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Abstract: Compared with low-Earth orbit synthetic aperture radar (SAR), a geosynchronous (GEO)
SAR can have a shorter revisit period and vaster coverage. However, relative motion between this
SAR and targets is more complicated, which makes range cell migration (RCM) spatially variant
along both range and azimuth. As a result, efficient and precise imaging becomes difficult. This
paper analyzes and models spatial variance for GEO SAR in the time and frequency domains.
A novel algorithm for GEO SAR imaging with a resolution of 2 m in both the ground cross-range
and range directions is proposed, which is composed of five steps. The first is to eliminate linear
azimuth variance through the first azimuth time scaling. The second is to achieve RCM correction
and range compression. The third is to correct residual azimuth variance by the second azimuth
time-frequency scaling. The fourth and final steps are to accomplish azimuth focusing and correct
geometric distortion. The most important innovation of this algorithm is implementation of the
time-frequency scaling to correct high-order azimuth variance. As demonstrated by simulation
results, this algorithm can accomplish GEO SAR imaging with good and uniform imaging quality
over the entire swath.

Keywords: geosynchronous synthetic aperture radar; imaging; spatial variance correction;
time-frequency scaling

1. Introduction

Geosynchronous synthetic aperture radar (GEO SAR) operates at an altitude ~36,000 km [1].
Compared with a low-Earth orbit (LEO) SAR, greater coverage can be achieved by GEO SAR because
of its much higher orbit [2]. Furthermore, GEO SAR can guarantee observation of the same location
every 24 h with the same incidence angle, which cannot be realized by LEO SAR [3]. Given its special
characteristics, GEO SAR has attracted much attention [4]. It has become part of a global earthquake
satellite system to monitor the global seismic state, as proposed by NASA and JPL in 2003 [5]. Another
GEO SAR system called Geosynchronous Earth Monitoring by Interferometry and Imaging (GEMINI)
was put forward in 2012 to acquire Earth surface data through GEO SAR interferometry [6]. For GEO
SAR systems, imaging is always a major problem, the key to which is correction of the spatial variance
of range cell migration (RCM).

RCM determines the distribution of echoes in the time and frequency domains. The spatial
variance of RCM causes the spectrums corresponding to targets at different locations to be different.
Therefore, in order to accomplish precise focusing in the frequency domain, the spatial variance must
be corrected to eliminate the difference of RCM between any target in the swath and the reference
point, usually the swath center. For LEO SAR with zero-Doppler steering, RCM is spatially variant
along the range direction only, which can be processed by algorithms, such as range Doppler (RD) [7],

Sensors 2016, 16, 1091; d0i:10.3390/s16071091 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/journal/sensors

Sensors 2016, 16, 1091 2 of 30

chirp scaling (CS) [8] and wavenumber domain (WD) [9]. For high-squint LEO SAR, RCM varies
along both range and azimuth slightly, and can be corrected by azimuth frequency scaling and block
processing [10]. Compared with LEO SAR, higher altitude makes the synthetic aperture time of GEO
SAR increase by over 100 times, which causes the relative trajectories between SAR and targets to
become much more curved. As a result, for GEO SAR, the spatial variance of RCM is not only present
in both range and azimuth directions but also much greater and more complicated. Moreover, the
better the spatial resolution is, the much more serious the spatial variance of RCM is. How to correct
the two-dimensional spatial variance of RCM is the specific imaging issue to realize high-resolution
GEO SAR imaging. To address this problem, a precise range model has to be constructed to analyze
RCM. Furthermore, an imaging algorithm based on the model can be presented to correct spatial
variance and focus echo data.

According to this basic thought, in 2011, Bao et al. proposed a polynomial model to approximate
RCM [11]. The following year they proposed a modified chirp scaling algorithm to correct linear spatial
variance along the range direction [12]. After applying this algorithm, the quadratic residual RCM
persists after correction. For this defect, Hu et al. forwarded a modified non-linear chirp scaling (NCS)
algorithm based on correction of the quadratic residual RCM, but this still neglected spatial variance
along the azimuth [13]. To correct the first-order azimuth variance, three different techniques were
developed. Sun et al. adopted azimuth scaling combined with chirp scaling [14]. Hu et al. proposed
a wavenumber-domain imaging algorithm based on modified Stolt interpolation [15]. Ding et al.
constructed a fourth-order space-variant slant range model, applied the quadratic factor compensation
in the two-dimensional time domain to reduce the variance of the azimuth phase, and adopted NCS to
accomplish imaging. Simulation results demonstrated that this algorithm could enlarge the azimuth
size of a well-focused image with a moderate resolution [16]. However, these techniques cannot correct
higher-order azimuth variance contained in the quadratic and cubic phases, which is also crucial for
imaging quality. In 2015, Li et al. proposed a fifth-order slant range model, and corrected quadratic
azimuth spatial variance by exploiting azimuth time scaling. This technique focused on azimuth
processing, while the range variance was not considered adequately [17].

The goal of this paper is to develop an algorithm that can correct high-order spatial variance of
RCM along the range and azimuth directions, and perform GEO SAR imaging with a resolution of 2 m
in both the ground cross-range and range directions. The most important innovation of this algorithm
is the implementation of time-frequency scaling to correct linear and quadratic azimuth variance.

This paper is structured as follows: Section 2 constructs an echo model based on approximation
of the range history, analyzes spatial variance in the time and frequency domain, and proposes explicit
expressions for phases in terms of spatial variables. To correct the spatial variance, Section 3 presents
the basic methodology. A GEO SAR imaging algorithm is advanced in Section 4, which is composed
of five steps, i.e., an initial azimuth scaling, RCM correction (RCMC) & range compression, second
azimuth scaling, azimuth focusing, and geometric correction. In Section 5, simulation results are
addressed to verify the validity of the proposed algorithm. Section 6 concludes the paper.

2. Echo Model and Spatial Variance Analysis

For SAR, after demodulation, the echo corresponding to an isolated point target can be
represented by:

- 2R et An
Soriginul(W/ T) =0 -rect [;7 T. 176] a [T - th l (17)] - exp [_]/\Ructual (77)] @
s 0

where 77 and T denote the slow time along the azimuth and the fast time along the range, respectively.
The constant ¢ is the backscattering coefficient of the target, cy is light speed, and A is wavelength.
a (T) represents the transmitted signal. Here, the chirp signal is the transmitted signal, which implies
a(t) = rect|[t/T,| exp [jnK,7?]. K, is the linear frequency modulation rate, T, is pulse duration,



Sensors 2016, 16, 1091 3 of 30

and rect [-] denotes the rectangular envelope. 7. is the beam crossing time and T; is the synthetic
aperture time.

In Equation (1), R, (17) is the equivalent slant range between the spaceborne SAR and the
target, which is the average of the one-way slant range when transmitting a pulse and that when
receiving the echo. Usually R, (17) can be approximated by a polynomial:

Ny

Roctuat (1) ~ R () = . 24 (= 10)" @
n=0 """

where 1, is the nth-order coefficient, and N, denotes the order. All SAR imaging algorithms are derived
based on an appropriate slant range model, like Equation (2). The higher the order, the better the
fit, which leads to better imaging performance. However, a high order increases the complexity of
imaging algorithms. Therefore, determining an N; that balances imaging quality and complexity of
the algorithm is a major challenge.

Usually the aperture time of LEO SAR is so short that Equation (2) with N, = 2 is adequate to
approximate the slant range, which indicates that the phase error induced by the approximation is
too small to affect imaging quality [18]. For GEO SAR, orbital altitude increases the aperture time
over one hundred times. For example, if the ground resolution is 2 m, the aperture times for LEO
and GEO SARs are about 6 s and 750 s, respectively. Thus, to describe the much more complicated
relative motion with the longer aperture time, the order of Equation (2) must be redetermined by
evaluating the impact of different N, on imaging quality, which can be represented by the resolution,
peak side-lobe level ratio (PSLR), and integral side-lobe level ratio (ISLR) [18].

The following matching filtering is adopted:

Sopt (17, T) = exp [—jﬁTRuctuaz (17)} ®exp [J'LKTR (—77)] 3)

where ® represents convolution and N, may equal 4, 5 or 0. When N, approaches o, Equation (3)
indicates ideal filtering, which can achieve optimal imaging quality per the theory of matching
filtering [18].

Evaluation results of applying Equation (3) and parameters in Table 1 are shown in Figure 1.
Azimuthal resolution, PSLR, and ISLR achieved with N, = 5 are as nearly identical to results of
the ideal filtering during the entire orbital period. However, when N, = 4, results are much worse.
Therefore, the fifth-order approximation to R, (#7) is adequate to acquire optimum imaging quality.

ground resolution PSLR ISLR
24 -4 5
—ideal filtering —ideal filtering —ideal filtering
To3 —Nr=4 6 —Nr=4 —Nr=4
E=4 -=--Nr=6 | | KF | N5 |} 1 |- Nr=5
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Figure 1. Comparison of ideal filtering and matching filtering with N, = 4 and 5. (a—c) show results of
azimuthal resolution, PSLR, and ISLR during the entire orbital period, respectively. Results achieved
with N, = 5 are as nearly identical to those attained by ideal filtering. With N, = 4, results are
much worse.



Sensors 2016, 16, 1091 4 of 30

Table 1. Analysis Parameters for Slant Range Order.

Parameters Value
Orbital inclination angle 60°
Eccentricity 0
Wavelength 0.24m
Incidence angle 35°
Ground resolution 2m

By combining Equations (1) and (2), the echo model can be expressed as:

2
Soriginat(1,7) % 0 - Tect [’7"7] exp {anr [r - ZR(”)] } exp {—J’MR(W)} @)
Ts Co A

2.1. Spatial Variance in the Time Domain

Given the invalidity of the “stop-and-go” approximation, r, (# > 0) in Equation (2) can be
expressed as follows (see Appendix A):

1 n
m
"n =Tpsin — —— — C7 : Z Ch km+27n—m,sin/n =0 ®)
0 m=0

—(n) —(n)
kn = Rg_sat ’ Rg_tur
=1c

and (-) denotes the dot product. C;} = n!/[(n —m)!m!] and r,n denotes the nth-order one-way
—(n)

slant range coefficient. R, ¢4 \’7:17 represents nth-order derivatives of the position vectors of the SAR

where:

—(n)
satellite at the beam crossing time 7 and R, 4, represents the position vector of the target. Usually

the attitude steering is applied for GEO SAR [19], and makes the Doppler centroid zero, which leads
tor; =0.

Figure 2 illustrates the GEO SAR observation geometry. The beam crossing time corresponding
to a target is the moment when the zero Doppler plane crosses the target. At the beam crossing time
corresponding to the swath center, the distance from GEO SAR to the swath center is defined as the
reference range, i.e., 7 of, as shown in Figure 2a. When the zero Doppler plane crosses any target in
the swath at 7, the distance from SAR to the target is denoted by r(, as shown in Figure 2b. As a result,
the location of an isolated target can be uniquely represented by the beam crossing time #. and the
corresponding distance 7.

Equation (5) demonstrates that r,, depends on the target position, indicating that r;, is spatially
variant. Therefore, using polynomial fitting, r, can be expressed as a function of AR and 7., which are
adopted as spatial variables along the range and azimuth directions, respectively. That is:

ro = foref + AR

r = 0

ra ="rosef +koy AR +kapy (AR +kp1a1e + koo (1)
rs = r35ef + ka1 AR+ k3101 + k30 (1)

ra =T4ref +kapr - AR + ka0 7c

rs = r5,ref

(6)

where AR = ry — Yoref- Tnrefs kuma and ky ., can be calculated by polynomial fitting based on
ephemeris data and geographic information of the swath. All coefficients are spatially invariant except
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ky,m,a, which varies with AR. Equation (6) demonstrates that there is nonlinear spatial variance in the
slant range coefficients, which leads to the same condition in the phase spectrum.

» »
Satellite trajectory GEO SAR Satellite trajectory

GEO SAR

Zero Doppler Plane

r,: Range at beam

% : Reference range <
o g center crossing time

Zero Doppler Plane
PP - Swath to ba

observed

Swath to be
observed

eTarget
Swath Swath®
center center
\\\ Observed Observed
. swath swath
(a) (b)

Figure 2. Illustration of GEO SAR geometry. (a) Observation geometry when the beam crosses the
swath center; (b) Observation geometry when the beam crosses another target.
2.2. Spatial Variance in the Frequency Domain

Equation (6) demonstrates that coefficient r,, is two-dimensionally spatially variant, and so does
RCM in the time domain. By implementing the Fourier transform (FT) on sojginal (7, T) in range, the
signal in the range-frequency domain can be expressed as follows:

S0 -1t 15 [ ] o {2 g e

Co r

where f; is range frequency, B, is bandwidth of the transmitted signal, and fy is the carrier
frequency. Then by performing FT along the azimuth, the two-dimensional spectrum is as follows
(see Appendix B):

Sde (fij/fT) :U'Wa [fn]'rect I:{%] ( )
‘ 10 ; . g
eXp{]M(f?;m [”’ >, A (~zit 1) ]} exp {5 — 2y}

where A, is defined as follows:

A =1L

]

r3
T 53
2ry

Ag = 617; [3r§ — rory]

A

)
Ay = 241—@ [10r57374 — 1573 — 1315
As = ﬁ [—r3r6 + 15757373 + 101377 — 105151314 + 10575 |




Sensors 2016, 16, 1091 6 of 30

W [fy] is the azimuth spectrum amplitude. Since it is only concerned with azimuth focusing,
its representation will be given in Section 4. By applying series expansion [20], Equation (8) can be
organized in the form of a series of f;, which is:

Soaf (fy fr) = 0 Wa|fy] - rect [f ] exp {]2712 4;ka} -exp {j2r@o} exp {—j27 fy1c } (10)

k=1
where: 0
m
o= =% 0o=P)+ 2 e (37y)
mlzol
m
pr=—2(r0—R)— X 2 (3f,) m-1)
0 ay
_ ZC%le A " 1
= 3 %G (36) —
m=2 10
_ (_ k 2Cm+k 2P )
¢k*( 1)m2=:2 ka1 (f;y //
9 n+1
Ay(—
Py= 2 (nill)
n;l
Py = 3 Au(=1)" (12)
n=1
9 An n+1cm +l —m
Pn= 2 = n+1 jm =2
L n=m—1

@0, ¢1, ¢2 and ¢y denote the azimuth modulation phase, RCM, range linear frequency-modulated
phase and high-order range frequency-modulated phase, respectively. Equations (9), (11) and (12)
demonstrate that ¢g and ¢, depend on r,,. Therefore, ¢y and ¢y are spatially variant, which can also be
explicitly expressed as a function of AR and 7,:

Po ~ Poref + Ml,rAR + MZ,r (AR)Z + Ml,aﬂc + M2,a77§
$1 ~ P1pef + L1, AR+ Loy (AR)? + Lygfc + Loan?
$2 ~ o ref + Jur AR + Jrafic + Joan? (13)

¢35 ~ ‘PB,ref + Kl,rAR + Kl,a’?c

P ~ (Pk,ref/4 <k<9

All coefficients in Equation (13) depend on f;;, and some of them also vary with AR. Details are
given in Appendix B. The phase difference between Equations (11) and (13) is <0.0127, indicating that
these approximations in Equation (13) will not affect imaging quality.

3. Basic Methodology of Correcting Spatial Variance

According to Equation (2), RCM is determined by slant range coefficients (i.e., r;). In order to
correct the spatial variance of RCM, this paper adopts time-frequency scaling to modify 7.
To introduce this idea, a one-dimensional signal s (¢) is assumed to be:

t] N " "
exp ]A do + Z_}n—t—tc) (14)

s (t) = rect [t

where T is the signal duration time. t. is the center time and d;, is the nth-order time-domain phase
coefficient. According to Equation (6), d,; can be assumed quadratically variant with ¢.. The aim of the
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time-frequency scaling method is to remove the spatial variance in d,;, which indicates that d,, doesn’t
depend on t. after scaling.

By applying series reversion method [21], the corresponding frequency-domain spectrum of
Equation (14) can be attained as:

M

S(f) = exp lercZ D, 1 f"] exp [—j27tftc] (15)

n=2

D, is the frequency-domain spectrum phase coefficient and can be obtained by applying the method

in Appendix B. In order to avoid time-domain aliasing, D; will not be modified by scaling.
Modification of frequency-domain spectrum phase coefficients leads to modification of

time-domain phase coefficients. As a result, the following frequency scaling function can be used:

M
Hfrq,scl (f) = exp ljzﬂz Zy fn1 (16)
n=3
After multiplication by Equation (16), Equation (15) becomes:
M
S'(f) = exp {jZn Dy f%+ 2 (D1 + Zn)f”] } exp [—j27rftc] (17)
n=3

By applying series reversion method to Equation (17), the following expression can be obtained:

(1) = exp |- 5¥ )] (18)

where:

N d’
ZJ t—t)" (19)

d), is the reconstructed nth-order time-domain phase coefficient. Like d,, d), is also spatially
variant with ¢.. According to Equation (6), spatial variance is up to the second order along both the
range and the azimuth. As a result, d'n can be assumed a second-order function of ¢, i.e.,

od, 1 od,

=d PRy 12 20
dy dn gref + atc c+ 2, o c (20)
where d/, g corresponds to the swath center. Then, the spatial difference between d}, and d:l ref 18
od), 1 0%,
Ady=dy—d), o~ © A 21
nref Ote . ct 2 aztc =0 c (21)

In order to eliminate the first-order spatial variance of dJ,, the time scaling function to be multiplied
with Equation (18) is designed as:

4 od’
Hn (t) - eXp l] A (}tc

1 n+1
t—o'(”+1)!t+] 22

By multiplying Equations (18) and (22), the linear component of Adj, will be removed. Therefore,
for correcting the linear spatial variance of all d;, (n > 2), the complete time scaling function is:

B 47 od), 1
Hiopar (t) = exp {] 1 HZ: [ 3k |y o mt 1} (23)
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After multiplying Equation (18) with Equation (23), the signal becomes:

¢ (1) = e {1 )] 1)
where:
N d//
Y () = dy + Y, 5 (E—te)" (25)
n=2

The new time-domain phase coefficient is:

T 1| %4, ody,
d”_dn,76f+2l62tft_0_7? tc,OénéN—l
| 0 (26)
"o g 1 o4y 2
dN - dN,ref +3- 2t o gz
=

Similar to d},, dy, also varies with t.. By applying the series reversion method to Equation (24), the
spectrum is:

M
S" (fy) = exp {]4; > Bmf’"} exp [—j27ftc] (27)
m=2

where B, can be acquired by the method in Appendix B.
Because the time scaling has removed the linear spatial variance, By, satisfies:
0By,
ote

=0,m=0 (28)
te=0

In order to remove the quadratic spatial variance in B, (m = 2, 3), the following equation should
be satisfied by assigning the appropriate value of Z,:

0%B,,

e =0,m=2,3 (29)
Ulc

te=0

According to Equation (13), ¢ (k > 3) is spatially invariant in GEO SAR imaging. And after
time-frequency scaling, the linear and quadratic spatial variance has been removed from By, (n = 2, 3),
as shown in Equations (28) and (29). Therefore, focusing for the whole swath can be accomplished in
the frequency domain. Although the time-frequency scaling is only applied to correct the azimuth
variance in this section, it can also be applied for the range variance correction, as shown in Section 4.

4. Spatial Variance Correction and GEO SAR Imaging

Based on the basic idea in Section 3, a GEO SAR imaging algorithm composed of five steps is
proposed. The first is to eliminate linear azimuth variance of ¢y through the first azimuth time scaling.
The second is to achieve RCM correction and range compression. The third is to correct residual
azimuth variance by the second azimuth time-frequency scaling. The fourth and final steps are to
accomplish azimuth focusing and correct geometric distortion.

4.1. First Azimuth Time Scaling

In Equation (10), ¢, determines the coupling between range and azimuth. The first step applies
the time scaling to remove linear azimuth variance of ¢, and guarantees the quality of RCM correction
and range compression.
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In the range-frequency and azimuth-time domain, the echo can be expressed as Equation (7). The
first azimuth scaling function is designed as:

Hus1 (1, fx) = exp{ %{fﬂ) Tpt (77)} (30)
where: .
km a =0 .m
rpe () = =) (r';'lAf),o’? i (31)
m=2 '

After multiplying Equations (7) and (30), the signal becomes:

5 /
S SN S 11 Y TS0 A D e

r}, represents the modified nth-order slant range coefficient, which is:
10~ To,ef + AR

ko, 1,a
/o kopalar_q 2
n~ 2 e

k3,1l AR
oo +kay AR +kapy - (AR)? + [kz,z,a - %] (1)’ (33)

kytalpr= 2
13~ 1308 — k21l gAr—o + k3,1, - AR + [k3,2,u S 0] “(1¢)

/
Ty = Taref — k3,1,a|AR:0 +kyyr- AR

!~
T's X T5pef — k4,1,u|AR:0

By performing the azimuth FT on Equation (32), the signal in the two-dimensional frequency
domain is:

Szdf (fy, fx) = 0 - Wa [fy] - rect [f ] exp {]2712 ([)ka} exp {j2mgo} exp {—2mfync}  (34)

k=1
where ¢, and ¢} (1 < k <9) can be attained by replacing r,, with , in Equation (11) and polynomial

fitting, i.e.,
(p6 ~ (Pg),ref + M&,rAR + M,g.,r (AR)Z + M,',Z,ang

2
D1 Prep = 2/00 Tptlyy, + L1, AR + Ly (AR)" + L e
Py~ P o + 1 AR+ T3 112 (35)
(P:/% ~ (Pé,ref + Ki,’,AR

L 4)I/< ~ ¢Ilc,ref’4 <k<9

After first azimuth time scaling, linear azimuthal variance is removed from ¢; in Equation (35),
and the residual quadratic azimuth variance makes RCM variation be less than one quarter of a range
cell in azimuth. Therefore, RCMs corresponding to targets in the same range cell can be regarded
as identical [22], indicating that the first azimuth time scaling is beneficial to RCMC and range
compression in the next step.

However, for targets in the same range cell a range offset in the RD domain is induced by the first

azimuth scaling, which is:
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2r tl,— 4 2k
pCL” " = (=91) — (~ 94l,—0) = -2 TS (36)
In Figure 3a, three curves show RCMs corresponding to the three targets Tp, Tg and Tc. And,
they are in the same range cell. These curves do not coincide because of azimuthal variance in the RD
domain, as demonstrated in Figure 3b. After the first azimuth time scaling, RCMs are corrected to be
the same and shifted by various offsets. As a result, they are approximately parallel in the RD domain
and cross different range cells, as shown in Figure 3c. The range offset causes imaging distortion and
is corrected in the final step.

ni A f,] f,] A
T, Ty Tc T, Ty Te
(b) (c)

Figure 3. Illustration of first azimuth time scaling. Three targets (T, T and T¢) are in the same range
cell. Because of azimuthal variance, their RCM curves vary in the time domain, as shown in (a); In the
RD domain, only some parts of the curves coincide, as shown in (b); After first azimuth scaling, linear
azimuth variance is corrected and the three curves in the RD domain are parallel, as demonstrated
in (c).

4.2. RCM Correction and Range Compression

In order to correct the range variance of ¢}, ¢4, and ¢}, the following compensation function can
be applied based on the thought of time-frequency scaling which is demonstrated in Section 3:

9
H4plus_Y (f'i' fT) = exp {—]?JTZ (Pllc,reff”{'{} exp {]?Yfg} (37)
k=4

where:
B 2,3Kmref + (14 2a)K;

— 3¢/
20(1 + ) K3 Psref

mref

b,

7
Ll,r,re f

o7/ o7/
Ll,rLZ,r,ref - L2,rL1,r,ref

(hses)

o
ché,re f

2
K, = ZKmref]i,r

ﬁ:

Kmref =

/
L Lrref

/ /
Ll'r'ref - Ll"‘fv:fvrd
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/
LZ rref = LZ,r‘f}7 =fyref

and fy . is the Doppler centroid corresponding to the swath center.
By applying range IFT on the multiplication of Equations (34) and (37), the signal in the RD
domain can be formulated as follows (see Appendix C):

P

‘exp {*]‘n (Kmref + KST/> [Tl —teon —at — B (T/)Z]Z} (38)

-exp {_]237T (]mref + ]ST/> [Tl — teon — T — :B (T/)2]3}

!’ )2 . .
S (fy 1) =0 -Walfy]- rect [W} -exp {j2mef} - exp { =27 fyc}

where:
2
- _L/l,r,refAR - L/2,r,ref (AR)

T=T— <_¢£,ref - (Pﬂf'?:fvref + (Pi,ref f’i_fﬂrﬁf>
tcon =
co

]mref = (3¢3 ref + Y) Kmref

Js = 3K£ rK?nref 4 6]{,7Kmref]mref
s =

7
Ll,r,ref Ll,r,ref

Coupling of 7y and 7’ denotes range variance. Per Equation (24), the function for correcting the
range variance is:

Hyes (5, 71) — exp [—anz (r+ )20 (4t >3] 39)

where 7y + 7' = T+ ¢} ., and:

{ Q2 = “Kmref
(40)

BK e +0.50Ks

Q= 1+a
The multiplication of Equations (38) and (39) can be approximated as:

Sy (fpom1) ~ o Walfy] rect [%ﬂ%ﬁ)} exp {j27@y } - exp {—j27 fyie}
exp {7]2% (]mref + Q3) . (Tl)s} - exp {7].7-( (Kmref + QZ) (Tl)z}
-exp {—jn (Kmmf + Kﬂ") [m" +pB (T’)z]z} -exp { j2r (]m,@f + IST’) [m" +p (T’)Z]s}

exp {170 (¢) = 05 (¢)'} - evp |2t (|

(41)

The last term of Equation (41) will result in asymmetric range sidelobe. To further eliminate the
impact of range variance in the last term of Equation (41), data segmentation can be adopted in the
RD domain. Every segment corresponds to a sub-swath whose width in the slant range direction
is <30 km. The phase variation induced by the term with 7/ (1;)° is <0.047t in the sub-swath, which
indicates that the last term in Equation (41) can be ignored in the processing of every segment.
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By applying the range FT and the compensation function to Equation (41) successively, the range
variance in every segment can be corrected. The compensation function is:
KoK o ARsup

mref

T (42)
(Kmref + Q2>3

Hs sup (fy, fr) = exp{ —j2m

where AR, is distance from the swath center to sub-swath center in the slant range direction. Then,
compensation results of data segments are stitched together. A uniform filter can be applied to
accomplish RCM correction and range compression for the entire swath, which is:

: .% Jmref +Q

(43)
-exp {jzﬂ (T,,nig,ref - T;;qig,ref f'l_fnr6f> fr}
By applying Equation (43), the spectrum in the RD domain becomes:
S" (fy, ') =0 Walfy] - sinc [T ~ Thig - f] exp {27t g} exp {—2mfync}
—Jyre
2
-exp {—jn <K,mf + KST/) [ocr’ +B (T’)z] } s
44

. 213
exp {]237T (]mref + ]ST,> [“T, + ﬁ (T/) ] }
. 2 . 3
exp {—jmQ2 (v')* = 5 Qs (¢')° ]
The last three terms in Equation (44) can be further compensated for by the following function:

) = {5 (=252 o o= 22 0 (2|

o {15 b (=250 [ (= 250) o (=20}

oxp { -jmQa- (- 22) - Qs (v - 2t}

Compensated for by Equation (45), the signal is:

553) (fy, T) =0 Walfy] - sinc [T — T,ﬁ“'g f11=f'/ref] exp {2y} exp {—j27fync} (46)

4.3. Second Azimuth Time-Frequency Scaling

After RCM correction and range compression, the third step is to further correct the residual
azimuth variance in ¢

To compensate for the additional phase induced by the first azimuth time scaling, the following
function is adopted, which is:

H_ 451 (1, 7) = exp {]'4;1’pt (77)} (47)
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By applying the azimuth IFT and Equation (47) to Equation (46) successively, the signal in the RD
domain is:

Sg) (fy7) =0 Wafy]-sinc [T_ T,mig|f,7—f,7mf] -exp {27 fy1c}
10 m
-exp {]275 [—)2\ (ro—Po) + > 2= (%fv) ]}
m=1

where the last phase is spatially variant and leads to azimuth defocusing.
Based on the basic methodology in Section 3, to correct the azimuthal variance in Equation (48),
the frequency scaling is adopted, which is:

(48)

273 7TY4 A\ 4
Hy,y, (f’l) =exp {] R <2) fr] <2> fr] (49)
where: .
Y3 = 3 [—k%,l,u + 13lp—0 k210 + (2k22,0 —k31,0) - Tz\mzo] (50)
2k 1,0 - (r2|;7€:o
and:
1 2 2 2 3 4
Yo ——— 126, (alymo) + 12600+ (72lym0) = 21K Taly o + 9K, ,
36k3 1,4 <’2 |17ro>

2
—24K3 1 ko Taly—o +11K3 1 4 ks ol o — 4ka1a ka2 (72|;7£:0>
(51)
2 2 2
—6k22,0 k3,10 (Vz\mzo) + 2k kaja- (Vzlmzo) =2k 1 4 T2ly=0 " Taly=0

+30k2,1,0 ko0 - 12y —0 - 73]y —0 = 12k21,0 k31,0 - T2 —0 - V3|,7E:0]

After multiplying Equation (48) with Equation (49), the signal in the time domain is:

4m Z
ex — — 52
E4WJ p{ = =) } (52)

Sgdt (1,T) = 0 -rect [’7 TUC] -sinc [T — T,iﬂ'g

S

n=0
where: -
ry =10
vl =n
ry =17
(53)
ry =13+ Yar3
ry = rq +3YZr5 + 6r3Y3r3 + 6Yyrs
rg =715+ 15Y3 5+ 451/2 513 + 601/3,1/41’2 + 10Y3r2r4 + 15Y3r273 + 60Y4r273
Then, the azimuth time scaling function is applied to Equation (52), which is:
Hasa (17) = exp {—j?r;t (77)} (54)
where: s
) = 5 B (55)
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and:

p3 = —kz1.

pa = k310~ 3 -kana- (r2lyco) (56)

ps = —kypa— 152 (lemzo)4 —6ky1a-Ys- (,Z\W:O)Z —12Y3 ko1 Palymo - P3lymo — 24Ya k210 (y2|m:0)3

After compensated for by Equation (54), Equation (52) becomes:
=1 4 T
Sogs (11, T) = 0 - rect [ T ] -sinc [T ~ Tig fq_fqref] exp { ¥ Z (7 —1e) } (57)

where:

"
n —rn+ Z Wﬂcm ”,0§n<2

(58)
Ty =Tn + Z )!tcm_",3<n<5
By applying azimuth FT to Equation (57), the signal becomes:
7 . " 7 . "
Sgd) (fy,7) =0 Walfy] - sinc [T— Tinig ] exp{ —j4 (ry = Py) —j2rfy (e — Py )}
f’1 flyref (59)

e {i X 0 (47,)"}

where P, can be obtained by replacing r, with 7, in Equation (12). The spectrum envelope can be
expressed as:

" mom ( m

2
Walfy] ~1-—5 (_%fv) o ;,5 4r3> (‘%fﬂ)z
() 5(77)

4ré” : (r;”) 341'2 Ty oty +45<r; )3 A 3
" 6 <_ jfﬂ)
48(r)")
In Equation (59), the phase variation induced by azimuthal variance is <0.0247 in the entire swath,

and does not affect azimuth focusing. As a result, the azimuth focusing can be implemented in the
frequency domain.

(60)

4.4. Azimuth Compression

Equation (59) is spatially invariant and can be focused by applying a uniform azimuth matching
filter for the entire swath, i.e.,

1 . "
Hape(fy) = mexp {_]2”%5,0} (61)

where:

10 m
" _ 2P (A
q)rc,O - Z )f (ff 77)

2rcoTea —5¢12

Aanp(fy) :1_2;2( Zfﬂ) ngcﬁ(—%f};y (62)

_475,5-r§,2—34rc/2-rc,3+3072/3 A f 3
48r8, U
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and:
Yo = 7’0‘;7[:0
Yeq = rl‘qF:O
Yep = rZ‘UC:O
3
re3 =713l o+ V3" (72|,;C:0> +p3 (63)

5 2 4
fea = nalyo+ 33+ (ralymo) +6% 13l o+ (ralymo) +6¥a- (ralymo) +pa

res = Tsly_o+15Y5 (rz\mzoy +45Y2. (72|m:0)4 73— + 60Y3Y; - (rz\mzo)é

+10Y3 - (rZ‘VC:[))Z . 7'4|77(:0 +15Y3 - 1’2‘7][:0 . (1’3"7[:0)2 +60Yy - <72‘W(:0)3 ~1’3‘,7C:0 + ps

P, can be attained by replacing r,, with ., in Equation (12). The result of matching filtering is:

SSI) (f'7’ T) ~ sinc [T - T/mig|fi]=fr]ref] rect I:%:I

exp {4 (ry — By') = 2y (ne— PY') }

(64)

By implementing azimuth IFT, the focusing result can be expressed as:

ngli)t (7, T) = sinc [T ~ Tig

. v 4 " "
w0ty tcon] sinc [ — (e —P;")] - exp {—]; (ry — P, )} (65)

4.5. Geometric Correction

Equation (65) indicates that the echo has been completely focused. However, the target location
is shifted in both azimuth and range directions. As illustrated in Figure 4, two targets, To and Tj,
are originally in the same range cell, and 7, for Tp is zero. In the focusing result, T is still at its
original position. However, T has been shifted to another position T';. The offsets along the range
and azimuth directions are t¢,, and —P;’, respectively, revealing geometric distortion in the focused
imaging that should be corrected.

In Figure 4, the dashed line represents the offset trajectory, which can be described by:

_2|G 3,614 G5 5
where:
Gs =p3
G4 = pa +12G3- Q12 (67)

Gs = p5s +20G4 - Q10,4 + 60G3 - (Q1,3,a - Q%,Z,u)

Q12,4 and Qj 3, are the second-order and the third-order spatial variance coefficients of P{" along
the azimuth, respectively. They can be obtained by replacing r, with r,; in Equations (9) and (12).

Equation (65) can be transformed into the range-frequency and azimuth-time domain, multiplied
by the geometric correction function, i.e.,

ngoCorrect (11, fr) = exp [j27tfr - g (17)] (68)
and transformed back into the time domain to achieve the final imaging result, which is:

sg?t (7,T) = sinc [T ~ Touig

. v/ -47T n "
UC_O/fiy_fqref:| sinc [ — (1c—P;")] - exp {—]/\ (ro — Py )} (69)
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A flowchart of the proposed algorithm is shown in Figure 5.

7

/
/

Figure 4. Illustration of geometric distortion. Two targets (T5 and Tp) are orignally located in the
same range cell, and 7. for Tp is zero. After imaging by proposed algorithm, Tg is still at its original
location. However, T is focused at Tg. Offsets in the range and azimuth directions are ¢, and —P{" ,
respectively. All targets originally on red line are on dashed line after focusing. Therefore, the focusing

results must be corrected from the dashed to red line by geometric correction, from TA to T;; .
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Figure 5. Flowchart of the proposed algorithm.
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5. Simulation and Verification

5.1. Simulation Parameters

Simulation parameters are listed in Table 2, which refer to the global earthquake satellite system [5].
The center of the swath is set to be 108.5° E and 35.3° N. Besides these parameters, the spatial variance
of RCM also depends on the swath size. As the swath becomes wider, higher-order spatial variance
may occur along both range and azimuth. As discussed in Section 4, the proposed algorithm can
correct linear and quadric spatial variance. Therefore, in order to avoid the cubic and higher-order
spatial variance, a simulated swath covering an area of 83 km (azimuth) x 86 km (range) is adopted
to verify the algorithm with parameters in Table 2. It is certain that the swath size for the proposed
algorithm varies with observation parameters. For example, if the center time is 0 and the swath center
is at the equator, the swath size can reach 150 km (azimuth) x 150 km (range) (see Appendix D).

Table 2. Parameters for simulation and verification.

Parameters Value
Orbital inclination angle 60°
Eccentricity 0
Center time 8600 s
Wavelength 0.24m
Pulse width 2 us
Bandwidth 150 MHz
Sampling rate 250 MHz
Pulse repetition frequency 120 Hz
Incidence angle 35°
Squint angle 90°
Synthetic aperture time 750 s

The simulated swath is portrayed in Figure 6. Nine point targets, from T; to To, are deployed. T5
is at the swath center and other points are at the swath edge.

azimuth

83km

Figure 6. Ts is at swath center. T; is 41.5 km and 43 km away from Ts along azimuth and
range, respectively.

5.2. Imaging Results

Range and azimuth profiles corresponding to every target are illustrated in Figure 7, and
evaluation results are listed in Table 3. The broadening coefficient is the ratio of the achieved resolution
to the ideal resolution. Suppose that p, and p, ;4. are the azimuth resolutions achieved by the
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proposed algorithm and the ideal imaging, respectively. The azimuth broadening coefficient is defined
as Pa/04,ideal- The range broadening coefficient can be achieved by the same way. As shown in Table 3,
the broadening coefficients are almost 1, which signifies no resolution loss in imaging. The ideal PSLR
should be —13.26 dB. The loss of PSLR equals the absolute difference between the actual and ideal
PSLRs. Table 3 shows that the maximal loss of range and azimuth PSLRs is <0.2 dB, and <0.1 dB,
indicating good focusing quality. The difference of range PSLRs, azimuth PSLRs, range ISLRs, and
azimuth ISLRs over the whole swath is <0.22 dB, <0.17 dB, <0.29 dB, and <0.28 dB respectively,
indicating uniform imaging quality.

5 T1 P T2 B T3 5 T4 5 T5 o T6 5 T7 o T8 o T9
5 5 5 5 5 5 5 5 5
-10 -10 -10 -10 -10 -10 -10 -10 -10
%-15 15 15 15 -15 15 15 156 15
g
320 20 -20 20 20 -20 20 20 20
£
£ -25 25 25 25 -25 25 25 25 25
©
-30 -30 -30 -30 -30 -30 -30 -30 -30
-35 35 -35 -35 -35 -35 -35 -35 35
-40 -40 -40 -40 -40 -40 -40 -40 -40
500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500
azimuth samples
(a)
o T1 o T2 o T3 o T4 o T5 o T6 o T7 o T8 o T9
5 5 5 5 5 5 5 5 5
-10 10 10 10 -10 10 10 10 10
o
T 15 15 15 15 -15 15 15 15 15
[}
E 20 20 -20 -20 20 20 -20 -20 -20
£
£ -25 -25 -25 -25 -25 -25 -25 -25 -25
©
-30 -30 -30 -30 -30 -30 -30 -30 -30
-35 -35 -35 -35 -35 -35 -35 -35 -35

-40 -40 -40 -40 -40 -40 -40 -40
500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500
range samples

(b)

Figure 7. (a) Azimuth and (b) range profiles corresponding to every point target, represented by blue
and red lines, respectively.

Table 3. Evaluation Results.

Target T1 T T3 Ty Ts Te T, Ts To
Azimuth resolution (m) 1.87 1.86 1.88 191 191 191 1.96 1.96 1.97
Azimuth broadening 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Azimuth PSLR (dB) -13.29 -1330 —1323 —-1336 —13.36 —1336 —13.22 —13.19 —13.24
Azimuth ISLR (dB) -10.37  -1051 —-1032 —10.60 —10.55 —10.55 —10.59 —10.54 —10.51
Range resolution (m) 1.95 1.95 1.94 1.94 1.94 1.94 1.94 1.94 1.94
Range broadening 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Range PSLR (dB) —-1346 —1329 —-1324 —-1325 —1326 —1326 —13.26 —13.28 —13.40
Range ISLR (dB) —9.98 —-9.72 —-9.76 —-9.73 —9.69 —9.69 —9.74 —-9.71 —9.84

Usually for LEO SAR azimuth ISLRs and range ISLRs are almost equal. The situation is different
for GEO SAR with a resolution of 2 m. Because of the wide-angle observation, the two-dimensional
amplitude spectrum is not rectangular, and bifurcation exists along azimuth, as shown in Figure 8.
The bifurcation causes the energy of sidelobes to disperse in two directions, while the mainlobe is not
affected. As a result, azimuth ISLRs are better than range ISLRs in Table 3.
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Figure 8. The amplitude spectrum (a) and the contour map (b) corresponding to the imaging
result of Ts.

In order to further demonstrate the advantage of the proposed algorithm, it is useful to
compare the imaging results obtained by different techniques. Here the imaging results of T3
and Ts5 are compared by applying the proposed algorithm, and other two algorithms developed
by Hu [15] and Li [17].

Theoretically, any algorithm can achieve good focusing quality for Ts, because it is at the swath
center. For the same target at the swath edge the imaging performances of different algorithms may
be different. Imaging profiles corresponding to Ts and T3 are shown in Figures 9 and 10. Evaluation
results are listed in Tables 4 and 5. It is shown that for T5 three algorithms have basically the same
imaging performance. However, for T3, azimuth defocusing occurs by applying the algorithm in [15].
The algorithm in [17] induces defocusing along azimuth and range directions, because the range
variance is not corrected adequately and furthermore the azimuth focusing quality is affected. By
comparison, the proposed algorithm has the best performance between these three algorithms.
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Figure 9. Cont.
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Figure 9. Imaging profiles corresponding to Ts. The first column represents the two-dimensional point
spread function. The second and third columns represent azimuth and range profiles. (a—c) are achieved
by applying the proposed algorithm, the algorithm in [15] and the algorithm in [17] respectively.
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Figure 10. Imaging profiles corresponding to T3. The first column represents the two-dimensional point
spread function. The second and third columns represent azimuth and range profiles. (a-c) are achieved
by applying the proposed algorithm, the algorithm in [15] and the algorithm in [17] respectively.
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Table 4. Evaluation Results Corresponding to Ts.

Proposed Algorithm Algorithm in [15] Algorithm in [17]
Azimuth resolution (m) 1.91 1.89 191
Azimuth broadening 1.00 1.00 1.00
Azimuth PSLR (dB) —13.36 —13.37 —13.02
Azimuth ISLR (dB) —10.55 —10.61 —10.25
Range resolution (m) 1.94 1.94 1.94
Range broadening 1.00 1.00 1.00
Range PSLR (dB) —13.26 —13.25 —13.42
Range ISLR (dB) —9.69 —9.68 —9.78

Table 5. Evaluation Results Corresponding to Ts.

Proposed Algorithm Algorithm in [15] Algorithm in [17]
Azimuth resolution (m) 1.88 3.71 15.48
Azimuth broadening 1.00 1.86 7.77
Azimuth PSLR (dB) —13.23 —0.16 —9.63
Azimuth ISLR (dB) -10.32 0.09 —7.42
Range resolution (m) 1.94 1.94 2.38
Range broadening 1.00 1.00 1.204
Range PSLR (dB) —13.24 —13.578 —5.158
Range ISLR (dB) —9.76 -9.77 —1.906

5.3. Computational Load

Computational load is a key element to restrict the application of an algorithm. Although the chirp
scaling algorithm (CSA) [12] cannot achieve the 2 m resolution for GEO SAR, it is worth comparing
CSA and the proposed algorithm from the aspect of the computational load, because CSA is recognized
as an efficient algorithm and has been widely applied. The back projection algorithm (BPA) [23] is also
compared here, because BPA can achieve same focusing quality in the time domain.

Computational load is evaluated according to the complex multiplication and addition in the
algorithm. Multiplication of two complex numbers and addition of two real numbers need 6 FLOPs
and 1 FLOP, respectively. A FFT or IFFT with a length of N points needs 5Nlog, (N) FLOPs [18].

Suppose sampling numbers along azimuth and range are N,;; and Ny,g, respectively.
The computational loads of the proposed algorithm, CSA, and BPA with 8-fold interpolation,
are respectively:

Cp = 25N, Niglog, (Nrng) + 30Np2i Ninglog, (Nazi) + 67NqyziNrng
Ccsa = 10N;;Nypglog, (ng) + 10N, Ninglog, (Nyzi) + 18N,z Ning (70)
Chpa = 45N42iNrnglog, (Nrng) + 7N2,:Nrng + 126N, Nyug

In order to achieve 2 m resolution and a swath of 80 km x 80 km, N,,; and Nrug should be 140,000
and 50,000 at least. According to Equation (70), analysis results are listed in Table 6. Although the
computational load of the proposed algorithm is more than twice that of CSA, the increasement is
acceptable because of the significant improvement of imaging quality. And the computational load is
about 1/1000 of that of BPA, indicating that the proposed algorithm is efficient.

Table 6. Comparison of Computational Load.

Target Proposed Algorithm BPA CSA
Computational load (GFLOP) 6790.6512 6,865,799.04 2415.32
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6. Conclusions

This work models the spatial variance in the time and frequency domains based on a fifth-order
polynomial slant range model. And a GEO SAR imaging algorithm is proposed, whose basic method is
to correct the linear and quadratic spatial variance of RCM in the range and azimuth directions based
on time-frequency scaling. As demonstrated by simulation results, this algorithm can accomplish GEO
SAR imaging with good and uniform imaging quality over the entire swath.

The algorithm can be applied in the squint mode for more flexible observation, although it is
developed under the condition of zero Doppler centroid. For the squint mode, the Doppler centroid is
spatially variant. As a result, data segmentation has to be used to divide the echo into blocks. Every
block is processed by linear RCM correction [24] and the proposed algorithm successively. Imaging
results of blocks are mosaicked to form the final image.

Author Contributions: Ze Yu and Peng Lin proposed the algorithm, and performed the experiments. Peng Xiao
and Chunsheng Li designed the experiments. Lihong Kang analyzed the data.

Conflicts of Interest: The authors declare no conflict of interest.
Appendix A

Let R; (17) denote the one-way slant range between the satellite and target when transmitting a
pulse, whose representation is:

Ry (77) = \/< Rg_sut (77) - Rg_tar/ Rg_sat (77> - Rg_tar> (A1)

where Ry gt (7) and Ry 44y are position vectors of the satellite and the target in the Earth Centered
Rotating (ECR) coordinate system [18], respectively. By applying series expansion, Equation (Al) can
be expressed as:

o0

r .

Rt (17) = Toin + 21 % (7 —1e)" (A2)
n=

Tnsin denotes the nth-order coefficient. Furthermore, R; (77) can also be expressed as:

N 2 IR IR
+ ‘Rg_tar -2 <Rg_sat (77) ’ Rg_tar> (A3)

Ri(n) = \/ )Eg_w (1)

Let R, (7 + An) denote the one-way slant range when receiving the echo, where Ay denotes the
round-trip delay time. For GEO SAR, the farthest slant range is about 41,680 km, which makes the
round-trip delay time less than 0.28 s. As a result, the radius of the GEO SAR trajectory during the

round-trip delay time is approximately invariable, which indicates ﬁg_sat (1) ‘ By

Rg sat (7 + AU)‘ ~
combining Equations (A1) and (A2), R, ( + Ay) equals:

2 2

+ 'R g_tar

Ry (1 +4n) = \/‘Rg_sut (n + A1) -2 <Rg_sat (1 +4n), Rg_tar>

(Ad)
~ \/R% (77> -2 <Rg_sut (77 + AW) - Rg_sat (77) ’ Rg_tar>

Rt () and R, (17 + Ay) also satisfies the following propagation equation:

Re (17) + Ry (7 + An) = coAy (A5)
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Combining Equations (A4) and (A5), the following equation can be achieved:

2 <Rg_sm (7 +An) — Rg_sar (17), Rg_mr> + (coAn)? = 2coAnR; () (A6)

The satellite position at # + Az can be approximated as:
— — — 1 —
Rgﬁsat (77 + AT]) ~ Rgﬁsut (’7) + Vg,sat (7]) A77 + EAg,Sut (77) (AU)Z (A7)

where V¢ 5 (17) and Ag 54t (77) are the velocity and acceleration vectors of the satellite, respectively.

By replacing the component of Eg_sat (n+ An) — Eg_sat () in Equation (A6) with Equation (A7), Ay
can be solved:
2coR¢ () —2 <ng (1), Rgtur>
Ay = — — (A8)
C% + <Asg (77) ’ Rg_tar>

Since C% > <Asg (), Rgmr>, A can be approximated as:

2( Vse (1), Rg tar 2( Asq (1), Rg tar

2R (17) < 8 & > < g ‘

~ — — R A9
o C% CS t (77) ( )

A
At the beam crossing time 7, the satellite position vector R g4t (77) can be represented as:

Rg_sat (77) = Rg_sat : (77 - Uc)n (A10)

= -(0)
denotes the nth-order derivative of Rg st (17) at 7. Especially, Rg_sut ,
nN=1c n=tc
-0 . . . .
and R represent position vector, velocity vector and acceleration vector, respectively.
n=tc . 1=1c . N
Because Vg st (n7) and Ag sqt (17) are the first-order and second-order derivatives of Rg _sqt (17), S0

the following equations are achieved based on Equation (A10):

—(n)
where R, o

—(1)
R

g_sat g_sat

— o0 1 —>(Tl) -1
ng (77) = Z -1 Rgﬁsat ’ (17 - 776)
i 1= (A11)
— o0 1 —>(Tl) n—2
Asg (77) = 22 (=2 Rgﬁsat ’ (17 - 776)
n= n=1c

By substituting Equations (A2) and (All) into Equation (A9), the equivalent slant range
R () equals:
R(n) = coAn/2

_ & "'n,sin n 1 & k n—1

= T0,sin T 21 n (77 - 776) o 21 (n—1)! (77 - 776) (A12)
x ky, n—2 & Ty sin

- |:61%n—2 (n—2)! (17 - 776) :| [TO,sin + 11;1 n! (77 - 77(1)”]

—(n)

where k, denotes < Ry sar

’ Rg_tur>-
=1c
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Equation (A12) can be simplified as:

0
’
R () ~ro+ Y, (7= 11e)" (A13)
n=1"""
where: .
k 1
"n = Tngin — Zzl - sz : Z C;Tkm+27'n—m,sinr n=0 (A14)
0 m=0

and CI* = n!l/[(n —m)!m!].

Appendix B

Applying azimuth FT on Equation (7), the integration phase is:

47 (fo +
Ot =~ L) Ry 2y (B1)
According to the principle of stationary phase and Equation (2) with N, = 5, the following
equation can be acquired from Equation (B1) by making the derivative of 6;, be zero:

1 -, 1 5 1 4 cofy
= = — =——1 _ B2
N + 21’317 + 6r417 + 24r517 o+ ) (B2)
Based on the series reversion method, # can be expressed as:
=AW+ Ay?+ -+ Agy’ (B3)

where y denotes —cof;/ [2 (fo + fr)]. A1 through Ag denote stationary phase point coefficients to be
solved below.
Substituting Equation (B3) into Equation (B2), the following equation holds:

2
r [A1y + Ay + -+ Agy?] + I3 [Ary + Aoy? + -+ Agy®] T + - -

4 (B4)
+ars [Ay + Aoy + -+ Ay’ =y
From Equation (B4), a set of coefficient equations is acquired as follows:
7’2A1 =1
rAs + %7’3A% =0
1Az +1r3A1Ar + %1’414? =0 (B5)
By solving Equation (B5), A; satisfies:
1
A] = E
= _13
Az = 27%
A3 = % [37’% — 1’27’4]
6ry (B 6)
Ay = 241—@ [10ror3rg — 1573 — 13715
As = ﬁ [—r3r6 + 15757373 + 101377 — 105157314 + 10575 |
Ag =
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Substituting Equation (B3) into Equation (B1), the spectrum phase in the two dimensional
frequency domain is acquired:

9 n+1 2
92df(f71/f’l’) — _47T(f(C)O+fT) {ro _ Z An ( (COfW ) _ l) }_ TZ:( _271,](77176 (B7)

n:1n+1 f()"‘fr

By applying series expansion, Equation (B7) can be expressed as a polynomial of f;:

9
62df(f17/f1') =27 ¢p + Z (l’kﬂC — 27t fy1e (B8)
k=1
where:
m
¢o = —% (ro—Py) + Z Zn (%f)
9 op, (A, \™
pr=—2(r0—P)— X 2 (3f,) (m-1)
" =2 (B9)
202, (A
2= 2 =% (zf'?) 2%
_ (_1\k 2Ckm+k 2P (A "
| = (1) X T (3)" k=0
and: .
_ n+1
PO = Z Aﬂ(n-’il-]l)
n=1
9
P =3 Au(-1)" (B10)
n=1
9 n+1,~m n+1—m
P, — Z An(—1)" niri+1 2<m<10
n=m—1

Because P, depends on r;; and the highest orders along range and azimuth are both 2 shown in
Equation (6), P;; can be modeled as:

Py = Pm,ref + Qm,l,rAR + Qm,Z,r (AR)Z + Qm,l,a + Qm,Z,a|AR (770)2 ,0<m <10 (B11)

According to Equations (B6) and (B10), every coefficient in Equation (B11) can be obtained. Then
coefficients in Equation (13) can be acquired:

Pores = —% (ro,ref —n OJEf) 12 & 1 (%f ”)m

m
My =10 Qo ¢ 3 2 (3)
10 m
My, = =3 (=Qoar) + 3 2% (3f,) (B12)
m=1
10
Ml,a:_%(l_ )_|_ Z 2lea|AR( f)

m=

Mg = —2 (= Qopalar) + Z 2sza|AR (* )
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¢, ref = 7% (rOref POref) mlzi:z 2 ref < fq) (m—1)

10
Ly, = —% (1-Qo1r) — 2 ZQg(n)lr (Zf']) (m —1)
| P (B13)

Loy = -2 (-Quar) — 3 222 (35,)" (- )

102 m
Lia = =2 (1= Qoaalpr) — X 222bae (353" (m—1)

10 2C7 i P re A m 1
P2 ref = 2_32 ot (7f17) e
10
2C3Qu1,
hr= mz_Jz Cofol ( f”) (B14)
O 26 Quaalar (Ap )"
ha= X =Hgpes (3)
10 o3
— (L1 S Fnerlurer (A g\
Paep = (1) 3 et ()
8O 263 1 Quas "
Kip = (-1 3 gns (3)) (B15)
K _ (_1)3 g 2Cr3n+1 Qm,l,a'AR (Af )m
la = 7%153 2J1
and: 0
2Ck
i rer = (—1)F M ,k>4 (B16)
Prref "
m=2 COfO
Appendix C

After multiplying Equation (34) with Equation (37), the two-dimensional spectrum is:

Saaf (f fr) = Walfy]-rect [fT] exp {]277 2 (Pkfk} exp {j27qp } (1)
exp {5V f2} exp {2 fyrrc}

Implementing range IFT on it, the signal in the RD domain is obtained by the series
reversion method:

Sra (fy,7) —rect[ ng] exp {j2rt gy} - exp { =27 fync}
2 3 (C2)
-exp {jnKm : [1’ Tmlg] } ~exp{ L - [ r’mg] }

where /5, = —¢}, Kiy = 1/ (2¢%) and ], = (3¢% + Y) K3,
Some important curves and variables in the RD domain are illustrated in Figure C1, where:

' _ 21 pt (1) _
ms f’1 :fmef Co migref

(©3)

fW:fmef
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\J

f nref

Figure C1. Illustration of important curves and variables in RD domain. T, o ref and T/ . represent

mig

migration curves corresponding to swath center and any target in the swath, respectively. 7, .. . and

ig,c

T’gqi 0 represent migration curves corresponding to any target whose 7. = 0 before and after RCMC,
respectively. T’ is the difference between 7 . 0 and T/, oref + 2lpt (¢)/co is the range offset induced by

first azimuth scaling.

Considering the spatial variance model in Equation (35), we can represent 7’ as:
T = —L}, AR =L}, . (AR)? (C4)

Combining Equations (35) and (C4), the differential RCM of the range cell center defined as

/ /

mige ~ Tmigs is obtained:
2 2
ZRCMyirr=a-7+B- (T C5
o diff B- () (C5)
where:
Ll
&= r 1
1r,ref
o Li,rLIZ,r/ref_Lg,rl‘{,r,ref (C6)
p= ot 2
(Ll,r,ref>
LY e s and L), e s equal Ly, P and Ly,| . Then, based on Equation (C5), T — 7, can
n=Jyref fr]*fiwa
also be represented as a function about ’:
2
T—T/mig:Tl—tcon—Dc~T/—ﬁ'(T’) (C7)
/
where 71 = T — Tmig,s*
Ky and Jy, can also be represented as functions of 7’
— /
K, = Kmref"'KiT (C8)
Jm = ]mref +JsT
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where: 1
K P
mref 2¢é,ref
L],r (Cg)
_ / 3
]mref = (3¢3,ref + Y) Kmref
]S = _BKLi/"Ki”Ef + 6]{,rIL<lmref]mref

1rref 1r,ref

Based on Equations (C7) and (CS8), the signal in Equation (C2) can be represented as Equation (38).

Appendix D

This appendix will show the swath size achieved by the proposed algorithm can reach
150 km (azimuth) x 150 km (range). Simulation parameters are listed in Table D1. The simulated
swath is portrayed in Figure D1, and the swath center is at the equator.

Table D1. Parameters for Simulation and Verification.

Parameters Value
Orbital inclination angle 60°
Eccentricity 0
Center time 0s
Wavelength 0.24m
Pulse width 2 us
Bandwidth 150 MHz
Sampling rate 250 MHz
Pulse repetition frequency 400 Hz
Incidence angle 35°
Squint angle 90°
Synthetic aperture time 630 s
azimuth

150km

Figure D1. T; is at swath center. T; is 75 km away from T5 along the azimuth and range directions.

Range and azimuth profiles corresponding to every target are illustrated in Figure D2, and
evaluation results are listed in Table D2. As shown in Table D2, the difference of range PSLRs, azimuth
PSLRs, range ISLRs, and azimuth ISLRs over the whole swath is <0.02 dB, <0.06 dB, <0.03 dB,
and <0.09 dB respectively. Some broadening coefficients are less than 1, because the modulation
rates corresponding to these points are changed in imaging, and the resolutions become better.
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The simulation results show that this algorithm can achieve good imaging quality over the swath of
150 km x 150 km.

o T1 o T2 B T3 o T4 o T5 B T6 B T7 5 T8 o T9
5 5 -5 -5 -5 5 5 5 5
-10 -10 -10 -10 -10 -10 -10 -10 -10
% -15 -15 -15 -15 -15 -15 -15 -16 -15
S
320 -20 -20 -20 -20 20 20 20 20
=
£ -25 25 25 25 -25 25 25 25 25
©
-30 -30 -30 -30 -30 -30 -30 -30 -30
-35 -35 -35 -35 35 35 -35 -35 -35
-40 -40 -40 -40 -40 -40 -40 -40 -40
500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500
azimuth samples
(a)
o T1 o T2 0 T3 0 T4 o T5 o T6 o T7 o T8 o T9
-5 -5 -5 -5 -5 -5 -5 -5 -5
-10 -10 -10 -10 -10 -10 -10 -10 -10
%-15 -15 -15 -15 -15 -15 -15 -15 -15
S
320 20 20 20 20 20 -20 20 -20
£
£-25 25 25 25 25 -25 -25 -25 -25
©
-30 -30 -30 -30 -30 -30 -30 -30 -30
-35 -35 -35 -35 -35 -35 -35 -35 -35

A
S

-40 -40 -40 -40 -40 40 40 40
500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500 500 0 500
range samples

(b)

Figure D2. (a) Azimuth and (b) range profiles corresponding to every point target, represented by blue
and red lines, respectively.

Table D2. Evaluation Results.

Target Ty T, T3 Ty Ts Te T, Ts Ty
Azimuth resolution (m) 1.95 1.93 1.95 1.96 1.95 1.96 1.98 1.98 1.97
Azimuth broadening 0.99 1 0.99 0.98 1 0.99 0.98 1 1
Azimuth PSLR (dB) 13.28 -1327 -1330 -1328 —-13.28 1329 1328 —-13.28 —13.24
Azimuth ISLR (dB) -1018 -1021 -1026 -10.17 -10.17 -10.24 -10.18 —10.17 —10.19
Range resolution (m) 2.09 2.09 2.08 2.07 2.07 2.06 2.08 2.06 2.06
Range broadening 0.98 1 0.99 0.98 1 0.98 1 1 0.98
Range PSLR (dB) —-1325 -1325 —-1325 —1325 1325 1325 1326 —13.25 —13.24
Range ISLR (dB) -1016 -1015 -10.15 -10.14 -10.15 -—-10.14 -10.15 —10.17 —10.14
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