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Deviations of the aircraft trajectory and instabilities of the aircraft orientation lead to non-uniform
illumination of the ground by the antenna beam and, as a result, to radiometric errors in radar images
obtained with airborne synthetic aperture radars (SAR). The clutter-lock technique is commonly used
to avoid the radiometric errors. However, this approach leads to strong geometric distortions in SAR
images in the case of fast and significant instabilities of antenna orientation. Here we propose a multi-
look radiometric correction technique which can be used instead of the clutter-lock. The proposed
approach has been tested by using a Ku-band airborne SAR system installed onboard a light-weight

aircraft.
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1. Introduction

Synthetic aperture radars (SAR) are capable of
obtaining high-resolution radar images of ground
surfaces by using a physically small antenna [1].
The radar is mounted onboard a moving platform
such as an aircraft or a satellite. Due to the plat-
form motion, the radar transmits and receives ra-
dar pulses at different positions on the trajectory.
By coherent processing of the collected radar data,
a synthetic aperture with a very narrow beam
is formed thus providing the high azimuth (cross-
range) resolution. The high range resolution is
achieved by using a common pulse compression
technique, for example, by transmitting pulses with
linear frequency modulation. The direction of the
synthetic aperture beam (the synthetic beam)
is fully controlled by the SAR data processing
algorithm. Usually, the synthetic beam is formed to
be in the elevation plane of the real antenna beam.
In other words, the synthetic beam is pointed at the
central line of the ground spot illuminated by the
real antenna. If the real antenna beam is wide
enough, then several independent synthetic beams
can be built within the main lobe of the real antenna
pattern. This technique is known as multi-look pro-
cessing [1]. Each synthetic beam forms an inde-

pendent radar image of the same ground scene
called “SAR look”. The non-coherent averaging of
the SAR looks into one multi-look SAR image
is used to suppress speckle noise.

Difficulties in data processing for airborne SAR
systems come from the platform motion errors [2].
Most of SAR processing algorithms imply the
straight-line aircraft motion with constant altitude,
velocity and orientation. Deviations of the aircraft
trajectory from a straight line and instabilities of the
aircraft orientation, if not being properly compen-
sated, lead to defocusing of SAR images as well as
to geometric distortions and radiometric (bright-
ness) errors in SAR images.

Assume that the problem of compensation
of phase errors and range migration errors caused
by trajectory deviations is solved. We expect that
the SAR processing algorithm is capable of pro-
ducing well-focused SAR images based on the real
flight trajectory measured by the SAR navigation
system. In this paper, we will consider the problem
of correction of radiometric errors which arise in
SAR images because of instabilities of the real
antenna beam orientation or, in other words, be-
cause of non-uniform illumination of the ground
scene by the real antenna beam.
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The problem of radiometric errors is illustrated
in Figs. 1(a) and 1(b). Without orientation errors,
the synthetic beam of the central look is directed to
the center of the real antenna beam, and all SAR
look beams are within the main lobe of the real
antenna pattern, as shown in Fig. 1(a). Antenna
orientation errors lead to the case when some of
the SAR beams are directed outside the real an-
tenna beam to non-illuminated ground areas, as
shown in Fig. 1(b), resulting in radiometric errors.

The clutter-lock technique [3] is usually used
to avoid radiometric errors in SAR images. Fol-
lowing this technique, the synthetic beams are
built adaptively to be directed according to the
variations of the real antenna beam orientation as
shown in Fig. 1(c). In order to do this, the mean
Doppler frequency (the Doppler centroid), which
is used to set the synthetic beam direction, is
estimated from the received radar data. As a result,
the Doppler frequency of the matched filter of
the synthetic beam is locked to the Doppler fre-
quency to the clutter signal, and the direction of
the synthetic beam is locked to the direction of
the real antenna beam.

However, the synthetic beam orientation varia-
tions due to the clutter-lock naturally lead to geo-
metric distortions in SAR images. The problem of
geometric distortions is vital for SAR systems in-
stalled onboard light-weight aircrafts because of
rough motion of such platforms [4]. The clutter
lock technique is effective if the antenna beam
orientation variations are slow in time. In this case,

Expected antenna
orientation

the geometric distortions can be corrected by re-
sampling of the obtained SAR images to the cor-
rect rectangular grid on the ground plane. If orien-
tation instabilities are fast and significant, the clut-
ter-lock leads to strong geometric distortions in SAR
images which cannot be easily corrected by re-
sampling.

In this paper, we propose a multi-look radio-
metric correction technique which can be used
instead of the clutter-lock. The idea of the ap-
proach is to form an extended number of looks to
cover directions beyond the main lobe of the real
antenna pattern as illustrated in Fig. 1(d). In such
an approach, some of the SAR look beams are
always presented within the real antenna beam
despite of orientation errors. Now we describe
how to combine these extended SAR looks to
produce the multi-look SAR image without radi-
ometric errors. The proposed method of a radio-
metric error correction does not require accurate
measurements of the real antenna beam orienta-
tion variations. Suffice it to know the average
antenna beam orientation for the whole data frame
used to produce a SAR image with the accuracy
to half the antenna beam width.

The proposed approach has been successfully
tested by using a Ku-band airborne SAR system
[5] developed and manufactured at the Institute of
Radio Astronomy of the National Academy of
Sciences of Ukraine. Preliminary results have been
presented at conferences [6, 7]. In this paper, the
method is described in details.

Antenna orientation errors

V(0

Fig. 1. Multi-look processing without antenna orientation errors (a) and with orientation errors: without clutter-
lock (b), with clutter-lock (c), with extended number of looks (d)
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2. Mathematical Model
of Radiometric Errors

Let us denote the error-free SAR image to be
reconstructed as I(x, y), where (x, y) are the
ground coordinates of the image pixels. This image is
not corrupted by speckle noise and not distorted by
radiometric errors. The obtained SAR look images
I(n,, x,y) (n; being the index of the SAR looks)
are corrupted by speckle noise S(n,,x,y) and
distorted by radiometric errors 0< R(n,, x, y) <1
so that

I(ny, x, y)=1(x, y)S(n;, x, y)R(n;, x, y).
(D

The speckle noise in a single-look SAR image
is a multiplicative noise [1] with the exponential
probability density function with the mean and
variance, correspondingly,

w{S(n,, x, =1 o{S(n,x,»}=1. (2

The speckle noise is uncorrelated for all SAR looks
as indicated by the SAR look index n, .

The radiometric errors caused by instabilities of
antenna orientation are the low-frequency multip-
licative errors. The highest spatial frequencies of the
radiometric error function R(n,, x, y) typically
correspond to the spatial scale of about half the width
of the real antenna footprint in azimuth direction.
Similar to the speckle noise, the radiometric errors
are different for different SAR looks.

In order to compensate the radiometric errors
we should measure them first. For this purpose we
use a low-pass filter F to measure the local bright-
ness of the SAR images. This filter is designed
to pass the radiometric errors,

F{R(n,, x, )}~ R(n,, x, y), 3)

and at the same time, to suppress the speckle noise
(2) to some extent:

F{S(nL,x, y)}:l. 4)

According to assumptions (3) and (4), the
application of this filter to the SAR look image (1)
gives approximately:

ILF(nLﬂxﬂ y)zF{I(nL’xa y)}zILF(xa y)R(nLaxa y)
6))

Here I, (x, y) is the low-frequency component of
the error-free SAR image to be reconstructed. The
low-frequency components of the SAR looks
I, -(n;,x,y) (5) contain information about the
radiometric errors and are almost not corrupted
by speckle noise. These images can be used to
compare radiometric errors on different SAR looks
and, though such comparison, to estimate and
compensate the radiometric errors as described
in the next section.

3. Multi-Look Radiometric Correction

3.1. Idea of the Method

The idea of radiometric correction by multi-look
processing with the extended number of looks
is based on the fact that the synthetic beam of one
of many looks is pointed very close to the center
of the real antenna beam. This look demonstrates
the maximum power (brightness) among all looks,
and this power is not distorted by radiometric errors.
The mathematical description is as follows.

For every point of the scene we may find the
brightest pixel among all SAR looks:

e yy= max {60k ()

ny=l,...

By substituting (5) into (6) we obtain

I (6 y) = pp(x, y) - max  {R(np, x, y)].
(7

These brightness values are obtained with the
synthetic beams that are directed very close to the
center of the real beam. Therefore they are not
distorted by the radiometric errors:

max {R(n,, x,»)}=1. (8)

n =1, ...,
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This means that the image 7, (x, y) (7) gives the
estimate of the low-frequency component of the
error-free SAR image to be reconstructed:

[an?x(xa y):[LF(xa y) (9)

This image can be used as the reference to
estimate radiometric error functions for all SAR
looks. From (5) and (9) we obtain

ILF(nL’x’y) (10)

R(}’ZL,)C, y)z max .
I7e (x, )

By using the estimated radiometric error functions
we may correct radiometric errors for all SAR
looks before combining them into the multi-look
SAR image.

3.2. Implementation of the Method

Let us denote the number of looks to be summed
up into a multi-look image as N/™. This number
of'looks should be slightly less than that within the
real antenna beam N, since the orientation insta-
bilities may corrupt the side looks considerably.
By using the low-pass filter we should select the
brightest (best-illuminated) parts of the scene
among all extended SAR looks with the indexes
n, =1,.., N;* and compose only N/ SAR looks
(called the composite looks) for further processing.
It is convenient to build the following sequence of
pairs of the composite looks and their low-frequen-
Cy components:

{Ipro(npro x’y) Ipro pro )X, y)}

pro __ pro
ny=1..,N/".

This sequence is kept in the ascending order with
respect to the brightness:

152, x, y)< I8 (nl" + 1, x, p).

After processing of all the extended SAR looks,
the brightest composite look is the one with the
index n!"* = N/". This look gives the estimate (9)
of the low frequency component of the error-free
SAR image to be reconstructed.

If the number of looks N/" is sufficiently large
(e.g. greater than 9), we may improve the estimate
(9) by averaging several brightest composite looks
(e.g. 3 looks) to suppress the residual speckle noise
which have leaked though the low-pass filter:

7% (x, y) = %ZIP’”(N’”” —nt,x, ).

The radiometric errors are corrected according
to (10) as follows:

ro ro ro Imax('x y)
Tpc(n”, %, y)=1""(n", x, y)— 2 r—
IfF f , X, Y)

Finally, applying the above radiometric correction,
we may build the multi-look SAR image as

pro
Nf

N 15l x, p). (11)

Mo =1

177 (x,
RC( V)= me

The main steps of the described algorithm are shown
in Fig. 2.

3.3. Some Practical Considerations

We may use the Doppler centroid values esti-
mated from the backscattered radar signal to pre-
vent the synthesis of those SAR look beams which
are obviously directed beyond the real antenna beam
at the moment. This allows to reduce the compu-
tation burden. It is especially important when the
variations of the real antenna beam orientation are
larger than the antenna beam width, and we have
to increase the number of the SAR looks consi-
derably, although just a few of the extended SAR
looks are illuminated simultaneously.

To improve the signal-to-noise ratio in the final
multi-look SAR image, we should not sum up those
SAR looks which are illuminated less than, for
example, —10 dB with respect to the maximum
illumination. Such poorly-illuminated SAR looks may
introduce significant additional receiver noise to the
final image. Actually, this threshold limits the pos-
sible number N} of the composite SAR looks.

The low-frequency components of SAR look
images [, -(n;, x, y) (5) can be obtained by using
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Build the extended number of SAR looks

v

Estimate brightness of the SAR looks
by low-pass filtering

v

board an Antonov AN-2 aircraft. Characteristics
of the SAR system are listed in Table 1. The SAR
system operates at the wavelength around 2 cm.
The real antenna beam width is about 1° in azi-
muth and 40° in elevation. The slant range reso-
lution is 3 m. For the same azimuth resolution of 3
m, SAR images can be built of 9 half-overlapping

Build the composite looks by selecting
the brightest parts among all SAR looks

v

Build the reference low-frequency image

v

Correct radiometric errors
in the composite looks

v

Build the correct multi-look SAR image

Fig. 2. Main steps of the multi-look radiometric correc-
tion algorithm

a simple smoothing filter, but excluding from ave-
raging all bright points representing artificial objects.
The radar cross section of artificial targets may
demonstrate significant variations from one look to
another hampering the correct choice of the best
illuminated looks.

If the navigation system is capable of measu-
ring accurately the fast variations of the real anten-
na beam orientation, and if we know the real an-
tenna pattern, then we may calculate the radiomet-
ric error functions (10) directly from the relative
orientation of the synthetic beam and the real an-
tenna beam. This approach is more rigorous and
accurate than the above-described empirical one
with the image brightness estimation. Neverthe-
less, with this approach we still have to build the
extended number of SAR looks, select the best
parts of SAR images among all looks and form the
composite looks for multi-look processing (11).

4. Experimental Results

The proposed method of a multi-look radiomet-
ric correction has been tested experimentally by
using an airborne SAR system [5] installed on-

SAR looks under stable flight conditions.

Table 1. RIAN-SAR-Ku system characteristics

Transmitter
Transmitter type Traveling-wave
tube power amplifier
Operating frequency Ku-band
Transmitted peak power 100 W
Pulse repetition
frequency (PRF) 5-20 kHz
Pulse compression Binary phase codding
technique (M-sequences)
Pulse bandwidth 50 MHz
Pulse duration 5pus
Receiver
Receiver bandwidth 100 MHz
Receiver noise figure 2.5dB
ADC sampling frequency 100 MHz
ADC capacity 12 bit
Range sampling interval 1.5m
Number of range gates 1024

Antenna

Antenna type
Antenna beam width

Slotted-waveguide

in azimuth / elevation 1°/40°
SAR Platform

Aircraft flight velocity 30-80 m/s

Aircraft flight altitude 1000-5000 m

Aircrafts used

Antonov AN-2

SAR images
Azimuth resolution 3m
Range resolution 3m
Range swath width 1536m

Raw data recording

Range-compressed,
7-times decimated
down from the PRF
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Light-weight aircraft platforms — such as the
AN-2 aircraft — suffer from significant trajectory
deviations and orientation instabilities. The inf-
luence of motion errors is illustrated in Fig. 3, where
you can see the coordinate grid in the radar coor-
dinates “slant range — azimuth” projected into the
ground plane. The horizontal curves are the curves
of the constant slant range from the aircraft. They
are curved because of deviations of the trajectory
from the straight line. The vertical lines are the
central lines of the antenna footprint (the Doppler
centroid lines) for the consequent aircraft positions
along the trajectory. As is seen, these central lines
are non-equidistant and non-parallel because of
variations of the antenna orientation.

If the clutter lock technique is applied, then the
ground scene is sampled on the above-described
radar coordinate grid, which is non-uniform with
respect to the ground coordinate system. As a
result, geometric distortions will appear in the SAR
image as illustrated in Fig. 4. The geometric
errors in this single-look SAR image built by
using the clutter lock are evidently represented
by the curved forest shelter belts between the
fields in the top-left corner of the image and the
curved road in the bottom-right corner of the image.
The size of the scene in the SAR images is about

I I

T

A T T

1 A

[

O O

1.5 km in range (the vertical bottom-top direction)
and about 2 km in azimuth (the horizontal left-
right direction). The resolution in range and in
azimuth is 3 m.

If we do not use the clutter-lock and if we do
build the multi-look image as usual by using 9 cen-
tral SAR looks, we will observe severe radiometric
errors in the SAR image as shown in Fig. 5. Note,
however, that the above-described geometric er-
rors have disappeared from this SAR image.

The SAR image in Fig. 6 was built without the
clutter-lock by simple averaging of all the extended
SAR looks. The image demonstrates good geo-
metric accuracy. You may compare now the top-
right corners of the images in Figs. 4 and 6. You
can see how the antenna beam movement “for-
ward-backward-forward” distorts the shape of the
forest area in Fig. 4 as compared to its correct
shape in Fig. 6.

The radiometric errors are still present in the
SAR image in Fig. 6. You can see dark and light
strips in the image caused by non-uniform illumi-
nation of the scene. The dark areas were illumi-
nated for shorter time, the SAR image was present
only on a few SAR looks, the real antenna foot-
print quickly moved to the neighbor areas of the
scene. The light areas were illuminated for longer

Fig. 3. Trajectory deviations and orientation instabilities illustrated by the coordinate grid in the radar coor-

dinates “slant range — azimuth” on the ground plane
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Fig. 4. Geometric distortions in a single-look SAR image built by using the clutter lock

Fig. 5. Radiometric errors in the SAR image built without the clutter lock by simple averaging of 9 central looks

time, the SAR image was present on many SAR
looks.

The SAR image shown in Fig. 7 was built with-
out clutter lock by using the proposed method of
multi-look radiometric correction with the exten-
ded number of looks. The image was formed of 5

430

composite SAR looks. One can see that the radio-
metric errors have been corrected.

The proposed method of multi-look radio-
metric correction has been successfully applied
in conjunction with the the two SAR processing
algorithms: 1) the algorithm with the built-in geo-
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Fig. 6. Radiometric errors in the SAR image built without the clutter lock by simple averaging of all
extended SAR looks

Fig. 7. Multi-look SAR image formed of 5 composite SAR looks by using the proposed radiometric correction

metric correction [6, 8], and 2) the well-known

) ) 5. Conclusions
range-Doppler algorithm [7]. It will be obser-
ved here that these SAR processing algorithms The proposed method of multi-look radiometric
cannot be combined with the clutter-lock tech- correction is an effective alternative to the clutter-
nique. lock technique. The method can be used with the
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SAR processing algorithms that cannot be com-
bined with the clutter-lock. The proposed method
also allows correcting the radiometric errors in SAR
images if the accurate orientation of antenna is
unknown. The obtained experimental results have
demonstrated that the method is capable of pro-
ducing multi-look SAR images without geometric
and radiometric errors under unstable flight con-
ditions.
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MHoroB3misioBasi paguoMeTpuiecKas
koppekuusi PCA-u3o0paxxenuii

A. A. bBe3Becuiibubiid, E. H. Toposoii,
B. B. Bunorpanos, /I. M. BaBpus

OTKJIOHEHUs TPAaeKTOPHUU CaMojeTa W HecTa-
OMJIBHOCTH OPHEHTALUH CaMoJIeTa IPUBOAAT K He-
PaBHOMEPHOMN TMOJCBETKE 3€MHOW MOBEPXHOCTHU
Jy4OM aHTECHHBI U B PE3yJbTaTe K paOMETpHYEC-
KUM OLIMOKaM Ha paJuoJIOKalMOHHBIX H300paxke-
HUSX, MOTYYEHHBIX C TIOMOLIBIO CAMOJIETHBIX pa-
JIMOJIOKATOPOB C CHHTE3UPOBAHHOW aneprypoit
(PCA). UtoOb1 n30exars paTinoMeTPUIECKUX OIITH-
00K, OOBIYHO MPUMEHSETCS] TEXHUKA CIICKEHUS 3a
CUTHAJIOM OT MecTHOCTH. OAHaKO TaKOM MOIXOM
MIPUBOJAUT K 3HAYUTEIBHBIM T€OMETPHUECKHM HC-
kaxeHUsIM Ha PCA-u3o0paxeHusx B cirydae Obl-
CTPBIX U 3HAUYUTENbHBIX HECTAOMIBHOCTEH OpHEH-
TallUM AaHTEHHBL. B 3TOH CTaTbe MBI IPEUIOKUIN
TEXHHUKY MHOTOB3IVISIIOBON paInOMETPUIECKOH Kop-
pEeKLNU, KOTOPYI0 MOYKHO HCIOJIB30BaTb BMECTO
CIIeXKEHMsI 3a CHUTHAJOM OT MecTHocTu. [Ipemso-
KEHHBIH MOIX0 OBUI UCTIBITAH C IIOMOIIBIO CAMO-
netaHoro PCA 2-caHTUMETpOBOTO JUana3oHa JIuH
BOJIH, YCTAHOBJIEHHOTO Ha JIETKOM CaMOJIETE.

BararonornsiioBa pagioMeTpuuHa
kopekuiss PCA-300pakeHb

0. O. be3Beciibuuii, €. M. l'opoBuii,
B. B. Bunorpanos, /I. M. BaBpis

Binxunenns TpaekTopii fitaka Ta HeCTabLTbHOCTI
Opi€HTAIli] JiTaka MPHU3BOMAATH 10 HEPIBHOMIPHOTO
M1 /ICBIYyBaHHSI 36MHOI TIOBEPXHi IPOMECHEM aHTCHU
1, STK HACITIJIOK, JT0 paiioOMETPIYHHUX TIOMIJIOK Ha pa-
JUOJTOKALITHAX 300paXKEeHHSIX, OTPUMAHUX 32 JIOTIO-
MOTOIO JIITAKOBHX PafioIOKATOPIB 3 CHHTE30BaHOIO
arreptyporo (PCA). AOM yHUKHYTH pafioOMeTPUIHIX
NIOMUJIOK, 3BUYaiiHO BHKOPUCTOBYETHCS TEXHIKa
CITIIKYBaHHS 32 CHTHAJIOM Bim wmicreBocti. OmHaK
TaKHH MiJIX1]] TPU3BOAUTH 10 3HAYHUX TCOMETPHUYHUX
cniorBopeHb PCA-300pakeHb y BUTIAJIKY IIBHIKHX
Ta 3HAYHUX HECTAOLIBHOCTEH OpieHTaIlli aHTCHHU.
VY 1iif cTaTTi MU MPONOHYEMO TEXHIKY Oararorror-
TSITOBOI PaIiOMETPUYHOI KOPEKIIii, SIKy MOYKHA BH-
KOPUCTOBYBATH 3aMICTh CJiJIKyBaHHS 32 CHUTHAJIOM
BiJI MiCIIEBOCTi. 3aIpOITOHOBAHMH i X1 OyB BHITPO-
OyBaHwMii 3a Jonomoroto JiitakoBoro PCA 2-canTu-
METPOBOTO JTiara30Hy JIOBKHH XBHUITb, BCTAHOBIICHO-
T'O Ha JICTKOMY JIITaKy.
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