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Abstract  

This Master Thesis presents the design and implementation of a PRF (Pulse 

Repetition Frequency) Recovery Synchronous System applied to Bistatic SAR 

(Synthetic Aperture Radar) with fixed receiver configurations. SABRINA (Bistatic 

Receiver for Interferometric Applications) was implemented by the Remote 

Sensing Laboratory at UPC. Moreover, SABRINA is the fixed receiver used in this 

project to acquire the scattered signals of opportunity from ENVISAT satellite. The 

signals of opportunity are the pulsed chirps that the satellite transmits to collect 

the scattered signals reflected on the Earth surface and generate SAR images. 

SABRINA superheterodyne receiver downconverts the received signal from C Band 

to Videoband and then, the PXI (PCI eXtension for Instrumentation)Digitalizer 

stores the data.  

This contribution allows SABRINA to process the synchronous acquisition of 

scattered signals reflected on the terrain for Bistatic Applications.  One direct 

channel antenna pointing to the satellite estimates the synchrony to lock the PRF.  

Afterwards, the processing of the synchronous acquired data can be used for 

several research applications such as Geology, Environmental, Oceanography, 

Topography, Glaciology and others. 

The aim of this Master Thesis is the development of a synchronous acquisition 

system for the Image Mode (IM) and Wide Swath Mode (WSM) in order to 

selectively record the reflected signals and optimize the memory of the PXI 

Digitalizer. The goal of this improvement is to enlarge the window acquisition 

time. Another advantage is the capability to achieve opportunity signals with 

greater bandwidth increasing the sampling frequency. 

The SAR Synchronous Acquisition System may operate as Stripmap with Image 

Mode (IM) or ScanSAR with Wide Swath Mode (WSM) depending on the 

configuration that the ESA (European Space Agency) controllers set.  The radar 

signal transmitted by the ENVISAT is basically a pulsed Chirp depending on the 

specific mode.  
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In the case of ENVISAT Image Mode (IM), the signal features are based on a single 

train of chirps at C Band with approximately 16MHz Bandwidth.  On other hand, 

the ENVISAT Wide Swath Mode (WSM) is a combination of five different 

Subswaths that compose broad area coverage. 

Regarding the signal characteristics of each Subswath, we have analyzed the five 

differentiated bursts of chirps comprised between 8.76 MHz and 15.07 MHz of first 

and fifth Subswath respectively. In addition, the duration of the burst, number of 

pulsed chirps, PRF and the chirp rate are different for each Subswath.  

The synchronous acquisition system was simulated, implemented and successfully 

tested at Remote Sensing Laboratory. Thus the entire demonstration of the 

Synchronous Acquisition system of both modes would have been experimentally  

proved through the ENVISAT Image Mode (IM) and Wide Swath Mode (WSM), 

with optimum results. Unfortunately, ENVISAT ceased the operations on April 8th  

of 2012 and the realization of experimental acquisition was aborted. 

In conclusion, the design of Synchronous Acquisition System with SABRINA for 

ENVISAT was corroborated and may be used in the future with other airborne that 

operates using Image Mode (IM) and Wide Swath Mode (WSM) at C Band. 
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1.- Introduction 

1.1.- Background 

Nowadays, Synthetic Aperture Radar (SAR) is one of the most important devices 

used in Remote Sensing for Earth observation. Moreover, the Bistatic SAR is an 

innovating system because it is used in several research fields due to the 

advantages of its geometry.  This project presents the Synchronous Acquisition 

System for SAR with Image Mode (IM) and Wide Swath Mode (WSM) using the 

signals of opportunity that the ENVISAT satellite provides as a transmitter. 

From the beginning of the project, SABRINA (Synthetic Aperture Bistatic Receiver for 

INterferometric Applications acquisition system), records the scattered signals with 

a continuous acquisition. Taking into account that Bistatic SAR systems uses 

signals of opportunity from satellites, the Synchronous Acquisition System is a 

improvement for the SABRINA receiver to lock with the PRF (Pulse Repetition 

Frequency). In order to process the data and extract information of the scattered 

signals from the terrain and optimize the time acquisition window. 

The Synchronous Acquisition System inputs are composed by one direct channel 

antenna pointing to the Satellite and three channels reserved to record the 

scattered reflections from the surface. The direct channel antenna, receive the 

signals from a satellite with the purpose of processing it to estimate the PRF and 

generate a synchronism pulse. Then, the synchronous pulse generated acts as a 

conditional Trigger input of PXI Digitalizer that controls the acquisition; record the 

scattered signals desired and reject the irrelevant information.  

This contribution optimizes the acquisition in terms of memory storage and allows 

us to enlarge the acquisition window time. In fact, the acquisition window time 

depends on the sampling frequency, the memory available to store the data, and 

the time of illuminated scene.  

Furthermore, the designed Synchronous Acquisition System is capable to acquire 

signals of opportunity provided by Radarsat-2 and Sentinel-1, with longer 

bandwidths than to ENVISAT and ERS-2. 
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1.2.- Main purposes 

The design and implementation of a Synchronous Acquisition System to lock with 

the PRF of received signals for Bistatic SAR. The general objective is to develop a 

Signal Processing device to estimate the synchronism of received signals to 

digitalize and record the reflected inputs.  The system locks with the PRF of the 

direct channel pointing to the satellite and generates a synchronous pulse.  This 

synchronous pulse acts as an input of the trigger in order to selectively record the 

scattered signal from the earth surface, satisfying the synchrony. 

Moreover, the study and analysis of the Bistatic SAR systems with SABRINA in 

order to program, configure and test the synchrony is the core of my labour. The 

project has been elaborated at the Remote Sensing Laboratory of Universitat 

Politècnica Catalunya in collaboration with the Bistatic Research Group. 

1.3.- Methodology 

The scientific method is used in order to develop and validate the Synchronous 

Acquisition System for Bistatic SAR in Image Mode (IM) and Wide Swath Mode 

(WSM).  

At the beginning, we have analyzed and studied the proposed objectives of the 

thesis and simulated the first algorithms and signal processing stages of the 

complete design. The realization of the model and parameterization of all the 

components is the initial procedure to validate our prototype and finally, test the 

design in order to obtain the best optimized,  feasible and robust Synchronous 

Acquisition System. 

The next step is the implementation of the design. We have to configure and 

program our devices as FPGA’s, PXI’s and DDS with the purpose of defining our 

system with the maximum fidelity of the real scenario. 

Finally, I will evaluate the realized system on the roof of the university building, in 

real scenario in which ENVISAT acts as a transmitter and record the scattered 

signals synchronously. 
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1.4.- Structure 

The structure of the thesis is organized with the following chapters. 

 Chapter 1: The actual chapter introduces the Master Thesis and a basic 

description of the Synchronous Acquisition System. 

 Chapter 2: Basis of radar theory introductory chapter to understand the 

geometry and the principles of radar. 

 Chapter 3: Presentation of the theoretical aspects of the Synthetic Aperture 

Radar (SAR), geometry, modes of operation, and parameters. 

 Chapter 4: Description of the geometry, configurations and parameters of 

Bistatic SAR. 

 Chapter 5: Definition of the signal of Image Mode (IM), Wide Swath Mode 

(WSM) and how to proceed to compute the synchronism. 

  Chapter 6: After a brief explanation of the thesis’s objectives and the 

proposal designs. 

 Chapter 7: Basic description of SABRINA (Synthetic Aperture Radar for 

Bistatic  Interferometric Applications), components and parameters. 

 Chapter 8: The implementation design and algorithms description for the 

synchronous acquisition system. 

 Chapter 9: This chapter contains the simulations of the different elements of 

the system and the proved and feasible result. 

 Chapter 10: Experimental acquisition recorded with the PXI Synchronously. 

 Chapter 11: Results and conclusions of the project. 

 Chapter 12: Brief collection of scientific papers and web references. 
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2.- Remote Sensing 

The human race has the rational instinct of exploring their surroundings with 

several techniques. The natural senses of the human body; sight, hearing, smell and 

touch, have permitted the evolution and the survival of ancient societies. 

During the last century we have seen remarkable growth of sensing techniques 

thanks to the technology evolution. These sensing techniques are used in different 

research fields such as navigation, meteorology, oceanography, forestry, 

hydrology, agriculture and even more so in military reconnaissance. 

Due to enormity of the Universe, there are some remote sensing explorations that 

are not feasible to be investigated in proximity. To resolve this problematic issue, 

the remote sensing research field was employed to gather data and information 

about the characteristics of an object, without physical contact or close proximity, 

rather by collecting the Electromagnetic radiation associated to the object. 

Several frequency bands are used as radio, microwave, infra-red, visible, ultra-

violet, X-ray. The different techniques of remote sensing permit to sense the 

scattered return of an incident radiation or the self-emission from the object. 

The remote sensing devices that are used nowadays are space-borne, air-borne as 

well as ground-based. Space-borne or Satellite systems are more common in the 

context of global sensing, for instance monitoring global climate variations or 

oceanography.  The main advantage of sensors located in space-borne is the wider 

area coverage compared to the ground-based or air-borne.  

The remote sensing techniques can be broadly classified as active or passive. 

Active remote sensing involves the transmission of electromagnetic radiation 

towards the target; the backscattered signals are received and processed to infer 

the physical characteristics of the target. Such active remote sensing instruments 

include Side-looking air-borne radar (SLAR), Synthetic Aperture Radars (SAR), 

Scatterometers, Altimeters etc. On the other hand, passive systems do not involve a 

transmitter of electromagnetic radiation. Instead, a receiver collects the inherent 
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radiation emission from the object due to its physical temperature. Radiometers 

are an example of a commonly used passive receiver device. 

The Synthetic Aperture Radar is a very useful technique that emerged for Earth 

observation over the second half of last century. Its objective was to provide high 

resolution terrain images of large territories independently of weather conditions. 

In 1978, the SEASAT, the first SAR Earth orbiting satellite mission was developed 

for the monitoring of the oceanographic behaviour. Since then, a number of SAR 

missions have been launched up to the present day, by different space agencies 

across the globe. For instance, ENVISAT and ERS-1/2 launched by the ESA 

(European Space Agency) contain a SAR device for sensing techniques.   

With intensive research, most of the SAR techniques have reached maturity in the 

Monostatic case, where both the transmitter and receiver are embedded in the 

same platform. In addition, in the Multistatic or Bistatic case, the transmitter and 

receiver are located in different places. This allows us to observe the object from a 

different point of view due to its Bistatic geometry. These techniques have opened 

new lines remote sensing research in the fields of Earth and Space observation. 

 

Figure 1: ENVISAT from ESA was launched at1 March                                                  

of 2002 and ceased at 8 April 2012. 
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The future Space Mission from ESA (European Space Agency) of Synthetic 

Aperture Radar at C-Band is Sentinel 1 that will provide a continuous imagery. A 

summary of applications of Sentinel 1 spacecraft are: 

 Monitoring sea ice zones and the Arctic and surveillance of marine 

environment. 

 Monitoring land surface motion risks 

 Mapping of land surfaces: forest, water and soil 

 Mapping in support of humanitarian aid in crisis situations 

The modes of operation of Sentinel 1 are Strip Map Mode, Interferometric Wide 

Swath Mode, Extra-Wide Swath Mode and Wave Mode. 

The Remote Sensing Laboratory (RSLab) at Universitat Politènica de Catalunya 

(UPC) is currently carrying out an intensive research along these lines. A C Band 

receiver has been developed to investigate Bistatic configurations with fixed 

ground-based receivers and orbital sensors as ENVISAT as a transmitter of 

opportunity. A number of successful data acquisition campaigns have already been 

conducted.  

The following chapter deals with the fundamentals of Synthetic Aperture Radar 

and the features of the opportunity signals. 
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3.- Basis of Synthetic Aperture Radar 

Radar is an object-detection system which uses radio waves to determine the 

range, altitude, direction, or speed of objects. It can be used to detect aircraft, ships, 

spacecraft, guided missiles, motor vehicles, weather formations, and terrain. In our 

project we use a horn antenna for Microwave applications to receive the scattered 

signals to study the earth surface. 

The next image shows the basis signal relation used in RADAR, the transmitted 

pulses, the detection of some target and the compression in the last graph that 

shows the target detected. 

 

Figure 2: Time Correlation with Chirp (top to bottom) a) Transmitter b) Receiver         

c) Receiver plus noise d) Correlation, output of matched filter. 

Now the morn uses of radar are highly diverse, including air traffic control, radar 

astronomy,  air-defence systems, antimissile systems; marine radars to locate 

landmarks and other ships; aircraft anti collision systems; ocean surveillance 

systems, outer space surveillance and rendezvous systems; meteorological 

precipitation monitoring; altimetry and flight control systems; guided missile 

target locating systems; and ground-penetrating radar for geological observations. 

High tech radar systems are associated with digital signal processing and are 

capable of extracting objects from very high noise levels. 
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Side-looking Air-borne Radars (SLAR) were developed for terrain mapping and 

they proved useful in mapping areas that were perpetually cloud-covered. The 

radar, being air-borne, flies over the territory to be mapped, illuminating it with 

Electromagnetic waves, and collecting the return signals which are afterwards 

processed to generate the terrain (reflectivity) image. SLARs have, however, 

suffered from poor azimuth (along the flight track) resolution. Increasing the 

resolution necessitates use of very large antennas which are impractical. 

Moreover, the resolution decreases as the height of the radar (the range) above the 

terrain increases. These factors led the researchers to invent a new technology, 

later referred as Synthetic Aperture Radar (SAR). 

3.1.- History of Synthetic Aperture Radar (SAR) 

By studying the time delay between transmitted and received signals, the radar 

systems estimates the distances of the targets. Moreover, we can analyze the speed 

of the target taking into account the Doppler frequency shift.  

In 1951, Carl Wiley a physician from Goodyear Aerospace, found out that radar can 

be used to create 2D images from target and earth surface. The method ideated by 

Wiley was named Synthetic Aperture Radar (SAR), since it creates the effect of a 

very long antenna. By the sixties, applications of Remote Sensing were presented 

for civilian use and the evolution of the Radar system enabled the creation of 

images of Earth’s surface. When SAR technology was released in 1970’s, it drew 

scientist’s attention as SAR sensors provided additional information to optical 

sensors.  

The SAR systems used in remote sensing have three main properties: 

 Radar is self illuminating, so, unlike optical sensors,  it isn’ t light dependent  

 Electromagnetic waves of Radar are unaffected by clouds and in bad 

weather conditions they suffer minor or no deterioration.  

 The radar energy scatters differently from that of light and provides 

complementary information about surface features. 
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The Synthetic Aperture Radar (SAR) creates an image of the terrain from 

spaceborne or airborne platforms, pointing the radar beam perpendicular to the 

vector of motion. 

The basic principle is the transmission of the burst of pulses towards the terrain is 

reflected on the Earth surface. Then the scattered signal is collected by the antenna 

and digitally acquired. The next step to create an image of the reflected terrain is 

the pre-processing to create the row data and the strong processing to generate a 

reflectivity map image.  

Another contribution of Range Doppler Algorithm (RDA) was developed by 

MacDonald Dettwiler and the Jet Propulsion Lab (JPL) in 1978. Since then RDA has 

been refined and improved a lot and also many other processing algorithms have 

been introduced, developed and considerably perfected. 

3.2.- SAR Characteristics 

In 1953 the high azimuth resolution was demonstrated it was achieved without the 

use of a very large antenna.  By considering the dependence of antenna length and 

resolution, the SAR is able to maximize the resolution. This system “synthetically” 

generates a large antenna aperture that serves to significantly improve the 

resolution of the azimuth direction. SAR is a side-looking scanning technique that 

relies on more sophisticated data processing. 

Considering a SAR system, the azimuth resolution      depends on the 3 dB beam-

width along the azimuth direction of the antenna       in radians . Dividing the 

wavelength λ over longitude of synthetic aperture  sa .  

      
 

   
 

 The azimuth resolution is defined as  a product of slant range  distance    and the 

beamwidth.  
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With an antenna size of 5m, and a wavelength of 3 cm, the azimuth resolution is 

approximately 30m for a range of 3 Km. This relationship owes to the fact that as 

the range increases, the electromagnetic waves spread over a wider geometric 

expansion, thereby reducing azimuth resolution.  

While a SAR system is flying over an object,  it illuminates it with radiation and 

continues to collect the backscattered radiation for as long as the object remains 

within the radar antenna’s main beam.  

The received echoes are coherently integrated to generate synthetic aperture    , 

which is significantly large compared to the real antenna aperture, and hence an 

improved azimuth resolution is realized.  Moreover, as the range increases, the 

ground object experiences a larger illumination time due to wider geometric 

spreading of the antenna’s main beam. This significantly better resolution 

increases the ability of SAR to perform high resolution images in the field of 

remote-sensing. 

3.3.- SAR Geometry 

The Geometry of SAR systems that appears in Figure 3 shows the side-looking 

geometry of a Monostatic SAR. The SAR sensor borne on a satellite platform flies 

over the territory that is sensed, illuminating the Earth surface underneath. 

The direction of flight is referred to as the azimuth or along-track direction. The 

distance from the sensor to the ground is the “slant range”, R, and what is 

projected on the terrain is the ground range. The sensor collects the reflected 

signals, and upon coherent processing, a synthetic aperture is achieved. 
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Figure 3:  SAR geometry. 

The angle from which the satellite observes the earth is “the looking angle”  .  The 

“azimuth angle” Ψ and its complementary angle , the “ squint angle “ φ, describe 

the relationship between the platform and the target. 

The incidence angle γ relates the direction of the radar pulses towards the normal 

vector of the terrain. 

3.4.- SAR Modes  

There are three main modes of operation for SAR systems; 

 Stripmap SAR: In this mode the antenna points towards a fixed direction. 

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 and the 

length of image depends on the distance that the sensor travels. In this case 

the length of antenna defines the azimuth resolution. The ENVISAT mode of 

Stripmap is known as Image Mode (IM). 

 ScanSAR: This mode transmits five Subswaths at certain range direction 

with specific directivities. Every Subswath is distinguishable by the PRF ( 

Pulse Repetition Frequency ) and by the number of pulsed chirps that 
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compose the signal.  Therefore we obtain a wider swath but with poor 

azimuth resolution. The ENVISAT mode of ScanSAR is named Wide Swath 

Mode (WSM). 

 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  

the sensor goes through the desired target area.  The antenna has to steer 

back again after passing the scene and this means resolution in another part 

of coverage will be reduced or the image of some of the areas will be 

missing. 

 

Figure 4: The three SAR (Synthetic Aperture Radar) methods:                            

Spotlight, Stripmap and ScanSAR. 

 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 the target is moving.  

 Bistatic SAR: In this mode, receiver and transmitter are not in one unit, like 

spaceborne or airborne system. Here, the area is illuminated by a satellite 

transmitter and the reflection is received by a ground station antenna. The 

transmitter and the receiver are in different locations in order to obtain and 

the two possible geometries;  forwardscattering and backscattering.  
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 SAR Interferometry: This is one of the most useful modes of SAR systems. In 

this mode, terrain height or displacements can be extracted by the post-

processing of complex images. In this mode, two complex images are 

obtained from the same position or from slightly different positions. These 

two images are processed and the result is an interferogram with contours 

of equal displacement of elevation.  Through the SAR Interferometry,we can 

compute and obtain a 3D DEM ( Digital Elevation Model ) of the terrain 

surface. 

3.5.- Range Resolution 

SAR system, as a conventional pulsed radar system, evaluates the range finding the 

time delay between the transmitter and receiver pulses due the echo.  

 

Figure 5: Side looking geometry of Monostatic SAR 

To compute the resolution of the Monostatic SAR, we have to consider the time 

delay        between transmitted and received echoes.  
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The slant range      is the distance between ground target and the radar sensor. It 

is defined as a product of c (propagation motion of electromagnetic signals) and 

the        over 2, due the transmitted and scattered signal distances. 

In order to detect two closely spaced objects as two separate entities, the echoes 

received must not overlap. Therefore, the echo pulses from each target must be 

spaced in time from each other by at least the duration of the pulse. Hence the 

range resolution in slant range is given by the next equations. 

     
        

 
 

 

        
 

Where        is the corresponding bandwidth and        is the duration of the 

pulse. Taking into account the look angle, we obtain the resolution in ground range 

defined as: 

     
    

sin     
 

An increase of range resolution needs and increase in bandwidth of the pulse, 

which can be achieved by reducing the pulse duration. On the other hand, a 

decrease in pulse duration leads to a corresponding decrease in the radiated 

energy which in turn deteriorates the probability of detection. The alternative 

approach is the pulse compression;º instead of reducing the pulse duration, the 

pulse is linearly frequency modulated to yield with a 'chirp' signal that has a higher 

bandwidth. 

3.6.- Chirp signal 

Typically, the SAR systems uses chirp signal in order to increase the bandwidth 

and obtain better resolution in range direction. The chirp pulsed can be expressed 

as: 

                 
 

      
  .                     
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Figure 6: Chirp Signal in Range 

As we can see in the above formula, K is the chirp rate (Hz/s) that defines the 

frequency linear variation and       value is the initial frequency. Moreover the 

Pulse Repetition Interval (PRI) is defined by        as the duration of the pulse. 

The instantaneous frequency is defined by; 

      
1

  
 
     

  
       

The instantaneous phase of chirp signal is; 

            

The interval of time, “t” is defined between; 

       

 
   

      

 
 

Considering this, the resulting Bandwidth would be; 

          

The chirp signal is linearly frequency modulated and is transmitted at certain PRF 

(pulse repetition frequency). 
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1

      
 

 

3.7.- Azimuth resolution 

The radar flies over the terrain to be mapped and induces a relative velocity 

between the radar and the target object. The component of this relative motion is 

non-zero in the azimuth direction. Doppler Effect is the natural outcome. SAR 

signal in azimuth are hence frequency modulated owing to the Doppler 

phenomenon. 

While the radar is flying above the Earth’s surface and the target is being 

illuminated, there is a continuous variation in the distance to the target. Figure 6 

depicts the geometry with three time instants of a space-borne SAR flying along 

the azimuth, illuminating a target underneath. 

 

Figure 7: Geometry depicting the time variation of distance leading to phase change, 

and hence frequency modulating the signal in azimuth defined as the Doppler Effect 

The longitude of antenna of synthetic aperture     ,  is synthesized corresponding 

to the length of time the target remains illuminated while the sensor is flying 

overhead. This time is called the ‘illumination time’. In a theoretical sense, the 

synthetic aperture is equal to the along-track distance traversed by the sensor 
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during the illumination time, which corresponds to the length of the along-track 

footprint.  

 We obtain: 

            
 

   
    

Where    is the minimum distance between satellite and earth surface and        is 

the real antenna aperture of the transmit antenna, along the azimuth direction, and 

the synthetic beam width is: 

     
   

    
 

Therefore the corresponding azimuth resolution is independent from the range: 

             
   
 

 

3.8.- Zero Doppler Time 

Prior to acquisition, it is imperative to predict the satellite overpass time and the 

moment when the satellite is closest in range to the location of the receiver set-up. 

This time corresponds to the Zero Doppler time (ZDT) instant as well. It is 

calculated using the two-line Keplerian-Elements (TLE) set. 

In our case, the Eolisa from ESA (European Space Agency) is an on line software 

that provides information of the Zero Doppler Time and orbital parameters. 

The window acquisition time used to acquire the scattered signals of opportunity 

is centred at ZDT instant in order to acquire the lobes of maximum power to obtain 

a good acquisition in terms of SNR (Signal To Noise Ratio). 
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. 

Figure 8: Curve of Range over Zero Doppler Time. The minimum is the only non 

ambiguous point in the image because is the point of zero Doppler                               

and minimum distance to the receiver. 

3.9.- Application of SAR systems 

SAR has emerged as a standard technique for Earth observation. Many SAR 

missions have been launched over the last few decades. The application areas of 

these missions can be briefly stated as: 

• Topography: providing terrain maps, Digital Elevation Models (DEMs) of 

Earth surface and other topographic information. 

•Oceanography: measuring wind speeds, ocean currents and sea wave’s 

dynamics. 

• Glaciology: measuring the slight movements of glaciers and snow wetness. 

• Agriculture: classifying crops, soil moisture and more others applications. 

• Geology: discriminating terrain types, relief features deformation due to 

natural disasters (floods, earthquake, and volcanic eruption) 

• Forestry: estimating biomass and forest height.  
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4.- Bistatic SAR  

Multistatic and Bistatic SAR systems are an emerging research field. In a Bistatic 

SAR system, contrary to the Monostatic case, the transmitter and the receiver are 

borne on different platforms, and they follow different trajectories, which may be 

completely independent from each other. In some cases, using a Bistatic 

configuration is more beneficial than the Monostatic, e.g. with a Bistatic system, it 

may be possible to generate good quality image where the performance of a typical 

orbital Monostatic geometry is severely worsened..  

In Bistatic systems, the use of multiple receivers placed at different locations 

allows us to observe the scene from different points of view. Such a configuration 

makes possible the extraction of 3D vector of movement. It must be considered 

that the cost of deploying a Monostatic system with similar capabilities as the 

Bistatic, would be far higher due to the dimensions of the antenna. 

The following subsections consider the particular case of Bistatic SAR system with 

a fixed receiver, and a space-borne transmitter which synthesizes the synthetic 

aperture along its orbital track. 

4.1.- Bistatic SAR Geometry 

There are two typical geometries: forward scattering and backscattering. In a 

backscattering case, both the transmitter and the receiver are on the same side of 

the viewed scene; however, for the forward scattering case, the viewed scene is in 

between the transmitter and the receiver. 

The next figure shows the Bistatic Geometry and we can appreciate that the 

Bistatic Angle is formed by segments of Transmitter to B and Receiver to B. 
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Figure 9: Geometry of Backscattered Bistatic SAR  

Due to the different position of the transmitter and receiver base, there exists an 

ambiguity in terms of interpretation of the objects positions. The geometric locus 

defined as all the points with the same Bistatic distance, (      constant) is an 

ellipsoid.  Despite this, we can distinguish the different surface characteristics 

studying the evolution in range of the image.  

The Range Migration follows this relationship: 

        
           

Considering two points with the same Bistatic distance, the Range Migration 

curvature of the further point towards the satellite is higher than the nearest point. 

The Figure 8 shows these two Range Migrations ellipsoids. 
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Figure 10: Range Migration Curvature 

Therefore, the distance r1 is defined from the earth surface (target) to the satellite 

and the point at    presents a wider parable, because    is nearer than    . 

4.2.-  Range Resolution in Bistatic SAR 

In a Bistatic SAR, we cannot consider the Slant Range because a single path of 

transmitted and reflected electromagnetic signals doesn’t exist. 

Hence the Bistatic resolution in range is: 

           
 

 
 

Taking into account the altitude of the receiver, we can define the ground range. 

The next figure shows the transmission and the reception angles that characterize 

the Bistatic geometry. 
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Figure 11: Bistatic geometry with angles of transmitter and receiver  

The two angles    and     with the Bistatic resolution obtained, define the ground 

range resolution as: 

      
     

           
 

4.3.- Azimuth Resolution in Bistatic SAR 

The azimuth resolution is the minimum distance from which two targets can be 

detected separately by the system. The analysis of azimuth resolution has to 

consider the bandwidth and the velocity of the moving platform. 

Keeping in view the frequency-time duality, a bandwidth can be inverted to obtain 

a temporal resolution and then, the azimuth resolution yields when multiplied by 

the platform velocity 

            ,       ,    
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For the Monostatic case, the Doppler bandwidth is related to the two-way antenna 

azimuthal beamwidth of the transmit-receiver antenna          . In a Bistatic 

scenario, since the receive antenna is not borne on the same platform as the 

transmitter, we define a one-way transmit antenna beamwidth,          .  

Approximating the beam pattern with a Gaussian function, the ratio between the 

one-way and the two-way beam patterns is   . This implies that in a Bistatic 

scenario, there is a loss of resolution by a factor of two due to one-way beam 

pattern instead of two-way beam patter as for the Monostatic. But since the one-

way beam pattern is wider and therefore, the illumination time is more, it 

compensates the loss to some extent.  

Hence we get; 
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5.- Image Mode (IM) and Wide Swath 
Mode (WSM)  

The mode to synchronize the acquisition is the Wide Swath Mode (WSM) that the 

ENVISAT spaceborne operates. The ENVISAT Advanced Synthetic Aperture Radar 

(ASAR), one of the 10 instruments on board of ENVISAT, environmental satellite, 

was designed to provide a large degree of operational flexibility, acquiring science 

data with specific modes.  

 

Figure 12: ENVISAT with the ASAR C Band antenna used for Wide Swath Mode 

(WSM) and other sensors, antennas and communication systems 

The Image Mode (IM) generates high spatial resolution data, in HH (H Transmit 

and H receive) or VV (V Transmit and V receive) polarization, over one of seven 

available swaths located over a range of incidence angles spanning 15 ° to 45 °. The 

Wide Swath Mode (WSM) and Global Monitoring Mode (GMM) are based on the 

ScanSAR technique using five sub-swaths (across track coverage of 400 Km) either 

in HH or in VV polarisation. The WSM is a high resolution mode, while the GMM is a 

low rate mode, which allows for a whole orbit operation at the cost of reducing the 

resolution around of 1Km.  
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The Wide Swath Mode is a burst mode. The instrument illuminates a given sub-

swath with a limited number of pulses before moving to the next sub-swath in the 

sequence. This contrasts with the continuous illumination of a swath in ASAR 

Image Mode (IM). Thus, while in Image Mode (IM), a given target will produce 

radar returns covering the full range of Doppler frequencies as the ASAR beam 

passes over it, in Wide-Swath Mode a target will only produce returns with 

Doppler frequencies corresponding to its range of geometries relative to the 

satellite during the burst period. The one-to-one angle-to-frequency 

correspondence of SAR ensures that different spectral portion of the target 

reflectivity is observed in the subsequent bursts. Wide Swath Mode (WSM) as the 

name describes, is a wide footprint from the satellite point of view and for the 

Bistatic Antenna at the receiver. 

The basic principle is the division of the main swath in several Subswaths in order 

to increase the range distance covered by the satellite. Each Subswath operates 

with a certain burst of chirps differentiated by the number of pulses, K chirp rates 

and PRF. 

 SS1 SS2 SS3 SS4 SS5 

Nº of Pulses 50 65 55 71 61 

PRF 1684 Hz 2101 Hz 1692 Hz 2080 Hz 1707 Hz 

Tau 21.05 us 16.75 us 20.93 us 16.85 us 20.70 us 

K 7.16e +11 Hz/s 7.67e +11Hz/s 5.007e +11Hz/s 5.65e +11 Hz/s 4.2 e+11 Hz/s 

BW 15.07 MHz 12.86 MHz 10.48 MHz 9.53 MHz 8.76 MHz 

      

Table 1: The five Burst of Chirps for each Subswath 

The ENVISAT satellite uses the Wide Swath Mode (WSM) and divides the main 

swath in 5 Subswaths and transmits cyclical bursts of chirps with the aim of cover 

405km in ground range.  
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Wide Swath Mode (WSM) of ENVISAT work in a cyclic burst repetition of 

Subswaths sequence following the order: 

 

 

 

Figure 13: Cyclic Subswaths transmission  

We can appreciate that the order of Subswaths initiates at 50 pulses of SS1 and 

increase till 71 pulses with the last Subswath of SS4. 

The next figure shows the Wide Swath Mode (WSM) geometry of swaths towards 

the trajectory of the satellite. 

 

Figure 14: Wide Swath Mode (WSM)  

 

 

 

SS1 SS3 SS5 SS2 SS4 



Master Thesis                                        Synchronous Acquisition System for Bistatic SAR  
 
 

33 
 

6.- Objectives  

In order to optimize the Bistatic SAR Acquisition System and increase the temporal 

acquisition window, it is necessary to make a synchronize recording with the PRF 

to selectively acquire the optimized scattered burst of chirps.  

The next subchapters present the Synchronous Acquisition System designed and 

implemented for Bistatic SAR. The two specific modes of ENVISAT signals of 

opportunity are Image Mode (IM) and Wide Swath Mode (WSM). 

6.1.- PRF Synchronism for Image Mode (IM) 

The C Band received signal provided by the ENVISAT spaceborne is a pulsed chirp 

at 9.331GHz with an approximate bandwidth of 16 MHz. The RF SABRINA Front 

End, downconverts the C Band to Video Band obtaining a pulsed chirp from 2 MHz 

to 18 MHz with Intermediate Frequency at 10 MHz while the PRF burst of chirps is 

around 1.652 KHz. 

Therefore, to synchronize the acquisition we have to lock with the PRF of the input 

signal, in order to detect the chirp position in the burst in real time. The matched 

filter will be the responsible for the correct detection of the chirp in the burst. The 

matched filter computes a circular cross-correlation of the input with an expected 

shape of chirp. When the two inputs are the same, the Matched Filter output 

obtained is a delta peak, useful to establish synchrony with the burst. 

Moreover, the train of deltas have to be processed with an adaptive threshold 

taking into account the possible false detection.  Finally, we have to generate pulse 

of synchronism to lock with the PRF centred at chirp position of burst.  This train 

of pulses will be used as an acquisition Trigger connected with the PXI Digitalizer. 

The next image shows the pulse of chirps in temporal and frequency domains. Note 

that the yellow rectangles mark the chirp position in the burst. By developing the 

Synchronous Acquisition System correctly, we will synchronically acquire the 

scattered chirps in the burst. In this way, we will only record the echoes of the 
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pulses, neglecting the non relevant information of the reflected burst in order to 

optimize the acquisition in memory storage. 

 

Figure 15:  Chirp synthesized in Remote Sensing Lab in temporal and frequency 

domain. The yellow rectangle is the selected part that will be synchronously acquired. 

In the next image, we can better appreciate the pulsed chirp in the frequency and 

temporal domains, shown in the yellow part of the previous graph. 

 

Figure 16:  Zoom of the synthesized chirp in Remote Sensing Lab in temporal and 

frequency domain. This is the part to be record on the PXI acquisition card  

Moreover, if we accomplish the condition of synchronization the PRF with the 

explained method, we will be able to enlarge the Window Acquisition Time or 

increase the sampling frequency to acquire the signals of opportunity with greater 

bandwidth.  
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6.2.- PRF Synchronism for Wide Swath Mode 
(WSM) 

The second objective of this Master Thesis is the design of synchronous acquisition 

system for Wide Swath Mode (WSM) from ENVISAT. Considering that the input 

signals of Wide Swath Mode (WSM) are composed by five bursts of chirps with 

different PRF for each Subswath.   

The prototype to develop will lock with several PRF in order to synchronize each 

Subswath with the acquisition device, the PXI Digitalizer. Moreover, the Wide 

Swath Mode (WSM) signal is composed of five different pulsed chirps depending 

on the time instant.  

When the satellite changes the Subswath, therefore the PRF of burst of chirps, the 

transmitter stops the emission for a few milliseconds. The duration of this no 

emission period is different for each Subswath change and can be measured and 

processed to estimate and predict the next pulsed chirp corresponding to each 

Subswath. 

First of all we have to synchronize the acquisition estimating the chirp position in 

the burst, to lock the PRF. Then we will detect which of the five modes is 

transmitting in real time to acquire the scattered signals following the cyclic bursts 

of chirps. 

The next image shows an acquisition of direct channel pointing to the satellite in 

Wide Swath Mode (WSM).  We can appreciate three of five Subswaths with 

different bandwidths and amplitudes. 
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Figure 17:  Three of the five Subswaths of Wide Swath Mode (WSM) of ENVISAT, 

acquired with a direct channel.  The yellow rectangle shows the part to be synchronized 

and therefore acquired by the PXI in Trigger Edge Configuration. 

The Synchronization with five pulsed chirps in real time is the goal of the project. 

We have to consider the limited time that we have to lock with the PRF in order to 

synchronously acquire the scattered signals from the terrain. 

The detection of the Chirp position to establish synchrony in the direct signal will 

be performed with an Intelligent Matched Filter. This component will cyclically 

compute the cross-correlation with the input signal and the five pulsed chirps of 

each respective Subswath.   

Apart from solving the PRF lock, we have to estimate the swath position that 

follows a cyclic sweep of burst of chirps and this will be programmed with 

Subswath Lock Controller in the FPGA. As we already know the features of the 

burst, we can predict when a certain mode initiates and ends. 

          SUBSWATH 1                     SUBSWATH 3                       SUBSWATH 5 
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7.-  Acquisition System SABRINA 

SABRINA is a Synthetic Aperture Bistatic Radar for Interferometric Applications. It 

is a passive system able to acquire signals at C Band from the ENVISAT satellite 

from ESA (European Space Agency) as a transmitter.  The ENVISAT satellite is the 

transmitter and SABRINA front end acquires the Bistatic SAR scattered signals 

with the fixed receiver. 

The Bistatic configuration is able to obtain data from several geometries of a 

particular scene, at several directions from the point of view of the transmitter.  

Thus, the resolution will increase in comparison the Monostatic configurations.  

 

Figure 18: Interferometric Bistatic Configuration 

7.1.- System Description 

The antenna collects the electromagnetic radiation from the reflected signals from 

the Earth surface. Then the RF Front End downconverts the scattered radiation 

form C Band to Video Band with IF (Intermediate Frequency) of around 10 MHz. 

Then the signal is digitalized with a sample frequency between 40MHz to 200 MHz 

with the PXI and the acquisition device generates a Wave File. 
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Figure 19: Superheterodyne Receiver System Schematic 

SABRINA samples the acquisition at a certain frequency that has to be higher than 

the Bandwidth, to accomplish Nyquist. The sample frequency used in experimental 

acquisitions range from 40 MHz to 200 MHz. 

       

       
1

 
   ,           0,1, ,   

Using n=1, the system avoids the Aliasing and we obtain a spectral replica centred 

at digital frequency ¼. 

7.2.-  Acquisition Procedure 

The PXI Digitalizer has a parameters file to configure the acquisition. This text file 

contains the values of the Zero Doppler Time (ZDT), the Sampling Frequency, the 

Bandwidth and the frequency at C Band to adjust the Local Oscillator to 

downconvert the input signal. Therefore, when the acquisition is being initiated, all 

of these parameters are being precisely configured to sample the scattered signal 

and acquire the data at a certain instant around the ZDT (Zero Doppler Time). 

Taking into account the short Window Acquisition Time, it is important to 

precisely define the initial and final acquisition time and then the procedure is as 

follows; 
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 Prediction of the Orbital path in Two Lines Elements (TLE) format and  the 

generation of parameters configuration file that describe the main 

characteristics to setup before the acquisition 

 The clock of the system is synchronized with the Network Time Protocol 

(NTP) and allows starting the acquisition as the parameters configuration 

file describes. 

 Initialization of the acquisition process: the PXI Digitalizer device starts a 

countdown until the moment that satellite cross the orbital path that begin 

recording and digitalizing the input signal at 40MS/s or 100 MS/s with 12 

bits 

 The acquisition initiates sampling the signal and recording it in the PXI 

Digitalizer card with a Wave File. 

7.3.- Components and Features 

7.3.1.- Antennas 

The C Band Antennas used in Bistatic SAR are the Pyramidal Horn Antennas 

 
Figure 20: C Band Horn Antenna 

 

 

 

Table 2: Antenna features 

   
 a = 18 cm b = 15cm 
 a = 4 cm b = 2cm 
             = 39 cm 
 Directivity 16 dB 
 Lobe Width 20 degrees 
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7.3.2.- Front End Receiver 

In order to downconvert the C Band signal at 5.331 GHz  from ENVISAT  Satellite to 

IF (Intermediate Frequency) around DC to 200 MHz, we use a superheterodyne 

receiver. 

 

 Figure 21: RF Front End in SABRINA 

The LO (Local Oscillator) is based on a configurable frequency synthesizer of 

5.220GHz to 5.240 GHz.  This margin of 20 MHz allows the receiver to 

downconvert the ENVISAT signal and the ERS-2. Unfortunately ERS-2 was 

depleted of all fuel on September 5, 2011 therefore all operations ceased and its 

signal for experimental acquisitions cannot be acquired. 

Thus, to configure the LO to ENVISAT, the system needs to synthesize the 

frequency of 5331MHz and we will obtain 16 MHz of Bandwidth with IF 

(Intermediate Frequency) around 10 MHz. The final chirp signal oscillates from 2 

MHz to 18 MHz. 
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In fact, we have two LO to synthesize the frequency, the first is configurable, and 

we have to fix the value at 3927 MHz and the second LO is non configurable and it 

has the value of 1354 MHz.  

 
Figure 22: Bloc diagram of 4 Channels SAR RF receivers. 

Regarding the power balances of the system, we can compute its signal gain with 

the Input Power (Scattered Signal Channel) and Po, the output of the RF 

downconverter system from SABRINA. 

                        1 .  d m      .1        .     

The total noise figure of the double superheterodyne system is: 

    .97    

And the noise power out: 

      .7     

The peak voltage at output is: 
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   0.    

The SNR measurement is evaluated in acquisition signal where we can appreciate 

that the main lobe is higher than the other lobes, although there are several lobes 

lower than zero. When we apply the Matched Filter, we increase the SNR and the 

result is better to process the data and obtain a good resolution in Range and 

Azimuth. 

Figure 23: SNR of the direct channel pointing to the ENVISAT with an experimental 

acquisition 

7.3.3.- Acquisition Card  

Description of the main features of the PXI 5124 of National Instruments 

acquisition card. 

 200 MS/s real-time, up to 4.0 GS/s equivalent-time sampling 

 12-bit resolution on 2 simultaneously sampled channels  

 150 MHz bandwidth with noise and antialias filters 

 -75 dBc spurious-free dynamic range (SFDR) 

 Deep onboard memory - 8 MB/ch standard, up to 512 MB/ch 

 Edge, window, hysteresis, video, and digital triggering 
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In our acquisition we have configured the sample frequency at 40MS/s and 

100MS/s and we obtain a temporal acquisition window of 6.4 seconds and 2.56 

respectively. 

 

Figure 24: PXI 5124 Acquisition Card of National Instruments 

The acquisition card record the sampled data in a wav file per channel with 50 

bytes of heather, 2 bytes/sample thus 16 integer levels.  Therefore, executing an 

acquisition with the maximum window size available, the PXI generates a file of 

512 Mbytes per channel. 
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8.- Implementation  

The implementation of the Synchronous Acquisition System is composed by three 

basic devices that process the direct signal from satellite and detect the PRF lock. 

Finally, it generates the synchronism pulse.  The main devices are the Analog 

Digital Converter (ADC), Virtex 4 FPGA, evaluation board ML 402 and Digital 

Synthesizer to generate the burst of chirps that simulates the PRF estimation 

algorithm. 

8.1.- Devices and Processors 

To implement the acquisition system, we need several circuits to process the signal 

in order to obtain a pulse of synchronization that locks the PRF and allows an 

optimum acquisition.  

8.1.1.- Analog to Digital Converter (ADC) 

 

Figure 25: Analog to Digital Converter (ADC) courtesy of Analog Devices 

This device will digitalize the signal from a satellite that has previously been 

downconverted by the front end at 12 bits. Moreover, in our experimental 

development, we have digitalized the signal generated by the chirp synthesizer to 

simulate the burst of chirps from the front end, that downconverts the signals from 

ENVISAT. To improve the system, the ADC is synchronized by an external clock 

generated by the FPGA at 40 MHz to ensure the digitalized data is transmitted in 

the same time that FPGA Algorithm expects. 
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8.1.2.- Direct Digital Synthesizer (DDS) 

To evaluate the algorithm of PRF synchronization it is necessary to generate the 

signal from the front end in Video Band, to simulate the acquisition system.  

 

Figure 26:  Direct Digital Synthesizer (DDS) AD9954 simulate the ENVISAT burst of 

chirps at baseband. 

The configuration of these devices consists of defining the PRF, and the maximum 

and minimum frequency, to generate the signal. The 20 MHz clock is generated by 

the RF front end of SABRINA.  The DDS is configured by Spartan FPGA that is in the 

same board. 

8.1.3.- File Programmable Gate Array (FPGA) 

The algorithm of the FPGA is based on a matching filter that computes the digital 

input from SABRINA Front End or Direct Digital Synthesizer with the internal 

coefficients of chirps in order to obtain a peak at certain periodicity. This peak will 

be useful to synchronize and control the PRF lock. 
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Figure 27:  Virtex 4 Field Programmable Gate Array (FPGA), is where the Control and 

Process unit estimate the PRF to synchronize the acquisition compressing the chirps. 

Finally, the pulse of synchronism generated is used as a trigger to synchronously 

acquire the scattered signals. The PXI 5124 is configured with External Trigger 

Edge acquisition in order to selectively record the burst of chirps detected by the 

PRF Recovery Synchronous System that generates a pulse. 

 

Figure 28: The SABRINA Acquisition System and the PXI 5124 embedded in a 

National Instrument Computer marked with yellow rectangle. 
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8.2.- Algorithm  

8.2.1.- Synchronous Acquisition Image Mode (IM) 

The implementation of the Synchronous Acquisition System is based on several 

flowcharts that show the different algorithms to process the data in order to obtain 

the desired result and a satisfactory design. 

We have to consider that we have one antenna pointing at the satellite and others 

towards the scattered surface of the terrain.  The Pulse Repetition Frequency 

(PRF) detection lock is processed with the signal provided by the direct channel. 

Moreover, we have to take into account that the signal has to be downconverted 

from C Band to Video Band to detect the synchrony. 

The following flowchart shows the two main inputs and its process. 

 

 

 

 

Figure 29.- Flow diagram of Synchronous Acquisition System 

The PXI has four channels to record the acquisition, but the Front End has only 

four channels for the downconversion.  Considering that we need one channel for 

the direct acquisition, we have three channels to acquire the scattered signal. Then, 

the signal acquired is 12 bits of digital quantification and sent by parallel port to 

the FPGA input signal.  

The synchronous system that is hereby detailed generates a synchronization pulse 

that acts as a trigger. In fact, the trigger is a conditional slope. If its value is one, the 
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PXI 5124 acquires a certain number of samples. On the other hand, if the values is 

zero, the acquisition card doesn’t record anything.   

The next diagram shows the algorithm that is processed by the FPGA to generate a 

synchronism pulse.  

 

 

 

 

 

Figure 30: Synchronous Acquisition Algorithm processed by the FPGA 

To implement the temporal synchronization with the received pulses, we use the 

properties of cross-correlation.  The result of cross-correlation with two equal 

chirps is a sinc with a maximum value of zero. Considering this detection, we can 

ensure that the signal is the expected chirp, and we can also define the temporal 

reference to synchronize the system. 

 

The output of the Matched Filter is equivalent to the autocorrelation of the two 

similar pulsed chirps. The plot of the compressed pulse of a chirp with the Image 

Mode (IM) is the sinc, and the width of the main lobe is equivalent to the inverse of 

the bandwidth of the signal. 
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Figure 31: Autocorrelation of synthesized chirp.  

To compute the cross-correlation with the circular convolution of N samples is 

equivalent to do the product of Fourier Transforms Coefficients. In this case we 

apply the FFT and the IFFT of two different coefficients. The first is stored in the 

ROM memory of the FPGA as a reference chirp. The second coefficients are 

obtained by computing the FFT of the input signal in order to be multiplied by the 

other. The product of the same signal in frequency domain is the equivalent to do 

the cross-correlation at temporal domain. In fact it is the same operation with a 

certain translation domain that permits the fastest and more efficient prediction of 

the synchronism reference and identification of the certain signal. 

                                 

The maximum produced by the cross-correlation when we acquire the expected 

signal, is useful to establish a temporal reference to synchronize, and depending on 

the energy peak, the identification of a certain chirp. 
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In fact, to determine the peak and assume that the detection is satisfied, we use an 

adaptive threshold. If we consider that the input signal is compressed and we 

obtain 13 dB of difference between the main lobe and secondary lobe, the system 

will detect this peak. Moreover the peak is adaptive because the system computes 

the mean value of the peak and tries to adjust the threshold depending on its peak 

energy value. The PRF filter neglects other signals with different PRF and thanks to 

the peak detection we can focus on the burst of chirps that our system is able to 

acquire. 

The Delay Locked Loop (DLL) is responsible for generating the Synchronous Pulse 

and lock to a certain PRF.  DLL will generate pulse despite having some peak of 

correlation that may not be detected, because we can find nulls and the 

synchronism pulse has to be stable and robust. 

The next image shows an Oscilloscope Capture with the Synchronous Pulse 

generated by the DLL embedded in the FPGA development kit. 

 

Figure 32: The synchronism pulse captured in the laboratory by doing an experimental 

test.  We can appreciate the 3.5 volts peak pulse at PRF of 1652Hz well detected. The 

signal was generated by the Direct Digital Synthesizer and we prove that the                  

synchronism pulse is stable and robust 

8.2.2.- Synchronous Acquisition WSM 

The main modification to adapt our system to Wide Swath Mode (WSM) is to use 

an Intelligent Bank of Matched Filters instead of a single Matched Filter.  

Considering that we have to establish synchronization with five different types of 

pulsed chirps, it is more optimum in time, to make the five cross-correlations of 
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each kind of chirps with the input signal. The next diagram shows the five Matched 

Filters in parallel configuration to optimize in time and obtain, in case that the 

receiving signal is in Wide Swath, one relevant energy peak to detect the actual 

Subswath transmitting at a given time. 

 

 

 

 

 

 

                                                                                                                                     

Figure 33: Bank of matched filter to detect the different Swath at certain PRF. 

In order to maintain the synchronous pulse stable at certain PRF, the system has to 

estimate the position of every pulse regarding the burst of chirps and the modes 

that it is receiving in real time. To solve this, the DLL is counting the number of 

expected pulses that will be received from the ENVISAT satellite to predict the 

change of mode using the time tables shown in the next figure that defines the no 

emission time between modes. That is ideal for our estimation of certain Subswath. 

 SS1-SS3 SS3-SS5 SS5-SS2 SS2-SS4 SS4-SS1 

Time (ms) 4.65 5.22 5.75 5.20 5.75 

                           Table 3: No emission time as a changing a mode marker. 

When the peak is detected in Wide Swath Mode (WSM), the first estimation allows 

us to know in which swath it is and which the position of the trains of scattered 

chirps is.  
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In fact, the decision to choose in which Subswath the received signal at certain 

instant is, is defined by the energy of the peak. The highest peak detected at the 

bank of matched filters, is the one that defines the correct chirp characteristics and 

the Subswath. 

 

 

 

 

 

 

 

Figure 34: Flowchart to establish the synchronization with Wide Swath Mode (WSM) 

We know that the Wide Swath Mode (WSM) is periodically and circularly 

transmitting between its Subswaths. At the moment that we detect the certain 

Subswath and we appreciate the no emission time, we have synchronized the 

emission and transmission, and a successful design will be satisfied. The next 

flowchart shows the pulse of synchronism generation for Wide Swath Mode 

(WSM). 

 

 

 

Figure 35:  Basic Scheme of PRF synchronization system for Wide Swath Mode 

(WSM)  
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The main difference regarding the Image Mode (IM) is the Matched Filter Bank and 

the Algorithm of prediction of swath and chirp synchrony. The pulse generated 

acts as a trigger input to acquire relevant part of scattered signal. 

8.3 Element description 

This subchapter presents the detailed explanation of the main blocs that conform 

the flowchart of PRF synchronization basic scheme.  In order to implement the 

suggested algorithms it is necessary to correctly design the different computations 

to obtain the desired response of each bloc. 

8.3.1 Buffer management 

The input signal is downconverted to RF with the Front End Receiver and 

digitalized with 12 bits word and stored in an internal memory buffer every 2.5 ns, 

thus the sampling frequency is around 40 MHz. The memory storage computes the 

circular convolution to obtain the cross-correlation of the input signal and 

reference chirp stored in FPGA flash memory.  Moreover the memory flow follows 

a circular storage with the purpose of record N=8192 words in the buffer. 

Considering the input and output word are sampled and stored respectively at the 

same instant in order to optimize the acquisition in time, the memory is dual thus 

the reading and writing procedure is parallelized.  The strategy used to apply the 

digital matched filter is the product between the FFT of the stored chirp with 

L=1040 samples and the input signal in frequency domain.  
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The next two images show the memory storage procedure and the overlap. 

 

 

 

 

 

 

 

 

Figure 36: Scheme of dual memory buffer and the overlap                                            

samples due the circular memory storage. 

8.3.2 Matched filter for Stripmap Mode 

To realize the Fourier Fast Transform (FFT) and Inverse Fast Fourier Transform    

(IFFT) we have applied the Cooley-Tukey algorithm that computes the DFT and 

IDFT embedded in the Xilinx FPGA.  The computation process of N complex words 

of two’s complement from   to    bits. In our design, all the samples are real thus 

the sampling is realized by IF instead of IQ. 

When the memory has L samples stored, the program computes the DFT 

recursively and stores the module of the coefficients into the dual memory.  The 

next step is to multiply the two complex coefficients (one stored in the program 

and the other is computed by DFT as explained before) and saved in an 

intermediate and memory in order to store the partial products of the coefficients 

in the frequency domain. Finally the conversion to temporal domain by the IDFT 

with the Cooley-Tukey algorithm is used to convert the complex coefficients and to 

obtain the modulus of the response of matched filter. 
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The next flowchart shows the buffer and memory storage of the complete matched 

filter bloc. 

 

 

 

 

  

 

 

Figure 37: Filtering in frequency domain flowchart 

Notice the memory addresses of the matched filter are indexed and controlled by 

the FFT and IFFT blocs. The time between data petition and reception of a data in a 

certain memory bloc are three time clocks.   

The obtained data from the output is formatted with two’s complement and the 

system computes the absolute value and stores it in the intermediate buffer. Then 

the output data is computed directly in order to detect the maximums and process 

the adaptive threshold. 

8.3.3 Intelligent matched filter for Wide Swath Mode 
(WSM)  

The intelligent matched filter is the core of our project, because we have to 

synchronize it with several pulsed chirps at certain P F’s.  We have to consider the 

matched filter as an indicator of the chirp presence at a certain time. Whereas the 

five chirps models transmitted with the satellite have to be predicted and 

immediately locked at certain PRF to establish synchrony. 
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The next image shows the five chirps of Wide Swath Mode (WSM) of ENVISAT in 

frequency domain. We can appreciate the shape related with the Bandwidth and 

the amplitude will depend on the orbital path of the satellite and the directivity of 

the Subswath. 

 

Figure 38: The five Subswaths Chirps of Wide Swath Mode (WSM). 

Regarding the Wide Swath Mode (WSM), the signals are composed of five 

Subswaths and each one transmits a certain train of chirps. The first thing that we 

have to detect is the transmitted mode and the chirp position. The intelligent 

matched filter computes the cross-correlation between the five chirps stored and 

the input signal. The output of the matched filter has to be a clear peak if the input 

signal of certain Subswath is the same as the bank of chirps stored in memory.  The 

Subswath Locking Controller will multiplex the input chirp coefficient in order to 

compute the cross-correlation.  However, if the output of the matched filter, 

doesn’t contain a clear peak , and the Subswath Locking Controller detects that the 

input chirp cross-correlated with the certain bank of chirps is uncorrelated, then 

the system will change to the next chirp stored in a Bank of filter. 
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Figure 39: Flowchart of Intelligent Matched Filter 

Once the peak is detected, the Subswath Locking Controller detects that the mode 

is locked and the algorithm will follow the series of Wide Swath Mode (WSM).  

Taking into account that the Subswaths signal transmits the series SSW1-SSW3-

SSW5-SSW3 and SSW4 and then returns to SSW1, we can accurately control the 

signal position. 

Moreover, the Subswath Locking Controller will count the number of pulsed chirps 

with the purpose of deducing the Wide Swath Signal and locking with the input. 

Finally the Controller predicts the change of Subswath measuring the no-emission 

period between different trains of chirps. 
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The next image shows the theoretical cross-correlation of the SSW1  with the input 

signal transmitting SSW1. In it, we can appreciate a clear peak of  9 dB in regard to 

the other peaks centred at the chirp. This peak will be used to generate the 

synchronous pulse and estimate the position of the chirp in a burst of chirps. 

 

Figure 40:  Output of Matched Filter: The input signal is a train of chirps of SSW1 that 

is cross-correlated with the SSW1 chirp stored in Intelligent Matched Filter. 

On the other hand, if we compute the cross-correlation of the input signal of SSW1 

with other Subswath of Chirp stored in Intelligent Matched Filter, we don’t obtain a 

clear chirp as the result is uncorrelated. 

The next image shows the response of the matched filter with different Subswaths. 
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Figure 41:  Demonstration of non detection of certain Chirp with different Subswaths  

as an output of the matched filter. 

We have simulated and proved that the detection of a certain Subswath as an input of 

matched filter is feasible detecting the peaks and estimating the chirp position thus the 

PRF synchronous system for Wide Swath Mode (WSM). 

8.3.4 Adaptive threshold and peak detection 

The adaptive threshold is as a fixed component that defines the minimum absolute 

value and a variable component which depends on the input signal.  The value of 

the adaptive threshold is proportional to the absolute mean value of the samples at 

the output of the matched filter. 
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To estimate the synchronism of the matched filter, we obtain the maximum and the 

position of the peak of the output data.  If the peak is greater than the  

                 , the system records the peak value in a new table in order to 

ensure the detection. The different values of samples recorded from the detections 

are used to ensure the detection of PRF and the generation of synchronous pulse. 

8.3.5 Delay Locked Loop (DLL)  

The pulse is generated by Delay Locked Loop that describes the time in which the 

system will receive the desired pulsed chirp.  Working with the Image Mode (IM), 

the PRF is constant and the DLL has to be locked. By doing so, it generates the 

synchronism pulse at certain PRF.   

The Wide Swath Mode (WSM) has some implication because the PRF, K (Chirp 

Rate) and Tau are different depending on which Subswath is transmitting. 

Moreover, the Wide Swath Mode has periods of no emission in which the DLL has 

to be locked to generate the synchronous pulse when these no emission periods 

finishes.  

When we detect three consecutive peaks, the synchronous system is capable of 

generating a pulse of synchronism and then the acquisition is completely locked. 
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Figure 42: We can appreciate the output of matched filter in blue and the response 

of synchronous system and the pulse generation in red. 

The previous figure shows the response of the synchronous system. We observe the 

generation of the pulse after two peaks have been detected. The pulse is generated but it 

is not centred at chirp position. When we receive the fifth peak from the matched filter, 

we can appreciate the synchronism between the peak and the red pulse generated. 

Moreover, we observe the robust property at the eighth peak as it is nonexistent, but the 

synchronous pulse is generated anyway. Finally, we can appreciate the unlocked system 

after three non detected peaks. 
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9.- Simulations 

This chapter contains the simulation of the Synchronous System for ENVISAT. The 

set of signals consists of two configurations; the StreetMap Mode and Wide Swath 

Mode .  

Taking into account the importance of compressed filter to synchronize the 

acquisition system, I have programmed several Simulations in Matlab 2008. The 

main analysis was to characterize the Matched Filter and the generation of pulse to 

lock the PRF. Finally, we have recorded and digitalized the scattered signal 

towards the earth surface, with trigger configuration. 

The main features of Chirps signals in Image Mode is; the chirp rate (K) that 

defines the linear frequency sweep chirp in the train of pulses.  Tau is the time of 

linear sweep in order to satisfy the bandwidth specified centred at certain 

Intermediate Frequency (IF).  

Pulse Repetition Frequency (PRF) defines the number of pulses by second and the  

 K Chirp Rate Tau BW PRF IF 

Burst of Chirps 589209599151.061Hz/s 
 

2.71e-05; 
 

16 MHz 1652.42 Hz 10MHz 

Table 3: Burst of chirp parameters for Stripmap Mode 

The next plot contains the compression of a chirp processed by the matched filter, 

with two different chirp signals. While in the left column we can observe the chirp 

signal synthesized by Matlab in order to obtain the most idealistic response,  the 

right column contains the compressed chirp acquired with the PXI 5124              

(National Instrument ADC) and by the Direct Digital Signal (DDS). In order to 

understand the features of the chirp signal, the following image shows several 

plots of the chirp signal at temporal and frequency domain. 
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Figure 43 : Chirp Compression with a Matched Filter.  

The cross-correlation is the statistics concept that we use to model the matched 

filter. Cross-correlation is the autocorrelation of a signal with itself. In other words, 

it is the similarity between observations as a function of the time separation 

between them. It is a mathematical tool for finding repeating patterns, such as the 

presence of a periodic signal which has been buried under noise, or identifying the 

missing fundamental frequency in a signal implied by its harmonic frequencies. It 

is often used in signal processing for analyzing functions or series of values, such 

as time domain signals. 

 

                                 

To design the synchronous system we have evaluated the generation of the pulse 

in order to enclose the chirp signal part of the burst of chirps.  
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The next plots show the compressed filter in a Pulse Repetition Interval (PRI)  and 

the pulse of synchronism at central position. The two next graphs show the burst 

of chirps of nine PRI. The matched filter that make a circular convolution of certain 

window of around 2500 samples, compresses the chirp and the synchronous pulse 

is generated, in order to lock the PRF with the ADC in Trigger Edge acquisition 

mode. 

 

Figure 44:  Subplot 1 is the pulse compression and the synchronous pulse which enclose 

the compressed chirp signal. Subplot 2 is the burst of chirps compressed of certain 

interval of around 230.000 samples and the 3st subplot shows the synchronous pulse at 

correct position to record only the scattered chirp parts of the burst, in order to increase 

the window acquisition time 
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Figure 45: This plot shows the synchronous acquisition system with the synchronous 

pulse centred at chirp part of the entire signal and the correct detection of the 

compressed filter with a high energy peak. 

With this last image, we have tested the synchronous acquisition system with a 

compressed pulse and the correct generation of the pulse to lock the PRF at real 

time and acquire it synchronously. 
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10.- Experimental acquisition  

The general requirements to satisfy the theoretical design are defined and prove 

the viability of the project, but we have to consider some constraints due to the 

shape of the envelope of the received signal, that could generate a NULL and no 

detection point or ambiguity. 

The next image shows the sinc response of the envelope of the received signal and 

its shape. We can appreciate 13 dB of difference from the main lobe to the side 

lobes and this condition satisfies our design. 

 

Figure 46: Envelope of the received signal with Image Mode (IM) 

Now we are going to analyze the Wide Swath Mode (WSM) envelope, considering 

that the shape of the signal is related to the different Subswaths at certain time.  
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In the following image, we can appreciate the power decay at side lobes which 

produces some nulls due the lack of emission that the Wide Swath Mode (WSM) 

burst chirps defines.  On the other hand, we can observe the sinc shape that will 

produce some nulls related to the minima between lobes. 

Figure 47: Envelope of received signal with Wide Swath Mode (WSM) 

The difference between the main and secondary lobes is around 7 dB and between 

it and the others 14 and 28 dB.  The next interesting image in the Figure 48 is the 

zoom of the main lobe to analyze in Wide Swath Mode (WSM) and in it, we can 

appreciate the five Subswaths. 

 

Figure 48:  Detail of main lobe in Wide Swath Mode (WSM) acquisition 
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Finally the Wide Swath Acquisition is satisfied and the Pulse of Synchronous well 

generated at every Subswaths of the main lobe. That image satisfies the simulation 

of the synchronous system for different burst of chirp signals at the Wide Swath 

Mode (WSM). 

 

Figure 49: It shows the correct synchronization due to the adequate generation of pulse 

to lock the PRF and make synchronous acquisition. 

To validate our design, we test the algorithm of synchronism in Image Mode (IM) 

and as we can appreciate in the next image, the synchronism is satisfied. We will 

observe that the part of the chirp acquired is selected by the pulse of synchronism 

that is trigger that controls the acquisition.  

 
Figure 50:  The pulse of synchronism is generated when the chirp appears in the burst 

and it is acquired with a continuous acquisition by the PXI. 
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Now, the next step is digitalize the input signal of scattered chirps, when the slope 

of synchronous pulse is in high slope. In the following image, we can appreciate 

with this spectrogram, the contiguous linear frequency variation recorded with the 

PXI with the synchronous pulse as a conditional Trigger. 

 

Figure 51: This image shown the discontinuous acquisition with the PXI                    

with the Edge Trigger 

When the pulse of synchronism that acts as a trigger edge is slope up, the PXI 

records the time data to estimate the duration of the pulse and obtain information 

to process this acquired data. The next image shows the header of the file and the 

data registered since the first slope. 

 

Figure 52: Time Table of the Synchronous Acquisition depending on trigger pulse 

The next image shows the synchronous acquisition system running with real acquisition 

from a ENVISAT satellite at the roof of the Remote Sensing Laboratory. 

 
Figure 53: Real acquisition with the Synchronous System validated. 



Master Thesis                                        Synchronous Acquisition System for Bistatic SAR  
 
 

70 
 

 

As the chirp is situated in the main lobe, the signals are very clearly appreciated in 

the previous figure. We have proved that the correct position of the synchronous 

pulse generated to lock with the PRF satisfies the synchronous acquisition system.  
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11.- Conclusions 

During the realization of the project we have analyzed and applied the theoretical 

studies of signal processing and hardware design, in order to develop the 

Synchronous Acquisition System. 

The design of Synchronous System for Image Mode (IM) and Wide Swath Mode 

(WSM) is satisfied with simulation analysis and laboratory experimental tests. We 

have tested the generation of the pulse lock to the PRF and therefore, we are now 

able to process the input signal and estimate the position of the chirp in the 

scattered burst. 

Programming with several Hardware devices as the FPGA, VIRTEX IV has been one 

of the most challenging tasks that I have been faced with. Another device used to 

configure and validate the system, is the DDS . This device generates the linear 

frequency sweep to produce the desired burst of chirps for experimental testing on 

synchronism and trigger recording. 

Yet another important device is the PXI 5124 which digitalizes the input signal. To 

do so, I have analyzed some specific National Instrument libraries to program and 

configure its Acquisition System, with the intention of generating the Wav File at 

100MS/s avoiding the overflow of memory or the saturation. 

On the 8th of April 2012, ENVISAT ceased the operations and therefore our design 

and implementation of synchronous acquisition for Wide Swath Mode (WSM) was 

interrupted due to difficulties to generate a Wide Swath signal at certain P F’s.  

In fact, there is an important limitation regarding the hardware in the 

implementation of the digital bank of Matched Filters. The limitations of the FPGA, 

that computes the cross-correlation to obtain the compressed pulse, prevents the 

real implementation, because one digital matched filter consumes 43% of 

processing resources and 60%  of memory usage.  If we use a bank of matched 

filter, we will exceed the capabilities of this FPGA and memory storage. In order to 

solve this problem, I have suggested the design of an Intelligent matched filter to 
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compute the PRF Lock Controller to optimize the Subswath detection and ensure 

the synchrony in Wide Swath Mode (WSM). 

It has been a truly fascinating experience to use several programmable devices, to 

evaluate simulations and to carry out experimental acquisitions for the BISTATIC 

Research Group of the Theory of Signal and Communications at Universitat 

Politècnica de Catalunya. 

I sincerely hope, that the knowledge learned during this thesis, shall be useful for 

my future professional career in the field of research of Information and 

Communication Technologies 
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