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Abstract-The problem of adaptive correction of the trajectory distortions on the images of the earth's surface, which are formed by
synthetic-aperture radar (SAR), is discussed. The proposed method belongs to the class of adaptive self-focusing methods, in which
the information on trajectory errors is retrieved from a reflected sounding signal. We have used the estimates of the Doppler
spectrum displacement and its high derivatives averaged over the slant range as information parameters. It provided an opportunity
to build an adaptive algorithm, which can automatically correct not only flight velocity errors, but acceleration and jump errors as
well. The results of SAR signal processing are presented. The features of signal processing under different conditions and
implementation of the proposed method are discussed.
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I. INTRODUCTION

Onboard synthetic-aperture radar (SAR) provides tracking images of the earth's surface by coherent processing of the
sounding signals reflected from the surface [1-2]. The amplitude and phase of the reflected signals contain information about
the surface characteristics and objects placed on it. The reflected signals along the tracking trajectory are written in the
memory for each strobe of the slant range and then are processed by convolution with a supporting function to produce images.
Such a principle of earth-tracking is very effective in aircraft and on board satellite radar to solve many important scientific
and practical tasks. An image can be produced onboard and have a very high spatial (azimuthal and slant range) resolution.

The supporting function of the signal processor is apriori built from the assumption that aircraft trajectory is a straight line.
Aircraft deviations from the straight line, which are not taken into account in the signal processing algorithm, cause image
distortions such as defocusing in azimuth and slant coordinates, object displacement from their real positions, a decrease in the
image brightness, an increase in the side lobes of the synthesized antenna and, as a result, the appearance of repeated targets
and some other distortions. Therefore, in most cases, if aircraft deviation occurs, in order to obtain a good-quality image, the
antenna synthesizing time interval has to be reduced which leads to resolution degradation.

There are many different methods to compensate for those negative effects [3-8]. The numerous methods can be divided
into three classes:

a) Information on the SAR trajectory platform position is obtained from special onboard sensors of navigation systems.
b) Information on the SAR trajectory platform position is extracted from sounding signals reflected from the earth's surface.
¢) A combination of methods.
The design of the SAR that is invariant to different navigation systems is preferable to the second group of methods. It is
exactly these particular methods the present paper is devoted to.
Il. PROBLEM STATEMENT

Usually the algorithm of antenna pattern synthesis in SAR can be written as a convolution integral for each strobe of slant
range [1]:

y() = mod{ T x(t —T)H(t)dt} , (1)

-T,12
where mod{-} is the modulus of function; T, is the interval of time during which you are to synthesize an antenna aperture;

X(t—7)=3(t—7)+n(t) is additive sum of the signals, from surface and no coherent noise; the signal is:

$(t-7)= A(t—r)e’j(“”“(')") ; A is the amplitude of reflected signal; r, (t) is the current value of the slant range from the
phase center of the transmitting antenna to the i -th point reflector placed on a surface; A is the wavelength (the factor m,t

) j(ervth/A‘rO)

has been omitted here); noise is: N(t), the variance of noise is o® and its expectation is zero; h(t)=H (t)e is the
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supporting function, where H (t) is the weighting function which in the simplest case can be H(t) =1; v is the ground speed
of motion of the SAR carrier.

Fig. 1 (curve 1) shows the antenna pattern synthesized under ideal conditions when there are no trajectory distortions,
which is a result of algorithm (1) processing.
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Fig. 1 The antenna pattern synthesized under ideal conditions (curve 1); the antenna pattern synthesized
with ground speed and acceleration errors (curve 2)

The curve 2 in Fig. 1 illustrates the type of distortions which appear in synthesized antenna pattern under conditions of non-
stationary motion of the SAR platform. It is easy to see that errors in ground speed definition lead to displacement of the
maximum of the synthesized antenna pattern or targeting errors. To form both patterns we used the Hamming weighting
function [9].

The errors in acceleration and jump (the velocity variation of acceleration) of SAR platform leads to an increase in the
main lobe width of the synthesized antenna pattern and to an increase in its side lobes. As a consequence, we have geometrical
distortions of the objects on an image, their defocusing, a reduced azimuthal resolution and the emergence of repeated targets
on the image.

I11. SIGNAL PROCESSING METHOD

The characteristic of variation in a trajectory signal on the interval of synthesis T, during radiation of a point target on the
earth’s surface is under the Chirp Law with frequency w = 4zv(t)t/(Ar,). When ground velocity is v(t)=const, the Chirp

Law is a linear function and an envelope of its Doppler spectrum is symmetrical, as see in Fig. 2 (curve 1). The errors in
definition of platform motion lead to distortions of the Doppler spectrum symmetrical structure (Fig. 2, curve 2). So it seems
appropriate to use the analysis of the Doppler spectrum form to correct supporting function in algorithm (1) for automatic
correction of trajectory distortions.
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Fig. 2 The idealized envelope of the Doppler spectrum form (curve 1) and shifted envelope
of Doppler’s spectra form under trajectory distortions (curve 2)

The real reflected signal is highly noisy. As an example, Fig. 3 shows (symbols “+”) the trajectory signal spectrum
averaged over 128 neighborhood range strobes on the part of trajectory where an aircraft executed maneuvering. Because of
high dispersion of the Doppler spectrum envelope samples, it is difficult to construct the procedure for calculating reliable
estimates of their shifts and asymmetry coefficients for correcting supporting function in algorithm (1). However, if spectral
samples would be approximated by a well-known function, for example, the polynomial function, then the calculation
procedure of correcting coefficients can be implemented.
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Fig. 3 The spectral density of Doppler trajectory signal frequencies during the air craft maneuvers
(shown by symbols “+”) and its third-degree polynomial approximation (solid line)

The third-degree polynomial approximation of the Doppler spectrum amplitude envelope with a set of coefficients: 24,469;
0,024; 1,656 * 10-5; -4,507 * 10-8 is shown in Fig. 3 by a solid line. The polynomial coefficients have been calculated from
the next system of equations:

n ® ®

Y6 [ g(lke)do=[g(lke)s(o)do, o)

1=0 _p, -

wherek =0,1,...,n+1; n is the polynom’s degree; C, is the coefficient of polynom according to its index; g (I, K, w) =0 is

the basic function.

m-1
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Under the criteria of mean-square error, the value of normalized error is o, = =0 , Where E{-} is

m—

> (S(@)-E{s(w)})

i=0
the symbol of expectation operator. In our experiments the value of o, has been less than 0.248.

LN

Moreover, if one assumes that the SAR platform is not capable of executing the rapid changes in its position relative to the
synthesizing interval, and the high-frequency fluctuations caused by platform vibrations are negligible, then in the Maclaurin’s
expansion into series in terms of the power exponent we can use no more than three terms of the series [6].

Then the instantaneous value of slant range r(t) from the phase center of the real SAR antenna relative to the point reflector
on a surface is written as:

.r 2._ 2 3,_ 3 0 (V) v
L0 a0 ¢ dTe(0) £ S dTn(0) @)
dt dt 2 dt 6 = dt” v!

f (1) = N

Using formula (3), it is not difficult calculate the projection of phase errors in the supporting function for aircraft drift along
coordinates X,Y,Z , where coordinate X coincides with the flight direction, coordinate Y coincides with the line which is

perpendicular to the flight line and coordinate Z is a normal to the ground surface.

4, (t):—% aX L - aYsin(0) +A2 cos(e)}
{L(Ax —Axt)—AY'sin(9)+A2'cos(9)}+ @)

+0.5[ AX"—AY"sin(6)+AZ"cos(0) ]t}

where AX, AY, AZ are the errors of aircraft position accordingly to X,Y,Z coordinates; AX', AY', AZ', AX", AY", AZ" are the
corresponding derivatives of these errors; v is aircraft’s initial velocity at the moment t; @ is the angle between the normal to
ground surface and direction to the target.

The phase error caused by the combined ambiguity of a sideslip angle and the SAR platform position are defined as a series:
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¢, (AX(t), B(1)) = —%(AX,B +[AX B+ AX B']+ %[AX "B+2AX'B'+ AX ﬂ”]tz} , (5)

where g, #, B are the sideslip angle, the velocity of the sideslip angle and the acceleration of the sideslip angle respectively.

The phase error caused by the combined ambiguity of angle 8 and the SAR platform position reads as
¢, (AY,AZ) = —47”{AZ cos@—AY sin@+[AZ'cosd—AZH'sin@—AY 'sin 9

—AY ' cosdt +%[AZ”0039—2AZ’0’sin 0—AZ0"sinf—AZO'* cosh — (6)
—AY"sin@—2AY'0'cos @ — AY 0" cos @ + AY 8% sin O]t°} .
Now consider in more detail the case where the SAR platform flight velocity is changing on the synthesizing interval. As
shown in [4], the phase incursion of a signal from the point reflector to the antenna phase center can be written as:
¢V(t):—/21—:-[vo+Av-t+%a’~tz}2~t2, )
where v, , 4v, @' is the SAR platform velocity, its acceleration and acceleration derivative respectively.

In order to correct the signal trajectory distortions in the phase factor of the supporting function it is necessary to take into
account the coefficients Av , a’, which are selected by comparing curve 2 (Fig. 3) with reference curve 1 (Fig. 2). To formalize
this procedure one can make use of the conjugate gradient method [11]. Let us designate the shifted spectral density as S, ().

The argument @ = @, which corresponds to extremum " is then calculated through iteration of the procedure
" =" -, VS, (a)k)—i-ﬂk (a)k —a)k'l), 8)

where the optimal values of coefficients ¢, , £, at each step of the iteration procedure are calculated according to the relation

{a. B} = ;;fr;;; {s(wk -, VS, (a)k )+ﬂk (a)k _wk,l»} . 9)

To simplify this procedure the coefficients ¢,, S, are chosen within 0 < <1, 0< £ <1. Then the conjugate gradient
method (8) reduces to the heavy ball method [11].

The coefficients Av, a’ are calculated by using procedure (8). For the case shown in Fig. 1, the procedure (8) yields the
synthetic antenna pattern shown in Fig. 4. It takes 36 iterations only at & =0,9, #=0,2 . The result is shown in Fig. 4.
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Fig. 4 The corrected synthetic antenna pattern (curve 1), ideal synthetic antenna pattern (curve 2)

As seen from Fig. 4, the main lobes of both corrected and ideal patterns are equal, but side lobes are not. One can find the
residual approximation error at the level minus 50 dB. This error results from the calculation errors of correcting coefficients.
This is quite sufficient for most practical applications.

IV.RESULTS

An effect of using the adaptive correction of an image acquired in synthesizing a hologram of the decimetric-band SAR
(A4 =0.23m) is visible when comparing the images shown in Figs. 5 and 6.
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Fig. 5 The fragment of the uncorrected synthesized Fig. 6 The fragment of the corrected synthesized
image during aircraft maneuvering image during aircraft maneuvering

Specifically, as a result of adaptive correction of the supporting function in (1) the repeated object 1 in Fig. 5 has been

removed (see Fig. 6). The periodical structure on both images (marked by digit 2 in Figs. 5 and 6) was unchanged. It is evident
that this object is real. To calculate the correction coefficients we used the estimates of Doppler spectrum as shown in Fig. 3.

Figs. 7 and 8 show the results of signal processing by the proposed method for metric-band SAR (A =1,8 m). In Figs. 5-8
the azimuthal direction is shown from top to bottom, and the direction along the slant range — from left-hand to right-hand. The
slant range resolution for the decimetric-band SAR is 22.5 m, and in the azimuthal direction — 10 m. The resolution sell for
images was 15 x 37.5 min Figs. 7 and 8.

Fig. 7 The fragment of the uncorrected synthesized Fig. 8 The fragment of the corrected synthesized
image during aircraft maneuvering image during aircraft maneuvering

In Fig. 7 one can see the defocused-in-azimuth plane dots which are the columns (marked by digit 1) of electricity
transmission lines. In Fig.8 shown after correcting the synthesized image the same strip has objects like normal targets (marked
by digit 2). Besides, the bright solid lines that correspond to the forest belts are well-defined in Fig. 8 and appear to be more
detailed as compared to Fig. 7.

Apart from the visual estimate of quality correction of the synthesized images the quantitative criteria can be used for
image analysis. As a criterion, we suggested using the comparative analysis of radar’s contrasts along the data row during the
flight. For instance, Fig. 9 presents the results obtained from synthesizing one row of azimuth uncorrected data and in Fig. 10
the result of synthesis of the same data using the proposed correction algorithm.

Fig. 9 The result from synthesizing one row Fig. 10 The result from synthesizing one row
of uncorrected azimuth data of corrected azimuth data



Journal of Pattern Recognition and Intelligent Systems Feb. 2014, Vol. 2 Iss. 1, PP. 1-7

For convenience of comparison, the scale of amplitudes of response from target along the ordinate axis in Figs. 9 and 10 is
linear, whereas the amplitudes of responses are normalized to maximum in Fig. 10.

The total time of data recording was 300 seconds at flight velocity of 487 km/h. The slant range to a strobe was 13680 m,
and the synthesizing interval was 1.8 seconds.

The adaptive correction algorithm was used during the whole flight and, as a result, one can see the growth of image
contrasts, in the average, approximately at 10— 20 %, and for a separate target (for example, the target within an interval of 70
and 90 seconds, see Fig. 10) the response amplitude has increased by a factor of almost 1.5.

The generalized block diagram of the adaptive correction algorithm is shown in Fig. 11.
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Fig. 11 The generalized block diagram of the adaptive correction algorithm

The procedure for processing the distorted parts of ground surface image is as follows: the initial coherent trajectory signal
data is pre-processed by Fourier transform and the trajectory signal samples are concurrently stored on shift registers.

Averaging several adjacent slant range strobes is used to reduce the dispersion of spectrum samples. The spectral estimate
thus obtained is polynomially approximated. The resulting polynom is investigated on an extremum by means of the recursive
two-step procedure. This procedure has been chosen in an effort to find a compromise between the convergence rate and the
computations per step of one iteration.

V. CONCLUSIONS

Thus, we have succeeded in building the adaptive correction algorithm for trajectory errors caused by maneuvering the
SAR platform. As a consequence, we had to augment the computations (approximately by 30% per each synthesizing interval).

Theory and practice of using this adaptive algorithm has shown that azimuth resolution on separate areas of SAR images
can be increased twice and the amplitudes of responses from some targets have grown by a factor of 1.5. The convergence rate
of the recurrent procedure is proportional to geometric progression, and in each case it depends upon the initial shifts from an
extremum and the value of fluctuation component Doppler spectrum dispersion. The algorithm allowed calculates the
appropriate estimates of flight velocity errors and aircraft acceleration for 30 — 40 iterations for a real row of data presented in
this paper. Accelerating the calculation rate is made possible by optimizing the parameters ¢, , 8, in procedure (8).
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