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Abstract 

 
Ultra wideband (UWB) synthetic aperture radar (SAR) is being used to operate in low frequency for 
detecting obscured targets beneath the foliage and in the ground from airplanes or satellites. Although 
it has the obvious military interest, it also possesses civilian applications such as geophysical studies, 
weather forecasting and so on. Numbers of image processing algorithms have been proposed and also 
been applied to low frequency UWB SAR. The algorithms are grouped mainly into two categories, 
frequency domain and time domain. This thesis paper focuses on frequency domain in general and 
Range Migration Algorithm (RMA) in particular. RMA performs one dimensional interpolation in 
range. This operation is known as Stolt interpolation. In this thesis work, image processing of an 
airborne monostatic SAR has been studied. Even though the study has been made for spotlight SAR, 
due to large antenna beamwidth the SAR operation can be considered somewhere in between of 
spotlight and stripmap. Main intention has been to take care of the defocused image of the moving 
target and to refocus it by the method proposed for RMA. This method applies a new wavenumber in 
azimuth emerging from the Doppler effect between platform and target when both are in motion. This 
focusing approach also helps out to confirming the presence of a moving target in the image. For 
simulation, UWB low frequency parameters have been taken from CARABAS II SAR system. 
Key terms: SAR, UWB, RMA, Stolt interpolation, frequency domain, pulse compression, moving 
target, focusing, NRS, Doppler shift. 
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CHAPTER 1  

INTRODUCTION 
 

1.1 Overview 

Synthetic Aperture Radar (SAR) holds enormous prospect for both terrestrial and celestial object 
sensing with fine details which facilitates a range of fields in science and technology. The technology 
is commonly credited to Carl Wiley of Goodyear Aerospace [1].  By using the concept of Doppler 
shifts processed to attain fine resolution in azimuth direction, Synthetic aperture radar (SAR) scheme 
was developed for creating two dimensional images of earth’s surface as well as the physical entities. 
General idea to achieve that was to synthesize the subsequent signals in such a way that eventually the 
data would seem to be collected from a larger antenna than the actual one that had been used. SAR 
holds several advantages for remote sensing as it is comparatively more independent of weather or 
sunlight as well as its geometric resolution does not depend on sensor altitude or wavelength. 

In terms of SAR operation, Ultra wideband (UWB) is usually associated with large antenna 
beamwidth and low frequency corresponds to ground/foliage penetration. Military research 
laboratories had been engaged in researching UWB as a tool for foliage penetration (FOPEN) and 
ground penetration (GPEN) [2]. Designs of low frequency UWB SAR here had and have a huge 
importance as relatively long wavelengths increase the possibility to pierce through the foliage 
obstacles and detect desired out of sight targets. UWB means that radar operating on a signal relative 
bandwidth of the order of 0.2. The term low frequency is used for the obvious reason that the 
operating frequency here is below the microwave frequencies (20-90 MHz) generally used by 
radars.Many different algorithms have been implemented for the signal processing. All have their own 
pros and cons. Time domain algorithms are more straight forward approach to overcome the accounts 
of motion compensation for low frequency. It yields accurate integration of motion compensation by 
combining motion compensation and azimuth compression. Frequency domain algorithms speed up 
the processing by using fast correlation. 

Range Migration Algorithm (RMA) is a frequency domain algorithm.  RMA is also known as wave-
number domain processing method. It was first introduced as a seismic data processing scheme in 
SAR by Fabio Rocca.  There are four processing steps of RMA [3]. 1) 2 dimensional Fourier 
transform of range compressed data where data is converted to spatial frequency domain, 2),  Stolt 
interpolation that entirely balances the range curvature of the target field by properly warping the data, 
warping is done by a one dimensional variable changing [1], 3) Azimuth compression where the signal 
spectrum is multiplied with azimuth replica function and 4) 2 dimensional inverse Fourier transform 
for reconstructing the image. The generic presumption about RMA is that it operates with motion 
compensation to a straight line and does not presume wavefront as planer. This is why RMA is usually 
expected not to suffer from the space variant defocusing and geometric distortions occurred due to 
spherical wavefront shape. RMA is very attractive solution as a signal processing algorithm for 
FOPEN/GPEN for its low frequency compatibility. In addition, RMA offers a computationally easy 
solution for moving target focusing. The new wavenumber defocuses targets with different speed, 
including the stationary ones. This aspect is taken advantage of for revealing the moving object among 
all the surrounding signals. 
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1.2 Thesis outline 

Chapter 1: Preview of the Range Migration Algorithm function and synopsis of the whole thesis work. 

Chapter 2: Theoretical background on SAR by appropriate reference to radar theory. Various 
denominations of SAR, along with various features and applications are covered in this chapter. 

Chapter 3: Signal processing methodology for SAR again along with appropriate references to signal 
processing theorem. Also, general idea about the various traits of the SAR image processing algorithm 
is provided. Necessary prerequisites for frequency domain algorithm operation are stated as well. 

Chapter 4: Chapter devoted to Range Migration Algorithm. Detailed analysis of the algorithm in terms 
of stationary target at first and subsequently of the moving target is given. 

Chapter 5: MATLAB simulation results providing the illustration of the whole SAR signal processing 
with RMA. 

Chapter 6: A concise discussion about the whole thesis proceeding is made. The relevant topics having 
potential for further study are mentioned. 
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CHAPTER 2 

THEORY OF SYNTHETIC APERTURE 
RADAR 
 

2.1 Fundamentals of Radar 

After the groundbreaking postulation of electromagnetic waves by the profound Scottish physicist 
James Clerk Maxwell, information technology took a huge leap that radically changed the way of our 
lives. For the first time, mankind understood that they could send/extract information to/from a remote 
place without even getting out of the room. And more importantly, at a speed which they would later 
understand, is the highest possible speed achievable in this universe. 

‘Radar ‘(Radio Detection and Ranging) is a device that uses electromagnetic waves for the purpose of 
acquiring information from a distant location from that device. This operation is commonly known as 
‘Remote Sensing’. The main trick is the selection of the wavelength from the electromagnetic 
spectrum. 

                                          

                                                                  Figure 2.1: Electromagnetic spectrum 

From the above figure, it can be seen that Radar just uses ‘light’ in different wavelength. Only a very 
small portion of the spectrum can be detected by the two antennas attached to human body (eyes).  
Similarly, the Radar device simply has an antenna that can detect the electromagnetic waves of the 
specific band. Also, Radar transmits the specific band of waves in the first place to produce the 
reflection, because generally the targets would not emit those waves. The concept is akin to the use of 
flashlights in camera while taking pictures in the dark. 

The selection of wavelength for Radar operation depends on the intention. For instance, Radar 
technology was mainly developed during World War II. Main objective at that time was to detect 
airplanes, combat ships or enemy vessels located beyond visual capacity [4].  Main advantage in such 
technology is that no one has to rely on sunlight, or clear sky. Radar itself is the source of the emitted
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 waves coming out of the objects as reflection. So, Radars mainly emit electromagnetic waves in such 
frequencies which, unlike visible light, easily pass through clouds, fogs and so on with negligible 
attenuation. The basic working principle of Radar is as follows; A ‘Transmitter’ produces the adequate 
amount of energy (usually in pulses) with desired frequency by an oscillator. This energy is fed to the 
‘Antenna’ via a waveguide. The antenna sends the signal with a specific directional distribution. These 
transmitted waves are scattered off objects that fall into the area encompassed by antenna beam. A 
‘Duplexer’ is used in Radar simply to make the switch between antenna and transmitter or receiver, as 
the Radar simultaneously acts as a transmitter and a receiver. During the reception mode, antenna 
performs the identical operation in reverse direction. The ‘Receiver’ then amplifies and demodulates 
the signal for proper signal processing. During the signal processing, with the information regarding 
antenna directivity, time delay and phase/frequency change (with respect to the transmitted signal), a 
target’s position as well as its speed can be determined. 

 

2.2 Synthetic Aperture Radar 

Before going into the details of the fundamentals of Synthetic Aperture Radar (SAR), discussion about 
some essentials of Antenna theory will be relevant. 

Antenna Radiation Pattern: It is a plot of the distribution of the radiated signal power from an 
antenna to everywhere around it. From this plot, a visual understanding is achieved regarding the area 
coverage by a particular antenna. 

Directivity: It is the measurement of how directional an antenna is during transmission. It gives the 
information about the concentration of the transmission signal in some particular direction. For 
instance, a theoretical isotropic antenna has same radiation pattern in all direction away from it, having 
directivity of 0 dB. But different antennas are used for transmitting signal in some predefined 
direction. Thus, directivity is a fundamental parameter of an antenna which basically distinguishes one 
type of antenna from other. 

Antenna Beamwidth: While analyzing the radiation pattern of a directional antenna, a major chunk of 
radiated power is distributed in some particular direction/s which is called main beam or mainlobe. 
The smaller beams in other directions are known as sidelobes. Antenna beamwidth is the angular 
measurement of the mainlobe which helps determining how much area (along with direction) an 
antenna is covering during transmission. 

Antenna field regions: An antenna has three field regions defined in terms of the characteristic of 
radiation within those regions. 

  ‘Far field or Fraunhofer region’- In this region, shape of radiation pattern does not vary with distance. 
This is the most important field region during antenna study as it resolves the eventual radiation 
pattern. All along in this thesis work, when radiation property of SAR antenna is discussed, it is done 

in terms of far field. Range of this field for an antenna with diameter D and wavelength λ is, 𝑅𝑅 > 2𝐷𝐷2

𝜆𝜆
. 

  ‘Reactive near field’- This region encompasses the area closest to the antenna. Here the 
electromagnetic field is reactive, which means the electric field and the magnetic field are 90 degree 

out of phase to one another. Range of this field is, 𝑅𝑅 < 0.62�𝐷𝐷3

𝜆𝜆
. 
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‘Radiating near field or Fresnel region’- The region between reactive near field and far field. Here 
radiating field overcomes the reactive field but the outline of the radiation pattern is a function of 

distance. Range for this field is defined as, 0.62�𝐷𝐷3

𝜆𝜆
<𝑅𝑅 < 2𝐷𝐷2

𝜆𝜆
. 

               

                                                          Figure 2.2: Antenna field regions 

Antenna resolution: Resolution means the ability to distinguish between two objects. High resolution 
simply implies that the antenna can separate two objects which are very close to each other. An 
antenna has two resolution measurements, Range resolution (the direction parallel to the direction of 
mainlobe) and Azimuth resolution (the direction across/perpendicular to the direction of mainlobe). 
Range resolution mainly depends on the pulse width. Shorter the pulse width is, better is the 
resolution. However, in practical Radar systems (including SAR), longer pulse is transmitted for 
power efficiency which will be discussed later. In that case, high resolution would require more 
bandwidth as that long pulse will be compressed eventually for better resolution. So, high bandwidth 
would mean better compression hence better resolution. 

Azimuth resolution is dependent on the antenna length. If a phased array antenna is considered (among 
all types of antennas, this one is chosen particularly because SAR antenna functions similarly to a 
phased array antenna), it can be seen that azimuth resolution gets better as the length of the antenna 
increases. It is because phased array antenna uses the diffraction property of electromagnetic waves to 
radiate signal. It contains numerous radiating elements, each with a phase shifter which dictates the 
direction of propagation. If there are more radiating elements in the array, the interference produces a 
more powerful (due to constructive interference) and sharper (due to destructive interference) 
electromagnetic radiation. Even though it is true for a real aperture antenna, that a larger sensor would 
be able to produce more detailed image, SAR works in a different principle. For fine resolution in 
SAR, the physical antenna length is actually made shorter. The rationale behind it is discussed later in 
this chapter. 

In 1951, Carl Wiley of Goodyear Aerospace first discovered that instead of making a huge antenna to 
get a specific resolution in Azimuth, there is a method that can be applied to achieve the same 
resolution without constructing such antenna. He figured out that Doppler shifts which were mainly 
used in Radar to determine target speed, could also be used to attain fine resolution in Azimuth. This 
breakthrough also gave the opportunity to use Radar to create two dimensional image of earth surface 
along with various objects encompassing the surface. The impractical length of the antenna, which 
was otherwise essential for imaging such large area with fine resolution, was no longer needed.
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SAR compensates for required large number of parallel radiating elements by changing the position 
vectors of the elements. By doing this within some finite time period continuously and synchronizing 
all the obtained data from each particular geometric position, a virtual antenna is created. This antenna 
will possess a length equivalent to the total displacement during that finite time. As said earlier, the 
crucial factor here is to synthesize all the individual data coherently. Here the Doppler shift comes into 
play. With accurate knowledge of the position of the antenna with respect to time, the inherent 
Doppler Effect in the received signal can be used to combine all to a single two dimensional image 
data. 

                       

                                              Figure 2.3: Basic idea of Synthetic Aperture Radar 

It is apparent that to create such synthetic antenna for ground imaging a radar antenna has to be 
attached to a moving object on air. It can be balloon, airplane, space shuttle or helicopter. Whatever it 
is, the main consideration would always be the exact knowledge of the movement of the platform (i.e. 
its altitude, its speed and direction). This is the fundamental prerequisite of the whole SAR operation, 
along with the accurate knowledge of the attached radar (i.e. its pulse length, time duration between 
successive transmitted pulses). 

 

2.3 Different types of SAR 

In terms of the operating platform, SAR is divided into two modes, Airborne SAR and Spaceborne 
SAR. 

In terms of antenna’s directivity, SAR can be of two catagories, Stripmap SAR and Spotlight SAR. In 
Stripmap SAR, antenna’s directivity is constant during the whole period of platform movement. In 
Spotlight SAR, antenna’s directivity is altered coherently during the flight to focus on a specific area 
of interest. 

In terms of the position of the transmitter and receiver, there are two kinds of SAR, Monostatic SAR 
and Bistatic SAR. Monostatic SAR maens that the radar uses same antenna for transmission and 
reception.In Bistatic SAR, although the transmitter is usually located at the platform, but the receiver 
is situated in some other place. Often, two platforms operate simultaneously, one executing the signal 
transmission and other as the receiver. 
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2.4 SAR applications and different SAR sensors 

SAR is in generally applied for remote sensing purpose.  Apart from military operations, it is used for 
civilian purpose. It has applications in weather and climate monitoring as SAR images help imaging 
ocean current pattern, glacier motion pattern, volcanic movement, geological studies and so on. Also, 
by imaging vast lands, it has contribution in cartography, agricultural science, soil science and 
forestry. During this era of extensive research on global warming/climate change and its impact on 
earth and consequently human civilization, SAR can be used as an extremely handy tool for its ability 
to imaging extremely large area with very satisfying resolution.  

                                  

               Figure 2.4: CARABAS II SAR image processed at Blekinge Tekniska Högskola, Sweden[5] 

Here are the names of some renowned SAR sensors- 

Spaceborne sensors: Magellan (NASA/JPL), RADARSAT-1(Canadian Space Agency), ERS-1/2 
(European Remote Sensing satellite), J-ERS (Japanese Earth Remote Sensing satellite), SEASAT 
(performing first civilian SAR application), ENVISAT (basically the upgraded version of ERS-1/2)  

Airborne Sensors: CARABAS II (upgraded version of CARABAS I, having new features such as 
better track accuracy by utilizing Global Positioning System), LORA (low frequency radar), EMISAR 
(Danish airborne SAR, with emphasis on system calibration) [6], PAMIR (developed by Fraunhofer 
Institute in Germany, operates on X-band) [7], HiSAR (developed by Hughes corp., USA. Raytheon 
co., a leading US defense contractor, used this technology and is marketing to both military and 
commercial customers). 

2.5 SAR geometry and parameters 

SAR data acquisition method is similar to normal Radar when each transmitted pulse and 
corresponding reception is considered individually. After all, it is a standard Radar that is attached to 
the platform. However, there is one little assumption that is commonly made. Radar signal travels in 
the speed of light and the platform speed is extremely slow compared to light speed. So, during the 
time the Radar receives the reflection from the ground, platform’s movement can be neglected. This is 
known as the ‘start-stop’ assumption [3]. 
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                                                       Figure 2.5: SAR operation geometry 

As mentioned, SAR typically requires precise positional information of the platform during its data 
gathering period. There are few papers out there though describing methods of SAR processing which 
are independent of platform position [8]. With the platform information, it can calculate the necessary 
factors that determine the relationship between the platform and the target at each moment. These 
parameters that are obtained from the geometry along with the terms that are essential during 
computation are discussed below. 

Point Target: Every single scatterer that is to be imaged is treated as a ‘point’ which is convenient 
during image processing. Amalgamation of all the single point targets ultimately creates the final 
image. In this thesis work, point target is considered as a corner reflector. Corner reflector has three 
mutually perpendicular and intersecting reflectors to ensure reflection back to the source. 

Platform velocity: All along the flight path, platform velocity is tried to be kept constant. In practical 
cases, the platform velocity does not remain the same for the whole flight. This causes error in 
computation and has to be accounted for, which is known as ‘motion compensation. 

Integration angle: It is basically the angle measured from the two endpoints of the flight path. It 
determines the eventual synthetic aperture length. The angle is determined by the lines drawn from 
two ends of the flight path joining the point target. Thus, Synthetic aperture length (L) can be 
calculated from the integration angle.    

                            

Figure 2.6: SAR integration angle and point target
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Pulse repetition frequency: All forms of Radar as well as SAR generally transmit signals in pulses. 
Continuous wave transmission is usually applied when transmitter and the receiver are in different 
location. Nevertheless, during SAR operation, radar transmitter emits pulses in a periodically and 
pulse repetition frequency (PRF) is the number of pulses per unit time. 

                                                   

                                                              Figure 2.7: Radar pulse transmission 

Above figure illustrates the procedure of the pulsed radar signal transmission. Pulse repetition period 
T= 1/PRF. The time between end of one pulse and the beginning of the next is when the radar is on 
receiver mode. During this period radar collects echoes from the target. PRF has a direct relationship 
with platform velocity and the synthetic aperture length. Therefore it has a firsthand affect on azimuth 
resolution. If radar transmits pulse after every aperture step ΔL and the platform velocity is vpl, then  

                                                                    𝑃𝑃𝑅𝑅𝑃𝑃 =  𝑣𝑣𝑝𝑝𝑝𝑝 ∆𝐿𝐿�                                                                 (2.1) 

Radar cross section (RCS): It is a target parameter. When electromagnetic waves hit a target, it does 
not reflect back straight to the source by default. It reflects arbitrarily in all directions, it may not even 
reflect anything back to the signal source at all. The measurement of particular target’s capacity to 
reflect the radiated electromagnetic energy back to the radar receiver is the RCS. Usually, it depends 
on the size, shape, angular orientation, material of the target. For instance, metals are strong reflectors. 
Also, Corner reflectors are calibrated to increase the probability of receiving reflection. But in 
practical SAR cases, possibility of such tool for ensuring better reception is scarce. This eventually 
makes the SAR signal processing as well as pre processing setup (i.e. bandwidth, transmission 
frequency) rather complicated. 

Ground range: This is the two dimensional measurement of the distance between the point target and 
a point from the flight path line’s projection on the ground plane (Fig. 2.5). 

Slant range: In the simplest of ways, it is the length of the straight line drawn between the platform 
and the target at each given moment during the flight. This is the evident distance travelled by the 
transmitted pulse from platform to target. As seen from Fig. 2.5, it is a three dimensional 
measurement. At each transmission/reception period during flight, slant range is been determined. The 
measurement is done by simple Pythagorean geometry and in SAR operation it is known as the ‘range 
equation’.
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                                                  Figure 2.8: SAR range calculation geometry 

While calculating range, along with the known platform parameters, minimum range to the target (ro) 
is known. An important fact should be known about monostatic SAR in terms of minimum range. The 
target and the platform should be separated by at least a distance defined by the time duration of 
radar’s switch from transmission to reception mode. Radar cannot detect target closer to this value as 
that target echo will reach the radar before it is switched into receiving mode. This time delay depends 
on the transmission pulse width as radar cannot switch before the whole pulse is been transmitted. 
From Fig. 2.8, the point target has coordinate values in x and y axis. As seen from the geometry, xo is 
just the displacement in x axis from the origin and y0= �𝑟𝑟𝑜𝑜2 −  ℎ2. Having vpl and h as the platform 
velocity and altitude respectively, we get 

                                                      𝑅𝑅(𝑡𝑡) =  �(𝑣𝑣𝑝𝑝𝑝𝑝 𝑡𝑡 − 𝑥𝑥0)2 +  𝑦𝑦0
2 + ℎ2                                                   (2.2) 

Moving target: Important thing to be noted from the above range calculation is that the target here is 
stationary. For a moving target, ground coordinates for target will become functions of t as well. Also, 
vpl is the platform velocity with respect to ground, not the target. During signal processing for a 
moving target, this relativistic factor is not taken account for as usually the target motion parameters 
are unknown. So, the applied range data is wrong which eventually leads to flawed final image. This is 
the vindication of range equation being the highest priority parameter in SAR computation. Now, if a 
target is in motion with a velocity vtg (velocity is assumed constant) in some direction θ degree from 
the origin (angular deviation from the x axis to y axis), then 

                                                                             𝑣𝑣𝑥𝑥  =  𝑣𝑣𝑡𝑡𝑡𝑡 𝑐𝑐𝑜𝑜𝑐𝑐(𝜃𝜃)                                                             (2.3)           

                                                                             𝑣𝑣𝑦𝑦 =  𝑣𝑣𝑡𝑡𝑡𝑡  𝑐𝑐𝑠𝑠𝑠𝑠(𝜃𝜃)                                                             (2.4) 
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                                              Figure 2.9: SAR range calculation geometry for moving target 

In Fig. 2.9, xo and yo are the ground coordinates when the distance between target and platform is 
minimum (it can be any position within the target’s moving path, depends on the platform and target 
velocity as well as target’s moving direction). Assuming to as the slow time value when the target is at 
(xo, yo) position, range equation for the moving target becomes  

                               𝑅𝑅𝑡𝑡(𝑡𝑡) =  �[𝑣𝑣𝑝𝑝𝑝𝑝 𝑡𝑡 − 𝑣𝑣𝑥𝑥(𝑡𝑡 − 𝑡𝑡𝑜𝑜) +  𝑥𝑥0]2 + (𝑣𝑣𝑦𝑦(𝑡𝑡 − 𝑡𝑡𝑜𝑜) + 𝑦𝑦0)2 + ℎ2                       (2.5) 

Fast time: As slow time has already been mentioned which relates to azimuth, fast time is the time 
relates to range, slant range to be precise. It is the round trip time of a transmitted pulse that is 
reflected back to the receiver. As pulses propagate in a speed of light c and ‘stop and go’ assumption is 
held, fast time τ is 

                                                                                      𝜏𝜏 =  2 𝑅𝑅
c

                                                                     (2.6) 

Look angle and Squint angle: For any given range,look angle is the angular displacement from the 
normal to the ground plane is known as the squint angle. So, when the projection of the platform 
position to the ground plane is orthogonal to the target, squint angle is zero. Squint angle is the angular 
displacement of the radar from the flight path.                                                  

 

2.6 SAR Azimuth Resolution 

SAR has an exclusive property when it comes to azimuth resolution. In a generic radar operation, the 
resolution [1] 

                                                                   𝜌𝜌𝑎𝑎 = 0.886 𝜆𝜆
𝐿𝐿𝑎𝑎

× 𝑅𝑅                                                                  (2.7) 

Here,  0.886 𝜆𝜆
𝐿𝐿𝑎𝑎

   is the azimuth beamwidth and R is the range to the target. So, even though larger 

antenna (La) improves the resolution, incrementing range (R) causes for a poor resolution in azimuth. 
What SAR does is simply utilizes the knowledge that each scatterer gives out reflection with different 
Doppler shift due to the motion of the platform. This difference is used to distinguish between objects 
in azimuth. So, in order to make Doppler shift more frequent and apparent, antenna length is
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shortened. However, there is a limit because shorter antenna length causes poorer signal to noise ratio 
(SNR) as well as signal ambiguities [4]. Ultimately, azimuth resolution becomes equal to one-half the 
antenna length, therefore [4] 

                                                                            𝜌𝜌𝑎𝑎 = 𝐿𝐿𝑎𝑎
2

                                                                    (2.8) 

In conclusion, SAR uses shorter antenna attached to the platform to get a good azimuth resolution 
along with operating on a wide range. As the platform moves in azimuth, it can cover theoretically 
infinite length in azimuth. After the end of flight, the data is synthesized and image is created that 
covers a large area with an enhanced azimuth resolution. 

 

2.7 Ultra wideband low frequency SAR 

Previously, SAR used to operate on narrowband mode but this thesis work deals with ultra wideband 
(UWB) SAR. Here, SAR works with very high absolute or fractional bandwidth [9]. Large bandwidth 
gives SAR the advantage to achieve extremely high image resolution. Also, it is responsible for wide 
antenna beamwidth, providing the opportunity for large area imaging. One disadvantage though is its 
requirement for relatively larger integration angle. 

Selection of SAR operating frequency depends mainly on the nature of the target. Low frequencies are 
good for foliage and also some ground penetration. This is due to the length of the tree parts. Low 
frequencies (long wavelengths) may not pass the stem but usually they bypass the branches and leaves 
hence can detect objects underneath. This is a major advantage for military purpose to locate hidden 
vehicles or facilities. Ground penetration ability is also of great benefit for geological and soil 
surveying procedure. Usually, these types of SAR applications respectively are known as FOPEN and 
GPEN SAR [2]. While working with low frequencies, it is necessary to have high bandwidth to 
improve resolution. This is why the combination of UWB with low operating frequency band 
generates an image of dense terrain with high resolution. 
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CHAPTER 3 

SAR SIGNAL PROCESSING AND 
ALGORITHMS 
 

SAR signal processing is a 2-dimensional image processing operation. The fundamental difference 
between the conventional optical image processing and radar/SAR image processing is the latter one 
uses distances between the objects and the sensor to form an image. In contrary, optical imaging 
systems such as cameras or optical telescopes use the angular differences of the signals incident upon 
the sensor to create an image. 

3.1 SAR pulse compression technique overview 

One of the main criteria in UWB SAR system is to transmit very short pulses. It ensures receiver’s 
ability to distinguish closely located separate objects. But in order to obtain quality reception from 
short duration pulses, pulses have to be send with sufficiently large power. Otherwise, signal to noise 
ratio will become very poor. The basic radar range equation is as follows [4] 

                                                                             𝜌𝜌𝑟𝑟 = c∗ 𝑇𝑇𝑝𝑝
2

=  c
2𝐵𝐵

                                                               (3.1) 

Tp is the pulse width and B is the Bandwidth. It states that two separate objects have to be at least half 
the pulse width separated from each other to create two separate echoes. Objects distancing less than 
this limit will create only one echo as the rebounded echo from the later object will catch up to the first 
one and they will form one signal by getting merged. 

But seemingly easy solution of transmitting short pulses with high power is not very compatible. High 
power transmission requires very sophisticated electronics. The hardware has to be adequate enough to 
deal with the imminent reliability and safety issues. So, the cost goes higher. The compromising 
solution quite phenomenon as it accounts for no added cost. It simply relies on some mathematical 
maneuver. The method in a whole is known as the pulse compression technique.  

 

Figure 3.1: Schematic diagram for SAR pulse compression
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The above diagram shows that long transmitted pulse is compressed to a high peak short pulse after 
reception by the use of matched filtering technique [4]. Each stage is discussed thoroughly in this 
chapter. The main outtake from here is that high resolution image can be attained along with optimum 
signal reception due to long transmitted pulse. Moreover, as long duration pulse is transmitted, the 
overall power is high enough without the system ever operating on the high peak value of the power.  

            

                             Figure 3.2: Fundamental idea behind pulse compression technique 

 

3.2 Liner FM signal for SAR transmission 

Pulse compression technique allows SAR transmitter to send long pulses. The pulse has to be 
modulated in a way that after matched filtering operation, it is compressed into a narrow high peak 
valued pulse [3]. The idea is rooted in the Fourier transform theorem. It is known that the Fourier 
transformation of a rectangular function is a sinc function, ∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡(𝑡𝑡) 𝑟𝑟−𝑠𝑠2𝜋𝜋𝑃𝑃𝑡𝑡∞

−∞ 𝑑𝑑𝑡𝑡 = 𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐(𝑃𝑃). Fourier 
transformation is simply the accumulation of a signal’s various frequency components and plotting 
their magnitude (which defines signal’s strength or amount of information in that specific frequency). 
Pulse compression technique uses this principle by sending a frequency modulated (FM) signal at first, 
usually using a rectangular window. Then after reception, each frequency elements are delayed and 
later added accordingly so that finally they are jammed together to form a narrow high magnitude 
output. But first, transmitter has to send a proper FM signal. The application and operation of FM 
signal is a common fact in radio broadcasting. One advantage can be found in radar over radio 
broadcasting is that radar does not transmit any meaningful message. It just sends the signal to get a 
reflection. So, there is no need for complicated manipulation of the frequency distribution within the 
signal. A simple pulse containing numerous frequency components would suffice. One such simple 
FM signal is CHIRP signal. Chirp stands for ‘Compressed High Intensity Radar Pulse’. The name also 
justified in terms of its nature. It is basically a FM signal where the frequency is increased or 
decreased with time, just like the chirping noise of birds. It is simple in concept and easy to generate. 
Chirp signal can be generated in ascending order (up chirp) descending order (down chirp). Also, the 
frequency differences can be linear or exponential. In order to maintain simplicity, radar uses linear 
chirp signal (up chirped). The transmitted signal equation is, 

                                                                𝒔𝒔(𝝉𝝉) =  𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 � 𝝉𝝉
𝑻𝑻𝒑𝒑
� 𝒓𝒓(𝒊𝒊𝟐𝟐𝝅𝝅𝒇𝒇𝒓𝒓𝝉𝝉+𝒊𝒊𝝅𝝅𝒊𝒊𝝉𝝉𝟐𝟐)                                              (3.1)
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K is the chirp rate which is the ratio of the bandwidth and pulse width 𝐵𝐵 𝑇𝑇𝑝𝑝⁄ . fc is the center frequency. 
Amplitude is assumed as 1 here for simplicity during derivation. 

                                             

                                                                       Figure 3.3: Linear FM (Chirp) signal 

 

3.3 Matched filtering 

Matched filtering is the method of correlating a signal with respect to some known signal. Basic goal 
is to extract the relevant information from the signal that is tainted with noise or clutter. Matched filter 
in SAR is generally performed with the use of convolution. Convolution is similar to correlation only 
with one distinct difference. Unlike correlation, one of the signals here is time reversed. In radar 
applications, receiver is supposed to get a signal same as the transmitted signal only shifted in time. 
Also, the signal is reversed due to reflection, just like flipped image is observed in front of a mirror. 
This is why convolution is used for SAR received data analysis. The general equation of convolution 
equation is,  

                                            𝑦𝑦(𝜏𝜏) = 𝑐𝑐(𝜏𝜏) ⊗ℎ(𝜏𝜏) =  ∫ 𝑐𝑐(𝜏𝜏)ℎ(𝜏𝜏 − 𝑢𝑢) 𝑑𝑑𝑢𝑢∞
−∞                                        (3.2) 

u is a dummy variable. The significance of it can be understood from the geometrical interpretation of 
convolution explained below [4], 

i) A dummy variable is defined and both signals are plotted upon it. 
ii) The target signal which is to be filtered is flipped h(-u), as well as time shifted h(τ -u). In 

SAR processing, the round trip time delay of the signal accounts for this time shift. 
iii) The target signal slides through the given boundary and as it passes through the other 

signal, area formed as a result of the intersection is calculated. These areas determine the 
similarity between the signals and they are accumulated during the sliding function 
reaches the boundary. 

iv) The resultant plot of the areas with respect to time is the final output y(𝜏𝜏). 

SAR matched filtering in terms of the signal (3.1) is derived as follows:- 

The received signal will be the exact copy of the transmitted signal (ignoring the noise factor). 
Considering the signal being complex and baseband, center frequency fc is zero. So, the received 
signal can be written 
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                                                               𝑐𝑐𝑟𝑟(𝜏𝜏) =  𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 � 𝜏𝜏
𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑠𝑠π𝐾𝐾𝜏𝜏2                                                             (3.3) 

Matched filter signal, 

                                                                ℎ(𝜏𝜏) =  𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 � 𝜏𝜏
𝑇𝑇𝑝𝑝
� 𝑟𝑟−𝑠𝑠π𝐾𝐾𝜏𝜏2                                                           (3.4) 

 

Matched filtered output obtained from Eq. 3.2 is,  

𝑐𝑐𝑚𝑚𝑚𝑚 (𝜏𝜏) = ∫ 𝑐𝑐(𝑢𝑢)ℎ(𝜏𝜏 − 𝑢𝑢)∞
−∞  𝑑𝑑𝑢𝑢  

             = ∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 � 𝑢𝑢
𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏−𝑢𝑢

𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑠𝑠π𝐾𝐾𝜏𝜏𝑢𝑢2𝑟𝑟−𝑠𝑠π𝐾𝐾(𝜏𝜏−𝑢𝑢)2  𝑑𝑑𝑢𝑢∞

−∞    

             = ∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏−𝑇𝑇𝑝𝑝
𝑇𝑇𝑝𝑝
� 𝑟𝑟(−𝑠𝑠π𝐾𝐾𝜏𝜏2+𝑠𝑠2π𝐾𝐾𝜏𝜏𝑢𝑢) 𝑑𝑑𝑢𝑢∞

−∞  

             = 𝑟𝑟−𝑠𝑠π𝐾𝐾𝜏𝜏2
∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏−𝑇𝑇𝑝𝑝

𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑠𝑠2π𝐾𝐾𝜏𝜏𝑢𝑢 𝑑𝑑𝑢𝑢∞

−∞  

Putting boundaries to the filter duration and splitting the integrals according to the rectangular 
function’s position with respect to each other, 

             = 𝑟𝑟−𝑠𝑠π𝐾𝐾𝜏𝜏2 [ ∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏−𝑇𝑇𝑝𝑝
𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑠𝑠2𝜋𝜋𝐾𝐾𝜏𝜏𝑢𝑢 𝑑𝑑𝑢𝑢 + ∫ 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏+𝑇𝑇𝑝𝑝

𝑇𝑇𝑝𝑝
� 𝑟𝑟𝑠𝑠2π𝐾𝐾𝜏𝜏𝑢𝑢 𝑑𝑑𝑢𝑢 

𝜏𝜏+
𝑇𝑇𝑝𝑝
2

−
𝑇𝑇𝑝𝑝
2

] 
𝑇𝑇𝑝𝑝
2

𝜏𝜏−
𝑇𝑇𝑝𝑝
2

                                                             

After simplification, 

𝑐𝑐𝑚𝑚𝑚𝑚 (𝜏𝜏) = �𝜏𝜏 + 𝑇𝑇𝑝𝑝� 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏+𝑇𝑇𝑝𝑝
𝑇𝑇𝑝𝑝
�  sin {π𝐾𝐾𝜏𝜏�𝜏𝜏+𝑇𝑇𝑝𝑝 �}

π𝐾𝐾𝜏𝜏�𝜏𝜏+𝑇𝑇𝑝𝑝 �
+  �𝑇𝑇𝑝𝑝 − 𝜏𝜏� 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 �𝜏𝜏−𝑇𝑇𝑝𝑝

𝑇𝑇𝑝𝑝
�  sin {π𝐾𝐾𝜏𝜏�𝑇𝑇𝑝𝑝−𝜏𝜏�}

π𝐾𝐾𝜏𝜏�𝑇𝑇𝑝𝑝−𝜏𝜏�
   

             =  �𝑇𝑇𝑝𝑝 − |𝜏𝜏|� 𝑟𝑟𝑟𝑟𝑐𝑐𝑡𝑡 � 𝜏𝜏
𝑇𝑇𝑝𝑝
�   𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐{𝐾𝐾𝜏𝜏�𝜏𝜏 + 𝑇𝑇𝑝𝑝�}                                                                          (3.5) 

The first two parts of the equation in combined is a triangular function. It weeds out the sinc function 
peaks at  𝜏𝜏 = −𝑇𝑇𝑝𝑝  and 𝜏𝜏 = +𝑇𝑇𝑝𝑝  as its values at the edges are approximately zero [4]. So, one sharp 
peak in the middle (𝜏𝜏 = 0) is obtained. This is the final sharp narrow pulse (Fig. 3.1) obtained from 
the long FM pulse 𝑐𝑐(𝜏𝜏). 

A key component of pulse compression is the Time Bandwidth product (TBP). It mainly determines 
the proximity of the signal duration to the limit imposed by bandwidth. So, high TBP exemplifies high 
range resolution. As TBP gets lower, sidelobe effects get more noticeable. Eq. 3.5 can be simplified 
more for high TBP by approximation [4], 

                                                                          𝑐𝑐𝑚𝑚𝑚𝑚 (𝜏𝜏) ≈  𝑇𝑇𝑝𝑝𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐�𝐾𝐾𝜏𝜏𝑇𝑇𝑝𝑝�                                                         (3.6) 
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3.4 SAR Doppler History 

In the matched filtering derivation, the calculated received signal is for one single platform position. 
This recording is continued throughout the flight. For a given aperture length, the number of recorded 
sample depends on PRF. They are placed in the two dimensional memory of azimuth and range. This 
is the raw SAR signal history which is used for image processing by applying suitable algorithms. 
This is also called as SAR phase history. During the flight, range between the platform and target is 
changed. The range equation is hyperbolic, thus SAR signal history is the hyperbolic curve shown in 
the right side of Fig. 3.4. The inherent Doppler effect on SAR signal is apparent from the figure. 

 

Figure 3.4: SAR signal history stored in a two dimensional memory and the corresponding range 
migration curve  

The hyperbolic nature of the range migration curve depends in the integration angle. Larger integration 
angle makes the hyperbolic nature more obvious. 

      

Figure 3.5: Zoomed in version of the range migration curve and the Doppler frequency due to platform 
motion 

The expanded picture of the Range migration curve depicts the concentration of energy of the entire 
signal. Since the pulsed compressed signal is a sinc function, energy with relatively very low 
magnitude stretch by the vicinity. During SAR processing, the phase history obtained from the 
Doppler effect is stored and used to create focused image. SAR treats the receiving echoes as being
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emitted from a stationary target and calculates accordingly for focusing. For a moving target, this 
coherence is lost and the image gets unfocused [10], [11]. 

 

3.5 SAR image processing algorithms 

SAR raw data is a hyperbolic curve which essentially represents the point target. It is the job of the 
implemented algorithm to translate this spread out data into a focused image. Two main factors for 
selecting an algorithm are accuracy and efficiency. SAR can deal with enormous amount of data 
depending on the integration angle. So, a very accurate algorithm might become inefficient in terms of 
computational load and processing time. Inversely, a very swift algorithm is often expected to produce 
poor image resolution. So, a seemingly simple solution for image processing by a 2-dimensional 
matched filter is practically not that proficient. Because conventional image processing algorithms do 
not account for the Doppler changes in general. So many corrections have to be made continuously to 
compensate for the induced offset due to varying range while progressing in azimuth. So, algorithms 
have been developed to perform SAR image focusing distinctively. All the developed algorithms can 
be grouped into two main categories in terms of their working domains, Time domain algorithms and 
Frequency domain algorithms. As the signal history is obviously in time domain it can very easily be 
converted into frequency domain by performing two-dimensional Fourier transform. Actually, it is 
quite common in image processing field to manipulate images in frequency domain. The reason is its 
mathematical advantages as different features of an image correspond to different frequency elements. 

Time domain algorithms by and large are based on backprojection principle [12]. The concept is very 
simple. Each signal is back projected onto the image plane according to their direction vector. Same 
value is assigned throughout that direction. The process is carried out for every sample and the 
summation gives out the final image. The most widely used such algorithm is Global Backprojection 
(GBP) algorithm [9]. It provides accurate image but it has high computational cost due to its large 
number of required operation to produce an image. Other algorithms such as Fast Backprojection 
(FBP) [9] or Fast Factorized Backprojection (FFBP) [9] have taken mainly developed to reduce this 
cost. 

Meanwhile, Frequency domain algorithms rely quite understandably on Fourier transformation. In 
fact, they use the Fast Fourier transform (FFT) technique. This feature brings the opportunity for 
speedy computation. These algorithms generally try to nullify the Doppler effect by performing 
interpolation or complex multiplications in frequency domain. Prominent algorithms of this kind are 
Range Doppler algorithm (RDA) [4], Chirp Scaling Algorithm (CSA) [1] and Range Migration 
Algorithm (RMA) [3]. RDA was the first developed algorithm for SAR processing. In this algorithm, 
SAR data is converted into range Doppler domain by azimuth FFT operation. Ensuing operations are 
performed in this domain to achieve the image. CSA is applied in a two-dimensional frequency 
domain that avoids the use of interpolation. This is an advantage because other frequency domain 
algorithms often require very sophisticated interpolation procedure that inflicts computational cost on 
the processor. RMA on the other hand has the ability to operate with large integration angles and does 
not discard any phase term unlike CSA or RDA. Although, motion compensation in frequency domain 
is not that convenient, especially for large integration angle as it further increases the computational 
cost. In essence, algorithms of both domains inherit different features in terms of image quality and 
processing time [9], [12]. The selection of one algorithm will entirely depend on the integration angle, 
threshold for acceptable resolution, and platform parameters. 
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3.6 Practical tools for frequency domain algorithms 

Two major constituents of frequency domain SAR signal processing are FFT and interpolation. FFT is 
an obligatory component as the RAW data which is in time domain must be transformed into its 
frequency elements in at least one of the dimensions. Interpolation is another very versatile tool which 
plays the major role in maneuvering the frequency elements in order to cancel out image distortion. It 
also serves the purpose of smoothing the image by defining intermediate points between samples, or 
upsampling the signal to put it simply. This up sampling comes off as a handy method to improve 
range resolution. 

FFT: FFT can be regarded as a compressed version of Discrete Fourier Transform (DFT). In DFT, for 
N number of samples, number of required operations is O(N2). O is defining the upper bound. In the 
meantime, FFT produces the same result by O(N log2 N) number of operations. This reduced number 
of operations leads to rapid computation. Hence its frequent implementation in large mathematical 
modeling that involves Fourier transformation. Various algorithms are available to perform FFT such 
as Cooley-Turkey algorithm [13], Prime-factor algorithm, Bruun’s algorithms, Rader’s algorithm etc. 
Basic standard followed by all these algorithms is the decomposition or factorization of N [14]. The 
premise can be traced back to complex number theory. A complex number can be decomposed into 
two parts, real and imaginary. Multiplication of two complex numbers essentially combines all four 
components to construct the output. FFT breaks down a single signal of N number of samples into N 
signals, each with a solitary sample. Assuming a complex data sequence x(n) and its discrete Fourier 
transform X(k), the transformation equation is 

𝑋𝑋(𝑘𝑘) = �𝑥𝑥(𝑠𝑠)𝑟𝑟−𝑠𝑠𝑘𝑘𝑠𝑠
2π
𝑁𝑁

𝑁𝑁−1

𝑠𝑠=0

,    0 ≤ 𝑘𝑘 ≤ 𝑁𝑁 − 1 

𝑟𝑟−𝑠𝑠
2π
𝑁𝑁   has symmetry property �−𝑟𝑟−𝑠𝑠𝑘𝑘

2π
𝑁𝑁 = 𝑟𝑟−𝑠𝑠(𝑘𝑘+𝑁𝑁

2 )2π
𝑁𝑁 � as well as periodicity property �𝑟𝑟−𝑠𝑠𝑘𝑘

2π
𝑁𝑁 =

𝑟𝑟−𝑠𝑠(𝑘𝑘+𝑁𝑁)2π
𝑁𝑁 �. FFT utilizes these two properties for efficient computation [15]. 

 

Figure 3.6: Breakdown process in FFT for a signal with N samples (N=16 in the above figure)
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From Fig. 3.6, relationship between the number of stages with log2 becomes apparent [14]. 16 samples 
would require log2 16= 4 steps, 64 samples would need log2 64= 6 steps and so on. If N is prime then 
zero padding is used for factorization [15]. One other important thing to be noticed here is that the 
factorization in FFT is simply rearranging the samples where even numbered signals are on one side 
and odd numbered are on the other. 

Interpolation: Interpolation concept is derived from the numerical analysis theory. The name itself is 
self explanatory. It interpolates some value/s between two data points in order to revoke the ambiguity 
of some particular data set. It is an essential tool for curve fitting or curve smoothing. There are 
numerous methods to apply interpolation on a function. Simplest of them all are the linear 
interpolation and nearest neighbor interpolation. In linear interpolation method, interpolant y at some 
point (x,y) between two points (xa,ya) and (xb,yb) is,   

                                                          𝑦𝑦 = 𝑦𝑦𝑎𝑎 + (𝑥𝑥 − 𝑥𝑥𝑎𝑎) (𝑦𝑦𝑏𝑏−𝑦𝑦𝑎𝑎 )
(𝑥𝑥𝑏𝑏−𝑥𝑥𝑎𝑎 )

                                                        (3.7) 

Nearest-neighbor interpolation is a very straightforward concept and efficient for simple image 
processing. For any given point where data value is unknown, it just searches for its neighbors around 
it and assigns the value of the neighbor nearest to it to that point. As said, this works fine in simple 
cases but for images or some other signals with sharp changes (i.e. high frequency components), this 
becomes quite inadequate. 

Spline interpolation is an advanced method. It is used while dealing with complicated functions and/or 
high level of accuracy is on demand. The interpolant is a piecewise polynomial named Spline. There 
are linear spline, quadratic spline and cubic spline (corresponding to the degree of polynomial). For a 
spline interpolation with n data points, it creates n-1 additional points (each defined from individual 
polynomials) between two data points. Because of these additional points, it is also very advantageous 
to carry out upsampling by spline interpolation. It also means that linear spline is similar to linear 
interpolation. A spline polynomial function originated from some data set with variable x and 
containing n+1 sample points is defined as, 

                                                                   𝑆𝑆(𝑥𝑥) = �
𝑆𝑆0(𝑥𝑥)      𝑥𝑥∈[𝑥𝑥0,𝑥𝑥1]
𝑆𝑆1(𝑥𝑥)      𝑥𝑥∈[𝑥𝑥1,𝑥𝑥2]

…
𝑆𝑆𝑠𝑠−1(𝑥𝑥)      𝑥𝑥∈[𝑥𝑥𝑠𝑠−1,𝑥𝑥𝑠𝑠 ]

�                                                           (3.8) 
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CHAPTER 4 

RANGE MIGRATION ALGORITHM 
 

4.1 Overview of the Range Migration Algorithm 

Range migration algorithm (RMA) is originated from seismic signal processing [3]. Seismic data 
processing can be made strongly analogous to SAR. For seismic data processing, some number of 
geophones are placed along a straight line on the ground and a charge is detonated along that straight 
line. Every single geophones uses the received sound echo and the combined results are analyzed to 
figure out ground characteristics. This placement of geophones is similar to specific SAR platform 
positions at any given instance. During the processing of seismic received data, the phase function is 
hyperbolic just like SAR phase data. This can be visualized by the propagating nature of the waves 
through the medium. Wavefront of a signal propagates as an extending arc Fig. 2.2. So, wave 
propagation length varies in different geophones generating the hyperbola.  

RMA is a frequency domain algorithm where frequency conversion is applied in both azimuth and 
range axes. The technique which RMA uses to focus the image is based on downward continuation i.e. 
the downward propagation of the wave equation [3]. This property has also been drawn from seismic 
migration. Here the wave equation is run backwards with respect to the direction of propagation. This 
phenomenon occurs when wave is propagating from lower level to upper level down the ground [16]. 
Therefore, the arc length keeps reducing as it advances toward the target. Eventually the arc turns into 
a point. What is been done in practice in a SAR case is that the platform is envisaged to be at ground 
level at first. If so, then the received echo signal position would be the along track location of the 
target. So, by downward continuation of the wavefront along the slant range dimension, received echo 
is traced at platform position [3]. At every azimuth sample, received signals are ‘downward continued’ 
and they are all remerged afterwards. In this way, the intrinsic Doppler effect of the SAR signal is 
eradicated. This is achieved by reconstructing the signal memory with respect to ground range. The 
key feature of RMA is the change of variable in range axis. This method was developed by Stolt. He 
developed this variable swap method in frequency domain which is commonly known as ‘Stolt 
mapping’ or ‘Stolt interpolation’ [17]. He implemented this method to come up with a proper solution 
for the wave equation for seismic data processing [4], hence the association between RMA and 
seismic migration technique. Due to this association, RMA is also known as the wave number domain 
algorithm. One drawback can be noticed here is that the constant platform velocity assumption is very 
strictly followed. So, motion compensation and moving target focusing cannot be performed without 
prior adjustments in azimuth axis. As it will be seen later, this is exactly what is been done to the 
azimuth frequency for moving target focusing.  

RMA can be stated as the de facto primary frequency domain algorithm for UWB SAR. Even though 
other frequency domain algorithms, such as RDA and CSA have their own advantages. As they have 
relatively easy implementation method, they are inept in terms of operating on large integration angle. 
The reason is that both RDA and CSA often discards high order terms of the Taylor series expansion 
of the phase function [4], [18]. So, final image quality is hindered even for large squint angle. More 
often than not, UWB SAR deals with large synthetic aperture length. So for UWB SAR processing, 
RMA is the priority candidate if frequency domain algorithm is applied. One other extremely
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important factor is low frequency operation for moving target focusing. Long integration angle is a 
necessity for moving target detection at low frequencies [19]. However, RMA is derived from the 
wave equation as mentioned above which is more or less independent of the signal wavelength [3]. 
This makes RMA even more attractive for UWB low frequency SAR. 

 

4.2 Analytical Description of the Range Migration Algorithm 

RMA has four major segments in terms of its functionality. Each has distinct features and purposes 
that sequentially lead to create a focused image of the area viewed by the radar aperture during the 
SAR flight. 

                           

                                       Figure 4.1: Block diagram of the Range Migration Algorithm 

The first and last steps are just domain converters. The main algorithm is inflicted upon the signal data 
by the two steps in the middle. It is seen from the Fig. 4.1, those steps are performed in frequency 
domain. Just to set the premise before going into comprehensive discussion on these two steps in the 
middle, image formation process of a single stationary point target will be the basis for the explanation 
of the algorithm. This will elucidate the algorithm at its core. When more point targets are added, the 
algorithm works exactly the same way on each of those point targets in concern. Complex geometry of 
the scene increases complexity of the computation, not the complexity of the algorithm. However, it is 
prudent to keep in mind that the relativistic effect between platform and point target velocities has 
been ignored. This is done because every point target is assumed to be stationary relative to ground. 
So, this approximation of all point targets being stationary will not work while focusing a moving 
target. 
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4.2.1 Stolt interpolation 

FFT operation on both the axes of the SAR Doppler history turns the axes variables into their 
corresponding frequency domain variables. The coordinates of the SAR signal plot are the azimuth 
position of the platform and the fast time (2.6). Fast time is directly proportional to the range, R. So, 
the range axis variable is a time parameter where as the variable for azimuth axis is spatial. So, the 
corresponding frequency domain representation of the data plane will contain frequency term as well 
as wavenumber term. Wavenumber is the spatial version of frequency. As frequency is measured in 
radian /sec, unit for wavenumber is radian/meter. Usually, the wavenumber is expressed by 2π

𝜆𝜆
. What 

is important here is that wavelengths for azimuth and range are direct products of the radar 
wavelength. 

                            

Figure 4.2: Far field radar antenna radiation pattern and its straight line approximation within minute 
area 

Fig. 4.2 illustrates the wavelength concept of SAR signal. The radar wavelength 𝜆𝜆 projects to the 
direction of the wave propagation while 𝜆𝜆r is related to the ground range. 𝜃𝜃 is the squint angle. As 
wavefronts are parallel to each other, the relationship among these three wavelengths can be evaluated 
from this above simple geometry [4]. 

                                                                     𝜆𝜆𝑥𝑥 = 𝜆𝜆
sin 𝜃𝜃

                                                                        (4.1) 

                                                                     𝜆𝜆𝑟𝑟 = 𝜆𝜆
cos 𝜃𝜃

                                                                       (4.2) 

Now, if the frequency domain representation of the azimuth axis spatial variable x is denoted as kx, 
ground range variable r as kr then,  

                                                                                𝑘𝑘𝑥𝑥 = 2π
𝜆𝜆𝑥𝑥

                                                                         (4.3) 

                                                                                𝑘𝑘𝑟𝑟 = 2π
𝜆𝜆𝑟𝑟

                                                                         (4.4) 

The frequency domain representation for the remaining plane, the slant range plane, is merely the 
angular frequency of the signal as it changes proportionally with the fast time.                                                          

                                                                      𝜔𝜔 = 2π𝑚𝑚                                                                       (4.5)
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                                                                       𝜔𝜔𝑐𝑐 = 2π𝑚𝑚𝑐𝑐                                                                     (4.6) 

f is the range frequency measured along the slant range plane. It is defined by the sampling frequency 
in range direction for the fast time. 𝑚𝑚𝑐𝑐  is the radar center frequency, commonly known as the radar 
carrier frequency. 

By employing the relationship equation of velocity, frequency and wavelength (v=f 𝜆𝜆) and assigning 
the pertinent velocity and wavelength, 𝜔𝜔 given from (4.5) can be rewritten as 

                                                                           𝜔𝜔 = πc
𝜆𝜆

                                                                      (4.7) 

It should be noted that due to the back and forth propagation of the radar signal and start-stop 
approximation of the platform during this round trip, velocity value assigned in Eq. 4.7 is half the 
signal velocity, c/2. 

Substituting the values of Eq. 4.1 and 4.2 into Eq. 4.3 and 4.4, 

                                                                                      𝑘𝑘𝑥𝑥 = 2π
𝜆𝜆

sin𝜃𝜃                                                           (4.8)                                                                   

                                                                                      𝑘𝑘𝑟𝑟 = 2π
𝜆𝜆

cos 𝜃𝜃                                                           (4.9) 

Squaring Eq. 4.8 and 4.9 and adding them together, 

                   𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑟𝑟

2 = �
2π
𝜆𝜆
�

2
 

Substituting the value of 𝜆𝜆 from Eq. 4.7, 

                    𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑟𝑟

2 = �
2𝜔𝜔
c
�

2
 

                                                                    => 𝜔𝜔 = c
2
�𝑘𝑘𝑥𝑥

2 + 𝑘𝑘𝑟𝑟
2                                                  (4.10) 

Equation 4.10 demonstrates the relationship between the frequency domain variable of the ground 
range with the frequency domain variables of the SAR signal history. Stolt interpolation uses this 
equation to change the variable of the range axis. This also vindicates the reason to perform 2-D FFT 
on the signal. An equation combining all the axis variables is not possible to obtain from being in time 
domain. For this equation, the algorithm also goes by the name 𝜔𝜔-𝑘𝑘𝑥𝑥  algorithm. 

Since the phase reference is assigned in closest approach point (between platform and target), Doppler 
shift at that point is evidently zero. Main goal is to eradicate the Doppler shifts of other points taking 
the closest approach point as reference. In zero Doppler position, azimuth spatial frequency kx=0. So, 
in zero Doppler, a relationship exclusively between kr and 𝜔𝜔 can be found as follows, 

                                                                               𝑘𝑘𝑟𝑟 = 2𝜔𝜔
c

                                                               (4.11) 

Equation (4.11) can be exploited to make the interpolation more efficient. For every kx, the phase 
corrected value for 𝜔𝜔 can be found by shifting it with respect to the center frequency. It gives the new 
value, 𝜔𝜔´ = 𝜔𝜔 − 𝜔𝜔𝑐𝑐 . This new value can be calculated from (4.10) where kr is measured according to 
(4.11) (with respect to reference phase). This whole manipulation produces the new equation
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                                                                 𝜔𝜔´ = c
2
�𝑘𝑘𝑥𝑥

2 + 𝑘𝑘𝑟𝑟
2 − 𝜔𝜔𝑐𝑐                                                  (4.12) 

By means of the above equation, the effect of the variable change is achieved. Interpolation operation 
is imposed to rectify the values of 𝜔𝜔 with corresponding values of 𝜔𝜔´. 

What is to observe here is that the Stolt interpolation basically transforms the azimuth slant range 
plane of the raw SAR data into azimuth ground range plane. From the geometrical point of view, it can 
be said that the intrinsic Doppler effect within the signal arises from the nonorthogonality of the two 
plains comprising the signal history. Since azimuth and ground range are orthogonal to each other, the 
deformation gets canceled out and so as the phase shift along the flight path [4], [20]. 

                 

     Figure 4.3 SAR signal energy in 2-dimensional frequency domain and Stolt interpolation’s effect on it 

One interesting observation can be made from Fig. 4.3 is the circular nature of the signal strength after 
the Stolt interpolation. Recalling the (4.10) helps to explain this matter. That is a rearranged version of 
the circle equation. This gives the visual representation of how frequency component replacement in 
range corrects the entire image spectrum. In practical cases, this nature hardly becomes apparent in 
narrowband SAR operation [4], but UWB SAR makes this property visually more evident because of 
its large integration angle.  

                                                 

                                                            Figure 4.4: SAR image spectrum aspects 
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In Fig. 4.4, the vector along the zero Doppler position (kx=0) is an eigenvector of the SAR signal 
spectrum matrix. This eigenvector is deployed as the basis for rearranging the matrix during the Stolt 
mapping procedure. 

 

4.2.2 Azimuth compression 

Before taking the signal data back into its original domain, azimuth compression needs to be 
performed to create the focused image. The signal information of a single point target which is spread 
out throughout the signal memory has been taken care of by the Stolt interpolation in terms of phase 
shift correction. Still, the data needs to be converged in azimuth. This step is actually quite simple and 
does not possess any lengthy concept like the Stolt interpolation. An azimuth reference function  [3] is 
multiplied with the signal spectrum to congregate the signal data smeared along the azimuth axis into 
the zero Doppler point. This is nothing but a matched filtering operation where the signal is correlated 
with the matched filter function corresponding to the closest approach point. So, this multiplication 
just funnels in all the smeared data into the closest approach point or minimum range, for that is the 
ultimate position considered for the point target. After this compression, all the signal energy gets 
concentrated into this point hence creating the focused image (when it is transformed back to time 
domain). The azimuth reference function is as follows, 

                                               𝑟𝑟𝑟𝑟𝑚𝑚(𝑘𝑘𝑥𝑥 ,𝑘𝑘𝑟𝑟) = |𝑘𝑘𝑟𝑟 |

�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑟𝑟2
 𝑟𝑟
−𝑠𝑠�𝑟𝑟0�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑟𝑟2−𝑟𝑟0𝑘𝑘𝑟𝑟�

                                  (4.13) 

The first part of the function is the magnitude which has little effect if integration angle is small. Then 
kx becomes significantly smaller to kr.  For UWB, it is prudent to use it to suppress the sidelobe effect. 
The exponential term, performs the actual matched filtering by correlating the signal phase with this 
reference phase of the closest approach point. 

Combining the two operations, Stolt interpolation and azimuth compression, the dismantled raw SAR 
data is synchronized with the reference point phase, both in azimuth and range. In other words, the 
signal energy is entirely compressed. Now, the focused image with its full resolution can be seen 
simply by performing 2-D inverse Fourier transform of the signal spectrum. 

 

4.3 Mathematical derivation of the Range Migration Algorithm 

If s(x,t) is the pulsed compressed SAR signal history then its 2-dimensional Fourier transformation can 
be expressed as 

                                                 𝑆𝑆(𝑘𝑘𝑥𝑥 ,𝜔𝜔) = ∬𝑐𝑐(𝑥𝑥, 𝑡𝑡)𝑟𝑟−𝑠𝑠(𝜔𝜔𝑡𝑡+𝑘𝑘𝑥𝑥𝑥𝑥)𝑑𝑑𝑥𝑥 𝑑𝑑𝑡𝑡                                           (4.14) 

Alternatively, by applying the 2- dimensional inverse Fourier transform property, s(x,t) can be 
expressed in terms of its spectrum. 

                                                  𝑐𝑐(𝑥𝑥, 𝑡𝑡) = 1
(2π)2 ∬𝑆𝑆(𝑘𝑘𝑥𝑥 ,𝜔𝜔)𝑟𝑟−𝑠𝑠(𝜔𝜔𝑡𝑡+𝑘𝑘𝑥𝑥𝑥𝑥)𝑑𝑑𝜔𝜔 𝑑𝑑𝑘𝑘𝑥𝑥                               (4.15) 

The integral limit for azimuth axis can be defined from PRF. Fact of the matter is, PRF is the 
frequency component of azimuth and azimuth samples can be allocated with respect to PRF.
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Therefore, considering the complex baseband signal, range of kx defined from –PRF/2 to PRF/2. 
Meanwhile, if range sampling angular frequency is 𝜔𝜔s, then the integral limits can be inflicted on 
(4.15) as follows 

𝑐𝑐(𝑥𝑥, 𝑡𝑡) =
1

(2π)2 �  � 𝑆𝑆(𝑘𝑘𝑥𝑥 ,𝜔𝜔)𝑟𝑟−𝑠𝑠(𝜔𝜔𝑡𝑡+𝑘𝑘𝑥𝑥𝑥𝑥)
𝑘𝑘𝑥𝑥  𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘𝑥𝑥  𝑚𝑚𝑠𝑠𝑠𝑠

𝜔𝜔𝑐𝑐+𝜔𝜔𝑐𝑐
2

−�𝜔𝜔𝑐𝑐+𝜔𝜔𝑐𝑐
2 �

𝑑𝑑𝑘𝑘𝑥𝑥  𝑑𝑑𝜔𝜔  

During Stolt interpolation, 𝜔𝜔´ = 𝜔𝜔 − 𝜔𝜔𝑐𝑐  is used to for phase correction where the slow time t=-t0 
(time when platform reaches the closest approach point) [3]. The minus sign is because of the 
downward continuation. It should also be mentioned that during downward continuation, slant range 
value r=0. The integral limits along with the variables then get changed accordingly                                    

𝑐𝑐(𝑥𝑥, 𝑡𝑡 = −𝑡𝑡0)
1

(2π)2 �  �  𝑆𝑆´(𝑘𝑘𝑥𝑥 , 𝑟𝑟 = 0,𝜔𝜔´)𝑟𝑟𝑠𝑠{(𝜔𝜔 ´+𝜔𝜔𝑐𝑐)(−𝑡𝑡0)+𝑘𝑘𝑥𝑥𝑥𝑥}
𝑘𝑘𝑥𝑥  𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘𝑥𝑥  𝑚𝑚𝑠𝑠𝑠𝑠

𝜔𝜔𝑐𝑐
2

−𝜔𝜔𝑐𝑐
2

𝑑𝑑𝑘𝑘𝑥𝑥  𝑑𝑑𝜔𝜔                             (4.16) 

To express the above equation with respect to the two orthogonal planes, 𝜔𝜔´ is substituted by kr 
according to (4.12). The range of kr spans from −𝜔𝜔𝑐𝑐

c
 to 𝜔𝜔𝑐𝑐

c
. The derivative of (4.12) yields 

                                                              𝑑𝑑𝜔𝜔´ = 𝑐𝑐
2

|𝑘𝑘𝑟𝑟 |

�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑟𝑟2
𝑟𝑟𝑘𝑘𝑟𝑟𝑟𝑟  𝑑𝑑𝑘𝑘𝑟𝑟                                                   (4.17) 

Substituting  𝑑𝑑𝜔𝜔´ in (4.16) with the value from (4.17) 

𝑐𝑐(𝑥𝑥, 𝑡𝑡 = −𝑡𝑡0) =
1

(2π)2 �  � 𝑆𝑆´(𝑘𝑘𝑥𝑥 , 𝑟𝑟
𝑘𝑘𝑥𝑥  𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘𝑥𝑥  𝑚𝑚𝑠𝑠𝑠𝑠

𝜔𝜔𝑐𝑐
c

−𝜔𝜔𝑐𝑐
c

= 0,𝑘𝑘𝑟𝑟)𝑟𝑟
−𝑠𝑠��𝑐𝑐2�𝑘𝑘𝑥𝑥

2+𝑘𝑘𝑟𝑟2�𝑡𝑡0+𝑘𝑘𝑥𝑥𝑥𝑥� c
2

|𝑘𝑘𝑟𝑟 |

�𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑟𝑟

2
𝑟𝑟𝑘𝑘𝑟𝑟𝑟𝑟  𝑑𝑑𝑘𝑘𝑥𝑥  𝑑𝑑𝑘𝑘𝑟𝑟  

Rearranging the equation and designating minimum range, 𝑟𝑟0 = c𝑡𝑡0
2

 

𝑐𝑐(𝑥𝑥, 𝑡𝑡 = −𝑡𝑡0) =
c

8π2 �  � 𝑆𝑆´(𝑘𝑘𝑥𝑥 , 𝑟𝑟 = 0, 𝑘𝑘𝑟𝑟)
|𝑘𝑘𝑟𝑟 |

�𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑟𝑟

2
𝑟𝑟
−𝑠𝑠�𝑟𝑟0�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑟𝑟2�

𝑟𝑟𝑠𝑠(𝑘𝑘𝑥𝑥𝑥𝑥+𝑘𝑘𝑟𝑟𝑟𝑟) 
𝑘𝑘𝑥𝑥  𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘𝑥𝑥  𝑚𝑚𝑠𝑠𝑠𝑠

𝜔𝜔𝑐𝑐
𝑐𝑐

−𝜔𝜔𝑐𝑐
c

𝑑𝑑𝑘𝑘𝑥𝑥  𝑑𝑑𝑘𝑘𝑟𝑟  

                                                                                                                                                  (4.18) 

Equation (4.18) can be rewritten further by taking the closest approach point into account and shifting 
r to r0. 𝑟𝑟𝑠𝑠𝑘𝑘𝑥𝑥𝑥𝑥  can be neglected for its small significance relative to the other phase terms. This 
approximation gives out 

𝑐𝑐(𝑥𝑥, 𝑡𝑡 = −𝑡𝑡0) =
c

8π2 �  � 𝑆𝑆´(𝑘𝑘𝑥𝑥 , 𝑟𝑟 = 0, 𝑘𝑘𝑟𝑟)
|𝑘𝑘𝑟𝑟 |

�𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑟𝑟

2
𝑟𝑟
−𝑠𝑠�𝑟𝑟0�𝑘𝑘𝑥𝑥2+𝑘𝑘𝑟𝑟2−𝑟𝑟0𝑘𝑘𝑟𝑟�

 
𝑘𝑘𝑥𝑥  𝑚𝑚𝑎𝑎𝑥𝑥

𝑘𝑘𝑥𝑥  𝑚𝑚𝑠𝑠𝑠𝑠

𝜔𝜔𝑐𝑐
c

−𝜔𝜔𝑐𝑐
c

𝑑𝑑𝑘𝑘𝑥𝑥  𝑑𝑑𝑘𝑘𝑟𝑟  

                                                                                                                                                   (4.19)



28                                                                                                  Chapter 4. Range Migration Algorithm 
 

 

The last two terms of the integral carry out the azimuth compression (4.13). Equation 4.18 is 
considered as the focusing equation and (4.19) is the approximation of that. This approximation gives 
satisfactory focused image. It should be implicit that instead of solving the equation for these large 
integrals, FFT is implemented twice on the equation. 

 

4.4 Moving target focusing by the Range Migration Algorithm 

Moving target focusing is a major problem, especially in monostatic SAR. Same location of 
transmitter and receiver results in a positional ambiguity of the moving target on the image plane. In 
order to recognize the predicament, the Doppler frequency equation should be reviewed at first. 
Representing the Doppler frequency as fd [21] 

                                                                   𝑚𝑚𝑑𝑑 = 2𝑚𝑚𝑐𝑐
𝑣𝑣𝑝𝑝𝑝𝑝

c
cos𝜑𝜑                                                           (4.20) 

In the above equation, 𝜑𝜑 is the angle between the platform path line and slant range direction at given 
sample. This angle in fact helps to determine the exact position of the target. SAR records the Doppler 
phase history and as the platform velocity is known, 𝜑𝜑 can be evaluated from (4.20). When the target 
itself has motion, the angle gets altered. The Doppler frequency equation adjusted for the moving 
target motion vector becomes [21] (𝜃𝜃 being the moving angle of the target relative to flight path) 

                                                       𝑚𝑚𝑑𝑑 ´ = 2𝑚𝑚𝑐𝑐
𝑣𝑣𝑝𝑝𝑝𝑝

c
cos𝜑𝜑 − 2𝑚𝑚𝑐𝑐

𝑣𝑣𝑡𝑡𝑡𝑡
c

cos(𝜃𝜃 − 𝜑𝜑)                                   (4.21) 

The method for locating a target from the acquired distance information is rather subtle. The target can 
be anywhere on the spherical plane centered at the source and with distance value as the radius. For a 
side looking SAR ground imaging case, it is a half circle along the ground plane. Unlike bistatic SAR 
which utilizes intersecting points of two half circles to resolve the issue, monostatic SAR has no way 
of knowing the precise position of the target but from 𝜑𝜑. 

What happens to the final SAR image due to this coherency loss of the phase is that moving target 
appears as a smudge. The signal energy after the algorithm implementation gets smeared, instead of 
being in a compressed form due to motion of the target. This effect can be made analogous to the trail 
observed in a picture while taking a shot of a moving object with a camera. The problem is the 
assumption of every scatterer being immobile. If (4.20) and (4.21) are scrutinized again, it can be 
realized that the accurate value of 𝜑𝜑 can be calculated from (4.20) if instead of vpl, platform velocity 
relative to the target is employed. In the context of RMA, the problem lies in the definition of kx. If 
(4.3) is written in terms of velocity and frequency, the azimuth wavenumber becomes 

                                                                       𝑘𝑘𝑥𝑥 = 2π  𝑚𝑚𝑥𝑥
𝑣𝑣𝑝𝑝𝑝𝑝

                                                                (4.22) 

Here, fx is calculated from PRF. The equation for the platform velocity relative to target derived from 
the cosine formula is as follows 

                                                    𝑣𝑣𝑝𝑝𝑝𝑝−𝑡𝑡𝑡𝑡 = �𝑣𝑣𝑝𝑝𝑝𝑝 2 + 𝑣𝑣𝑡𝑡𝑡𝑡 2 − 2𝑣𝑣𝑝𝑝𝑝𝑝 𝑣𝑣𝑡𝑡𝑡𝑡 cos 𝜃𝜃                                      (4.23) 

This actually reveals the fact that relative velocity is intrinsic in SAR processing where among the 
transmitter and receiver, at least one component is moving anyway. For stationary target, vpl-tg = vpl,
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which is used throughout the SAR signal processing. This is the mathematical observation of the 
stationary target assumption. So, the appropriate derivation of kx in fact will be 

                                                                       𝑘𝑘𝑥𝑥0 = 2π  𝑚𝑚𝑥𝑥
𝑣𝑣𝑝𝑝𝑝𝑝 −𝑡𝑡𝑡𝑡

                                                                (4.24) 

In spite of this fact, received SAR signal has to be processed as being an echo from a stationary target, 
otherwise it would be impossible to create a focused image of the whole area. So, to focus the moving 
target instead of having its energy spread over, kx needs to be adjusted accordingly. Normalized 
Relative Velocity (NRS) is applied to the manipulation of kx. Defining NRS in terms of platform 
velocity gives the following term, 

                                                                            𝛾𝛾𝑡𝑡 = 𝑣𝑣𝑝𝑝𝑝𝑝 −𝑡𝑡𝑡𝑡
𝑣𝑣𝑝𝑝𝑝𝑝

                                                             (4.25) 

Substituting the values of (2.3) and (2.4) into (4.23) gives the following new equation for vpl-tg 

                                                             𝑣𝑣𝑝𝑝𝑝𝑝−𝑡𝑡𝑡𝑡 = ��𝑣𝑣𝑝𝑝𝑝𝑝 − 𝑣𝑣𝑥𝑥�
2 + 𝑣𝑣𝑦𝑦2                                             (4.26) 

So, (4.25) can be redefined as 

                                                                    𝛾𝛾𝑡𝑡 = ��𝑣𝑣𝑝𝑝𝑝𝑝 −𝑣𝑣𝑥𝑥�
2+𝑣𝑣𝑦𝑦 2

𝑣𝑣𝑝𝑝𝑝𝑝 2                                                       (4.27) 

So, the new equation for kx to focusing the moving target holding the property of (4.24) is 

                                                                                𝑘𝑘𝑥𝑥′ =
2π 𝑚𝑚𝑥𝑥
𝑣𝑣𝑝𝑝𝑝𝑝 𝛾𝛾𝑡𝑡

=
𝑘𝑘𝑥𝑥
𝛾𝛾𝑡𝑡

                                                              (4.28) 

 

When Eq. 4.28 is applied to focus a moving target, all the reflected signals from stationary point 
targets within the image plane will then get defocused [19]. This also can be related to the analogy 
made before regarding picture taken in cameras. The new wavenumber is used to compensate for the 
target motion, but it will produce relative velocity for the stationary targets or targets moving in 
different speed. Just like the background of the picture gets blurry if the moving object is been 
attempted to focus by moving the camera accordingly. This occurrence is actually used for moving 
target detection. Usually it is not that easy to determine a moving target from the image. Its 
characteristic ‘smeared appearance’ in the image cannot be regarded as an efficient assumption. A 
stationary object with same geometrical shape will create confusion then. So, if applying this new 
wavenumber actually focuses the initially defocused target and concurrently smears the signal energy 
of the focused objects, the verification of that specific target being in motion can be done. 

One other extremely important practical fact is the velocity components of the moving target. Almost 
always, these parameters are unknown. There is no straight forward way to achieve the parameters and 
discussion about the methods for attaining these is beyond the scope of this thesis work. Still it is 
worth mentioning that some probabilistic approaches have been taken by using sophisticated 
estimators to estimate the components in terms of NRS [5], [22], [23]. 
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CHAPTER 5 

SIMULATION OF SAR IMAGE 
FOCUSING 
 

Table 5.1: CARABAS II parameters for UWB low frequency SAR simulation 

Parameter Value 

Maximum transmission frequency  82.5 MHz 

Minimum transmission frequency 21.785 MHz 

              Platform altitude 3700 meter 

Platform velocity 128 m/sec. 

Maximum integration angle 110 degree 

Minimum range 7200 meter 

PRF 128 Hz 

 

TBP has been set to 5e-6. Sampling frequency is defined as four times the bandwidth. A moderate 
value for the integration angle (250) has been chosen in order to demonstrate a general scenario. The 
integration angle corresponds approximately to 25 seconds of integration time.  

 

5.1 SAR image focusing for a stationary point target 

 

Figure 5.1: SAR signal history after pulse compression 
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Fig. 5.1 shows the raw SAR data which is the input of RMA. This is the range compressed edition (by 
matched filtering) of the received data. The hyperbolic nature of the range migration path is observed 
here. In the first step, RMA obtains the spectrum of the signal by using 2-dimenisonal FFT. 

 

Figure 5.2: magnitude of the signal spectrum 
 

The Stolt interpolation corrects the above spectrum. 

 

Figure 5.3: Magnitude of the signal spectrum after Stolt interpolation
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Simple nearest neighbor interpolation has been performed here. For very complex geometry, more 
refined interpolator is required. Some interpolation methods for Stolt mapping has been suggested in 
[24]. 

 

Figure 5.4: Stationary point target image 

 

Figure 5.5: Five stationary point targets focused by SAR 
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Fig. 5.4 is the final image of the point target observed by SAR with its full resolution. In Fig. 5.5, four 
more targets have been added with the one in the middle. Important fact to be noted while imaging 
multiple targets is that there will be only one reference range. Usually, the reference range is chosen 
by selecting the mid range. This ought to give better focusing of all the targets on average. 

 

5.2 SAR image focusing for a moving point target 

For moving target simulation, the point target in Fig. 5.4 has been assigned velocity components into 
it. The speed is considered to be approximately 10% of the platform speed. The considered velocity 
components for the simulation is, vtg=12 m/s and 𝜃𝜃=450(determines the direction of the moving target). 

 

Figure 5.6: smeared out SAR image of a moving target 

Fig. 5.6 shows the target velocity effect during SAR processing.  This is how a moving target appears 
in a SAR image. However, this smeared shape does not guarantee that it is in motion. It is better to 
produce a geometry consisting of both stationary and moving objects to shed more light on the effect.

 

Figure 5.7: SAR image with two stationary targets and one moving target and consequence of 
implementing new azimuth wavenumber 
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Figure 5.7(a) is comprised with three targets, and one of them is seen to be defocused after the inverse 
Fourier transform. Now, (4.28) has been taken into account and used as the new value for azimuth 
wavenumber during Stolt interpolation and azimuth compression [18]. The outcome is monitored in 
Fig. 5.7(b). The previously defocused target is fully focused but the other two has gotten defocused 
now. The new wavenumber has calculated the Doppler effect of the moving target. That frequency 
shift has been taken as reference, causing the phase disruption for the others. In simple conclusion, the 
aperture movement is manipulated in a way with reference to the moving target that the target is 
stationary with respect to the platform. As a result, all other backscatterers are now in motion relative 
to the radar. So, the newly focused target has been identified as a moving target. 

 

Figure 5.8: Total energy distribution of the three targets from Fig. 5.7. Moving target gives off very low 
peak amplitude 

It is to understand that in realistic cases, target velocity has to be significant enough to produce lucid 
Doppler effect. If target is surrounded by strong clutter, it becomes rather difficult to extract the 
Doppler shift information due to the low peak power shown in Fig. 5.8. 
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CHAPTER 6 

CONCLUSION 
 

6.1 Summary 

The main aspiration of this thesis work has been moving target focusing in frequency domain 
algorithm, RMA in particular. At first, SAR has been familiarized with in terms of remote sensing 
technology and its potential for high resolution image processing. It has been shown how SAR 
increases azimuth resolution without increasing the physical antenna. SAR exercises the principle of 
time multiplexing by coherently changing the position of the platform during the flight and synthesizes 
all the pieces of data to emulate large antenna length. Prior to thorough study of image processing 
algorithm, signal processing properties of SAR has been discussed. Main feature of SAR during data 
acquisition is to transmit low power long pulse and after reception compressing it to gain excellent 
resolution, by the technique named pulsed compression. After a general synopsis about image 
processing algorithms, RMA has been examined extensively. Single stationary point target has been 
the initial focus to ensure the apt comprehension of the algorithm in its critical constituents, Stolt 
interpolation being the foremost. Stolt interpolation changes the variable in range axis to abolish the 
phase discrepancy. After that, the main focus of the thesis work has been inspected. Effect of a moving 
target on the final SAR image has been stated. RMA exhibits an elegant method to focus the smeared 
out moving target by initiating a new azimuth wavenumber. This new wavenumber takes the platform 
relative velocity with respect to the moving target under consideration and modifies the previous 
wavenumber accordingly. Finally, simulation for UWB low frequency SAR with CARABAS II 
parameters has been carried out to verify the outcomes with theoretical results. Successful execution of 
simulation validated the theory of SAR image processing with RMA from scratch and all the way to 
moving target focusing.  

 

6.2 Further research prospects 

There are still unresolved issues remain in SAR operation in terms of moving target detection by 
monostatic SAR. So many research projects have devoted so far to come up with a proficient solution, 
but none of the solutions so far provides satisfactory result when they are applied in practical field. 
Even by taking the noise factor out of consideration for a little while, real SAR has to deal with so 
many clutters (unwanted echoes from the ground). Usually the reflected energy from moving target is 
quite low compared to the surrounding that it is virtually lost in obscurity. 

Another huge problem emerges from the same fact is the target velocity approximation. Methods used 
so far for this are extremely complicated and has to rely on some hypotheses. It is still an intriguing 
area for research. One proposal by the author of this thesis paper is the time-frequency signature 
analysis for moving target detection. The intention is to find out if it is possible to distinguish a low 
energy moving backscatterer from the strong clutter by identifying the difference between their 
respective time-frequency signatures. 
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Also, it behooves to mention the possibilities of RMA operating for bistatic SAR. Due to the distinct 
features of RMA, such as high efficiency level for low frequency operation and uncompromising 
resolution quality even for high integration angles, RMA can be made highly compatible for bistatic 
SAR with proper modification. This holds the prospect for enhanced resolution imaging of large areas 
with many objects in motion, for instance, ocean current, traffic monitoring or battlefields. 
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Appendix: List of Abbreviations 

 
CARABAS Coherent All Radio Band Sensing 

CHIRP Compressed High Intensity Radar Pulse 

CSA Chirp Scaling Algorithm 

DFT Discrete Fourier Transform 

EMISAR Danish airborne Synthetic Aperture 
Radar 

ENVISAT Environmental Satellite 

ERS European Remote Sensing Satellite 

FBP Fast Backprojection 

FFBP Fast Factorized Backprojection 

FFT Fast Foirier Transform 

FOPEN Foliage penetration 

FM Frequency Modulaion 

GBP Global Backprojection 

GPEN Ground penetration 

HiSAR Hughes Integrated Synthetic Aperture Radar 

J-ERS Japanese Earth Remote Sensing satellite 

LORA Low Frequency Radar 

NASA/JPL National Aeronautics and Space 
Administration /Jet Propulsion Lab 

NRS Normalized Relative Speed 

PAMIR Phased Array Multifunctional Imaging 
Radar 
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PRF Pulse Repetition Frequency 

RADAR Radio Detection and Ranging 

RADARSAT Canadian Space Agency Satellite 

RDA Range Doppler Algorithm 

RMA Range Migration Algorithm 

SAR Synthetic Aperture Radar 

SEASAT U.S. ocean surveillance satellite 

SNR Signal to Noise Ratio 

TBP Time Bandwidth Product 

UWB Ultra Wideband 

 

 

http://www.britannica.com/EBchecked/topic/424573/oceanography/424573main/Article#toc=toc9056704�
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