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Abstract—With the increasing of application requirements, the
high-resolution real-time imaging processing of the spaceborne
spotlight synthetic aperture radar (SAR) has been developed. Since
the traditional real-time imaging algorithms have the problems
that the range model has errors and the two-dimensional (2-D)
space-variance of the equivalent velocity caused by the curved orbit
cannot be effectively eliminated. Thus, this article proposes a high-
resolution real-time imaging algorithm for spaceborne spotlight
SAR with curved orbit via subaperture coherent superposition in
image domain. In this article, the echo data are first divided into
subapertures to avoid the azimuth spectrum aliasing. After that,
the 2-D space-variance of the equivalent velocity caused by the
curved orbit can be eliminated by the method of azimuth time scale
transformation, higher order phase compensation, and introducing
phase transition function. Then, the dechirp function is applied for
the subaperture signals to obtain the partial-resolution subaperture
images. Finally, these partial-resolution subaperture images are
coherently superposed in the image domain to obtain the final full-
resolution image of the whole echo data. Moreover, the proposed
algorithm improves the real-time performance by adopting the idea
that the subaperture data recording and subaperture real-time
imaging processing are synchronized, which greatly accelerates the
acquisition of the final full-resolution imaging result. At the end of
this article, the simulations and the real-time performance analysis
are performed to validate the proposed algorithm.
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I. INTRODUCTION

S AN active microwave imaging system, spaceborne
A synthetic aperture radar (SAR) is able to perform the
two-dimensional (2-D) imaging in all-weather and all-day
conditions [1]-[7]. With its superior global observation capa-
bility, spaceborne SAR has been widely used in some applica-
tions such as topographic mapping, resource detection, disaster
monitoring, and target recognition [8]-[12]. With the increasing
of application requirements, the spaceborne SAR technology
is developing quickly. To quickly and efficiently complete some
urgent observation tasks, the spaceborne SAR is required to carry
out the high-resolution and real-time observation for specific
areas, so the high-resolution real-time imaging processing for
the spotlight imaging mode is developed in the spaceborne SAR
technology [13]-[16]. However, in the case of high-resolution
real-time imaging of the spaceborne spotlight SAR, the long
synthetic aperture time makes the trajectory of the spaceborne
SAR more complicated and the data volume of the echo signal
increase sharply [17], [18], which bring great challenges to the
high-resolution real-time imaging. As we know large data take a
long time to transmit, so it is not appropriate to directly transmit
the echo data in the high-resolution real-time spaceborne SAR
imaging. In contrast, a more effective method is to first process
the echo data by using the high-resolution real-time imaging
algorithms, then store the imaging result as an image with a
size of several m bytes, finally transmit the image to the ground,
which will save a lot of time than the direct transmission of
the echo data. The core of high-resolution real-time imaging
processing for the spaceborne spotlight SAR is to generate the
high-quality imaging results as quickly as possible after the echo
data recording is completed [19]-[22]. Under the condition that
the existing hardware configurations are already advanced, it
may take more research and development costs to accelerate
the generation of the high-quality imaging results by seeking
improvements and updates on the hardware. Therefore, it is
a good choice to seek breakthroughs in the high-resolution
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real-time imaging algorithms to generate high-quality imaging
results as quickly as possible.

There are three main problems that can be solved in the
high-resolution real-time imaging algorithms for the spaceborne
spotlight SAR with curved orbit. The first problem is the azimuth
spectrum aliasing caused by the condition that the azimuth signal
bandwidth is greater than the pulse repeating frequency (PRF)
in the spaceborne spotlight SAR. The second problem is the
space-variance of the equivalent velocity caused by the curved
orbit. In the high-resolution spaceborne SAR imaging, the real
orbit of the spaceborne SAR is curved due to the long synthetic
aperture time. The curved orbit and the curved surface of the
earth make the velocity in the spaceborne SAR imaging and
is no longer the real physical velocity, but the selected virtual
velocity, also known as the equivalent velocity [1]. And the 2-D
space-variance of the equivalent velocity caused by the curved
orbit cannot be ignored, making the traditional range model
based on the straight orbit no longer accurate. The third problem
is how to improve the real-time performance of the imaging
processing and shorten the waiting time of obtaining the final
imaging results after the echo data recording is completed. For
the first problem that the azimuth spectrum aliasing occurs in the
spaceborne spotlight SAR, many traditional imaging algorithms
such as the polar format algorithm (PFA) [23], the wide-field
PFA, the differential Doppler algorithm, the stolt PFA (SPA)
[24], [25], the two-step processing approach [26], the focusing
algorithm based on the fractional Fourier transform [27], and
the frequency scaling algorithm with subaperture division [28]
have been proposed to effectively deal with it. However, above
imaging algorithms are based on the traditional hyperbolic range
model (HRM) without considering the curved orbit, thus they
are not valid in the high-resolution real-time imaging processing
for the spaceborne spotlight SAR.

For the second problem that the space-variance of the equiva-
lent velocity is caused by the curved orbit in the high-resolution
spaceborne SAR imaging, some new range models and imag-
ing algorithms are proposed. A subaperture imaging algorithm
considering the azimuth space-variance of the equivalent veloc-
ity is proposed in [29] for the ultrahigh-resolution spaceborne
sliding spotlight SAR. However, there needs a complex azimuth
position regulation in the subaperture recombination because
each subaperture has different model parameters. In addition,
some imaging algorithms based on the motion compensation
are proposed in [30], [31] to compensate the real curved orbit
into an approximate straight orbit. However, the accuracy of the
compensation is affected by the azimuth scene size [32]. Fur-
thermore, a high-order imaging algorithm based on the modified
equivalent squint range model (MESRM) is proposed in [33].
However, the MESRM does not consider the azimuth space-
variance of the equivalent velocity caused by the curved orbit.
Another new range model called the sixth-order Doppler param-
eter range model is proposed in [34], and the back-projection
algorithm (BPA) is chosen for imaging processing. However,
the BPA is not suitable for real-time imaging processing due to
its long processing time and large computation. Moreover, the
equivalent acceleration range model (EARM) considering the
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curved orbit is proposed in [32]. However, the stolt interpolation
in [32] requires a lot of processing time.

As for the third problem about improving the real-time
performance of the imaging processing, some real-time imag-
ing algorithms are proposed. The real-time imaging algorithm
in [21], [22], [35] are proposed for the spaceborne stripmap
SAR without considering the azimuth spectrum aliasing and
the curved orbit, and thus they are not able to use in the
high-resolution real-time imaging processing for the spaceborne
spotlight SAR. In addition, a real-time processing method based
on variable PRF is proposed in [16]. However, that method is
not suitable for directly processing the spaceborne spotlight
SAR data and does not consider the range space-variance of
the equivalent velocity. Moreover, a real-time imaging method
based on the modified range migration algorithm (RMA) is
proposed in [15] for spaceborne spotlight SAR. However, the
stolt interpolation takes a lot of time. And the range model in
it has the errors because of not considering the curved orbit,
thus resulting in a poor focus in the imaging result of the
high-resolution spaceborne spotlight SAR.

To solve above three main problems, this article proposes
a high-resolution real-time imaging algorithm for spaceborne
spotlight SAR with curved orbit via subaperture coherent super-
position in image domain. In the proposed algorithm, the echo
data are first divided into subapertures, and the azimuth spectrum
aliasing is avoided because the azimuth signal bandwidth of each
subaperture data is much smaller than the PRFE. Then, according
to the new subaperture range model considering the curved orbit,
the azimuth space-variance of the equivalent velocity can be
eliminated by the method of azimuth time scale transforma-
tion and higher order phase compensation. After using chirp
scaling algorithm (CSA) to complete the range processing, the
phase transition function is introduced to convert the hyperbolic
azimuth phase to the quadratic phase and eliminate the range
space-variance of the equivalent velocity. And then, the dechirp
function is used for the subaperture signals to obtain the partial-
resolution subaperture images. Finally, these partial-resolution
subaperture images are coherently superposed in the image
domain to obtain the full-resolution image of the whole echo
data.

Compared with the full-aperture algorithms, the subaperture
algorithms is more suitable for parallel real-time processing.
Traditional subaperture algorithms mostly perform subaperture
recombination in the signal domain before focusing processing
[28]-[301, [32], [36], while the proposed algorithm performs the
subaperture coherent superposition in the image domain after
the subaperture focusing. The difference between the traditional
subaperture algorithms and the proposed algorithm is shown
in Fig. 1. Traditional subaperture algorithms usually need a
long azimuth Fourier transform (FT) operation and phase com-
pensation to complete the complex focusing processing of a
long signal after subaperture recombination, and then obtain
the final imaging result. While the proposed algorithm uses
the simple addition operation in the image domain to complete
the subaperture coherent superposition, thereby obtaining the
final full-resolution image. That is to say, compared with the
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Fig. 1.

traditional subaperture algorithms, the proposed algorithm splits
the complex focusing processing of a long signal into the simple
coherent superposition of several subaperture images, which
means that the long azimuth FT operation is replaced by the
addition operation, and the computational burden of the addition
operation is less than that of long FT operation.

The proposed algorithm focuses on how to quickly obtain
spaceborne SAR high-resolution imaging results. The proposed
algorithm combines the slant range model of curved orbit with
the new method of subaperture coherent superposition in image
domain that is different with the traditional subaperture algo-
rithms, so that the subaperture data recording and subaperture
real-time imaging processing are performed simultaneously in
the high-resolution spaceborne SAR imaging. In other words,
the real-time imaging processing of the first subaperture data
is completed within the recording time of the second subaper-
ture data. By analogy, the real-time imaging processing of the
penultimate subaperture data is completed within the recording
time of the last subaperture data. Thus, when all the data have
been recorded, only the last subaperture data remains to be
processed, and the final full-resolution image can be obtained
as long as waiting for the imaging processing time of the
last subaperture data. The purpose of the real-time imaging
processing is to obtain the final high-quality imaging result as
quickly as possible. After all the data have been recorded, the
proposed algorithm can shorten the waiting time of obtaining
the final full-resolution imaging result to the imaging process-
ing time of the last subaperture data, which greatly acceler-
ates the acquisition of the final full-resolution imaging result
and effectively realizes the high-resolution real-time imaging
processing. Compared with the traditional algorithms, the
proposed algorithm in this article can realize the high-resolution
spaceborne SAR imaging and on-board real-time imaging
simultaneously.

The rest of this article is organized as follows. Section II
establishes the new subaperture signal model considering the
curved orbit. The algorithm flow chart and the formulas deriva-
tion are presented in detail in Section III. Section IV presents the
simulation results and analyze the real-time performance of the
proposed algorithm by using the TMS320C6678 digital signal
processor (DSP). Finally, Section V concludes this article.
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Fig.2. Geometry of subaperture data recording in spaceborne spotlight SAR.

II. SUBAPERTURE SIGNAL MODEL

The new range model called EARM proposed in [32] consid-
ers the curved orbit. On this basis, the subaperture signal model
is derived in this part. The geometry of the subaperture data
recording in spaceborne spotlight SAR is depicted in Fig. 2. tj,
is the central moment of the kth subaperture data, ty,, is the
azimuth time of the subaperture data, and v is the equivalent ve-
locity of the spaceborne SAR. In the low-resolution spaceborne
SAR imaging, the trajectory of the spaceborne SAR could be
approximated as a straight orbit shown in the Fig. 2. And thus
according to the HRM, the sensor-target distance of an arbitrary
point target P(t., Rp) can be expressed as

thm (tsub) - \/RB2 + (U (tk + tsub - tc))2~ (1)

However, the actual orbit of the spaceborne SAR is curved as
the synthetic aperture time becomes longer in the high-resolution
spaceborne SAR imaging, making (1) based on the straight
orbit no longer accurate. Curved orbit will make the equivalent
velocity change along the azimuth direction, that is, azimuth
space-variance of the equivalent velocity. To describe the az-
imuth space-variance of the equivalent velocity, the equivalent
acceleration is introduced in [32] and the spaceborne SAR is
regarded as moving with a constant acceleration, thus the equiv-
alent velocity vcan be obtained as v = vy + at,,, where v is the
initial equivalent velocity, ¢, is the time, and a is the equivalent
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acceleration. Since the change of the equivalent velocity along
the azimuth direction is relatively slow, the equivalent acceler-
ation a is generally a small constant value. By integrating the
equivalent velocity v from ¢, to t; + tsun, the subaperture range
model considering the azimuth space-variance of the equivalent
velocity caused by the curved orbit can be expressed as

R (tsub) =

1 1 2
\/RB2+<<U0 (tk +tsub)+2a(tk+tsub)2)_ |:Uotc+2atc2:|> .

2

The subaperture range model of (2) considering the azimuth
space-variance of the equivalent velocity is more accurate than
the HRM of (1), but it still has the high-order terms residual
compared with the actual range history of the spaceborne SAR
due to the curved orbit. According to [32], the fourth-order
range model can be used to approximately describe the actual
range history of the spaceborne SAR, then the high-order terms
residual AR(ts,p) can be derived by the fourth-order range
model as

AR (tsub) = B((t + tsun) — te)® + Ba((tk + town) — te)*
By = (s — £22)
Br = (1 — s + 5255)
3)

where f3 is the third-order residual coefficient, 54 is the fourth-
order residual coefficient, and c3 and c4are the high-order terms
coefficient of the fourth-order range model. 55 and SB4can be
computed by (3) with the equivalent velocity, the equivalent
acceleration, and the reference range of the scene center. Finally,
the new subaperture range model in (2) can be modified by the
high-order residual term in (3) as

R (tsub) -
) 1 ) 1 2
Rp®+ ((1}0 (tk+tsub)+§a(tk+tsub) >—|:’Uotc+ 2at02:|>
+ B((tr + toun) — te)” + Bal(te + tsun) — ). @)

By comparing (4) with (1), it can be seen that the azimuth
space-variance of the equivalent velocity and the high-order
terms of the actual range history that are caused by the curved
orbit are taken into account in (4). And thus, the kth subaperture
signal model based on the new subaperture range model is

Sk (t, tsub)

2R (t Ar
= w, <t—(cSUb)) Wy (tk +tsup) €xp <—j TR (tsub)>

2
X exp <j7r’y (t — ZR(CtSUb)) > (5)

where w,.(+) is the window function of the linear frequency
modulation (LFM) signal, w, () is the beam window function,
and they are assumed to be the rectangular windows in the
formula derivation, ¢ is the range time, X is the wavelength, v is
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the chirp rate of the transmitted signal, and c is the propagation
velocity of the light.

III. HIGH-RESOLUTION REAL-TIME IMAGING PROCESSING

The algorithm flowchart is shown in Fig. 3, which mainly
includes the higher order phase compensation, the range process-
ing, the subaperture focusing processing, and the subaperture
coherent superposition in image domain. The data are first
divided into subapertures to avoid the azimuth spectrum aliasing
of the spaceborne spotlight SAR signal. Then, according to
the new subaperture range model considering the curved orbit,
the azimuth space-variance of the equivalent velocity can be
eliminated by azimuth time scale transformation and higher
order phase compensation. After using CSA to complete the
range processing, the phase transition function is introduced to
convert the hyperbolic azimuth phase to the quadratic phase and
eliminate the range space-variance of the equivalent velocity.
And then, the dechirp function is used for the subaperture sig-
nals to obtain the partial-resolution subaperture images. Finally,
these partial-resolution subaperture images can be coherently
superposed in image domain to obtain the full-resolution image
of the whole echo data.

A. Higher Order Phase Compensation

The subaperture division can avoid the azimuth spectrum
aliasing in the spaceborne spotlight SAR. Like the traditional
subaperture algorithm in [36], the size of the subaperture used
in the proposed algorithm is also Ty, = (PRF — B,) /| Kyotl»
where B, is azimuth bandwidth and K, is the slope of the
varying Doppler centroid introduced by the rotation of the
antenna.

After the subaperture division, the subaperture signal in (5) is
transformed into the f,.—ts,p, domain by the range FFT as

2
sk (fry tsun) = wp (fr) wa (te + toun) exp (—jﬂ&)

X exp (]4: (fe+ )R (tsub)> (6)
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where f,. is the range frequency, f. is the carried frequency,
and R(tsup) is shown in (4). As the discussion for (4) in
the Section II, one can note that the equivalent velocity of
the spaceborne SAR varies with the azimuth time, and thus
the azimuth space-variance occurs. For eliminating the azimuth
space-variance of the equivalent velocity, the method of azimuth
time scale transformation is used in the next.
From (4), let

1
Vo (tk + tsub/) = Vo (tk + tsub) + ia(tk + tsub)Q (7)
and further get
t + toun’ = (tk + town) + e(tr + tsup)’ (®)

where £ = a/(2vy) is the scale transformation factor. Since the
equivalent acceleration a is generally a small constant value and
the equivalent velocity of spaceborne SAR is usually several
kilometers per second, we can get the scale transformation factor
€ < 1. And thus according to (4) and (8), the subaperture range
model in the new azimuth time ¢4, domain can be written as

R (tou) = \/R? + (v (b + Lo’ — £1))°

3
2 (ty + teun,’ — t
+ B3 (t b/ ) /
V1 +4e (tg + tow) + V1 + 4dét.

4
2 (th + tewn’ — to'
+ B (b b/ ) /
V1 +4de (b + town) + V1 + det,

~ /R + (o (b + tows’ — £))°

+ B3(tr + tsup’

_ tc/)4
)]

where t./ = t, + et.2. One can note that the radical sign term
in R(tsyp’) is the traditional HRM expression, which illustrates
that the equivalent velocity is azimuth invariant after the azimuth
time scale transformation.

As long as R(tsup) in (6) is transformed into R(ts.1,’) by the
azimuth time scale transformation, the azimuth space-variance
of the equivalent velocity can be eliminated in the subaperture
signal. Since the doppler center fq4. of the subaperture signal in
the spaceborne spotlight SAR is not zero, it is necessary to make
doppler center compensation for (6) first and then carry out the
azimuth time scale transformation for (6) according to (7)—(9),
so that the subaperture signal of (6) is transformed into

3
- tcl) + ﬂ4(tk + tsub/

2
Sk (.f?"7 tsub,) = Wy (fr) Wa (tk + tsub,) exp (_]Wf; )

X exp (_34:- (fc + fr) R (tsub/)>
X exp (_.jQﬂ-fdc (tk + tsub/)) (10)

where fq. = K,ottr. For convenience, the t4,," and .’ are rep-
resented by tg,1, and t., respectively, in the following statement.
After performing azimuth FFT for (10), the subaperture signal
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can be obtained as

2
Sk (fm fsub) = Wy (fT) Wa (fsub + de) exp (_jﬂ-f,;>
—tr))

2 2
X eXp —j47rRB\/<f°’tfr> _(W)

exp (—J27 facty)

RB3 (fc + fr) (fsub + fdc)3
2cvo0

<fc+.fr)2 _ <fsub +fdc)2
c 29

RB4(fc + fv‘)(fsub + fdc)4

4evpd

<fc +fr>2 o <fsub +fdc)2
c 2vg

where fq,p is the azimuth frequency of the subaperture. Then,
the high-order terms residual caused by the curved orbit can
be compensated by using the high-order phase compensation
function shown in (12):

exp (—j271’ (fsub + fdc) (tc

X exp (jﬂﬁzs

-3

—4

(1)

R33 (fc + fr) (fsub + fdc)3
2cv00

(fc+fr>2 N <fsub+fdc>2
c 29

Hl (fr7fsub) = €exp <_j7r63

-3

4 4
X exp (jﬂ-ﬂzl Rp (f(' + Zzz}(oésub + fdc)
—4
¢ 2’00
12)

After the higher order phase compensation completed by
multiplying (11) and (12), the subaperture signal is obtained
as (13)

2
Sk (fra fsub) = Wy (fr) Wa, (fsub + fdc) ETP <J7Tf;>

2 2
X exp _j47TRB\/(fC'Zfr> _(fsub2:;fdc>

X exp (_j27r (fsub + fdc) (tc - tk)) ETp (_jQﬂ—fdctk) .
(13)
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B. Range Processing and Subaperture Focusing Processing

This part, the range processing and subaperture focusing
processing are required for subaperture signal. First, the Taylor
series expansion is performed on f, of (13), and then the sub-
aperture signal of (14) is obtained by omitting the cubic term
and above terms

Sk (frafsub)
= Wy (fr) W, (fsub + fdc) exp (_j27r (fsub + fdc) (tc - tk))

2TR .
X exp (—J UOB \/ faMQ_(fsub"‘de)2> exp (—j27 factr)
2 Am
xexp | —jmT= ) exp —J— B (fsub + fac) fr (14)
where % =1 _Rp 2 ((fouvtfac)/forr)" 5, farr = 200 /A,

7 02(\/1*((fsub+fdc)/faM)2)
R(fsub + fdc) = Rp+ %RB(ifsu})Jrfdc)Q.

After performing range inverse fast Fourier transform (IFFT)

for (14), the subaperture signal can be obtained as

Sk (tafsub)
= Wy (t) Wy (fsub + fdc) €xXp (—j27‘(’ (fsub + fdc) (tc - tk))

X exp (] ZﬂljB \/fGJWQ - (fsub +fd6)2) exrp (7j27rfdctk)

(%

2
X exp (jw% <t — 2R(f<ulf>+fdc)> > .

c

15)

Then, the range cell migration correction and range compres-
sion are carried out using the standard phase functions of the
CSA [37] for subaperture signal of (15). And thus, the range
processing is finished.

After the range processing, the subaperture focusing process-
ing is performed. Because of the subaperture signal imaging in
the frequency domain, it is necessary to remove the hyperbolic
azimuth phase in the subaperture signal and replace it with a
quadratic phase by using the phase transition function of Hy

H4 (t, fsub)

iy 27
= exp (—JK(fsub + fdc)2> exp <—J »

RBfaM)

o,r

2
X exp (jUOW‘RB\/faMQ_(fsub+fdc)2> ETP (jGA)
(16)

where O is the residual phase of the CSA [37], v - is the equiv-
alent velocity varying with the range cell, K, = —2v0? /A Ryof
is the azimuth chirp rate, and R, is the reference range of the
scene center. It is worth noting that, because the curved orbit
also brings the range space-variance of the equivalent velocity,
the initial equivalent velocity varying with the range cell is used
in the Hy. Thus, when H, is used to remove the hyperbolic
azimuth phase, it also eliminates the range space-variance of the
equivalent velocity.
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Then, the subaperture signal is expressed as (17) after the
phase transition

Sk (ta fsub) = SiIlCT (t) W, (fsub + fdc) ETp (_j2ﬂ—fdctk:)
x exp (—j;(fsub + fdc)2>

X exp (—j27T (fsub + fdc) (tc - tk)) . (17)

After performing azimuth IFFT for (17), the subaperture
signal can be obtained as

S (ty tsub) = sine,. (t) wa (tg + tsub — te)
X eXp (ija(tk b — tc)Q)

X exp (_j277fdc (tk: + tsub)) . (18)

Acording to (18), the dechirp function of H5 can be con-
structed as

Hs (1 ) = exp (—jm Kot + L))

X exp (.j27r.fdc (tk + tsub)) . (19)

After multiplying 5 by (18), the subaperture signal can be
obtained by the azimuth FFT as

Sk (ta fsub) = sinc, (t) sinc, (fsub + Katc)
x exp (jrKqt.?) exp (—j2rKatcty) . (20)

From the sinc,(fsub + Kut.) of (20), we know that the
azimuth focusing position of the target is fi,p = — K t.. Ac-
cording to the fg,1, = —K,t., we can compensate for the second
phase term of (20). Then, Hg can be used to complete the azimuth
residual phase compensation for (20)

Hg (t7 fsub) = exp (*jQ'n—fsubtk’) . (21)

And thus, the partial-resolution SAR image of the kth sub-
aperture data can be obtained as

sk (t, fsub) = sinc,. (t) sinc, (fsub + Kate) exp (ijatCQ) .
(22)

C. Subaperture Coherent Superposition in Image Domain

After the partial-resolution subaperture images are obtained,
they are then coherently superposed in image domain. From
(22), one can note that the subaperture data are focused in
the range time domain and azimuth frequency domain, so the
image domain is the range time domain and azimuth frequency
domain. The subaperture coherent superposition is the key to get
a full-resolution image, and the process of the subaperture co-
herent superposition could be illustrated by the time—frequency
diagrams.

As shown in Fig. 4(a), it is assumed that the whole echo data
are divided into three subapertures. Each subaperture signal is
processed by the proposed algorithm, and the corresponding
dechirp function of Hj is used to complete the subaperture
focusing in Fig. 4(b). Fig. 4(c) is the result of each subaperture
signal multiplied by the corresponding dechirp function. After
performing azimuth FFT on the subaperture signals shown in
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Fig. 4. Process of the subaperture coherent superposition. (a) Subaperture
division. (b) Each subaperture signal multiplied by the corresponding dechirp
function. (c) Result after the dechirp. (d) Partial-resolution subaperture images.
(e) Full-resolution image.

TABLE I
ORBITAL PARAMETERS

Orbital Altitude 531km
Semi-Major Axis 7295.39km
Right Ascension of Ascending Node 219.54°
Inclination 96.74°
Argument of Perigee 78.5°
Mean Anomaly 72.63°
Eccentricity 0.0014

Fig. 4(c) and completing the azimuth residual phase compensa-
tion by Hg, each subaperture signal is focused in the azimuth
frequency domain, and the partial-resolution subaperture images
are obtained in Fig. 4(d). It can be seen from Fig. 4(d) that the
focusing position of each subaperture signal on the azimuth
frequency axis is the same. Therefore, after the subaperture
signals are focused, they can be directly superposed in the image
domain without frequency shifting, and the full-resolution image
as shown in Fig. 4(e) can be obtained.

IV. EXPERIMENT RESULTS
A. Point Targets Simulation

To verify the effectiveness of the subaperture coherent super-
position in the proposed algorithm, the corresponding analysis
and point targets simulation of the spaceborne spotlight SAR are
presented. In the point targets simulation, the point targets matrix
is distributed as the 3 x 3 (range x azimuth), the range space
and the azimuth space are all 2 km. The subaperture data size is
8192 x 512 (range x azimuth) and the subaperture number is
31.In addition, the orbital parameters are listed in Table [ and the
main system parameters are listed in Table II. According to the
orbital parameters, the satellite orbit drawn by using the satellite
tool kit software is shown in Fig. 5. The location information
of the spaceborne SAR can be obtained by the simulation based
on the detailed orbital parameters given in Table I. And then by
combining the locations of the point targets and radar system
parameters given in Table II, the echo signal can be generated.
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TABLE II
SYSTEM PARAMETERS

Wavelength 0.03125m
Bandwidth 400MHz
Sample Frequency 480MHz
Azimuth Bandwidth 23903.12 Hz
PRF 3500Hz
Reference Range 617km
Rotation-Center Range 617km

Fig. 5. Satellite orbit drawn by using the STK software.
Azimuth
[
on
)
<
~
Fig. 6.  Point targets simulation results.

Fig. 6 shows the point targets simulation results by using the
proposed algorithm. Fig. 7 shows the profiles of the interpolated
range spread function and the azimuth spread function of targets
A—C denoted in Fig. 6. The focusing qualities of the targets are
also evaluated in Table III by computing their peak sidelobe ratio,
integrated sidelobe ratio, and impulse response width along
range and azimuth, respectively. From Fig. 7 and Table III, one
can note that targets A—C are all focused well.

The proposed algorithm can obtain full-resolution image in
real time through the coherent superposition of the partial-
resolution subaperture images, and thus the subaperture coher-
ent superposition process of the point target B is shown in
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TABLE III
MEASURED VALUES OF PSLR, ISLR, AND IRW

Range Azimuth
S IRW IRW
Points index | PSLR(dB) | ISLR(dB) (samples) PSLR(dB) | ISLR(dB) (samples)
A -13.2645 -9.8647 1.0035 -13.2667 -9.8673 1.0067
B -13.2637 -9.8629 1.0032 -13.2624 -9.8617 1.0065
C -13.2643 -9.8638 1.0034 -13.2659 -9.8668 1.0067

Profile of range spread function Profile of azimuth spread function
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Fig. 7. Profiles of the interpolated range spread function and the azimuth
spread function for targets A—C denoted in Fig. 6. (a) Profiles of target A.
(b) Profiles of target B. (c) Profiles of target C.

Fig. 8. From Fig. 8(a)—(f), the resolution of the point target
B is gradually improved as the subaperture synthesis amount
increases, which proves that the proposed subaperture coherent
superposition in the image domain can effectively obtain the
full-resolution and high-quality image.

B. Surface Targets Simulation

Due to lack of high-resolution spaceborne spotlight SAR data,
the surface targets simulation is adopted in this part to further
verify the performance of the proposed algorithm. The key to
generate the echo of surface targets simulation is how to get
the backscattering coefficients of the real SAR image. As we
know, in the high-frequency approximation, the backscattering
coefficient of each point target can be assumed to be constant
with frequency, and the scattering of each point target is all-
directional, i.e., the point target scatters the same amount of
power in all directions. And then, the gray value of the real SAR
image can represent the amplitude of backscattering coefficients.
Therefore, we can directly use the gray value of the real SAR
image as the backscattering coefficients. In addition, the orbital
parameters and radar system parameters in the surface targets
simulation are same with that in the point targets simulation. And
thus, the backscattering coefficients from the real SAR image
and the parameters in Tables I and II are used to generate the
echo of the surface targets. After obtaining the echo of the surface

targets, it can be processed by the proposed algorithm. In the
imaging processing, the echo of the surface targets is divided
into 31 subapertures, the subaperture data size is 16 384 x 512
(range x azimuth), and the imaging result is shown in Fig. 9(a).

In addition, in order to demonstrate the superiority of the
proposed algorithm, the proposed algorithm is compared with
another spaceborne spotlight SAR real-time imaging method
based on the modified RMA [15]. The echo of the surface targets
is processed by the real-time imaging method proposed in [15]
and the imaging result is shown in Fig. 9(b). Fig. 10(a) and (b) is
the enlarged images of the area marked by the box in Fig. 9(a) and
(b). From Figs. 9 and 10, one can note that the focusing quality
of the image processed by the proposed algorithm is better than
that processed by the real-time imaging method proposed in
[15]. This indicates that, compared with the real-time imaging
method proposed in [15] without considering the curved orbit,
the proposed algorithm in this article considering the curved
orbit is more suitable for high-resolution real-time imaging of
spaceborne spotlight SAR.

The core of the proposed algorithm is the subaperture coher-
ent superposition in image domain. Therefore, the subaperture
coherent superposition process of Fig. 10(a) is shown in Fig. 11.
From Fig. 11(a)—(f), the resolution of the scene is gradually
improved as the subaperture synthesis amount increases, which
proves that the proposed algorithm can effectively obtain the
full-resolution and high-quality image.

C. Real-Time Performance Analysis

1) Computational Complexity Analysis: The algorithm in
[32] is the traditional subaperture algorithm shown in Fig. 1(a),
so the computational complexity of the algorithm in [32] is
compared with that of the proposed algorithm in this section.

In the computational complexity analysis, assume that the
SAR data has N, range samples and N, azimuth samples.
Then, the computational complexity of one azimuth FFT/IFFT
is %log2 N,, one range FFT/IFFT is %105;2 N.,., and one phase
multiplication is N,.N,. In addition, the length of the interpo-
lation kernel is L, and thus the computational complexity of
an interpolation operation is LN, N, [38]. Both the proposed
algorithm and the algorithm in [32] use subaperture processing,
thus assume that the subaperture number is NV, and then the
azimuth samples of each subaperture data are N, /N.

According to [32], we can get the algorithm in [32] includ-
ing four azimuth FFT/IFFTs, two range FFT/IFFTs, six phase
multiplications, and three interpolation operations, where two
azimuth FFT/IFFTs, two range FFT/IFFTs, four phase multipli-
cations, and three interpolation operations are performed before
the subaperture recombination, two azimuth FFT/IFFTs and
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Fig. 8. Subaperture coherent superposition process of the point target B (a) with 1 subaperture data, (b) with 7 subaperture data, (c) with 13 subaperture data,
(d) with 19 subaperture data, (e) with 25 subaperture data, and (f) with 31 subaperture data.

TABLE IV
IMAGING PROCESSING TIME OF ONE SUBAPERTURE DATA
Data Sub-Aperture Data Size Imaging Processing Time of
(range x azimuth) the Last Sub-Aperture Data
Spotlight SAR Data of Point Targets
Simulation in Section IV.A 8192512 0.2893s
Spotlight SAR Data of Surface Targets 0.6798s
Simulation in Section [V.B 16384 > 512

Azimuth Azimuth

(@)

Fig. 10. Enlarged images of the area marked by the box in Fig. 9(a) and (b).
(a) Enlarged image of the marked area in Fig. 9(a). (b) Enlarged image of the

Fig. 9. Imaging results of the surface targets simulation. (a) Imaging result  marked area in Fig. 9(b).

processed by the proposed algorithm in this article. (b) Imaging result processed
by the real-time imaging method proposed in [15].

N,
= N, Nylogy— + N,N,logy N, + 6 N, N,
two phase multiplications are performed after the subaperture N

recombination. And thus, the computational complexity of the +3LN,N, + N,NjlogyN,. (23)
algorithm in [32] is calculated as (23).

<2Nr &10& & + 2& &ng N, + 4&]\0 + 3L]VQNT> In the actual SAR data processing by using the proposed algo-
2N N N 2 N N rithm, the azimuth time scale transformation can be completed

by the interpolation operation. And thus, from the algorithm flow

Na
N + 2N, 7105%2 Na + 2Ny N, chart of the proposed algorithm, one can note that three azimuth
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Subaperture coherent superposition process of Fig. 10(a). (a) with 1 subaperture data, (b) with 7 subaperture data, (c) with 13 subaperture data, (d) with

19 subaperture data, (e) with 25 subaperture data, and (f) with 31 subaperture data.
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Fig. 12. Computational complexity analysis.

FFT/IFFTs, four range FFT/IFFTs, six phase multiplications,
and one interpolation operation are included in each subaperture
processing. Thus, the computational complexity of the proposed
algorithm is calculated as (24)

N.. N, N.N, N, N,
3N, ~Zlogy ~2 +4—2 “Llog, N, +6—2 N, + L2 N, | N
( S R R R )
3

N(l
= 5 NeNylogy =2 + 2NoN,logy Ny + 6Nu N, + LN N;.
(24)

For simplicity, we assume that N,. = N,, the azimuth sam-
ples of each subaperture signal are 512, and the length of
the interpolation kernel L = 12. And thus, the computational
complexities of the two algorithms are simulated and shown
in Fig. 12. From Fig. 12, one can note that the computational
complexity of the proposed algorithm is smaller than that of the
algorithm in [32], which shows that the proposed algorithm is
more effective in real-time processing.

2) DSP Experiment: As we have discussed before, each
subaperture data is processed independently by the proposed

algorithm to obtain a partial-resolution subaperture image, and
then these subaperture images are coherently superimposed in
image domain to obtain a final full-resolution image. In order
to obtain the final full-resolution image as soon as possible
after all the spaceborne spotlight SAR data are recorded, the
proposed algorithm adopts the idea that the subaperture data
recording and subaperture real-time imaging processing are
synchronized. In other words, the real-time imaging processing
of the current subaperture data will be completed within the
recording time of the next subaperture data. Thus, when all
the data have been recorded, only the last subaperture data
remains to be processed, and the final full-resolution image can
be obtained as long as waiting for the imaging processing time
of the last subaperture data.

To record the waiting time needed to obtain the final full-
resolution image after all the data have been recorded, the imag-
ing processing time of the last subaperture data that are from the
point targets simulation of Section IV-A and the surface targets
simulation of Section IV-B are recorded in Table IV by using the
TMS320C6678 DSP. It can be seen from Table I'V that the final
full-resolution image can be obtained only after a few tenths of
a second. It is worth mentioning that the processing time given
in Table IV is obtained by only using one TMS320C6678 DSP,
which proves that the proposed algorithm can be accelerated by
using the hardware. In the practical applications, the multicores
parallel processing and multiple DSP chips can be used in the
on-board real-time imaging processing to further improve the
processing speed, making the processing time less than the raw
data sampling time. Therefore, the proposed algorithm has good
real-time performance.

V. CONCLUSION

In this article, the new subaperture signal model considering
the curved orbit has been established and the formulas derivation
of the proposed algorithm has been presented in detail. The
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proposed algorithm can solve three main problems including
the azimuth spectrum aliasing, the curved orbit, and the real-
time performance for the high-resolution real-time imaging
processing of the spaceborne spotlight SAR. In the proposed
algorithm, the echo data are first divided into subapertures, and
the azimuth spectrum aliasing is avoided because the azimuth
signal bandwidth of each subaperture data is much smaller than
the PRFE. Then, the method of azimuth time scale transformation
and higher order phase compensation are used to eliminate the
azimuth space-variance of the equivalent velocity. After the
range processing performed by the CSA, the phase transition
function is introduced to convert the hyperbolic azimuth phase
to the quadratic phase and eliminate the range space-variance
of the equivalent velocity. And then, the dechirp function is
used for the subaperture signals to obtain the partial-resolution
subaperture images. Finally, these partial-resolution subaperture
images are coherently superposed in the image domain to obtain
the full-resolution image. Moreover, the proposed algorithm
improves the real-time performance by adopting the idea that
the subaperture data recording and subaperture real-time imag-
ing processing are synchronized. And after all the data have
been recorded, it can shorten the waiting time of obtaining the
final full-resolution imaging result to the imaging processing
time of the last subaperture data, which greatly accelerates
the acquisition of the final full-resolution imaging result and
effectively realizes the real-time imaging processing. In the
end, the simulations and the real-time performance analysis are
performed to validate the proposed algorithm.
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