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ABSTRACT We have proposed a novel process flow for translational-invariant (TT) and ultrahigh-resolution
(UHR) bistatic synthetic aperture radar (BSAR) operations, wherein a UHR BSAR image is obtained via
coherent integration of sub-aperture images, and its two-dimensional (2D) coordinates are then interpreted.
The main contributions of the proposed method are as follows. First, to address additional aliasing of the
TI BSAR spectrum after sub-aperture division, linear range walk compensation and its restoration are
subsequently performed. This efficiently extends the duration of the Doppler domain after sub-aperture
division, accommodating the skewed shape of the TI BSAR spectrum. Second, spatial-variant focusing
is achieved via the bistatic polynomial omega-K algorithm (BP-OKA), for which a key consideration is
highlighted to perform BP-OKA in the sub-image integration process. In its absence, the same scatterers
appeared at different positions in each sub-aperture image, causing failure of coherent accumulation. Finally,
to retrieve the range—azimuth coordinates of targets within an illuminated scene, we established a high-
order equation using bistatic polynomials, and the 2D image coordinates of targets were determined by
solving the equation. This new concept is fully compatible with the proposed BP-OKA and can be used in
various spaceborne TI BSAR scenarios. All these contributions were verified using numerical simulations.
Accordingly, the proposed processing flow can provide focused SAR images with accurate image coordinate
interpretations for TT and UHR BSAR operations.

INDEX TERMS Bistatic radar, curved-oribt, omega-K algorithm, spaceborne synthetic aperture radar
(SAR), ultrahigh-resolution (UHR).

I. INTRODUCTION

Bistatic synthetic aperture radar (BSAR) is a type of syn-
thetic aperture radar (SAR) system in which a transmitter
and receiver are spatially separated on different platforms.
The geometry of the BSAR system offers considerable reli-
ability and flexibility in designing SAR missions and has
many advantages over typical monostatic SAR systems: fre-
quent monitoring, good electromagnetic concealment, acqui-
sition of multiaspect scattering information, and capability of
high-resolution and wide-swath imaging. These advantages
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have motivated several satellite institutions to develop space-
borne BSAR systems, and related studies have been con-
ducted [1], [2], [3], [4], [5], [61], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25].

The translational-invariant (TI) BSAR configuration,
where transmitting and receiving platforms follow the same
track or parallel tracks with almost identical velocities, is a
special case of the general BSAR system [18], [19], [20],
[21], [22], [23], [24], [25], and [25]. The restricted behav-
ior of TI BSAR facilitates the operation of two separate
platforms. Using this advantage, spaceborne BSAR with a
TI configuration has been operated for interferometry and
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tomography, e.g., TanDEM-X [7] and RADARSAT-2/3 [8].
Moreover in the future, more advanced TI BSAR systems will
be developed, as multiple TI BSARs can be used to establish a
multistatic SAR configuration, which is one of the future
development directions of the SAR system for providing
wide-swath and high-resolution images [41], [42], [43].
In particular, with the increasing demand for centimeter-
scale SAR images, ultrahigh-resolution (UHR) imaging
is becoming imperative in TI spaceborne BSAR appli-
cations, for which dedicated SAR processing should be
devised.

In the TI BSAR system, the baseline between the trans-
mitter and receiver is almost constant over time, indicating
that the spatial variance of the echo signal is negligible in
the azimuthal direction. Using the azimuth-invariant signal
property, several attempts at TI BSAR imaging have been
made. In most cases, bistatic range histories were formulated
with double hyperbolic range models (HRMs). In [18] and
[19], after dip-moveout preprocessing, the BSAR data were
converted into equivalent monostatic data. Subsequently, the
data were focused on using monostatic algorithms. In [20],
[21], [22], [23], [24], and [25], the two-dimensional (2D)
frequency spectrum of the double HRMs was derived, and
typical monostatic algorithms were modified to accommo-
date it. All the aforementioned TI BSAR approaches have
been demonstrated to have sufficient accuracy in a rectilinear
geometry, wherein both the transmitter and receiver move
along straight paths. In traditional low-resolution spaceborne
SAR systems, such a linear-orbit approximation is valid
because the integration time is short. However, as the inte-
gration time increases with the achievement of higher reso-
lutions, the curved paths of the two satellites exhibit large
orbital arcs. Subsequently, the bistatic range histories devi-
ate significantly from the double HRMs; thus, classical TI
BSAR approaches fail to provide focused images. Accord-
ingly, a focused approach for TI UHR spaceborne BSAR
using general expressions of bistatic range histories should
be developed.

In addition to the curved-path issue, Doppler spec-
trum aliasing is another problem that should be addressed
for UHR spaceborne SAR focusing, as the total band-
width of the radar echo signal significantly exceeds the
pulse repetition frequency (PRF) in the UHR SAR system.
Generally, SAR systems are operated with a PRF of sev-
eral kHz, while the total Doppler bandwidth of the echo
signal with UHR operations is tens of kHz. In previous
studies [26], [27], [28], [29], [30], [31], [32], [33], [34],
such PRF limitations were addressed via signal processing,
which can be divided into two categories: sub-aperture-
and deramping-based techniques. Deramping-based tech-
niques [26], [27], [28] involve convolutions between the
entire raw data and a selected chirp signal along the azimuth
direction, which is computationally expensive and requires
a sufficient hardware memory capacity. In comparison,
sub-aperture techniques are advantageous for spaceborne
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SAR applications [29], [30], [31], [32], [33], [34],
because they are conceptually simple and facilitate parallel
computing.

Sub-aperture techniques divide all received signals into
azimuth sub-apertures, thereby avoiding PRF aliasing. The
key aspect of this technique is the recovery of the
full-aperture spectrum from sub-aperture data. In typical
approaches [29], [30], [31], sub-aperture data are recom-
bined in the signal domain before focusing, whereas in recent
years, more advanced frameworks have been proposed, where
sub-aperture images are coherently integrated in the image
domain after sub-aperture focusing [32], [33], [34]. Sub-
image integrations can provide a full-aperture UHR image,
as well as subsequent low-resolution images within a sin-
gle received data. This allows consideration of additional
applications, such as moving-target detection and clutter sup-
pression, using subsequent sub-aperture images [35], [37].
In addition, sub-aperture images can be obtained by an
onboard processor while receiving radar echoes, which facil-
itates the design of real-time processing [32], [34]. Accord-
ingly, sub-image integration has attracted more attention than
typical sub-aperture recombination in the signal domain.
However, previous studies [32], [33], [34] have focused on
monostatic SAR systems. Although accurate registration is
the most important consideration for coherent accumulation
of sub-images, it was not discussed in [32], [33], and [34].

To interpret BSAR images effectively, it is imperative to
clarify how illuminated areas are mapped to 2D image coor-
dinates. In fact, this mapping relationship depends on the
range—Doppler property of focusing. The most well-known
relationship is close-range and zero-Doppler time [1], [31],
where targets are mapped to the range and azimuth time that
are concurrently reached at zero Doppler frequency. How-
ever, this is only valid for HRM-based focusing, which limits
its use in TI spaceborne BSAR scenarios, because the focus-
ing quality is significantly degraded when the transmitter and
receiver are separated by a large baseline and exhibit severe
orbital arcs. Therefore, an image coordinate analysis method
that is compatible with a focusing approach using general
range formulas should be developed; however, related topics
have not yet been studied.

Motivated by the aforementioned problems, in this study,
we propose a full processing framework for TI UHR space-
borne BSAR imaging, in which three main issues are
addressed: 1) Doppler spectrum aliasing, 2) curved-orbit
geometry, and 3) interpretation of BSAR image coordinates.
Our proposal includes the following contributions:

1) Doppler Extensions via Subsequent Linear Range
Walk Compensation (LRWC) and Its Restorations
in Sub-Aperture Divisions: According to the signal
properties in the BSAR system, the Doppler cen-
troid varies with respect to the range frequencies,
which skews the support region of the 2D spectrum.
Because the skewing effect is substantial—particularly
in large-bandwidth operations—Doppler aliasing can
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be observed in UHR BSAR systems even after conven-
tional sub-image integrations [32], [33], [34]. To cor-
rect the skewing effect, many research on BSAR
adopted LRWC [12], [13], [14], [15], [16]. How-
ever, the azimuth-invariant property of TI BSAR
cannot hold after LRWC, resulting in complex
azimuth-variant processing (e.g., nonlinear chirp scal-
ing [11], [12], [13], [14], [15] or Doppler resam-
pling [16]). Here, instead of direct use of LRWC,
we introduce a Doppler extension technique in the
sub-image integration process, where LRWC and its
restorations are subsequently performed. This extended
concept can resolve the spectrum-aliasing issues in the
BSAR system while maintaining the azimuth-invariant
signal property of the TI BSAR.

2) Bistatic Polynomial Omega-k Algorithm (BP-
OKA): To address the curved-orbit issue, the poly-
nomial omega-K algorithm (P-OKA) was proposed
for monostatic SAR focusing [38], [39], [40]. The
basic property of P-OKA, which provides high-quality
images via range-variant focusing with an accurate
range model, is well suited for azimuth-invariant TI
BSAR signals. Nevertheless, the signal formulas for
bistatic and monostatic SARs differ; thus, further mod-
ification is required for P-OKA to be compatible with
the BSAR system. To this end, we have introduced
a focusing scheme that is a modified form of mono-
static P-OKA using bistatic polynomials, denoted as
BP-OKA. In contrast to the double HRMs reported
in [18], [19], [20], [21], [22], [23], [24], and [25],
the bistatic polynomials can accurately express actual
bistatic range histories even in large curved paths.
Thus, compared with the conventional TI BSAR focus-
ing method used in [18], [19], [20], [21], [22], [23],
[24], and [25], BP-OKA can provide superior image
quality by achieving complete range-variant process-
ing. Moreover, we illustrate the key considerations
required to perform BP-OKA within the framework of
sub-image integration, without which subsequent sub-
aperture images are incorrectly registered, resulting in
the failure of coherent integration for UHR imaging.
3) Imaging Coordinate Analysis Using Bistatic Poly-
nomials: To interpret image coordinates after focusing
according to general expressions of bistatic ranges,
we introduce a new method for defining range-
and-azimuth coordinates using a bistatic polynomial
relationship. This new relationship is completely dif-
ferent from the conventional close-range and zero-
Doppler time and is fully compatible with the bistatic
polynomial-based focusing that can provide focused
images in various TI BSAR scenarios even with large
curved paths and long baseline geometries.

The remainder of this paper is organized as follows.
Section II presents the mathematical formulas of the TI
spaceborne BSAR signal model with bistatic polynomials.
Section IIT describes the proposed processing framework.
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FIGURE 1. TI and UHR spaceborne BSAR geometry.

In Section IV, numerical simulation results are presented to
verify the efficacy of the proposed method. Finally, conclu-
sions are presented in Section V.

Il. SIGNAL FORMULATIONS
In this section, we illustrate the signal formulations of the
TI UHR spaceborne BSAR geometry, as shown in Fig. 1;
the origin of the coordinate system is located at the scene
center O, and the x, y, and z axes represent the cross-track,
along-track, and height directions, respectively. In the figure,
the two satellites, including a transmitter St and receiver
SR, are separated by a baseline length bp, and they move
along parallel curved paths with almost identical velocities.
6t and 6 represent the squint angles of St and Sg, respec-
tively, which establishes the bistatic angle 6g1. St transmits a
linear frequency-modulated signal, and Sg receives an echo
reflected by an illuminated scene during integration time 7.
After range compression neglecting envelope terms, the
received BSAR signal from a target P, = [xp, yp, zp]T can
be expressed in a range—frequency (f;) and azimuth—time (1)
format, as follows:

27 (fz +fc)R
C

Ssgt (fz. n: Pp) = exp [—J BI (1; Pp):| , (D

where c¢ represents the speed of light and f, represents the
radar operating frequency. In (1), Rpg (n; Pp) denotes the
bistatic range histories of P, which is the total distance from
St to P, and from P, to Sg:

Re (1:Py) = Rr (1: P,) + R (n: Pp)
=[St () —Pp| + SR () = Pp|. ()

Here, St (17) and Sgr (1) are the position vectors of the trans-
mitter and receiver with respect to 5, respectively, and |-|
denotes the norm operator. For obtaining accurate expres-
sions of bistatic range histories in the curved-path geometry,
polynomial range models higher than the fifth order were
adopted in [13], [14], and [45]. Although the previous studies
focused on translational-variant BSAR, the high-order poly-
nomials also achieve sufficient accuracy in the TI BSAR
configuration, even with large curved paths. Accordingly,
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FIGURE 2. Conceptual illustration of the proposed method.

we expand (2) via the sixth-order polynomials using the
Taylor series, as follows:

6
Rt (n: ) =r)' + >k, (m=nd" ()
where n. = T /2 represents the azimuth central time, r;I =
Rp1 (nc; Pp) represents the bistatic range of P, at 7., and
kﬁ’n represents the n'"-order (n = 1,2, ..., 6) polynomial

coefficients. Using (3), the bistatic Doppler frequencies of P,
at f,. can be obtained as follows:

fo d 6 _
o (n;Py) = —ch—nRBI (n; Py) = anlﬁf}, (n—n)""",
4)
where
n
= 5)

represents the n-order bistatic Doppler parameters of P,.
The 2D spectrum of P, for the BSAR signal is obtained via
the Fourier transform (FT) of (1) with respect to 7, as follows:

SSe1 (fz. fy: Pp) =/SSBI . 15 Pp)exp (—j2mfym) dn

= exp [j®p1 (fr.fy: Pp)] - (©)

where f;, represents the azimuth frequency, and ®gi (f;. f;)
represents the 2D BSAR phase spectrum of P,. According to
principle of stationary points, ®py (ft, S Pp) in (6) can be
computed as

g1 (fr. /s Pp)

27 (fr + fe
= MRBI [ () s Bp] = 21fyn™ () . (D
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where n* (fn) represents the stationary phase point that satis-

fies
d [27 (fr +fe)

dn [ rc =Rp1 [n" (fy) : Pp] = 21fyn”* (fy) | = 0. (8)

Using (3) and (8), we obtain the following relationship:
6 BI [, % n-1_ € BI
anz nkyo [0 () = ne] = YA kpi- (9)

In (9), n* (f;) can be obtained via the method of series
reversion [10], and the result is

n (fﬂ) T Ly Apg¥? — e, (10)
—_ BI
where Y = m — kp’l, and
3kBI
At = gpre A2 = —
BI \~
p.2 8 (k24
2
BI BI 1, BI
18 (kBL) " - skELk,
Aps = s’
32 (k2
2 3
BI 1,BI 1,BI BI BI BI
120kEL BB, — 20 (k8L ) KBL — 125 (D)
Apa = B\’ ’
128 (k24)
2 2
BI 1,BI 1,BI BI BI BI
180kEL KDL KDL — 48 (k2L ) kB, 126 (D)
3 2
BI BI BI BI BI
—48 (kL) K — 1512681 (kBL) KB
Aps = AY
512 (k%)
(11)
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As indicated by (7) and (11), ®p; (fz,f;: Pp) in (6) is
defined by bistatic polynomials that change geometrically
within the illuminated scene. Suppose that all the targets are
located at the same height as the reference point of O; then,
the geometric variance in (6) is only dependent on the cross-
track (x) and along-track (y) directions; the variations in x
and y correspond to the range and azimuth variance, respec-
tively. According to the TI spaceborne BSAR signal prop-
erty, the azimuth variance of &g (f,, bi'R P,,) is sufficiently
small to be neglected; subsequently, sole consideration in
TI BSAR processing accommodates spatial variance of the
phase spectrum in the range directions. Therefore, we can
rewrite ®py (f,, Sas Pp) as

i (fr.fr: Px) = Ppi1 (fr. fy: Pp) (12)
where P, = [x, 0, 0]T highlights targets distributed in cross-
track direction.

Ill. PROPOSED METHOD

A. OVERVIEW

The main objectives are image focusing and its coordinate
analysis in a TI UHR spaceborne BSAR system. Conceptual
illustrations and key points of the proposed method are high-
lighted in Fig. 2.

For focusing, the full-aperture data are divided into sub-
apertures, and partial-resolution images are obtained from
each sub-aperture dataset. These sub-aperture images are
coherently integrated into the image domain to recover the
full resolution. The attractive features of our focusing pro-
cess are as follows. First, to resolve the additional alias-
ing introduced by the skewed shape of the sub-aperture
BSAR spectrum, we propose extended sub-image integra-
tion that includes subsequent procedures, such as LRWC,
Doppler extensions, and its restoration. This proposal effi-
ciently extends Doppler durations from the original PRF and
accommodates a skewed BSAR spectrum through a simple
implementation. Second, by employing the azimuth-invariant
signal property in TI BSAR, we implement BP-OKA, which
completely performs range-variant focusing using the 2D
phase spectrum of bistatic polynomials, as given by (12).
In BP-OKA, bulk focusing is first conducted using multipli-
cation (RFM). Subsequently, residual range-variant errors are
eliminated by generalized Stolt interpolations (G-SI); the 2D
frequency phase of bistatic polynomials is decomposed into
range-variant and invariant terms, and then SI is performed.
To coherently integrate the sub-images provided by BP-OKA,
they should be accurately registered such that the same scat-
terers appear at the same pixel position. This holds when
G-SI in sub-aperture focusing is conducted under the follow-
ing conditions: 1) the range-invariant phase should be derived
using the same bistatic polynomials, and 2) the resampling
grid for G-SI should be the same for all Doppler frequencies.
In this study, we computed the parameters for G-SI using the
bistatic polynomials of full apertures prior to performing sub-
aperture BP-OKA. This preprocessing is a key consideration
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for performing BP-OKA within the framework of sub-image
integration.

In addition to image focusing, we propose a method to
clarify how illuminated areas are mapped to 2D imaging
coordinates in general TI spaceborne BSAR scenarios. Using
the range-variant properties of bistatic polynomials in the
focusing process, we established a high-order equation for a
certain target and concurrently retrieved its range and azimuth
positions. The proposed method is fully compatible with the
proposed focusing process, and accordingly, it can be used in
various TIBSAR scenarios, including those with large curved
paths and long baselines.

In Subsections III-B and III-C, we present details regard-
ing the proposed image focusing method and its coordinate
analysis, respectively.

B. IMAGE FOCUSING: BP-OKA WITHIN FRAMEWORK OF
EXTENDED SUB-IMAGE INTEGRATION
1) PRIOR COUMPATION OF G-SI PARAMETERS
Using the bistatic polynomials in (3), we compute the 2D
phase signal for full apertures, i.e., ®gp(fr,fp; Py), via
(7)—(12), where

FFA]

Fra
BI BI
fn = |:Ref,1 -5 JRef,1 T BN

represents the Doppler frequencies of full-aperture data,
flfelf | represents the reference Doppler centroid for a target

13)

positioned at the scene center (Prer=[0, O, O]T), and Fga
represents the interval of f,. Note that Fga should be set
to accommodate the skewed spectrum of the entire BSAR
signal. Thus, Fra is larger than the original radar PRF of Fy.
Suppose that RFM is applied to (12); then, the residual 2D
phase that introduces range-variant defocusing becomes

A®gr (fr, fy: Px) = @i (fr. fy: Px) — Par1 (fr. /s Pret) -
(14)

To compensate for (14), G-SI is introduced, where
Adpy (ff,fn; Px) in (14) is first decomposed into range-
variant [V (P,)] and invariant terms [U (f,, fn)], and sub-
sequently SI is performed. For phase decomposition,
we approximate V (Py) = 27 ArPl/c, and Adg (fr, f; Py)
becomes

27 A BI
Adpg (fryfn;Px)Z ik

15)
c

U fesfa)
BI

where ArBl = Bl — rg’éf is defined at the central time of the
full-aperture data, i.e., ¢, and r2! = Rg1 (5¢; Py) and rp. =
RB1 (n¢; Pref) denote the bistatic ranges of P, and Pger at 1,
respectively. In (15), U (f; . f;) is related to the G-SI operation
and can be obtained via polynomial fitting with respect to the
range frequency, i.e., f7, using Adpy (f,,f,,; Px) and Arfl,
as follows:

U (fe.fy) =

c
BI
2 Arp’ *

P
Zp:O Xw (fn) (fr +1e),

A®g (fr, fy: Px)

12

(16)
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where x,, (f,,) w =0,1,2,..., W) represents the polyno-
mial parameters of the range-invariant term U (fz, f;). Using
U (f, ,f,,) in (16), a new frequency for G-SI is defined as

S ) = U (feo fy) — £ (17)

Because fSSI(f;, f,) in (17) is irregular in the £S5 domain,
SI is performed to reformat fTG’SI(fr ,fy) into a uniform one,

: G—SI
Le., f1 uniform where
G-SI A | £G—SI ,G—SI
fr,uniform €0 [fr,min ’ r,max:| : (18)

In (17),fG*Sl and 55! are defined as

T,min T,max

G-SI _ G-si,, _ _Br
fr,min = max | j; (r = _van) and

G-SI _ min[ G-SI( B, f )} (19)
T,max — T T = 5 AR

respectively, where B, represents the radar operating
bandwidth [39].

The key parameter in G-SIis x,, (fn) in (16), which defines
f,G_SI(fT, fy) according to phase decomposition of (14).
As given by (16), (f,]) is obtained from A ®py (fr,f,,; Px)

and ArBl, and Ar® in the range-variant term is related to the
range position of a target. This implies that if we compute y,,
for each sub-aperture with different Arfl values, the target
appears at different range positions for all the sub-aperture
images. In addition, to have the same range bandwidth in the

fTG’SI domain, the same fgl;lisflom values should be used for
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resampling in G-SI for all Doppler frequencies; otherwise,
sub-aperture images have different range resolutions.

Here, prior to performing sub-aperture BP-OKA, we com-
pute G-SI parameters using bistatic polynomials of full-
aperture data in advance, where x,, (f;) is derived using the
same Ar)]c3I value, and the resampling grid for G-SI, i.e.,
fg;list{)rm in (18), is set to be same for all Doppler frequencies.
The predefined parameters, i.e., (f,,) and fr(’};lisflom,

applied to each sub-aperture data for BP-OKA.

are then

2) SUB-APERTURE FOCUSING

For sub-aperture focusing, we divide the full-aperture BSAR
signal of (1) into L sub-apertures in the azimuth time domain
as Ssgr,/ (f, m;: Pp), where

T; T
n = nc,l—_a Uc,l"'_ (121727514) (20)
2 2
represents the azimuth time of the /™ sub-aperture, and Ne.l
and Tj represent the central time and duration of 7, respec-
tively. By taking the FT of Ssg1; (fz, n1; Pp) with respect to
11, we obtain SSBr (f,,f,],l; P,,), where
F F
BL! 0 BILI 0
fa= -2 2] e
represents the sub-aperture Doppler frequency, F( represents
the original radar PRF, and flilf’ll = —fckgi’fll /c represents
the reference Doppler centroid at the /™ sub-aperture.

In a Typical Monostatic SAR Geometry, The Sub-Aperture
Spectrum is Fully Accommodated Within the Radar PRF,
i.e., Fo, Without Spectrum Aliasing. However, in the BSAR
Case, the Doppler Centroids Change with Respect to f; in the
2D Spectrum Domain (f;—f;,1):

BL/ BL, Jr, BLI
Tref 1 Ur) = Jfref1 — ?kRef,l‘ 22)

This property skews the spectral shape of the BSAR and
introduces additional spectral aliasing, which is referred to as
spectral folding, as shown in Fig. 3(a). Such spectral folding
significantly degrades the image quality.

In most previous BSAR studies, LRWC was used to elim-
inate the effect of f;-variant Doppler centroids, as follows:

SS1131,1 o3 Pp) = Ssrs (fr iz Pp) Hegwe (fe, mi)
(23)

where

BL
. kRef,l
Higpwe (fr. m) = exp | j2nfz AR (24)

By taking the azimuth FT of (23), the 2D spectrum
SS]13L / (f,, Fals Pp) is obtained, where the spectrum folding
phenomenon is corrected with the de-skewed shape of the
spectrum, as shown in Fig. 3(b).

However, after LRWC, targets in the same range bin have
different Doppler rates because they have different slant
ranges [11], [12], [13], [14], [15], [16]. Consequently, the
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azimuth-invariant signal property of the TI BSAR does not
hold, for which a numerically complicated process should be
conducted.

To maintain the signal property of TI BSAR, we extend
the interval of sub-aperture Doppler frequencies from the
radar PRF, i.e., Fo, to F§™ with zero padding, and the result

becomes SSBI (f,, 0 l, p), as shown in Fig. 3(c), where

FO,ext FO,ext:|

S it @)

ext __ | pBLI
fﬂ,l - |:fRefl

In (25), F§* should be set to a sufficiently large to accommo-
date the skewed shape of the sub-aperture Doppler spectrum.
Subsequently, we restored the LRWC effect in the azimuth
time domain using

SSIZBLI (frv ’71@“; Pp)

= 551131,1 (fr’ 77;”’; Pp) conj [HLRWC - 7716”)],

where Ssb;, (fr. nf™; Pp) represents the inverse FT (IFT)

(26)

result of SS]13L / (f,, fn”; P ), nfx’ represents the azimuth time
of the ™ sub-aperture after the proposed Doppler extensions,
and conj (-) denotes the conjugate operator. By taking the

azimuth FT of (26), 8%, (fr.f¢}/s Pp) s obtained; thus,

the spectrum folding issue is addressed with the extended
Doppler duration of F§ while the azimuth-invariant sig-
nal property of the original TI-BSAR signal is maintained,
as shown in Fig. 3(d). Consequently, by including (23)-(26)
in the sub-image integration process, completely focused
TI-BSAR images can be obtained via azimuth-invariant
focusing of BP-OKA without spectrum aliasing.

For sub-aperture focusing with BP-OKA, RFM is first
conducted, as follows:

G2.REM
S (et )
= SS30.1 (Fe-fits Pp) con [$S3y, (Fro s Prer) |- 2D
Then, G-SI frequencies for fne”f are retrieved using the prede-

fined parameter y,, ( n= nw;t):

S fe = U (fe ) oo (28)
where
ext w ext
Ffeofi) =20t (fo = 1) e+ S 29)
Using (28), we can express (27) in the fTG_Sl domain as

SSZBIRFM ( rG—SI fne);t’ P )

= exp [j—zij”’ S (et +fc]}

xexp (12f i) (30)

where rR/II) » and nﬁ'\}[’ , represent the range and azimuth posi-
tions of P, determined by the range-Doppler relationship
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FIGURE 4. Sub-aperture 2D spectra of the I‘h and Ith images: (a) before
and (b) after Doppler offset compensatlons

of bistatic polynomials, which is presented in Section III-C.

As indicated by (30), SSBIRIFM is irregularly distributed in the

£S5 domain. Therefore, we can reformat £S5 (ff, e )

n,l
G-SI

into the uniform grid of f; “aniform in (18), and the result

becomes

2,G-SI ( ,G-SI ext,
SSBI,I (fr,uniform’fn,l ’ PP)

2y

. G-SI BI

= €Xp ’] c = [fr uniform +f‘:|] €xp (Jznfne);t M p)
€1y

To attain full-aperture resolutions after sub-image integra-
tion, the range of Doppler frequencies should be Fra, which
includes the full-aperture Doppler spectrum of the TI BSAR
signal. Here, we extend the Uy et of (31) to fn}T /? via zero

padding as SSZBIGZ S (fr(,}u_nisflorm’ fFA | ) where

FA Bl Fra .Br; |, Fra
ol = [fRefl > - Sref1 T 5 |-

> (32)

By taking the 2D IFT of SS35" (£S5, £ Py ), the
I™ sub-aperture image is obtained, as follows:

BI

T
IBI ; (T, n) = sinc (r — M) sinc (n — nﬁ}[ p) . (33)
c ,

3) SUB-IMAGE INTEGRATIONS

For coherent integrations, Doppler centroid offsets among
the sub-aperture images should be corrected. Let us consider
subsequent 2D spectra of the l(t)h and I; = Ip+ 1™ sub-images
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[i.e., I, Lo (tr,n) and [ I I (r,n)], as shown in Fig. 4(a).
Although the Doppler centr01ds of these two images were
different as fRef and fRefl’ these values were defined in
the same Doppler b1n. This property overlapped with the 2D
spectra after sub-image integration, yielding a failure of full-
aperture spectrum recovery.

Therefore, we corrected the Doppler frequency offsets for
each sub-aperture image with respect to the reference image
as follows:

BL!

IBI I (t,n) = IBI i (t,n)exp |:_J AfRef :| s (34)
where Afp. BL! = fref BL! lgtil“ef represents the /™ Doppler
centroid offset, and lRef is the index for the reference sub-
aperture image. After (34) was applied, the 2D spectra were
shifted by Afpy', resulting in Fig. 4(b), and all the sub-
aperture images could be coherently integrated as follows:

L

Iiipa (@) = D~ Iy (T, ). (35)
C. IMAGE COORDINATE ANALYSIS USING
BISTATIC POLYNOMIALS
Because IéLFA (z,n) in (35) is obtained via bistatic
polynomial-based focusing, the conventional relationship of
close-range and zero-Doppler time is invalid for its imaging
coordinate analysis. Therefore, in this section, we clarify how
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FIGURE 6. Flowchart of the proposed method.

TABLE 1. Simulation parameters.

Squint angle of St 0.01°
Squint angle of Sg 21.88 °
Bistatic angle between St and Sg 22.73°
Baseline length between St and Sg 381.9 km
Heights of S and Sg 550 km
Velocities of St and Sg 7583 m/s
Total integration time 7s
Carrier frequency 10 GHz
Radar bandwidth 1 GHz
Doppler bandwidth 27 kHz
Sampling frequency 1.5 GHz
Pulse width 2 us
Pulse repetition frequency 5kHz

the TI BSAR images shown in (35) are interpreted geometri-
cally after BP-OKA.

In BP-OKA, x-variant bistatic polynomials of P, are used.
The relationship between the range-variant Doppler cen-
troids, i.e., f5L (rB1), is then defined as

bt (rB) = i Py = £
= oe—{—ﬂrx , (36)

where o and B represent the zeroth- and first-order polyno-
mials of f5L (r BI) respectively. We aim to map P, to the
range—azunuth image coordinates after BP-OKA using the
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range-variant Doppler property in (36), as shown in Fig. 5,
where the Doppler frequencies and bistatic ranges of P,
reach fgé (rf'I = rIllg\/II,p) and rﬁ}[,p at rlFIé[,p’ simultaneously,

as follows:

Bl (Bl _ Bl \_ D, _ BI .
Joc (rx = rlM,p) = fB1 (’7 = M, p> Pp)v

o+ BRar (15, P) = £ (B, P) - BD)

Here, rI]%vILp = Rp1 (r] = UE\}L,ﬁ Pp). As shown in Fig. 5, if we
obtain nﬁ\}[’ » in (37), we can determine the range and azimuth
positions of P, as rR,I[’ » and ’7}31\51‘ » respectively. Subsequently,
the main focus of our imaging coordinate analysis is to obtain
the 1y , that satisfies (37).
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Here, we substitute (3) and (4) into (37): Subsequently, (37)

becomes
n
BI (. BI
80

a+ﬂ|:BI+Z
—Z pn( MM.p ’70)”71

Next, we rearrange (38) with respect to AnIM »

(38)

=y —
n¢, providing a high-order equation with respect to AnIM >
as follows:

6

Zm:O L (AnIM I’)m =0

= PR =1 2 = B -

_ Bl BI
95 Bk, s~

(39)

Where Qo = ot+,3rBI fBI,

BI BI
. 3, Q= ,B/’cp’3 94 = /ka’
and Q6 = Bk

p4’ p5’
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TABLE 2. Image quality parameters of 441 point targets after proposed Tl
BSAR focusing.

. Standard
Image Quality Parameter Mean Deviation
. Range 0.1365 0.0022
Resolution (m) .
Azimuth 0.2066 0.0026
Range —-13.2577 0.0095
PSLR (dB) .
Azimuth —13.3288 0.0107
Range —-10.2009 0.0071
ISLR (dB)
Azimuth —-10.5146 0.0058

TABLE 3. Image quality parameters of 441 point targets after
conventional Tl BSAR focusing.

. Standard
Image Quality Parameter Mean Deviation
. Range 0.1385 0.0028
Resolution (m) .
Azimuth 0.2354 0.0404
Range -13.3699 0.0829
PSLR (dB) .
Azimuth -8.2713 3.5856
Range -10.3630 0.0069
ISLR (dB) .
Azimuth —7.4757 2.3736

By numerically solving the high-order equation of (39)
nﬁ}[! » = AnIM p e is obtained, and concurrently, rIM =

Rp1 (YIIM,,,, Pp) is obtained.

D. ALGORITHM SUMMARY
Fig. 6 shows a flowchart of the proposed process, wherein
image focusing and coordinate analysis are conducted in the
uhr and ti bsar geometries. As shown in Fig. 6, analysis of
the computational complexity of image focusing facilitates
estimation of the imaging time. In the proposed focusing
process, a UHR image is obtained via simple summation
of L sub-aperture images, wherein the parallel-computing
process of sub-aperture focusing primarily determines the
total computational cost. Thus, we focus on analyzing the
computational complexity of sub-aperture focusing.
Suppose that the L™ sub-aperture data are given by Ny
and N; samples in the azimuth and range directions, respec-
tively. After zero padding is applied twice in the azimuth
dlrectlon as given by (25) and (32), N, ; becomes N ex and
J A (LE., Ny < N;xl < N;"’?). In the proposed sub—aperture
focusing, there are N, ;N; and ZNSﬁNT phase multiplica-
tions, NNy ;-point fast fourier transforms (FFTS), ZNIN ext_
point FFTS, N,NF -point FFTS, N“’NT Point FFTS, and
N;f‘l’ 1nterp01at10ns with 2(M — 1), where M represents the
interpolation kernel length. Therefore, the computational load
Of the L™ sub-aperture focusing is

C; = N, IN; + ZNEMNT + NN, log, ( )
+ 2NN log, (Nexf) +ONSY (M — 1)
+ NN log, (No) + NN log, (N,ff?) . (40)
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IV. RESULTS

The effectiveness of the proposed method was verified
using numerical simulations. To obtain the simulated dataset,
we considered the TI BSAR geometry with curved paths,
as shown in Figs. 1 and 7. The transmitter St and receiver
Sr were separated in the cross-track (x) and along-track (y)
directions by a baseline length of bg; = 381.9 km, and they
moved along parallel curved paths at the same height of
550 km with identical velocities of 7583 m/s. The squint angle
of the transmitter was 6 = 0.0lo, and that of the receiver
was R = 21.880; this resulted in a large bistatic angle
of fgr= 22.73". A total of 441 point targets were deployed
within a 3.2 km x 2.8 km scene, as shown in Fig. 8. For
UHR data collection, the targets were illuminated by a staring
spotlight, where the transmitted radar bandwidth was 1 GHz
and the Doppler bandwidth was 27 kHz. The simulation
parameters are presented in Table 1.

To evaluate the key contributions of our proposals,
in Section IV-A, we examine the focusing results of BP-
OKA combined with extended sub-image integrations, and in
Section IV-B, we verify the proposed analysis for 2D image
coordinates using bistatic polynomials.

A. FOCUSING ANALYSIS USING BISTATIC POLYNOMIALS
1) COUMPATION OF G-SI PARAMETERS FOR

FULL APERTURES

For the 441 point targets shown in Fig. 8, echo data were
collected from the UHR and TI BSAR operations with the
parameters presented in Table 1. After range compression,
we divided the data into 10 sub-apertures (I = 1,2, ..., 10)
in the azimuth directions, and concurrently, G-SI parame-
ters [xw (fn) and f Gumsflom ] were computed for full-aperture
Doppler frequenmes Using predefined parameters, sub-
aperture images were obtained via BP-OKA and coherently
integrated to recover the full azimuth resolutions. Fig. 9
presents the subsequent coherent integration results of the
sub-images for the central target. As shown, the azimuth
resolutions of the target improved as the amount of sub-
aperture synthesis increased.

Fig. 10(a) shows the final focusing result of the pro-
posed focusing process; its 2D frequency spectrum is shown
in Fig. 10(b). For more specific verification, we enlarged
the impulse response functions (IRFs) of five targets
[Pa, Pg, Pc, Pp, PE], as marked with yellow circles in
Figs. 8 and 10(a). Enlarged IRFs of the five targets are shown
in Fig. 11. Likewise, for quantitative analysis, image qual-
ity parameters of 441 targets were measured, including the
resolution, peak sidelobe ratio (PSLR), and integrated side-
lobe ratio (ISLR). The means and standard deviations of the
measurements are presented in Table 2. As indicated by the
results, all the targets were completely focused, verifying that
the proposed method can achieve spatially variant focusing in
UHR and TI BSAR geometries.
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2) EFFECT OF PRIOR COMPUTATION OF G-SI PARAMETERS

ON SUB-IMAGE INTEGRATIONS
In this subsection, we examine the effect of predefined param-
eters, i.e., X (f,,) and f GumeIorm’ on the final focusing perfor-
mance of sub-image 1ntegrati0ns.

In contrast to the proposed processing chain shown

in Fig. 6, in each sub-aperture processing, we computed

Yoo ( ex’) in (29) using different Arf} =r E i - Ret l(l =

1,2, ..., 10) values, where rf} = Rp1 (Tlc,l§ Px) and rRefJ =
Rgr1 (nc,1; Pref) denote bistatic ranges of P, and Prer at
the central time of the [/t sub-aperture data, i.e., 7.
Next, fS=SI(f,, fe5) was defined by (28), and different
9S8l phya=1,2,...,

7,uniform
aperture G-SI, where

10) grids were used for the /™ sub-

oD € [ . £ )] 1)
and
fTGmlil(l) — maX|: G— Sl(fr — r fext)i|
ermSI(l) — m1n|: G— SI(f‘L' — r ne);t :| (42)

Fig. 12 shows the enlarged IRFs of the five targets
[Pa,Pp,Pc,Pp,Pg] after sub-image integration without con-
sideration of prior computations of the G-SI parameters.
As shown in Fig. 12(c), the central target Pc was always
located at the center of the image after RFM, attaining a
full-aperture azimuth resolution with coherent integration.
In contrast, because of different G-SI conditions, other targets
[Pa,Pp,Pp,PE] appeared at different range pixels for every
sub-aperture image, resulting in the failure of the coherent
accumulation of sub-aperture images, as shown in Figs. 12(a),
(b), (d), and (e). These results verified that as shown in
Fig. 6, G-SI parameters, i.e., ), (fn) and f, GumeIorm’ should be
defined a priori for full apertures before sub- aperture focus-
ing. Otherwise, the sub-aperture images cannot be properly
integrated, because of incorrect registration results.

3) COMPARISION WITH CONVENTIONAL TI BSAR FOCUSING
We compared the image quality performance of the pro-
posed and conventional methods in [23] under the simulation
conditions presented in Table 1. Sub-aperture recombina-
tion was first performed in the signal domain by exploit-
ing [31], and then the conventional focusing approach of [23]
derived from double HRMs was applied to the recombined
data.

Fig. 13 shows the five IRFs, i.e., [Pa, Pg, Pc, Pp, PE],
after conventional focusing, and the means and standard
deviations of image quality parameters for 441 targets are
presented in Table 3. In contrast to the result of the proposed
focusing method, as shown in Fig. 11 and Table 2, tar-
gets are significantly blurred—particularly in the azimuthal
direction—except for the central target. This result indicates
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that double HRMs are not sufficiently accurate to represent
the actual range histories of the TI BSAR geometry with large

TABLE 4. Means and standard deviations of Fig. 14.

curved paths, preventing complete spatially variant focus- Range (m) Azimuth (m)
. s . Standard Standard
ing for the entire illuminated area. Consequently, the con- Mean Deviati Mean o

. . R eviation Deviation
ventional method is unsuitable for TI and UHR spaceborne 02130 0.0491 0.1365 0.0708

BSAR applications, whereas the proposed method provides
superior image quality with complete focusing results.

B. IMAGE COORDINATE ANALYSIS USING

BISTATIC POLYNOMIALS

In this subsection, the proposed image coordinate analysis
method based on bistatic polynomial focusing is investigated.
The range and azimuth locations that reached the peak values
for the IRFs of the 441 point targets in Fig. 10(a) were
measured; all the IRFs were oversampled 20 times, and their
estimates were obtained by numerically solving the proposed
high-order equation of (39).
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Figs. 14(a) and (b) show the absolute errors between the
measurements and estimates in the range and azimuthal direc-
tions, respectively, and their means and standard deviations
are presented in Table 4. For both the range and azimuth
directions, the location errors were close to zero, with a small
bias and deviation. This implies that after bistatic polynomial
focusing, targets were correctly mapped to the 2D image
coordinates using the relationship in (37). Consequently, the
proposed mapping rule allows accurate geolocation analysis
after bistatic polynomial focusing, even in a TI BSAR geom-
etry with large baseline and orbital arcs.
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FIGURE 14. Image coordinate analysis results of Fig. 10(a) obtained using
the proposed method: (a) range and (b) azimuth location errors.

V. CONCLUSION

A novel processing flow of image focusing, and its coordinate
analysis are proposed for TI and UHR BSAR operations,
where a UHR image is obtained via the coherent accumula-
tion of sub-aperture images, and its 2D image coordinates are
interpreted. The proposed processing flow makes the follow-
ing contributions. First, to address the additional aliasing of
the TI BSAR spectrum after sub-aperture division, we intro-
duced a Doppler extension, in which LRWC and its restora-
tions were subsequently performed. This extended concept
efficiently addresses the aliasing issue while maintaining the
azimuth-invariant signal properties of the TI BSAR. Sec-
ond, we introduced BP-OKA, which completely achieved
spatially variant focusing in the TI BSAR geometry, even
with large curved paths and a long baseline. For exploit-
ing BP-OKA in the framework of sub-image integration,
a key consideration was highlighted, where G-SI parameters
are defined for full-aperture Doppler frequencies prior to
performing sub-aperture imaging. In its absence, the same
scatterers appear at different range positions in each sub-
aperture image, causing failure of coherent accumulation.
Finally, to retrieve the range—azimuth coordinates of the
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targets within an illuminated scene, we established a high-
order equation using bistatic polynomials, and their 2D image
coordinates were interpreted. This new concept is compatible
with the proposed focusing process and can be used in vari-
ous spaceborne TI BSAR scenarios. Numerical simulations
demonstrated that the proposed processing flow can achieve
complete spatially variant focusing with accurate image coor-
dinate interpretations in UHR and TI BSAR geometries, and
all the aforementioned contributions were verified.
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