.

Index Terms—high-squint imaging, linear range walk
correction (LRWC), Omega-k algorithm, synthetic aperture radar
(SAR).

[. INTRODUCTION

YNTHETIC aperture radar (SAR) provides high azimuth

resolution by exploiting the relative motion between the
moving radar and its targets [1]. Due to range variations
between the SAR and its target, the return echo from the target
usually crosses over several range bins, an effect called range
cell migration (RCM) [2], [3]. To accomplish azimuth focusing,
RCM must be corrected to concentrate the echo energy into a
single range bin. For spaceborne high-squint high-resolution L-
band SAR, the high altitude, large squint angle, high resolution,
and long wavelength result in serious coupling between the
range and azimuth directions and make it necessary for the
range history to be fitted by a high-order polynomial, which
complicates RCM correction and SAR imaging [4]-[7].

The linear RCM (LRCM) is the dominant component in RCM
for squint imaging, and it increases with the squint angle [8],
[9]. To achieve more efficient and accurate imaging, LRCM is
usually removed before correcting other parts of the RCM.
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Linear range walk correction (LRWC) is a commonly used
method and it removes LRCM by phase compensation in the
range-frequency azimuth-time domain [10]-[12]. However,
LRWC leads to spatial variations in the azimuth direction, i.e.,
azimuth dependence, which indicates that targets in the same
range bin have different Doppler frequency modulation rates
[13]. Usually, an azimuth filter is designed to focus on a reference
point in the swath. Due to azimuth dependence, the farther away
an area is from the reference point in the azimuth direction, the
greater the defocusing effect is. Therefore, the depth-of-azimuth-
focus (DOAF), which refers to the azimuth distance from the
reference point within which focus is considered acceptable, is
limited by LRWC [14], [15].

An et al. presented an extended nonlinear chirp scaling
algorithm based on a third-order polynomial model for X-band
SAR. After LRWC, azimuth nonlinear chirp scaling is used to
equalize the Doppler frequency modulation rate, alleviate the
azimuth dependence, and extend the DOAF from 50 m to 5 km
[16]. Sun ef al. developed a modified range migration algorithm
based on a fourth-order range model for squint sliding spotlight
X-band SAR. In the first part of the algorithm, LRWC is used to
correct the LRCM to facilitate subsequent operations, including
deramping, azimuth resampling and phase compensation. In the
second part, an inverse LRWC operation is applied to remove
azimuth dependence [17]. Li et al. proposed an imaging approach
for squint Ku-band SAR, in which cross-line-of-sight resampling
in the wavenumber domain is used to correct the LRCM, and the
imaging result is achieved by compensating for the first- and
second-order phases [18]. However, compared with the above
SAR systems, the aperture time of spaceborne high-squint L-
band SAR is much longer, which causes the RCM to be larger
and more complicated. Therefore, a more advanced imaging
approach that can extends the DOAF under a higher-order phase
condition needs to be developed.

This paper develops a modified Omega-k algorithm for
spaceborne high-squint high-resolution L-band SAR that
achieves a one-meter resolution for a swath of 4 km x 4 km at a
squint angle of 45 degrees. The key to this algorithm is to rotate
the two-dimensional data in the time domain by a proposed time-
rotation (TR) operation after LRWC and bulk compression. This
operation significantly improves the DOAF. Then, a modified
Stolt interpolation operation is used to create the imaging results.

The remainder of this paper is structured as follows. In Section
I1, the echo of spaceborne high-squint L-band SAR is formulated
based on a polynomial range model. In Section III, LRWC is
introduced, and the DOAF degradation is analyzed. To improve
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the DOAF, Section IV proposes the TR operation. Based on the
TR operation, a modified Omega-k algorithm is developed in
Section V. Simulation results are presented and analyzed in
Sections VI. Finally, Section VII concludes the paper.

II. ECHO MODEL OF SPACEBORNE HIGH-SQUINT
L-BAND SAR

The observation geometry of spaceborne squint SAR is
illustrated in Fig. 1, where the origin of the coordinate system
is located at the scene center Prr, and the X, Y, and Z axes
represent the azimuth, range and geocentric directions,
respectively.

Spaceborne SAR Milc trajectory
/x R

orRoar (17)
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zero-Doppler
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Fig. 1. Illustrations of the observation geometry (a) and the observed scene (b).
P.ris the origin of the coordinate system, located at the scene center; X, ¥, and
Z axes represent the azimuth, range, and geocentric directions, respectively. ¥
is the squint angle for the reference point at the beam center crossing time. Py
denotes a target at (7.v,R,,0) . The spaceborne SAR flies along the satellite
trajectory, and &, (7 is the position vector of the SAR.

Suppose that a chirp signal is transmitted. After
demodulation, the echo from the isolated point target P, at
(7.v:R,,,0) can be represented by

s(z.n)=w,[r=2R(n.1..R, )/ |w,(n—n.)

(1

XeXp{jﬂ'}/I:T—ZR(I],UE,RN)/C:I }exp[ j47Z'R(7] n.,.R, /},] o
where 7 and ¢ denote the azimuth and range time,
respectively, w,(77) and w,(z) represent the azimuth and range
weighting, respectively, ¢ is the speed of light, 1 is the
wavelength, 7 is the linear frequency modulation rate of the
transmitting signal. Here, v is the speed of the moving SAR
platform, 7, is the beam center crossing time corresponding to
Pa, and R(7,7,.,R,,) denotes the slant range between SAR and
Pa, which equals

R(1,1.5Ry, ) = (R, (1) = (1.7, Ry, ,0) @)

where R () is the position vector of the satellite, and |
denotes the modulus of a vector. (2) can also be approximated
as follows (see Appendix I):

N

R(n.n.,R, )~ Y B,(n-n.)", 3)

n=0

where B, is spatially variant in the range direction and can be
expressed as

_ M
By =1y + 1Ry +--+ 1 Ry,
_ M
Bl*’io+’"11RAr-+"'+r1MRAr 4
, “4)
M
By =1yt Ry, + g Ry,

and r,, can be calculated by polynomial fitting based on the
ephemeris data and the geographic information in the scene,
and it is spatially invariant in the range direction. With R, =0,
B, =r,,, which indicates that 7,, is the polynomial coefficient
in (3) for targets in the same range gate as the reference point
(the center of the swath). As a result, 7, is independent of R,,
. For broadside SAR, which has zero-Doppler centroid, (3) with
N=4 is adequate to approximate the slant range [19], in the case
of L-band and a resolution of one meter. However, in the high-
squint case, the nonzero squint angle results in a smaller
Doppler rate [20]. To form the same Doppler bandwidth and
azimuth resolution, the aperture time of squint SAR should be
longer than that of broadside SAR. Therefore, the orders of (3)
and (4) must be sufficiently high to describe the more
complicated relative motion over the longer aperture time. N
and M are set to 6 and 4 in the paper, respectively, which will
be validated in Section 6.2.

The amount of RCM is the difference between the maximum

and minimum values of (3), equal to

Z ( rnmRmJ T/2
m=0

n=odd

)

RCM

for high-squint SAR. 7, represents the aperture time. The
spatially invariant term 7,7, which is part of LRCM, occupies
the vast majority of the RCM. As shown in Fig. 2, the ratio of
1T to Ay, exceeds 90% when the squint angle reaches 45
degrees. The phase related to 7, in (1) skews the spectrum and
causes the azimuth spectrum to deviate from the baseband, as
shown in Fig. 3. Therefore, for high-squint SAR, correcting the
term around 7, is necessary to reduce the range-azimuth
coupling and move the azimuth spectrum back to the baseband.

III. LRWC AND DOAF DEGRADATION

In squint SAR imaging, LRWC is commonly used to
compensate for the spatially invariant term 5 in (1) [21]-
[23].

By transforming (1) into the range frequency domain, the
signal becomes

s(fom)=exp[—jaz(f,+ ) R(n.0..R,, ) [c Jexp(=jz £2[7) . (6)

where f, and f, denote the range frequency and the carrier
frequency, respectively.
The LRWC filter is designed as follows:

H pye (.f;”]) = eXp(j“'”fo ’ﬁoﬂ/c)exp(j“”fz ’ion/c) P @)
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Fig. 2. Ratio of r,T to A,., increases with the squint angle. The curves are
obtained for L-band SAR with a resolution of one meter and orbital heights of

500, 639 and 1000 km.

(@ (b)
Fig. 3. Impact of the phase related to 7, on the spectrum. f, and f, denote
the azimuth and range frequencies, respectively. f, represents the Doppler
centroid. The spectrums corresponding to broadside and squint SARs are
illustrated in (a) and (b), respectively. The term 5, not only makes f, nonzero
but also skews the spectrum, which increases the difficulty of imaging.

where the first term moves the azimuth spectrum back to the
baseband, and the second causes the spectrum to no longer be
distorted.

After LRWC, the signal becomes

sumc (o) = exp{=jax (fy + £)[R(m.1.. R, ) = 1o (n=7.)] e}
xexp(—jz f.2 [r)exp[ j4x (fo+ £)ranfe]

Based on the method of series reversion (MSR) [24], (8) can
be expressed in the wavenumber domain, which is (see
Appendix II)

®)

sue (K, ) = exp Ok, Ak, )}
~ exp{j[Po(k,],Akr)+Pl(k,],Ak,)RN]} .9
x exp(—jk,vn, )exp(jAk, g, )exp(jk. 5o, )

where k= ox/v, k,=4xf,/c>and Ak =4xf, [c.and

By (k, Ak, ) =[ 0(k, Ak, )+ kv, = (k. + Ak, )i, |

Ry, =0
_ 00(k,,Ak,)

B(k,.Ak,) =

Ar Ry =0

To compensate for the spatially invariant term £, (k,z,Ak,) in
(9), the bulk compression filter H,,, (k,z,Ak,) is used:
Hyy (K, Ak, ) = exp| =B (K, Ak, )] (10)

Then, the signal becomes

S (i 8, ) = exp[ 7P, (K, 0 )Ry, | (1n
xexp(—jk,vm, )exp(j&k rgn, )exp (k. rigr.)

By applying Stolt interpolation [25], P (k,.Ak,) can be
mapped into a new wavenumber (k, +Ak.), which indicates
that

Bk, Ak, )= (K, +AK.) . (12)
Equation (11) can be expressed as follows: (see Appendix IIT)

Sstolt(kn’Ak;):eXp[j(kzc +Ak;)RAr ] (13)

xexp(—jk,vm, )exp| jAD(k,, k) exp( ik, s.)”

where

AD(k,,

AK!)

ho'l.
Ak,:0:| 107l

h=1

h . (14)
= exp{jZAh [(kn +Ak.) =Rk, Ak, ) }

Finally, 4, can be calculated based on MSR, and the
expressions are illustrated in Appendix III.
If AD(k,,AK!) satisfies

O*AD (K, AK! )

15
2(ok, )’ (1)

[GE7

which indicates that the maximum quadratic phase error (QPE)
determined by A(D(k,,,Ak;) is greater than /4 , the QPE causes
clear defocusing effects on the imaging result. Here, B, is the
Doppler bandwidth. Because QPE increases with |7.|, which is
proportional to the azimuth position of the target, only those
targets within a limited azimuth swath width can avoid the
situation described by (15) and achieve good focus. This width
is called the DOAF, calculated as (see Appendix IV)

Lpour < [50"202 (’?)1 - ”10”11/(2"20))VJ/(”ler;Z”lo) .

As illustrated in Fig. 4, defocusing is clearly present in the
area outside the DOAF. It is desirable to have the DOAF as
large as possible. By comparing (6), (8), and (9), the LRWC
operation results in a linear phase exp( Ak, 7, ) in (11), and
further generates ACD(k,,,Ak;) in (13), which leads to DOAF
degradation. Therefore, eXp(jAk,rloﬂc) should be corrected
before Stolt interpolation to improve the DOAF.

(16)

IV. DOAF IMPROVEMENT USING TIME ROTATION

In this section, a time rotation (TR) method is proposed to
maintain the advantage of LRWC and improve the DOAF. By
transforming (11) back into the two-dimensional time domain,
we obtain

S bulk (2',77) = J-_ZW,, (M - 77E)CXpl:—j4ﬂ'R'(u,7L.,RA,-)/)“:I
X exp[j4ﬂR’(u - 17,77(,,0)/,1] du
T el e 20, e 2y ]

» (17)
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Fig. 4. Illustration of the DOAF. The i(m)aging results of a simulation scene that
includes 77 point targets in the broadside and squint modes are demonstrated
in (a) and (b), respectively. Because LRWC is used in squint imaging, clear
defocusing appears outside the DOAF. In contrast, there is no DOAF limitation
in the broadside image.

Where R/(ﬂ7ﬂc’RAr) = R(nsnc!RAr)_riO (’7 _ﬂc) > and lt iS the
residual range migration after 5, (n-7,)is compensated for by
LRWC. T is the pulse width. When R, =0, (17) becomes

=T,T,sinc[~(4B,/2)T,(n-1.)]

x sinc{yTr [r - 2R'(77,77(‘,RN)/C + 21’1077(,/01}

S bulk (T’n)‘gm;o

.(18)

By comparing (17) and (18), it can be concluded that only
targets with R, =0 are well focused, while other targets are
defocused after LRWC and bulk compression.

Fig. 5(a) illustrates some point targets in the observed scene.
The center point Prr is located at the scene center, and all the
brown targets are in the same range gate, with R,, =0. Fig. 5(b)
demonstrates the result after LRWC and bulk compression,
where only the brown-colored targets are focused. Due to the
phase exp(jAk.r,7.) induced by LRWC, other than the scene
center, each target has a range offset Az :

(19)

To compensate for the linear phase term exp(jAk.7q7.) in
(11) and improve the DOAF, the basic idea of TR is to rotate
the data by a specific angle ¢ to correct the range offset Az , as

At =25, /c.

ATl p [
. . o b
¥ 0
P e ¥
Range ;"’; Range
i
: : I
Azimuth “I'l; Azimuth
(@ (b)

-~

Azimuth

©
Fig. 5. Illustration of TR. The simulation scene is shown in (a), and a simulated
echo is generated. The processing result after LRWC and bulk compression is
shown in (b). After further performing the TR operation, the result is shown in
(c). In both (b) and (c), the brown-colored targets are focused, and the other

targets are defocused.

illustrated in Fig. 5(c). The rotation in the time domain can be
expressed as follows:

X, | cos@ sind || X,
X' | |-sin® cos6| X, |’

T

(20)

where X, =mv , X =7¢/2 .
wavenumber domain becomes

After TR, the signal in the

spg (K, Ak, )
= exp[jQ(k,],AkT )RA,, Jexp[j(sin Or,,17, — cos 9\)17(,)1(,]] . 2D
X exp [ Jj(sin@vn, +cosOryn, ) Ak, ] exp( Jknt.)
where
Ok, Ak, ) = B{(cos Ok, —sin 6AK, ), (sin Ok, +cos OAK, )}

By comparing (11) and (21), the linear phase term of Ak,
caused by LRWC should be cancelled to eliminate the DOAF
limitation. Therefore, the following equation should be satisfied.

sin@vn, +cosOr,n, =0 . 22)
The rotation angle ¢ is solved as follows:
0 =arctan(—r,, /v) . (23)

By substituting (23) into (21), (21) can be simplified as

s1a ko2, ) = exp| O (kA )R, |

(24)
x exp[ J(sin@rgn, —cosvn, )k, ] exp( jk, 11,
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Then, the linear phase of Ak, disappears and the DOAF
limitation induced by LRWC is eliminated.

V. MODIFIED OMEGA-K ALGORITHM FOR
SPACEBORNE HIGH-SQUINT L-BAND SAR

Combined with TR, a modified Omega-k algorithm is
proposed to accomplish spaceborne high-squint L-band SAR
imaging, as demonstrated in Fig. 6. The detailed steps are as
follows.

1) The coefficients r,, in (4) can be obtained by means of
polynomial fitting based on ephemeris data and geographic
information of the scene. The LRWC filter is constructed
according to (7). A Fourier transform along the range and
LRWTC filtering are then implemented successively on the SAR
echo to obtain s, ¢ (k,7,Ak,) , which has the same expression as
9).

( )2) The bulk compression filter ,,, (k,,Ak, ) is designed
according to (10). By multiplying s, (k,.Ak,) and
H,,, (k. Ak,) , s, (k,.Ak,) can be achieved as in (11).

3) 8,4 (7.77) is obtained by transforming s, (k,.Ak, ) into a
two-dimensional domain. The azimuth sampling rate is adjusted
by zero padding in a two-dimensional frequency domain to
ensure that the sampling intervals are equal in both the range and
azimuth directions. The new azimuth-sampling rate is

PRE, =2f.v/c. (25)

where f, denotes the range sampling frequency. Then the TR
operation is carried out in 2-D time domain.
4) The modified Stolt interpolation is implemented as
O(k,. Ak, )= (k.. +Ak.). (26)
Then, (24) becomes
Sstolr (kr]’ Ak;) =e&Xp I:.](krc + Ak; )RAr:| (27)
X exp [j(sin Or,,1. — cos anc)k,]]exp(jkmrmryc) .

By transforming (27) into the two-dimensional time domain,
the focused imaging result can be obtained as follows:

Sy (7:1) =TT, sinc[ 7T, (7 + 2R, fc) |

xsinc{—(4327;//l)|:77_77€'W/"}} . (28)

Range FFT

H Lrwc
LRWC
Azimuth FFT

Hpulk

Fig. 6. Flowchart of the proposed modified Omega-k algorithm based on TR.

VI. SIMULATION AND ANALYSIS

A. Simulation Parameters

The parameters used in the simulation are listed in Table I.
The simulated scene covers an area of 4 km x 4 km as shown in
Fig. 7, where three point targets are arranged in the swath. P,
is located at the center of the imaging scene, P, and P, are at

the upper left and lower right corners of the scene, respectively.
TABLEI
SIMULATION PARAMETERS

Parameters Value
Carrier frequency (GHz) 1.3
Range bandwidth (MHz) 150
Sampling frequency (MHz) 216
Pulse width (ps) 60
Pulse repetitive frequency (Hz) 9996
Orbital height (km) 639
Platform velocity (m/s) 7613
Aperture time (s) 41
Squint angle (°) 45
Resolution (m) 1
Py 2 km
2 km|

Range

Py,

Azimuth

Fig. 7. Simulated scene. The scene size is 4 km x 4 km. P, is at the scene
center,and P, and P, are at the upper-left and lower-right corners, respectively.

B. Validation of the Range Model

For spaceborne high-squint L-band SAR, the aperture time is
long, and the order of the range model must be sufficiently high
to describe the echo precisely and guarantee the imaging quality.
In this study, we construct a polynomial range model (PRM) in
which N and M are set to 6 and 4 in (3) and (4), respectively. We
validate the PRM by comparing it with commonly used range
models, including the modified equivalent range model
(MERM), the fourth-order Doppler range model (DRM4) and
the modified advanced hyperbolic range equation (MAHRE).

Fig. 8 demonstrates the phase errors induced by the different
models for the center target P, and edge target P,. The phase
errors increase with the aperture time. To achieve one meter
resolution, the aperture time reaches 41 seconds for spaceborne
high-squint L-band SAR imaging at the squint angle of 45
degrees. In this case, only the PRM reduces the phase error to
less than 7 /4 , which indicates that the imaging quality is
almost unaffected [20], but DRM4, MERM, and MAHRE have
failed. Therefore, the PRM is appropriate for this study.

C. Imaging Results and Analysis

Simulation results of the proposed algorithm and the
algorithm in [18] are achieved based on the parameters listed in
Table I. Figs. 9 and 10 demonstrate the contour maps and
azimuth profiles of the imaging results. Each figure shows two
types of results. The first column is achieved using the
algorithm in [18], which has good squint imaging ability and
accomplished the airborne SAR imaging task with a 0.5-meter
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Fig. 8. Phase errors induced by different range models for the center target
P, and edge target P, are illustrated in (a) and (b).
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Fig. 9. Contour maps: (a), (b), and (c) are the contour maps of P, P,, P,
achieved by the algorithm in [18], whereas (d), (e), and () are those of P, P, ,
P, achieved by the proposed method.
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Fig. 10. Azimuth profiles: (a), (b), and (c) are the azimuth profiles of P, P, ,
P, achieved by the algorithm in [18], whereas (d), (e), and (f) are those achieved
by the proposed method.

resolution and 75 degrees squint angle. The second column is
achieved by the modified Omega-k algorithm proposed in this
paper. In both figures, the first, second, and third rows
correspondto P, P,,and P, , respectively. As illustrated in Fig.
9, there is no difference between the range focusing quality
achieved by these two algorithms. Therefore, the range profiles
are not presented here.

Using resolution, peak-to-side-lobe ratio (PSLR), and
integrated side-lobe ratio (ISLR) as indicators to evaluate Fig.
10, the results in azimuth are presented in Table II.

TABLE I
EVALUATION RESULTS IN AZIMUTH
Methods  Target Resolution (m) PSLR (dB) ISLR (dB)
P, 1.78 -9.21 0.84
Reference
method P, 1.57 -8.25 0.64
P, 1.98 -9.06 0.99
P, 1.00 -13.32 -10.50
Proposed
method P, 1.00 -13.34 -10.53
P, 1.00 -13.33 -10.52

The algorithm proposed in [18] can achieve perfect imaging
performance for Ku-band airborne SAR with azimuth resolution
of 0.5m. However, in the case of spaceborne SAR, the third and
higher-order phases ignored in [18] broadens the main lobe and



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

deteriorates the azimuth resoltion, PSLR, and ISLR as shown

Fig. 11. Imaging results of real scene: (a) is the result of the algorithm in [18],
(b) is the result of the proposed method, whereas (c), (d) are the partial enlarged
detail of (a) and (b), respectively.

in Table II.

The proposed algorithm achieves better imaging quality. It
improves the azimuth resolution, PSLR, and ISLR by
approximately 36.3%, 4.11 dB, and 11.17 dB, respectively, and
its focusing qualities for P, P,, and P, are nearly the same,
which indicates good imaging coherency for the whole swath.

The imaging results of the real scene, the Zhuhai Airport in
south China, are shown in Fig. 11. This scene includes lawn,
plans, and buildings, and can directly reflect the imaging
performance of two algorithms. Images (a) and (c) are from the
reference algorithm in [18], images (b) and (d) are from the
proposed algorithm. It’s obvious that the images from the
reference algorithm have more serious sidelobe effect, which
may cause a false alarm and reduce the ability to detect weak
targets.

D. Constraint on Scene Dimension and Solutions

As mentioned above, the algorithm proposed in this paper
can achieve good imaging quality for high-squint L-band SAR.
However, a limitation exists for the proposed algorithm.
Equation (9) ignores a portion of the phases about R,,, which
equals

29)

M
O, = exp{jZPm (k,],AkT)RZ’r} )

m=2

After Stolt interpolation, the omission of (29) results in the
following QPE:
2
OPE, = |:0~0167]17212”10/(’617204)}(3;7/2) R}, (30)
The value of QPE, grows with R, , as shown in Fig. 12(a). The
quality of the focused image deteriorates when QPE, is greater

than 7~ /4 . Let (30) be less than z /4 , and the unilateral swath
size in the range direction should satisfy

R, < \/m’erOA/(O.OMrIerIZrIOBﬂz) . 31
Using the simulation parameters in Table I, swath size is less
than 6 km.

When the swath size is larger than the limitation determined
by (31), the entire echo data must be segmented in the range
direction to make each chunk of subswath data satisfy (31). The
ith subswath is compensated for by

H, = exp|:_j§w: F, (kr]’Akt )Rg-i:| > (32)

m=2
where R, represents the distance from the center of the whole
swath to that of the ith subswath. By implementing
segmentation and applying (32) before Stolt interpolation,
OPE, will be small enough to guarantee the imaging quality for
the entire swath, as shown in Fig. 12(b).
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Fig. 12. Variation of phase errors with g . The results are achieved using the
parameters in Table I and squint angles of 15, 30 and 45 degrees. The phase
error corresponding to (30) is shown in (a). After segmentation and
compensation by applying (32), the residual phase error is illustrated in (b).
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E. Computational Load

This part mainly analyses the computational load advantages
of'the proposed algorithm in high squint case. Suppose M, and
N, denote the azimuth and range pixel numbers of the final
imaging result, respectively, and the original echo sizes are M,
and N, . For a normal algorithm without LRWC, the
computational load can be expressed as

2M (N log, (N M ) +17TM (N, . (33)
For the proposed algorithm, since LRWC compensates for the
linear range cell migration, the range size of the data can be
significantly reduced by applying LRWC. Based on the
parameters in Table I, the range size is reduced to 1/42 of the
original. As a result, the amount of computation becomes less.
According to the flowchart in Fig. 6, the computational load can
be written as

M Ny (log, Ny +1)+2M N, log, (N, M, ) + (M, +80N,)N,. (34)

The computational load of the reference algorithm in [18] with
the same data size is given as

M,N, Blog2 (N M)+ 19} +M,N, Blog2 (N.M,)+ 19} .(35)

Fig. 13 shows the variation of the computational load with the
squint angle. It can be seen that the computational load of the

proposed algorithm is the lowest, especially in high squint cases.
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Fig. 13. Computational load of the three considered algorithms: a normal
algorithm without LRWC, the proposed algorithm and the reference algorithm.

Computational load

VII. CONCLUSION

Spaceborne high-squint L-band synthetic aperture radar
(SAR) has good temporal coherence and penetration capability
and is suitable for ecological surveillance, such as surveys of
phytomass and soil moisture [26]-[28]. The high-squint mode
also enables it to obtain backscattering information of the target
region from multiple angles [29]. In this paper, a modified
Omega-k algorithm is developed based on TR which eliminates
the DOAF limitation caused by LRWC. Simulation results have
shown that the proposed algorithm can achieve well-focused
results with a one-meter resolution for a swath of 4 km x 4 km
at a squint angle of 45 degrees. Compared with the algorithm in
[18], the proposed one improves the azimuth resolution, PSLR,
and ISLR by approximately 36.3%, 4.11 dB, and 11.17 dB,

respectively. The proposed algorithm allows SAR to be used at
different squint angles to achieve more target region
acquisitions in a single pass, so that changes can be detected by
exploiting sequential images.

APPENDIX I

R(n,1,,R,,) denotes the slant range between the satellite and a
target, given by

R(n,7m.,R,,) = \/<R.\ut (77) - RAr; - RAr R, (77) - Rm; - RAV' > , (36)

where R,,=70% , and R, =R, .
expressed as follows:

Equation (36) can be

R(n.n,.,R,,) = \/<Rmz (77 - 77L») - RAV' ’Rimr (77 - ﬂg) - RAr > . @37

Then, the following expression can be obtained:

: +‘§AV‘2 -2 '<R':a; (77 _ﬂc)»jém> . (38)

R(ﬂsnmRAr) = \/R:ar(n _’70)

Because R, (1) >>|R, |, where Ry (n) denotes the ran ngistory
of a target on the center of the scene, and (71:Ry) >Ry, , (38)
can be approximated as follows:

R(7.7,Ry) = Ry (n=1.) = (R (n=1.). Ry, )[Ry (39)

where R, denotes the slant distance corresponding to the
reference point at the beam center crossing time. The satellite
position vector R_,(7) can be represented by

sat

. =1,
Ru(n-n)=2—R)|

n=0 112 e

(40)

(n-n.)",

where Rf;,)‘,,:,,( denotes the nth-order derivative of R_,(n) at
n =n,. By substituting (40) into (39), we obtain the following
result:

1 &1/, . n
R(n.n.,R,)=R,, (77 _77() - R § ;<R5(m) . ’RAr>(’7 _77() , (41)
0 n=01+ e

Then, (41) can be simplified to

R(7.7..R,) =By + Y B, (n-n.)" (42)

n=l1

where

B = ane/_ _<1§(n)

n sat

43)

,RA,>/(n!‘R0) .
n=1,

Here, B, ., is the polynomial coefficient corresponding to the
reference point, which is fixed.

APPENDIX IT

The signal after LRWC is S,enc(/2577) , which is given by
(8). Based on the principle of stationary phase (POSP), the
signal in the 2-D frequency domain can be represented by
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sLRWC(frﬂfz) = jisLRWC(ﬁsn) : eXp(—jZ?Z’f,/])d?]
~oxp{ [ B (1) + (1) R, ]
x exp(—jZ;zfnnﬁ,)exp[.Hﬁ(f, + ﬁ))rlom/c]

(44)

where

VAR [e(ﬁ,,f,) anf —4x(fo+ f)nanfe],

m

R*O

N-
= -2z f C,
= >

m=1

An(f+ f0|:roo+z (Zl R_Of’"ﬂ

20,1
USSR gR )
47z(f0+j ! !
¢ Z:: nl{zc ‘R :0 )

4”(f0 . f ZN: ”rnﬂ[gcrn‘km.:o quJ

n= m=1

N N-1
8”(f07+f W{Z c,
n=1

m=1 Ar

el ec
5%

f;, m
Ry =0

=l N
m-1
Ry —ofrz j rllZmCM‘RA,:ofv

[ ac, " 4”(1 +1), & -
ZHfZ{aR fﬂ ] . fv Zn1C‘R =0 7 1
m=1 Ar Ry, =0
and
c
C=———
L A(f+1)B,
_ 3B’
TO2(f+ 1) B
_4B,B,c’ -9B,’¢’
P o18(f,+ 1) B}
_—2B,B’c* +12B,B,B,c* ~13B,'c"
) 204(f, + 1) B,
c - 2B,B,’c* —18B.B,’B,c’ —9B,’B,*c’ + 15B,B,>B,c’ — 56B,'¢’
5 5
819(f,+ f.) B,

Equation (44) is transformed into the wavenumber domain,
leading to

SLRWC(kr]’Akr) zexp{j[l)o(k,,,Ak,) +Pl(k,],Akr)RAr]}

x exp(—jk”vn(.)exp[j(k + Ak,)”m%}
) (45)
where k, =27 f, /v, k_=4zxf,/c,and Ak, =4xf,/c.

APPENDIX II1

By applying the Taylor expansion, £ (k,7,Ak) can be
expressed as

ul1 o'P (k Ak)

(ko) =3 L

. <Ak
= OAK,

(46)

After Stolt interpolation, Ak, and (k. +Ak!) satisfy the
following equation:

M=

Ak, = -

A,,[(km+Ak;) B (k. 0k,)|

ZJ . @)

=
I

1

Therefore,

AD(k,, Ak.) = exp[ jAk 7y, ]

n°
:exp|:j.i/lh [(km +Ak;)—Pl(kq,Ak,)

h=1

' » (48)
Ak,:0:| -rch

where
ppl
0
0.
A4, = —O—E
|
A4, = 0—15(202 —0103)
1 2
A, = (502 50,0,0, +0; r4)
01
and
1 "B (k,.Ak,)
0, = —— 1)
Bl Ak,
Ak, =0
APPENDIX IV
Because
52A(D(k”,Ak;) Az - Ut

(49)

P >
2 ’ (ak’l) Ak, =0 100 r20 [rOI - FIO% rZO)

which is substituted into (15), the following expressions can be

obtained
ol
25- rzoz (rm - % ,-20)
n.> 5 (50)
erBrz rlO
and
50 12| ry, = 10" v
20 | Ton 21,
Lyour =2|.|-v< 7 s (51)
erBr] "o
where B, is the Doppler bandwidth.
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