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Abstract—This paper presents a 2nd order motion compensation (MoCom) algorithm for squinted spotlight synthetic
aperture radar (SAR). A precise compensation of the rangedependent components of the motion error is indispensable for
high-resolution SAR systems. Besides, the MoCom has to be
compatible with an accurate focusing technique – the Omega-K
algorithm in this case. After a proper bulk MoCom and a range
cell migration correction, the proposed MoCom accomplishes a
phase error compensation considered for every position in the
spot. For pulsed SAR with a squint angle of 20◦ and a depression
angle of 20◦ , the proposed algorithm compensates residual phase
errors greater than [−π, +π] radian and obtains signiﬁcant image
quality enhancement. The distinctive feature of the proposed
approach is its capability to compensate residual motion errors
in the presence of a large squint angle.

I. Introduction
Airborne SAR systems are disturbed by motion errors,
which – if not corrected – lead to image quality degradation.
The main eﬀects observed are the loss of geometric resolution
and radiometric accuracy, reduction of image contrast, increase
of sidelobes and strong phase distortions [1]. By recording the
relevant motion parameters with an onboard GPS/IMU system,
the real movement of the sensor can be taken into account by
advanced SAR imaging.
Several approaches have been used for the processing of
airborne SAR data. Time-domain approaches are able to
accurately consider non-linear movement of the sensor [2].
However, they have very high computational complexity and
are at the moment not yet applicable for realtime onboard processing. Out of all frequency-domain approaches, the OmegaK algorithm provides an ideal solution of the SAR imaging [3].
Due to its computational eﬃciency, the Omega-K algorithm
can be run in realtime [4] [5]. The main drawback of this
algorithm is the requirement of a straight ﬂight path and
constant velocity of the sensor. If not held, the ideal ﬂight
path has to be restored by motion compensation (MoCom)
techniques. Common MoCom procedure consists of a bulk (1st
order) MoCom and a residual (2nd order) MoCom. Reigber
et al. developed an extended Omega-K algorithm with an
integrated MoCom [1] . This approach provides good results
for broadside SAR with small squint angle.
This paper presents a 2nd order MoCom approach for
squinted SAR, which is both compatible with and independent
of the Omega-K algorithm. The proposed MoCom calculates
and compensates the residual motion errors in the presence of
the squint angle. The correction is done in the direction that is

perpendicular to the direction of wave propagation. Therefore,
a modiﬁed range cell migration correction (modRCMC) has
to be realized ﬁrst. The phase error induced by residual
motion errors will be calculated for each position in the spot
dependent on the squint and depression angle. After phase
error correction the modRCMC will be inverted to retain the
range compressed SAR data for the subsequent Omega-K
processing.
This paper is organized as follows: In the next section the
procedure for squinted spotlight SAR focusing is explained.
The center beam approximation and 1st order MoCom will
be described in section 3. Afterwards, section 4 analyzes
the residual motion error in squinted SAR geometry and
presents the proposed 2nd order MoCom approach. Results
and discussions are presented in section 5.
II. Squinted Spotlight SAR Imaging
While the platform moves with a constant velocity v along
azimuth (the x-axis), the radar illuminates the ground within
[−L/2, L/2], see Fig. 1. The slant range z is perpendicular to
the x-axis. In the presence of the squint angle θS , the wave
propagation direction r is rotated by θS from the slant range z.
The direction perpendicular to r is called “squinted azimuth”.
The y-axis is called ground range, the h-axis denotes the height
and θD the depression angle. All scatterers are located within
the spot on the ﬂat ground surface.
The acquired SAR raw data is fed into the SAR processor
shown in Fig. 2. Range compression is realized by a matched












  









    





Fig. 1: SAR geometry in squinted spotlight mode
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The oﬀtrack error induces a shift in range and a phase error
of


2 fc
φe = exp j2π
Δz · cos θS ,
(2)
c

  

   

where fc is the carrier frequency and c velocity of light.
The 1st order MoCom [7] compensates the shift in range,
the phase error given in (2) and the azimuth deviation in the
listed order.



  



IV. Proposed Second Order MoCom
     



  

   

   


Fig. 2: Squinted spotlight SAR focusing with the proposed
MoCom and Omega-K algorithm

ﬁlter. The squint angle evokes a shift of the Doppler center
frequency which has to be compensated. After Doppler shift
correction, a 1st order MoCom, which considers the squint
angle [7], is carried out. The 1st order MoCom makes use
of the center beam approximation [8] and fully compensates
motion error for the spot center. All other targets within
the spot are aﬄicted with a residual motion error. The 2nd
order MoCom compensates the locally dependent residual
motion errors by phase error compensation before Omega-K
processing [9].
III. First Order MoCom with Center Beam Approximation
Fig. 3 shows the position errors of the platform measured
by the GPS/IMU system. The position errors can be divided
into the azimuth position error Δx and the oﬀtrack error. The
azimuth deviation arises from a variable ﬂight velocity and is
corrected by resampling and interpolation to retrieve spatially
equidistant sampling in the azimuth direction.
For broadside SAR the oﬀtrack error can be calculated by
using the center beam approximation [8] as
Δz = Δy · cos θD − Δh · sin θD .
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Fig. 3: Geometry of position errors and proposed MoCom

The 1 order MoCom [7] takes the squint angle θS into
account and exactly compensates the position errors for the
spot center with the adjusted depression angle θD . Since
the oﬀtrack error depends on the depression angle θD , the
calculation of Δz in (1) is only valid for the center range
corresponding to θD . A target p at other range is aﬄicted with
a range dependent oﬀtrack error expressed as
st

Δz p = Δy · cos θDp − Δh · sin θDp .

(3)

For this target p a residual error of Δz p − Δz is left after the
1st order MoCom. Focusing result degradation is expected for
higher order residual phase error greater than π/4 [10]. I. e. for
a X-band system with a wavenumber λ = 3 cm, a 2nd order
MoCom is needed if the residual oﬀtrack errors are greater
than 2 mm.
The aim of the proposed 2nd order MoCom is to compensate
the residual oﬀtrack error Δz p − Δz for every point target p in
the spot. It is assumed that the residual oﬀtrack error is small
enough to be considered as phase error [1]. Each target in
the spot is associated with an individual depression angle θDp .
Common methods calculate the phase error in dependence of
θDp : Targets located on a perpendicular line to the z-axis share
the same θDp (dashed line parallel to azimuth in Fig. 3) and
so the same oﬀtrack error Δz p . These methods are valid for
broadside SAR with a small squint angle θS .
However, if θS is large, the direction of wave propagation r
deviates from the slant range z and the target-dependent error
has to be calculated with respect to lines perpendicular to the
r-axis (dotted lines parallel to squinted azimuth in Fig. 3 and
Fig. 4) [6]. Therefore, the proposed algorithm ﬁrst performs
a modRCMC realized by local linearization, see Fig. 4. The
modRCMC is carried out with respect to the squinted azimuth
direction (and not to the azimuth axis like common RCMC).
The resulted range migration is perpendicular to the wave
propagation direction.
The phase error is calculated and corrected for every target
depending on β and α p


4π fc 
φep = exp j
Δy cos θDp cos θS − Δh sin θDp cos θS
c


4π fc 
(4)
Δy cos β cos α p − Δh sin α p .
= exp j
c
Subsequent to the residual phase error compensation by using
φep − φe , the modRCMC is inverted and ﬁnally an OmegaK algorithm for squinted SAR [9] is carried out yielding the
desired SAR image.
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Fig. 4: Modiﬁed RCMC: the range migration is corrected to a
straight line perpendicular to the wave propagation direction
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Fig. 5: Simulated motion errors in directions of azimuth,
ground range and height

It has to be noted that the eﬃciency of the proposed
algorithm depends on both the squint angle and the depression
angle. The calculation of φep in (4) is also valid for the
broadside case. For θS = 0, α p is identical with θDp .
V. Results
Fig. 7 presents the results of an airborne X-band SAR
simulation with parameters shown in Table I. Five targets
are distributed in a square region of the size 500 m × 500 m
with reference range R0 = 16 km, squint angle θS = 20◦ and
depression angle θD = 20◦ . SAR raw data from the ﬁve targets
were simulated with signiﬁcant motion errors. The deviations
from the ideal ﬂight track in azimuth, ground range and height
were set to vary between ±5 m, see Fig. 5. The resolution cell
is 1 m × 1 m.
The simulated SAR raw data is ﬁrst processed with 1st
order MoCom. By applying the center beam approximation,
Δz is calculated with equation (1). The results of the 1st order
MoCom are shown in Fig. 7 (b) and (c). For the target at spot
center, motion errors have been completely compensated. For
the bottom target, residual oﬀtrack error suppresses the main
lobe level by −10 dB and produces a smearing in squinted
azimuth.
The accuracy of the 2nd order MoCom depends on the
ground range distance from the point target to the spot center.
Thus, the bottom and top target are chosen to demonstrate the
eﬃciency of the proposed MoCom.
For the bottom point target, the residual phase error Δφe =
φep − φe is calculated (see Fig. 6) and compensated in the
direction of squinted azimuth. Comparing the results of the
image reconstruction without (in Fig. 7 (c)) and with 2nd order
MoCom (in Fig. 7 (f)), we can see that the great part of motion
errors are compensated. The focusing result of the top target
in Fig. 7 (d)) demonstrates the fact that the nearer a target is to
the spot center, the better is the focusing result. The focusing
quality of the center target remains as expected the same, see
Fig. 7 (e).
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Fig. 6: Calculated residual phase error for bottom target

Table II shows one-dimensional integrated sidelobe ratios
(ISLR) calculated for the top, center and bottom point target
as


Ptotal − Pmain
.
(5)
ISLR = 10 log10
Pmain
Pmain is the power of the main lobe within twice the impulse
response width. Thus, the numerator of (5) is the total power of
the sidelobes within twenty times the impulse response width.
The ISLR of the center target is in both cases close to the ideal
value of −9.8 dB of an ideal sinc-function since no window is
used for sidelobe suppression. For the top and bottom target,
the 2nd order MoCom improves their ISLR signiﬁcantly.
TABLE I: Simulation parameters
Carrier frequency fc
Pulse bandwidth B p
Pulse duration T
Sample frequency
Platform velocity v
Synthetic aperture length
Pulse repetition frequency

10 GHz
150 MHz
6 μs
180 MHz
100 m/s
300 m
400 Hz

TABLE II: ISLR measured in the squinted azimuth direction
after 1st order MoCom
after 2nd order MoCom

Top target

Center target

Bottom target

−1.58 dB
−8.61 dB

−9.87 dB
−9.83 dB

+7.44 dB
−5.78 dB
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Fig. 7: Simulation results for point targets in the spot: after 1st order MoCom in (b), (c) and after 2nd order MoCom in (d)–(f).
Coloured contour lines given in dB.

VI. Conclusions
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