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Chapter 1

Introduction

The present note is prepared for the course Radar and Radionter Systems (31440)
given by rsted-DTU. Also, it is the intention that it may be u sed in the course Remote
Sensing (31425).

There exists a large amount of literature on synthetic aperure radar. However,
there seems to be a gap between short encyclopedial desciigrts and thorough (hun-
dreds of pages) books that in detail describes synthetic apture radar. The intention
of the present note is to introduce the concepts and terms ofysthetic aperture radar
in a form suitable for a few weeks in a graduate engineering cwse. Also, it might
provide the background that eases reading of more advanceddwmks.

An alternative introduction to synthetic aperture radar is given in \An introduction
to airborne radar" by G.W. Stimson who begins his preface wit the words: \You, too,
can understand the radar experts", [1]. The book, though, isquite military oriented,
whereas the present note focus more on remote sensing. Theexists a lot of very
signal analysis oriented books on synthetic aperture radar A more general book,
\Synthetic aperture radar; systems and signal processing'by J.C. Curlander and R.N.
McDonough, is here high-lighted as a suggested book for funer reading, [2].

The Department of Radio and Space Science, Chalmers Univdtg of Technology,
G teborg, oers a related course "Remote Sensing using Micowaves". The course
material is partly on the net. It is suggested as a next step ito the eld of radar and
radiometer measurements. In particular chapters D and J on

http://www.rss.chalmers.se/rsg/Education/RSUM/

are suggested.

1.1 Overview of the note
The note falls in the following logical parts:

SAR image properties.  Chapter 2, \What is a SAR", provide an introduction to
SAR acquisition geometry and terms. Chapter 3, \SAR images', describes images
of point targets, images of distributed targets, image distrbances (speckle and
noise), and brie y touch sources of SAR data.
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SAR signal processing. Chapter 4, \SAR imaging principles" describes why a SAR
can obtain its high resolution. Chapter 5, \SAR processing" provide a two step
introduction to SAR processing. First a simple range-Doppkr processing is de-
scribed. Secondly, more advanced aspects are addressed.

SAR design consideration. Summarizes considerations regarding choice of SAR pa-
rameters.

It is the intention that \SAR image properties” should provi de an su cient background,
so that each of the following logical parts can be read indepsdently.

A list of acronyms and technical terms is provided as an Appedix. The terms are
translated to Danish. Readers with another mother tongue than Danish or English are
strongly encouraged to use a regular dictionary to translaé the dierent terms into
their normal meaning in their native language.



Chapter 2

What is a SAR

SAR is an abbreviation for Synthetic Aperture Radar. A SAR is a high resolution
imaging radar. It has to be operated from a moving platform, typically an aircraft or a
satellite, in order to achieve its high resolution. If used br mapping a moving platform
is also desirable in order to cover a large terrain area with lhe antenna beam.

A key characteristic of a SAR is that it is a coherent radar. It needs a very stable os-
cillator so that phase between transmitted pulses and receed echoes can be measured.
This is due to the imaging principle which is described in Chater 4.

The present chapter focuses on the geometric properties ofAR images and intro-
duce commonly used terms, but initially a couple of SAR imags are shown.

The rstis a SAR image example from the European Space Agencgatellite ERS-1
and its twin satellite ERS-2, see Figure 2.1. The width of theimage is 100 km and
the resolution after a 4x4 spatial averaging 100 m by 100 m on rgund. Typically,
ERS images are delivered in 100 km by 100 km squares, but heravd adjacent images
are merged. The right panel shows the average intensity of amERS-1 and one ERS-2
image covering the same area. Mountains appear bright and & owing from the upper
left side primarily in a southeast direction appears darker The sea along with some
melting ice caps in the mountains appears as the darkest feates in the image. The
left panel shows the phase di erence between the two imagesThis way of using phase
is denoted SAR interferometry but is not further touch upon in this note. It is a very
powerful technique that can be used to measure terrain elev@n, terrain displacement
(here glacier ow), and terrain change (here snow melt).

Another example from the airborne EMISAR is shown in Figure 22. The maximum
resolution of EMISAR is 2 m by 0.5 m, but here data are averagedo 5 m by 5 m. Itis
noted that the image is in color despite the fact that only onefrequency is used. The
colors represents di erent polarizations of the radar waves. Use of polarization enhance
the possibilities to distinguish di erent terrain types. P olarimetric radar is not further
touched upon in this note.
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. TS 2
E1-Orb. 21140 ; E2- Orb. 01467 Magnitude

Storstrommen, North East Greenland 4
ERS-1/2 Tandem Mode SAR (Raw Interferogram)

Data: ERS-1/2.SAR.RAW Track 110
Acquired: 950731 /950801 Frame 2025 + 2043
Processed: 951219 Looks: 20

DCRS, Electromagnetics Institute, Technical University of Denmark

Figure 2.1: Satellite SAR image example. Data acquired with the European Space
Agency (ESA) satellites ERS-1 and ERS-2. Right panel: the av erage of two regular images.
Left panel: The phase di erence between two images mapped ona color wheel. Use of
phase di erences is denoted SAR interferometry.
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Aircraft SAR image example. Data acquired with EMISAR in ful

Figure 2.2:

metric mode.
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2.1 Strip map SAR geometry

In the following an aircraft radar is used as an example, seeigure 2.3. The aircraft
is assumed to y along a mathematical straight line at an altitude, H. An antenna is
mounted on the side or below the aircraft and ideally pointedperpendicularly to the
aircraft trajectory. A SAR may look to the right, i.e. be righ t-looking, or look to the
left, i.e. be left-looking. The height of the antenna is smal, typically 10 cm to 30 cm,
providing a fairly broad beam in the elevation plane at commam radar frequencies L-
band (1.25 GHz), C-band (5.3 GHz) and X-band (10 GHz). The lemyth of the antenna
is typically larger, e.g. 0.5 m to 2 m, providing a more narrowbeam in the along track
plane.

A SAR is a pulsed radar that alternately transmits a pulse and receives echoes.
This means that the SAR scans the terrain as it moves along itdrajectory, and that
an images can be generated by arranging the received echoésel by line. The image
has two coordinates: rangey, and along track, x. The range is the (slanted) distance
between the radar a point, and is thus often denoted slant rage. It is noted that strictly
speaking, a radar does not measure range, but time-delay, t. However, assuming free-
space propagation and no internal delay in the radar,r and t is related through
r = (c=2) t, where c denotes the speed of light. The along track coordinate is oén
denoted azimuth despite the fact that azimuth conventionaly means angle in a rotating
radar (or more generally angle in an equator plane). The termcross range is sometimes
also used. It has an arbitrary reference point and an arbitray (monotonous) scale.
However, often it is scaled either so thatx measures position along the trajectory or
along the nadir track.

flight trajectory
oy

x= along-track/
azimuth

area covered by
antenna footprint

r=slant range .-~~~

mapped area or

et swath
nadir track

y=ground range~_ "

Figure 2.3: Commonly used terms in a strip-map SAR geometry, i.e. a SAR wh ich maps
a strip to the side of the trajectory. The alternative spot-I ight SAR con guration, where
the antenna is continuously pointed to a xed area on ground ( or air) is not discussed
further in the present chapter.



2.1 Strip map SAR geometry

SAR radar pulses usually are of a long duration, Ty, corresponding to a length ofcT,
in free space. Typical lengths are 2 km to 6 km. The antenna wit a length, |, has
an approximate angular beam width of ; =l , where is the wavelength. With an
example =5cm (C-band), | =1 m, and ro = 10 km, the coverage of the antenna
beam in azimuth isrg 5 =500 m. This means that all scatterers within a very large
volume contributes to the received echo at one r{x) image pixel, see Figure 2.4.a.
Thus, without signal processing a SAR would have a very poor @solution.

However, it is possible to apply advanced signal processing the received echoes.
This can improve the resolution of the SAR tremendously. By atechnique denoted
pulse compression, the resolution in slant range, ;, can be improved to

_C

= og (2.1)

where B denotes the bandwidth of the transmitted pulse. Typical bandwidths are
20 MHz to 400 MHz, providing a resolution in slant range of 7.5m to 0.375 m. This
technique is used in many di erent kinds of radar systems. What makes a SAR unique,
is the possibility to improve the azimuth resolution, 5, to

a= 2 (2.2)

where the antenna length, |, typically is less than a few meters. In contrary to other
radars, the azimuth resolution is independent of range. Thesignal processing required
to achieve the high resolution in range and azimuth is desched in Chapter 4. For
now its is su cient to observe that the scatterers that contr ibutes to a resolution cells
can be perceived as con ned within a long thin volume of dimesions , by 5, see
Figure 2.4.b.

a)

Figure 2.4: a) All scatterers with the shaded volume contributes to the r eceived echo
at (r;x). b) After advanced signal processing the image echo at (r;x) can be perceived
coming from the much smaller volume with the width, ,, in the direction away from the
radar and the width, 4, in the azimuth direction.
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2.2 The 2-D nature of SAR images

The two dimensional nature of a SAR image has an obvious but s&re consequence.
Assume that the acquisition geometry (ight altitude, dire ction, etc.) is known accu-
rately. In that case it is possible to calculate the image coddinates (r;x) of a point
provided its 3-D coordinates (x;y; z) are known. However, the opposite mapping is not
possible, see Figure 2.4.b.

This inherent characteristic of a SAR is also illustrated in Figure 2.5. A SAR image
with a wheat eld is sketched in Figure 2.5.a. From the image, we can measure the
(r;x) coordinates of the eld. However, without a priori knowled ge of the terrain we
cannot know whether the image corresponds to the terrain dejted in Figure 2.5.b,
the terrain in Figure 2.5.c or a third shape of the terrain.

SAR image The world The world

a) b) c)
To range

_ 7 )
azimuth wheat field wheat Field

Figure 2.5: a) a SAR image including a wheat eld with the coordinates ( r;x). Without
a'priori knowledge of the terrain it is not possible from the image to deduct whether the
world looks like b), c), or a third way.

The ambiguity in the 2-D SAR images does not at all imply that t hey are useless for
mapping. Images from conventional cameras are also two-diemsional and can therefore
not map the 3-D world unambiguously. Nevertheless, aerial ad satellite photos/images
have been and still are widely used for mapping, environmera monitoring, military
surveillance, etc. The 2-D ambiguity in SAR images usually yst implies that terrain
has to be assumed at (like a sea surface, like many agriculttal areas or large parts
of e.g. Denmark). Alternatively, data needs to be terrain carected by using a digital
elevation model, i.e. a map of terrain heights (but not other terrain characteristics).

In the following the relation between image coordinates andreal world scatterer posi-
tions are further discussed. First one echo line is descrilae In Figure 2.6.a the signal
at the radar receiver is depicted. The pulse is transmitted,then there is a very low
signal while the pulse travels through free space, then the adir echo returns, then
echoes from the main beam arrives, and nally the echoes fronfiar range fades away.

To save memory (and bandwidth in the digital part of the receiving system) only
a part of the echo is recorded, as illustrated in Figure 2.6.b The delay, t, , between
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transmission and sampling start is sometimes denoted samelwindow start time. Con-
verted to distance,r, = (c=22)t, , it is denoted range o set. The sampling frequency,
fs = 1= ¢, where ¢ denotes the sampling interval, determines the spatial sam-
ple spacing = (c=2) ¢r. This, together with the number of samples per received
pulse, N, determines the (slant range) swath width. Given a sample nmber, n,, the
corresponding range can be calculated from

r=ro + n;; N 2[0;Ny 1] (2.3)

In the orthogonal image direction, the line number ny is linked to the x coordinate
through the pulse repetition frequency, fprr = 1= tx, Which typically is 500 Hz to
5000 Hz. With an radar velocity, v, the corresponding spatial line spacing is x =
V tx. In satellite systems with a smoothly varying velocity f pre is often kept constant
along the trajectory. In aircraft systems, though, fpgrg, is often varied so that  is
kept constant. The later approach simpli es the signal processing required to achieve
the high resolution and simpli es the linking between n, and x, which in that case
become

X=Xo *+ xNx; Nx2[0;Nyx 1] (2.4)

where X, is the position of the rst line. Dependent on the radar system one or more
of the parameters: ry ; ;N;;Xo ; x;Nx, may be con gurable and determined by
the operator. To summarize the echo(s) contributing to a pont with image coordinates
(nr;ny) originates from scatterer(s) at a distancer in a plane perpendicular to the
trajectory at the position x.

In mathematical terms, the vector from the radar to a scatterer, +, for an image
point (r;x) satis es

r=jf (2.5a)
s =1 ¥x) (2.5b)

where ™= f=j&j and likewise V(x) = ¥(X)5v(x)j for the radar platform velocity vector.
In (2.5b) the squint angle, s, is introduced. A radar that does not squint looks
perpendicular to the trajectory. In that case is s = 0. If a radar squints, it looks
either forward or backward. Equation (2.5) high-lights that the three-dimensional
position of scatterers contributing to a pixel is only determined in two dimensions.
Additional information has to be added in order to calculate its three-dimensional
position p(x) + #(r; x), where g(x) denotes radar platform position.

2.3 SAR image distortions

In this section the consequences of the SAR acquisition gecgtry are elaborated. First
it is observed, that if a level terrain at a known elevation is mapped it is possible to
convert from slant range, r, to ground range, y, by using

p —
y= r2 H2 (2.6)

see Figure 2.7.a. In order to calculate a ground range linenterpolation in the slant
range data is required. This is because a constant ground raye sample spacing, v,
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| |
sidelobes antenna mainlobe sidelobe
pulse noise nadir echo
/'Aﬁ r )
_l t } } N-1 t
2H toff toff + N
C S
ft— I I
Txon Tx off Rx off Rx on Rx off
) NoT n [bins]
I } r[{m
- [m]

Foft+ (N-L)Dy

Figure 2.6: a) Transmit/receive sequence for one pulse in the analogue ime domain. Tx
denotes transmit(-ter) and Rx receiv(-er). b) The correspo nding sampled digital signal.

a) b)

Z

H
T off Foff + (Np-1)Dx
} r
"
Foff 0 \\ ..... \
. T T T y
%/ Yoff Yo Y Yot
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Figure 2.7: a) The geometric relation between slant range, r, and ground range, y. b)
The stretch required to convert from slant to ground range.

gives a range depeBdent slant range spacing, ;, and vice versa. From (2.6) it can
be foundthat = 1 (H=r)? . Itit seen that the ground range transformation
stretches the slant range data, and the stretch is largest anear range.

10



2.3 SAR image distortions

Despite the fact, that (2.6) is correct only for at terrain a t a known elevation, it
is often used to (pseudo) ground range project SAR images wliibut taking the real
terrain elevations into account. The rationale is that geneally this removes the bulk
part of the stretch in a SAR image. Simultaneously, the (psewo) ground range sample
spacing, y, can be chosen so that it equals the azimuth sample spacing, x. This
gives an image with an aspect ratio of (approximately) 1:1, viich is easier interpreted
by humans. If the real terrain elevations is taken into account, the output is usually
not denoted ground range projected, but rather terrain corrected.

For at terrain the mapping from slant to ground range is fair ly simple. The problems
arise with sloping terrain. Figure 2.8.a depicts a at terrain mapped with slant range
sample spacing, . The points (A,B,C), equally spaced on the ground, basicaly also
have equal spacing in slant range (assuming that their spaoig are much smaller than
r). In Figure 2.8.b, the points A,B,C are still equally spacedon the ground but B is
located on a hill. It is seen that this causes a compression ithe slant range image of
the terrain between A and B, which appears to be smaller than he terrain between B
and C. This e ect is called fore-shortening. The backhill stretch does not have a special
name.

From Figure 2.8.b it can also be deduced that if the terrain sbpe towards the
radar, , is larger than the angle of incidence relative to a horizonal surface, y, B
would appear before A in the slant range image. This extreme &se of foreshortening
is denoted lay-over. In case of layover, a part of the image Wiinclude echoes from two
(or three) terrain surfaces which cannot be separated. Thusif possible, layover regions
are often masked out before SAR backscatter values are usedigntitatively.

Dy Dy
N
A B ¢ ground range A C ground range
e
A B C slant range A B C slant range

Figure 2.8: a) A at terrain mapped with a SAR. The point (A,B,C) equally s paced on
ground will appear equally spaced in slant range also. b) If B is elevated, it will appear
closer to A than C in the slant range image. This is denoted for eshortening.

Since the nominal angle of incidence increases with incre@g range, SAR images
are most prone to layover and foreshortening in near range. blwever, increasing angle
of incidence on the other hand increase the risk of shadowingrhis phenomena appears
when the back slope of hills cannot be seen from the radar, sdégure 2.9.

11
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shadow

Figure 2.9:  Sketch of two identical hills. In near range overlay occurs, whereas shadowing
occurs in far range.

Figure 2.10.b shows a slant range SAR image of Mt. Etna, Sicjl acquired with the
satellite ERS radar. The (nominal) angles of incidence for RS is between 20 and
26 and thus foreshortening is very pronounced on the steep westn side of Mt. Etna.
Foreshortening and layover is also seen in mountains in theight and left edges of the
image. Very dark areas near the caldera and on the backslopex Mt. Etha indicates
that shadowing occur.

Figure 2.10: a) Three-dimensional view of Mt. Etna, Sicily, Italy. b) ERS SAR image
of Mt. Etna, (from University Blaise Pascal, Clermont-Ferr and, France). Slant range is
increasing from left to right. Azimuth is up/down.

In the example SAR image, it is also observed that the fore-glpes of the mountains
appears to be brighter than the back slopes. The main reasonof that is that an
image point mapping a fore-slope contains echoes from a lagg area than an image
point mapping a back-slope. The second reason is that the spéec radar cross section
(RCS), i.e. the RCS ([m?]) normalized with terrain area ([m?]), usually decreased with
increasing angle of incidence since more power is re ectedvay from the radar.

The spatial dependent slant to ground range conversion as Vileas fore-shortening e ects
cause the ground range resolution, y, to vary across the SAR image. From Figure 2.11
it is found that the relation between slant range resolution, ,, and ground range

12
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solution, , is

cos
y= r W 2.7)

The quantity, , represents and is denoted the local angle of incidence. Fmo(2.7)

it is seen that for level terrain the ground range resolutionimproves towards far range
and asymptotically approaches the slant range resolution. Also, it highlights why a

SAR antenna is not pointed downwards but always to the side. Adown-looking SAR
would loose spatial resolution in the across track directio, an measure elevation only,
i.e. be an altimeter.

a) b)

terrain

r,=—-r
y sing -- | I’y

Figure 2.11: Relation between slant range resolution, ,, and ground range solution,
y. @) horizontal terrain, b) sloping terrain.
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Chapter 3

SAR images

3.1 Point targets

A point target may be a passive object in the mapped terrain oran active device. The
characteristic is that the corresponding SAR image appearss being a re ection from
a single point.

Active point targets are in most, if not all, cases a transporder. A transponder is a
device which is placed in the terrain and pointed towards theradar. When it receives
a pulse, the pulse is ampli ed and transmitted back with a very small delay. Such
devices is usually, if not always, used for calibration purmses. Active transponders are
not treated further in the following section.

Three important alternative classes of point targets for radar calibration are: a
re ecting plane, a dihedral, and a trihedral, see Figure 3.1 all assumed to be larger
than a couple of wavelengths. Other point targets are e.g. a igpole, a cylinder, or a
sphere.

A dihedral, also denoted a diplane, is two re ecting planes asembled perpendicu-
larly as in a half open book. A trihedral, also denoted a cornere ector, is three re-
ecting planes assembled perpendicularly as the inside corer of a box. When pointed
towards an incoming radar wave, all three types exhibits stong backscatter. However,
the backscatter from a plane decreases rapidly as it is poied away from the position
towards the radar. The larger the plane the larger part of the energy is re ected away
from the radar in the direction predicted by geometrical optics.

A dihedral behaves dierently. If illuminated from a direct ion perpendicular to
intersection between the planes (i.e. perpendicularly to he back of the book) it exhibits
large re ection, see Figure 3.1.h. This can be explained by se of geometrical optics,
since the distance round-trip distance for di erent waves & identical. It equals the
distance travelled by a wave re ected at the plane interseciton and thus all re ections are
added in phase and appears to originate from the intersectio. However, if illuminated
0 -axis, the re ection decreases rapidly similarly to the re ection from a plane, see
Figure 3.1.b.

The backscatter from a trihedral is to a large extend indepement of illumination
direction. Waves will exhibit one re ection on each plane, and the distance travelled
will for all re ected waves, equal the distance to the tip of the re ector, where all planes
meet. Thus, a trihedral will exhibit large re ection over a | arge angular interval. Note,
that both for the dihedral and the trihedral spill-over may o ccur. Spill over is incoming
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waves that does not exhibit two (dihedral) or three (trihedr al) re ections, but bounce
of in other direction(s). Spill-over gives a smaller e ective re ection area, and thus
smaller backscatter, but does not degrade the re ection fran waves in the e ective
re ecting area. Photos of a dihedral and a trihedral is shownin Figure 3.2.

Plane Dihedral Trihedral

a) b) C) :
d) e) f)

Perspective

view

Top
view

9) h) i)

Side
view

Figure 3.1: Re ections in a plane, a dihedral, and a trihedral.

Figure 3.2: a) Dihedral and b) trihedral used for EMISAR calibration.
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3.2 SAR system impulse response

In SAR images most very bright targets are usually man-made tihedrals or di-
hedrals. Also, SAR images of man-made target is sometimes dult to interpret, as
re ections from plane surfaces bounce o and the strongest ehoes originate from planes
intersections at right angles. This is opposite to our comma experience with our eyes,
where big surfaces are most prominent. The SAR image in Figwe 3.3 includes some
large (relative to radar resolution) buildings illustrati ng this phenomena. It is seen
that roofs not facing towards the radar appears black. Also,it is observed that it is
the edges and corners that outline the large buildings.

Figure 3.3: A 0.6 km by 1.8 km EMISAR C-band SAR image acquired June 19, 1996.
The Danish parliament Christiansborg is situated on the nor ther part of the island \Slot-
sholmen" in the left part of the image.

3.2 SAR system impulse response

The impulse response of a system is its behavior when an unitripulse (i.e. an in nitely
short signal with energy equal to one) is applied to the systm. The echo from a point
scatterer is to a good approximation an (amplitude scaled) impulse and its appearance
in the image thus approximates the impulse response. This implies that a point target
can be used to measure the impulse response and on the otherrith knowledge of the
impulse response can be used to predict the appearance of aipbtarget.

A synthetic aperture radar measures both amplitude and phas of the received echo.
The amplitude is proportional to the strength of the echo. The phase is more di cult
to intuitively understand, but the ability to measure phase is a key characteristic of
a SAR. The reason why phase can be measured is that a SAR incled a very stable
reference oscillator. This oscillator is used to mix the deised transmit pulse to the
carrier frequency, f. = c¢= (which typically is at C, L, or X band). The echo from a
point target is a delayed and attenuated version of the transnitted pulse. At reception,
phase of the reference oscillator signal is compared to thecko and measured along with
the amplitude. The SAR cannot keep track of all the oscillations, but provides a phase
modulo 2 only, i.e. a number in [0,2 ]. Also, it is noted that there are typically many
oscillations within one out sampling interval, ,, so the SAR cannot \see" all the
oscillations. A way of visualizing this is sketched in Figure 3.4. A more mathematical
explanation is provided in Section 5.1 in the chapter on SAR pocessing, but for now
it is su cient to note that the measured phase of point target echo is

4
= —r+ , mod 2 (3.1)
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wherer = (¢c=2) t is the target distance and  a possible phase shift at re ection. If
the SAR impulse response is assumed invariant of image pogin and denotedh(r; x),
a point target with the backscatter, , and a position (rg; Xp) would then give the echo

six)= " "expl 1] h(r roix  xo) expl j ro] (3.2)

where
The image of the point, s(r; x), is complex, (i.e. 2 C).

The impulse responseh(r; x), is usually designed to be a real function, (i.e2 R).
SAR system and processing imperfections, though, may causenall disturbances,
so that it turns into a complex function, (i.e. 2 C).

The shape of the impulse response is sikEx like, but often designed with lower
side-lobes.

The width of the impulse response, i.e. the range and azimutlresolutions,
and y, is usually slighter larger than the range and azimuth sampé spacings,
and . The sample spacings are chosen smaller in order to satisfhé Nyquist
sampling theorem in the SAR image so that spectral propertis of of the data are
preserved, but not much smaller in order to reduce the size ofhe SAR image.

The re ection coe cient, , represents the target radar cross section (RCS) and
the phase, , represents the possible phase shift during re ection at tke target.

Also, it is noted that the phase di erence between two targets separated by one
sample in range, (4= ) ., is usually many times 2 .

pulse echo

— —N

AAAAD AAAAA > Pulse + echc
VVUVV VVVVY t

e f measured

Reference
1 ‘ | T | »  Digital image
) n
Dr.r

Figure 3.4: A SAR measures echo amplitude and echo phase relative to its eference
oscillator. a) A pulse is transmitted and later an echo received. b) The amplitude is

measured along with the phase relative to the stable internal oscillator. ¢) The phase is
an average measure over the sampling interval.
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3.3 Speckle

3.3 Speckle

Distributed or extended targets is another class of re ectas. Typically, this is natural
targets like elds, rocks, water or dense forest, where the & ection occurs from an
extended area. In that case the echo in one resolution cell cabe considered the
superposition of many individual echoes. From (3.2) it is sen that echoes has to be
added as complex numbers taking both the amplitude and phaséto account. With
random amplitude and random phase (i.e. random distanceyg) of all the individual
scatterers in resolution cell, the superposition of the eches is of course also random,
but it is important to note that the amplitudes does not need to be small in order to
get a small result of the superposition, see Figure 3.5.

This randomness in echoes from extended targets with homogeous scatterer statis-
tics is denoted speckle. An example is shown in Figure 3.6. Qfourse, di erent areas
(e.g. elds) may have di erent scatterer statistics, and th us have di erent average back
scatter { this is why we can distinguish di erent terrain typ es in the SAR image. Also,
if the resolution of the SAR is good, the average backscattefor a certain terrain type
may vary from resolution cell to resolution cell. This is not speckle, but texture.

a) ag b)
Y
&

L <

Figure 3.5: Superposition of six echoes with xed amplitude but random p hase. To the
left they add up to a larger value than to the right.

In the following the statistics for speckle is summarized. IFom (3.2) it is seen that the
echo from a scatterer has an amplitude and a phase. Thus, theuperposition of N
targets in a resolution cell can be written as

X .
s(r;x) = ue = X +jY (3.3)
i=1
whereu; and ; are the amplitude and phase of the individual scattering conponents.
With the assumptions

1. The j's are uniformly distributed in [0;2 ] and independent.
2. ; and u; of the individual scatterer are uncorrelated.
3. Nis large.

4. The u;'s are identically distributed and no terms in the sum predominate.
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Figure 3.6: 1.5 km by 0.4 km, C-band (HH), EMISAR image acquired over the r ural
area around Foulum, Jutland, Denmark, on July, 14. 1998. Top : 1-look; bottom: 20-look
(approximately). Both images in dB with a 30 dB dynamic range and identical linear
transformations to bit image values in [0;255].

the Central Limit Theorem states that X and Y are Gaussian distributed. By using
the assumptions 1) and 2), it can be shown thatX and Y have identical means and
identical variances given by

EfXg=EfYg=0 (3.4)
ViXg=VfYg= NEEfuizg s? (3.5)

This implies that X and Y are identically distributed. Condition 3) implies a nor-
mal distribution. It can also be shown that X and Y are independent and thus the
probability density function for ( x;y) is

X2+ y2

e (3.6)

P2 (X;y) =p 1p(X)p1o(y) = exp

2s?2

The probability density functions for the corresponding polar coordinates (r; ), where
re =x+jy,are

r r2
pr(r) = ?eXp 252 ,r 0 (3.7)

p()= Zi; 0 <2 (3.8)
The distribution of the amplitude, r, is the Rayleigh distribution and the phase, , is

uniformly distributed. The distribution of the correspond ing intensity or power, | = r?,
is given by the Exponential distribution

1 |
)= szexp 55 10 (3.9)
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The average and variance of the Exponential distribution is
| =Eflg=2s° (3.10)
2=Vflg=Eflg? (3.11)

This implies that the ratio between the std. of intensity and the mean power, equals
1, or =, = 1. In other words, the relative speckle noise is independenof image
intensity. Low intensity areas has low speckle variance anchigh intensity areas has
high speckle variance.

The probability density functions for a Rayleigh and an Exponential distributions, both
with Efxg = 1, are shown in Figure 3.7. It is seen that both have a large vaance.
The ratio between the 5% quantile and the 95%-quantile for tte Rayleigh distribution,
which governs amplitude, is 7.65, corresponding to 17.7 dBThe similar ratio for the
Exponential function, which governs power, is 58.8 which ao correspondsto a 17.7 dB
interval. In other words, 10% of the pixel values for a homogeeous distributed target
falls outside a 17.7 dB interval.

-
Re) RAYLE IGH
a \

\ — — ExPON

o
~N—~
W
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)

Figure 3.7: The probability density function for Rayleigh and Exponent ial distributions
with Efxg=1.

The correlation function for speckle is determined by the sgtem impulse response,
which was outlined in Section 3.2. The autocorrelation of sgckle in the complex radar
image is given by

Rs( *) = szs(1=0+ ¥)s (+0)g (3.12)
= h(@h (a ¥) da
= Ry( ¥

wherer = (r;X), Ry( +)is the autocorrelation of the system impulse response, (¢{3.2))
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and the backscatter is assumed constant, i.e. the entire imge is assumed to be a ho-
mogeneous. The power transfer function is

Sh(f) = FfRy( +#)g= H() ’ (3.13)

where H (fY) is the system transfer function, i.e. the Fourier transform of h(r;x) in
(3.2), and "= (f;fx).

If the system impulse response is assumed to be a siax, the H () has a rectangular
shape. From (3.13) it is seen that the power transfer functim, S,(f), also has a
rectangular shape with the same width as the system transfefunction, H ("), hence the
autocorrelation function of the system impulse responseRy( ¥), has the same null's
as the system impulse responsej(+). The rst null in the system impulse response
occurs at a position corresponding to the spatial resolutias in range or azimuth, hence
the distance between locations with uncorrelated speckle alues is determined by the
spatial resolution. As stated in Section 3.2, the sample spang is usually smaller than
the spatial resolution, and therefore samples in the SAR imge is normally somewhat
correlated.

3.4 Speckle reduction

The larger variation of intensity from resolution cell to re solution cell due to speckle are
often reduced by speckle reduction techniques. A simple mbbd is to perform a non-
coherent averaging, i.e. averaging of intensity images. 8iple averaging corresponds to
averaging being the maximum likelihood estimator for the paameter in the exponential
distribution. In principle, amplitude images can also be awraged, but in this case the
averaging of amplitudes is not the maximum likelihood estimator of the parameter
in the Rayleigh distribution, and consequently this gives a slightly smaller speckle
reduction. A user is interested in the average backscatterwhich is proportional to
the average intensity, hence averaging in the intensity imge will directly provide the
parameter interesting for the user, whereas averaging in ta amplitude image will not.
The averaging can be performed by averaging (adjacent) indeendent measurements in
the spatial domain, or independent spectral components.

Averaging in the spatial domain is usually performed by appying a low-pass lter
FIR lter on the power image. The simplest FIR lter is a box | ter, but other kernels
may also be selected. The kernel may apply di erent amounts b Itering in the range
and azimuth directions, in order to achieve identical resolition in the range and azimuth
directions. If N independent samples is averaged, the result is called aN -look SAR
image. Often, it is di cult to calculate the resulting numbe r of looks, since it depends
on the resolution of the image, i.e. its spectral properties Therefore, it is sometimes
necessary to measure the amount of speckle reduction for théter, and then calculate
the equivalent number of looks for the lter.

Speckle may also be reduced by averaging spectral componsnf the image. With
this approach, N lower resolution (complex) SAR images are generated, eithreby
applying di erent band-pass lters to the SAR image or as a part of the focusing
process, see Figure 3.8. Then, each of the low resolution irgas { or looks { are
detected to power images and averaged across look, i.e. ngbatially. One advantage
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3.4 Speckle reduction

Real part of time signal Spectrum

Detect and average low-resolution images

Figure 3.8: lllustration of speckle reduction by averaging of three ind ependent spectral
bands. 1-D illustration, but the same principle applies to 2 -D.

of this approach is that the SAR system initially generates bwer resolution images,
which relaxes system and processing requirements. The rdsuli ers from the spatial
averaging approach, but for a given number of looks the spedk reduction is equal.

In the following the statistics for a multi-look image is summarized. It is assumed to
consist of a summation ofN terms

m = & (314)

where r? are the intensities of the pixels used in the non-coherent araging. If the
terms are uncorrelated, the sum is Gamma distributed with the probability density
function

mN 1 m

where = 2s? is the average intensity in the original image. The average ad variance
of this distribution are

Pm(m)=G(N; )=

m=Efmg=N (3.16)
2=Vimg= N 2 (3.17)
This implies that the ra}gio_between the std.pof_intensity and the mean power, of the

N -look image equals £ N,or = ,=1= N.

Often, we de ne the equivalent number of looks, ENL = 1=VMR, where VMR
denotes variance-to-mean-squared ratio. The VMR may be eghated from a homoge-
neous area in the speckle reduced image. The Gamma distribigin

Pm(m)  G(ENL; ) (3.18)
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are then often used as an approximation to the theoretical pobability function for
correlated components.

There are other means of speckle reduction than simple aveging. Simple averaging
has the advantage that the spectral properties are well-dened. The main disadvantage
of spatial averaging is that it reduces resolution. One simje alternative is use of a
median Iter, which tends to preserve edges in the image. Thanedian is, however, not
an estimator for the average intensity, and hence the averag backscatter, and therefore
the median Iter does not produce the correct output for most applications. Another,

well-known, is the so-called Lee- lter, which tries to keepedge information, and hence
spatial resolution, by using special masks in the averagingprocess.

3.5 Noise

JM: Derivation of radar equations /noise budgets missing! F or this semester
cover the topic with the ERS exercise

The key to understanding signal-to-noise ratio (SNR) shoudl be that SAR processing
just rearrange signal and noise. It does not eliminate it. Two cases could be covered:

Radar equation / noise budget for distributed targets.
Radar equation / noise budget for point targets.

The two most important relations to remember, is the relation between SNR and
(radar cross section for point target or speci ¢ backscatte for distributed target) and
the relation between SNR andr (range), which are

SNR / (3.19)

kS

SNR/

(3.20)

There are also error sources which is not thermal noise. Imgtant examples are de-
scribed below:

The impulse response for a SAR system has a small high peak. €hwidth of the
peak determines the resolution. Unfortunately, it is very di cult (impossible) to
avoid side-lobes. This means that a bright target will in uence a large area. To
measures are relevant. One is the integrated side-lobe rati(ISLR). The ISLR is
the relation between the energy outside the main peak relatie to the energy in
the main peak. The other is the peak side-lobe ratio (PSLR). The PSLR is the
ratio between the amplitude of the main peak and the largest ggnal level outside
the main peak. Typically, ISLR < 20 dB, and PSLR> 25 dB.

Azimuth aliasing. Due to the imaging principle attenuated ghost images will
overlay the main image. The ghosts are repeated in the azimit direction. Most
often, these azimuth ambiguities can only be detected in ver dark areas of the
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SAR image. If they appear more widely, the image has not beennpcessed prop-
erly. One exception is moving targets (e.g. ships), which @én appears replicated
a couple of times in azimuth.

Radio interference. In particular at low frequencies, i.e.L-band and below, signals
from mobile telephones or other devices may be received by éhsensitive SAR. If
present, this e ect is usually very severe and easy to detecas a noise like signal
covering a large area.

Since all three contributions are data dependent, it is impasible to predict their impact
on SNR for a given SAR image pixel. Also, they are very di cult to reduce { otherwise
the engineers building the processors would have done thatUsually, the three error
sources above is insigni cant, but nevertheless they are dted as possible causes of
unexplainable signals observed in SAR images.

3.6 SAR data types

This section does not address data format or le layout. There exists no standard data
format. A SAR system is complicated and nobody has until now sicceeded in de ning
a format capable of holding data from all di erent SAR system. Probably, also such
a format would be very complex and di cult to use in practice. Many data providers
like ESA and NASA, though, have well de ned and well documened data formats for
their data.

The basic SAR product with all information preserved is a sirgle look complex (SLC)
image. Single look complex or SLC is a commonly accepted termOther terms like
precision product, terrain corrected product, etc. may di er from data provider to data
provider. In the following the meaning of di erent operatio ns often performed on SLC
data are de ned. Often several of the operations has been pfarmed on SAR products.

Calibration. A scaling of the SAR image so that there is a simple relation b&veen
pixel values and corresponding terrain backscatter. Compoents of the calibration
includes: corrections for gain in the SAR hardware, corredbn for the elevation
dependence of the antenna gain, correction for scaling in # correction for range
attenuation and correction scaling in the SAR processing sstem. This type of
calibration is denoted radiometric calibration.

Detection.  Elimination of phase information in the SLC so that an amplit ude image is
generated. Sometimes also used as a synonym for generatichagpower (intensity)
image. Required to display the complex SLC image on paper orroa computer
screen. Also a required part of the multi-looking process.

Multi-looking.  Averaging of detected images in order to reduce speckle. Itften
includes a sub-sampling to reduce the number of image pixel.This is possible
since the resolution of the multi-looked image is more coaesthan in the SLC.

Ground range transformation. Stretch of a slant range image in the range direction
that will give a level terrain an equal sample spacing in groumd range.
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Terrain correction. Resampling of a SAR image so that also undulating terrain is
spaced uniformly in ground range. Sometimes also a correcth of the image
intensities are carried out, so that it become (more) indepadent of terrain slope.
This will requires a model for the incidence angle variationof backscatter and
(approximately) give the same backscatter on the fore- and bck-slopes of hills.

Geocoding. Establishment of a relation between radar image coordinate and geo-
graphical coordinates. Geocoding may be coarse, i.e. dontake terrain elevation
into account, but usually it is implied that the terrain elev ations are taken into
account.

3.7 Current (2004) SAR systems

A lot of civilian SAR systems exists. However, if user wants @ta of a speci c area, the
options are often limited.

For a user satellite SAR data is often most accessible. Sincsatellite SARs has
moderate resolution they cover a large area. Also, satelldé SAR systems often has a
scheduled background mission, so that a large archive is ailable. Finally, the opera-
tional satellites may be scheduled to acquire images over aarea requested by a user
either through an order on commercial conditions (RADARSAT-1, ERS-2, ENVISAT)
or trough an approved scienti ¢ project (ERS-2, ENVISAT). | mportant satellite SAR
systems from an European perspective is shown in Table 3.1.0F a speci ¢ application
or study a user is encouraged also to look into systems e.g.dim China or India.

There exist at least an order of magnitude more airborne SAR gstems than satellite
systems. Most civilian systems are experimental systems, ith limited data availability.

A selection of the systems available for commercial/payed rapping mission are listed
in Table 3.2. This table also list a couple of system which in he past has been used
successfully for scienti ¢ purposes. It it acknowledged tlat this can in no way list all
important systems, so reader and potential user are encouged to investigate other
systems.
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3.7 Current (2004) SAR systems

Table 3.1:

single pass interferometric capabilities. Note:

H.J. Kramer (1510 pages).

Important satellite SAR systems from a European perspectiv e, March, 2004.
In particular ERS-1, ERS-2, and ENVISAT are interesting for
the liberal data policy of ESA. \pol." indicates polarimetr
A comprehensive list of systems is given
in \Observation of the Earth and its Environment; Survey of M

European scientist, due to
ic capabilities. \int." indicates

issions and Sensors", by

Selected satellite SAR systems

Name Launch Band Pol. Note

SEASAT 1978,y L HH  First civilian SAR in space; 105 days
JERS 1992,y L HH Smaller archive than ERS
SIR-C/X-SAR 1994, (+) L,C,X Pol. Only a few Space Shuttle missions
SRTM 2000, (y) C, (X) Int. Only on Shuttle mission STS-99
ERS-1 1992,y C VV  Huge archive; 100 EUR/image
ERS-2 1995, + C VV  Huge archive; 100 EUR/image
ENVISAT 2003, + C Pol. Successor to ERS-1 and ERS-2
RADARSAT-1 1995, + C HH Commercial; Fairly expensive data
PALSAR 2005, ? L Pol.

RADARSAT-2 2005, ? C Pol. Successor to RADARSAT-1

Table 3.2:

Selected operational (+) and past (y) airborne SAR system. Note, that y

does not necessarily imply a dead system, but rather that no funding are available for
ying the SAR systems. Note: A comprehensive list of systems is given in \Observation
of the Earth and its Environment; Survey of Missions and Sens ors", by H.J. Kramer (1510

pages).

Selected airborne SAR systems

Name Org. Band Pol. Note
E-SAR (+) DLR (Germany) P,L,C,X Pol., Int. Government
No name (+) OrbiSAT (Brazil) X,P Int. Commercial
GeoSAR (+) GeoSAR (US) X,P Int., Pol. Commercial
Many (+) INTERMAP (US) ? ? Commercial
AIRSAR (+) JPL (US) P,L,C Pol., Int. Government
C/X-SAR (y) CCRS (Canada) CX Pol., Int.

EMISAR (y) EMI (Denmark) L,C Pol., Int. Government
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Chapter 4

SAR imaging principles

The resolution of of a SAR in the range direction is determine by the bandwidth of
the transmitted pulse, B, and in the along track direction half the antenna length, I/ 2.

One method to obtain a high range resolution is denoted pulse&compression. It
is used in many types of radars and is a technique that allowsransmissions of long
pulses while maintaining a good resolution. The principle $ that a coded pulse is
transmitted. In the receiver echoes are subsequently resatd by correlating with a copy
of the transmitted pulse. This, and other concepts for gettng high range resolution, is
described in Chapter 5.

The key characteristic of a SAR is how azimuth resolution is dtained by use of a
long synthetic antenna. This is the topic of the present chaper.

4.1 SAR antennas

The aperture of an antenna is the area of a physical or ctive gane in front of an
antenna where all radiation pass through. Common SAR antena types is micro-strip,
slotted wave-guide, re ector, and horn antennas. They are &en analyzed using the
electromagnetic eld in their aperture. If an antenna uniformly illuminates a rectan-
gular aperture with a width, |, the width of its main beam, , becomes 0:89=| . A
uniformly illuminated aperture will have fairly large side -lobes, i.e. it radiates in other
directions than the desired. If the aperture illumination i s decreased towards the edges
side-lobes can be reduced on the expense of main-lobe beandihi This is often done
and a rule-of-thumb for antenna beam width is thus

real |_ (4- 1)

wherel denotes the width in the relevant direction and index real denotes real aperture
case. The beam broadening of 1/0.89 relative to a uniformlylluminated antenna seems
small, but in the radar case, is should be taken into account he antenna is used for
transmission and reception and thus the antenna gain patten is squared. This gives
a more narrow beam than for one-way transmission/reception EMISAR with two
micro-strip antennas mounted on the side is shown Figure 4.1



SAR imaging principles

Figure 4.1: EMISAR with its two micro-strip antennas mounted on the side . Also, it
has one antenna in the pod below the aircraft.

4.2 Azimuth resolution { antenna approach

In Figure 4.2 a SAR acquisition over a scene with two bright reectors at distances rq
and r, are depicted. It is important to distinguish between object space (the real world)
and data space (the image). With a 3-dB with of the antenna, (g, the corresponding
3-dB width of the target images are

areal = I real rl_ (4.2)

which is also denoted resolution. This type of radar is denatd a real aperture radar
and its resolution is range dependent. To obtain a good resation (small ,.ea) @ large
aperture length, |, is required.

From Figure 4.2, it is also seen that targets are observed ovea long part of the
trajectory, L = r 1ea. Now, if all echoes overL are added a synthetic aperture can be
formed very similar to an antenna array, see Figure 4.3. Howeer, there are two very
important di erences. The rst is that the target has to be st ationary and constant
during the observation time. This is most often the case, butfor example breakers at
a coast are not stationary during typical observation timesof 0.5 s to 5 s. The second
is that the 3-dB beam width of a synthetic aperture is

syt o (4.3)
or half the width of a real aperture of same length. Before ths is explained, it is
observed that the maximum azimuth resolution using a synthdic aperture { or using
the SAR principle { is

!
2

|
. =7 = (—=(—— = — = 4.4
a'synt Synt 2L 2(r rea|) 2r ( )
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4.2 Azimuth resolution { antenna approach
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Figure 4.2: Two bright targets observed with a SAR. a) Object space, b) da ta space.
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Figure 4.3: a) a radar using one antenna array for transmission and reception. b) In
a SAR, the radar subsequently uses each antenna, and echoesra added in processing
system.

This implies that in contrary to other radars resolution is i ndependent of range. For
normal radars (azimuth) resolution numerically doubles fa a double range, but for a
SAR the synthetic aperture also doubles and thus resolutionis constant. It is noted
that sometimes not entire synthetic aperture is used. This educes resolution but for
example also reduce datarate, since the corresponding regiad azimuth sampling rate
(pulse-to-pulse spacing) is relaxed proportionally. The naximum azimuth resolution,

a = |=2, together with the range resolution, , = (c=2)=B, are key characteristics of a
SAR system.

4.2.1 Why a synthetic aperture have half beam width

A uniformly illuminated real antenna array has for small main-beam o set angles, ,
a one-way (far- eld) antenna amplitude pattern of sin x=x. The rst null occurs at
= =l , see Figure 4.4, and the approximate 3-dB beam-width is 89=| . When used
for transmission, contributions from the individual anten na element are superimposed
at the target and for symmetry reasons the phase correspond® the propagation phase
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to the central element, (2 = )r. The re ection and reception is the reciprocal process
and thus the two-way gain is the one-way gain squared and thelpaseis (4= )r. The
one-way and two-way nulls of course occurs at identical angks since the antenna doesn't
receive an echo if the signal is already zero at the target.

For a synthetic aperture, the individual transmit/receive situations are also recip-
rocal, but the phase for each echo is (4 = )(r + x ), where x is the position of the
antenna in the aperture. Here, the approximation x sin x for small has been
used. The rst null direction occurs when the phase change i over the length of
the aperture ( x = L), i.e.

4

—L =2 ) (4.5)

null = 2L

which is also the approximate 3-dB width. Gain patterns for a real and a synthetic
aperture of equal length are shown in Figure 4.5.

(a) Null direction (b) Null direction
real array synthetic array
i
x=-1 x=-L 1 /
2 2
r
X= 0 -4 X= O —
'N
=1 b _L b

X= 2 N X= 2 N

Y Y

L
2

Figure 4.4: a) Null direction for a real antenna array (both one- and two- way). b) Null
direction for a synthetic array. r denotes distance from central element to target.

4.2.2 Focussed / unfocussed SAR

In the above it is assumed that the target is in the far- eld of the synthetic aperture,
meaning that the direction between all points in the synthetic aperture and the target
is identical. This is most often not the case. Assume the geostry depicted in Fig-
ure 4.6.a, where the SAR is ying along the straight line, (x; O;H), where H denotes a
constant altiBJde. A target is located at ( Xo; Yo; 0). By introducing the closest approach

range,ro = HZ2+ y3, the slant range distance,r(x), becomes
q__
r(x) =  rd+(x Xg)? (4.6)
ro+ X o+ r 4.7)
0 2['0 -0 '
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4.2 Azimuth resolution { antenna approach

REAL VS. SYNTHETIC ARRAY ANTENNA
GAIN PATTERN

SYNTHETIC
REAL ARRAY ARRAY

- A ——

sin x sin x |2
X x

One Way Two Way Two Way

Figure 4.5: Comparison of mainlobes of real and synthetic arrays of same length. Syn-
thetic array has no one-way radiation patter since the array is synthesized from the radar
return. From [1].

where X = X Xg is introduced and (4.7) is a second order Taylor expansion of4.6)
around x = 0. Also, the range di erence from closest approach, r, is introduced.
Figure 4.6.b depicts the same setup in the slant range planeThe r corresponds to
the phase

LA S 4.8)

If is small ( 2 ) for a target at boresight, the target is in the far- eld of th e
synthetic aperture. In that case, the formation of a synthetic aperture is simple, since
all echoes over the aperture just have to be added in phase, assumed in the previous
section. This is denoted an un-focussed SAR. However, in mbsases, the (predicted)
phase change, , along a synthetic aperture is many times 2. This means that the
echoes has to be phase corrected before one aperture is fodneA SAR with phase
correction is denoted a focussed SAR. This process is simildo a re ector antenna
where the shape of the re ector assures that all parts of an icoming wave from the
main direction arrives at the feed-horn with identical phases. If, for some reason, the
phase correction is not correct, the echoes will not add up iphase, and the beam width
of the synthetic aperture will increase. This undesirable eact is denoted de-focussing.

In order to determine whether or not a SAR has to be focused, tk phase deviation,

max, at the aperture ends can be considered. From (4.7) it is seethat x = L=2
corresponds t0 a rmax = L2=(8rg). An often used criterion is that max < = 2 or
equivalently rmax=( =2) < 1=4. The far- eld criterion than become

P —
L < o (4.9)

By using equation (4.3) for the beam width of a synthetic apeture, it can then be
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SAR imaging principles

a)

r(x)

(X0 Yor Z0)

Figure 4.6:

Xy

SAR geometry.

o (o o)

found that the resolution of an unfocussed SAR is approximagly limited to

lo

a~” 2

(4.10)

The gradual degradation of the performance for an unfocusseSAR is also illustrated

in Figure 4.7.
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Figure 4.7:
received from a distant target by individual array elements .
phasors. In this case, the gain could be increased by decreang the length of the array.
b) E ect of increased array length on gain an beamwidth of an u nfombsed synthetic array.
Gain is maximum and beamwidth is minimum when length, L =1:2 ro . From [1].

34

b)

By

j\mlh defocusing

with no defocusing
t~
-~ /
~

6./ R 0.9\/AR

Array Length
1.2AR = L
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4.3 Azimuth resolution { Doppler approach

4.3 Azimuth resolution { Doppler approach

The Doppler frequency for an echo returning from a target with the radar-to-target
vector, ¥, IS

2d(jH1)j)

it (4.11)

For stationary radars, distance variation are caused by taget motion. For a SAR, the
radar moves whereas targets are usually stationary. Althogh, both radar and target
motion are included in (4.11) targets are assumed stationar in the remaining part of
the present section in order to facilitate simpler explanaions and equations.

As described in the previous sections, it is the fact that thea targets is observed from
di erent positions in space that allows for generation of a high resolution images. It is
also the transmit/receive positions in space that determires the radar-to-target distance
variations, independently of how quick or slow the aircraft has own. Nevertheless, it
gives important insight into a SAR system to analyze the azinuth signal variation not
as function of spatial position, x, but as function of time, t.

A straight ight trajectory and constant velocity, v, giving a radar position of x = vt is
assumed in the remaining part of the present section. When tk radar approach a target
from a far distance the radar-to-target velocity is approximately v, giving a Doppler
frequency offp = 2v= . As the radar approaches the target the velocity increases
to zero, when the target is perpendicular to the track, and then further increases to
v, when the target is far behind the radar. The corresponding ppler variation is
sketched in Figure 4.8. The exact shape of the variation can & found by inserting
X = vt into (4.6), followed by an insertion into (4.11).

Linear region

~+

Figure 4.8: Doppler variation for a SAR point target.

The linear Doppler variation near closest approach, can be pproximated by use of
(4.7) to obtain

o= 29 4 = (4.12)
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SAR imaging principles

This means, that if the SAR has a reasonably narrow antenna bam in azimuth, and if
the antenna looks approximately perpendicular to the trajectory the Doppler frequency
variation for target within the beam will be linear. In other words it will have a linear
frequency modulation (FM).

The resolution, ¢, in time-domain of a linear FM signal is ; = 1=B. The bandwidth is
determined by the total Doppler variation along the synthetic aperture, i.e. the Doppler
bandwidth. From (4.12) it is seen that this bandwidth is determined by azimuth
observation time, Tz, which is given by the length of the synthetic aperture divided by
the velocity, i.e.
r

Taz = % (4.13)
where a synthetic aperture length ofrg( =l ) is used. The corresponding azimuth band-
width, By, is (cf. (4.12) and (4.13))

2v2 Mo 2v
= ——= — 4.14
e VR (4.14)
giving an azimuth resolution using time as along track coordhate of
1 I
= —= — 4.15
- (4.15)
corresponding to a spatial azimuth resolution of
I
K=V i= = (4.16)

2

This is, of course, the same result as the resolution derivedby using the antenna
approach.

In the derivation of resolution, a synthetic aperture length of ro( =) with a uniform
antenna gain where assumed. This is not possible to achieveith real antenna. The
azimuth signal is thus modulated with the (two-way) antenna gain pattern in azimuth.
The relation between azimuth aircraft position and antennaazimuth angle, , measured
positive in the forward direction is vt=ro, for small angles. Thus, there is the
following linear relation between azimuth angle and Dopple frequency

2v2 2v
a7 fo _ & (4.17)
o V

fp =

This means that the shape of the azimuth Doppler spectrum is étermined by the
two-way azimuth antenna pattern.

This has implications for the required azimuth sampling frequency, i.e. the required
pulse repetition frequency. With the (not achievable) rectangular antenna pattern, the
sampling frequency, fpre should at least equal the azimuth bandwidth, By, = 2v=Ll.
This implies again implies that azimuth movement between two subsequent radar pulses
should be shorter thanl=2. However, due to the actual shape of the antenna pattern,
aliasing would occur with this f prg a faster is often to chosen, see Figure 4.9 to minimize
aliasing in the central part.
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4.4 Aircraft - motion compensation

Also, it is observed that after reception, i.e. after the inevitable aliasing has occurred,
it is possible to reduce azimuth bandwidth, by applying a lowpass lter in azimuth.
This allows for a sub-sampling which reduce data handling rquirements of the radar
system.

! s G| !
causes ! I causes
alias ' I alias

| [
- —

aenz
2
-’

B > fo

Figure 4.9: Two-way antenna gain as function of Doppler. The fpre is often chosen
so that aliasing of the close-in antenna sidelobes to fall ouside the central part of the
azimuth spectrum.

4.4  Aircraft - motion compensation

A SAR system relies on accurate measurement of phase. Even aw millimeters de-
viation cause a large phase shift. Thus, in order to produce igh quality images from
aircrafts, the inevitable course deviations, vibrations, and attitude variations must be
compensated.

JM: On black-board; linear motion ) skew.
JM: On black-board; curved motion ) defocusing.
JM: On black-board; Second order motion compensation. With known angle

of incidence, the eectofa ( y; z) deviation from the ideal track can be compensated
by projection onto the line-of-sight. The line-of-sight is varying in the range-direction,

and thus the second order motion compensation varies in the @oss track direction.

Naturally, it varies in the along track direction.

4.5 Moving targets

JM: On black-board; (t;fp) diagrams as explanation for aperture formation.
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JM: On black-board; Give numerical examples for targets (sh

systems ( fpgrg).

JM: On black-board; Explain across track and along tr

ips, cars) and

ocity.

ack vel

4 ﬁf b, f\{
forrz— oo -
+
{D £ 9(30‘ {":F“C?/L”-w-\\” 5, W RS W
?\ -4 i ( .2 .
refercance. R,
. ” aly
~4ote /7 . ‘afed terye
Figure 4.10: Time-frequency diagrams for a target with an across track ve locity giving

a Doppler, f|, observed with a SAR system with the pulse repetition freque ncy, fpgre -
a) Large fpre SO that no aliasing occurs. The target is shifted in azimuth r elative a

stationary target and image amplitude reduced. b) Smaller
Two images arises.

f‘{ fpra.d-

fpre SO that aliasing occurs.

")

reference.

Figure 4.11:

~_t

>
o

Time-frequency diagrams for a target with an along track vel ocity giving

a Doppler. This changes the Doppler rate, so that the reference and the target echo does

not match at any point. This does not cause a shift, but cal
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Chapter 5

SAR processing

For a systems which transmit linear FM pulses the rst processing step is pulse com-
pression, also denoted range compression because it impesv/resolution in the range
direction. The second step is synthetic aperture processim which is denoted azimuth

compression because it improves resolution in the azimuth idection. This processing

sequence is also used in EMISAR, where it improves resolutiofrom 3000 m by about

1000 m to 1.5 m by 0.75 m, see Figure 5.1. First Section 5.1 prales a simple model
of a SAR system. This is followed by Section 5.2 on range compssion and Section 5.3
on azimuth compression. Then, Section 5.4 describes e cienaccess to data during

processing. Finally, reduction of side-lobes in the radar ystem impulse response is
addressed in Section 5.5 on weighting.



SAR processing

Figure 5.1: Simple SAR processing consists of range compression and amiuth compres-
sion e.g. by using the range-Doppler algorithm. a) Raw, unpr ocessed EMISAR data set.
b) After range compression with an azimuth invariant lter.  c) After azimuth compression

with a range varying lter.
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5.1 SAR signal model

5.1 SAR signal model

It is useful to consider a simple model of a SAR imaging systerwhere the transmitter
gain, propagation attenuation, re ection gain (and phase), and receiver gain are ig-
nored, see Figure 5.2. Using complex signal representatiomne SAR pulse and its echo
from one point target can at di erent points in the system be described by

si(t) = a(t) (5.1a)
sy(t) = a(t)ed?f <t (5.1b)
s3(t) = a(t tg)e?f et ) (5.1c)
sa(t) = a(t tgq)e?f et e i2fct = gt ty)e 127 cla (5.1d)
s5(t) = r(t tg)e 12f cto (5.1e)

The pulse, a(t), is generated at baseband, mixed to the carrierf, transmitted, re-
ected, received with a delay, tq, and mixed down to baseband, giving the signab,(t).
Finally, a range compression may be applied. In case of a pdirarget, the output
s5(t), is a delayed and phase-shifted version of the auto-corration function, r(t), for
the pulse, a(t).

The matched lIter in range (range MF) is a lter with the impul se response,

h(t) = s;:( (t 1)) (5.2)

wherety in an o -line (digital) system can be chosen freely, but in the analogue case
is limited to values giving a causalh(t). The sign de nition on t, is so that a positive
value delays the impulse response so that the correspondingier eventually becomes
causal.

The appearance of the range compressed point target atrg; xo) is illustrated in
Figure 5.3. The response shifted to (90) is denoted the range compressed point target

| Pulse St S ‘l a
a() |
— 7
Trigger|— U )fe -
ty
S3
Range | _ P
= | MF |V s < G

Figure 5.2: Signal model for a SAR. The pulse a(t) is generated at baseband, i.e. a
complex signal around f = 0. The signal is mixed to the carrier f, ampli ed, transmitted,
delayed, re ected, delayed, ampli ed, and mixed down to bas eband to the signal, sa(t).
Finally, it may be range compressed to ss(t).
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= — Point target
Data space A ? (range compressed)

N\

range
=

azimuth / \
AN I o C
r(t- 2r0)ex|0§ JTproH ¢ c ¢ i 1 (r°+Dr)E
=rgt) =r¢t- —) exp8 ]ﬂ

Figure 5.3: Range compression response for at point target at (ro; Xo).-

response (PTR). It is noted that the PTR is independent of azimuth position, but
PTR's for targets at di erent closest approach ranges, ro, diers since the r(x) is
dependent onrg, see (4.6). The curvature of the PTR is denoted range migrain.
This is often small and sometimes ignored.

5.2 Range compression

Strictly speaking range compression is not an integral partof SAR processing. In
principle, a SAR that uses a short pulse to achieve good rangeesolution would work
perfectly. Most modern SAR systems, though, use linear fregency modulation (FM)
pulse compression techniques to achieve an acceptable sajrto noise ratio. In that
case, range compression is certainly a part of the data prossing and therefore, pulse
compression is usually an integrated part of SAR processorsThe present section solely
concerns pulse compression by using linear FM signals altlugh other methods like de-
ramp exists.

The purpose of pulse compression is to be able to use a transtieid pulse, a(t), of
length, T, having an autocorrelation, r(t), with a width much smaller than T. One
way to achieve that is by transmitting a pulse that sweeps lirearly over a bandwidth
B, whereB and T can be chosen independently. This results in a spatial resotion of

cl (5.3)

where ¢ is the resolution in time { the natural measurement scale of aradar. The actual
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5.2 Range compression

voltage on the antenna in Figure 5.2 is the real part ofs,(t) which can be expressed as

cos (t) if0 t T;

Refs,(t)g =
29 0 otherwise

(5.4)

R
The instantaneous frequencyfi(t), and thus the phase, (t)=2 éfi( )Jd + o, are

(
fo+ Bt L) ifo t T;
fi= et Tl 2 M0t T (5.5)
0 otherwise
and
2 fa+ B 12 4 ifo t T;

0 otherwise

respectively. In most SAR systems both phase terms in (5.6) auses a large number
of oscillations over the pulse, i.e.f;T 1 (large carrier frequency) and TB 1
(large time-bandwidth product). For illustration purpose s, though, an example with
T =0:25 s,B =100 MHz, and f. = 100 MHz with a few oscillations is shown in
Figure 5.4.

It is possible to calculate the exact shape of the autocorraltion, but it is quite
complicated. Alternatively, one could just note the fact that a linear FM signal only

Normalized amplitude of linear FM signal

1

0.5

- . - e t[s]

x 107

t[s]

Figure 5.4: Linear FM signal (top) and its autocorrelation (bottom), in  cluding its enve-
lope in red. For illustration purposes, the signal has a low r atio between center frequence,
fc =100 MHz, and bandwidth, B =100 MHz, and a fairly low time-bandwidth product
of TB = 25.
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Normalized amplitude of linear FM signal
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Figure 5.5: Linear FM signal (top) and its spectrum (bottom). The corres ponding parts
of signal energy in the time and the frequency domain is indicated by the arrows. Same
signal parameters as in Figure 5.4.

give a large cross correlation for almost exact alignment othe two signals. This is
what is needed for e cient pulse compression, By looking at the wave-form, it may be
understood intuitively, but in order to estimate the width o f the autocorrelation and
to understand why weighting reduces side-lobes another agpach is required.

The key is to realize that a linear sweep of the instantaneoug$requency in (5.4) cor-
responds to a linear sweep in the frequency domain, resultmin a rectangular spectrum.
In Figure 5.5, its indicated where the di erent parts of the signal in the time-domain
ends up in the frequency domain. Since the frequency is swepinearly in the time
domain, the energy in the frequency domain will also be distibuted (approximately)
linearly. The \method of stationary phase" describes this mathematically but it will
not be elaborated here.

The matched lItering of the received echo at baseband,s4(t), corresponds to a
convolution with the impulse response of the matched Iter. From (5.2) it is seen
that this convolution corresponds to correlation with a copy of the transmitted pulse,
s1(t). The following general rules concerning signalsf (t) and g(t) and their Fourier
transforms, F (f ) and G(f ),

f(t)ys F(T) (5.7a)
f@)$ F(f) (5.7b)
f(t) gt) $ F(f)G(f) (i.e. commutative) (5.7¢)
f(t to) $ F(f)el2fto (5.7d)
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5.2 Range compression

where $ indicates Fourier transform pairs, superscript conjugation, and  convo-
lution, applies. It is noted that convolution is commutativ e as opposed to correlation
which is not. Using (5.7a), (5.7b), and (5.7d) it is seen thatthe transfer function of
the matched lter is H(f) = S;(f)e 127 n. Thus, the matched Iter output may be
calculated as

ss(t) = sa(t) syt th) $ Sa(f)Sy(f)e 12ftn (5.8)

where t;, determines the origin of the time axis. Thus, calculation ofthe autocorrela-
tion (i.e. s4(t) = si(t)) corresponds to squaring of the signal spectrum. For a linar
FM signal the spectrum, S;1(f ), is approximately rectangular, and thus the spectrum
of the autocorrelation is also approximately rectangular, (with a width of B). The
autocorrelation, thus would have approximately sinx=x shape, with a 3-dB width of
approximately 1=B.

The correspondence between time and frequency domain in @) is of great bene t for
digital pulse compression, since it is much faster to compug the matched Iter output
by transforming s4(t) to the frequency domain, multiply by the matched lter tran sfer
function, S,(f), and transform back to the time-domain, than carrying out a direct
convolution calculation.

Care should be taken when the (discrete) FFT method for convtution is applied,
as it corresponds to a cyclic convolution. To illustrate this consider the received signal
from three point targets, separated in slant range. Target lis assume to be so close
that only the last part of its echo is received, the echo from arget 2 is fully covered,
and the echo from target 3 is cut 0 so that only its rst part is received. To simplify
the illustration, the echoes are not overlapping, see Figue 5.6. The transmit pulse is
assumed to be of lengthN,, and the sampling window (signal) of length N .

Using a time domain correlation, one would probably implicit de ne that both the
received signal and the transmit pulse are zero except for saples in [N, 1] and
[0;Np 1], respectively. The correlation would then haveN,+ N, 1 samples with values
dierentfrom0. The rst N, 1 sample would comprise compressed echoes from targets
closer than the sampling window o set, the next N,  Np + 1 would be compressed
echoes from fully covered targets, and the lasN, 1 would be compressed echoes from
targets with cut-o echoes. Intotal (Np 1)+(N; Np+1)+(Np 1)= N + N, 1,
as expected.

It is important to note even partially covered echoes will be pulse compressed, but
with degraded quality. There are two degradation mechanisnrs.

Decreases bandwidth.  Since only a part of the chirp echo is recorded only a part of
the frequencies will be present. The resulting reduced bandidth gives a more
coarse resolution.

Decreased energy. Both the echo energy and the peak amplitude will be reduced
with a factor 2 [0; 1], where s the ratio between echo and pulse length.

Now, how is a discrete FFT of lengthN used for convolution calculations. First both
signals must be of lengthN. This is done by zero padding the received signal and
the pulse replica to length N. Often, N can be chosen equal td\,, so that only the
pulse replica needs to be zero-padded. Then it is noted that either the FFTs nor
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type 1 type 2 type 3
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0 N, -1
HHHH Pulse (\Ip)
0 N,-1
T 5 [ 5 T Cross correlation

0 : iy ! N, +Nj-2 (matched filtering

partial u i partial

. coverage |
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Figure 5.6: Cross correlation between signal and transmitted pulse. Top: signal of
length N, . Center: pulse of length N,. Bottom: convolution of length N, + N 1.

the multiplication in the spectral domain change the signal length. This is because
the discrete FFT method implicit convolutes signals with a repetition period of N.

If N N, + Np 1 the convolution result includes exactly the same values aghose
calculated by using a time-domain approach, see Figure 5.70n the other hand, if N,

N <N+ Np 1, wrap-around occur and the far away echoes (type 3) will be nxed

with the close echoes (type 1). At a rst glance, this may seemto be unacceptable,
but often the compressed echoes without full quality is disarded anyway.

5.3 Azimuth compression (Range-Doppler)

In its basic form, azimuth compression follow the same line & range compression. First
the point target response (PTR) is calculated, see Figure 8. Secondly, the received
image data are correlated with the PTR to obtain the compres&d image.

For two reasons, though, azimuth compression is more compated than range
compression. The rst is that the PTR is a 2-D function, due to range migration.
The second is that the PTR is range dependent. This implies tlat one cannot just
use a single 2-D lter to compress the entire image, but each zimuth line must be
compressed individually, see Figure 5.8.

The range-Doppler algorithm eliminates the need for a two 2B reference function by
removing the range migration before application of the compession Iter. This cannot
be done in the range-azimuth domain since targets at di ereh azimuth positions needs
to be corrected di erently, see Figure 5.9

For small range migrations, the energy of a point target will only shift slowly in the
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5.3 Azimuth compression (Range-Doppler)

A type type
pulse 1 2

— |
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> time

0 0
filter
0 0
2 1 2 .
correlation
0 0

Figure 5.7: Cyclic convolution. Left: N = N,. Leading and trailing echoes will blend.
Right: N N: + N, 1. Leading and trailing echoes does not blend, but decrease
gradually in amplitude. Note that leading echoes appears last in the cyclic correlation

result.
2-D filter Data One line out
N : §
=~ g ® | e .
T - : 5

convolution

Figure 5.8: Convolution of a single 2-D azimuth reference function yiel ds one output
azimuth line. The purpose of the range-Doppler algorithm is to reduce the 2-D reference
function to a 1-D reference function (one azimuth line).

range direction as function of azimuth. In other words a poirt target will have a long
duration in azimuth. The phase of the PTR depends on r(x), which is a quadratic
function of x, see (4.8) and (4.7). Just as in the range direction, a quadrté phase cor-
responds to a linear frequency modulation. Thus, there is aihear relation between the
azimuth(space) and the azimuth(frequency) domain. Therebre the curved PTR in the
range-azimuth(space) domain maps to a curved PTR in the rang-azimuth(frequency)
domain. The key feature now is that all PTRs, from targets at a given closest approach
range, will appear at the same location in the range-azimutlffrequency) domain. Thus,
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A range Arange
1-D FFT of
azimuth lines
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A B A+B
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Range Migration
Correction (RMC)
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Figure 5.9: Range migration correction. a) range migration in the range -azimuth domain
for two targets at di erent azimuth. b) in the range-Doppler domain their range migration
is identical. Range migration is still range dependent. d) r ange migration correction by
interpolation. c) the straighten PTRs in the azimuth(space ) domain.

the curvature can be straighten so that all (most) energy appears in one azimuth line.
Now, the energy of the PTR is located in one azimuth line, the hase is quadratic, and
thus the azimuth compression can be carried out line by line.The compression lter,
though, needs to be updated for each line, since the phase vation depends on closest
approach range,rq. Since azimuth(frequency) is also denoted Doppler, the algrithm
has been named the range-Doppler algorithm.

In the remaining part of the section a simple mathematical description of the range-
Doppler algorithm is provided. The next step towards an exa¢ mathematical treatment
is much more complicated and involves analytical calculaton of Fourier integrals. This
is found in most text books and tutorials on the range-Dopple algorithm, but is not
provided here.

The heart of the range-Doppler algorithm is the assumption hat the azimuth de-
pendence of the PTR (for a target with x = 0 at closest approach) is

s(x) = ax(x)exp[ | o r(x)] (5.9
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5.3 Azimuth compression (Range-Doppler)

where ay(x) is a slowly varying amplitude modulation and r(x) the range di erence
to closest approach, see Figure 5.2. By using a quadratic appximation to  r(x), see
(4.7), the azimuth signal can be expressed as

2
S(x) = ax(x)exp 2 f—ol (5.10)

Note, that azimuth-space and not azimuth-time is used as in&pendent variable. Most
treatments of the range-Doppler algorithm used azimuth-time and assume a constant
velocity, so that x = vt. However, r(x) is a function of x and only indirectly of t, since
it only matters where the individual pulses are transmitted and received { not at what
instant. The only draw back of using x as independent variable is that it is necessary to
work with spatial frequencies, which are not as familiar as Yegular" frequencies. The
relation between x and spatial frequency,fy, is calculated similar to the instantaneous
frequency of a linear FM modulated signal

_1d (x) . 2
fx = 2 dx . T (5.11)
or
r
— TOfX (5.12)
Thus the range migration in the spatial frequency domain is
Tof, ’ 2y
_ 2 _ 0¢2
r(fy) = T = 3 fx (5.13)

When working with digital signals, the relations between sanple number in the spa-
tial domain, n, and space,x, and the relation between sample number in the spatial
frequency domain,m, and spatial frequency,fy, are

time-domain: x(n)=n (5.14a)
frequency-domain:  f,(m) = %i (5.14b)
X

where N denotes FFT length and , sample spacing.

The remaining outstanding issue is: what is azimuth envelop ax(x)? It is de-
termined by the antenna gain pattern, G ( ), which in turn determines the gain as
function of azimuth, G4(x), through the relation = x=rg. Due to the correspon-
dence between space and spatial frequency (because of thadar FM modulation of
the phase), the spectrum pattern, Gs, (fx) can be calculated by using the substitution
X = 1 o=(2fy). This is illustrated in Figure 5.10. As noted in Section 4.3 aliasing
occurs due to the azimuth sampling. In the repetition period of the spatial spectrum
is 1= 4 (similar to the repetition period of the temporal spectrum of fprgp = 1= ).

In EMISAR one modi cation is required since data are usually low-pass Itered
and subsampled in azimuth by an on-line azimuth pre- Iter. T his typically reduces the
sampling rate (and azimuth bandwidth) with a factor 4. This i s done to compensate
for data-rate constraint in the recording system.
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SAR processing

Gb(b) X G,(x) A Gfx(fx)
=- X=-—L fx
I 2
" T~
b X f

Figure 5.10: Antenna gain as function of a) angle, , b) azimuth, x, and c) spatial
frequency, fx.

The e ect is that the azimuth spectrum become more or less retangular, since
only the central part of the original spectrum is used. This is illustrated in Figure 5.11.
Assuming a lter choice so that maximize the bandwidth for th e chosen sample spacing,
the envelope(s) become

( 1 jxj< 7%
ax(X) = 4

] (5.15a)
0 otherwise

1 i< 5

‘ (5.15b)
0 otherwise

ar, (fx) =

a(x)

t X i ' f fx
|

i m=N/2
1. =1/(2Dx)

Figure 5.11: An azimuth pre- Iter (APF) may reduce azimuth bandwidth by |  ow-pass
Itering data in azimuth direction, resulting in an approxi mate rectangular envelope,
ax (x) of the PTR in the spatial domain.

5.4 Corner turning

It is observed during range compression each range line (cetant azimuth) must be
processed simultaneously. On the other hand, during azimut compression each out-
put azimuth line (constant range) can (ignoring range migraion) must be processed
simultaneously.

The total amount of RAM required to hold onimage is2 4 N, Ng, if 4 byte oating
point numbers are used to represent the complex value of eachixel. A SAR image
may easily be of sizeN, = 8192 and N, = 40000, amounting to approximately 1 Gbyte
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5.5 Weighting

of RAM. It may be problematic to hold this amount of data in RAM simultaneously,
and thus it may be necessary to process the image in smaller ghks.

The radar typically store data in the order they are recorded This mean that on
range line is stored consecutively, and thus are easy to acee

During azimuth compression the data for one azimuth line is sattered in the data
le with a distance of N, samples between each element. A le reading loop, which
read one sample, seeks to the next position, reads one samplkc. is very ine cient.
Thus, it may be advantageous to rearrange data on disk (or in nemory for real-time
processors). There are several options:

Full corner turning JM: On blackboard
Tiling JM: On blackboard
RAM processing JM: On blackboard

5.5 Weighting

JM: On blackboard
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Chapter 6

Design considerations

6.1 Pulse repetion frequency

Range constraint:

f < =
PRE < 3 Rmx  2Rim

Azimuth constraint:

fprrF > 2

Area coverage contraint.

6.2 Signal to noise ratio

Antenna considerations and power budget.

6.3 Azimuth ambiguities

Antenna considerations

6.4 ScanSAR

Required to achieve a large swath.

6.5 Spotlight SAR

(6.1)

(6.2)

To achieve very high resolution. More exible image pointing. Reduce image area.
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Translation of Terms and Acronyms

This Appendix list commonly used technical terms and their danish translations. Some
times the terms used also have a similar meaning in normal laguage. Where relevant,
examples of such meanings are also given in the third columnAlso note, that abbre-
viations are by no means unique. For non-radar people, SAR add easily mean search
and rescue (SAR), speci ¢ absorption rate (SAR), or Saudi Arabian Riyal (SAR).
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Term Danish translation Non-technical meaning
alias: Appears in undersampled alias, nedfolde give sig ud for en anden,
signals. oga kaldet

aperture: A (physical or ctive) apertur abning, revne, hul

area of a plane in front of an
antenna where all radiation pass
through. Horn and re ector
antennas are often analysed by
using the electromagnetic eld in
their aperture. This is because
their radiation is (approximately)
con ned to a nite plane area as
opposed to e.g. dipoles.

azimuth: Used to denote one of azimut
two coordinates in the
two-dimensional SAR images (the
other is range). A more correct
term would be cross-range, but
nevertheless azimuth is used as
synonym for cross-range (or along
track). In antenna theory it is
used to denote one of the two
angles in a spherical geometry. In
conventional spherical coordinates,
(r; ; ), does 2[0;360] and
2[0:180]. Azimuth, © is the
rotation in the equator plan, but is
often o set so that °= 180.
Elevation, ©° is the angle above
the equator plane and corresponds
thusto °=90 . Also, the
coordinate system is often de ned
sothat ( % 9 =(0;0) is the main
(boresight) direction of the
antenna and the equator plane is
oriented so that it is
level/horizontal.

beam: The volume in space stule
illuminated by the radar antenna
(during one pulse.

bore-sight:  The main sigtelinie, hovedretning
sight/illumination direction. (ifm. antenner)

bj ke, stang, stile

bore: borhul, hulabning,
spr kke, b sselb. sight:
syn, synsretning, sigtehul,




Translation of Terms and Acronyms

Term

Danish translation

Non-technical meaning

calibrate:  Adjustement or
characterization of a measurement
system.

chirp: A pulse with varying
frequency. Often used as synonym
for a linearly frequency modulated
pulse.

clutter:  Any unwanted radar
echo. Its name is descriptive of the
fact that such echoes can \clutter"
the radar output and make di cult
the detection of wanted targets.

detection: Used in its normal
meaning to 'detect, i.e. to
determine the the existence of.
Also, used to denote the process of
making power images from
modulated signals, i.e. nding the
envelope, and to denote generation
of power images from (complex)
baseband signal.

distributed target: A target
with many individual scatteres,
e.g. a eld with crops.

Doppler shift: ~ Shift in frequency
due to movement.

dwell time: The time a target is
observed by a radar (or
radiometer) during one scan of
possibly more than one
pulse/observation.

false alarm: Indication of target
presence, when no target is
present.

elevation: a) height above a
reference surface (meter). b) the
angle between a point and an
equator plane (radians or degrees).
See alsoazimuth.

kalibrere

chirp

clutter, (gl.: glitter,
bire eks)

detektion

fordelt ral

Dopplerskift

observationstid

falsk alarm, falsk positiv

a) hjde. b) elevation
(vertikalvinkel).

kalibrere, justere, korrigere

kort skinger lyd, piben,
pibben, kvidren.

rod, forvirring, virvar

opdagelse, pvisning.

distributed : fordelt. target:
ral.

lille pause, dv le.

falsk alarm.

h jde, forh jning, h vning
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Translation of Terms and Acronyms
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Term

Danish translation

Non-technical meaning

foot-print:  The area illuminated
by an antenna.

fore-shortening: ~ The shortening
of terrain facing towards a SAR
appear relative to level terrain or
terrain facing away from the SAR.

geo-coding: The process of

mapping measurements (e.g. image

pixels) to their correct position in
a geographical reference system (a
map).

layover: Happens when a point A
more far away than another point
B measured in ground range is
closer than B measured in slant
range.

matched lter: A lter that for a
given expected signal maximize
peak signal to mean noise ratio.

multi-look:  To average in order
to reduce speckle (or thermal)
noise. Multi-looking may be
carried out either in the
time/space domain or in the
frequency domain.

nadir: Directly below.

point target: A target with one
(1) scatterer.

range: Distance from radar.
Strictly speaking range is a
distance measure (meter), but
often range is used as short for
range-delay which is a time
measure (seconds) and is what a
SAR generically measures.
Assuming free-space propagation
and no internal delays in the
radar, r = tc=2, is the simple
relation between range, r, and
range-delay, t.

range oset: Range
corresponding to sampling window
start time, i.e. the range to rst
pixel

foot-print (men
reformuleres let til f.ex.
omade der bliver belyst af
antennen)

fore-shortening?

geokodning

layover?

tilpasset Iter, (matched
Iter)

midle, (udfre
multi-looking)

nadir, (fodpunkt)

punktral

afstand

range o set?

fodspor.

fore: for. shortening:
forkortning.

g re ophold (dvs.
vente/uds tte afrejse). lay:
ligge. over: over.

laveste punkt

point: punkt. target: ral.

stille i r kke, opstille,
str kning, r kkevidde,. ..




Translation of Terms and Acronyms

Term Danish translation Non-technical meaning
resolution:  The smallest distance  opl sning opl sning

that still allows two radar echoes

to be resolved. The de-correlation

distance for speckle.

SAR: Synthetic Aperture Radar. SAR |

scan: Sweep over an area. skandere, skanne skanne

scattering:  Re ection (but not spredning spredning

only in the backward direction).

sensitivity: ~ Measure of how small
signals a device can
measure/detect.

shadow: Appears when a point A
cannot be seen in a radar image
because another point B blocks the
line-of-sight.

sidelobe: \Not mainlobe", not
\main-beam". lllumination
direction away from the main
(desired).

single look complex: A focussed
SAR image which has not been
detected (taken power/absolute
value) and has not been
multi-looked (averaged).

slant: To have an oblique or
sloping direction.

speckle: The speckled(!)
appearence of distributed targets
(elds, woods, etc.) in SAR
images.

spill-over:  Energy from an
antenna arriving at unwanted
places due because it cannot be
designed to radiate nothing
outside the desired area (lobe).

swath: The image area in a
stripmap SAR.

flsomhed, sensitivitet flsomhed, sensitivitet,

sensibilitet.
skygge skygge
sidesl jfe lobe: lap, ig, rundet

fremspring.

single look complex?

(ska) ska retning, h ldning,
skaplan

speckle sma pletter; g re sp ttet,
gre broget, ...

spill-over | be over

kortl gningsomade,
swath?

ifm. landbrug: shr, en lang
r kke af afshret gr /korn

fra et landbrugsmaskine, en
lang strimmel gr s.
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62

Term

Danish translation

Non-technical meaning

Synthetic Aperture Radar:
See alsoaperture.

threshold: A level, point, or
value above which something is
true or will take place and below
which it is not or will not.

tracking:  Automatic following (of
a target).

trajectory:  The curve that a
body describes in space. Path.

Syntetisk Apertur Radar

t rskel

tracking (i nogle tilflde oga
rals gende)

bane

t rskel

teknisk: sporing,
ralforf Igning.

traject : kaste over, overf re




