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receiver signal to noise ratio parameters. These images can serve as inputs 

to an InSAR processor. 

1.2.1 Some Notes on the Program Structure 

The software program is robust, easy to use, adaptable if needed while offering a 

range of input parameters. The input and output files conform with the guid& 

lines set in Appendix C in order to interact with other interferometric software 

modules under :onstruction. 

The SAR simulator uses the IDL language for use on the UNIX platform. How­

ever it would be simple enough to adapt the code for a Windows-compliant ver­

sion, making some simple changes to platform-specific commands dealing with 

directory manipulation. 

The simulator is a command line program that uses an unformatted floating 

point digital elevation model (DEM) , a few ASCII user parameter files, and 

output unformatted data image files. Separate header files to easily interpret 

the image files are also produced, these conform with the standard header file 

format adopted by the RRSG (Radar Remote Sensing Group) of the Department 

of Electrical Engineering. An text log file is also produced containing all input 

parameters and calculated image statistics which can be seen in Appendix D. 

Performance can be judged by speed, processor memory usage, and/or accuracy. 

All were taken into account, and efficient programming methods were introduced 

to reduce time and memory spent. 

1.2.2 Interfacing with Other Software 

A library of interferometric software modules is planned for use within the RRSG 

including a phase unwrapping module and a DEM creation module. As the 

simulator forms an integral part of this library, it will conform to standard inputs 

and outputs set by the group. 

6 
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1.3 Test Data 

To simulate real-looking images, one must posses the necessary input DEMs 

and either real images for comparison or prior knowledge of expected real image 

characteristics. Luckily all are available for the chosen two test sites. 

1.3.1 Site 1 - Cape Region, South Africa 

Figure 1.4: 3D view of the Cape region DEM, the ocean areas are coloured dark 

grey. 

This DEM covers a portion of South Africa; 18°lO'E, 34°30'S to 19°1O'E, 33°30'S. 

The Cape Peninsula juts out west and south from the mainland, and the Cedar­

berg Mountains appear to the northeast of the DEM as seen in Figure 1.4. The 

peninsula has a rocky, hilly coastline with the urban sprawl of Cape Town joining 

it to the mainland. This DEM, provided by INSERT BENEFACTOR HERE, is 

77 km x 72 km with a ground range resolution of 100 m x 100 m. This DEM 

covers the gamut of ecological surfaces: urban, meadowlands, rocky cliffs, sea, 

mountains, beaches. Satellite images taken by the European Space Agency's 

ERS-2 (European Remote Sensing) satellite are available for comparison with 

simulated images. 

1.3.2 Site 1 - Katse Reservoir, Lesotho 

This reservoir is located at 28°29'E, 29°20'S in the Tolkienesque alpine country 

of Lesotho on the southern African continent and is a region of active research 

within the RRSG [8]. This is due to an ongoing study of the deformation of 

the earth's crust resulting from the recent filling of a reservoir. The available 

DEM provided by the South African Air Force covers 12 km by 12 km with a 

7 
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Figure 1.5: 3D view of Katse reservoir, derived from a digital elevation model. 

North is up in this figure. Image courtesy G. Doyle. 

resolution of 25 m x 25 m. A three dimensional model formed from the DEM is 

shown in Figure 1.5 where the confluence of the Bokong river from the northwest 

and the Malib~natso river from the northeast can be seen. The terrain in this 

region consists of rivers, vegetated mountain slopes and sparsely vegetated rocky 

mountain peaks. ERS-l/2 satellite images have been acquired and are suitable 

for comparison to simualted data. 

It is important to note that the DEMs both for the Cape Peninsula and the Katse 

Reservoir represent the height of the soil or rock on Earth's surface excluding 

vegetation and man made objects. 

1.4 Outline of Thesis 

The remainder of this thesis is organised in such a manner: 

Chapter 2 mathematically models the geometrical transformation from a terrain 

of point sources to a complex signal representative of the output of the radar. 

Terrain is described in terms of distributions of point targets. The geometric 

conversion model from ground to slant range is discussed, with attention to the 

particular quirks of slant range imaging. Models for both SAR and InSAR are 

developed with a brief diversion into flight trajectory models. 

Chapter 3 deals with radar image statistics; why the image looks the way it does 
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and how to characterise and simulate a statistically correct image. The product 

of the model described in Chapter 2, the complex interferogram, can be used 

to form amplitude, intensity and phase images. An empirical radar backscatter 

model is adopted for the accurate portrayal of grey tones. Generation of speckle 

is described. Geometrical aspects of phase calculations and the removal of the 

component due to Earth are reviewed. Finally, the ground range to slant range 

conversion algorithm is explained. 

Chapter 4 demonstrates how the software model adheres to the theoretical SAR 

model given in Chapter 2 and shows which subprogram accomplishes which math­

ematical task. The program is then introduced in a black box fashion and both 

the input and output files and formats are dilineated. The final part of the 

chapter can be used as an operations manual. 

Simulation results are presented and compared with actual SAR images in Chap­

ter 5. Visual simularity and image statistics are used to evaluate the success of 

the simulation. 

Chapter 6 covers conclusions and recommendations for future work and possible 

upgrades to the simulator. 

Appendix A contains a gallery of images simulated with the parameters outlined 

in Chapter 5. This section is replete with DEMs, power images, interferograms 

with and without the earth component, coherence and layover maps. 

Examples of the two user input parameter files are included in Appendix B, with 

alterable fields marked in bold face type. 

A sample log file is shown in Appendix C. This is the text output of the simulation 

process describing all input parameters, intermediate program constants, timing 

information and image statistics. 

Appendix D contains a listing of the source code files that make up the heart of 

the simulator. 

A CD is included which contains the simulator source code, sample DEMs and 

input files, and a manual on the use of the simulator. 

9 
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Chapter 2 

Radar Simulation Theory 

A model for the SAR imaging process is developed then extended to an inter­

ferometric model. Figure 2.1 depicts the SAR imaging process as combination 

of passing the scattering object's reflected signal through the filter h(x, "') rep­

resenting the SAR system's point response, adding the receiver and image noise 

and producing a slant range SLC (single look complex) radar image. 

This model for the scene, radar and SAR image is based on Balmer and Hartl's 

work [3J and the references therein. 

2.1 SAR Imaging Model 

The radar system is described by first modeling the scene as a superposition of 

point target returns from the a DEM's discrete grid points. This superposition 

is known as a distributed target. The scene then undergoes a transformation of 

coordinates from ground range to slant range, that is, a Cartesian system to a 

Noise 

t 
a(x,y,z~ --1 h(x, 11) ~®~ v(x,~) 
Scattenng SLC Image 
Object 

Figure 2.1: SAR imaging model. 
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Figure 2.2: Sensor and point scatterer locations. 

radar-centered cylindrical system. The returned complex signal has a magnitude 

that is a function of the radar cross section and a phase due to the line of sight 

distance between sensor and target. Some quirks inherent to side looking radar 

(SLR) are discussed. The imaging model is extended to include the operation 

of two radars operating in an interferometric mode. The products of this tan­

dem imaging including geometric coherence and the complex interferogram are 

introduced. 

2.1.1 Scene Model 

The scene is modelled as a collection of circularly Gaussian independent random 

scatterers. 

Point Target 

Consider a point scatterer located in three dimensional space at (x, y, z) -
(x, y', z') as seen in Figure 2.2. 

8(x - x',y - y',z - z') (2.1) 

where 80 represents the Dirac delta distribution. It can be shown that the 

response of the SAR system at cylindrical coordinates (R, (), z) = (R!, ()' ,z') to 

this point response is: 

h(x - x', R - R') . exp( -j2kR!) (2.2) 

11 
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slant 
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Figure 2.3: Ground range to slant range geometrical conversion. 

where h(.) denotes the linear system response and exp(-j2kR) represents the 

phase due to the traversal of the distance R' from sensor to scene. The wavenum­

ber is represented by k = 27f / A, ). = c/ io is the wavelength of the transmitted 

pulse, c is the light velocity and io is the centre frequency of the transmitted 

pulse. 

Distributed Target - Collection of Point Targets 

The scene to be imaged can be modelled as a collection of Gaussian independent 

randomly positioned point scatterers, also called a distributed target. From these 

point scatterers the scattered fields and thus their responses in the SAR image 

superpose linearly, excluding attenuation and multipath effects. If a high num­

ber of random scatterers are within a resolution cell of the SAR image, that is, 

no single scatterer remarkably dominates the others, then the SAR image pixel 

values will be complex circular Gaussian random variables. For remote sensing 

SARs the Gaussian assumption is true for most natural scatterers such as forests, 

farmlands or mountainous areas. In regions where only a few dominant scatter­

ers exist such as in urban areas with artificial objects, the distributed target 

assumption does not apply. 

12 
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2.1.2 Conversion from Ground Range to Slant Range 

Let the distributed target be represented as a( x, y, z) and let r = (x, y, Z)T, the 

coordinate system vector, and r' = (x', y' , z' V, the vector denoting the position of 

the distributed target centre. The linear operator characterising the SAR imaging 

process is a geometric projection of a(x, y, z) from three-dimensional space into 

the two-dimensional cylindrical zer~Doppler coordinates (x, R) followed by a 

two-dimensional convolution with the point response found in Equation 2.2: 

vex, R) = / a(r') exp {-j2kR'} hex - x', R - R') dV' (2.3a) 

- [/ a(r) RdO· exp {-j2kR}] ®h(x,R) (2.3b) 

where ® represents convolution, dV' = dx' dy' dz' and y = Ys + Rsin 0, z = 

H - R cos (). The coordinate y represents ground range while R represents slant 

range. The SAR image vex, R) is described in Equation 2.3a and Figure 2.3. 

The SAR imaging process is defined as a convolution of the phase shifted and 

projected scattering object with the receiver's impulse response function. The 

distributed target a(r) is projected from ground range to slant range along the 0 

direction; in circles of constant R. The phase component exp { - j2kR } due to the 

scatterer's distance from the sensor is applied, and the product is convolved with 

the receiver system response. A change from Cartesian to cylindrical coordinates 

is implied. 

SAR Imaging Model 

This model implies detection of distributed scenes, which are adequately d& 

scribed by their backscatter coefficient, aO, a measure of the expected value of 

backscattered power normalised by the slant range area. We now assume a plane 

wave approximation with reference to the SAR projection circles as seen in Fig­

ure 2.4. The (-coordinate is parallel to the plane wave and the 1/-coordinate is 

described by the vector from the sensor to the distributed target centre. The 

SAR image vex, R) is now expressed as vex, 1/). 

The expected value of the magnitude squared SAR image is termed the pixel 

intensity l(x,1/), or equivalently the received power, Pro 

(2.4a) 

13 
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Figure 2.4: Plane wave approximation and associated approximate coordinate 

system for SAR image model. 

= (/ Uv(r)d() ® Ih(x,11)1
2 

= u(x, 'f}) ® Ih(x, 11)12 

(2.4b) 

(2.4c) 

where Uv is the radar cross section (RCS) per unit volume, h(x,l1) is the transfer 

function of the receiver, and u is the RCS. 

Under the assumption of circular Gaussian image statistics, several conclusions 

can be drawn [3] [20]: 

• real and imaginary parts of v are mutually uncorrelated 

• phase and magnitude of v are uncorrelated 

Radiometry 

The returned power Pr as seen in Equation 2.4a can be viewed as a combination 

of system parameters, the range to the target R and the radar cross section u: 

[24] 

(
PtG2)..2) U 

Pr = (47f) 3 R4 (2.5) 

where G2 is the two-way gain of the antenna, and)" is the wavelength of the trans­

mitted pulse. This equation assumes firstly that the area must be populated with 

14 
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lli.]Shadow 

plane waves 
from radar 
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~~ 
~ .......... -1 

.......... .............. b<:- ~~ 

O~ 

GROUND RANGE 

Figure 2.5: Slant range effects caused by side looking projection geometry. 

distributed targets; a homogeneous region of a large number of individual scatter­

ers in the resolution cell positioned randomly, and secondly, that all parameters 

of the radar equation are constant across the resolution cell. 

2.1.3 Side Looking Radar Imaging Geometry and Quirks 

A on&to-one mapping from ground to slant range is not always possible due to 

the geometry of the imaging process as illustrated in Figure 2.5. 

Shadow Due to the viewing angle of the radar, parts of the terrain may be 

hidden from the radar's line of sight. These sections of the scene are termed 

shadow areas exemplified by the slant range region from D to E in Figure 2.5. 

Layover During the process of ground range to slant range conversion, it is 

possible that more than one point of the scene will be at the same slant range 

distance from the sensor. These points will be indistinguishable from each other 

as they are mapped into the same SAR image pixel These points are said to 

be in layover. For example, the point pair B, D in Figure 2.5 are at equal slant 

ranges as are the pair E, F. The resultant is a weighted sum of the returned 

power and phase contributions of each distributed target. 

15 
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n1(x,T\) 
scene from :I. 
antenna 1 'f 
a1(X,y,Z)~h1(X,T\~ 1: 
~;f 

/, 

a2(X,y,Z>1 h2(X,T\)~ 1: 
scene from A 
antenna 2 T 

_1 2 n2(x, TI) 
-if;:r 

/. y 
x7 • 

SLC image #1 
vI (x,T\) . 

Z(X,TI) complex 
interferogram 

v2(x,T\) 
SLC image #2 

Figure 2.6: In8AR imaging model. 

2.1.4 InSAR Imaging Model 

Interferometry is the process of deriving more information about the scene than 

a single image can produce by exploiting the coherent phase interference. Within 

these two or more images, the varied parameters could include flight path, ac­

quisition time or wavelength which then determines the type of interferometer. 

For our application of simulating two successive flybys, the flight path is varied. 

This is accomplished by repeat-pass interferometry whereby two slightly different 

sensor geometr:es produce two images of a common area. 

The two images attained are: 

VI(X, R) - IVI(X, R)I exp {j¢l (x, R)} 

v2(x,R) - IV2(x,R)lexp{j¢2(X,R)} 

(2.00) 

(2.6b) 

the complex conjugate of these two images forms the complex interferogram, 

z(.). 

z(.) - Vl(-)V20 

IVI 01lv2 01 exp {j[}.¢)} 

(2.7a) 

(2.7b) 

The phase of z(.), ~¢, is the 8AR image response of a point scatterer, prop or-

16 
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tional to the range from the sensor. 

41f 
arg [z(.)] = fl.¢ = ¢I - ¢2 = 2kfl.R = >:fl.R (2.8) 

A model for the interferometric imaging process for Gaussian scatterers is shown 

in Figure 2.6. Two different views of the same scattering object a(x, y, z) owing 

to different flight paths produce the two scenes al (x, y, z) and ~(x, y, z). The 

SAR systems are modeled as filters with point responses hI(x,TJ) and h2(x,TJ), 
and uncorrelated system noise nl(x, TJ) and n2(x, TJ) is added. The final image, 

Z(X,71), represents the slant range complex interferogram. The expected value of 

the complex interferogram can be shown as: 

(2.9) 

Image Statistics 

The complex quantity, '1, can be defined as a normalised measure of the corr& 

lation between two registered SAR images. 

E {ViV2} 
'1 = 

JE{lvlI2} E{lv212} 
(2.10) 

= 'gearn' time'S N R exp (j fl. if; ) (2.11) 

This is also called the correlation coefficient and its magnitude may be computed 

from the product I'll = 'gearn'time'SNR, a function of the local terrain slope, 

radar parameters, antenna locations and an estimate of the time decorrelation. 

The phase contribution is the interferometric phase due to the terrain. Individual 

contributions to the correlation coefficient magnitude ,1'11 , are described further. 

Geometric Coherence The geometric coherence, 'gearn, due to the slightly 

different views of the two antennas and is calculated as [30] 

BW - fl.f 
'gearn = BW (2.12) 

where BW is the bandwidth of the transmitted pulse, and fl.f is the slop& 

induced range spectral shift given by 

fl.f = fo (1 _ s~n (}I ) 
sm(}2 

(2.13) 

where 01 , O2 are the incident angles for antennas 1 and 2 respectively and fo is 

the transmitted pulse frequency. 

17 
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Coherence Due to Receiver Noise The coherence due to a finite signal to 

noise ratio (SNH), 'YSNR, is 

'YSNR -

~ 

1 1 

VI + StiRl VI + stiR2 

1 

1+ S~R 

(2.14a) 

(2. 14b) 

where S N RI and S N R2 are the signal to noise ratios in each SAR image. 'Y SN R 

can be approximated as in Equation 2.14b by assuming that SN RI ~ SN 10.. 

Temporal Coherence The temporal coherence, 'Ytime' represents the expected 

decorrelation between the two SAR images expected during the time between ac­

quisitions. As with all coherence values, this quantity is expressed as a normalised 

value; between 0 and 1, with 0 representing no coherence retained between images 

and 1 representing complete preserved coherence. Contributions to the decor­

relation of the3cene involve changes in the microstructure of the scene from 

trees moving, waves rippling, lawns being mowed, houses falling down and so on. 

Temporal coherence is valid in the following region: 

0< 'Ytime ~ 1 (2.15) 

2.2 Interferometer Configuration and DEM Ori­

entation 

Interferometry involves the extraction of useful information from the coherent 

addition of phases from multiple target reflections. Different interferometer con­

figurations exist according to particular applications. In the case of this sim­

ulator, modelling the reflected signal from a certain surface topology from two 

slightly different flight paths with an allowance for possible time decorrelation 

factor between each antenna pass is desired. This can be accomplished by the 

repeat pass across track interferometer, whereby two slightly different images are 

taken at different times of the same scene. 

18 
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DEM Placement and Orientation 

In the case of a rectilinear horizontal flight path, the geometry can be simulated 

using a model of the range mapping effect. Figure 2.7 shows the master antenna 

(antenna #1) at (azimuth, range, height) = (x,y, z) = (0,0, ZAl) imaging a con­

stant swath width while observing along the range direction. The sensor path is 

parallel with the azimuth axis. For dual antenna operation the slave antenna (an­

tenna #2) is placed at (0, YHB, ZA2) where YHB is the horizontal baseline between 

antennas and ZAl, ZA2 are the heights of the master and slave antennas respec­

tively above the spheroidal model of the Earth. The current antenna geometry 

assumes both sensors are a constant azimuth distance apart. 

Height, z 

zA2·· · .. ··· ...... f2 
z 1 : \ 0<2 :AI .... ··· ~ .. -" , 

x 

, 
'. , 

0<1 ., ./:. ,"'" 
: '~7 ,,;0-2 . ~ , . , 

~b Ground Range, y 

Figure 2.7: Cross section of idealised flight path perpendicular to the velocity 

vector. 

Although images are typically simulated using an idealised straight flight path 

parallel to the DEM, the need may arise to model an arbitrary flight path. This is 

visually described in Figure 2.8. In such cases the illumination vector intersecting 

the DEM is determined from the sensor position and velocity vectors. 

2.3 Possible Flight Trajectory Models 

The two applications of the current flight trajectory model are presented with 

an upgrade to a more flexible future model. 
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Height 

Ran e 

Figure 2.8: Arbitrary flight path and DEM geometry. 

2.3.1 Current Model - Two Dimensional Zero Doppler 

Imaging 

As DEMs exist in rectangular two dimensional matrices, and the imaging direc­

tion of a SAR can be approximated as in planes of constant azimuth, a logical 

first step is to assume a flight path of constant height and constant range from the 

DEM, depicted in Figure 2.9. This simplifies the analysis greatly and minimises 

compu tat ion. 

2.3.2 Current Model with Variation - Two Dimensional 

Zero Doppler Imaging with Rotated DEM 

A flight direction angled to the azimuth axis can be approximated by rotating 

the DEM instead, and reverting to the setup algorithms for the zero Doppler 

imaging geometry. As mentioned, this is an approximation due to the discrete 

nature of the DEM, for when rotated produces finite errors and distortions of 

previously straight rows. This effect is remarkable on a small scale as in Figure 

2.10 but decreases in significance as the pixel size becomes much smaller than 

the overall rotated image size. 
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Figure 2.9: Idealized straight line flight path and DEM geometry . 

. ' ....... '.: ... " ,,, x :-: 

:.:. x " x ", .: ,', .... :-: :-: 

Original Discrete Object Discrete Object Rotated 
by 20° 

Figure 2.10: Distortion effects on a rotated discrete image. 
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2.3.3 Future Model - Three Dimensional Imaging Model 

A more correct method of simulation a variable-range flight path would be one 

which projects a arbitrarily angled perpendicular swath across the terrain model 

and interpolates between terrain samples for each piecewise portion of the flight 

path as can be seen in Figure 2.8. 

This model places no restrictions on the path of the sensor, that is, variations 

in latitude, longitude and height are allowed. This is the most correct model for 

flight path designation and would accept a number of discrete sensor positions. 

Discrete times and velocities (of which distance information can be derived) are 

commonly used to depict flight paths of current satellite imaging radars such 

as ERS-l/2. Interpolation between sensor positions using linear, cubic or spline 

methods could be used. 
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Chapter 3 

Fundamental Properties of SAR 

Images 

The primary geophysical quantity determining SAR data is the complex radar 

reflectivity of the scene and the SAR provides a measurement of this complex 

value v(x, 'T}). The slant range image's azimuth and range coordinates are x and 

'T} respectively. Refer to Figure 2.6 for a reminder of the notation. Qualitatively, 

this concept expresses the fact that when an electromagnetic wave scatters from 

the slant range position (x, 'T}), the physical properties of the terrain cause changes 

in both the phase ¢;(x, "') and amplitude v(x, 'T}) of the wave. The SAR measures 

the in-phase and quadrature (I and Q) channels of the receiver, weighted by the 

SAR's point spread function. This estimate of the local reflectivity at each pixel 

can also be represented by the complex number vej4>. In this form, the SAR data 

are known as the complex image (SLC)[20j. 

v - V I + jVQ = v cos ¢; + jv sin ¢; 
_ vejif> 

(3.1a) 

(3.1b) 

From the single SLC image, the ampliftude image, v, the phase, ¢;, and the 

power image, v2 , can be derived. For interferometric applications, two or more 

SLC images are used to form the complex interferogram, z(x, "'). For simplicity, 

only two SLC images, VI and V2, modelling the images seen from two radar 

locations will be used. 

z - VIV~ 

VI V2ej(if>1-if>2) 

23 
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From the complex interferogram z, the following images can be obtained: the 

magnitude of the complex interferogram, IVI v21 and the interferogram phase 

(¢I - ¢2)' 

3.1 Simulation of SAR Amplitude Images 

This section deals with the process of creating the magnitude of the complex 

interferogram, Izl. Simulation of Izl, is a two step process; calculate the radar 

cross section values, E{lvn I2 }, then apply a speckle application model to obtain 

Izl· 

E{lvn I
2 } or Radar Cross Section (RCS) Image Determine the RCS values 

for each image pixel (x, fJ) and form an 8-bit greyscale image. The greytones will 

reveal the terrain contours. 

Magnitude of the Complex Interferogram, Izl To the existing RCS image 

E{lvn I
2

}, apply a receiver noise model to obtain Izl. See Figure 4.2 for details. 

The magnitude of the complex interferogram Izl is formed by incorporating the 

radar cross sect~on values to determine the correct mean and variance for each 

I and Q channel of the two SLC images. The calculated mean and variance are 

then used to generate "noisy" I and Q data and thus a SLC image with the 

correct noise-like appearance and distribution is formed as seen in the centre of 

Figure 3.1. Compare this with the actual power image on the right and the clean 

"first approximation" ReS image on the left. 

3.1.1 Radar Backscatter Image 

As mentioned in the BAR Imaging Model section in Chapter 2, Equations 2.4a to 

2.4c relate the radar cross section a to the intensity or power image. The radar 

cross section is directly proportional to E {Ivn 12} which is seen mathematically 

in Equation 3.3a and visually in Figure 3.1. 

l(x,ry) = E {lv(x,fJ)1 2
} ex a(x,ry) (3.3a) 
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Figure 3.1: SAR amplitude images of the southern Cape Peninsula. L to R: sim­

ulated radar cross section, simulated magnitude of complex interferogram, actual 

ERS single SLC power image. Simulation parameters: C-band, VV-polarisation, 

23 degree mid-swath incident angle, antenna height 785 km. 

Digression on the Development of a Radar Backscatter Model for Sim­

ulation of ERS Images 

For the radar backscatter model, initially a basic scattering model was imple­

mented dependent solely on the local slope; the slope of the terrain on a scale 

comparable to the DEM spacing. This model was upgraded to one which takes 

into account local slope, transmitted pulse frequency, polarisation mode and the 

area of the slant range resolution cell. The new model was evaluated by virtue 

of its versatility and ability to adequately mimic actual SAR images. 

Radar Equation The power returned to a radar is given by the following 

equation: 

I{G2,,2 

Pr - {47T-)3R4 0" 

- KO" 

(3.4a) 

(3.4b) 

as echoed in Equation 2.5. This equation assumes firstly that the area must 

be populated with distributed targets, that is, a homogeneous region of a large 

number of randomly positioned individual scatterers in the resolution cell. It is 

with the radar cross section 0" that we are concerned and can lump the rest of 

the parameters in Equation 3.4a into a constant K over the imaged swath. 

25 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The ReS may be further subdivided into sigma nought ((TO), the unit-less backscat­

ter coefficient, and AaR, the ground range resolution cell area in units of m2 • AaR 
can be seen in Figure 3.2 

(3.5) 

The multiplication of (To and AaR result in (T, the average power returned from 

a resolution cell. 

z 

Figure 3.2: Representation of ground range resolution cell area AeR. 

Theoretical Scattering Models for Sigma Nought Theoretical models 

provide a value for sigma nought based on a mathematical description of both 

the scattering surfaces and the incident radar pulse, and calculate the expected 

backscattered power using these models. To date, theoretical models are very 

restrictive in their applicability to generalised surfaces and are computer- and 

patience-intensive [27J, and were not tested for these reasons. 

Empirical Scattering Model for Sigma Nought A compilation of empir­

ical scattering models can be found in [27J, containing an extensive database 

relating the backscatter coefficient to terrain type, frequency, polarisation and 

local incident angle. For each terrain type, frequency, and polarisation, the 

backscatter coefficient is given in terms of local incident angle, 8. This is the 

angle between the surface normal vector and the direction to the radar, hence 

the angle varies with terrain slope. Equations were fitted to the database on an 
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Table 3.1: Available terrain types for power image backscatter modeL 

Type A Soil and Rock 

Type B Grasses 

TypeC Shrubs 

Type D Short Vegetation 

TypeE Dry Snow 

TypeF Wet Snow 

exponential and cosine relationship of the form: 

(3.6) 

where () is in radians and a~ean is unit-less, although measured logarithmically, 

hence the units of dB. Equation 3.6 represents the mean backscatter, the standard 

deviation of the data was also computed and modelled as: 

(3.7) 

where s((}) is the standard deviation of a~ean in dB and () again in radians. 

The coefficients Pl to P6 are available for a certain choice of frequency, polarisa­

tion and terrain cover type. Since the majority of the simulations in this thesis 

are of images from the European Space Agency's ERS instruments which work 

at 5.3 GHz (C-band) and VV polarisation, those parameters were chosen. 

The terrain cover types are categorised as: soil and rock, trees, grasses, shrubs, 

short vegetation, road surfaces, urban areas, dry snow and wet snow. The cate­

gories trees, road surfaces and urban areas are not supplied for C-band frequen­

cies and VV polarisation so they were not studied. The resulting types are listed 

in Table 3.1. 

Sigma nought varies with incidence angle, surface roughness and soil moisture 

levels. The angular dependence is treated in the mean backscatter calculation 

in Equation 3.6. Each type has a characteristic average particle size, average 

moisture value and average vegetation content all of which influence the reflected 

power. 

The plotted backscatter coefficient aO as a function of () plotted in Figure 3.3 is 

valid for 0° ::; () ::; 80°. There is a high correlation between the non-snow terrain 

curves. The three classes of vegetation, namely types B, C and Dj grasses, shrubs 

27 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table 3.2: Recommended empirical backscatter model coefficients for C-band 

VV-polarisation radar. 

Coefficient Value 

PI -88.593 

P2 99.000 

P3 0.326 

P4 9.574 

P5 1.969 

P6 -3.142 

Ml 2.287 

M2 3.330 

M3 2.674 

and short vegetation, have almost identical backscatter characteristics which is 

not surprising given their similar composition. For angles up to 400 the soil and 

rock category behaves like the vegetation types. This could be due to similar 

roughness scales or moisture levels. The snow reflects very little energy towards 

the sensor at high incident angles, it seems to behave like a specular surface, 

which makes sense as snow is generally very smooth even at short wavelengths. 

Since the backscatter curves for the vegetated areas are quite similar, anyone 

of Types A through D would suffice, so Type D was chosen for implementation. 

The coefficients for Equation 3.6 for Type D are given in Table 3.2. 

Implementation and Analysis of Ulaby's Vegetation Model The simu­

lator was run with the chosen backscatter model to create a realistic SAR image 

which when compared with actual ERS images showed correlation in that they 

agree where the low-correlation areas are, yet disagree on the absolute value of 

the correlation ',alues. This can be seen from the results in Chapter 5. 

Recommendation for Simulator's Backscatter Model Ulaby's model for 

short vegetation can be used over most land cover with good results. It is not 

useful for imaging ocean nor urban areas as the ocean has a constantly varying 

small scale structure, and the urban areas are too complex to be accurately 

modeled with a coarse DEM. 

28 



Univ
ers

ity
 of

 C
ap

e T
ow

n

r-=.. .-"---. .'.~, .:: ........ : ....... :.' ... :...." ...................................... ~ ... ' ...... ~ ... ................. '. . .. ". -. -.... '.-.. -.>. 

Elv!P!Rh:J\L BAcJ,SL/\1l EFz [)/;. i ;, 
.. C~l;In'j,V·\lPdati~ir.n 

o 10 ' :Xl 3) .~ &l EO 70 
lCQ ... 11 ndderce .AS'lIJie (degrees) 

-+- T\?:: ,t'..;SOIL N~D ROCK 

-.n-TWE CSh'RUBS 

~T\PE E:DRYSNClW 

....,m-. T WE 8: !;R A'SSE S 

~-~<cc'n?E D: SHORT VEOETATION 

-4-TWE F; VVEr SIIlCVV 

Figure 3.3: Angular dependence of sigma nought (backscatter coefficient) for 

various terrain types using the Ulaby and Dobson empirical models. 

3.1.2 Application of Speckle 

The noise-like quality characteristic of all coherence imaging systems is known as 

speckle. Speckle is an interference phenomenon in which the principle source of 

the noise-like data is the distribution ofthe phase terms <Pk. Since each simulated 

pixel is many wavelengths across, scatterers at different parts of the pixel will 

contribute very different phases to the return even if their scattering behaviour 

is identical. Each slant range pixel of the SLC is the superposition of many 

scatterers as seen in Equation 3.8. The sum vei<l> is described as [20] a random 

walk in the complex plane, where each step of length Vk is in a completely random 

direction. 

Initial Assumptions 

N 

vei<l> = L Vkei<l>/c 

k=l 

29 
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Table 3.3: Radar simulation parameters for testing the backscatter model. 

Parameter Value 

Operating Frequency 5.3 GHz 

System Bandwidth 15 MHz 

SAR Incident Angle 23° at mid-swath 

Slant Range Resolution 8m x 24m (range x azimuth) 

. DEM Resolution 100m 

• the number of scatterers, N, per pixel is very large 

• the scatterers within each pixel are statistically identical, that is, no one 

scatterer dominates. 

The following procedure for generation of complex speckle images is attributed 

to the work by A.Wilkinson [28], A. Amit [2] and Goldstein et al [13]. The noisy 

SLCs VI and V2 can be modelled as complex Gaussian random variables [20]. 

Thus they can be modelled as a sum of complex independent Gaussian random 

variables; a, b, c. 

VI - a(x,77) + c(x, 77) 

V2 = b(X,77)+C(X,77) 

a - al + jaQ 

b = bI + jbQ 

C - CI + jCQ 

(3.9a) 

(3.9b) 

(3.10a) 

(3.1Ob) 

(3.1Oc) 

The means, p, and standard deviations, s, of the random variables a, b, C are as 

follows. 

PAl = PAQ = PBI = PBQ = PCI = PCQ = 0 

SAQ = SBI = SBQ 

sCQ 

(3.11) 

(3.12a) 

(3.12b) 

The random variables a and b are independent and correlated, whereas a and C 

are independent and uncorrelated. The degree of correlation will be related to 
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III the magnitude of the coherence. 

E{lvll} - E{laI 2} + E{lcI2} 

- E{a7 + a~} + E{c7 + c~} 
2 2 2 2 - SAl + SAQ + SCI + SCQ 

- 2S~I + 2S~1 
- 2S~1 + 2S~1 = E{I V 21} 

Relating these variables to the common definition for correlation, III 

III = 
JE{lvlI2}E{lv212} 

E{lcI2} 
E{laI2} + E{lcI2} 

It can be shown that the expected value of Icl2 is equal to 2S~I. 

(3.13) 

(3.14a) 

(3. 14b) 

(3.14c) 

(3.14d) 

(3.14e) 

(3. 15a) 

(3.15b) 

(3.16) 

Similarly the expected value of lal2 = 2S~I. Combining Equations 3.14d, 3.15b 

and 3.16 leads to: 

(3.17a) 

(3.17b) 

Thus given the magnitude of the complex coherence, Ill, and the radar cross 

section, E{lviI2}, the variances S~l and S~I can be solved using Equations 3.17a 

and 3.17b. 

III E{lviI2} 
2 

E{lv iI2
} 2 

2 - SCI 

(3. 18a) 

(3.18b) 

Six Gaussian distributed random images, al, aQ, bll bQ, CI , CQ are generated by 

mUltiplying a two dimensional array of Gaussian distributed random variables 

with zero mean and standard deviation of one by the square root of the calculated 

variance. 

al(X,'T}) = N(f.L = 0, S = l)JS~I(X,'T}) 
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The SLC images with the interferometric phase are formed as follows: 

v~ - [(aI+cI)+j(aQ+cQ)][COS(¢I-¢2)+jsin(¢I-¢2)] 

v; - [(bI + CI) + j(bQ + CQ)] 

(3.20a) 

(3.20b) 

(3.21) 

The noisy power image I zl and the noisy interferogram phase arg( z) are thus 

formed. A third noisy SLC v; was also formed with the phase equal to the 

flattened interferogram phase. 

3.2 Simulation of SAR Phase Images 

The argument of the complex interferogram is known as the phase ¢. The phase 

is proportional to slant range distance between the radar and imaged terrain 

scatterer and is expressed as a value in the region of (-7r, 7r]. The phase may 

be expressed with or without the high frequency fringe pattern due to the phase 

contribution of the geoid. The former is known as the phase, and the latter as 

the ''flattened phase". 

3.2.1 Geometry Behind Phase Calculations 

The interferogram phase is a function of the difference of the two slant range 

distances RI and ~ from the two radar positions Al and A2 as defined in Figure 

11. 
(3.22) 

The flattened interferogram phase has the ''flat earth" component removed, that 

is, for the solved point P, the distance from the radar positions to the point Pte. 

(3.23) 

From ordinary trigonometry, f e2 can be shown to be: 

f e2 = J zi + (J fe~ - zi - .6.Ant)2 (3.24) 
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Figure 3.4: Height-ground range analysis of flat earth phase calculations. 

3.3 The Geometric Solver Subprogram 

The radar cross section and the phase images are produced along with the coher­

ence and flat earth calculations in the subprogram known as the geometric solver. 

There are two main purposes of the solver subprogram, solver. pro. The primary 

function is to transform the scene described by the digital elevation model from 

ground range coordinates (azimuth, ground range, height) = (x, y, z) into slant 

range coordinates (azimuth, slant range, height) = (x, R, z) as displayed in Figure 

3.5. The secondary function is to use the transformed slant range points to build 

up radiometric and geometric images such as interferometric phase, coherence, 

reflected power and other interpretive maps. 

See Figures 3.9 and 3.10 for the flowchart of the geometrical solver subprogram. 
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Figure 3.5: Figure showing setup for geometrical solver module. 

3.3.1 Coordinate Definitions 

The four coordinates used in the ground and slant range coordinate systems are 

further defined here, and reference Figure 3.5. 

Ground Range, y 

This axis is perpendicular to both height and azimuth. Under approximations 

described later in the section Simplifications Made, the radar observes the scene 

at the incident angle () to the nadir in the yz plane. 

Slant Range, R 

This coordinate is measured radially from radar in yz plane. 

Height, z 

Perpendicular to both azimuth and ground range, this axIS indicates vertical 

distance from the geoid. 
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Azimuth, x 

Parallel to the idealised straight line flight path, this axis is also called "along 

track". 

3.3.2 Ground to Slant Range Conversion 

This conversion is essentially a change in coordinates, from the Cartesian xyz 

system to the xRz system. A few simplifications are made to ease the computa­

tionalload but which sacrifice the modeled radar's and scene's generality. The 

coordinate change involves solving a system of equations, one representing the 

expanding sphere of the radar pulse and another representing the yz cross section 

of terrain, seen in Figure 3.5. 

System of Equations 

As will be justified in the next section, the analysis can be performed in the yz 

plane, that is, eliminating the x-axis. The transmitted pulses are modeled as 

concentric circles around the radar equally distanced by the desired slant range 

pixel size. The scene is modeled by linearly interpolated D EM points forming a 

surface of linear facets. A system of equations solving for the intersection of the 

circle and the DEM segment generating two solutions, only one of which is valid. 

The valid point is determined and the conversion to slant range coordinates is 

complete for the one ground range point. 

Simplifications Made 

The ground to slant range conversion process is a complicated arbitrary three di­

mensional problem. It is made easier through eliminating the azimuth coordinate 

by assuming that the radar's motion is a straight line parallel to the azimuth axis, 

restricting the radar to observation along planes of constant azimuth. Consider­

ing that the path of an airborne or satellite platform is theoretically a straight 

one with relatively minor deviations, the straight line trajectory assumption is 

valid for amplitude related images; the radar cross section image E{lvI 2
} and the 

magnitude of the complex interferogram Izl. The second assumption regarding 
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observing at constant azimuth swaths, that is, at right angles to its trajectory, 

is justified considering that the squint angle, defined as the angle on the ground 

plane between the line of sight and the perpendicular to the azimuth axis, is 

generally small [15J. Hence the azimuth axis may be ignored and the problem 

turns into a calculation of the intersections Pn(y, z) of slant range arcs and the 

segments of the DEM as shown in Figure 3.5. The arcs represent the transmitted 

radar pulses spaced in distance as the slant range pixel size. 

Details on Creating the Slant Range Image 

So in effect we can imagine the sensor flying relatively slowly alongside the D EM 

and radiating bursts at light speed off to its side and receiving the echoes a few 

milliseconds later. This fast imaging allows for no relative motion between the 

sensor and the imaging of one "row" of constant azimuth. Thus the analysis can 

be thought of as a series of two dimensional projections as in Figure 3.5. 

Designating antenna 1 as the reference, or master antenna, arcs of equal distance 

from the master antenna are drawn at increments of b.R , the desired slant range 

pixel size of the output SAR image. Where these "range circles" intersect the 

terrain, the locations PI(Rp}, (;lpd, P2(Rp2, (;lp2) are calculated. 

Rpi = Rnear + ab.R (3.25) 

where Rnear is the slant range distance to the near swath, a is the index of the 

range circle, and b.R is the slant range spacing. The slant range distance from 

antenna 2, Rp2, to the solved point pis: 

(3.26) 

Before the calculation of (;lpl and (;lp2, the terrain slope must be known, it is a 

numerical derivative formed from the ratio of the change in height of the two 

neighbouring DEM samples, PDEMI, PDEM2, see Figure 3.6. 

m = PDEM2,z - PDEMl,z (3.27) 
PDEM2,y - PDEMI,y 

The ratio m is converted to an angle {3, the terrain slope angle, and the incident 

angle can be calculated as the difference between the look angle to the sensor 

and the terrain slope. 

(3 = arctan(m) 

(;l - a+{3 
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It can be seen from Figure 3.6 that ()pl = Cl!1 + f3 and ()p2 = Cl!2 + f3 • 

Thus we have solved for RpI, Rp2, ()pl and ()p2 at point PI which will be used to 

calculate expected power value: 

(3.30) 

The phase at antenna 1, <PI' antenna 2, <P2' and the phase difference, <PI - <P2, 

can be calculated as 

4n 
(3.31) <PI - ¢I + 2nkI = ~ RI + 2nkI 

4n 
(3.32) <P2 - ¢2 + 2nk2 = ~ R2 + 2nk2 

<PI - <P2 - ¢I + 2nkI - ¢2 - 2nk2 (3.33) 

- ¢I - ¢2 + 2n(kl - k2) (3.34) 

W(<PI - <P2) - W [¢I - ¢2 + 2n(kl - k2)] (3.35) 

- W(¢I - ¢2) (3.36) 

where kl, k2 are integers and W (.) is the wrapping operator. 

SluJace t.o Antenna I . 1 
~" ~n(jnl1a 

, '"" \ ..... /'...... ' ,"V.""...... . \ subsection of DEM 

'IH~~~;;~;';/--~~~~:~) 
Terrain 

~! ------------------------"~-~~-~---' ~ 
Ground Range, y 

Figure 3.6: Local terrain slope of terrain cross-section. 

Solving for the Remainder of the Range Line An entire range line (one 

row of constant azimuth value from the DEM) is analysed in which slant range 

vectors of distance R I , R2 , and local terrain slopes ()I and ()2 are stored for later 

calculations and display. 
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Handling Layover Areas As seen in Figure 3.7 when the pulse wavefront 

intersects multiple points on the terrain, these points are in layover. The returned 

power will be a sum of the individual powers from each of the N points in layover: 

N 

E{lvI2} = "LE{lvn I2} (3.37) 
n=l 

Figure 3.7: Layover condition in terrain cross section. 

Handling Shadowed Areas If a slant range pixel is hidden geometrically 

from the radar and it is not in layover, then the expected power and the phase 

for that pixel is set to zero before the application of the radar noise model. 

3.3.3 Radiometric and Geometric Product Calculations 

Once an intersection Pn(y, z) has been found, many parameters dependent on 

the geometry of radar and scene can then be calculated. 

Radar Cross Section 

As per Equation 2.5, the magnitude of the reflected power Pr is a function of the 

ReS a, which is responsible for the degree of grey shading of the power image 

which reflects large scale geological structures. It has been shown in Equation 

3.6 that a is a function of the local incident angle 0 of the pixe~ and hence the 

position of the solved point. 

Pr oc a(O) (3.38) 
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Phase 

The phase of the complex interferogram as shown in Equation 2.7b is dependent 

on the position of the solved point, as the phase is determined by calculating the 

slant range distances R1, R2 from the solved point to the two simulated radar 

positions. In Equation 3.39 the absolute phase is shown by <p, the wrapped 

phase modulo 271" by ¢ where W(.) represents the wrapping operator, and A the 

operating wavelength of the radar. 

(3.39) 

Geometric coherence 

From the two simulated radar positions at each solved point, the expected signal 

correlation due to geometry alone can be calculated as in Equation 2.12 repeated 

here in Equation 3.40 which is a function of the incident angles (h, ()2 in the 

plane of the sidelooking beam from the two simulated radar positions. The 

radar receiver bandwidth is indicated by BW, the operating frequency by 10, 
and geometrically induced spectral shift by 6.1. 

6.1 

BW -\6.1\ 
BW 

10 (1 _ sin 01 ) 
sin O2 

Coherence Due to Finite Signal to Noise Ratio 

(3.40) 

(3.41) 

From the radar equation as in Equation 2.5 the power received at distance R 

from a target of radar cross section (J = ASR • (Jo is shown. 

(3.42) 

(3.43) 

The signal to noise ratio, SNR, is proportional to k'iB where k is Boltzman's 

constant, T is the physical temperature of the object, and B is the bandwidth 

over which the power is being measured. For a SAR system, the SNR improves 

by a factor N, the number of independent samples in the synthetic aperture, D. 
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R() 
N = (~) 

The product R() is the synthetic aperture, and ~ is the azimuth sample spacing 

[15J. Thus there is a link between S N R_sar and (T: 

R() Pr 
SNR_sar = * a 

(~) kTB 

Shadow map 

(To 

ex R * R4 

By keeping track of the largest angle subtended between nadir and line of sight in 

the yz plane, it can be determined whether or not the solved point is in shadow 

from the radar's illumination. The binary map demonstrates whether the solved 

point is in shadow (the map contains a 1) or not (the map contains a 0). If there 

exists more than one solved point in a slant range cell, the pixel will be marked 

as in shadow only if all of the solved points are in shadow. 

Layover map 

If more than one solved point occurs on the same slant range arc, that slant 

range cell is said to be in layover. The layover map holds the integer number of 

solved points per arc. 

A two page flowchart is shown in Figures 3.9 and 3.10 which traces out the logic 

behind the solver. pro subprogram. 

3.4 Timing Tests 

Figure 3.8 shows the average time requirements for running the full simulation 

process, including production of all possible output files, in terms of the number 

of slant range pixels in the final image. The processing time is limited by the 

finite amount of memory available on the server which ran the program. 
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Figure 3.8: Expected time of simulation versus slant range image size. 
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Figure 3.9: Geometrical solver module flowchart - part 1 of 2, showing conversion 

of ground to slant range coordinates and calculations of phase, coherence and 

backscattered power. 
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save pha$13 
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Figure 3.10: Geometrical solver flowchart, part 2 of 2. 
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Chapter 4 

Interferonaetric Sinaulator 

Software Architecture and 

Operation 

How is a practical implementation of the theoretical simulation model realised? 

What is needed to run the simulator? How is the simulator used? What images 

can it produce? The answers are the focus of this chapter, introducing the reader 

to a practical understanding of its workings. 

4.1 Program Architecture 

Starting with a so-called black box approach, the functionality of the simulator 

will be introduced via its primary input files and output images. Figure 4.1 lists 

the filenames of all the input files including the DEM, its two masks, the two 

descriptive ASCII text files indicating pixel sizes, endian information, backscatter 

models and time correlation information and the radar and antenna information 

file. These files are necessary and sufficient for the operation of the simulator. 

The output images listed are all the possible images that may be written, each at 

the request of the user. In addition to the images, a log file is also produced. This 

is an ASCII text file containing all pertinent information, completely describing 

the simulation inputs, processes and outputs. Each of the input and output files 

named in Figure 4.1 will be reviewed in this chapter. 
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DEM SUBSETS COHERENCE IMAGES 

DEM DESCRIPTION 
FILES 

* ~is.txt 
* _terrain_defn.txt 

DEM 
*.dat 

DEM MASKS 
* _terrain.msk 
* _validity.msk 

DEM_subset~r 
DEM_subset 

INTERFEROMETRIC 
SAR 

SIMULATOR 

RADAR PARAMETER 
FILE 
inpucparams_type#.pro 

BACKSCATTER 
VALUES 
res 
res_pecarea 

coh 
coh_time 
coh_baseline 

PHASE IMAGES 
phs_terrain_ wrap_clean 
phs_terrain_ wrap_clean_flat 
phs_terrain_ wrap_noisy 
phs_terrain_ wrap_noisy _flat 
phs_terrain_abs_clean 
phs~eoid_ wrap_clean 
phs~eoid_abs_clean 

POWER IMAGE 
complex_interCmag 

GEOMETRIC MASKS 

SLCI 
SLCl_flat 
SLC2 

Figure 4.1: Block diagram of simulator showing all input files and output images. 

4.1.1 Simulation Model 

This model was introduced in the Chapter 2, in Figure 2.6 as an approach to 

explaining systematically how the distributed target a(x, y, z) is imaged by the 

two slightly different angles to produce single look complex images and a complex 

interferogram. See Figure 4.2 for the following relation of the simulation model 

functions and the code routines involved. 

The solver.pro routine converts the scene from ground range to slant range co­

ordinates and applies a filter modelling the receiver. Currently the bandlimiting 

effect of the receiver is not implemented so the filter can be viewed as all-pass; 

equal to one. The ground to slant range conversion technique was described in 

Chapter 3. 

Next, the slant range images need to be rebinned to match the pixel sizes specified 

by the user. This is accomplished in the processing. pro routine. Where needed, 

interpolation between pixels has been applied for attaining a more realistic image. 

The add_speckle.pro subprogram simulates circularly Gaussian random noise us­

ing a probability density function with a mean of zero and a standard deviation 
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and Products 
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:........ . . , ... , ••...• : :, ..• .. ....... :: . 'I' : : ....... . .... . . .... . . . . ... . 
02(X.11} 

:-;O}Y:!f.pr<> pro("es~,ing. Fm 

Figure 4.2: Symbolic interferometric simulation modeL Primary functions of 

each stage is noted on top of each dotted module with the associated code file­

name at the bottom. 

that is based on the magnitude of the complex coherence and the backscattered 

power. Noise is applied to form the SLC images. The noise generation process 

was explained in Chapter 3. 

Final processing steps on the noisy data is done in processing_ two. pro. The 

complex interferogram z (x, 'TJ) is formed by taking the complex conj ugate of image 

2 and multiplying it by image 1. The complex interferogram is indeed a complex 

image which can be separated into the magnitude of the complex interferogram: 

(4.1) 

and the phase of the complex interferogram. 

(4.2) 
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4.1.2 Simulation Architecture 

The simulation stages at which the output files are generated are shown in Figure 

4.3. The clean SAR products i.e. the products before the noise model is applied, 

are formed after the rebinning stage, only one simulated antenna is needed for 

these images. The clean InSAR products use views from both antennas to form 

coherence images and interferograms. Passing the two wrapped terrain interfer­

ograms through the noise application process and taking the complex conjugate 

of the two SLCs results in noisy InSAR products: the three SLCs, the magnitUde 

of the complex interferogram and the two wrapped terrain interferograms. 

SAR Products: 

phs...geoid_abs_clean 
phs~eoid_ wrap_clean 
shadow 
layover 

rcs 
res_per _area 
DEM_subset...,gr 
DEM_subset 

· ········· · · · ·· · ······ · ~··········· ·· ··· · ·· · ···~l(~, 1"\) 

t 
al(x.Y'Z~lhl(X, 11) ~I rebin L-:.' I sUn I __ --,SLC image #1 !:~ v 1 (x ,1"\) . 

a2(x,y,z) ~I h2(x,T)) ~L-_----J 

: . ....... . .. .. . ....... ... . ......... . .. : 
InSAR Products: 

phs_terrain_ wrap_clean 
phs_tcrrai 11_ wl1lp_dcan_tlat 
phs_ten'ain_abs3Iean 
cob_time 
colt_baseline 
coh 

:~:::: .. : 

.. ' ......... ....... .... ....... ......... .... . : 

Z(x.;'1) complex * interferogram 
.. ~ .. . ...... . .. .. ... " 

v2(X.11) 
I---........J SLC image #2 

.. .... .. .. .. ......... .. ...... .Y .... '. 
Noisy InSAR Products: 

SLCl 
SLCUlat 
SLC2 
compleJUntcrCmag 
phs_terain_ wrap_nOisy 
phs_Icrr-.li n_ wrap _noi sy _nat 

..... ....... ... ......... . .. .. ......... . .. . .. : 

Figure 4.3: Symbolic interferometric simulation model with locations of output 

files noted. 
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Table 4.1: Simulator input files. 

Description Name of File Data Type 

Input Parameter File input _params _ type#. pro ASCII text 

OEM *.dat Float 

OEM GIS File * _gis.txt ASCII text 

OEM Terrain Mask * terrain.msk Byte -
OEM Terrain Definition File * terrain defn.txt ASCII text -
OEM Validity Mask * _ validity.msk Byte 

4.2 Program Input Files 

The simulator needs in addition to the source code files used for its core operation, 

six extra files: three text files, two image masks and one DEM. 

4.2.1 Naming Conventions and Locations of Input Files 

There are six input files that are needed for a complete run of the simulator. The 

descriptions and filenames are shown in Table 4.1. All six files must be placed 

in the same directory. Upon running the simulator a window will query the user 

for the location of the input _params _ type#. pro file and hence the directory of 

all input files. See sub-section 4.2.2 Input Parameter Files to determine which 

of the two files is relevant to the desired simulation. 

Note that the convention for filenames must be strictly followed, with * denoting 

the same continuous word or phrase in each of the files. For example a valid set 

of filenames would be: 

cape.dat 

cape gis. txt! 

cape _ terrain.msk 

cape _ terrain _ defn . txt 

cape _validity. msk 

1 GIS stands ror Geographic Information Systems 
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4.2.2 Input Parameter Files 

The user options and input radar parameters are defined in one of two IDL 

files depending on which setup parameters the user has ready. The two files are 

provided for the user's benefit to reduce calculations and either one may be used. 

During the operation of the simulator, the user is prompted which of the two 

files is to be read in: inpuLparams_typel.pro or input _params _ type2.pro. Figures 

4.4 and 4.5 show the defining starting parameters for each of these files. 

Common to both files are the following parameters: 

• final slant range image pixel spacings in both range and azimuth. 

• row subset (azimuth subset) of DEM. 

• row number for plotting diagnostic graphs. 

• master antenna (antenna 1)'s height above spheroid. 

• slave antenna (antenna 2)'s height above spheroid. 

• desired rotation angle of DEM and terrain masks, in xy plane, measured 

in degrees clockwise. 

• antenna horizontal baseline; the spacing in range between master and slave 

antennas, assumed constant throughout simulation. 

• bandwidth of transmitted RF waveform. 

• wavelength of transmitted signal. 

• signal to noise ratio of the receiver. 

• path and name of simulation log file. 

• path and directory where all other user input files reside such as the DEM, 

the DEM validity mask, the terrain type mask, the terrain type definition 

file and the GIS file. 

• desired output image files to write to disk 

In addition to the above, inpuLparams_typel.pro also includes the following, de­

picted in Figure 4.4: 
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• slant range distance to near swath, Rnear. 

• number of slant range bins or samples. 

Using the inpuLparams.-typel.pro file is useful when the number of slant range 

samples, which corresponds to the number of bins in a standard analogue to 

digital (A/D) converter, is known or limited as would occur if a real SAR is 

simulated. The limiting parameters; sensor altitude, finite A/D storage size and 

the slant range distance to the near swath entirely characterises the geometrical 

setup of the SAR. All the remaining calculations are performed by the simulator 

and output to the screen. The user may accept these calculated parameters or 

change the input values and try again. 

h 

............. : ...... .. , ........... .,:.: ......... . 

GROUND RANGE 

I 
I 

Figure 4.4: Distinguishing geometrical parameters used for first input parameter 

file are the slant range distance to the near swath and the number of slant range 

samples. 

The file inpuLparams_type2.pro has the common parameters plus the following 

items, shown in Figure 4.5. 

• incident angle to ground range midswath, (}mid. 

• ground range extent of swath, Yswath. 

Using this file is useful when a particular area of the ground is to be covered in 

full for the simulation and there is no restriction on the number of slant range 

bins as with inpuLparams_typel.pro. 
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h 
\ 

\ 

E 

, 
" 

" ", .. , ... .,:.,: ........... .......... :.:.: .. : ....... . 
fil 
swath 

Yswath 

ground range 

Figure 4.5: Distinguishing geometrical parameters used for second input para­

meter file are the incident angle at mid-swath and the ground range distance to 

mid-swath. 

Example An example of the two input parameter files are included in Appen­

dix B. The fields that can be altered are marked in bold typeface. 

File Setup Details The input parameter files are IDL routines, therefore any 

extraneous lines such as comment fields have to prefixed with a semicolon. 

4.2.3 Digital Elevation Model (DEM) 

A DEM is a two dimensional array of terrain elevation values upon an evenly 

sampled grid. Either a faceted (as seen in Figure 4.6) or smooth surface can 

be realised by using either linear or cubic interpolation respectively between 

elevation samples. The DEM does not exhibit any surface detail such as foliage, 

buildings or people; it simply represents the so-called bald earth. 

File Format The DEM must be of floating point type for use with the sim­

ulator with numerical values denoting height in metres above the chosen geoid. 

Either end ian type is acceptable and must be noted in the DEM GIS file as seen 

in the following section. 
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Figure 4.6: Faceted surface formed from interpolating a DEM. Provided by PCI 

Enterprises Inc. 

4.2.4 DEM GIS File 

The DEM GIS file is an ASCII text file which contains information about the 

number of rows and columns of the DEM, the ground range spacing in both 

range and azimuth between each sample, the endians of the DEM, the validity 

mask and the terrain mask. The variable names, data types, units and sample 

usage can be found in Table 4.2. In this table, a long refers to a 32 bit signed 

integer, a float to a 32 bit floating point number, and a byte to an 8 bit unsigned 

integer. 

Example 

A sample of the DEM GIS file is as follows: 

OEM rows = 500 

OEM cols = 180 

OEM_pix_x = 100. 

DEM_pix_y = 100. 

OEM end ian = a 
validity _ mask _ endian = a 
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Table 4.2: DEM GIS file contents. 

Variable Data Units 

Type 

DEM rows long rows -
OEM cols long columns -
OEM _pix_x float metres 

OEM _pix_y float metres 

OEM endian byte o = little, 1 = big 

validity _mask_endian byte o = little, 1 = big 

terrain mask endian byte o = little, 1 = big - -

terrain mask endian = a 
<blank line> 

Example 

OEM rows = 500 -
OEM cols = 180 -
OEM _pix_ x = 100. 

OEM _pix_y = 100. 

OEM endian = 0 

validity_mask _ endian = 0 

terrain mask endian = 0 - -

comments may go here, as long as they follow at least one blank line 

File Setup Details There must be no blank lines at the beginning of the 

text file nor in between the seven assignment statements. The lines may not be 

interchanged with each other and only one assignment statement must exist per 

physical line. After the seventh statement there must be at least one blank line 

after which may exist as many lines of comments as desired as they will not be 

read into the simulation process. 

Note on Endian The endian refers to the way the computer stores the bytes 

of a multiple byte integer number. Some machines store, for example, a tw~ 

byte integer with the least significant byte first followed by the most significant 

byte. These machines are called little endian machines. Other machines store a 

tw~ byte integer with its most significant byte first followed by it least significant 

byte. These machines are called big endian machines. Most SUN machines are 

big end ian whereas most PCs are little endian machines. As seen in Table 4.2, 

"a" represents little endian and "1" represents big endian. 
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Slmll1",tinn linsula ('!"",iI. ~bt::l-g Katse 

OEM dimolUions (row ::< .01) 650 " 220 800 x 500 510 x 544 

OEM p"coi .iz. (rango " azlm.) 100 m " 100 III 100 III " 100 m 25 III x 25 m 

o EM rotation angl. ( OW) 
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OEM rotation point centre of DEM .ontro of OEM oontro of DEM 
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DEM terrain ma.sk oategories 0: water, I: land 1: land 0: water, 1: land 

DEM temporal coherence va.lues water: 0.1, land: o.g land: 0.9 water: 0.1, land: 0.9 

Backscatter Model Ulaby Ulahy Ulaby 

A ntonna holghts (# 1, # 2) 196 kill, 796 km 796 km, 796 km 796 km, 796 km 

Horizontal baseline 100 m 100 m 100", 

Vertica I baseline Om Om Om 

Incident angll!l at mid-swath 

Receiver bandwidth 15 MHz 15 MHz 15 MHz 

Observing wavelength 0.0566 III 0.0566 m 0.0566 til 

Simula.ted range spacing 1.905", 1.905 m 1.905 m 

Simulated azimuth spacing 20.240 m 20.240 m 20.240 m 
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The positions of the antennas mimic the ERS-1/2 parameters; antenna heights 

of 796 km, incident angle of 23°, receiver bandwidth of 15 :MHz, and operating 

wavelength of 0.0566 m. To obtain square slant range pixels, a pixel size of 7.905 

m by 20.240 m in range and azimuth respectively were chosen. 

5.1.2 Description of Images in Thumbnail Collections 

The resulting images from the simulation process are shown as collections, as seen 

in Figure 5.1. Each collection is arranged in a three-row, four column matrix, 

with sub-images lettered A to L. The following lists the filename and description 

of each sub-image: 

A. DEM _subset _gr: DEM in ground range coordinates representing increas­

ing height with lighter greyscale pixel values. 

B. DEM _ subset: DEM in slant range coordinates, again with increasing 

height denoted with lighter greyscale pixel values. 

c. res: radar cross section with area effect. 

D. complex _interf _ mag: magnitde of the complex interferogram. 

E. coh _ baseline: coherence due to geometrical baseline, scaled from 0 (black) 

to 1 (white). 

F. coh _time: coherence due to temporal decorrelation, scaled from 0 (black) 

to 1 (White). 

G. eoh: total coherence, scaled from 0 (black) to 1 (white). 

H. layover: layover map, defined as black: 0 solved points, grey: 1 solved point, 

white: 2 or more solved points. 

I. phs _ terrain_wrap clean: clean phase with earth component. 

J. phs terrain_wrap _clean_fiat: clean phase without earth component. 

K. phs_terrain _ wrap _noisy: noisy phase with earth component. 

L. phs_terrain _ wrap _noisy_fiat: noisy phase without earth component. 
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The north half of the Cape Peninsula is simulated, and the resulting images can 

be seen in Figure 5.1. Larger versions of these images can be seen in the Gallery 

in Appendix A. 

Figure 5.1: Simulated images of northern Cape peninsula. Each image is 308 x 

582 pixels representing 12.4 x 23.5 km ground range. 

The south half of the Cape Peninsula can be seen in Figure 5.2. 
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Figure 5.2: Simulated images of southern Cape peninsula. Each image is 358 x 

540 pixels representing 14.6 x 22.1 km ground range. 
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5.2 Cedarberg Mountains Simulation 

A DEM of the Cedarberg Mountains, north-east of Cape Town, offers 100 m reso­

lution and an opportunity to test the simulator on alpine terrain. The simulation 

parameters are listed in column Cedarberg of Table 5.1. 

The resulting images from the simulation are shown in Figure 5.3, in the thumb­

nail format as described previously. 

Figure 5.3: Simulated images of Cedarberg Mountains near Cape Town, South 

Africa. Each image is 360 x 562 pixels representing 17.4 x 27.3 km ground range. 
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5.3 Katse Simulation 

The sparsely-populated Katse region incorporates two major rivers and some 

mountains. The DEM is of a finer resolution than the previous DEMs, although 

a smaller region is covered, so no significant improvement in visual resolution is 

obtained. 

The last column of Table 5.1 holds the simulation parameters for the Katse 

images, which can be seen in Figure 5.4. 

Figure 5.4: Simulated images of Katse dam region in Lesotho. Each image is 394 

x 337 pixels representing 13.5 x 9.9 km ground range. 

5.4 Comparison of Simulated Images to Actual 

ERS Images 

To evaluate the functionality and operation of the simulation model, comparison 

to actual images is necessary. The northern Cape Peninsula images were chosen 

to demonstrate the strengths and weaknesses of the simulator. 

The available ERE images include power, coherence, and interferometric phase 

images with the earth component included. The images were obtained from flight 
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numbers 05715 and 25388. The following simulated and actual ERS images are 

all imaged from 12 degrees north of east, the range axis, and image the terrain 

from east to west. The azimuth axis indicates the direction of motion and is 

perpendicular to the range axis which indicates the direction the radar is imaging. 

5.4.1 Power Image Comparison 

Comparison of the simulated power to the actual power images is shown in Figure 

5.5. The simulated power image on the top left and the actual ERE power image 

is on the top right. 

Figure 5.5: Comparison of simulated (left) magnitude squared image from the 

SLC: IVll2 and actual ERS (right) power image IVlI2. 

General Greytones 

The mountain slopes and tops can be readily identified, the regions of layover 

appear equally bright on both images. The grey tones of the mountain slopes are 

correct in proportion to the average intensity. 
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Urban Detail 

The finer resolution of the ERS power image shows more detail on the mountain 

slopes, large-scale water patterns, and features of the urban and harbourfront 

areas of Cape Town to the north. The simulator has no information that an 

urban area is present, thus it produces backscatter information similar to that of 

a flat plain at the height designated. Urban areas appear very bright on radar 

images due to the strong reflections from the dihedral and trihedral corners made 

by buildings and pavement. Settled areas can be deduced from the different 

brightness values of the simulated and actual images, populated areas are found 

on the eastern side of the easternmost mountain ridge to two-thirds down the 

image. 

Ocean Detail 

Again, the simulator knows no information about the wave patterns. From the 

terrain mask, it can determine that the region is composed of water and has a 

certain correlation value. 

5.4.2 Coherence Image Comparison 

Figure 5.6 compares the simulated and actual total coherence images. This 

simulated coherence takes all of geometrical, temporal and noise due to finite 

SNR into account. 

The calculated coherence is accurate in determining the very low coherence of 

the ocean and a moderate value for the land areas. It does well in showing that in 

areas of low power returned, for example the shadowed areas of the mountains, 

there is a significant drop in coherence also. This shows that the model for 

receiver noise is an appropriate one. The urban areas appear comparatively 

bright in the ERS image, due to the invariability of the major structures between 

the imaging times. The very dark areas on the mountain ridges of the simulated 

image correspond to the very bright areas on the simulated power image. This is 

evidence of layover, when two or more pixels correspond to the same slant range 

position. The very low coherence value results from the addition of the complex 

coherence values of each slant range pixel, which have uniformly distributed 
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Figure 5.6: Comparison of simulated (left) and actual ERS (right) coherence 

images. 

phases. Expected low-coherence regions due to layover can also be seen in the 

ERS image. 

5.4.3 Interferogram Image Comparison 

Figure 5.7 shows the unfiattened wrapped interferograms of the imaged terrain. 

The simulated image uses a greyscale pattern and the actual ERS image uses 

a coloured pattern. There is complete decorrelation in the ocean areas of both 

images, as predicted by the coherence values. The regular vertical fringe compo­

nent due to the fiat earth component has not yet been removed. The horizontal 

baseline chosen during simulation directly affects the spacing of the fringes. 
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Figure 5.7: Comparison of simulated (left) and actual ERS (right) interferometric 

phase images. 

78 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 6 

Conclusions and :Future Work 

A synthetic aperture radar software program was created for the purpose of 

mission planning, image interpretation and interferometric demonstration and 

algorithm development. 

A product simulator model was chosen to fulfill the purposes listed above with 

minimum amount of complexity in development. The DEM, the flight path, 

correlation and radar parameter information were inputs. 

The SAR and InSAR imaging models were based on a model for the scene and 

the slant range conversion process. The scene can be described as a distributed 

target; a collection of point scatterers. The responses from the targets super­

pose linearly to form complex circularly Gaussian random variable images. The 

conversion from ground range to slant range is a purely geometric one, involving 

the solution of the transmitted wave and the terrain facets. Quirks arising from 

the imaging geometry include layover and shadowing which further characterise 

the SAR image. 

SAR image characteristics including their statistics and dominant factors have 

been comprehensively studied. This aids in qualifying the success of the simula­

tion when compared to actual images. The backscatter values greatly influence 

the tonality of the simulated power images, thus the correct computation of its 

components, the backscatter coefficient and the slant range area, are critical to 

the success of the simulated image. The process of calculating the backscatter 

values were reviewed, along with a generic empirical backscatter model for use 

with ERS radar parameters. A model for generating speckle is reviewed and 
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Ground range OEM (left), slant range DEM (right) images of northern Cape 

Peninsula simulation. 

Radar cross section (left), power (right) images of northern Cape Peninsula 

simulation. 
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Baseline coherence (left), temporal coherence (right), images of northern Cape 

Peninsula simulation. 

Coherence with SNR model applied (left), layover (right) images of northern 

Cape Peninsula simulation. 
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Clean phase (left), clean flattened phase (right) images of northern Cape 

Peninsula simulation. 

Noisy phase with SNR noise model (left), noisy flattened phase (right) images 

of northern Cape Peninsula simulation. 
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Ground range DEM (left), slant range DEM (right) images of southern Cape 

Peninsula simulation. 

Radar cross section (left), power (right) images of southern Cape Peninsula 

simulation. 
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Baseline coherence (left), temporal coherence (right) images of southern Cape 

Peninsula simulation. 

Coherence with SNR noise model (left), layover (right) images of southern 

Cape Peninsula simulation. 
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Clean phase (left), clean flattened phase (right) images of southern Cape 

Peninsula simulation. 

Noisy phase with SNR noise model (left), noisy flattened phase (right) images 

of southern Cape Peninsula simulation. 
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Ground range DEM (left), slant range DEM (right) images of Cedarberg 

Mountains simulation. 

Radar cross section (left), magnitude of the complex interferogram (right) 

images of Cedarburg Mountains simulation. 
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Baseline coherence (left), temporal coherence (right) images of Cedarburg 

Mountains simulation. 

Coherence without SNR noise model (left), layover (right) images of Cedarburg 

Mountains simulation. 
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Clean phase (left), clean flattened phase (right) images of Cedarberg Mountains 

simulation. 

Noisy phase without SNR noise model (left), noisy flattened phase (right) 

images of Cedarberg Mountains simulation. 
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Ground range OEM (left), slant range OEM (right) images of Katse simulation. 

Radar cross section (left), power (right) images of Katse simulation. 

Baseline coherence (left), temporal coherence (right) images of Katse 

simulation. 
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Coherence without SNR noise model (left), layover (right) images of Katse 

simuation. 

Clean phase (left), clean flattened phase (right) images of Katse simulation. 

Noisy phase without SNR noise model (left), noisy flattened phase (right) 

images of Katse simulation. 

94 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix B 

Simulator Input Parameter File 

Examples 

Samples of the two types of input parameter files, INPUT _ PARAMS _ TYPEl.PRO 

and INPUT _PARAMS_ TYPE2.PRO are given, with the changeable parameters 

marked in bold face type. 

PRO INPUT_PARAMS_TYPE1, STARTUP _PARAMS 

startup_params.r_sp = 7.9050 * 1. 

startup _params.az _ sp = 4.4048 * 5. 

startup _params.row _ subset = [0,499] 

startup _params.rownum = 100 

startup_params.antl_height = 796000. 

startup_params.ant2_height = 796000. 

startup_params.rot_angle = O. 

startup_params.rot_pixel~x = -1 

startup _params.rot _pixel_y = -1 

startup _params.h _ baseline = 100. 

startup_params.bandwidth = 15.E6 

startup_params.lambda = .0566 

startup_params.snr_sar_spec = 20. 

startup_params.r_spec = 864000. 

startup _params.rcs _ spec = 10. 

startup _params.coh _window = 3. j must be 2 or greater ... 
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I-"""""L' .... L .... errors. 
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*** Endian: a 
*** 

*** 

*** 

*** 0): a to 

*** row: 

*** 

*** 

if 

*** 

============================================= 

*** 

*** a 
*** contents: 

*** 0.0 

*** max: 

*** 

*** a 
*** contents: 

*** 

*** max: 

*** 

*** to contents: 

*** 

*** = 0.1000 

*** 
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*** 
*** 0 

*** 1 ~.,.,.~_ 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

1 

antenna 

============================================= 

*** 
*** 

*** 

*** 

*** 

*** 

*** J.lll.;J.LlCJ.lv 

*** LUI"'l-Llu.ull, to 

ant,enrla 1 to 

antenna 1 
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*** 

*** 
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*** 

*** 

*** 

============================================= 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 
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*** 
*** 

>J'U'.IJ L.I. 0 1 2 3 4 5 6 7 8 9 1 

111000111011101111111 

11100111111111111111 

1 X .L. • .<J,JV"',LU, xaz 

*** *** 

============================================= 

** stats: mean: u.U'V"%.LUi7 

** 

** 
** 

** 

** 

*.txt 

** stats: mean: u. U'UU\,JUU 

*.txt 

1. 

* 
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** stats: mean: 
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** stats: mean: 

*.txt 

** mean: 

** * 

** 

*.txt 

** stats: mean: 

** 
*.txt 

** stats: mean: 

** =========================================== 
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