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Abstract: 
 
Applications of self-illuminating remote sensing systems, and among those, Radar Imagery is growing 
rapidly. Unique properties of Synthetic Aperture Radar (SAR) system makes it one of the most popular 
and applicable  methods of self illuminating remote sensing techniques for ground deformation 
monitoring, seismic studies, and many photogrammetry applications. 
There are several methods and algorithms for processing SAR data, each are convenient for different 
purposes. Two more common and reliable algorithms are developed in this thesis: a Range Doppler 
Algorithm and a Chirp Scaling Algorithm. 
Available software packages and toolboxes for processing SAR data such as DORIS, ROI-PAC, RAT and 
PULSAR have their advantage and disadvantages. Most of these packages run on Linux platform, are 
difficult to use, and require quite a few pre-processing data preparations. Besides there is no general SAR 
processing application that can handle all data types or suitable for all purposes. There are also software 
packages (such as ROI-PAC) with restrictions for people from certain countries. 
 
The objective of this thesis is to process SAR data using two more common algorithms, run a comparison 
between results of these two algorithms and to process InSAR pair images to form an Interferogram and 
to create a DEM. A Matlab based program is developed for this purpose with graphical user interface and 
a few visualization enhancement features, which facilitates processing data and producing desired output. 
Then, I investigate the effect of different frequency domains in the resulting image. 
 
The program I created in my thesis, has several advantages: it is open-source and very easy to modify. 
The program is coded in MATLAB, therefore it does not need a vast programming knowledge to be able 
to customize it. You can run it on any platform that can run MATLAB 7+. 
 
At the end of this thesis, I conclude that A Range Doppler Algorithm with secondary range compression 
performed in 2D-frequency domain has a result as good as a Chirp Scaling Algorithm and has less 
computational complexity and consumes less time. No general SAR processing algorithm could be 
introduced. Most of the times algorithms need to be adjusted for particular datasets, or particular 
applications. Besides, the most complicated algorithm is not always the best algorithm. For example, for a 
point target detection purpose, two filtering steps in range and azimuth direction provides accurate 
enough result. 
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1. Introduction 

1.1. Author’s investigation and the Thesis objective 
 
As I was looking for a suitable software package or toolbox for processing SAR data, I realized 
although there are a few packages and toolboxes available, choices of software and scientific 
resources for SAR processing is quite limited. Most of open-source SAR processing codes are 
based on Linux platform. Since Linux is not the most common OS, to process SAR data we need 
to set up a separate computer system for processing SAR, since many other remote sensing or 
analytical programs use Windows platform. 
Going deeper into existing packages revealed that packages such as DORIS, although powerful, 
are not very user friendly and needs a good knowledge of SAR processing procedures to enable 
users to handle the program correctly. Besides it seems that all these packages are tailored for 
particular purposes. Besides, the result of these processing programs needs to go through other 
post-processing steps to achieve desired data. Yet, the result is not perfect. All these processing 
procedures seems too much hassle for a user who, for example, needs to extract and 
interferogram from a pair of SAR images for some deformation studies. 
This made me think of running an Investigation on how SAR processing Algorithms work and 
what are their difference? Is it possible to define a certain processing program capable of 
processing all types of SAR data, or let’s say convenient for all SAR applications? And this took 
me to the objective of this thesis: 
The objective of this thesis is to process SAR data using two more common algorithms, i.e. 
Range Doppler Algorithm and Chirp Scaling Algorithm, compare results of these two algorithms 
and to process InSAR pair images to form an Interferogram and to create a DEM. A Matlab based 
program is developed for this purpose with graphical user interface and a few visualization 
enhancement features, which facilitates processing data and producing desired output. Then, I 
investigate the sensitivity of calculations, effects of different frequency domains in the resulting 
image. 
  

1.2. History of Synthetic Aperture Radar (SAR)  
 
Radar system has been developed during World War II to track aircrafts and ships at night and in 
bad weather conditions.  Radar system measures distance to the target using via time delay 
between sent and received signal.   
Later, Doppler shifts were used to measure target speed. Then it was discovered that Doppler 
shifts can be used to obtain better resolution of target. In 1951, Carl Wiley from Goodyear 
Aerospace found out that radar can be used to create 2D images from target and earth surface. 
The method was named Synthetic Aperture Radar (SAR), since it creates the effect of a very 
long antenna by analysis of signal properties. 
By 60th decade, applications of Remote Sensing were presented for civilian use and it developed 
rapidly using images of Earth’s surface. In 1970s SAR technology was released for civilian uses 



and it drew scientist’s attention as SAR sensors provided additional information to optical 
sensors. In 1978, NASA’s SEASAT showed the world how detailed images can be obtained 
from satellite SAR systems. 
The reason SAR is increasingly being used in remote sensing community is its three basic 
properties: 
- Radar is self illuminating, so it is not light dependent (which optical sensors are) 
- Electromagnetic wave of Radar penetrates in clouds and in bad weather conditions with 

minor or no deterioration. It also can penetrate into the agricultural soil of ground surface. 
- The radar energy scatters differently from light. This provides complementary information 

about surface features, sometimes even better than optical sensors. 
SAR system creates an image from a spaceborne or airborne platform by pointing a radar beam 
approximately perpendicular to its motion vector. Phase encoded pulses are transmitted and 
radar echoes reflected from Earth’s surface are recorded.  
Acquired data from a radar system is unfocused. To create an image out of this, intensity 
measurements must be taken in two directions. One direction is parallel to radar beam and the 
time delay in sent and received pulses gives the distance between sensor and scatterer. Harger 
(1970) wrote a comprehensive book on optical processing of SAR data. The principal is quite 
interesting: it uses the Fourier optic principals by using sets of laser beams and lenses. First the 
original radar reflection data is recorded on a monochrome film. This film is then placed 
perpendicular to a laser beam. By using two sets of lenses, a laser beam passing through the film 
is Fourier transformed in two dimensions and then by using diffraction gratings, an image is 
focused. A third set of lenses is used to perform another Fourier transform and the resulting 
image is stored on another film. 
By the time of SEASAT mission (1978), there was a lot of effort to develop digital processing 
method for processing SAR data. Digital radar data was received and recorded on magnetic 
tapes or floppy disks, and by 1970, computers memory capacity and processing speed was not 
comparable with contemporary systems.  Digital processing of SAR data was then a totally 
different era comparing with optical processing. After a while a Range Doppler Algorithm 
(RDA) was developed by MacDonald Dettwiler (MDA) and the Jet Propulsion Lab (JPL) in 
1978. Since then RDA has been refined and improved a lot and also many other algorithms have 
been introduced and developed. The thing is that most of those algorithms are optimized for 
specific application. 

1.3. Synthetic Aperture Concept 
 
Synthetic Aperture is when a narrow pulse in range is created (or synthesized). To create such 
pulse, signal is frequency-modulated. Therefore, the signal frequency changes in time. This is 
also called chirp signal and depending on whether frequency increases or decreases in time, 
signal is up-chirp or down-chirp. 
In optic sensors, when sensor is closer to target, more details are revealed. But in SAR systems 
the azimuth bandwidth is independent of range (or distance from target). The exposure time is 
proportional to range and azimuth FM rate is inversely proportional to range, therefore the signal 
bandwidth which is product of azimuth FM rate and exposure time remains independent of range. 
Also, unlike other remote sensing sensors where larger sensor gathers more details from target 
area, in SAR systems the smaller antenna means smaller beamwidth which means less exposure 



time and signal bandwidth which results to better resolution. However antenna size is limited by 
ambiguities and Signal to Noise Ratio (SNR) 

1.4. Modes of SAR operation 
 
There are a few different methods of operation for SAR systems. Some are totally different 
systems and some are just different modes of a system. Different modes of SAR operation are as 
follows: 
- Stripmap SAR: 

In this mode, the antenna the antenna pointing direction is fixed. The beam sweeps along the 
earth surface with a constant rate and a contiguous image is formed. It provides a strip image 
of the ground. The length of image depends on the distance sensor travels. In this case the 
length of antenna defines the azimuth resolution/ 
 

- ScanSAR: 
This mode is somehow similar to Stripmap method. The difference is that while sweeping 
along the Earth’s surface, several range samples are also collected. This results into wider 
swath but at the same time less azimuth resolution. 
 

- Spotlight SAR: 
By increasing the angular extension of illumination on the Earth’s surface desired area, the 
resolution is improved. In Spotlight mode this is done by gradually steering the radar beam 
toward the target area as sensor passes the desired target area. Antenna has to steer back 
again after passing the scene and this means resolution in another part of coverage are will 
be reduced or image of some area will be missing. 
 

- Inverse SAR: 
What we usually assume is that the SAR system is moving and the target area is stationary. 
An inverse system is when the illuminating sensor is stationary and target is moving.  
 

- Bistatic SAR: 
In this mode, receiver and transmitter are not in one unit, like spaceborne or airborne system. 
for example, the area is illuminated by a satellite transmitter and the reflection is received by 
a ground station sensor or by an airplane. 
 

- SAR Interferometry: 
This is one of the most useful modes of SAR systems. In this mode, terrain height or 
displacements can be extracted by post-processing of complex images. In this mode, two 
complex images are obtained from same position or from slightly different positions. These 
two images are conjugate multiplied and the result is an interferogram with contours of 
equal displacement of elevation. This will be discussed more in a separate section. 

 
 
 



1.5. SAR geometry 
 
Figure-1 shows a simple model of a SAR system regarding radar location and the beam footprint 
on the Earth’s surface. The radar system can be mono-static, bi-static or multi-static, depending 
on the location of the receiver. In a mono-static system, same radar antenna is used to receive 
signals. This is the type of system typically used for remote sensing. 

 
Figure-1:  SAR Geometry 

The SAR image formation produces an image in slant range and azimuth coordinates. It is often 
desirable to resample the image to coordinates corresponding to those of a map or an optical 
sensor, where the range and azimuth axes have equal scales. 

 

1.6. SAR Signal Properties 
 

Acquired SAR data is in time domain and data is usually transformed in other domains for 
computational reasons. These domains are two-dimensional frequency domain and range 
Doppler domain.  Using these domains enables to produce proper match filters for processing 
SAR data. Doppler centroid is another important parameter in SAR processing. Doppler centroid 
is the azimuth frequency when the point target is in the centre of the beam. This azimuth 
frequency is also called Doppler shift. 
The most important parameter in SAR processing is the distance of the target area to the sensor 
(instantaneous range). The characteristics of the signal phase can be obtained from instantaneous 
range.  
 
 
 



2. Processing SAR 
 
 

2.1. Characteristics of received SAR signals 
 
Transmitted and received pulses in a SAR system are real signals. To transfer received signals to 
baseband signal it has to be band shifted by a quadrature demodulation process (Figure 2).  

 
 
 
 
 
 
 

 
 
 
 

Figure-2:  Quadrature Demodulation of Signal to remove carrier 
 
The demodulation removes the high frequency carrier, but may create some signal errors. Let a 
real value signal with a shift frequency carrier and a low frequency modulation, present by: 

 (1) 
Where f0 is carrier frequency (HMz) is much higher than modulation bandwidth φ(τ) (GHZ). 
This process transforms the signal into two channels, Real and Imaginary channels. The real 
channel is created first by multiplying the signal in cos(2πf0 τ).  The result will be: 

  (2) 
Since the second cosine term has a much higher frequency compared to the first cosine term, it 
can be removed by a low pass filter, and the result will be: 

  (3) 
The imaginary channel is extracted in a similar way by multiplying the signal by - sin(2πf0 τ): 

  (4) 
The two separated signals are called the quadrature components of a complex signal or I and Q 
channels. 
As you will see in SAR processing algorithms, the very basic step of processing SAR data is to 
compress pulses in both directions to interpret received data. Pulse compression is a technique 
used for processing radar signals, as well as signals from other transmitter/receiver systems such 
as sonar or seismic monitoring systems. Pulse compression is designed to minimize the peak 
power, maximize signal/noise ratio, therefore it reduces noise in the resulting image and takes 
away the carrier signal. 
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2.2. Data acquisition in Range 
 
Figure-3 shows how data is acquired across a range swath. The radar beam has a certain beam 
width which is called the “elevation beamwidth”. The beam illuminates an area on the ground 
between “near range” and “far range”. At a certain propagation time, the pulse is transmitted as a 
wave front, between the two dashed lines in the figure. 
The pulse expands outward in concentric spheres, at the speed of light. The lower dashed arc in 
Figure-2 shows the pulse at the instant it reaches the ground, at a time t1 after it leaves the 
transmitting antenna. At time t2, a fraction of millisecond later, the tailing edge of the pulse 
passes the “far range” point. Therefore each point on the ground between near range and far 
range is illuminated by the bean for duration of Tr.  

 
Figure-3: Pulse geometry in range 

The data often has a radiometric variation in the range direction caused by several factors: 
- The echo power is inversely proportional to the forth power of the slant range1 
- The elevation beam pattern is not uniformly weighted 
- The reflectivity of the ground is a function of the bean incident angle 
- There is a geometrical term 1/sinφi which arises when the ground area is converted to an 

equivalent area.  
If the effect is not corrected, it may cause variation of intensities across the range swath in the 
processed image. 
 
 

                                                 
1 Slant range is direct distance between the sensor and target calculated using time delay 
between transmitted and received signal. 

 



2.3. Data acquisition in azimuth 
 
As the sensor moves along its path, pulses are transmitted and received by radar. The pulses are 
transmitted every “1/PRF” of a second, where PRF is Pulse Repetition Frequency. Since the 
sensor moves with the speed of Vs, Doppler Effect has to be taken into account. The received 
signal has the same waveform as the transmitted signal, but is much weaker and has a frequency 
shift because of sensor’s moving. The shift is governed by the speed of platform. 
Transmitted pulses are evenly spaced. When the radar is not transmitting it receives echoes 
reflected back from ground surface. This is shown in figure 4. 

 

 

 
Figure-4:  pulse transmission in azimuth direction 

 

2.4. Extracting data 
 
Before going to the details of program implementation, it is good to repeat that what is obtained 
from a SAR system is not an image in any form. It is a data file consisting of signal properties of 
transmitted and received signals, plus auxiliary data defining parameters regarding the satellite 
orbit, speed and other characteristics. All these information is stored in a particular file structure 
and saved as the “RAW Data File”. 
The very first step, yet most important and very complicated step of SAR processing, is to read 
the satellite RAW Data File and extract desired data. Different SAR data sources provide data 
files in different formats and with different file structures. To read the required data from RAW 
Data, we have to know the file structure and format, and we need information about how data is 
stored in the file. 
For my program I have used RADARSAT-1 data and I focused my work on this particular SAR 
system. “RSI Data Products Specifications” (2000) describes all characteristics of provided data 
as well as the file structure and sequence of data storage in the file.  
RADARSAT Raw Data is stored in the CEOS format. The first 192 lines of the file are file 
header which contains information regarding time and date of data acquired, plus satellite orbit 
information. Then, there are 50 lines where auxiliary data is stored.  After these lines, the main 
data body is located, where data for transmitted and reflected data is stored. RADARSAT data is 
stored on 8-line blocks structure. This means received signal from 8 transmissions in azimuth 
direction is stored together with one replica of transmitted signal. The collected data is encoded 
and then stored in the Raw Data File. 



To extract a set of desired data, relevant lines of data file are read, then the Real and Imaginary 
parts of the complex signal is extracted, the data is decoded and then, extracted data is saved in 
the shape of a matrix consisting of complex numbers. In this program where we want to extract a 
certain window of the whole data, the program first finds the starting line of data file 
corresponding to the selected window. The starting line has to be adjusted, since data is stored 
on the basis on 8-line blocks. Therefore the selected window automatically moves to start line of 
the corresponding data block. Then program starts extracting data from that point. The reason is 
that, source data file is a large file (about 400 MB) which contains data for about 180 million 
cells, means 360 million real and imaginary numbers. It is almost impossible to load the whole 
data on a PC and then look for the selected window. 
When the staring point of extraction is defined, program starts reading rows of the selected 
window completely, at the same time it separates the replica data and radar echo data. Then the 
program extracts exact selected window by cutting out unnecessary extracted columns and then 
demodulates the data to complex numbers containing I and Q channels of the reflected signal. 
 
The result still has to be pre-processed to get ready for next steps of SAR processing. First it is 
decoded and then Gain-corrected to eliminate the effect of attenuation variation. The result of 
these steps will be a file containing a variable called “data” which is a matrix by the size of 
selected window containing complex numbers which are reflected signals from the earth surface. 
Figure 5 is an image of a sample extracted data window. 

 
Figure-5:  Image from unprocessed data 

This image is simply created with calculating the magnitude of unprocessed received signal and 
as it can be observed is full of noise. 

2.5. SAR processing algorithms 
 
As described in introduction, there are several SAR processing algorithms available, and each 
has its advantages and disadvantages. Some of these algorithms are: 
- Range Doppler Algorithm 
- Chirp Scaling Algorithm 
- Omega-K Algoritm 



- SPECAN Algorithm 
The first two algorithms are implemented and discussed in this thesis. 
 

2.5.1. Range Doppler Algorithm (RDA) 
 

The range Doppler algorithm (RDA) was developed in 1976-1978 for processing 
SEASAT SAR data. Later it was used to digitally process spaceborne SAR image in 1978 
and it is still the most widely used algorithm today. 
RDA operates in range and azimuth frequency domain, but it has the simplicity of one-
dimensional operations. The reflected energy from areas on the earth’s surface in the 
same range but in different azimuth, are located on the same azimuth frequency. So, 
when this frequency is adjusted, the whole target areas with the same frequency (which 
means in the same range) are adjusted. 
RDA uses the large difference in time scale of range and azimuth data and approximately 
separates processing in these two directions using Range Cell Migration Correction 
(RCMC). RCMC is the most important part of this algorithm. RCMC is performed in 
range frequency and azimuth frequency domain. Since, azimuth frequency is affected by 
Doppler Effect and azimuth frequency is bonded with Doppler frequency, it is called 
Range Doppler Algorithm. 
RDA can be implemented in three different ways. But they all have similar steps and 
their difference is only in Secondary Range Compression (SRC). The main steps of RDA 
are: 
1- Range compression 
2- Azimuth FFT (transform to range Doppler domain) 
3- RCMC 
4- Azimuth filtering 
5- Inverse FFT (return to range azimuth time domain) 
6- Image formation 
Implementation 
Range Doppler algorithm is the most common algorithm for SAR processing which 
provides reasonably good accuracy of result. As described in the theory of this algorithm, 
RDA follows three main steps: 1-Range Compression. 2- Range Cell Migration 
Correction. 3- Azimuth Compression. But when it comes to implementing the code for 
this algorithm this is what exactly it takes: 
 
1- Defining auxiliary data and parameters 
2- Converting data to 2D frequency domain 
3- Creating Match filter and performing Range Compression 
4- Performing Range Cell Migration Correction 
5- Converting Range Compressed data to Range-Doppler domain 
6- Creating Match filter and performing Azimuth Compression 
7- Returning data to Time-Domain 
8- Visualization of results 



Keep in mind that depending on the filter type and reference function you create, Range 
Compression and RCMC should be applied in relevant domains. There are three different 
types of filter creating methods described by Cumming and Wong in their book “Digital 
Processing of Synthetic Aperture Radar Data”. The method I chose (Option 3) creates 
the filters in 2D frequency domain. 
Processing steps are described in this section (All formulas are from Ian G. Cumming 
book ‘Digital Processing of Synthetic Aperture Radar Data’): 
Step 1 
Parameters regarding satellite and selected window are loaded. Some new parameters are 
defined; 

τ: fast time, this is the time difference between range samples. It is defined as a vector 
starting from the observation time of first sample in range and ending by the time of the 
last range sample, with 1/Fr as steps, where Fr is the range sampling rate. 

fa and fr: are the frequency sampling rate in azimuth and range direction.  These 
sampling rates are not depending on how many samples we use. This means, if we have 
only 4 samples in the time domain and we do the Fast Fourier Transform, we get the 
complete bandwidth of frequencies defined by the sampling rate. But it creates a very 
coarse frequency resolution with frequency steps equal to PRF/echoes, Where PRF is the 
Pulse Repetition Frequency. A better frequency resolution is achieved with larger 
windows. 
Step 2 
Converting data to other domain is a very useful method to facilitate data processing, as it 
was described before, Range-Doppler domain is processing domain for many of SAR 
processing algorithms, because it simplifies the processing to one-dimensional 
environment.  
Data is converted to range and azimuth-frequency domain (range Doppler) by performing 
Fourier Transformation on every column of data (azimuth fft). In MATLAB this is 
simply done by the command fft which stands for “Fast Fourier Transformation”.  The 
next step is to transform data to 2D frequency domain. This is done by performing 
another Fourier transformation on the rows of data (range fft). This step is a bit different 
from azimuth fft, since the phase of receiving signal changes in range direction. 
Therefore data has to be zero-padded before transformation and it has to return to its 
original arrangement after FFT is performed. Zero-padding is done in MATLAB by using 
“fftshift“ command. Besides, to perform fft on rows, matrix of data has to be transposed 
to enable fft command to perform in columns. 
Since our input matrix contains complex values, or let’s say signal vectors called S(τ,η), 
where τ is the slow time or azimuth time and η is the fast time or range time.  This 
transformation converts azimuth time dimension to azimuth frequency dimension, so the 
new values will be a vector of S(f τ ,η)where f τ is the azimuth frequency. 
Step 3 
Range compressing can be performed in different domains. In my program I have chosen 
to perform range compressing in 2D frequency domain and that is why data is 
transformed to 2D frequency domain. Therefore, matched filters are also created in 



frequency domain. To compress data in range, we need to create a matched filter and 
multiply every row of data by this filter. There are different methods of creating matched 
filter. In this program I have generated matched filter directly in the frequency domain 
using the frequency vectors defined according to sampling rate and pulse repetition 
frequency. 
This is the formula for matched filter: 

 (5) 
Where: 
fŋ: frequency domain in range 

Ksrc(R0 , fη): adjusted radar FM rate for  secondary range compression according to slant 
range of first  sample and frequency domain in azimuth. This value comes from the 
formula : 

  (6) 
Where: 

  (7) 
Which in our case literally becomes; 

  (8) 
Other parameters are defined in MetaData. 
The final touch is to multiply this filter to the whole dataset. This is done by creating a 
filter by the size of data with matched filter elements as its arrays. By a quick look at the 
MATLAB code one can notice it is done by easily (but yet complicated!) using “ones“ 
function in MATLAB. 
An image of range compressed data would look like this: 
Step 4 
Range Cell Migration Correction (RCMC) is performed by applying a shift to the range 
compressed data. The shift function is: 

  (9) 
Where D is the same equation as in step 3. To use this shift function in 2D frequency 
domain, where I am doing most of computations, the frequency factor in range (fτ) will 
be included in the matched filter: 

  (10) 
This function is then multiplied to range compressed data and figure 6 shows the data 
after RCMC. 



 
Figure-6:  Image formed by RCMC processed data 

 
Step 5 
In MATLAB inverse Furrier transformation is done by simply using the command ifft.  
However, one should notice the steps previously taken to convert data to 2D frequency 
domain. At this stage we roll back one step of Fourier transformation to return range 
compressed data to Range-Doppler domain. This is the domain that azimuth compression 
is performed. 
Step 6 
Azimuth matched filter is created similar to range matched filter. It is also applied in the 
same way. The original formula for azimuth matched filter is: 

  (11) 
After adjusting this formula with defined parameters, to reduce complexity, the 
simplified          “Azimuth-Filter” will be: 

  (12) 
Step 7 
Now all computations are done and data is almost ready to be displayed. The last step is 
to return data to Range-Azimuth time domain. This is done by performing an ifft 
command in MATLAB. 
Step 8 
When dealing with RADAR data, one has to bear in mind that the received image 
consists of a few very bright points and most of the received signal is too weak to show a 
good contrast on the image when plotting the magnitude of signals. To solve this issue 
and produce better images, data can be displayed in logarithmic mode. In this mode, the 
magnitude of reflection is computed, then logarithm of this value is computed and image 
is created using this value. 
However, sometimes it is also helpful to see the image in normal mode where reflectors 
could be detected easily. In this program, user chooses the method of display but it makes 
no change on the data.  Finally, result can be saved in many different ways. The resulting 
image can be saved as a Jpeg or Tiff file. Data can be saved as Magnitude or Phase on 



reflecting signals, or signals can be saved as complex numbers. The final result of 
processing is illustrated in figure 7. 

 

 
Figure-7:  A Processed and Enhanced Scene using RDA 

 

2.5.2. Chirp Scaling Algorithm (CSA) 
 

The chirp2 scaling algorithm (CSA) was developed specifically to eliminate the 
interpolator used in RCMC it is based on the scaling principle where a frequency 
modulation is applied to a chirp-encoded signal to achieve a shift or scaling of the signal. 
Chirp scaling uses a phase multiply to equalize the range migration of all target 
trajectories. 
Since the data is available in two dimensional frequency domain, this algorithm has the 
benefit of making the SRC dependent to azimuth frequency. 
The steps of CSA are: 
1- Azimuth FFT which transforms data to range Doppler domain 
2- Applying Chirp Scaling  
3- Range FFT which transforms data to two-dimensional frequency domain 

                                                 
2 Chirp is a signal in which frequency increases (up-chirp) or decreases (down-chirp) with time 



4- A phase multiply applies range compression, secondary range compression and 
RCMC at the same time 

5- Range IFFT which returns data to range Doppler domain 
6- Another phase multiply applies azimuth compression with a range-dependent 

matched filter 
7- Azimuth IFFT which returns data to  range azimuth time domain 

 
Implementation: 
 
The Chirp Scaling Algorithms is pretty much similar to Range Doppler Algorithm and in 
this section I only mention the difference between these two algorithms in the program. 
The first difference is that in CSA, a Chirp Scale factor comes in to equations which 
basically affect the FM rate. However Chirp Scale factor is 1 for satellite SAR systems, 
but it plays a key role in airborne SAR systems. 
Second difference of CSA is that radar FM rate is modified to handle higher squints3. The 
adjusted FM rate is calculated by the following formula: 

  (13) 
Where Ksrc is the same as in RDA method. By replacing relevant parameters, Kadj can 
be written in a more complex but easier to program as follows: 

  (14) 
Where Rref is the slant range to the middle range sample. 
In Chirp Scaling Algorithm, all the range corrections are applied at the same time, all in2-
D frequency domain. Although this simplifies the program as for number of lines, the 
formula itself becomes a bit large and therefore difficult to follow. The phase multiply for 
RC, SRC and RCMC is: 
Range_Function=exp{-i π1/(Kr (1+α_scale) Fr2} x exp {4 i π Rref Fr β/ C}  
 (15) 
Where: 
β=1/(1-(Fa λ/2 /Vs) 0.5)-1  (16) 
 

2.6. SAR Interferometry (InSAR) 
 
SAR Interferometry is one of the most useful modes of SAR data acquisition. In this mode two 
images are taken from one area from different satellite positions, either at the same time, or with 
time difference. 
SAR data is obtained by continuously scanning the surface and complex data achieved for each 
cell contains both phase and amplitude of the received signal from that cell. Received phase of a 
cell with certain size on the ground is the vector summation of radar echoes from that area. This 

                                                 
3 Squint angle is the angle between slant range vector and the zero Doppler vector. 



phase is related to the range of target area to the satellite (x2, because signal scatters and 
returns), and contains many complete wavelengths. Therefore the receiving phase from a surface 
by itself does not any valuable information to extract. 
Now, if another image is acquired from the same area but from a different satellite location or at 
different time, there will be a (relation between) phase difference of these two images. If the 
image is acquired from the exact satellite location at a different time (let’s say a month later) the 
phase difference of these two images represents the change in ground scattering, which can be 
interpreted according to the study area. 
If the second image is taken from different satellite location, the phase of the two images will 
remain correlated but there will be a shift corresponding to the rage difference. This phase shift 
can be observed as an interference pattern. It is understandable that the interference pattern, 
which is called Interferogram, is related to the satellite orbit characteristics and also the ground 
elevation model (topography). If the orbital characteristics of the satellite are known, the 
Interferogram can be used to extract the elevation model of the scanned surface. Figure 8 shows 
the geometry of the satellite locations, when two images are acquired from different satellite 
positions.  

 
Figure-8:  Geometry of different satellite locations 

Another very interesting application of InSAR is when both ground surface topography and 
satellite orbital parameters are known. In this case, the Interferogram detects changes in surface 
elevation. This can be used to monitor ground surface deformations caused by almost any 
natural phenomena. 
 

2.6.1. InSAR processing 
Because I did not have any pair of images available, I was not able to develop this part of 
the program as well and complete as the SAR processing part. However, I am trying to 
provide some notes regarding matters that will come to attention when processing pair 
images for InSAR processing, which I am copying from “InSAR toolkit” by “Phoenix 
Systems”(1998): 
a. Precise co-registration of coherent interferometric SAR image pairs is essential for 

the generation of SAR Interferograms; a registration error of the order of a resolution 
cell results in effectively total loss of coherence, and a design aim is to achieve a 
global image registration to of order 1/8th of a resolution cell or better.  

b. A difficulty with image co-registration is that the registration relationships are 
dependent upon the differences in platform orbit/Earth geometry, with the result that 



the co-registration relationship between two SAR scenes in general evolves as a 
function of image position - possibly to the extent of several resolution cells across a 
100Km scene. 

c. Because the co-ordinate system of each SAR image is precisely related to the satellite 
orbit, a very good initial estimate of the registration relationships and their spatial 
variation can be made from the platform ephemeris data associated with the source 
images, with a residual error relating to the precision of the data. The spatial variation 
of this residual error is much less significant than the absolute variation in 
registration offset.  

d. If accurate state vectors are used for this analysis, the residual error is typically a 
small fixed bias correction. 

 

2.6.2. Phase Unwrapping 
 
As is well known, the phase of the propagated and received signal varies between – π and 
π or in some cases between 0 and 2π, depending on the signal characteristics. This is 
shown in Figure 9: 

Figure-9: Wrapped phase and Unwrapping illustration 
 

So, whenever the phase reaches one of the upper or lower limits there will be a phase 
jump in the recorded phase, to keep the value between those two limits. This is called 
phase wrapping, which means that phase is wrapped around those boundaries. To 
interpret the interferogram we need to allocate and remove these phase jumps or shifts in 
the data set, or as it is called unwrap the phase, this process is named phase unwrapping.  
There are several different methods and algorithms for phase unwrapping. MATLAB has 
its own unwrapping function, the way it works is that it compares each value of phase in 
the dataset with the value of the neighbouring cell, if the difference is more than p, then a 



discontinuity is detected, then program automatically interprets the value of phase for that 
cell by adding or subtracting the value π or 2 π to the phase value. 
 
The advantage of this function is that it can detect any errors in calculations and remedy 
the error automatically. However, there are more advanced unwrapping algorithms used. 
In this program I have put both MATLAB unwrapping function and an alternative phase 
unwrapping algorithm described by ‘Kattoush Abbas’ from University of Amman, 
Jordan. The flowchart of this algorithm is illustrated in figure 10. 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure-10: Flowchart for Recurrent method of Phase Unwrapping 

2.6.3. Extracting DEM 
 
What Interferogram provides is the Phase difference of a cell in two images and is 
excellent data for InSAR applications. This phase can be calculated from this formula, 
knowing the position of two antennas: 

   (17) (Li & Goldstein, 1990) 

λ:  Wavelength 
δr:  Range difference 
Bh: baseline horizontal component 
Bv: baseline vertical component 
θ: Look Angle 

Interferogram Complex 

Extract Phase φ (MATLAB command 

abs(φ (i)- φ (i-1)) 
> π 
and 

abs(φ (i)- φ (i-1)) 
> π 
and 

φ(i)= φ (i)+2πK  ,   i=i+1  

K=0   ,   

K=K+1 

K=K-1 



 
By knowing the Range difference and Look Angle difference, interferometric phase 
difference between two images and the cell on the surface can be used to find the relation 
between the height difference and phase difference of two images: 
 

sin
4
rh

B
λ θ φ

π
Δ = Δ

 (18)
 

r: Range of cell in the master image 
∆φ : Phase difference  
B: Base line (distance between two sensors) 
∆h: Height difference 
 
This height difference for each cell of the SAR image can then create a DEM. 

 
 
 
 
 
 
 
 
 
 
 



 

2.6.4. InSAR processing implementation 
 
SAR Interferometric data means two single look complex image combined and for an 
interferogram. A classic flowchart of InSAR Processing is given in figure 11: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure-11: Overall Flowchart of InSAR processing 
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Step 1:  Image Co-registration 
The very first and yet the most important step of InSAR processing is co-registration of 
two SAR images. Precise co-registration of coherence interferometric SAR image pairs is 
the key to achieve an interferogram with a good quality. 
Step 2:  Interferogram generation 
An Interferogram is generated to visualize and later measure the surface displacements in 
two SAR images. Interferogram is plotted acquired interfering the phases of two SAR 
images of the same cell (surface area). In this step, after precise co-registration, the 
complex interferogram is formed by multiplying each complex pixel of the master image 
by the complex conjugate of the same pixel in the slave image. Therefore, the 
interferogram is also a complex image. Then, the intensity of the interferogram defines 
how two images are cross-correlated. Figure 12 shows a sample interferogram provided 
to demonstrate how an interferogram can be shown 

 
Figure-12:  A Sample Interferogram overlaid on a magnitude image  

 
Step 3:  Phase unwrapping 
By elevation change of the target surface, Phase of the acquired image changes. Phase 
values are changing steadily and are periodic functions of 2 π , received Phase is wrapped 
after reaching 2 π  This causes that the phase difference does not clearly estate how the 



surface elevation is changing. Phase unwrapping is a technique that unwraps the received 
Phase and undoes the wrapping effect. This is a necessary step for the generation of 
DEM.  
Step 4:  DEM generation  
After having the Phase unwrapped, this unwrapped Phase value is used to calculate the 
height difference of the cells on the target surface area. Then this extracted DEM is geo-
referenced to desired projection. 

3. Calculations and Experiment results 
 

3.1. Effects of frequency domain selections 
Most of the calculations are performed in 1-D or 2-D frequency domains. It is impossible to 
understand and develop algorithms without knowing how time and frequency domain are 
related. To know this you have to know signal characteristics of SAR data and before that you 
need to have the basic knowledge of Signal processing. 
When data is converted to frequency domain, regardless of size of the data window, it will have 
all the frequency values of the bandwidth. The sampling rate is also independent of window size. 
But how to choose the frequency spectrum can affect the results. Basically it causes a shift in 
both directions. Therefore, one should choose a much larger data window to process and then cut 
the desired center part, or to find the starting point of the spectrum by trial and error!  Here is an 
example of this effect.  In figure 13 images produced by different frequency spectra are 
displayed. Two upper images are produced using different frequency spectra and the lower 
image is the scene of which data is selected.  
 
 

 
 

Figure-13:  Effect of different start points for frequency spectrum 
 
The correct frequency range depends on each sensor. As for the data I worked on, the range is 
0<fr< Fr . However, the resulting image for the near range scenes are more accurate than far 
range scenes. Figure 14 shows two processed scenes with a same size and azimuth locations. 
The red lines show distorted margins of each image. As you can see the affected area is much 
larger in both range and azimuth direction. 



    
Figure-14: Left, near range scene. Right, same azimuth farther range scene. 

 
By checking with the real image of the area, it can be observed that image of the far range scene 
is more shifted in range, means parts of the scene at the right actually belongs to the left side of 
the image but its rolled over to the right side. Now let’s work on the second image and try to fix 
this problem. This shift in range can be corrected by slightly changing the range frequency 
domain to Fr /2 < fr < 3 Fr /2 then the resulting image will be as show in figure 15-Left. But this 
frequency domain does not give the right result for other ranges. Figure 15-Right shows how this 
new selected frequency domain behaves for another scene. 

     
Figure-15: Left, scene in fig.12 right with Fr /2 < fr < 3 Fr /2. Right, other scene 

 
During this investigation, another issue was encountered. The size of the scene has a certain 
effect on the resulting image, in fact, a scene smaller than a certain size results to a distorted and 
mixed up image, figure 16 shows how the resulting image from a 2000x2000 scene would differ 
from a 3000x3000 scene from the same area. 



    
Figure-16: Left, scene size 3000x3000. Right, same starting point scene size 2000x2000 

 
I have discussed this matter with Dr. Maurice Rueegg from department of geography, university 
of Zurich, Switzerland. And Dr. David T. Sandwell from university of California, San Diego. 
According to their experience the easiest solution to these distortions or ambiguities is to process 
a larger scene and then cut those ambiguous edges after processing. This process is called zero-
Doppler processing. 
Figure 17 belongs to a scene processed with both Range Doppler and Chirp Scaling algorithm. 
As you may notice there is not a huge difference in the quality of two images. However, Chirp 
Scaling algorithm provides a slightly clearer result. But we have to bear in mind that Chip 
Scaling has a higher computational complexity and requires higher amount of memory, and 
takes longer to process a dataset. Or simply, the better algorithm may not always be the more 
practical one! 

 
Figure-17: Range Doppler and Chirp Scaling comparison 

 
These experiments have proven to me that SAR processing algorithms has to be tailored for 
certain data and certain application. But, although my attempt to provide a general SAR 



processor capable of processing all SAR data was unsuccessful, the program I created is more 
user-friendly and easier to handle with a variety of outputs for users with less knowledge of SAR 
processing algorithms. 
 

3.2. Sensitivity of calculations 
Sometimes, the difference between getting a clear result and a pure noise image is a ‘-‘ sign 
somewhere you least guess. As an example, Figure 18 shows how different results one can get 
by considering a wrong chirp direction.  
 

     
 Figure-18:  Left: Down-Chirp    Right: Up-Chirp 

 

3.3. Memory Matters 
Due to large size of data files, memory status becomes a very important matter. It is very 
important to keep the computational complexity and memory usage as low as possible and at the 
same time not to make the program too slow. Therefore algorithms are to be developed in an 
optimum way with minimum number of variables. It becomes necessary to overwrite the 
original data in every stage of processing and therefore important variables are often saved and 
later loaded to reuse instead of keeping them on the memory throughout the processing.  
Note 1: Never use “clear all” especially when programming in the GUI, this will remove object 
handles. 
Note 2: Adjust Windows® virtual memory for optimum performance of MATLAB. 

4. Concluding remark and further works 
 

4.1.  The Program 
 
I strongly recommend passing a course in signal processing for anyone who is interested in SAR 
processing. SAR processing algorithms are far beyond pure mathematical algorithms that one can 
create in a formula and the program gives a perfect self-descriptive answer! Sometimes you may 
need to tailor an algorithm to work for your data set. The technique to process SAR data is a 



changing knowledge. New algorithms, new approaches and new methods are emerging. Yet, new 
applications of SAR are being introduced and developed every day. And like many other 
relatively new fields of knowledge, there are limitations and restrictions to access such data and 
processing programs. For example, there is a SAR processing software called ROI-PAC which is 
not accessible for people from certain countries! Besides, most of the leading universities who are 
active in SAR and InSAR processing develop their own processing packages, which are usually 
tailored for their own purpose of use.  
Studying at KTH and being interested in SAR processing and applications made me feel obliged 
to begin implementing a SAR processing program for KTH, make it available for everyone no 
matter which country they are from and make all its sources open and give it a lifetime support! 
Everyone is welcome to edit, change, adjust, correct, improve or optimize this program. 
This program gives a reasonably high quality images from SAR data. The very useful thing is 
that, one can process almost any SAR data from any source using those two algorithms provided 
by the program. As you may know, MRI images are also based on the same theory. The data 
given by MRI machine is complex vectors with the same characteristics. So, maybe someone can 
try to process some MRI data by this program! 
I have tried as hard as possible to keep the structure of this program simple, easy to understand 
and repeatable. So, in case anyone is interested to improve any functions, by referring to 
Metadata you can understand how exactly variables are saved, loaded and processed. For 
example, if you want to work on the dataset right after extraction, before gain correction, or you 
want the raw data after RDA processing, you know which file to use. 

4.2. Further works 
 
There are still a lot to be added to this program. However, a quick list of practical modules, yet 
not very complicated, is provided here. 
 
1- Include other data formats 

The current program only knows RADARSAT format, since this was the only source of data 
available. Format of other satellite systems can be easily added to it. 

2- Include more algorithms 
It will be useful to include other SAR processing algorithms and run a comparison between 
the results obtained from different algorithms. 

3- Enhance InSAR processing section. i.e. implement co-registration, add more phase 
unwrapping methods,… 

4- Geo-coding tools.  
It will be good to have result SAR images Geocoded, so that it can be used later in other 
programs. Although it is possible to have processed data geocoded in other software 
packages such as PCI-Geomatica or Idrisi, it will be useful to have this tool also in this 
program body. 

5- Coordinate estimation.  
Consider this: the exact coordinate of the satellite when recording data is known, the vector 
of radar reflection from each cell is almost known, this means the coordinate of the objects 
in the target area can be obtained! 

6- Make the program stand-alone 



This program runs under MATLAB. But, it is not very difficult to convert the whole program to 
another environment such as C++ or Java. This is the best solution to get rid of memory matters 
and MATLAB limitations of array and matrix size. 

4.3.   Conclusions summary 
The results of this thesis can be divided in two categories and summarized as 
follows: 

Experimental Results: 

- A Range Doppler Algorithm with secondary range compression performed in 
2D-frequency domain has a result as good as a Chirp Scaling Algorithm and 
has less computational complexity and consumes less time. A scene 
processed by CSA takes about 20% longer than it takes by RDA. 

- Pre-processing and selection of frequency parameters has tremendous 
effect on the quality of result. 

- No general SAR processing algorithm could be introduced, since algorithms 
have to be tailored for particular applications and scenes depending on the 
nature of the target (area). 

- Based on the purpose of SAR processing, different processing algorithms has 
preference. For example, for point target detection a much simpler 
combination of 2D filters (without an RCMC) fulfils. 

- Accuracy and reliability of Interferogram depends on how accurate two 
images are co-registered. A little error or shift in co-registration results to a 
very fuzzy Interferogram and therefore poor post-processing results. 

 

Advantages of this program: 

- It is Open-Source and easy to modify. 
- Runs on any computer and operating system that can run Matlab 7+. 
- Has a quite self-explanatory Graphical User Interface (GUI) which enables 

users with less knowledge of SAR, to process their desired data. 
- Modules and parts of the program can run separately. 
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6. Appendixes 
 

6.1. The program manual 
 

I have tried to make the program menus self descriptive. However, function of all menus and keys are 
defined in this section. Plus, a step-by-step processing is described. 
Following image shows the program main menu: 

 l  
 
 

This is the satellite data specification form and the window selection form: 

                  
Menus for processing algorithms are similar. Here is the menu for Range Doppler Algorithm. CSA menu 
also looks the same except for the message box which shows steps taken for processing data. 

Data Extraction and 
SAR Processing 

InSAR Processing Section 

Defining 
Parameters 
and 

Data 
Type 

Not all of Satellite 
parameters are 
necessary. 
Depending on your 
application, you 
may only need to 



 
 
InSAR Processing Section 
Out of six buttons in this section, three are fully functional: 
- Interferogram 
- Phase difference 
- Range Spectra 
Two are programmed but not tested: 
- Phase Unwrapping 
- DEM 
And one is not yet programmed: 
- Co-Registration 
The Interferogram button plots the interferogram in a figure window, since user mostly likes to save this 
figure as an image I did not create separate window for interferogram plotting, but the created image is 
saved in a JPEG file caller Interferogram.jpg. 
The challenging part of plotting interferogram is how to overlay two images and to make it easier to 
interpret, the base map is in Grayscale mode and the interferometric phase difference is color. As I said 
before, there were no pair images available, so, what I have done is to create a demo phase interferogram 
and overlay it on the magnitude of the master image. Here is and example, consider image A is the 
magnitude of the master file, and image B is the interferometric phase difference. The result my program 
gives is the image C: 



                    
Image A: magnitude of Master SAR Data                                  Image B: Demo Interferogram 

 
 

 
Image C: Overlaid Image 

 
The DEM plotting toolbox has a few options. It is useful to draw contour lines on the DEM or separately. 
The user can choose steps between contour lines or can plot contour lines separately. And finally, user 
can save the created plot or just the DEM text file which can later be loaded and used in other programs. 



 
 
 

6.2. Step-by-step processing 
 

- Select the data input file by pressing the browse button 
- Enter satellite parameters 
- Select size and location of desired window 
- Adjust selected window according the data type (this could also be done while the window 

selection file was being created. But, since it may not be necessary for some data types, I 
separated this step as a function key in the program) 

- Extract data related to selected window 
- Apply gain correction. (this is also an adjustment that may not be necessary for some data from 

other sources) 
- Run RDA or CSA 
o Select data file 
o Process the data 
o Visualize the result and enhance the visualization using various options provided 
o Save the processed data by selected name and with desired format 

This program is designed in such a way that it is capable of processing SAR data from sorces 
other than satellites. In other words, you only need to have a file containing I & Q of the raw 
data and some parameters of the SAR platform. 
Saving data in different formats enables users with different interests to extract customized 
information from their dataset. The result file of magnitude is saved as a text matrix file and it 
can be loaded to other remote sensing packages for further processing. 



Most importantly, processed I & Q data file is further used for InSAR processing and formation 
of Interferogram and monitoring the phase change. 
 

6.3. Metadata 
 
Following tables defines all important variables and processing files in this program. I advise 
anyone who wishes to edit this program, add some new functions or improve any existing 
function to read this section carefully and update any changes made to the program for further 
use. 
Processing Files 

File Name Description 
main.m This file opens the main menu of the program from which all 

functions and tools are accessible 
sds.m Satellite Data and Specification. This function is accessible through 

main menu and is the interface to input satellite specifications 
swp.m Selected Window Parameter. This is the interface for selecting a 

window of data which is again accessible from main  menu 
RSAT_1.m Function for RADARSAT data extraction, the pushbutton ‘Extract 

Data’ from main menu calls this function 
RDA.m Range Doppler Algorithm. This function runs the RDA toolbox 

where user can perform this algorithm on a selected dataset 
ChirpSc.m Chirp Scaling Algorithm. This function runs the CSA toolbox where 

user can perform this algorithm on a selected dataset 
AGC.m Azimuth Gain Correction and Comparison function. 

In this function, user can divide the whole dataset into selected 
number of spectra in azimuth direction and compare the azimuth 
spectrums of sections, check the Doppler Frequency value of each 
section, etc. 

Rangespec.m This function plots Range Spectra of the dataset where user can see 
and track the phase and magnitude change of data in Range 

Un_Wrap.m Phase unwrapping function, with options to choose the method of 
unwrapping. 

DEM.m Calculate DEM and draw desired plot of surface or contour lines 
Interferogram.m Calculates and plot interferogram of two given SAR images 
histogram.m This function is called from RDA and CSA, it calculates the log-

histogram of SAR data and opens a user interface to select the 
maximum and minimum span for re-plotting the image with a better 
quality and more distinguishable details. 

cone.m A function to create a sample Interferogram. This is only used for 
demo the InSAR section of the program. but it is very useful for study 
purpose where a sample phase interference is required. 

 
Auxiliary and Variable files 

File Name Description 
AGC_attenuation_value.mat This file contains the Gain variations of satellite signal in 

azimuth direction. This information can also be extracted 
directly from the data file, but since it was provided with the 
data I had in hand, I used this. Gain correction loads this file and 



uses it. 
bpara.mat Contains variables for selected window of data 
sdspar.mat Contains variables of satellite parameters 
Hist.mat Contains data for log-histogram of processed SAR image 
HD.mat Contains the upper and lower limits selected in histogram 

interface for spanning the data. 
IO.mat Contains names of input and output files 
RDA_result.mat Contains processed data by RDA algorithm 
CSA_result.mat Contains processed data by CSA algorithm 
replicas.mat Contains untouched replicas of propagated signal. This can be 

useful in some methods of creating filters 
Data.mat Is the extracted data according to selected window. Any 

corrections made on the extracted data will overwrite this file in 
order to minimise the hard disk space usage. 

 
 



6.4. Acronyms 
 
ASAR  Advanced SAR system on the ESA ENVISAT platform 
CSA  Chirp Scaling Algorithm 
ENVISAT European Environmental Satellite 
ERS  Earth Remote Sensing 
FFT  Fats Fourier Transformation 
FM  Frequency Modulation 
IFFT  Inverse FFT 
InSAR  Interferometric SAR 
PRF  Pulse Repetition Frequency 
RCMC  Range Cell Migration Correction 
RDA  Range Doppler Algorithm 
RF  Radio Frequency 
RMS  Root Mean Square 
SAR  Synthetic Aperture Radar 
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