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Abstract
Using microwaves for remote sensing has revolutionized many fields like agriculture, urban
planning, atmosphere studies, meteorology, hydrology, ocean studies and space technology.
The ability of the microwaves to penetrate cloud cover, atmospheric constituents and even
earth's surface has made this technology irreplaceable. Synthetic Aperture Radar technology
has improved the quality of microwave data many folds. Spaceborne SAR sensors are now
capable of distinguishing individual features on the surface of the Earth. Airborne sensors
have even higher resolutions. Despite these obvious advantages, microwave data is used
only by experts and scientists because of the difficulty in the interpretation of these images.
SAR images have a lot of unexpected signatures and distortions due to tall features on the
Earth. The microwave signals travel in the form of circular wavefronts. This property causes
occlusions and shadow regions. All these aspects make it difficult to interpret the SAR
images correctly. Simulation of SAR images is a technique which makes it easier to
interpret these images. A simple simulation algorithm that uses Muhleman's backscatter
model is studied and implemented in this project.
A radar system of low power and resolution is easy to build and also to implement as a
Synthetic Aperture Radar. Such a system will not replace the high resolution sensors, but
can be used to collect images in real time. It can give an idea of the backscatter of a
particular scene and thus can be used to verify simulation algorithms. In this project, one
such system is built to operate in S-band with a centre frequency of 2.4GHz. It has low
power and low range capabilities, but can beautifully detect objects in its field of view, and
can also be used to find their ranges and velocities. It was also used in the Synthetic
Aperture mode by moving it equal distances in equal intervals of time.
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1. INTRODUCTION
Radar (RAdio Detection And Ranging) technology was initially used to detect objects at
a distance using radio waves, the part of the electromagnetic spectrum with wavelengths
ranging from 1 millimeter to 100 kilometers. This region of the electromagnetic
spectrum was first used to detect the presence and range of aircraft at a distance during
World War II. The radio waves have since been used in many other areas like
communication, navigation, medicine, weather monitoring, astronomy and remote
sensing of earth's surface. The higher frequency end of the radio wave region of EM
spectrum is called the Microwave region. It is this region that is used for remote sensing
and earth observation. With the start of the satellite era in the 1960's, earth observation
has made great leaps and every walk of life has benefited from the data collected by
satellites. The advent of microwave sensors has further added to the quality of satellite
data.
Radar imaging has become a very useful tool in earth observation during the past
decade. The ability of microwave sensors to scan an area despite cloud-cover and
absence of sunlight is a major advantage over the optical sensors. The sensitivity of
microwaves to surface roughness, moisture content and target orientation is used to
obtain comprehensive information about the target.
The basic operation of radar imaging includes a radar fixed to the side of an aircraft (in
case of airborne radars) or a satellite (in case of space-borne radars). The transmitting
antenna releases a pulse of energy in the direction perpendicular to the flight path. The
relative intensities of the reflected energy waves received by the antenna are used to
generate images of the terrain. Most of the imaging radars used today are monostatic
radar systems, i.e., they have a single antenna for both transmitting and receiving the
radar pulses. The EM waves reflected from objects at different ranges reach the radar
antenna at different times. The differences in time and frequency of the reflected waves
are used to form the final image of the scanned area.
The quality and the amount of detail in a radar image depend on two types of
resolutions - range resolution and azimuth resolution. Range resolution determines the
ability of the radar to distinguish between two objects closely separated in the range
direction, i.e., the direction perpendicular to the flight direction. In simple terms, two
closely spaced objects can be distinguished on a radar image if the reflected signals
from these two objects reach the radar antenna at different times. The range resolution
depends on the pulse width of the EM radiation. Similarly, the ability of the radar to
distinguish between two objects closely separated in the azimuth direction, i.e., along
the flight direction, is the azimuth resolution. When two closely spaced objects are in
1
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the radar beam simultaneously, they cannot be distinguished by the radar as two
separate objects. Hence, azimuth resolution depends on the beamwidth of the radar
pulse; two objects can be distinguished from each other on the image if the separation
between them is more than the radar beamwidth. The beam width in turn depends on the
length of the antenna in the azimuth direction. Greater the length of the antenna, lesser
is the beamwidth and finer the resolution. The equation that relates antenna length to
azimuth resolution is:
(1.1)
where raz is the azimuth resolution, R is the slant range, i.e., the distance of target from
sensor, λ is the radar wavelength and la is the antenna length. The fraction

gives the

radar beamwidth.
From equation 1.1 it is clear that at a particular wavelength, the azimuth resolution can
be improved by increasing the length of the antenna. This gave rise to the concept of
"Synthetic Aperture Radar" where a large antenna is synthesized by moving a small
antenna along a straight line in the azimuth direction. As the sensor passes over a target,
many pulses of EM radiation are transmitted and reflected back to the sensor. The phase
and amplitude of the reflected signals are recorded and the individual signals are
focused to create a synthetic aperture. The azimuth resolution of such radar is high in
spite of a smaller antenna and lower wavelength. Greater the time interval over which
the images are combined, larger is the synthetic aperture.
These advantages have resulted in the launch of a number of satellites with microwave
sensors. Some such satellites are Radarsat-1&2, RISAT-1&2, TerraSAR-X and they
have majorly contributed to earth observation by giving information about the motion of
objects on the earth, elevation, changes in the surface conditions, etc.

1.1. Relevance of the project
Synthetic Aperture Radar technology has evolved a great deal over the past few years.
Space-borne sensors like TerraSAR-X/TanDEM-X, COSMO-SkyMed and RISAT have
been launched, that give a very high spatial resolutions of below 1m. Such high
resolutions have made it possible to monitor individual objects on the surface of the
earth. But, as microwaves are sensitive to surface moisture content, roughness of the
target surface, relative geometry of target and sensor, the interpretation of object
signatures on the SAR images becomes difficult. Two objects having similar geometries
may produce very different signatures owing to differences in their surface
compositions. Or, the same object may produce completely different signatures when its
relative position with the sensor changes. Distortion effects like layover and
2
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foreshortening further make it difficult to understand and interpret the SAR images.
Simulation techniques help to better interpret the SAR images despite these variations
and distortions.
Target recognition is another area where simulation techniques have been successfully
applied. High resolution SAR images have made it possible to identify and monitor
single objects on the earth. This has proved extremely useful in urban context to identify
and extract different types of urban structures. SAR simulation can be used to create a
database of the different urban structures, to be used in target recognition (Chang,
Chiang, and Chen 2011). Another aspect of SAR imaging that makes simulation
necessary is the nature of reflection of microwave signals from different target objects.
The Electromagnetic wave scattering mechanisms are sophisticated and hence difficult
to analyze without the help of simulation.
SAR simulation takes into account all the sensor and target characteristics, their
locations with respect to the earth, sensor motion, SAR parameters, radiometric and
geometric properties of the target object, and the environmental factors. Using this
information, the Radar Cross-Section of the target (RCS), sensor’s orbital parameters,
etc are calculated. A lot of work has been done on SAR simulation and a few simulators
have also been developed. But, these simulators have certain limitations in terms of the
frequency range over which they can work, and also the type of targets that they can be
used for. Most of the simulators available work on the basis of frequency domain
simulation. These simulators have little flexibility; they cannot be used for a wide range
of targets, waveform frequencies and platform deviations. Different simulators cater to
different types of targets, frequencies and applications. Time-domain simulation
overcomes this limitation as it provides greater modularity, i.e., the same algorithm can
be used for all types of targets, frequencies, polarizations, target orientations and
platform deviations.
Though the satellite SAR systems have good resolution and are highly accurate, they
cannot be used for in-situ measurements during field work or for empirical calculations
on SAR signals in the laboratory. It can be used for testing simulation algorithms and
developing processing techniques. An understanding of the internal working of SAR
systems will pave the path for development of sensors with better resolution and
efficiency. The working of SAR system in different frequency ranges can be studied by
making small changes in the hardware.
So, through this project, a SAR simulation model is proposed that can simulate the radar
back-scatter cross-sections for different types of scatterers and subsequently generate
SAR images for the scatterers. A small radar system is designed with the aim of
collecting and processing data that can be conveniently used for the verification of
simulation algorithm, make changes in the algorithm to give better results, and also to
3
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observe the changes in imagery due to changes in the sensor parameters. Space-borne
SAR data like that from Radarsat-2 and ALOS PALSAR has been used to validate the
simulation results.

1.2. Synthetic Aperture Radar basics
1.2.1. SAR Geometry
Figure 1.1 shows the imaging geometry of a space-borne Synthetic Aperture Radar.

Figure 1Figure. 1.1 SAR imaging geometry
In figure 1.1, the coloured portion represents the ground track being scanned by the
sensor. ‘A’ and ‘B’ are points at near range and far range respectively. The direction
parallel to flight path is called azimuth direction and that perpendicular to the flight path
is called the range or look direction. The various terms and their definitions are given
below (Wolff, 1996).

4
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1.2.1.1. Depression angle
It is the angle between the horizontal and the line joining the sensor to the point on the
ground, i.e., the radar beam. In figure 1.1,
represent the near range and far
range depression angles respectively. In the case of space-borne sensors, incidence
angle which is the complement of depression angle is generally used.

1.2.1.2. Incidence angle
It is the angle between the radar beam and the normal vector to the earth. The value of
incidence angle increases from near range to far range. This can be observed in figure
1.1, where
is the near range incidence angle and
is the far range incidence

angle.
Earth's surface is almost never exactly flat. Hence, the normal vector to the earth
is not same as the local surface normal. This led to the introduction of the term
'local incidence angle', which is defined as the angle between the radar beam and
the local surface normal.

1.2.1.3. Look angle
It is the angle between the nadir line from the satellite to the ground and the radar beam.
The angles
and
in figure 1.1 represent the near range and far range look

angles respectively.

1.2.1.4. Slant range and ground range
The distance from the radar antenna on the satellite to the object being scanned is called
the slant range. The distance OB in figure 1.1 is the slant range distance of an object at
point B. The horizontal distance along the ground corresponding to the slant range is
termed as the ground range. In the figure, ground range of an object at B is the distance
NB. Hence, slant range and ground range can be related to each other as:
----(1.2)
Or
----(1.3)

where Rg is the ground range and R is the slant range.
5

Synthetic Aperture Radar (SAR) Data Simulation for Radar Backscatter Cross-section Retrieval

1.3. Research objective
The main objective of the study is to retrieve radar backscatter cross-section for
different types of features using SAR simulation modeling and to validate the
simulation results using real SAR images.

1.4. Sub-objectives


To generate SAR images using simulation technique



To compare the simulated SAR images generated using DEMs of different
resolutions



To compare the simulated SAR images with real SAR images

 To design a radar system that can be implemented as a Synthetic Aperture Radar
and collect SAR images on field

1.5. Research questions
The following research questions have been addressed in the course of the project work:


What are the inputs and the procedure for the simulation of SAR images?



What are the different parameters that contribute to the backscatter from a target
and how are these parameters taken into consideration for simulation modeling?



What are the design specifications for different sub-systems of a radar system?



What is the accuracy of the simulation model with respect to the real SAR image?



How is the RCS for complex features simulated?

1.6. Structure of the thesis
The thesis has been divided into five chapters. The first Chapter gives the overview of
the research work, with introduction of the research, its relevance, research objectives
and questions. The second chapter is a review of literature and summarizes various
studies and techniques related to the present research. The methodology and data used
for the project work are explained in the third chapter. The fourth chapter presents and
discusses the results obtained. The Fifth chapter consists of the conclusions and
recommendations.

6
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2. REVIEW OF LITERATURE
SAR simulation has been an area of active research for a long time owing to its
importance in data analysis, target recognition, satellite mission planning and sensor
parameter optimization. The concepts involved in SAR simulation and the different
techniques used in the simulation process have been studied extensively by a number of
scientists. SAR signal simulation can be done in frequency domain or in time domain,
each having its own advantages and disadvantages. While frequency domain analysis
gives accurate results, it provides little flexibility as it can be used for only a small range
of targets, waveform frequencies and platform velocities. Time domain analysis, on the
other hand, provides greater modularity, works for a wide range of frequencies, but is
computationally inefficient.
SAR simulation involves three major steps:


Creation of 3D model of the target



Computation of Radar Cross-Section of the target



Range and azimuth compression to generate image, i.e., image focusing

2.1. 3D model of the target
A 3-dimensional model of the scene to be simulated is the first requirement of SAR
image simulation. Digital Elevation Models, LiDAR-based elevation profiles, 3D
models created using CAD, Google SketchUp, 3DS Max, etc. can be used to simulate
SAR images. The amount of detail in a simulated SAR image depends on the amount of
detail of the target 3D model.

2.2. Computation of Radar Cross-Section
Radar Cross-Section is the area a target would have to occupy to produce the amount of
reflected power that is detected back at the radar. It depends on sensor viewing
direction, frequency and polarization of radar signal, and geometry and surface
properties of target (Uluisik et al. 2008). The prediction of RCS of a target is the most
important aspect of SAR image simulation, as it determines the reflected signal intensity
for the target at the sensor.
High-Frequency Asymptotic (HFA) techniques have been applied to predict RCS
successfully. These techniques include Geometrical Optics, Physical Optics,
Geometrical Theory of Diffraction, and Physical Theory of Diffraction. With the advent
7
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of high-speed personal computers with parallel processing capabilities, pure numerical
methods like Finite Difference Time Domain (FDTD) method, Method of Moments
(MoM), Fast Multipole Method (FMM) and Transmission-Line Matrix (TLM)
technique have gained importance. These numerical methods can be used for any target
irrespective of geometry and computational limitations (Uluisik et al. 2008).
Geometrical Optics or Ray Optics considers the propagation of Electromagnetic
Radiation in the form of rays. Ray tracing is one method which uses Ray Optics to
calculate the intensity contribution of a point on the target (S. Auer, Hinz, and Bamler
2010). This technique is widely used to render coloured images of scenes as imaged by
an optical imaging device like a camera. The ray tracing algorithm traces light
backwards from the observer to the light source. At each interaction of light with an
object surface, the illumination is computed. Ray tracing uses the facts that radiance
remains constant along a line of sight, and that the light scattering at surfaces is
symmetric (Jensen 2001). Ray tracing is integrated with reflection models to compute
the intensity contributions of different points on the target objects. As this technique
approximates EM waves to discrete rays, it does not account for various wave effects
like polarization. Despite this drawback, ray tracing is considered one of the standard
techniques used by various software systems for SAR simulation (Hammer et al. 2008).
Physical Optics is a wave approximation for short wavelengths. It integrates the results
obtained through ray optics over a surface, and thus accounts for certain wave properties
of the EM radiation. Neither Geometrical Optics nor Physical Optics is accurate near
edges and shadow boundaries, as they do not account for diffraction effects. The
Geometrical Theory of Diffraction (GTD) and Physical Theory of Diffraction (PTD) are
extensions of Geometrical Optics and Physical Optics respectively. They predict the
second- and third-order scattering contributions made by diffracted rays (Uluisik et al.
2008).
Finite Distance Time Domain (FDTD) method is a powerful, yet simple, numerical
method for solving a system of differential equations, and has been applied to various
phenomena including the calculation of Radar Cross-Section (RCS). It falls under the
category of resonance category techniques, i.e., those in which the object particle size is
comparable to the wavelength of the EM radiation. It uses finite differences to
approximate spatial and temporal derivatives and can solve a wide range of problems,
including the target RCS computations (Schneider 2010).
FDTD is a computationally expensive and time-consuming method, and parallel
processing at both hardware and software levels is done to make the model more
efficient (Cakir, Cakir, and Sevgi 2008). The target model and source are placed in the
3D FDTD volume, and electric and magnetic field components are calculated in this
volume using the iterative FDTD equations. Near-to-Far-Field Transformation (NTFFT)
8
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is applied to calculate the components at fields farther from the source. It involves the
extrapolation of the near fields along a number of directions using surface electric and
magnetic currents. Parallelization has been introduced for the application of NTFFT.
The transformations for all the six faces of the virtual closed surface are done in
parallel, thus efficiently reducing the time of implementation of the algorithm (Çakır,
Çakır, and Sevgi 2014).
Method of Moments (MoM) is a frequency domain method which uses a discrete-mesh
model of the target. Each wire in the mesh is associated with a command called
Generate Wire (GW) which contains the label and end points for that wire. This method
solves the electric and magnetic field equations in their matrix form (Uluisik et al.
2008).

2.3. Some prominent works
SARAS is a Synthetic Aperture Radar raw signal simulator developed by Franceschetti
et al. 1992, where the frequency domain technique of Fast Fourier Transforms (FFT)
was used for processing data. They presented a statistical model to simulate SAR raw
data of a 3-dimensional scene using a facet model for the scene. In the facet model, the
entire scene is locally approximated to facets instead of considering individual point
scatterers. A tradeoff between resolution and memory requirement was achieved by
using two-stage FFT algorithm. The simulator takes into consideration the terrain
altitude, layover and shadow effects, SAR system aberrations, surface electromagnetic
properties and frequency and polarization of transmit signal. The number of facets in the
facet model can be increased to give a more detailed image, but this increases the
computational and memory requirements. The SAR Raw Signal Simulator has been
used to study and analyze high resolution SAR images of urban areas (Franceschetti et
al. 2007). The major backdrop of this model is that it restricts the simulator to surface
scattering and does not work for multiple scattering.
Urban feature extraction, change detection and modeling are some areas where SAR
simulation technique is most widely used. The high buildings and other structures on
urban areas cause distortions due to occlusions in SAR images, thus deteriorating the
quality of change detection. SAR simulation and comparison with real SAR images has
been used to negate the effects of these distortions (Balz 2004). Simulation is extremely
useful when can be done in real-time to test different scenarios to avoid occlusions and
distortions due to urban features. Such real-time applications have been developed using
modern Graphical Processing Units (GPUs) which speed up the simulation process
(Balz and Haala 2006).
Another very important study in the field of SAR image simulation was done by Chang,
Chiang, and Chen 2011. They developed a technique to simulate SAR images with the
9
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specific aim of using the simulated images for target recognition. The algorithm used to
calculate the Radar Cross-Section (RCS) is the Radar Cross Section Analysis and
Visualization System (RAVIS), which uses physical optics, physical diffraction theory
and shooting and bouncing rays. The first two concepts, i.e., the physical optics and
physical diffraction theory are used to compute the effects of single bounce scattering.
The Shooting and Bouncing Rays algorithm is used to account for the multiple
reflections. The target models used are 3D CAD models containing numerous polygons,
each polygon associated with the RCS as a function of radar parameters and incident
angle. The next step of image simulation, i.e., image focusing is done with the help of
Range Doppler algorithm. Image focusing is a process where range compression is done
on the basis of doppler centroid estimation. Further, azimuth compression is done to
match the resolution of the simulated image to that of the SAR sensor used. The images
simulated using these techniques have been successfully used to create a database to
assist in target recognition, a few minor drawbacks being the inability of the algorithm
to accommodate fully polarimetric data and to simulate very high resolution SAR
images.
Ray tracing technique has been effectively used to develop a simulator RaySAR that can
simulate high resolution SAR images (S. Auer, Hinz, and Bamler 2010)(S. J. Auer
2011). The multiple reflections of electromagnetic waves are followed backwards from
the receiver to the transmitter within the object scene. At each energy-matter interaction,
the amount of radiation reflected in the direction of the ray is computed on the basis of
the physical laws of reflection. The simulation algorithm discussed is implemented by
modifying the source code of the rendering software POV Ray, which uses Constructive
Solid Geometry (CSG) to define the scene geometry. The sensor is defined in the scene
by means of a cylindrical light source emitting parallel rays for the transmission, and an
orthographic sensor for the receiver. The intensity values at object surfaces are
evaluated using different models for specular and diffuse reflections. Diffuse reflection
is modeled on the basis of Lambert's law which states that "the radiant intensity
observed from an ideal diffuse radiator is directly proportional to the cosine of the angle
between the observer's line of sight and the surface normal". For specular reflection, the
Fresnel reflection model is extended to incorporate specular highlight and also the
diffuse components of fairly high intensity. Range and azimuth coordinates of a point
are calculated on the basis of the number of bounces corresponding to that point and the
distance travelled by the corresponding ray. Finally, an image with a regular grid is
created from the irregularly distributed intensity contributions. The irregularity is a
result of the side-looking imaging geometry of the SAR sensor. RaySAR could
successfully simulate single and multiple-bounce effects and could also create high
resolution images. The geometrical quality obtained through this simulation algorithm
can be increased by increasing the level of detail of object models and the sampling
density. But, the radiometric quality is low due to the use of specular and diffuse
10
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reflection models that approximate the reflection processes. The radiometric detail is
low also because discrete rays of Electromagnetic radiation are modeled instead of
continuous waves.
SAR image simulation using Digital Elevation Model (DEM) as the target model has
numerous applications like terrain mapping, positional and geometric correction in
topographic maps, etc. For each DEM cell, the position of the corresponding image
pixel is calculated in the slant range geometry. This position is in the form of row and
column numbers in the image. Then the backscattered power is calculated for each pixel
on the basis of a backscatter model (Liu, Zhao, and Jezek 2004). Doppler centroid
frequency is calculated and equated to the doppler shift to evaluate the instant of
imaging of that particular DEM cell. This time instant is then used to calculate the row
number of the DEM cell in the image. The range of each DEM cell from the sensor is
used to find its column number in the image. In the next step, modified Muhleman's
backscatter model is used to find the backscattered power at each pixel. The
Muhleman's model is based on geometrical optics and depends on the surface slope and
the local incidence angle (Storvold et al. 2004).

2.4. Radar system design
Small scale radar systems have been used to conduct laboratory experiments, because
the design is simple and the systems are extremely useful for empirical calculations.
They are practical for testing and improving simulation algorithms. The parameters
needed to be considered while designing a SAR system have been discussed. The
microwave circuit theory has been explained in many books and technical papers
(Fuentes 2008) (Lathi 1998) (Mishra 2001) which have helped in understanding the
concepts involved in the design process . The Massachusetts Institute of Technology’s
web resource was a very useful source of information on the design of a SAR system
and subsequent processing of the data collected (Charvat G. L. 2011).

11
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3. STUDY AREA AND DATA USED
3.1. Study area
SAR images from two satellites – RADARSAT-2 and ALOS PALSAR have been used
to validate the simulation algorithm. The RADARSAT-2 image covers San Francisco
area of the Unites States of America. This area is shown in figure 3.1.

Figure 2 Figure 3.1: San Francisco area (Source: Google Earth)

The ALOS PALSAR data covers a part of Uttarakhand, India. The area covered by the
ALOS PALSAR image is shown in figure 3.2.

12
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Figure 3

Figure 3.2: Part of Uttarakhand covered by ALOS PALSAR image

3.2. Data used
3.2.1 Digital Elevation Models (DEMs)
ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) DEM of
spatial resolution 1 arc-second (30 m) and SRTM (Shuttle Radar Topography Mission)
DEM of spatial resolution 3 arc-seconds (90 m) have been used in the project. Aster
DEM (Japan Aerospace Exploration Agency 2009)has been downloaded from
http://gdem.ersdac.jspacesystems.or.jp/. SRTM DEM has been downloaded from
http://earthexplorer.usgs.gov/.

3.2.2. Satellite data
The data of RADARSAT-2 and ALOS PALSAR have been used to validate simulation
results. Launched on 14 December 2007, RADARSAT-2 works in the C-band with a
centre frequency of 5.4GHz, and has quad-polarization capability. It has a very high
13
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resolution of 1m in the range direction and 3m in the azimuth direction in the spotlight
mode. The orbit of RADARSAT-2 has an altitude of 798km and an inclination of
98.600 . In this project, the Fine Quad scanning mode data of RADARSAT-2 is used.
The properties of this mode are given in the table 3.1 (Slade 2013).
Table 1Table 3.1: Specifications of Radarsat-2 Fine Quad-pol Mode

Swath width

25 km

Range resolution

5.2 - 16.5 m

Azimuth resolution

7.6 m

Incidence angle

180 - 490

Polarization

Quad-pol

Launched on 24 January 2006, ALOS PALSAR operates in the L-band with a centre
frequency of 1.27GHz, and has quad-polarization capability. In fine mode, it has a range
resolution of up to 7m. PALSAR products are available at different levels of processing
– level 1.0, level 1.1 and level1.5. In the present study, PALSAR data of 1.1 processing
level is used. This data is range compressed, single-look azimuth compressed and is on
slant range coordinates (Japan Aerospace Exploration Agency 2009). The metadata of
these satellite images have been used in the simulation process.

3.3. Software used
ArcGIS 10 and ERDAS IMAGINE 2013 were used to process the Digital Elevation
Models. MATLAB and R software environments were used to implement the
simulation algorithm. Python language was used for the extraction of information from
metadata of satellite images.
Multisim simulation software was used to simulate the power supply and modulator
circuits of the radar system.
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4. METHODOLOGY
4.1. SAR Simulation

Figure 4 Figure 4.1: Methodol ogy flow for SAR simul ation

4.1.1. Processing of Digital Elevation Model
The Digital Elevation Model (DEM) acts as the 3D model of the target that is being
simulated. DEM is a raster product that has elevation information at each pixel. This
15
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information is converted into a matrix containing three columns - latitude, longitude and
elevation. This is done by sample extraction in ArcGIS 10.
Both ASTER DEM and SRTM DEM are projected using WGS84 datum and UTM
projection system. Hence, the coordinates of each pixel conform to geodetic coordinate
system which has its center at the Earth's center of mass and a reference ellipsoid with
respect to which all altitudes are measured (reference - book). In order to
reconstruct the Synthetic Aperture Radar imaging geometry, the DEM is transformed
from geodetic coordinate system to a Cartesian coordinate system called the Earth
Centered Earth Fixed (ECEF) coordinate system. The transformation is done by solving
the following non-linear equations:

(4.1)
where X, Y, Z are the Cartesian coordinates; 'h' is the altitude of the point in metres; 'lat'
and 'lon' are the latitude and longitude of the point respectively, in degrees; 'e' is the
eccentricity ellipsoid; 'N' is the radius of curvature in prime vertical. 'N' and 'e' are given
by

(4.2)

(4.3)
where 'a' and 'b' are semi-major axis and semi-minor axis of the ellipsoid respectively
(Ligas and Banasik 2011). For WGS84 datum used here, the semi-major axis is
63,78,137 mans semi-minor axis is 63,56,752.3142 m. Table 4.1 shows the list of points
extracted from the DEM. The first column consists of latitudes in degrees, the seconds
consists of longitudes in degrees, and the third has altitudes values in metres. Table 4.2
shows the list of the same DEM points in ECEF coordinate system after performing the
transformation using equation 4.1 to 4.3.
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Table 2Table 4.1 : Latitude (in degrees),
longitude( in degrees), al titude (in
metres) extracted from DEM

Table 3Table 4.2 : DEM poi nts in
cartesian coordinates(X,Y,Z) after
transformation

38.11045

-122.694

250

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.693

247

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.693

242

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.693

235

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.692

228

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.692

222

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.692

218

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.692

214

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.691

211

-2.71E+06

-4.23E+06

3.92E+06

38.11045

-122.691

209

-2.71E+06

-4.23E+06

3.92E+06

4.1.2. Extraction of information from satellite metadata
The next step in the simulation process is to find the SAR sensor's position and velocity
vectors with respect to time. This can be done in two ways. The first method is by using
the Two Line Element (TLE) datasets which contain the orbital information of the
sensor.
They
are
available
on
the
internet
(http://www.celestrak.com/NORAD/elements/). The TLE dataset for each satellite has
three lines - Line 0, Line 1 and Line 2. Line 0 consists of 24 characters which represent
the name of the satellite. Line 1 and Line 2 have 69 characters (including blank spaces)
each. A sample TLE set for RADARSAT-2 is given below.

RADARSAT-2
1 32382U 07061A 14015.49108034 .00000123 00000-0 64681-4 0 6871
2 32382 98.5762 25.2155 0001193 85.2031 77.0625 14.29985288317835
The description of the TLE datasets is given in tables 3.4 and 3.5.
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Table 4Table 4.3: Description of Two Line Element dataset - Line1

Line 1
Column
01
03-07
08

Description
Line Number of Element Data
Satellite Number
Classification (U=Unclassified)

10-11

International Designator (Last two digits of launch year)

12-14

International Designator (Launch number of the year)

15-17

International Designator (Piece of the launch)

19-20

Epoch Year (Last two digits of year)

21-32

Epoch (Day of the year and fractional portion of the day)

34-43

First Time Derivative of the Mean Motion

45-52

Second Time Derivative of Mean Motion (decimal point
assumed)

54-61

BSTAR drag term (decimal point assumed)

63

Ephemeris type

65-68

Element number

69

Checksum (Modulo 10)
(Letters, blanks, periods, plus signs = 0; minus signs = 1)
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Table 5Table 4.4: Description of Two Line Element dataset Line2
Line 2
Column
01

Descripti on
Line Nu mber of Element Data

03-07

Satellite Nu mber

09-16

Inclination [Degrees]

18-25

Right Ascension of the Ascending
Node [Degrees]

27-33

Eccentricity (decimal point assumed)

35-42

Argument of Perigee [Degrees]

44-51

Mean Anomaly [Degrees]

53-63

Mean Motion [Revs per day]

64-68

Revolution number at epoch [Revs]

69

Checksum (Modulo 10)

Source: http://www.celestrak.com/NORAD/documentation/tle-fmt.asp
The TLE datasets give the six orbital parameters which describe the orbit of the satellite
in space. These parameters, called the Keplerian orbit elements are:







Semi-major axis, a
Eccentricity, e
Argument of periapsis, ω
Longitude of Ascending Node (LAN), Ω
Inclination, i
Mean anomaly M0 at epoch t0

The steps for the determination of position and velocity vectors of the satellite from
Keplerian orbital parameters are (Eng and Schwarz 2013):
i.

Find eccentric anomaly E(t) by solving Kepler's equation

(4.4)
ii.

Find the true anomaly ν(t)
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ν(t)
(4.5)
iii.

Find the distance to the central body

(4.6)
iv.

Determine the position and velocity vectors
ν(t)
ν(t)
(4.7)

(4.8)
The other method is by extracting the instantaneous positions and velocities of satellite
from its metadata and using this data to fit equations representing position and velocity
vectors. In this thesis, this method is adopted. The metadata of RADARSAT-2 is in the
form of an Extensible Markup Language (XML) document which contains the details of
radar parameters like its frequency, polarization, pulse bandwidth, pulse repetition
frequency, etc. It contains the satellite orbit and attitude parameters, the coordinates of
the satellite at different positions during the imaging of the scene, its velocity at those
positions, and its attitude (yaw, roll and pitch) at those positions. It contains image
generation parameters, SAR processing information including Doppler centroid
information, number of range and azimuth looks and slant range to ground range
conversion coefficients. The metadata also contains image attributes like number of
lines, number of samples per line, and image and geodetic coordinates of the points. The
geodetic coordinates include latitude and longitude in degrees and height in metres.
The metadata of RADARSAT-2 image used in the present study has the position and
velocity information at five instants during the imaging of the scene. These five
positions and velocities at these positions are extracted through Python scripting. The
position and velocity vectors are then determined using the Newton-Raphson curve
fitting method. The satellite position and velocity thus extracted are then transformed
from Earth Centered Inertial to Earth Centered Earth Fixed coordinate system.
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4.1.3. Calculation of SAR image coordinates for DEM cells
In order to determine the row and column number of a DEM cell in the SAR image, its
range from the SAR sensor and its time of imaging must first be calculated. The range
of a DEM cell from the sensor is calculated by the simple Euclidean distance formula as
follows:
(4.9)
where S(t) is the satellite position vector and P(t) is the position of DEM cell. Time of
imaging, 't' for each DEM cell is found by solving the Doppler equation. The Doppler
frequency shift due to the motion of the SAR sensor is given by:
(4.10)
where Vs (t) is the sensor velocity vector, V p (t) is the target velocity vector and λ is the
radar wavelength. The target velocity Vp (t) is due to the earth's rotation, and is given by
(4.11)
where

is the angular velocity of Earth's rotation (Liu, Zhao, and Jezek 2004).

The Doppler centroid frequency is given by the formula
(4.12)
where is the squint angle, i.e., the angle between the line joining sensor to the DEM
cell and zero Doppler plane. The average squint angle for RADARSAT-2 is 2.8260
(±0.0110 ) (Chiu and Livingstone 2005).
At the instant when the Doppler centroid frequency equals the Doppler frequency shift,
the radar beam intersects the corresponding pixel on the DEM. That instant is the time
of imaging of that DEM cell. To find the time of imaging 't', the following non-linear
equation is solved using the Newton-Raphson method.
(4.13)
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Once the time of imaging 't' is calculated for each DEM cell, its row number in the slant
range image is given by
(4.14)
where toffset is the time of first line and δt is the time between adjacent lines, both of
which are obtained from the product metadata.
The column number of the DEM cell in the slant range image is given by
(4.15)
where Roffset is the range of first sample and δR is the spacing between adjacent pixels.
4.1.4. Determination of local incidence angles for DEM cells
The local incidence angle θ for each DEM cell is unique and depends on the surface
slope at that point. This angle plays a major role in determining the amount and
direction of backscatter from that DEM cell, thus contributing to the DEM cell’s
intensity in the SAR image. In this study, the local incidence angle is calculated from
the slope and aspect of the DEM. If ‘a’ is the azimuth direction and ‘r’ is the range
direction, then the slope in azimuth and range directions are calculated as s x and sy
respectively. The unit vector in the direction of line joining SAR sensor to DEM cell is
and unit vector in the direction of surface normal at the DEM cell is
. Then,
(4.16)
4.1.5. Calculation of backscattered intensity
The final step in the simulation of SAR images is to calculate the backscattered intensity
from each DEM cell. The total intensity in a SAR image is a combination of both
system and terrain effects (Curlander and McDonough 1991). System effects include
characteristics like polarization whixh are constant. The terrain effect is represented as
the backscatter coefficient. For this, the Muhleman’s backscatter model is used.
According to this model, the backscatter is given by
(4.17)
where M is Muhleman’s constant that depends on the average terrain slope. A modified
form of Muhleman’s model, with empirically determined constants is used in this
project (Storvold et al. 2004). The modified Muhleman’s model is
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(4.18)
The backscatter at each pixel is calculated using equation (3.18). Now, the row number,
column number and intensity value of each pixel has been determined. The image
generated using these values is the simulated SAR image.

4.2. Design and building of radar system
A radar system of low power is built to assist in collecting field information. It is
designed to operate in S band with a centre frequency of 2.4GHz. The radar system is a
Frequency-Modulated Continuous-Wave (FMCW) radar which transmits a continuous
wave of known stable frequency which is varied using a triangular modulating signal.
Any radar system has three main parts: the transmit circuit, the receive circuit and the
antennas. The transmit circuit consists of the circuitry which generates the Radio
Frequency (RF) signal in the required bandwidth. The receive circuit consists of the
circuitry which receives the reflected signal from the receiver antenna and compares it
with the transmit signal. A signal with frequency equal to the difference of transmit and
receive signals is generated by the receiver circuit. This mixed signal is then processed
to obtain useful information from the radar.
Antennas are the devices which convert electrical power into RF signals, and vice versa.
Radar signals are transmitted by the receiver antenna, get reflected by target objects, and
are received by the receiver antenna. Radar systems that use two different antennas
placed at a considerable distance from each other for transmitting and receiving radar
signals are called bistatic radars and those that use the same antenna for both
transmitting and receiving are called monostatic radars. Most spaceborne SAR systems
are monostatic. In this project, two different antennas are used transmitting and
receiving radar signals, but they are placed so close together that they act as a single
antenna, hence making it a monostatic radar. The overall block diagram of the radar
system is given in figure 3.3.
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Figure 5 Figure 4.2: Bl ock diagram of radar system (Charvat G. L. 2011)

4.2.1. Transmit circuit
The modulator, Voltage Controlled Oscillator, Attenuator, Power Amplifier and splitter
make up the transmit circuit. Each of these components is explained in the following
sections.
4.2.1.1. Modulator
The modulator circuit is used to generate a triangular waveform used to modulate the
radar signal. It uses a function generator chip XR2206 to generate the triangular wave. It
is a 16-pin IC with the capability to produce square and triangular waveforms. The pin
description and electrical characteristics of XR2206 are given in Appendix. The
electrical connections of XR2206 to obtain a triangular wave of frequency 25Hz, time
period of 40ms (with rise time and fall time of 20ms each) and voltage in the range of 2
– 3.2V, are given in figure 3.4. These specifications of triangular waveform are
determined by characterizing the Voltage Controlled Oscillator (VCO) which is
modulated by the triangular wave generated by the modulator. The characterization of
VCO is given in the next section.
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Figure 6 Figure 4.3: XR2206 connecti ons (Source: Datasheet of XR2206
http://www.alldatasheet.com/datasheetpdf/pdf/80496/EXAR/XR2206.html)

In the present design, a variable resistor is used as the timing resistor R1 at pin 7. The
value of this resistance is varied until a waveform of the required frequency is obtained
at pin 2. The value of timing capacitance C is 0.47µF.
4.2.1.2. Voltage Controlled Oscillator (VCO)
VCO is a device whose oscillation frequency varies with respect to an input voltage
called the modulating voltage or tuning voltage. The VCO selected for this design is
ZX95-2536C+, which has a frequency range of 2315-2536 MHz. Its electrical
specifications are given in Appendix. The tuning voltage (V tun ) vs. frequency plot of the
VCO is done using a handheld RF Combination Analyzer (Agilent's N9914A, 6.5GHz).
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Figure 7 Figure 4.4: Agilent RF analyzer

The readings of the RF analyzer are tabulated (table 4.5).
Table 6Table 4.5: Vtun and frequency readi ngs of VCO

Vtun (volts)

Frequency (MHz)

0

2255

0.5

2297.5

1

2332.5

1.5

2367.5

2

2405

2.5

2440

3

2475

3.5

2510

4

2545

4.5

2565

5

2590
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V tun vs. Frequency
2650

Frequency (MHz)

2600
2550

2500
2450

2400
2350

2300
2250

2200
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Vtun (volts)

Figure 8 Figure 4.5: Vtun vs. Frequency characteristic of VCO

From the above characteristic, it is clear that for an operating frequency of 2400 MHz,
the modulator needs to produce a tuning voltage waveform of approximately 2V. At this
frequency, the VCO has an RF power output of 6dBm.
4.2.1.3. Attenuator and Power Amplifier
An attenuator is a passive device which reduces the gain of a system. This is required to
reduce the Voltage Standing Wave Ratio (VSWR) due to the amplifier and the antenna.
An amplifier connected in a circuit has impedance different from the transmission line.
Because of this, some of the power flowing from the transmission line to the amplifier
gets reflected back by the amplifier. In the circuit, the incoming power and reflected
power form a standing wave, resulting in peaks and valleys as in a sine wave. In such a
standing wave, the ratio of maximum value of voltage to the minimum value is called
VSWR. If there is high amount of mismatch in the impedance values, more power is
reflected back towards the transmitter than that is transmitted out through the antenna.
The attenuator helps avoid this by balancing the impedance in the circuit. But, adding an
attenuator also adds noise to the circuit. So, the attenuator should be carefully chosen so
that there is a trade-off between the added noise and the impedance balancing
capability. The attenuator chosen in this design is VAT-3+, which has a frequency range
of up to 6000MHz. Measurements using the RF analyzer have shown that at the
operating frequency of 2.4GHz, the attenuator attenuates 3.3dBm RF power.
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An amplifier is a device which uses active elements like transistors to increase the
power of a signal by a factor called the amplifier gain. The output of an amplifier has
the same shape and frequency, but a higher amplitude than the input. The amplifier used
in this circuit is an RF power amplifier, which converts the low power Radio Frequency
(RF) signal into a high power signal required to dr ive the transmitting antenna. Such an
amplifier has high efficiency, high gain and optimum heat dissipation. The power
amplifier used in this design is ZX60-272LN+ with a frequency range of 23002700MHz. It has been tested using a series spectrum analyzer to show an increase of
12dBm RF power.
4.2.1.4. Splitter
The power splitter is a passive device that couples a part of the electromagnetic power
in a transmission line to a port, so that the signal can be used in another circuit. In this
circuit, the power splitter sends half of the total power to the transmitting antenna, and
the rest to a mixer that compares this signal to the received signal. The splitter used in
this design is ZX10-2-42-S+ with a frequency range of 1900-4200MHz. It has an input
port and two output ports. It has been tested using the series spectrum analyzer by
connecting an input signal of -8.3dBm power at the input and an attenuator at one
output. The power at the second output is found to be -16.9dBm, a decrease in power by
half.
4.2.2. Receive circuit
4.2.2.1. Low Noise Amplifier
The signal received by the receiver antenna is first amplified using the Low Noise
Amplifier (LNA). The LNA used in this design is the same as the power amplifier
ZX60-272LN+.
4.2.2.2. Mixer
The mixer has two inputs – one from transmission circuit, i.e., a part of the transmitted
EM wave from the power splitter, and the other from the receiver antenna. Both these
inputs being sinusoidal, their multiplication gives the phase difference between the
transmitted and received waves. Consider the following equations for the transmitted
and received waveforms:
Transmitted:
(4.19)

T = K1 cos(ωt + φ)

Received:
(4.20)

R = K2 cos(ωt + φ + φ d )
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Where φ is the wavelength of the transmitted wave and φd is the delay in the phase as
the transmitted wave strikes the target. The multiplication of these two sinusoidal
waveforms gives a DC output cos(φ d ). This DC value is then amplified and filtered
using a Low Pass Filter (LPF). The mixer used in the present design is ZX05-43MH+
with a frequency range of 824-4200MHz.
4.2.2.3. Video amplifier
The video amplifier circuit consists of two stages - a gain stage and a Low Pass Filter
(LPF) stage. The gain stage amplifies the signal obtained from the mixer and the LPF
attenuates the part of signal with frequency more than 15KHz. A quad-opamp
MAX414CPD+ is used for both amplification and low pass filtering. A screenshot of
simulation in Multisim for the video amplifier circuit is shown in figure 3.6.

Figure 9Figure 4.6: Multisim simulation of Video Amplifier circuit

4.2.3. Antennas
Circular waveguide antennas made of tin are used in the present design, owing to easy
availability, ease of design and cost-effectiveness. The transmitting and receiving
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antennae are exactly similar and placed next to each other, so that together they mimic a
single antenna that both transmits and receives the microwave signals. Two separate
antennas are used to avoid coupling of incoming and outgoing signals. The dimensions
of the antennas depend on the transmit frequency. The following equations are used to
determine the antenna dimensions.
The antenna will work if its operating frequency 2.4GHz is greater than the TE11 mode
cutoff frequency fc.

(4.21)
Where c is the speed of light and D is the diameter of the antenna. From the above
equation, the diameter D must be greater than 7.3cm. in this design, the antenna
diameter is taken as 9.9cm.
Wavelength of the electromagnetic wave in the waveguide, i.e., guide wavelength

(4.22)
For a frequency of 2.4GHz, free space wavelength,
is g = 18.5cm

= 12.5 cm. So, guide wavelength

Length of the cantenna is
L

7 λg = 13.3cm

(4.23)
Length of monopole wire inside the cantenna = /4 ≈ 3cm. Distance of monopole wire
from the closed end of cantenna ≈ g /4 = 4.6cm. Figure 3.7 shows a diagrammatic
representation of the antenna used.
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13.3 cm

9.9 cm
9.9 cm
4.6 cm
3.0 cm

Figure 10 Figure 4.7: Dimensions of antennas

4.2.4. Collection of data using the radar system
After assembling the components, the output obtained from the video amplifier is
recorded as an audio file (.wav format) by connecting an audio cable from the output to
the audio input of a laptop. The audio file is then processed in MATLAB to give range
and velocity profiles of objects moving in front of the radar system.
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5. RESULTS AND DISCUSSIONS
This chapter presents the results obtained at each step explained in the methodology of
SAR simulation. The validations and interpretations done on the obtained results are
also provided. The input and output signals of the radar system built as a part of this
project, are presented.

5.1. Simulation results
The simulation of RADARSAT-2 image of San Francisco area and the ALOS PALSAR
image of Uttarakhand area are done in this study.
5.1.1. Simulation for RADARSAT-2
The required extents of ASTER and SRTM DEMs are first mosaicked and projected
onto WGS84 UTM projection. ASTER and SRTM DEMs of San Francisco are shown
in figures 5.1(b) and (b) respectively.

Figure 11 Figure 5.1(a): AS TER DEM of San Francisco
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Figure 12 Figure 5.1(b): SRTM DEM of San Francisco

The latitude, longitude and elevation values are extracted from these DEMs and used in
the simulation.
5.1.1.1. Satellite position and velocity vectors
RADARSAT's positions and velocities at five different points are extracted from the
metadata and stored in a text file. Tables 5.1 and 5.2 show the positions and velocities of
the satellite respectively.

Table
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7Table 5.1: Positions of RADARSAT-2 (val ues are in m)

X coordinate

Y coordinate

Z coordinate

Position 1

-3.432074E+06

-4.620627E+06

4.269915E+06

Position 2

-3.428909E+06

-4.608145E+06

4.285872E+06

Position 3

-3.425710E+06

-4.595627E+06

4.301796E+06

Position 4

-3.422480E+06

-4.583075E+06

4.317685E+06

Position 5

-3.419218E+06

-4.570486E+06

4.333539E+06

Table 8Table 5.2: Veloci ties of RADARSAT-2 (velocities are in m/s)

X direction

Y direction

Z direction

position 1

1.159518E+03

4.588273E+03

5.880689E+03

position 2

1.171370E+03

4.601305E+03

5.868085E+03

position 3

1.183218E+03

4.614295E+03

5.855435E+03

position 4

1.195061E+03

4.627244E+03

5.842738E+03

position 5

1.206901E+03

4.640151E+03

5.829994E+03

5.1.1.2. Simulated images
The SAR image simulated from ASTER DEM and SRTM DEM are shown in figures
5.2(a) and 5.2(b) respectively.
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Figure 14 Figure 5.2(a): SAR image
simulated from ASTER DEM

Figure 13 Figure 5.2(b): SAR i mage
simulated from SRTM DEM

A comparison of the two images shows that the DEM of higher resolution, i.e., the
ASTER DEM has produced a more detailed image. The undulations of the terrain are
clearly seen when ASTER DEM is used. This shows how the 3D model of the target
affects the output of the simulation algorithm.
The real SAR image of RADARSAT-2 for San Francisco area is shown in figure 5.3.
the image shown is an intensity image in VH polarization.
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Figure 15 Figure 5.3: Intensity i mage of RADARSAT-2 for San Francisco (VH pol arizati on)

A comparison of the real SAR image with the simulated image shows that not all
features appearing in the real SAR image are seen in the simulated image. This is
because these features are not represented in the DEM used in the simulation. For
example, the bridges seen in the real image do not appear in the simulated image.
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Figure 17Figure 5.4(a): real SAR
image showing bri dges

Figure 16Figure 5.4(b): bri dges
absent i n simul ated i mage

There are also differences in the intensity values, as the surface properties of different
objects on the surface have not been accounted for in the simulated image. Due to this
drawback, the correlation between the actual image and the image simulated using
ASTER DEM is 0.5975. Though the intensity values throughout the image do not
match, the simulated image accurately shows the terrain structure. In general, this
algorithm gives an accurate representation of the target geometry.
5.1.2. Simulation for ALOS PALSAR
The ALOS PALSAR image for Uttarakhand area is simulated using both ASTER and
SRTM DEMs. Tiles of DEM are downloaded according to the area under consideration,
mosaicked, and finally a subset of the exact area being simulated is made from the
mosaicked DEM. The final ASTER DEM is given in figure 5.5 and SRTM DEM in
figure 5.6.
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Figure 18 Figure 5.5: ASTER DEM of Uttarakhand area

Figure 19 Figure 5.6: SRTM DEM of Uttarakhand area
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5.1.2.1. Simulated images
The final simulated images for the ALOS PALSAR data using ASTER and SRTM
DEMs are shown in figures 5.7 and 5.8 respectively.

Figure 20Figure 5.7: Si mulated image based on ASTER DEM
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Figure 21Figure 5.8: Si mulated image based on SRTM DEM

A comparison of the simulated images with the real SAR image of ALOS PALSAR
gives results similar to those observed in the case of RADARSAT-2 image. The
correlation between the real PALSAR image and the image simulated using ASTER
DEM is found to be 0.4856.

5.2. Outputs of radar system
The radar system is designed to work in S-band with an operating frequency of 2.4GHz.
Signals at different modules of the system are tested. The final signal, i.e., the mixed
signal of transmitted and received signals, is collected as an audio file and processed
using MATLAB. The radar was operated in two modes - real aperture radar and
synthetic aperture radar. The outputs for both the modes as well as the signals at various
stages of the circuit are given in the following sections.
5.2.1. Output of the modulator
The modulator circuit of section (4.2.1.1) should give a triangular waveform of
magnitude 2-3.2V, frequency 25Hz and an up-ramp time of 20ms. This is required to
modulate the Voltage Controlled Oscillator in order to generate a signal in S-band
frequency. The output of the modulator was connected to a Cathode Ray Oscilloscope
(CRO) and was found to generate a perfect modulating signal of peak-to-peak voltage
2.36V, frequency 25Hz and time period 40ms (with a n up-ramp time period of 20ms).
The CRO output is shown in figures 5.9(a) and (b).
40

Synthetic Aperture Radar (SAR) Data Simulation for Radar Backscatter Cross-section Retrieval

Figure 22Figure 5.9(a): Modulator output showing a tri angul ar waveform of amplitude 2.36V
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Figure 23Figure 5.9(b): CRO screen showing a triangular wave with up-ramp ti me 20 ms

5.2.2. Signal at the output of mixer
The transmitted and received RF signals are compared and a phase difference signal is
generated in the mixer. The output of the mixer as seen in the CRO is given in figure
5.10.
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Figure 24Figure 5.10: CRO screen showi ng modul ating signal and mixer output. The signal in
bl ue is the triangul ar output of modul ator. The signal in purple is the mixer output, i.e., the
phase di fference signal of transmitted and recei ved signals

The signal shown in purple colour in figure 4.8 is the output at the mixer when there is
no moving target in the field of view of the radar system. It represents a scene where the
transmitted radar signal is reflected back from the same objects which do not change
either in position or in their orientation. Hence, the periodic signal.
5.2.3. Output of the video amplifier
The video amplifier has a gain stage and a Low Pass Filter (LPF) stage. The input to the
gain stage is the signal from the mixer. After amplification in the gain stage, the signal
goes through the LPF where the part of signal with frequency greater than 15 KHz is
attenuated. The output of the video amplifier is shown in figure 5.11.
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Figure 25Figure 5.11: CRO screen showi ng outputs of mixer and vi deo amplifier. The signal in
purple is the mi xer output, which is amplified in the vi deo amplifier circuit to gi ve the signal
shown in bl ue.

5.2.4. Processing of radar output
The output of the video amplifier is recorded as an audio file (wav file) and processed in
MATLAB. When the radar system is operated as a real aperture radar and used to image
a moving target, a plot of time vs. range can plotted.
When the radar system is used as a Synthetic Aperture Radar (SAR), the audio file
consists of the information of the position of sensor and the corresponding reflected
signal at that position. This information is compressed in range and azimuth directions
to generate an intensity image of the scene. The same audio file can also be used to
create a time vs. range plot. A scene was created by placing three chairs at positions of
different range and azimuth distances from the radar system. A diagrammatic
representation of SAR implementation is shown in figure 5.12.
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Figure 26Figure 5.12: Image scene set for SAR i mplementation

The SAR image for the arrangement of figure 5.12 is given in figure 5.13.
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Figure 27Figure 5.13: SAR intensity i mage

The SAR intensity image in figure 4.12 has a maximum range of 350ft. The colour bar
at the right side of the image gives the signal-to-noise ratio in dB. The targets (i.e., the
chairs) in the scene are placed up to a range of about 10ft. This is clearly seen in the
SAR image as the bright orange-red patches corresponding to maximum s ignal-to-noise
ratio. As the distance from the radar system increases, it can be seen that the signal-tonoise ratio decreases. This radar system is able to detect objects within a distance of
about 200ft from the system.
A time vs. range plots of the same data at different sampling rates are shown in figures
5.14(a) and (b).
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Figure 28Figure 5.14(a): Range vs . ti me pl ot (sampli ng rate of 44100Hz)

Figure 29Figure 5.14(b): Range vs. ti me pl ot (sampling rate of 384000Hz)
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As the radar system is moved in the azimuth direction, each of the chairs becomes a
major scatterer one after the other. This can be observed from the three bright lines at
time instants of approximately 18 seconds and 33 seconds in both the plots. With a
higher sampling rate, the plot has lower noise and the time periods of imaging can also
be visually differentiated from the plot.
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6. CONCLUSIONS AND RECOMMENDATIONS
The main objective of this project is to simulate a SAR image from the target 3D model
and SAR system parameters, and to design and operate a radar system that can be used
to validate the simulation algorithm and make modifications to optimize it. The
following sections present the conclusions on the basis of results obtained from the
project and make recommendations with future scope in mind.

6.1. Conclusions






The major inputs for SAR simulation can be categorized into two types: target
parameters and sensor parameters. The target parameters include its geometry
and orientation provided by its 3D model, and its surface characteristics like
roughness and dielectric constant. In this project, the effects of geometry and
orientation have been accounted for with the help of Digital Elevation Models,
but the effects of surface characteristics have been approximated by using an
empirically determined constant in the backscatter model.
The SAR images have been simulated using DEMs of different resolutions.
They show that the resolution of the 3D model used (DEM in this case) affects
the quality of the final simulated SAR image. Though a model of higher
resolution gives a more accurate SAR image than that of a lower resolution, it
also uses greater memory and computational power. This was observed in the
course of this project too. Simulation using ASTER DEM took a clearly larger
amount of time and occupied more space in the memory than that using SRTM
DEM. Hence, the choice of 3D model must be made depending on the
application for which simulation technique is being used. For applications like
target identification, a very detailed image is required and hence, a model of
higher resolution must be used. For real-time applications, the details do not
have as much importance as the fast availability of data. In such cases, a low
resolution model must be used to save time and computational power.
The correlation between the simulated and real SAR images is only about 60%.
This is because the surface properties of the different features on the ground are
not taken into account in the simulation algorithm. This leads to non-uniform
differences in the backscatter values of different features. For instance, the
Muhleman constant in the Muhleman's backscatter model is determined
empirically for rocky surfaces. So, if the ground is predominantly rocky with no
other major features, the algorithm gives better results. If, on the other hand, the
area has different features like vegetation, urban structures, etc., the error in
simulated output is greater.
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An elementary design of a radar system is implemented using low cost and
easily available materials. The change in the received signal when an object is
moved in front of the radar system has been observed using a Cathode Ray
Oscilloscope (CRO). This same signal is compared with the transmitted signal
to get a phase difference signal. This difference signal is then used to plot phase
vs. time graphs and images. Though the system needs to be optimized further,
the results obtained are satisfactory and as predicted.
The radar system has been implemented as a Synthetic Aperture Radar and has
given expected outputs. The output is shown as a plot of crossrange (azimuth)
vs. downrange, with a maximum downrange of 350ft. But, the range up to
which the system can sense targets is around 100ft. As the system components
have not been optimized, the range and resolutions are poor.

6.2. Recommendations
The difficulty in the interpretation of SAR images has always been a disadvantage for
microwave remote sensing. Despite the many advantages of microwaves like allweather capability, moisture sensitivity and high resolution capability through SAR
implementation, microwave remote sensing has not seen many users because of the
experience and expertise required to use the microwave data. SAR images are
sometimes confusing even to those who are experienced at handling them, as so many
factors affect how the microwaves are reflected from the targets. The technique of SAR
simulation helps in the study of SAR image interpretation and what factors affect the
object signatures in a SAR image. The study of simulation images can help in
familiarizing users with the concept of microwave remote sensing, thus resulting in an
increase in its usage.
This project shows how easily available materials can be used to build a radar system
that can also function as a Synthetic Aperture Radar. Such systems are extremely useful
when real time data is required or when field experiments need to be carried out. Once
the processing of the data collected is mastered, any simulation algorithm can be tested
with fairly high accuracy.

6.3. Future scope
There are certain limitations of this study which can be overcome through further
research on the topic. The limitations and future work are given below:


An attempt can be made to increase the scope of this algorithm by using a better
backscatter model. The simulation algorithm used in this study has given fairly
good results for Digital Elevation Models, but uses the Muhleman's backscatter
model to calculate the backscattered intensity. This model cannot be used at
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high resolutions, as it can't account for changes in the surface properties of
different objects. So, to simulate images of high resolutions, a model which
accounts for the dependency of backscattered intensity on target surface
characteristics must be used.
Now that the algorithm works for Digital Elevation Models, it can be extended
to 3D models of individual objects to study how geometry and composition of a
target affect SAR images.
The SAR system's resolution can be further increased by using metal of higher
conductivity for the antennas, and providing the system some protection from
outside noise and interference.
Once the system is optimized and is able to give an accurate range of targets, it
can be calibrated against standard materials whose reflection characteristics are
known.
The simulation algorithm can be used to generate SAR images of individual
objects, but their 3D models must first be created. These images can then be
validated using the images generated by the SAR system.
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APPENDIX 1
Codes used for simulation
Extraction of information from satellite metadata using Python:
import os
import numpy
os.chdir('D:/Kimeera')
import lxml
from lxml import etree
tree = etree.parse('product.xml')
root = tree.getroot()
xpos = []
ypos = []
zpos = []
for x in
root.iter(tag='{http://www.rsi.ca/rs2/prod/xml/schemas}xPosit
ion'):
xpos.append(x.text)
for y in
root.iter(tag='{http://www.rsi.ca/rs2/prod/xml/schemas}yPosit
ion'):
ypos.append(y.text)
for z in
root.iter(tag='{http://www.rsi.ca/rs2/prod/xml/schemas}zPosit
ion'):
zpos.append(z.text)
X = numpy.zeros((5,1))
Y = numpy.zeros((5,1))
Z = numpy.zeros((5,1))
for i in range (5):
X[i]=xpos[i]
for j in range (5):
Y[j]=ypos[j]
for k in range (5):
Z[k]=zpos[k]
numpy.savetxt('xposition.txt',X,delimiter='\t',newline='\n')
numpy.savetxt('yposition.txt',Y,delimiter='\t',newline='\n')
numpy.savetxt('zposition.txt',Z,delimiter='\t',newline='\n')

MATLAB program for the calculation of image row and column numbers:
t = load('test1_22.txt', '-ascii');
P = load('aster_demOP.txt', '-ascii');
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S = [56.55 -116 -7637 4.237e6; 120.6 -164.9 -1.997e4 3.86e6; -165.6
136.4 2.538e4 4.302e6];
%n = size(t);
toff = 14.898;
dt = 6.9507e-4;
Roff = 8.881938261133428e5;
dR = 4.73307896;
for i=1:200000
row(i,1) = (t(i,1)-toff)/dt;
T4 = conv((S(1,:)-[0 0 0 P(i,1)]),(S(1,:)-[0 0 0
P(i,1)]))+conv((S(2,:)-[0 0 0 P(i,2)]),(S(2,:)-[0 0 0
P(i,2)]))+conv((S(3,:)-[0 0 0 P(i,3)]),(S(3,:)-[0 0 0 P(i,3)]));
R =
sqrt(T4(1,1)*t(i,1)^6+T4(1,2)*t(i,1)^5+T4(1,3)*t(i,1)^4+T4(1,4)*t(i,
1)^3+T4(1,5)*t(i,1)^2+T4(1,6)*t(i,1)+T4(1,7));
col(i,1) = (R-Roff)/dR;
end
dlmwrite('rows_12.txt',row, 'delimiter','\t','precision',12);
dlmwrite('columns_15.txt',col, 'delimiter','\t','precision',15);

MATLAB program for the calculation of backscatter values:
inci = load('incidence.txt', '-ascii');
n = size(inci);
sig=zeros(n(1,1),n(1,2));
for i=1:n(1,1)
for j=1:n(1,2)
sig(i,j) =
log10(0.0133*cos(inci(i,j))/(sin(inci(i,j))+0.1*cos(inci(i,j)))^3);
end
end
dlmwrite('sigma.txt',sig, '\t');
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APPENDIX 2
Electrical characteristics of components used:
Voltage Controlled Oscillator:
Table 9Table 1: Electrical specifications of VCO ZX95-2536C+

Power Amplifier:
Table 10Table 2: Electrical characteristics of Power Amplifier ZX60-272LN+
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Attenuator:
Table 11Table 3: Electrical s pecifications and performance data of attenuator VAT-3+
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Splitter:
Table 12Table 4: Electrical s pecifications and performance data of splitterZX-10-2-42+
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Mixer:
Table 13Table 5: Electrical s pecifications and performance data of mixer ZX05-43MH+
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Function generator XR2206:
Table 14Table 6: Electrical s pecifications of XR2206

61

