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Abstract

This paper presents a motion compensation algorithm which is capable of dealing with large motion errors for highly
squinted spotlight SAR. The approach consists of a phase error compensation, a shift to correct the delay time error and
an interpolation/resampling in azimuth. For pulsed SAR with a 30° squint angle, the proposed algorithm compensates
motion errors that are 10 times greater than the resolution cells and obtains nearly the theoretical achievable resolutions of
the focused image. The main contribution of this paper is the consideration of the effect of motion errors in the presence

of a large squint angle.

1 Introduction

Advanced synthetic aperture radar (SAR) systems are con-
tinually developing in the direction of more compactness
in hardware size and higher spatial resolution. This makes
their operation feasible on smaller airplanes or unmanned
aerial vehicles. High spatial resolution requires methods
for precise motion compensation (MoCom). If motion er-
rors are not corrected, the image quality considerably de-
grades in terms of geometric resolution, radiometric accu-
racy and image contrast [1].

The motion error can be separated into two parts: an off-
track error and a deviation in azimuth due to a variable
velocity. Most MoCom approaches accomplish a so called
first-order MoCom directly after range compression. The
first-order MoCom corrects an incorrect velocity in azi-
muth by an interpolation and resampling [1] and corrects
the off-track error in the mean squint angle direction [2].
Thereby, an additional deviation in azimuth originating
from the squint angle remains uncompensated. In conse-
quence for many SAR modes, e.q. highly squinted spot-
light SAR, the first-order MoCom is not sufficient to fully
compensate the motion error. Several works have been
dedicated to the residual errors, most of them try to correct
them via complex second or third-order MoCom within the
SAR focusing algorithm [2, 3, 4].

This paper presents a refined first-order MoCom which is
able to deal with large motion errors for highly squinted
spotlight SAR. It is shown that by properly considering the
effect of the squint angle on the off-track error, the mo-
tion error can be almost fully compensated within the first-
order MoCom. The key idea is to correct the phase error
independently from the time shift induced by an off-track
error. It is shown that in case of a squint angle, the time
shift correction of an off-track error involves a shift in the
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direction of view and a shift in azimuth.

In the next section, the SAR focusing technique with
Omega-K algorithm is described. Afterwards, section 3
analyzes the motion error in squinted SAR geometry and
presents the derivation of the proposed MoCom approach.
Results and discussions are presented in section 4.

2 Squinted spotlight SAR focusing
with Omega-K algorithm

The SAR data acquisition geometry is shown in Fig. 1.
While the platform moves with a constant velocity v along
the z-axis, the radar illuminates the ground within x €
[-L/2,L/2]. All scatterers can be considered to lie on
a conceptual z-z plane, where the z-axis is orthogonal to
the x-axis [5]. The z-axis is called azimuth and the z-axis
slant range. In squinted SAR mode, the direction of view
is rotated by the squint angle 6, from the slant range di-
rection z. The y-axis is called ground range and the h-axis
denotes the height. The depression angle 6p is defined in
the y-h plane.

Figure 1: SAR geometry in squinted spotlight mode



At a slow time sample ¢4 the high frequency transmitted
chirp signal sgp(t) is

. t) .
spr(t) = ejthrect{T}eﬂ”f“t, (1)

where 7 is the positive chirp rate, 7' the pulse duration and
fe the carrier frequency. If the return from a point target p
is received delayed by a time ¢, the received signal can be
expressed as

j t—t ,
Sppr(t) = egm(ttp)Qrect{ - P } eI2mle(t=ts)  (2)

After quadrature demodulation via multiplication with
e~727fct the baseband received signal is

. t—t .
sr(t) = e””(ttpfrect{ T d } e 12l (3)

Range compression is achieved with a matched filter

; 2 . .
h(t) = e ™" rect{L}, resulting in the range com-
pressed signal

sp(t) = Tsi{myT(t —t,) e 92 ets, 4)

The delay time ?,, is a function of the slow time ¢, since
the delay time t,(¢s) between the sensor and the point
target changes with ¢, while the platform moves within
x € [~L/2,L/2]. Thus, e~7?7fct»(ts) describes the azi-
muthal phase of the SAR data.

After range compression the Doppler frequency shift
evoked by the squint angle 6, is corrected. The range com-
pressed, Doppler shift corrected data is then fed into the
Omega-K algorithm. An Omega-K algorithm capable to
focus highly squinted spotlight SAR data is presented in
[6].

In case of existing motion errors, MoCom must be per-
formed before the Omega-K algorithm, see Fig. 2.
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Figure 2: SAR focusing with the proposed MoCom and

Omega-K algorithm.
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3 MoCom for highly squinted SAR

MoCom can only be performed with accurate knowledge
of the carrier flight track measured by the inertial mea-
surement unit (IMU) and global positioning system (GPS).
At every slow time sample ¢, the position error is calcu-
lated as the deviation of the actual carrier position from
the nominal position on the ideal flight track. The posi-
tion error is usually decomposed in three components in
Cartesian coordinates Ax,, Ay and Ah. The deviation
in slant range Az, so called the off-track error, is calcu-
lated from the projections of Ay and Ah onto the z-axis:
Az = Ay-cosOp+ Ah-sin0p, see Fig. 3. The azimuthal
deviation Az, arises from a variable flight velocity of the
carrier.

MoCom can be accomplished in two steps: first the com-
pensation of Az and second the compensation of Ax,, [1].
However, it has to be noted that MoCom can only per-
formed in the direction of view (i.e. the direction of wave
propagation) and in azimuth direction. In squint mode, the
slant range direction differs from the direction of view by
the squint angle 6.
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Figure 3: Position error measured with IMU/GPS

3.1 Correction of Az

Fig. 4 shows the situation of an off-track error Az of the
sensor in slant range: The echo of the point target p is re-
ceived at the incorrect position C instead of the correct po-
sition A. Az results in a delay time error ¢, of the received
echo. However, ¢, is linked to the distance deviation AR
between target p and sensor position C via

2 2
te = ~AR = —Azcosbs. ®)]
c c

The error-prone, range compressed signal is
5p(t) = TSi{mT(t — t, — t.)}e I3 ettt (6)

Comparison between (4) and (6) shows that the delay time
error t, induces a phase error e 72"/e’e and a shift of the
time function si(-) by ¢.. The phase error can be compen-
sated by a multiplication with

. : 2 s
6.727chte — 6327TfGEAZ cos 05 (7
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Figure 4: Off-track deviation Az in the x-z plane

with ¢, in (5), yielding
Sp1(t) = Tsi{myT(t —t, — to)}e 92 lete . (8)

The time shift ¢, of the si(-) time function cang be cor-
rected by a multiplication with the corresponding phase in
frequency domain:

8p1(t) = Tsi{myTtre 2™ Ieto 4 §(t —t,) % 6(t — )
©)

Spi(f) = F{5,(t)}
:lrect i e I2mfety | o327 [ty =2 fle
¥ T
(10)

At this point, it has to be recalled that the fast time domain
t is linked to the direction of wave propagation (or the di-
rection of view). Thus, only a shift in the direction of view
can be implemented. In order to shift the incorrect position
from point C to the correct position at point A, see Fig. 4,
we first have to shift the incorrect position from C to B by
a multiplication of S’pl (f) with Hepige(f):

1 2_Az
Hopige(f) = > et (11
=5 2(f) = llfect i e d2m fetp o—j2m ftp
: Y ~T
it in 12

S 1 f ‘ ,
Sp2(f) = —rect {} o127 fetp o =527 fp
’ Y ~T

. 2 .
.eJQTrf;AztanOS smGs, (13)

whereby e 727 fte — =527 f EAzcosbs and the relationship
ﬁ — cos B, = tan 6, sin 0 is used.

Subsequently, the shift from B to A corresponding to
Ax, = AB = Aztanf, has to be realized, see Fig. 4.
The correction of —Aux, is carried out by an interpolation
and resampling in the azimuth direction. The resampling
by —Az, from B to A shifts the recording position from
the wavefront (3) to the wavefront (). This azimuthal
shift automatically evokes a shift of Az, sin 6 in the di-
rection of view, which can be expressed by a multiplica-
tion with eijﬂ'f%sz sinf, _ e*j27rf%Az tan O sin O in the

frequency domain. Thus, the interpolation and resampling
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in azimuth automatically compensates the residual phase
; 2 H . .

error eJ2mfcAztan0ssinbs jn (13) and yields the corrected

signal as if it were recorded at the nominal position A

1 FY i o
SPZ(f) - ’yreCt{/ﬂ—’}e Jj2 fctpe J2 ftp (14)
= spo(t) = Tsi{myT(t —t,) e 92 Ietn, (15)

The result in (15) is identical with the error-free range com-
pressed signal in (4).

3.2 Correction of Az,

In order to retrieve the spatial equidistant sampling in az-
imuth a resampling step is also required. This resampling
step is realized by a interpolation in azimuth. The resam-
pling procedure automatically compensates the phase error
induced by the spatial deviation Az, in azimuth [1].

In practice, the corrections of Az, and Az, are carried
out together in one interpolation and resampling step. The
whole MoCom approach is shown in Fig. 2. The phase
compensation in (7) and the correction of the time shift
te can also be carried out during the range compression,
which reduces the number of additional FFT’s.

It has be emphasized that the order of all steps in the pre-
sented method has to be strictly kept. First, the Doppler
frequency shift correction must be carried out in order to
restore the orthogonal geometry of the SAR image. Sec-
ondly, the compensation of the delay time error ¢, has to be
done on the basis of every received pulse. In the last step,
the variable sample spacing in azimuth can be corrected
by an interpolation. After this step, the data is spatially
equidistant but not temporally equidistant. [1]

4 Results

Fig. 5 presents the results of airborne X-band SAR simu-
lations with parameters shown in Table 1. Five targets are
distributed in a square region of the size 500m x 500m.
With a reference range Ry = 16 km and a squint angle
05 = 30°, the scene center is located at (¢ = 8km, zg =
13.856km). SAR raw data from the five targets were sim-
ulated with and without motion errors.

In order to analyze the performance of the presented Mo-
Com technique, significant motion errors in azimuth and
range direction were included in the simulation. The devi-
ation in range and azimuth from the ideal flight track was
set to vary between £10 m, see Fig. 6.

The simulated SAR raw data is submitted to the process-
ing chain shown in the flow chart in Fig. 2. For raw data
corrupted with motion errors, the presented MoCom is ap-
plied. Comparing the results of the image reconstruction
from error-free data (in Fig. 5 (b)) and from the with Mo-
Com corrected data (in Fig. 5 (c)), we can see that the
motion errors are mostly compensated and the theoretical
achievable resolutions in range and azimuth are almost at-
tained.
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Figure 5: Simulation results. In (b) and (c) the bottom left point target is zoomed.
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Figure 6: Simulated motion errors in azimuth and in slant
range.

Table 1: Simulation parameters

Carrier frequency f. 10 GHz
Pulse bandwidth B, 150 MHz
Pulse duration T’ 6 us
Sample frequency 180 MHz
Platform velocity v 100 m/s
Synthetic aperture length 300 m
Pulse repetition frequency | 400 Hz

5 Conclusions

This paper presents a refined MoCom technique, which
is capable to compensate large motion errors in focusing
highly squinted spotlight SAR. The paper shows that be-
sides the phase error correction, a shift is needed to com-
pensate the delay time error. Additionally, in case of a
squint angle, a correction in azimuth by an interpolation
and resampling is as well indispensable.

The proposed MoCom is flexibly applicable since it is
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placed between range compression and the azimuth com-
pression and therefore it is independent from the focusing
algorithm of choice. Moreover, the algorithm is a general-
ization for variable squint angle and is also valid for broad-
side mode. So far this approach has been tested on X-band
SAR data focused with Omega-K algorithm and needs fur-
ther investigations on different settings to find its accuracy
limitations.
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