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A New Method of Aircraft Motion Error Extraction
From Radar Raw Data For Real Time Motion
Compensation

JOAO R. MOREIRA

Abstract—Presented is a new solution for real-time motion compen-
sation. The main idea is to extract all the necessary motions of the
aircraft from the radar backscatter signal using a new radar configu-
ration and new methods for evaluating the azimuth spectra of the ra-
dar signal. Hence an inertial navigation system becomes unnecessary
for many applications. The motion compensation parameters for real-
time motion error correction are the range delay, the range dependent
phaseshift, and the pulse repetition frequency. The motions of the air-
craft to be extracted are the displacement in line-of-sight (LOS) direc-
tion, the aircraft’s yaw and drift angle, and the forward velocity. Re-
sults show that a three-look image with an azimuth resolution of 3 m
in L-band using a small aircraft is achievable, and the implementation
of this method in real time using an array processor is feasible.

I. INTRODUCTION

YNTHETIC APERTURE RADARS (SAR) synthe-

size a long antenna by transmitting electromagnetic
energy and coherently adding the successively reflected
and received pulses to obtain high resolution in flight (azi-
muth) direction. The resolution in range direction is
achieved either by transmitting very short pulses or by
using pulse compression. To achieve a coherent integra-
tion, called azimuth compression, it is necessary that
phase errors, resulting from spurious platform motion er-
rors, are compensated. The platform motion error is de-
fined as the error between the actual flight path and the
nominal one. For SAR systems mounted on small air-
crafts, motion errors are considerably high due to atmo-
spheric turbulence and aircraft properties. After having
determined the motion errors of the aircraft, motion com-
pensation can be realized by adjusting the pulse repetition
frequency (PRF), applying a range-dependent phaseshift
to each received pulse and delaying it. By adjusting the
PRF, one compensates for the aircraft forward-velocity
variations, so that the emissions will occur at constantly
spaced intervals. Adjusting the phase and range delay, one
compensates for the displacement in line-of-sight (LOS)
direction. ;

This paper will present a:method to extract the displace-
ment in LOS-direction, the aircraft velocity, and the yaw
and drift angle from the radar raw data. The method is
based on the analysis of the azimuth spectrum of the radar
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raw data. The primary condition to implement this method
is the use of a wide azimuth antenna beam. This is ob-
tained using a short, fixed, mounted pencil-beam antenna
rather than the usual long, stabilized antenna [1]. Thus
both the complex gimbaling system and the clutterlock
loop are avoided.

II. PROPERTIES OF THE AZIMUTH SPECTRUM

Consider the radar geometry of a strip-mapping SAR,
where V(1) is the aircraft’s forward velocity, V3 (¢) is the
velocity error in LOS-direction, ¢ is the time, PRF is the
pulse repetition frequency, & is the angle between the
cross-flight direction and a vector pointing to a point tar-
get on the ground, and R is the range of the target. The
antenna points perpendicularly to the nominal flight path,
illuminating a swath to one side of the aircraft. Due to
V,(t) and V,(¢), the radar pulse suffers a frequency or
Doppler shift of

2 -V, (¢) - sind N 2 - V,(t) - cos &

FDoppler(ta 19) = A A

(1)
where A is the wavelength of the transmitted pulse. For
small ¢, (1) can be simplified to

2 V,a) -8 2 Vy(n)

FDoppIer([, 19) - + \

: )

Using the radar equation, the azimuth power spectrum
S(f) can be expressed as the product

S(f) = ks - G*(f) - B*(/) (3)
where f is the frequency, G( f) is the one-way antenna
gain in azimuth direction, B ( f) is the ground reflectivity,
considered real, and kg is a constant. G*( f), which rep-
resents the antenna pattern, can be shifted in frequency by
an angle ¢ (¢), which is the sum of yaw and drift angle,
and the velocity in LOS-direction V), (¢) as follows:

= 2 - Vv(t)>\' sin ¢ () 4 2 ;/b(t) (4)

where f, is the frequency shift of G*( f), ¢ (1) = a(t) +
B(t), a(r) is the yaw, and 3(7) is the drift angle of the
aircraft. B2( f), which represents the ground reflectivity,
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can be shifted in frequency by the velocity in LOS-direc-
tion ¥, (7) as follows:

2 - V(1)

‘ (5)

=

where f, is the frequency shift of B%( f).

The extraction of the motion errors of the aircraft is
based on two methods. The first method analyzes only the
ground reflectivity part of the azimuth power spectrum
and is called reflectivity displacement method (RDM).
The second method analyzes only the antenna pattern part
of the azimuth power spectrum and is called spectrum
centroid method (SCM).

III. THe ReFLECTIVITY DISPLACEMENT METHOD (RDM)

The reflectivity displacement method analyzes the fre-
quency shift between two ground reflectivity functions of
adjacent and strong overlapping azimuth power spectra.

The azimuth power spectrum is obtained by Fourier-
transforming the data in the azimuth dimension. The in-
tensity of each frequency channel of an azimuth power
spectrum varies according to an exponential probability
function. To decrease this variance, one determines the
azimuth power spectra of a group of successive range bins
and averages them. The intensity variance of each fre-
quency channel is decreased with the number of the spec-
tra averaged, and the azimuth power spectrum is  repre-
sented more accurately.

Let us assumie that the azimuth power spectra have a
data length of At and are calculated in time intervals also
equal to At {there is no overlap of data in time domain).
The frequency shift V(¢) between two ground reflectivity
functions from two adjacent azimuth power spectra can
be derived from (2) and (5) and expressed as

2'V,2,(t)-At+2-V,,(t)~‘At
AR A

V(t) = — (6)

where R is the range of the center of the selected range
bin group and At is the time interval between the two
adjacent azimuth spectra. The maximum bandwidth of the
frequency shift function V(¢) is dependent on A¢ and is
expressed, considering the sampling theorem, as

1
2 - At

BWy = (7)

To measure the frequency shift V' (¢), it is considered that
the ground reflectivity function B( f) has a high contrast,
defined by

- L {ripa y .
[ﬁ SB(f)dfT .
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Fig. 1. Two adjacent azimuth power spectra taken with time interval Az
= 1.075 s.
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As the antenna pattern function G*( f) shows only a slight -
variation across the considered azimuth bandwidth, it is™
replaced by a constant and (3) approximated to

S(f) = k - B*(f) (9)

where kg is a constant. Then the measurement of the fre-
quency shift V() of the ground reflectivity function B( f)
can be carried out by simply determining the position. of
the maximum of the cross-cotrelation between two adja-
cent azimuth power spectra. This way gives a very accu-
rate measure of the frequency shift if Az is much smaller
than the illumination time of the antenna in azimuth di-
rection. This assures that the two adjacent azimuth spectra
are strongly correlated. Fig. 1 shows two adjacent azi-:
muth power spectra obtained using the following param-
eters.

Wavelength: 0.23 m (L- band)

PRF: 476 Hz.

At 1.075 s.

Data length of the azimuth power spectrum: 512

complex points (1.075 s). :

® Antenna beamwidth (3 dB) in azimuth direction:
46°.

e Aircraft velocity: 50 m/s.

* Range of the raw data: 1920 m.

® Resulting antenna 111um1nat10n time in azimuth di-
rection: 30 s.

® Estimated frequency shift V(¢) considering (6) and

V,(t) equals zero: 12.2 Hz.

The azimuth power spectraats = 0 sand ¢t = 1.075 s
in Fig. 1 are very similar with the exception of the neg-
ative frequency shift of the azimuth power spectra S(f,
k) att = 1.075 s described by (6). Carrying out a cross-
correlation between both spectra, one obtains a frequency
shift of 12.1 Hz, as shown in Fig. 2. ,

As we get V() by this correlation, the acceleration in
LOS-direction ¥, (#) must be separated from the forward
velocity ¥, (¢). This is done using a low- and a high-pass
filter. The forward velocity has a very low bandwidth; for
example, 0-0.05 Hz, assuming a turbulence with a stan-
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Fig. 2. Cross-correlation of azimuth power spectra S(f, ¥k — 1) and S( f,
k) shown in Fig. 1. Frequency shift V' (k) = 12.1 Hz is determined from
position of maximum of cross-correlation.

dard deviation of about 1 m/s and a small aircraft such
as the Dornier D0228 [2]. The acceleration in LOS-direc-
tion has a much higher bandwidth, where only the higher
frequencies are important for motion compensation; for
example, frequencies higher than 0.1 Hz. Considering the
power spectral density (PSD) of the acceleration in LOS-
direction and the PSD of the forward velocity of the
Do0228 aircraft, we get an overlap between the two terms
of (6) of less than —15 dB, so that both the forward ve-
locity and the acceleration in LOS-direction can be well
separated from each other. The displacement in LOS-di-

_rection is obtained, integrating two times the acceleration
‘in LOS-direction. Fig: 3 shows the block diagram of the
reflectivity displacement method.

The accuracy of RDM depends on the contrast K of the
reflectivity function B( f), on the time interval Az be-
tween two adjacent azimuth spectra, and on the number
of RDM procedures Nrpy-

By imaging land surface that is not homogeneous, we
get always a high-contrast X, which implies a high accu-
racy of the RD method. By imaging a homogeneous
source, such as sea or desert, we get a low-contrast K,
which implies reduced accuracy of the RD method. The

degradation of the accuracy of the displacement in LOS-

direction measurement with decrease of the contrast X is
~ greater than the degradation of the accuracy of the for-
ward velocity measurement.

The upper limit of the accuracy is determined by the
time interval Af and by the number of RDM procedures

Nypum- The time interval Az defines two important param-

eters: the bandwidth BW) and the quantization noise of
V(). - '

The quantization noise of V(r) occurs because the fre-
quency of the azimuth power spectrum has a quantization
defined by 1 /At. Fig. 1 shows an example where the fre-
quency dimension is represented by steps of 0.93 Hz. The
bandwidth BW becomes higher with the decrease of At,
as (7) shows. The quantization noise of V(z) becomes
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Fig. 3. Blocbk diagram of reflectivity displacement method.
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lower with the increase of At, as (6) shows. A compro-
mise must be found for At so that both parameters BWy
and V(t) are optimum.

The number of RDM procedures Nypy means the num-
ber of RDM implementations carried out at different
ranges at the same time. Hence one gets Nypy indepen-
dent frequency shift ¥ (z) values at each iteration. The
accuracy of the displacement in LOS-direction can be im-

proved up to v Ngpy times by low-pass filtering it in range
direction. The accuracy of the forward velocity can also
be improved up to VNgpy times by averaging it in range
direction. :

The equation for the determination of the accuracy will
be published [3], [4].

1V. Tue SpeEcTRUM CENTROID METHOD

This method basically determines the Doppler centroid
of the antenna pattern part G*( f) of the azimuth spec-
trum. As the beamwidth of the antenna in azimuth direc-
tion is very wide, the method using the azimuth frequency
spectrum of the processed complex imagery [5] has a very
low bandwidth, due to the illumination time of the an-
tenna that is longer than 30 s in L-band.

As the illumination time of the antenna is long, the
ground refiectivity can be determined very precisely using
a Kalman filter, if the reflectivity does not change with
time very much. Extracting the ground reflectivity part
B?(f) from the azimuth spectrum, one can estimate the
Doppler centroid of the antenna pattern part G*( f) with
high accuracy and bandwidth. The Doppler centroid es-
timator method used was proposed by [5] and uses a
weighting function proposed by [6] to obtain the highest
possible accuracy.

The accuracy of the ground reflectivity prediction de-
pends on its contrast K. If K is high, the ground reflectiv-
ity varies strongly with the time due to bright targets that
always have a variable and unpredictable’ reflectivity. If
K is low, the ground reflectivity can easily be determined.

The Doppler centroid of the antenna pattern G* ( f) is
shifted by ¢ (¢) and V,(¢) according to the (4). ¢(t)isa
combination of the yaw « (t) and the drift angle 8 (¢) of
the aircraft. Yaw motion is caused by turbulence and air-
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Fig. 4. Block diagram of spectrum centroid method. Calculated azimuth power spectrum S( f) is divided by predicted ground
reflectivity B2( f) to determine antenna pattern part G*( f) corresponding to (3). Velocity in LOS-direction ¥, can be eval-
uated as function of Doppler centroid in near range C, and.far range C, and of barometric altitude given by high-precision
barometer B, (¢) supported by radar altimeter H (). Displacement in LOS-direction is. determined integrating V,,. To calculate
angle ¢ (), which is sum of drift angle 8(r) and yaw «(¢) of aircraft, one takes same variables as for calculation of V. Drift
and yaw angle can be well separated from each other using high- and low-pass filter.

craft instability, and the drift angle is caused by wind.
The yaw motion has a high bandwidth, and the drift angle
has a very low bandwidth, so that ¢(¢) has almost the
same bandwidth as the velocity in LOS-direction. Thus
they must be separated, considering the geometry of the
aircraft. The displacement in LOS-direction and the yaw
and drift angles are calculated by estimating the Doppler
centroid of the calculated antenna pattern in near (C,(#))
and far (C;(¢)) range and by evaluating the data of a high-
precision barometer (B, (¢)) supported by a radar altim-
eter (H(¢)). The yaw motion is separated from the drift
angle via a high- and a low-pass filter. Fig. 4 shows the
block diagram of the spectrum centroid method (SCM).
Finally, the SCM works with high accuracy when the
contrast K of the ground reflectivity is low. When the con-
trast K increases; the degradation of both the accuracy of
the displacement in' LOS-direction measurement and the
determination of the yaw angle is greater than the degra-
dation of the accuracy of the drift angle measurement.

V.. COMBINATION OF THE MOTION EXTRACTION
METHODS

The combination of the two methods is implemented to
increase the accuracy of the displacement in LOS-direc-
‘tion. Thus the accuracy of the displacement in LOS-di-
rection will be almost independent of the contrast K of the
ground reflectivity function. This is implemented by giv-
ing different weightings to both methods according to K.

VI. RESULTS

This motion compensation system has been success-
fully implemented off-line with the raw data of the exper-
imental SAR system of DLR, E-SAR [7], [8]. Presently
a motion compensation processor is implemented off-line
and carries out only the RDM. The SCM has been tested
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Fig. 5. Block diagram of off-line motion compensation processor.

successfully with simulated raw data and is under devel-
opment to process E-SAR raw data. Fig. 5 shows the
block diagram of the off-line motion compensation pro-
cessor. The RDM extracts the displacement in LOS-di-
rection and the forward velocity from the raw data ac-
cording to Fig. 3.

With the extracted displacement in LOS-direction and
the forward velocity, one can geometrically correct the
raw data in azimuth and range directions. This geometric
correction consists of a two-dimensional resampling of the
raw data using linear interpolation. After this, the raw data
are filtered, presummed, and then phase-corrected in azi-
muth direction. The phase in LOS-direction is obtained
multiplying the displacement in LOS-direction by 4= /\.

Now, one can consider that the aircraft flew a straight
line and had a forward velocity equal to the mean value
of the extracted forward velocity. Hence a common mul-
tilook SAR processor in the frequency domain is used to
obtain the motion-compensated imagery.
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Fig. 6. Example of motion compensation with RD method.

Fig. 6 shows an example of motion compensation where
the displacement in LOS-direction in near range is rep-
resented at the bottom. The main parameters for motion
compensation were

illumination time > 30 s,

implementation only of the RD method,

time interval Azs: 0.5 s,

azimuth power spectrum length: 256 points,
number of range bins for the averaged azimuth spec-
trum for each RDM-procedure: 32,

number of RDM-procedures used: 20,

¢ bandwidth in LOS-direction = 0.1 up to 1 Hz,

¢ bandwidth of forward velocity = 0 up to 0.05 Hz,

e estimated residual error of dlsplaoement in LOS 8
“mm (1 o),

e estimated residual error of forward velocity: 0.1 m/s

(1 0).

The flight time of the pass was about 55 s. The time-
scale is shown in the displacement in LOS-direction dia-
gram. It corresponds very accurately to the position of the
aircraft in the figure.

During the first 10 s, the aircraft passed through a strong
turbulence. This caused the city area and the Hler river
~and canal to be heavily distorted. In the following sec-
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onds, the automatic pilot of the aircraft tried to compen-
sate for that bump. The corresponding' oscillations are
shown in the displacement in LOS-direction diagram of
Fig. 6. The period of about 10 s matches fairly well the
response of the control system of the automatic pilot.
" Both images were processed with three looks. In the
aforementioned image, the misplacement of the looks due
to aircraft motions can be observed. Especially in the time
interval between 33 and 38 s, where there is a line of
pylons.

The estimated residual error of the displacement in
LOS-direction was obtained by analyzing the responses

of 20 targets chosen in Fig. 6, including the pylons. The |

estimated residual error of the forward velocity was cal-
culated considering the geometric distortions of the im-
age.

The equation for the determination of the residual er-

rors and the comparison with pulse responses of cali-

brated corner reflectors is reported in [3], [4].

Recently obtained results show that the accuracy of the
RDM at higher frequencies of C-band is much better.
C-band images with 2-m resolution and eight looks in azi-
muth have been obtained with motion error correction.

VII. IMPLEMENTATION IN REAL TIME

Considering the parameters used in the image shown in
Fig. 6, one can calculate the number of FFT’s per second
necessary to carry out the RD method. Other operations,
such as the correlation of adjacent power spectra, the low-
and high-pass filter, the integrators, and other small op-
erations, need much less computation time than the FFT’s,

The number of FFT’s per second Ngpr to calculate all
the azimuth power spectra is given by

1
Nepr = Naver ‘A_t * Nrom

where N,vgr is the number of range bins used by one
RDM procedure to build the averaged azimuth power
spectrum. Hence we get 1280 FFT’s per second, with a
length of 256 points. This implies that the array processor
used must calculate each FFT in about 0.78 ms, which
corresponds to a computation power of about 40 Mflops.

VIII. CONCLUSION

This paper describes the principles of two extraction
methods: The reflectivity displacement method (RDM)
and the spectrum centroid method (SCM). Both methods
can be implemented only in SAR sensors usin'g a wide-
beam antenna in azimuth.

The RDM, which was designed to be implemented over
land, extracts the motion errors of the aircraft from the
radar raw data, avoiding the need to azimuth compress the
data first, as with other extraction methods. The RDM is
also not sensitive to drift or yaw angle variations. As the
E-SAR has a 46° wide antenna in azimuth, drift angles of

(10)
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5° neither affect the performance of the RDM nor degrade
the radiometric accuracy of the processed image.

The motion error in LOS can be divided info two re-
gions of frequency, defined as high- and low-frequency
errors. The low-frequency errors cause the point target
response to be misplaced and defocused. High-frequency
errors displace energy from the main lobe of the point
target response into the sidelobe region, degrading the in-
tegrated sidelobe ratio (ISLR). Considering the integra-
tion time T of the synthetic aperture, the frequency limit
between the two regions is given by 1/7 [9], [10].

For the example given, the integration time of the azi-
muth compression for one look in far range (2600 m) is
2 s, the aircraft velocity being 50 m /s, the wavelength
0.23 m, and the resolution 3 m. Hence the frequency limit
is equal to 0.5 Hz. As the bandwidth of the extracted mo-
tion error in LOS is limited to between 0.1 and 1 Hz, the
RDM reduces both high- and low-frequency motion er-
Tofrs.

The bandwidth for the correction of low-frequency mo-
tion errors being 0.1 to 0.5 Hz allows not only the cor-
rection of linear and quadratic phase errors but also cubic
and high-order phase errors. The correction bandwidth of
high-frequency motion errors being 0.5 to 1 Hz allows a
reduction of the sidelobe levels.

Also, -the forward velocity can. be extracted with a.
bandwidth between 0 and 0.05 Hz, adequate for most ve-
locity variations of the aircraft under typical operating
conditions [2].

Comparing the RDM with inertial navigation systems
(INS), shown, for example by [9] and [10], one can see
that the INS has much higher bandwidth and accuracy but
employs a complicated and expensive hardware and soft-
ware. Considering the INS system shown by [9], for ex-
ample, one gets a bandwidth of about 5 Hz with a residual
error of the displacement in LOS of 0.33 mm.

The RDM can be an alternative to the well-known au-
tofocus methods. The autofocus method has the advan-
tage of imposing no severe restrictions on the configura-
tion of the SAR sensor, unlike the RDM.

The RDM can be compared to perhaps the most com-
prehensive motion extraction method using autofocus,
suggested by [11]. This autofocus method can extract the
fow-frequency motion errors in LOS of the aircraft. For
the extraction, the raw data must first be azimuth-pro-
cessed to allow the analysis of the contrast or the look

‘displacement of the image. This requires a higher com-

putation power than for the RDM and is difficult to carry
out in real time. The bandwidth of the extraction is low
due to the fact that the reference function used for the
azimuth compression represents a low-pass filter for the
extraction of high-frequency phase errors. Phase errors .
that contribute to the degradation of the ISLR cannot be
extracted, for example. High-frequency phase errors can
be extracted using other methods, however, such as the
tuned autocompensator from [12].

As mentioned in [11], the autofocus method requires
that the SAR system operates with a constant spatial PRF.
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The RDM method works well with forward velocity vari-
ations and extracts these with a bandwidth of about 0.05
Hz.

Finally, the RDM can be implemented on SAR sensors
in small aircrafts, offering good performance and a low-
cost solution.

The SCM is a modification of the existing Doppler cen-
troid method [5] for SAR with a wide-beam antenna in
azimuth. Using Kalman filter techniques, the SCM allows
a higher bandwidth for the estimation of the Doppler shift
without serious degradation of accuracy.
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