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Abstract

Motion compensation is an important part of SAR processing for high resolution air borne
imaging sensors. The non ideal motion of the platform carrying radar, results in degraded image
quality. This paper concerns the analysis and compensation of trajectory deviations in airborne
Synthetic Aperture Radar (SAR) systems. Analysis of the received data spectrum is carried out
with respect to the system geometry in the presence of linear, Quadratic sinusoidal and general
aircraft displacements and presents an efficient new motion compensation algorithm. This
method is verified with simulated SAR data.

1 Introduction:

Synthetic aperture radar (SAR) [1] is a remote sensing system used to obtain high resolution
images of the observed scene. The device is mounted on on-board a platform (airplane, satellite
or space shuttle) that, in the ideal case, moves with a constant velocity along a rectilinear
trajectory. The scene is illuminated at constant time intervals and the received signal (raw data)
contains information about its back scattering properties.
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High geometric resolution in range (target to flight path distance) is obtained via transmission of
linearly frequency modulated (chirp) pulses. On the other hand, high resolution in azimuth(flight
direction) is the result of coherent data processing(focusing or pulse compression) [2] operation
aimed at synthesizing an antenna array whose dimension is several times larger than the one of
the real illuminating antenna mounted on board the platform

SAR raw data consists of a coherent superposition of the back scattered echoes from the imaged
scenario. The backscattered echoes are modulated by the transmitted pulse(chirp pulse) and by
the natural movement of the sensor. The image formation process consists of compressing the
signal of each scatter, which is time dispersed(modulated) in the along track(azimuth) and cross
track (range) direction

In airborne SAR systems deviations of the trajectory from the nominal one as well as attitude and
forward velocity variations frequently occur mainly due to atmospheric turbulence. This
introduce errors in the received raw data which degrade the quality of the SAR image .In
particular, depending on magnitude and nature, motion error causes loss of resolution, decrease
in image contrast, spurious targets, loss of geometric accuracy and reduction in signal to noise
rat1o.

To compensate for motion errors, flight information must be available at the raw data processing
stage. Usually these are provided by inertial navigation units (INS) on board the aircraft. But the
complexity, maintainability and reliability of INS units limit their application in motion
compensation
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Actual track

2 Translational errors

The translational errors refer to platform position displacements from a straight-line
track. The translational motion geometry of the platform at zero Doppler [4] is shown in Fig. 1.
These errors depend upon the range to each target and upon the reference height above the
ground. Two primary errors arise from these deviations. First, a phase error is introduced to all
targets. This disrupts target phase histories and leads to image defocusing and shifting. Second, if
the translational errors are large enough, they can cause target responses to drift into neighboring
range bins.

0

Fig. 1: A comparison of the path length for expected and actual tracks

An object ‘O’ is imaged by sensor traveling along actual track ‘AC’ from origin A (0,0) to

position c(x, y) at range distance R with RO being broadside Range. The expected track is
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‘AB’ for which the object is imaged at range distance R . i.c., the object is sensed at range R

when it is traveling at in straight line path, and at range R when it deviates from ideal track The
range difference (error) is given by the difference between the expected and actual range

S/

f——= Expectedtrack ~——% Expected track

AR=R—R The corresponding phase error is Ap = 4TﬁAR

RO R(t)

r P

Fig. 2: A comparison of the path length for expected and actual tracks

From the above figure the difference between the expected and actual range ‘AR’ is
approximated as displacements in X, 7" direction

22

The displacement in ‘x” direction, x = (v + Av )t + axzt
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at’

r

The displacement in  r * (LOS) direction, 7 =V,f +

Where, V & V. are along track and radial velocity respectively, a & a, are corresponding
acceleration, AV is along track velocity mismatch.

The range error which is difference between actual ranges R(#) & expected R, is given by
Ag(0) =~ AR(0)

The associated phase difference (error) is . Az {V"th( Ve a . v 'AV}F }

Where « is known as Doppler centroid [4] parameter given by equation o = 47;V’
. , 27V?
f and Ap are focus parameters given by equation £ = ™) and
0
4z a, VP AV
Ap=——(TLT+—.—
A 2 R,V

Q is a linear phase term. The effect of the linear phase to the point target is to cause an azimuth
shift but make no change to the waveform. That is, linear phase error has no impact on SAR

image focus,but shifts response in azimuth. From above formulation, Vr is the key factor of
Doppler centroid parameter, so the image will shift at azimuth when Vr is not zero; the variation

of Vr makes the distortion in the resultant image.
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S + Ap is the second phase error term, which can widen the main beam of the target response,

leads to higher sidelobes, cause a loss in magnitude and resolution. It means defocus. The
typical defocus and distortion are caused by slant range, and along-track uncertainties. These

depend on fluctuation in the focus parameter AS /[, which is due to mismatch between
nominal and actual along track velocities AV /V , or due to existence of across track

acceleration @, component. The above analysis is evaluated and the simulation results are
presented in section

Motion Induced Phase Errors on the Image

Phase error category Image Effects

Low frequency errors Geometric distortion; loss of resolution

High frequency sinusoidal phase errors | Loss of contrast; spurious targets

Low frequency motion errors: Are those position errors with variations period lesser than
azimuth aperture time, and low frequency errors encompass linear, quadratic phase errors (QPEs)
and higher order phase errors.

Linear phase error: By definition the phase of the linear phase error varies linearly with
position along the data space. Sources of low frequency phase errors include velocity and
acceleration errors, variations in the velocity of the radar along flight path, give rise to linear
phase error [5] and results in the shift of the point target response in azimuth direction

Quadratic phase error (QPE): Varies quadratically with position across the data space. QPE
causes broadening of the image processing system's impulse response width. This broadening
causes an effective decrease in image resolution and tends to smear targets. However, the effect
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of QPE is not limited to the main lobe, one of its first effects is to fill in side lobe nulls and
increase integrated side lobe ratio ISLR

Acceleration error term causes a quadratic phase error, which results in maximum deterioration
of the image. If the quadratic coefficient is space invariant, the effect is uniform defocus over the
scene. Quadratic phase error broadens the main lobe of the target impulse response and thus
degrades the resolution of the image

High frequency motion errors: Are those position errors with periods larger than or equal to
azimuth aperture time. High frequency errors include sinusoidal and random phase errors. High
frequency phase errors with more rapid variations of period larger than the coherent aperture
interval over the processing aperture are referred to as sinusoidal phase error. The phase term

J#o sin(27f,1))

representing a sinusoidal phase error across the aperture has the form e

A sinusoidal phase error causes paired echoes to appear in the system impulse response.
This effect means high peak side lobes are present, which may be interpreted erroneously as
separate targets when in fact, they are spurious targets. The primary effect of high frequency
random phase errors is to take main lobe energy and distribute it over several sidelobes leading
to poor image contrast

Motion Error Compensation (Moco) for spotlight Synthetic Aperture Radar

The received signal is modeled on translational errors by introducing fluctuations in range by
variations in the speed of radar along the flight path.

Demodulated SAR signal [4] given by exponential equation

S,(z,n) = e(_j‘mfR(n)je{jﬂ k,("zf(’”jz]

(1)



International Journal of Enterprise Computing and Business
Systems

ISSN (Online) : 2230-8849

http://lwww.ijecbs.com

Vol. 2 Issue 1 January 2012

7 is the (along track ) azimuth time , 7 is the range (fast) time ,c is the speed of light, X, s
the chirp rate , f, is the center frequency and R(77) is slant range and is function of azimuth

time 77
With translational motion error, expected range R(77), becomes aberrated range AR(77)

The approach of motion compensation is to split the deviation errors into

» Range independent errors
» Range dependent errors

AR(n7) = AR, (1) + AR, (17)

Where AR is the total displacement range error, AR, is the Range independent errors ARd,-ﬁ'

is the Range dependent error

This changes the demodulated signal Eq. (1) to

[/ 4z f.R(n)+ ARref(ﬂ)+ARdi/]‘(77)J [ ik [fZR(ﬂ)Jr AR, o (7)+AR 3i5(17) ]Z]
" [
S (t,n)=e

c

£ ge independent errors are those

whose magnitude of deviation is small compared to the synthetic aperture length and the
displacement errors is same for all the targets within the scene and is equal to the one at the

scene center.

Moco is implemented as 2 stage compensation [4] referred to as

» First order Moco and
» Second order Moco
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First order Moco applies phase correction to range independent errors and provides bulk error
compensation. It is performed directly on the raw data.

Second order Moco corrects range dependent errors, and is applied to the range compressed data.

SAR Motion Compensation Processing Algorithm

For range independent errors, the displacement error for all targets within the beam
equal the one of the center beam. Based on this, Range independent errors are extracted with
respect to a reference range ‘Ry’ (usually chosen to be the scene center)

AR, =R, —R,

Where R, is the actual range measured, AR, is the range independent error, R, is the range to
the scene center (broadside range)
Since Range independent errors are independent of slant range variation, the bulk Moco

is performed as a preprocessing step on the raw data by a phase multiplication [6],which is
obtained by expanding Eq. (2) and selecting range independent error terms , is given by

_j47rARmf (n)(—fcc—k,rchk,AR,d )Jz

Mlze[ ‘

Where f ¢ the carrier frequency is k, is the chirp rate and C is the speed of light.

This correction, while not completely correct the phase errors, puts the data in
approximately the correct location, reposition the raw data in the azimuth direction while
canceling any azimuth shift.

The data is then range compressed and second order Moco is applied after transforming
the range compressed SAR data to the signal domain.
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Second order Moco addresses displacement errors which are range dependent. The
residual error which remains after performing first order Moco is range dependent, which takes
into account the variations in the path length (Range).Due to these variations, range bins are
drifted from their positions leading to azimuth defocusing which arises due to mismatch between
azimuth chirp and the matched filtering reference function. Range dependent errors are extracted
as a range bin drift for each received pulse and for all range bins over Synthetic aperture length
and compensated for by a phase multiplication with range compressed data

Phase correction is given by

AR . (M)+R
_jgﬂkrAer (ﬂ)(WJ

c

M,=e

Cc c

AR oo (1)? 87k R(1DAR .
[j4zzk, air (17) _ I8 (1) M(n)]

[j4fyi,ARd”’cf'(n)J (j4;zk,rAR‘”fcf(’7)]

‘e e

where 7=2R/c
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Fig. 3: Motion compensation algorithm

Results

SAR data simulated with parameters described below is used to verify the proposed motion
compensation algorithm
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Pulse width 3%107% secs
Cross range resolution 3m
Range resolution 3m
Speed of the radar platform 100 m/s
Range 10000m
Pulse repetition frequency 500 Hz
Carrier frequency 6x10% Hz
Azimuth swath width 100m
Range swath width 100m
Synthetic aperture length 32.5m

To evaluate the performance of the motion compensation algorithm, for translational errors,
single point target is considered at the scene center to generate data. The received data is
preprocessed and applied to Moco algorithm. The evaluation is performed in the view of
considering real conditions; the received signal is modeled on translational errors by introducing
fluctuations in range by variations in the speed of radar along flight path.

Figure.4.1 illustrates, with the introduction of linear phase error in the form of velocity
variations along the flight path results in shift of the target response in azimuth direction

Figure.4.2 illustrates, the QPE results in broadening of the main lobe leading to loss of contrast

Figure.4.3 illustrates Sinusoidal phase errors causes paired echoes to appear in the impulse response of
the target. This effect means, high sidelobes are present which may be interpreted erroneously as
separate targets, when infact they are spurious targets. Moreover small targets are masked by adjacent
strong side lobes. The higher the amplitude of the sinusoidal displacement, the larger the number of
significant replicas (echoes).
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Applying I and II order motion compensation results in impulse response as shown in Figure.5
Range independent errors are corrected in first level of Moco as a result of which data is
repositioned in the azimuth direction canceling any azimuth shift. While the range dependent
errors which are responsible for mian lobe broadening are corrected in second level of Moco

Figure. 6 illustrates an aberrated image of 3 point targets with the introduction of high frequency
sinusoidal and random motion error with amplitude of 3m .

Figure.7 shows 3 point target image, after motion compensation

Conclusion

A detailed analysis of the motion errors in Synthetic aperture radar, their effect on the impulse
response of the target is discussed. Analysis of the received data spectrum is carried out in the
presence of linear, quadratic and sinusoidal displacements. Results shows that motion errors lead
to image defocus, azimuth shift and produce spectral replicas which strongly impair the quality
of the focused image. An improved motion compensation algorithm for SAR has been proposed
, implemented and evaluated.Final results on simulated data aimed at validating the whole
analysis and proposed procedure are presented. The results show that it properly corrects the
effects of non ideal motion.The proposed method can be implemented in place of the traditional
method to improve processing efficiency and accuracy
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Fig.4.1: Linear phase error Azimuth shift due to linear phase error
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Fig. 4.3 High frequency errors
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Fig. 5: First and second order motion compensation
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