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Abstract

Abstract
When simulating target seekers, there is a great need for computationally efficient target
models. This report considers a study of radar target modelling based on Inverse
Synthetic Aperture Radar (ISAR) measurements of generic aircraft. The results underlie
future modelling of full-size air targets.

A method is developed for two-dimensional modelling of aspect-dependent target
scattering. The approach taken is to generate point-scatterer models of two targets, where
each point scatterer is defined according to its position and radar cross section (RCS),
estimated from ISAR images. The scattered energy contributions from all point scatterers
are summed to simulate a radar return signal. To validate the models, the modelled radar
target centre is compared to the true radar target centre, which is determined from ISAR
images.

The method is presented to be promising for modelling air targets with large, persistent
radar cross section.



Celestial navigation is based on the premise that the Earth is the centre of the universe.
The premise is wrong, but the navigation works. An incorrect model can be a useful tool.

-- Kelvin Throop III
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1 Introduction
Today’s air-target missiles have advanced built-in systems for target seeking and
navigation. By the use of radar the missile can detect and track a target from a long
distance. The seeker illuminates the target with electromagnetic radiation and watches for
echoing signals that are processed to reveal target information. With accurate information
on the position of the target, the missile can guide itself towards it. When simulating
target seekers, there is a great need for computationally efficient, quality target models.
The models should provide high accuracy and still be simple enough for fast simulation.

The main objective of the work presented in this report is to develop and evaluate a
method for creating radar target models by using measured radar cross-section (RCS)
data. The approach taken is to generate a point-scatterer model, i.e. a target model
consisting of a set of discrete scatterers with the corresponding radar cross section
tabulated as a function of target viewing angle. The individual RCS for every point
scatterer is obtained from Inverse Synthetic Aperture Radar (ISAR) images, which are
processed by using advanced ISAR imaging software. Interesting problems that arise are
for example: How many point scatterers are necessary and where should point scatterers
be located? The scattered energy from all points should be summed to produce a signal
representing the target echo as seen by a simulated target seeker.

There are other methods for modelling radar targets. Some are based on statistical
modelling of radar backscatter while others make use of complex algorithms to calculate
the scattering from the target geometry according to theories of diffraction. The method
developed here distinguishes itself from the ones just mentioned. Apart from just using
radar-target images for finding scattering centres, RCS data is extracted and used as part
of the model.

The remainder of this report is organised as follows. Chapter 2 gives a theoretical
introduction to radar theory and Inverse Synthetic Aperture Radar imaging. Next, in
chapter 3, methodological considerations are presented to give a briefing on prerequisites
and concepts used during the study. The resulting method of radar target modelling is
described and evaluated in chapter 4, while chapter 5 contains some conclusions and
outlooks. The report ends with an appendix of ISAR images of the generic targets
considered for modelling.
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2 Background
This chapter provides background information on the subject of radar target modelling.
Different theoretical concepts are brought up and explained in order to lay the foundation
of understanding of the results and discussions of the study. The reader will be introduced
to certain parts of interest within the fields of basic radar theory and synthetic radar
imaging.

2.1 Radar theory
The purpose of this section is to give a short and easy-to-grasp introduction to the most
fundamental parts of radar theory. The literature on this subject is quite extensive.
Skolnik (1980) gives an overall and detailed introduction to radar systems.

General

Radar is a method of using radio waves to detect, locate, track and identify distant
objects. The word ‘radar’ is an abbreviation for Radio Detection And Ranging. Radar
distinguishes itself from optical and infrared sensing devices by its ability to detect, and
determine range and velocity of faraway objects under severe weather conditions. A
typical radar system consists of a transmitter and a receiver, where the transmitter
operates by radiating electromagnetic energy towards a target. When the target becomes
illuminated, it reflects energy that can be observed by the receiver. Most radar systems do
not transmit and receive at the same time, thus a single antenna can be used on a time-
shared basis for both transmitting and receiving. Such a radar system is said to be
monostatic. When different antennas are used for transmitting and receiving, the system
is called bistatic. The strength of the reflections depends on the size of the target, its
shape and electrical conductivity. Particularly strong reflections are obtained from
metallic objects, such as ships and aircraft. Figure 2.1 illustrates the concept of a typical,
bistatic radar system.

Transmitter Receiver

Target

Figure 2.1. Bistatic Radar System
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The basic idea of radar was discovered in the late 19’th century, but the principal
development of radar technology did not occur until World War II. Although it was
originally introduced to give warning of the approach of hostile aircraft it has since been
further developed to do much more than its original task. These days, radar is extensively
used in a number of civilian applications as well, e.g. air traffic control, remote sensing of
the environment, aircraft and ship navigation, space surveillance and planetary
observation.

Radar Frequencies

Radar systems typically operate in the very high frequency and microwave ranges of the
electromagnetic spectrum (figure 2.2). These frequencies correspond to wavelengths
ranging from hundreds of metres down to only a few millimetres. Although it is
uncommon that radar stations operate on the edges of this interval, long-range HF-radar
is used for OTH (over the horizon) purposes and mm-radar constitutes a field of research.

Figure 2.2. The Electromagnetic Spectrum, Radar Techniques (1978)
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The range of radar frequencies has been divided into a number of bands with letter
designations. The most common division of radar frequencies, adopted by the IEEE, is
shown in figure 2.3.

Band designation Frequency range Usage

HF 3-30 MHz OTH surveillance

VHF 30-300 MHz Very-long-range surveillance

UHF 300-1000 MHz Very-long-range surveillance

L 1-2 GHz Long-range surveillance

S 2-4 GHz Moderate-range surveillance

C 4-8 GHz Long-range tracking
Airborne weather detection

X 8-12 GHz Short-range tracking
Missile guidance
Mapping

Ku 12-18 GHz High-resolution mapping

K 18-27 GHz Little use (water vapor)

Ka 27-40 GHz Very-high-resolution mapping
Airport surveillance

Millimetre waves 40-300 GHz Experimental

Figure 2.3. Frequency Band Designations

The choice of wavelength is mainly determined by the desired accuracy and resolution of
the radar system. The desire is also to keep the antenna dimensions within reasonable
limits. Long wavelengths demand large antennas. A radar antenna can range in size from
those, small enough to fit inside the nose of a missile to those with the size of thousands
of square metres. With airborne equipment it is particularly important that a short
wavelength is used, so that the antenna will be as small as possible. However, too short
wavelengths have the disadvantage that they are subjected to high attenuation in the
atmosphere and hence it is more difficult to achieve a long range.
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Radar Cross Section (RCS)

All objects illuminated by radar will reflect energy to some extent. The radar cross
section is a parameter denoted by �, used to characterise the scattering properties of a
radar target. It represents the target’s size as seen by the radar and has the dimensions of
square metres. RCS area is not the same as physical area, but a measure of a target’s
ability to reflect radar signals in the direction of the receiving antenna. RCS is defined as
an area intercepting that amount of power which, when scattered isotropically, produces
at the receiver a density which is equal to that scattered by the actual target. In general,
the RCS of a target is a function of the polarisation of the incident wave, the angle of
incidence, the angle of observation, the geometry of the target, the electrical properties of
the target and the frequency of operation. Thus, two targets with the same physical size
and shape could have considerably different radar cross-section.

The scattering characterised by the radar cross section can be categorised into four main
mechanisms:

1. Direct scattering, normal to flat surfaces and edges.

2. Diffractive scattering from edges and surface discontinuities.

3. Creeping waves.

4. Indirect scattering from structures or cavities.

Generally the direct and diffractive mechanisms account for the majority of the radar
scatter. However, the direct scattering is normally much larger than its diffractive
counterpart. The shape of the object is decisive in this respect. If the object has a flat side
facing the radar transmitter it will reflect more energy than an object of any other shape.
A flat plate has however almost no RCS except when aligned directly toward the radar.
Corner reflectors on the other hand, have RCS almost as high as the flat plate but over a
wider angle, i.e. over ± 60 degrees. The return from a corner reflector is analogous to that
of a flat plate always being perpendicular to the transmitting and receiving antenna.
Targets such as aircraft often have many corners.

Creeping waves can travel around the edges of the target and back toward the receiver,
interfering constructively or destructively with other backscatter, depending on the travel
distance. This phenomenon mostly occurs at long wavelengths. The target however must
be greater than a certain minimum size, in terms of wavelength of the radiated energy, to
produce a reasonable reflection of energy. Generally targets must have a size greater than
about a quarter of the radar wavelength being used before a detectable echo is received.
Thus for the detection of small objects, the radar wavelength must also be small, i.e. the
frequency must be very high.

Indirect scattering is due to multiple reflections and is common for complex structures. It
is difficult to determine when this sort of scatter occurs. Typical causes of multiple
scattering are rotating parts and engine cavities.
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Finally, the better conductivity the greater is the reflection. A metal object will reflect
more energy than an object of the same size and shape made of wood or plastic. In
addition, large objects also reflect more energy than small objects of the same material
and shape at the same distance from the transmitter.

Examples

An aircraft target is very complex. It has many reflecting elements and shapes. The
measured RCS of real aircraft varies significantly depending on its direction to the
illuminating radar. Figure 2.4 shows a typical RCS plot of an aircraft. Here the radar is
operated at X-band frequencies using horizontal polarisation for both transmitting and
receiving. The target is represented by the generic model-aircraft Rak, described in
sections 3.1 and 4.1. The plot is an azimuth cut made at zero degrees elevation.

Figure 2.4. Typical RCS plot of an aircraft target

The RCS is highest when the target is viewed broadside due to the large physical area
observed by the radar. The second highest RCS is at nose-on and tail-on viewing angles,
i.e. at 0� and 180� respectively.
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Figure 2.5 shows some typical RCS values for different kinds of targets.

Objects RCS (m2) RCS (dBsm)

Car, Jumbo jet 100 20

Fighter aircraft 6 7.78

Human being 1 0

Missile 0.5 -3

Bird 0.001 -20

Insect 0.00001 -50

Figure 2.5. Typical RCS values

The RCS values above are expressed in square metres as well as in decibels referenced to
square metres (dBsm), which equals 10 log10(RCS in m2). The numbers, representative at
X-band frequencies, are taken from Balanis (1997).

The radar equation

The most essential concept in the context of radar, is the radar equation. The equation
derived below gives a relationship between the transmitted power Pt, the received power
Pr, and the range R, of a monostatic radar system.

If the power of the radar transmitter is denoted Pt, and an isotropic antenna is used, then
the power at a distance R from the radar is equal to

Power density from isotropic antenna = 24 R
Pt

�

[W/m2]

Radar systems generally employ directive antennas to direct the radiated power Pt in
some particular direction. The gain G of an antenna is a measure of the increased power
radiated in the direction of the target as compared with the power that would have been
radiated from an isotropic antenna. The power density at the target resulting from a
directive antenna with gain G is

Power density from directive antenna = 24 R
GPt

�

[W/m2]

The target is considered to capture a portion of the incident power, given by multiplying
the power density with the radar cross section �, described earlier.
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By the definition of radar cross section, the target is considered to reradiate its captured
energy isotropically. Thus, the power density at the radar antenna becomes

Power density of echo signal at radar = 22 44 RR
GPt

�

�

�

[W/m2]

With an effective antenna area denoted by GAe
�

�

4

2

� , the received power Pr finally

becomes

� � 43

22

22 444
 

R
GP

A
RR

GP
P t

e
t

r
�

��

�

�

�
�� [W]

The equation above is a simplified version of the so-called radar equation. The expression
does not include the various losses that normally affect the received power. Another
assumption is that the transmitting and receiving antennas are polarisation-matched and
aligned for maximum directional radiation and reception.

Measuring with radar

The greatest advantage of radar, compared to other devices, is its ability to measure the
range to a target accurately at long distances and to operate under adverse weather
conditions. The radar measures the location of the target in range and angular direction.
Apart from detecting targets and measuring range, radar is also capable of measuring the
radial velocity of moving targets. The concepts of radar measurements are thoroughly
described in Skolnik (1980).

Range

To measure range with radar, the transmitted signal must be modulated so that it varies
with time. This makes it possible to determine the time delay between the transmitted and
received signal. The range to a target is then determined by the time that a radar signal
takes to travel out to the target and back. Radar waves travel at the speed of light and are
characterised by straight-line propagation for line-of-sight distances. Thus, the range to a
specified target can be expressed as

2
�cR � [m]

where

R = range of the target, m
c = propagation velocity (speed of light), m/s
� = signal roundtrip time, s
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Direction

Apart from measuring range it is necessary to measure the angular direction of a target in
order to determine its position. The angular direction is found from the direction in which
the antenna points at the time the echo signal is received. Generally, one uses a directive
antenna that directs its energy in a narrow beam. The narrower the beam is the more
accurate the measurement becomes. The beam-width is determined by a relationship
between the size of the antenna and the wavelength of the radar.

Velocity

The radial velocity of a target, relative to the radar antenna, can be measured by
observing the so-called Doppler frequency shift of the received echo signals. The
frequency difference f�  between the transmitted and received signal is given by

c
f

vf c2��

where

fc = carrier frequency, Hz
c = propagation velocity (speed of light), m/s
v= radial velocity of the target relative to the radar, m/s

Resolution

The discussion on measurements of range and angle assumes that the target consists of a
single point. Actual targets, however, are distributed in space and can have distinctive
shapes. The accuracy by which the radar detects and measures a target is limited by the
resolution in range and angle. Range resolution, also referred to as down-range
resolution, is defined as a measure of the ability of a radar to separate two closely spaced
targets in the same direction, and is equal to the range difference

B
ccR

22
���

� [m]

where

R� = range resolution, m
c = propagation velocity (speed of light), m/s
� = pulse width, s
B = bandwidth
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In the same way, angular resolution is defined by the smallest angle between two targets
with the same range, where each target is presented separately. The angular resolution for
a conventional radar antenna is approximately equal to the beam-width

D
�

� � [�]

where

� = antenna beam-width, �

� = radar wavelength, m
D = antenna aperture, m

Thus, a large antenna provides better angular resolution than a small one.
The Doppler resolution is directly related to the coherent integration time of the echo
pulses. The expression will not be derived here but simply stated as

T
f D

1
��

where T is the time of pulse integration.
Some radars can have range resolutions down to just a few centimetres. The resolution in
angle that can be obtained with conventional antennas is however poor compared to what
can be obtained in range.
The next section presents a method of producing high-resolution images of a target. The
target is resolved in range and cross range, which is the direction normal to the radar line-
of-sight. Range will also be referred to as down range.
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2.2 Inverse Synthetic Aperture Radar (ISAR)
It is possible to achieve high spatial resolution of a target by using a method called
Inverse Synthetic Aperture Radar (ISAR). The basic principle of ISAR is that the object
of interest is rotated to present a change in viewing angle to the fixed radar. The relative
motion of the target results in Doppler frequency shifts being associated with different
parts of the target.

The technique utilises a wideband, frequency-varying waveform for down-range
resolution. Processing the individual wideband echo signals provides information on the
relative range of individual scatterers on the target. By FFT processing of the frequency
response, a high-resolution down-range profile of the target can be derived. This is the
first process in generating an ISAR image.

The resolution in cross range on the other hand, is closely dependent on the measurement
of Doppler frequency shifts.

Consider a single scatterer located on a rotating target (figure 2.6). It is assumed that the
radar line-of-sight is in the rotational plane of the scatterer. The target rotates at a fixed
angular rate of � rad/s about an axis perpendicular to the line-of-sight. A scatterer at a
cross-range distance rc will have an instantaneous velocity �rc toward the radar. A
doppler frequency shift will result, given by

c
f

rf c
cD �2�

where fc is the carrier frequency and c is the propagation velocity (speed of light) of the
radar signal.

Figure 2.6. Velocity of rotating scatterer.
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Now, consider two scatterers at the same down-range distance from the radar, separated
by cr� , as shown in figure 2.7. The scatterers will have radial velocities v1=�r1 and
v2=�r2, and a velocity difference of cr��  with corresponding frequency difference of

c
fr

f cc
D

�
�� �2

The direct relation between Doppler frequency and cross range allows spectral analysis of
the signal to separate contributions of several reflecting points on the basis of cross range.
If Df� is the obtainable radar Doppler resolution, then

c

D
c f

fc
r

�2
�

��

is the obtainable cross-range resolution for that down-range distance. Similarly, because
Doppler resolution is approximately 1/Ti, where Ti is the coherent integration time, then

i
D T

f 1
��

and

�

�

�

�

� �
����

2
1

22 ici
c TfT

cr

where � is the wavelength, and ��  is the angle moved during the integration time. The
equation indicates that fine cross-range resolution requires processing over a large
interval of both time and angle. However, the instantaneous frequency of the echoes
reflected from a particular point may vary considerably over a large processing interval.
The variation of the instantaneous frequency imposes limitations on rotational speed and
maximum target cross range. If the time of observation is too long, the Doppler spectrum
will broaden with a reduction in resolution as a consequence.

Figure 2.7. Two rotating scatterers
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The eventual result of the frequency-response processing and the Doppler spectral
analysis is a range versus cross-range map of the target’s scattering centres, also known
as an ISAR image. Each pixel of the resultant ISAR image represents the coherent
summation of energy measured at the available resolution for the particular range and
cross-range position on the target. There are many references to this form of radar
imaging, e.g. Mensa (1991).

The ISAR image

An ISAR image is a representation of the spatial distribution of the reflectivity of a target.
The target’s reflectivity is usually mapped onto a down-range versus cross-range plane,
and is viewed as a radar image of the target. The image consists of small picture elements
(pixels) that represent the target’s distributed radar cross section. The RCS is represented
by different shades of colour or grey-scale. Typically, bright colours mean large radar
cross section. The imaged radar cross section can also be looked upon as a map of
scattered energy, as the RCS is directly related to the amount of scattered radiation from
the illuminated target.

When performing outdoor measurements, echoes from the surrounding background, rain,
snow, birds and even insects, interfere with the echoes from the actual target. Scattered
energy from anything else but the actual target is called clutter. Clutter echoes are visible
in radar images and complicate their interpretation. Another cause of misinterpretation of
ISAR images is the inevitable side-lobe effect of the Fourier transform process. The side-
lobes of the transform tend to smear out the RCS of bright scatterers. However, the effect
of side-lobes can be reduced, by filtering the processed data before generating the ISAR
image.

Figure 2.8 shows a
typical ISAR image
with side-lobe effects
and both distinct and
distributed areas of
radar cross-section.
Clutter is visible in
areas of very low RCS,
around –60 dBsm and
beneath. The imaged
target is the model
aircraft Rak, described
in sections 3.1 and 4.1

Figure 2.8. ISAR image of Rak
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3 Methodological considerations
This chapter considers prerequisites and conditions for the methodology used to develop
and evaluate a method for radar target modelling based on RCS measurements.

3.1 Target Measurements
There are two different objects, or targets, observed in the study. Both are generic model
aircraft, constructed by The Swedish Defence Research Agency, FOI. The targets, named
Rak and Rund are about one metre long and shown in figure 3.1. They are built from
metal, without any moving parts or cavities. Their radar cross sections have been
measured outdoors in advance of this study. A thorough investigation on their RCS
characteristics is given in section 4.1.

Figure 3.1. Rak (left) and Rund (right)

The RCS measurements of Rak and Rund were carried out in year 2000, by Saab Bofors
Dynamics and the FOI. The targets were placed on top of a styrofoam tripod (figure 3.2),
approximately 100 metres away from the antenna. The whole arrangement was placed on
a large turntable that rotated with constant angular velocity, while the radar was held
stationary. This is the usual appliance for ISAR measurements. A pulsed Mk-V radar
with 4.28 GHz bandwidth in the X-band, was used to measure the radar cross section in
the horizontal plane, as a function of frequency and azimuth angle. Data was collected for
all angles, i.e. 0-360°, using both HH and VV polarisation. HH-polarisation means that
the radar is both transmitting and receiving horizontally polarised waves. The same
declaration applies to VV polarisation where V stands for vertical. The collection of data
was then saved to computer files for future image processing.
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Figure 3.2. Rak on tripod

3.2 Point Scatterer Modelling
Together with basic knowledge of radar theory, measured RCS characteristics of generic
targets and the useful tool of ISAR imaging, the objective is to establish and evaluate a
method of radar target modelling, based on the approximation of electromagnetic
scattering.

The crucial task of radar target modelling is to simulate the radar cross section properties
of a target, which may vary greatly, depending on the viewing angle at which the target is
observed. While some target areas might be visible only for narrow angle intervals,
others may be seen constantly. Also depending on the target properties, the scattering can
be fixed, or moving with changing viewing angle. Fixed scattering is said to be persistent.
To describe this variation in both strength and location, the approach is to develop a
deterministic model, consisting of a discrete number of point scatterers, with specified
radar cross section for all possible viewing angles. A model based on point scatterers
should in the first place describe dominant scattering. Then if necessary, other weaker
points could be added. Because of short-lived scatterers one must check many viewing
angles for dominant scattering. A complex target may show less persistent scattering than
a simpler one, hence it would need to be modelled by more points. The idea of using
point scatterers is based on the availability of ISAR-measurement data. By examining
ISAR images it is possible to observe where scattering occurs and estimate the RCS for
different parts of the target.

The accuracy of the radar target model will be judged by its ability to correctly describe
the target’s centre, as seen by the radar from arbitrary viewing angles. The “true” radar
target centre is calculated from ISAR images and used as reference. The radar target
centre is not to be confused with the geometric centre of the target, or centre of mass.
Instead it is the centre of the distributed radar cross section of the target.
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The deviation of the modelled centre from the true centre is calculated and compared
every fifth degree and considered to be a measure of error for the model. The aim is to
reach an error of about the same size as the resolution of the target. This way of
validating the models is based on the fact that a radar guided missile has the best chances
of striking a physical target, if it aims at the centre of the radar target. Although, for the
intended purpose of target-seeker simulations, it would have been desirable to validate
the model by comparing the radar-return signal to the raw-data signal received by a
conventional target-seeking radar. This way it would be possible to also validate the
ability of target classification, which is of interest for target-seeking purposes.
Unfortunately the study does not include this way of validating, since such reference
material was not available.

At last, a few restrictions have to be introduced. Background subtraction could not be
performed when generating ISAR images, hence scattering caused by the tripod, wires
and surroundings will contribute to the total radar cross section of the target. The target
models will further be two-dimensional and based on HH-polarised measured data.

3.3 The Software
The following software applications have been used in the study:

Knowbell v.3, by Information Systems and Research, Inc.

Knowbell is a computer software for processing and displaying radar cross-section
measurement data. In the study, Knowbell was used for generating RCS plots and radar
images from previously measured data of the two targets used for modelling. The
program was also used for estimating the radar cross section of arbitrary parts of the
targets. All ISAR images in this report are generated from previously measured data,
using Knowbell.

MatLab 6, by MathWorks, Inc

MatLab is a powerful scientific tool for calculation, programming, modelling and
simulation. The software has been used for implementing and validating the models.
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4 Results and Discussions
The fourth and most important chapter of this report is organised as follows. First, a
detailed examination of the targets is given. Next a description is given of the modelling
procedure. Last the results from validating the models are presented and discussed.

4.1 The Rak Target
The generic, model aircraft Rak (figure 4.1) is
approximately 90 cm long, and has the simplest
construction of the two models. The model
consists of a straight cylinder with a cone-shaped
nose at the front, while the fin, stabiliser and
wings are all made of thin rectangular plates.
Furthermore, the wings are attached at right
angles to the cylinder-shaped fuselage. The
stabiliser is also completely straight.

In figure 4.2 there are two example images
illustrating the RCS distribution of Rak at

viewing angles 0° and 60°, for HH polarisation. The images are typical for this target. At
0° the majority of the scatter originates from direct reflection from the leading edges of
the wings and fin. There are also direct reflections from the stabiliser. Apparently,
scattering occurs as both distributed and centred. When rotated 60°, the target image
shows directly reflected scatter originating from the left side of the conical nose. The
right angle of the wing-attachment constitutes a typical corner reflector with dominant
RCS, caused by indirect scattering.

Figure 4.2. ISAR image of Rak at 0° (left) and 60° (right).

Figure 4.1. Rak
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One clearly sees that the scattered energy predominantly originates from direct and
indirect scattering. The weaker contributions are harder to explain, but diffraction from
discontinuities in the shape of the target together with creeping waves give rise to some
of this scatter.

Figure 4.3 shows the RCS characteristics of Rak. The radar cross section, stated in dBsm,
is plotted at 10 GHz for angles between –180� and 180�. Generally, Rak proves to have a
large radar cross section, with peak levels at multiples of 90 degrees. Between the peaks
the RCS flickers around –10dBsm for HH polarisation and –15 dBsm for VV
polarisation. The peak at 0� depends exclusively on reflections from the leading wing
edges. At 180�, backscatter from the flat end of the fuselage and trailing wing edges add
up to a well-defined peak. At +/- 90�, the radar is faced to the broadside of the cylinder-
shaped target fuselage, and the RCS reaches its overall maximum of 5 dBsm. Between
these multiples of 90 degrees azimuth, the RCS is mainly due to persistent scattering at
the wing attachments.

Figure 4.3. RCS characteristics of Rak. a) HH polarisation, b) VV polarisation

a)

b)
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4.2 The Rund Target
Rund (figure 4.4) is approximately 80 cm long
and thus a bit smaller than Rak. The model is
streamlined and all edges are rounded. Another
thing that separates Rund from the previous
model is that the wings and stabiliser are
slanted backwards about 30°. Viewed on the
whole, Rund resembles the shape of a real
aircraft quite satisfactory, despite the lack of
engine cavities etc.

When observing ISAR images of Rund for 0�
and 60� (figure 4.5), one notices a few
differences from the corresponding images of

Rak. First of all the total RCS is smaller. Secondly the existing scatterers are not very
persistent, due to the shape of the target. When viewed up front, the target shows almost
no radar cross-section at all since the RCS of the target is just 10 or 20 dB above the
background clutter at –60dBsm. At 60�, the scattering is somewhat more prominent
which makes it possible to localise the scatterers. Direct scattering occurs for example on
the edges of the wings. The RCS of the smoothly shaped nose moves along the surface of
the fuselage when the target is rotated.

Figure 4.5. ISAR image of Rund for 0° (left) and 60° (right).

Figure 4.4. Rund
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The RCS profiles (figure 4.6) show the complex nature of Rund. Again, the RCS is
plotted at 10 GHz. Apart from having smaller RCS than Rak, the peaks are not that
prominent. Neither does Rund seem to always have bright scatterers. Between 0� and 60�
for instance, the scattering is rather weak with only a single peak around 30�. At some
angles, typically at 0�, the target’s radar cross section is even so small that it is hard to
distinguish it from the surrounding backscatter or clutter, caused by the tripod and
background. However, between 60� and 180�, there seem to exist, relatively bright
scatterers that dominate the total RCS.

Figure 4.6. RCS characteristics of Rund. a) HH polarisation, b) VV polarisation

Rak and Rund are considerably small objects in comparison to full-scale aircraft and it
has been seen that both objects possess radar cross sections of great dynamic, i.e. there is
an evident difference between the highest and lowest RCS value for various viewing
angles. Please refer to appendix 8.1and 8.2 for more ISAR images of Rak (figure 8.2 to
8.13) and Rund, (figure 8.14 to 8.26)

a)

b)
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4.3 The Basic Approach
The model may be considered as a black box with a transmitted radar signal as input and
a received signal as output (figure 4.7). The received signal constitutes the radar signal
scattered by the target. The purpose of the model is to alter the transmitted signal in a
way that it resembles the radar return from actual targets, in this case the generic model
aircraft Rak and Rund.

The radar is assumed to be transmitting on a single frequency, here the centre frequency
of the stepped-frequency radar used for RCS measurements of Rak and Rund. Both target
models are based on a common model structure, implemented in MatLab, that utilises a
number of discrete point scatterers to simulate the radar cross section of the target. A
scatterer is characterised by its position and specific radar cross-section, defined in
accordance with observations made from ISAR images. The point-scatterer coordinates
are fixed while the radar cross section depends on the angle at which the target is
observed. Each model of Rak and Rund does further have its own configuration of point
scatterers. The received signal is composed of a superposition of signal contributions
from all individual scatterers.
The approach is, to first create a model consisting of only a few point scatterers, and
subsequently add more points, until satisfying results are reached. To define scatterer
positions and assign a viewing angle dependent radar cross section to each point, one
needs to study the backscatter of the specified targets by hand. The method of locating
scattering regions of a target requires high-resolution data in order to locate the scattering
accurately. For this purpose, ISAR images with 3,7 cm square-pixel resolution are used.
By processing the images in Knowbell, the RCS for specific parts of the target can be
estimated. This way of determining the contribution of component parts to the overall
radar cross section, is the key to the whole concept of modelling, considered in this study.
Please refer to section 4.1 and appendix 8.1 and 8.2 for information on the characteristics
of Rak and Rund. Since the target scattering is heavily dependent on the angle, at which
the radar illuminates the target, it is important to investigate a large number of possible
angles, before making any decisions on the placement of point scatterers. For instance,
typical weak scattering areas can suddenly dominate the total RCS for certain angles. To
leave out such areas might turn out to be devastating for the performance of the model.
However, observing 360 ISAR images can be a rather time-consuming task, and perhaps
not even necessary. Firstly, due to the symmetry of the target it is enough to examine an
angle interval of only 180 degrees. Secondly, depending on the scattering behaviour, it
might be sufficient to only examine the target at discrete intervals, e.g. every 20�. How
small the interval can be depends on the persistency of the scattering regions.

Figure 4.7. Block Model

Transmitted
radar signal

Received
radar signal

Model
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Through ISAR image observations it has turned out that a 15� interval is enough to
discover most changes in target RCS of Rak and Rund.
When examining the images, the objective is to locate bright and persistent scattering
regions. Bright scattering is important since regions with large radar cross section will
have a dominant effect on the radar target centre. For example, a –10 dBsm scatterer has
1000 times larger RCS than a –40 dBsm scatterer. Persistency on the other hand, is
important since scattering bound to certain regions for large angle intervals, will need less
points for modelling. On the contrary, if scattering occurs at many different locations and
only for certain narrow viewing angles, this would imply many point scatterers, and thus
a large model. If bright scattering does not occur, i.e. the target is almost invisible, the
situation is somewhat more difficult. When all bright and persistent scattering regions of
the target have been located in the images, point scatterers are to be defined and the RCS
has to be estimated. To accomplish this, point-scatterer regions, or decision regions are
defined with respect to the scattering areas of the target. The point regions can be
arbitrarily defined and all radar cross section inside it is associated with a point scatterer
placed somewhere within the boundaries of that region. There must not be any overlap
between different regions. Instead the total RCS, or parts of it, should be shared between
the different regions. If one region includes RCS that belongs to another region, error is
introduced to the model. The effects from these errors can be reduced through cleverly
drawn regions or further dividing up into smaller point-scatterer regions.

To begin with, all scatterers are placed in the centre of their corresponding regions. The
point coordinates can later be fine-tuned if necessary. Any number of point scatterer
regions can be obtained, but since the number directly translates into computation time, it
is desirable to keep the number low, and to investigate the effects of adding more points.
It seems fair to think that there is a trade-off between the number of points and model
fidelity. The RCS of every decision region is exported from Knowbell to a 2-D array,
ASCII-text file, with one dimension being the number of points and the other dimension
defining the radar cross section for all viewing angles. The chosen point locations have to
be entered manually into another ASCII-text file. Both files are used for MatLab
processing to generate a model with scatterers located at the rough positions identified
from the images. More points can be added later and the point coordinates can be fine-
tuned if necessary.

To evaluate the target models, the radar target centres of the models are calculated and
compared to the “true” target-centre locations given by the ISAR images. The true
location is thus calculated from all data, while the modelled centre location is only based
on the scattered energy from certain parts of the target.
This will be the basic approach for the continuing section on radar target modelling.
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4.4 The Model Structure
The positions of the point scatterers are defined with respect to a local, target-fixed
coordinate system, x-y. The origin of this local system is referred to as the position of the
target, or the target’s origin in the global, fixed coordinate system X-Y. The target’s
origin is equivalent to the target’s centre of rotation. Both coordinate systems are right-
handed and related as defined in figure 4.8.

Figure 4.8. Coordinate System
The (x,y) coordinates define a position on the circumference of a circle centred at (x0,y0).
The circle is defined in the X-Y plane and the motion about this circle is clockwise. The
viewing angle �, defined as the angle of target rotation, measured in a clockwise sense in
the X-Y plane, is hereafter also referred to as the aspect. The aspect would normally be
composed of two components, azimuth and elevation, but in this simplified case, aspect is
considered to be synonymous with azimuth angle only. The target is placed forward
along the negative y-axis. Thus, at zero degrees, the nose is pointing straight at the radar.
This is the actual ISAR configuration used during the RCS measurements described in
section 3.1.
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The relationship between the two coordinate systems is described by the transformation
below, where the x-y system is rotated � degrees in a clockwise sense in the larger X-Y
coordinate system (figure 4.9).

��
�

�
��
�

�

�
�

)cos()sin(
)sin()cos(

)ˆ,ˆ()ˆ,ˆ(
��

��
YXyx

Figure 4.9. Coordinate transformation

Using this relationship the scatterer positions can be expressed in antenna-fixed
coordinates, and the travel distance from the antenna to a point scatterer can be defined
by the range vector

YRXRR YX
ˆˆ

��

where

dXyxRX ����� )sin()cos( ��

dYxyRY ����� )sin()cos( ��

Here dX and dY denote the target translation relative to the origin of the antenna
coordinate system. These numbers are chosen according to the ISAR configuration used
when performing the RCS measurements. Hence, dX = 0 m and dY = 100 m.

The magnitude, or length of the vector is given by

� � � � 2222 x )sin( x )cos(y2)sin()cos(2),,( ydYyxdXdYdXyxR �������������� �����
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Next, for every point scatterer indexed by i, with coordinates (xi,yi), the received signal
power Pi, is calculated using the simplified radar equation, given in section 0:
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Here i�  denotes the radar cross section of a single scatterer, while Ri is the corresponding
travel distance. The Ri and i�  parameters are individual for every point and extracted
from ISAR images using Knowbell. Further, the equation is calculated using the
following constants:

100�tP Transmitted power, [mW]
25�G Antenna gain, [dB]

03.0�� Wavelength, [m]

The figures of Pt and G are set according to the ISAR measurements, but can
nevertheless be set arbitrarily. Since radar waves propagate at the speed of light,

smc /103 8
�� , the wavelength is determined by the radar frequency as described by the

relationship fc�� . Further, the model scenario is based on a single-frequency radar
transmitting at approximately 10 GHz. This gives a wavelength of 3 cm.

The received signal power can also be calculated in terms of logarithmic units. The radar
equation then becomes

)(log10))4((log10)(log102)(log10 4
10

3
10

2
1010)( itidBi RGPP ������ ��� [dB]

This is the form used to implement the radar equation in MatLab. The result is then
transformed into units of Watts according to

)10(^10 )(dBreci PP � [W]

Now that the power received from each point scatterer is known, the signal itself remains
to be generated. The radar is assumed to be transmitting short sinusoidal pulses. Hence
the echoed signals will be sinusoidal pulses displaced in time. The displacement of a
pulse echo depends on the travel distance to the point scatterer.
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By approximating the received signal amplitudes as

ii PA � [V]

the signal echoes can be expressed as

)2sin( ftAs ii ��

Summing the received signals from all point scatterers yields a superpositioned signal,
equivalent to the signal received by the missile target seeker in the model scenario. One
should notice that the review in this section is only valid for a single aspect. In order to
validate the correctness of the model, the calculations are looped through a large interval
of possible aspects.

Model Validation

In order to validate the fidelity of the model, the radar target centre is determined for a
number of possible target viewing angles. The centre is calculated and compared every
five degrees. A tighter comparison is very time consuming and has been assumed to not
yield fairer results because of the slow variation of the radar target centre. The modelled
radar target centre is calculated separately for the X and Y coordinates according to
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where the point-scatterer coordinates iX  and iY  are weighted by the received pulse
amplitudes. Put together, the modelled radar target centre coordinates become (CX,CY).
The “true” radar target centre is extracted from ISAR images generated for the aspects
subjected to comparison, i.e. for �� 0�, 5�, 10�,…,180�. The images are saved in ASCII
format and the pixel coordinates and RCS values are processed in MatLab to determine
the centre point. The calculation is performed according to
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where the image coordinates (Xi,Yj,) are weighted with the RCS denoted by j� .The
indices run through all possible coordinates.
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Validation is performed, by observing the difference between the true centre and the
modelled centre. The difference constitutes a measure of error. The smaller the difference
is, the better the accuracy of the model is.

),(),( YXTRUEYX CCCCError ��

With a bandwidth of approximately 4.28 GHz, the resolution available in down range is
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Thus, the radar images are resolved down to about 4 cm. If the error is of the same size as
the resolution of the radar or smaller, then the model can be considered to have good
performance. However, a deviation smaller than about twice this number is adequate. The
objective is to reach an error below 10 cm. The following section considers the
construction and validation of the Rak and Rund radar target models.

4.5 Modelling Rak
Just by looking at Rak one can get an idea of how it reflects radar signals when being
illuminated. Its angularity will make the scattering very large for certain aspects, e.g.
when viewed broadside, where the total radar cross section is about 5 dBsm. This should
be compared to the background RCS which is below –50 dBsm. Overall, the total radar
cross section is considered large for most viewing angles. Even at 10� and 20� where the
RCS reaches its lowest levels of about –25 dBsm, the target backscatter is still strong
enough to be distinguished from the background. The fact that Rak always has at least
one dominant scattering area makes it quite simple to model. Also, since the scattering is
predominantly persistent, it seems possible to achieve satisfying results just by modelling
these parts of the target alone. The ISAR images of Rak show dominant scattering at
persistent positions at the nose, the wing attachments and the stabiliser. These areas are
highly visible during aspect intervals of over 10 degrees, and are thus suitable positions
for point scatterers.

First a simple 3-point model is made, with scatterers located according to figure 4.10.
The dots surrounded by large squares in the figure are point scatterers with their
corresponding decision regions. The regions are defined in such a way that they include
only the dominant, scattered energy. The plot on the right shows the model error for
different viewing angles.
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The modelled radar target centre differs from the true location by more than 10 cm at 35�,
80�, 100� and 170�. From 20� to 90� and 100� to 170�, where the error is a bit smaller,
most of the total backscatter is due to the bright corner reflectors of the wing attachments.
This wing-attachment scattering is modelled by a single point scatterer, placed in the
middle between the wings. In reality however, most of this scattering is located at one of
the corners of the wing attachments, which corner, depends on the aspect.

Figure 4.10. Point scatterer positions (left) and errorplot (right).
Next, the middle region is split into four smaller ones. By doing so, the error caused by
the displaced corner reflections is diminished as shown in figure 4.11. The error remains
large at 80�, 100� and 170�. At 10� the error increases.

Figure 4.11. Point scatterer positions (left) and errorplot (right).
It seems like a good idea to split areas showing clearly separated, bright scattering. At
10�, 90� and 100�, dominant scattering is predominantly found around the leading or
trailing edges of the fin. By splitting the point-scatter region in two, and adding an
additional point to the model the error is lowered as illustrated in figure 4.12.
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Figure 4.12. Point scatterer positions (left) and errorplot (right).

Now the model seems promising for all aspects except at 170�. To understand what
causes this error and to find a solution for it, it is necessary to examine ISAR images
from aspects around the specific angle of interest. When doing this, one notices a rapid
change of the RCS location at the trailing edge of the fin. At 170� the RCS has moved out
on the stabiliser. At 175�, the RCS is found at the fin again. Since this appearance is not
symmetric, the smeared out radar cross section gives rise to an error. Figure 4.13 shows
the result of splitting the trailing fin region.

Figure 4.13. Point scatterer positions (left) and errorplot (right).
With eight point scatterers the modelled radar target centre deviates from the true
location by less than 1 dm, which is acceptable.
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4.6 Modelling Rund
Rund does not have as large radar cross section as Rak. Overall, dominant scatterering is
less occurring and weaker. The scattering is neither that persistent. It seems likely that the
radar target model of Rund will consist of more than eight points. The approach is once
again to establish a model of just a few points, placed where dominant and persistent
scattering occurs. Although dominant scattering does exist, this is not always the case. In
these other cases it is necessary to consider the complete target area when modelling.
When dominating areas do not exist and the target’s radar cross section is low, regions
not taken into account for modelling will still affect the true radar target centre.

The first model of Rund consists of four points located according to figure 4.14. The plot
on the right describes the error of the model as described in section 4.4.The wings have
been modelled since these are the only parts of the target that are visible for some
aspects. The lack of persistent scattering locations is further responsible for the use of
such large point scatterer regions. The RCS of the streamlined nose for instance, changes
location for small steps in viewing angle. The scattering moves gradually along the side
of the fuselage for increasing viewing angles between approximately 60� and 90�. Other
dominant scattering occurs at the wing attachments, the wing edges and the fin.

The large error at 0� depends on the fact that the target RCS is too small compared to the
background RCS. If the model were to be correct, the point scatterers would have to be
configured specially for this aspect. Because of the necessity of modelling other parts of
the target that are seen from other aspects, this can not be realised. Hence, a large error at
0� is inevitable.

Figure 4.14. Point scatterer positions (left) and errorplot (right).
For many aspects The RCS is spread out along the fuselage. By dividing the large point
scatterer regions of the fuselage the error is diminished for certain aspects where this
target area is causing scattering that dominates the target’s radar cross section. From 100�
to 180� for instance, most of the radar cross section is found at the fin and stabiliser. The
new point configuration is shown in figure 4.15.
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Figure 4.15. Point scatterer positions (left) and errorplot (right).

The error for viewing angles above 80� is now lowered to an acceptable level, while the
large error remains for the smaller angles.

For certain aspects the target has distributed RCS along one of its wings. This applies
when the radar line-of-sight is perpendicular to the edge of a wing. In the range between
0� and 180�, this happens around 35� for the left wing and at155� for the right wing.
When using a single point to cover the distributed RCS, an error is introduced. By
placing new points at the tip of the wings, the correctness of the model is increased at
these specific angles (figure 4.16), since the distributed RCS is shared between the points.

Figure 4.16. Point scatterer positions (left) and errorplot (right).
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The error is still too large below 20� and between 40� and 70�, but through further
splitting of areas with spread radar cross section, the model is improved. In figure 4.17,
the front of the fuselage is modelled by four point scatterers instead of two. The result is
smaller error at angles between 55� and 70�, where the scattering from this part of the
target is dominating.

Figure 4.17. Point scatterer positions (left) and errorplot (right).
As mentioned before, the error at nose-on aspects is inevitable due to the small RCS of
the target. Apart from the zero-degree error there are also large errors remaining at 15�
and 50�. According to the plot in figure 4.6, Rund has very small RCS at all these angles.
Further splitting of the RCS regions has been shown not to yield better accuracy of the
model. If the point scatterer coordinates are altered it is however possible to fine-tune the
model to a certain extent. The best possible configuration found for Rund is shown in
figure 4.18.

Figure 4.18. Point scatterer positions (left) and errorplot (right). (Adjusted coordinates)
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4.7 The Method
The developed method for point scatterer modelling based on RCS measurements can be
summarised in three steps:

1. Target examination
The RCS properties of the target are examined in order to determine which parts of
the target that should be considered for modelling. By examining ISAR images of the
target for certain aspects, e.g. every 15�, regions showing dominant and persistent
scattering can be localised. Since dominant scattering is decisive for the position of
the radar target centre, and persistent scattering reduces the number of points needed
for modelling the target’s radar cross section, it’s important that such areas of the
target are found and considered for modelling.

2. Point scatterer configuration
A set of point scatterers is created, where each scatterer is defined by its position and
aspect-dependent radar cross section. The coordinates are defined according to the
bright, persistent scattering centres that have been located. The RCS assigned to each
point scatterer is estimated in Knowbell as the radar cross section contained within an
arbitrarily defined region of the radar target image. When determining the point
scatterer region, concern should be taken to the region’s geometry and the variation of
RCS inside, for different aspects. A region containing two or more separated,
dominant scattering locations should be divided into smaller regions. The size and
shape of these regions depend on the locations of the scattering. Finer division of the
scattering regions generally leads to better results as long as only clearly separated,
dominant scattering areas are considered. A large target with scattering distributed
over wide areas will naturally demand more point scatterers than a small target, since
distributed RCS needs to be modelled by multiple point scatterers.

3. Model validation
The model is validated by calculating the radar target centre for different target
aspects and comparing the location with the true position given by ISAR images of
the target at the same viewing angles.
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5 Conclusions
This report has presented a method for point scatterer modelling where the proposed
method has application to target-seeker simulations. The method has been proved to be
best suited for radar targets with large radar cross section. Target scattering localised to
bright and persistent scattering centres, is easily modelled by a small number of point
scatterers. If some parts of the target are dominating the total radar cross section, for all
possible aspects, these regions alone can be considered for modelling. On the other hand,
if the RCS is distributed or varying for different aspects, the complete target area needs to
be modelled. Targets with very small radar cross section are on the other hand difficult to
model by using the developed method. As described in section 4.5, the Rund model fails
to accurately describe the radar target centre for nose-on viewing angles where the radar
cross section is so low that it’s hard to distinguish the actual target.

It’s possible to improve the modelling of targets with small radar cross section in
different ways. One way is to increase the transmitter power during the RCS
measurements, this way the target is more easily detected. Next, background subtraction
can be applied when generating ISAR images. If the RCS of the background is measured,
it’s possible to subtract this information from the target image.

A few notes can be made about the use of the method for the background purpose of
creating radar target models for target-seeker simulations. First of all the method has to
be extended to include RCS measurements of full-size objects in three dimensions. Thus,
turntable data of real aircraft need to be collected for different elevation angles. Further,
raw-data signals from conventional target seekers are necessary for improved model
validation, regarding both target positioning and classification.

To sum up, the evaluated method of radar target modelling offers an easy way to produce
computationally efficient models of air targets. The big disadvantage of the method is the
lack of automation and optimisation when characterising point scatterers.
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8 Appendix
The appendix contains ISAR images of Rak and Rund, generated with Knowbell.

8.1 ISAR images of Rak

Figure 8.1. ISAR image of Rak, 0� Figure 8.2. ISAR image of Rak, 15�

Figure 8.3. ISAR image of Rak, 30� Figure 8.4. ISAR image of Rak, 45�

15�0�

30� 45�
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Figure 8.5. ISAR image of Rak, 60� Figure 8.6. ISAR image of Rak, 75�

Figure 8.7. ISAR image of Rak, 90� Figure 8.8.. ISAR image of Rak, 105�

105�90�

75�60�
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Figure 8.9. ISAR image of Rak, 120� Figure 8.10. ISAR image of Rak, 135�

Figure 8.11. ISAR image of Rak, 150� Figure 8.12. ISAR image of Rak, 165�

165�150�

135�120�
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Figure 8.13. ISAR image of Rak, 180�

180�
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8.2 ISAR images of Rund

Figure 8.14. ISAR image of Rund, 0� Figure 8.15. ISAR image of Rund, 15�

Figure 8.16. ISAR image of Rund, 30� Figure 8.17. ISAR image of Rund, 45�
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Figure 8.18. ISAR image of Rund, 60� Figure 8.19. ISAR image of Rund, 75�

Figure 8.20. ISAR image of Rund, 90� Figure 8.21. ISAR image of Rund, 105�
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Figure 8.22. ISAR image of Rund, 120� Figure 8.23. ISAR image of Rund, 135�

Figure 8.24. ISAR image of Rund, 150� Figure 8.25. ISAR image of Rund, 165�
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Figure 8.26. ISAR image of Rund, 180�
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På svenska

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – under en
längre tid från publiceringsdatum under förutsättning att inga extra-ordinära
omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, skriva ut
enstaka kopior för enskilt bruk och att använda det oförändrat för ickekommersiell
forskning och för undervisning. Överföring av upphovsrätten vid en senare tidpunkt kan
inte upphäva detta tillstånd. All annan användning av dokumentet kräver
upphovsmannens medgivande. För att garantera äktheten, säkerheten och tillgängligheten
finns det lösningar av teknisk och administrativ art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i den
omfattning som god sed kräver vid användning av dokumentet på ovan beskrivna sätt
samt skydd mot att dokumentet ändras eller presenteras i sådan form eller i sådant
sammanhang som är kränkande för upphovsmannens litterära eller konstnärliga anseende
eller egenart.

För ytterligare information om Linköping University Electronic Press se förlagets
hemsida http://www.ep.liu.se/
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replacement - for a considerable time from the date of publication barring exceptional
circumstances.

The online availability of the document implies a permanent permission for anyone to
read, to download, to print out single copies for your own use and to use it unchanged for
any non-commercial research and educational purpose. Subsequent transfers of copyright
cannot revoke this permission. All other uses of the document are conditional on the
consent of the copyright owner. The publisher has taken technical and administrative
measures to assure authenticity, security and accessibility.

According to intellectual property law the author has the right to be mentioned when
his/her work is accessed as described above and to be protected against infringement.

For additional information about the Linköping University Electronic Press and its
procedures for publication and for assurance of document integrity, please refer to its
WWW home page: http://www.ep.liu.se/

© [Andreas Wessling]


