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ABSTRACT 

The limitations in current commercial satellite-based Synthetic Aperture RADAR 

(SAR) datasets are being partially emphasized by a specialized (dual-frequency, 

polarimetric, and interferometric) ground-based real-aperture RADAR (GBIR) instrument 

developed by a team from University of Missouri (MU) in conjunction with GAMMA 

Remote Sensing. This MU GBIR possesses high temporal and spatial resolution, which 

make it well suited for measuring small and relatively fast-acting surface deformation. 

Simulation of single look complex (SLC) imagery and interferograms of a study 

site allows one to test and evaluate new methods or techniques under known conditions. A 

simulation of MU GBIR SLCs and interferograms is investigated in this document. The 

simulation accounts for the fluctuating, non-fluctuating, electromagnetic shadowing, 

system phase noise, and other noise components. Given a digital elevation model (DEM) 

and a MU GBIR position, the simulated imagery can be generated. For this study, we 

investigated several conditions of our Blue Springs, Missouri study site. Qualitatively the 

measurement SLC imagery compares well with the large-scale trends of the simulated 

SLCs imagery. 

Simulated interferograms for various refractivity change cases and noise scenarios 

(i.e. noisy and low noise) were explored. The noisy-scenario large-scale phase trends are 

similar to the low-noise scenarios. There are some small-scale differences in the phase 

scenarios, which are mainly associated with vegetative land cover. The phase fringes are 

preserved well on the dam structure and other persistent like structures. 
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CHAPTER 1. INTRODUCTION 

 

 

 

1.1 Overview  

The limitations in the current commercial satellite-based RADAR interferometry 

datasets are being addressed in part by a specialized (dual-frequency, polarimetric, and 

interferometric) ground based interferometric RADAR (GBIR) instrument developed by 

the University of Missouri (MU) team in partnership with GAMMA Remote Sensing 

[GAMMA, 2011]. This MU GBIR has desirable characteristics (e.g. high temporal 

resolution (~1 minute), spatial resolution (~1 meter), small-size portability) that are well 

suited for measurements of rapid surface movements. 

Simulation of single look complex (SLC) imagery and interferograms of a study 

site allows one to test and evaluate new methods or techniques under known conditions. A 

simulation of MU GBIR SLCs and interferograms is investigated in this document. The 

simulation accounts for the fluctuating, non-fluctuating, electromagnetic shadowing, 

system phase noise, and other noise components. Given a digital elevation model (DEM) 

and a MU GBIR position, the simulated imagery can be generated. For this study, we 

investigated several conditions of our Blue Springs, Missouri study site. 
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1.2 Thesis Organization  

This thesis is organized into a total of six chapters. Chapter 1 gives a brief 

introduction. Chapter 2 is an overview of the GBIR. Chapter 3 summarizes the 

methodologies used for simulation and this study. Chapter 4 describes the Experimental 

Data Site used. Chapter 5 presents a summary of our study Results. Chapter 6 summarizes 

the objectives accomplished and possible Future Work. Chapter 7 presents a reference 

section that provides full citations for information used. The appendices are presented at 

the end of the document. 
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CHAPTER 2. GBIR OVERVIEW 

 

2.1 MU GBIR 

MU GBIR system is detailed in the literature [e.g. GAMMA, 2011; Cherukumilli, 

2012; Deng, 2012]; therefore, brief excerpts and summary overviews (see Tables 2-1, 2-2, 

and 2-3 for specifications summary) of the MU GBIR from the above sources are given in 

the narrative, tables, and photographs below:  

“MU GBIR instrument is capable of real-aperture imaging by using three antennas 

mounted parallel to one another on a one-meter high tower. These antennas function 

differently under different modes. In the interferometric mode and single polarization 

mode, one of the antennas is used to transmit signals and the other two are receiving 

antennas. 

MU GBIR system collects raw data for a given scene. The transmit modulation of 

MU GBIR is frequency modulated continuous wave (FMCW). Data collection is 

accomplished by rotation about its vertical axis of the three antennas in real-aperture 

RADAR (RAR) mode where a desired area may be illuminated by tilting the antennas 

vertically up and down. A single azimuth scan is accomplished in around 20 seconds for a 

sweep of 180°. In addition, it takes about 10 minutes for the GBIR system to be prepared 

for imaging. One of the advantages of the GBIR system is that the instrument is portable 

and can be powered either by a DC or AC source, which makes it more convenient to use 

under different situations. Besides, repeated field experiments are possible since it can be 

positioned at the same point with high geodetic-grade position. A standard GBIR 

configuration is shown in Figure 2.1 and 2.2.” 
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(a) 

 

 
 (b) 

 
Figure 2.1. MU GBIR photograpsh are presented. (a) The standard configuration of MU GBIR’s external 

components with the tripod setup is shown. [GAMMA, 2011]. (b) Ku-band 2-m antenna setup configuration. 

[GAMMA, 2011]. The three antennas positions may be denoted starting from the top as above, upper, and 

lower. 
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Figure 2.2. Setup of the GBIR for the polarimetric mode is shown. a) C-band RF unit connections are 

shown with appropriate cable connections. b) The three C-band 2-m dual-polarized antennas are shown 

mounted on the GBIR tower and tripod. 
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Table 2.1. GBIR Specification Summary. 
Type C-Band Specification Ku-Band Specification 

Radar Type FM-CW, chirps between 0.25 to 8 ms FM-CW, chirps between 0.25 to 8 ms 

Radar Models 
Fully Polarimetric (HH, HV, VH, and VV) 

Single Polarization (HH, HV, VH, or VV) 

Interferometric 

Single Polarization 2m Antenna (VV) 

Single Polarization Horn (HH, HV, VH, or VV) 

Interferometric 

Transmit Power 100 mW (+20 dBm) 100 mW (+20 dBm) 

Chirp Bandwidth 200 MHz 200MHz 

Azimuth Scan Time 20 sec for 180 degree sweep 20 sec for 180 degree sweep 

ADC 14-bit, dual channel, 6.25 MHz sample clock 14-bit, dual channel, 6.25 MHz sample clock 

 

 
Table 2.2. GBIR 2m Antenna Instrument Specification Summary. 

Type C-Band Specification Ku-Band Specification 

Frequency 5.3 to 5.5 GHz 17.1 to 17.3 GHz 

2m Antenna Pattern 
1.5 degree, 3 dB Azimuth Beamwidth 

38 degree, 3 dB Elevation Beamwidth 

Peak sidelobes: -13 dB sidelobes (1-way) 

0.5 degree, 3 dB Azimuth Beamwidth 

38 degree, 3 dB Elevation Beamwidth 

Peak sidelobes: -15 dB sidelobes (1-way) 

Antenna Polarization Dual Polarized (H and V) Single Polarization (V) 

Radar operational Range 10 m to 10 kn 10 m to 10 km 

Azimuth Resolution ~26 m at 1 km, proportional to slant range ~9 m at 1 km, proportional to slant range 

Range Resolution 
0.75 m without weighting 
1.0 m with Kaiser Weighting 

0.75 m without weighting 
1.0 m with Kaiser Weighting 

 

 
Table 2.3. GBIR Horn Antenna Instrument Specification Summary. 

 
Type C-Band Specification Ku-Band Specification 

Frequency 5.3 to 5.5 GHz 17.1 to 17.3 GHz 

2m Antenna Pattern 
~35 degree, 3 dB Azimuth Beamwidth 

~35 degree, 3 dB Elevation Beamwidth 

Peak sidelobes: -10 dB sidelobes (1-way) 

~10 degree, 3 dB Azimuth Beamwidth 

~20 degree, 3 dB Elevation Beamwidth 

Peak sidelobes: -10 dB sidelobes (1-way) 

Antenna Polarization Dual Polarized (H and V) Dual Polarized (H and V) 

Radar operational Range < 500m < 500m 

Azimuth Resolution ~31 m at 50 m, proportional to slant range ~9 m at 50 m, proportional to slant range 

Range Resolution 
0.75 m without weighting 
1.0 m with Kaiser Weighting 

0.75 m without weighting 
1.0 m with Kaiser Weighting 
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CHAPTER 3. METHODOLOGIES 

 

 

 

 

3.1 Introduction 

This chapter presents the detailed methodologies used in this research effort. A brief 

overview of RADAR Interferometry is presented in Section 3.1.1. Methodologies for 

simulating SLCs and interferograms of the MU GBIR are detailed in Sections 3.2, 3.3, and 

3.4. 

 

3.1.1 RADAR Imaging, Interferometry Introduction, and Literature Review 

The RADAR imaging of earth concepts go back to the 1950s [Massonet and Feigl. 

1998]. The Seasat satellite in 1978 was an early event in RADAR interferometry scientific 

use. A number of motion issues are discussed and summarized by Kovaly [1976]. Radar 

imaging fundamentals are covered in the literature [e.g. Elachi, 1982; Elachi, 1987]. A 

historical summary of synthetic-aperture RADAR (SAR) instruments can be found in 

Curlander and McDonough [1991]. There are a number of SAR techniques found in the 

literature such as range Doppler processing [Wu et al., 1981; Curlander and McDonough, 

1991], chirp scaling [Raney, 1991; Raney et al., 1994], and seismic migration technique 

[Prati et al., 1990].  
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RADAR Interferometry is an advanced radar technique, which is prevalent in a 

number of geodesy and remote sensing applications. The interferometric concept is based 

on the signal phase difference between two RADAR images collected at different times or 

imaging positions as shown in Figure 3.1 [Massonnet and Feigl, 1998].  

There are two modes for interferometric data collection: classic mode (or standard 

mode) and ping-pong mode [Elachi and van Zyl, 2006]. There is a modulo 2π phase for a 

ΔR of a wavelength in classic mode. There is a modulo 2π phase for a ΔR of half a 

wavelength in ping-pong mode. My research simulations will focus on ping-pong mode.  

 

Figure 3.1. Diagram illustrates RADAR interferometry concept [Silva, 2002]. 

 

 

 

 

 

 

 

 

 



 9 

3.2 Refractivity 

For ping-pong mode [Elachi and van Zyl, 2006], the non-fluctuating phase 

component at range R of two SLCs (e.g. SLCn1 and SLCn2) with different indices of 

refraction can be written as 

𝑆𝐿𝐶𝑛1 = 𝑒𝜙𝑛𝑓1 = 𝑒
−

4𝜋

𝜆𝑜
𝑛1𝑅

                                                                  (3.1) 

𝑆𝐿𝐶𝑛2 = 𝑒𝜙𝑛𝑓2 = 𝑒
−

4𝜋

𝜆𝑜
𝑛2𝑅

                                                                  (3.2) 

For this research effort, the change in refractivity (e.g. atmospheric changes between 

acquisitions) between two SLCs (e.g. SLCn1 and SLCn2) is defined as 

Δ𝑁 = 𝑁1 − 𝑁2                                         (3.3) 

The change in the index of refraction is related to the refractivity change as 

Δ𝑛 = 𝑛1 − 𝑛2 = 10−6Δ𝑁                                 (3.4) 

The index of refraction is related to the refractivity as 

𝑛 = 10−6𝑁 + 1                                                                                (3.5) 

 

3.3. Single-Look Complex (SLC) Image Simulation  

In this research effort, single-look complex (SLC) images are simulated in 

MATLAB for the MU GBIR. Figure 3.2 shows the high-level block diagram to simulate 

an SLC image. Each input and the output will be discussed in the following sections 3.3.1 

through 3.3.6. My MATLAB efforts were focused on the fluctuating phases and on the 

noises (i.e. sections 3.3.1, 3.3.3, 3.3.4, and 3.3.6). MATLAB modules for the non-

fluctuating phases, and for the shadow mask (i.e. sections 3.3.2 and 3.3.5) were provided 

by the MU GBIR research group although the basic concepts are provided here for clarity. 

A number of verification tests were performed on the MATLAB codes as shown in the 
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appendices. Basically, an SLC is simulated for the MU GBIR setup at a geodetic position 

given a digital elevation model (DEM) in geodetic coordinates, land type, and other 

information related to the test site. 

 

Figure 3.2. High-level block diagram illustrates simulation SLC formation. 

 

𝑉𝑠𝑖𝑔 = ሾ 𝑉𝑒  𝑒
𝑗∅𝑠𝑐𝑎𝑡_𝑓  𝑒𝑗∅𝑠𝑐𝑎𝑡_𝑛𝑓 𝑒𝑗∅𝑂𝑠𝑐  ሿ ° ሾ 𝑆𝑀 ሿ + 𝑉𝑛𝑒

𝑗∅𝑛 

Rayleigh voltage envelope, 

Fluctuating Phase  

{Ve, Scat_f} 

Non-Fluctuating Phase 

RADAR Coordinates 

{Scat_nf} 

 

System Phase Noise 

{Osc} 

Complex Thermal 

Noise Signal 

{NoiseSignal} 

Shadow Mask 

RADAR Coordinates 
{SM, where 0  shadow 

region, 1  visible region} 

 

Modeled Voltage Signal 

{Vsig} 

(i.e. simulated SLC) 
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3.3.1 Fluctuating Phase 

Here, the SLC fluctuating phase component consists of a Rayleigh voltage envelope 

and a fluctuating phase with uniform distribution. Figure 3.3 shows a block diagram for 

Rayleigh voltage envelope and fluctuating phase implementation. 

 

Figure 3.3. Block diagram for generating Rayleigh voltage envelope and fluctuating phase. Dashed block is 

for overall process. 

Rayleigh Fading 

Matrix Size(11) 

[MxN] 

Thermal Noise 

Complex Noise 

Signal 2(12) 

{OnlyPhase} 

Phase 

LAOI 

RADAR  

Position (1) 

 

Geodetic 

DEM  (2) 

RADAR Coordinates  

Parameters (3) 

Ellipsoid  

Eccentricity (4) 

 

Local angles of incidence(9) 

RADAR Coordinates 

{looking_angles} 

RADAR  

Position (1) 

 

Geodetic 

DEM  (2) 

RADAR Coordinates  

Parameters (3) 

Ellipsoid  

Eccentricity (4) 

 

Geodetic 

Landtype(5) 

 

Model  

Number( 6) 

RADAR Position (1) 
{Latitude, Longitude, 

RADAR height, 

Observer altitude} 

 

RADAR Coordinates Parameters (3) 

{azimuth start angle, azimuth step angle, 

azimuth stop angle, start range, 

range step, stop range} 

 
 

Geodetic DEM  (2) 
{BB(DEM elevation matrix), 

Rref (reference matrix) 

BBref (upper left, lower right 

positions of DEM)} 

Ellipsoid Eccentricity (4) 

{earth semi major axis, earth 

semi minor axis} 

 

Geodetic 

Landtype(5) 

{landtype} 

 

Model Number( 6) 

{model_number} 

Average 

Power Model 

Fluctuating Phase(14) 

{Scat_f} 

SLC Average Power(10) 

RADAR Coordinates 

{power} 

 

Rayleigh Voltage 

Envelope (13) 

{Ve} 

Incident  

Angle Data(7) 

{incident_angle} 

Incident  

Angle Data(7) 

Power 

Data( 8) 

{sigma} 

Power 

Data( 8) 



 12 

A Rayleigh parameter [Ulaby et. al, 1986], σ, for each pixel is found using the land 

type, local angle of incidence (LAOI), β, and a generalized Lambert model [George, 1970]. 

The LAOI is found using 

𝛽 = 𝑎𝑟𝑐𝑐𝑜𝑠 (�⃗�  . 𝑣01⃗⃗⃗⃗⃗⃗ )                                                                                      (3.6) 

as shown in Figure 3.4. Sigma nought, σ0, values are found using generalized Lambert 

model 

σ0 = 𝐾21 ∗ (cos(𝑥))2∗𝐾22 

where K21 (i.e. Parameter 1) and K22 (i.e. Parameter 2) for each land type is shown in Table 

3-1 for this study. The mean of the voltage envelope (i.e. mean(Ve
2)) is set equal to sigma 

nought and may be written as 

                                      𝑉𝑒
2̅̅ ̅̅ = 2𝜎2                                                    (3.7) 

The Rayleigh parameter is given by 

𝜎 = √𝑉𝑒
2̅̅ ̅̅ ̅

2
                            (3.8) 

A Rayleigh voltage envelope, Ve, is chosen for each pixel from the Rayleigh distribution 

with its corresponding scale parameter, σ, given by 

𝑃(𝑉𝑒) = {
𝑉𝑒

𝜎2 𝑒−𝑉𝑒
2/2𝜎2

, 𝑉𝑒 ≥ 0

0            , 𝑉𝑒 < 0
             (3.9) 

The fluctuating phase, ϕf, has uniform distribution over [0, 2π]. The fluctuating phase 

component may be written as as 

𝑉𝑓𝑐 = 𝑉𝑒𝑒
𝑗𝜙𝑓                        (3.10) 
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Table 3.1. Generalized Lambert model parameters used in this study are listed. 

Figure 3.4. LAOI, β, geometry is shown. 

 

3.3.2 Non-Fluctuating Phase 

As discussed in section 3.2 and shown in Figure 3.5, the non-fluctuating phase 

component in RADAR coordinates at range R of two SLCs (e.g. SLCn1 and SLCn2) 

[Richards, 2005] with different indices of refraction can be written as 

𝑉𝑛𝑓,1 = 𝑒𝜙𝑛𝑓,1 = 𝑒
−

4𝜋

𝜆𝑜
𝑛1𝑅

                                                                  (3.11) 

𝑉𝑛𝑓,2 = 𝑒𝜙𝑛𝑓,2 = 𝑒
−

4𝜋

𝜆𝑜
𝑛2𝑅

                                                                  (3.12) 

using ranges in RADAR coordinates and refractivity in RADAR coordinates. 

 

 

 Forest Transportation Open Water 

 Parameter 1 Parameter 2 Parameter 1 Parameter 2 Parameter 1 Parameter 2 Parameter 1 Parameter 2 

Model 200.00 1.00 400.00 1.00 1000.00 1.00 0.10 1.00 

North 

Azimuth Angle     

(degrees) 

Range 

(meters) 

Range step 

Angle step 

Radar  
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Figure 3.5. Block diagram for SLC non-fluctuating phase estimation is shown. Dashed block is for overall 

process. 
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3.3.3 Thermal Noise 

In RADAR systems, there are two main sources of additive noise (1) external noise 

and (2) internal noise [Richards, 2005]. For the MU GBIR coherent radar receiver, the 

Gaussian noise contributes to both I and Q channels after quadrature demodulation. Thus, 

the noise envelope, Vn, has a Rayleigh distribution and the phase, ϕn, has a uniform 

distribution; therefore the noise voltage as shown in Figure 3.6 may be written as 

𝑉𝑛𝑜𝑖𝑠𝑒 = 𝑉𝑛𝑒
𝑗𝜙𝑛 = 𝑉𝑛,𝐼 + 𝑗𝑉𝑛,𝑄            (3.13) 

where Vn,I and Vn,Q are normally distributed with zero mean and a standard deviation of 

σn. The noise standard deviation may be written as 

𝜎𝑛 = √
𝑃𝑛,𝑎𝑣𝑔

2
                        (3.14) 

where Pn,avg is the average noise power. The average noise power may be written as 

𝑃𝑛,𝑎𝑣𝑔 = 10
𝑃𝑛,𝑎𝑣𝑔,𝑑𝐵

10                    (3.15) 

where Pn,avg,dB is the average noise power in dB. 

 

 

 

 

 

 

 

 

Figure 3.6. Block diagram for complex noise signal generation. Dashed block is for overall process. Solid 

blocks are the individual module functions. 
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3.3.4 System Phase Noise 

In RADAR systems, system phase noise may be present (e.g. oscillator phase noise, 

etc.) [Richards, 2005]. Figure 3.7 presents a block diagram for system-noise module 

implementation. The system-phase-noise voltage may be written as 

𝑉𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟 = 𝑒𝑗𝜙𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟                   (3.16) 

where ϕoscillator is the system phase noise value chosen from a uniform phase distribution 

over [-ϕspan/2, ϕspan /2], and ϕspan is the phase noise distribution total span. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.7. Block diagram for generating oscillator phase noise. Dashed block is for overall process. Solid 

blocks are the individual module functions. 

 

 

3.3.5 Shadow Mask 

Shadow regions are area within the scene that do not have a line of sight view from 

the RADAR position to the site position. The shadow region signal in RADAR coordinates 

is found from the geometry and may be written as 

𝑉𝑆𝑀 = {
0 𝑠ℎ𝑎𝑑𝑜𝑤
1 𝑛𝑜 𝑠ℎ𝑎𝑑𝑜𝑤

                   (3.17) 

Figure 3.8 presents a block diagram for shadow mask module implementation. 

System Phase Noise(1) 
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Figure 3.8. Block diagram for shadow region estimation is shown. Dashed block is for overall process. 

Solid blocks are the individual module functions. 
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3.3.6 SLC Formation 

A simulated SLC may be formed from the voltage components described in 

sections 3.3.1 through 3.3.5 (i.e. fluctuating phase component, non-fluctuating phase 

component, phase noise component, shadow mask component, and noise voltage) as 

𝑉𝑠𝑖𝑔 = 𝑉𝑓𝑐𝑉𝑛𝑓𝑉𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑜𝑟𝑉𝑆𝑀 + 𝑉𝑛𝑜𝑖𝑠𝑒                (3.18) 

3.4 Interferogram Formation 

An interferogram may be formed between two simulated SLC images (e.g. equation 

3.18). The multiplicative complex interferogram may be written as  

𝐼 = 𝑆𝐿𝐶1 ∗ 𝑐𝑜𝑛𝑗(𝑆𝐿𝐶2)                         (3.19) 

where simulated SLC1 and simulated SLC2 are complex valued. The measured 

interferometric phase ϕp (i.e. the angle of I) is a combination of several factors [Hanssen, 

2001] [Elachi and van Zyl, 2006] such as topography, line-of-sight (LOS) displacement, 

and everything else (e.g. system noise, atmosphere, etc.). 

For ping-pong mode, a 2π phase shift occurs when RΔn is λo/2. Under the standard 

interferometric conditions and a range approximation for a N1 and N2 constant with no 

surface change between SLCn1 and SLCn2, the distance of one cycle of a 2π phase fringe is 

given by 

 𝑅2𝜋 = |
𝜆𝑜106

2Δ𝑁
|     {

Δ𝑁 < 0
Δ𝑁 = 0
Δ𝑁 > 0

   

positive phase ramp
no phase change

negative phase ramp
                                (3.20) 

 

3.5 Conclusion 

Thus, the methodologies used for this research have been presented. 
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CHAPTER 4 EXPEREMENTAL DATA SITE 

DESCRIPTION 

This chapter describes my research effort’s experimental data site, which is Blue 

Springs dam in Missouri. Site overview and DEM imagery is provided in Figures 4.1 and 

4.2. In Table 4.1, the USGS DEM file names and the corresponding cropped DEM file 

names are listed. In Table 4.2, the upper left corner and lower right corner coordinates of 

the crop area are listed.  

RADAR simulation parameters are shown in Table 4.3. These parameters are 

utilized in the simulation and simulations results that are presented in Chapter 5. 

Table 4.1. DEM file names for each site are listed. 

 
Table 4.2. Coordinates for cropped DEM file name for each site are listed. 

 

Experimental Site Upper Left Point Lower Right Point 

Blue Springs Dam (-94.3476°E, 39.0191°N) (-94.3274°E, 39.0086°N) 

 

Table 4.3. RADAR simulation parameters for each site are listed. 
 

Experimental 

Site 

RADAR Position 

(Longitude, 

Latitude, 
Elevation) 

Start Range Range Step Start 

Azimuth 

Azimuth Step Azimuth 

Samples 

Range 

Samples 

Blue Springs 
Dam  

(Pin #2) 

-94.33992500 °E 
39.01833500 °N 

233.6 m 

50.222163 m 0.749585 m 87° 0.50411360° 279 534 

 

 

4.1 Blue Springs Dam 

Blue Springs Dam is in the Missouri, and it takes about 2 hours from Columbia, 

MO to this site by automobile. The RADAR position pin chosen on this site is pin 2, which 

on the back side of the man-made dam face. A photograph from the near the RADAR 

position, a Google overview image, and a survey image are shown in Figures 4.1. Geodetic 

and RADAR coordinate DEMs are shown in Figure 4.2. 

Experimental Site USGS DEM File Name Cropped DEM File Name 

Blue Springs Dam ned19_n39x25_w094x50_mo_jacksonco_2006.img bluesprings_full_crop.tif 
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(a) 

 

 
(b) 

 
                                                                  (c) 

 

Figure 4.1. Blue Springs Dam site (pin 2) information is presented. (a) Photograph is shown [Deng, 2012]. 

(b) Google Earth view is shown [Google Earth, 2015]. (c) Site pins distribution is illustrated [Deng, 2012]. 
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(a)  

 

(b)  
 

Figure 4.2. DEM around Blue Springs Dam is shown in (a) geodetic coordinates and (b) RADAR 

coordinates.  
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CHAPTER 5. RESULTS AND ANALYSIS 

 

 

 

5.1 Introduction 

Using the chapter 3 methodologies and chapter 4 test site, this chapter summarizes 

the results of the simulations for the test site of Blue Springs Dam, Missouri. SLC images 

are simulated under various scenarios (i.e. low noise and noisy) as listed in Table 5.1 and 

Table 5.2. Simulation SLC power is qualitatively compared to measurement SLC power. 

Various refractivity profiles (e.g. atmospheric effects) are simulated. Interferograms are 

formed between SLCs for various refractivity profiles. 

 

Table 5.1. Simulation Parameters for Low Noise Scenario 

 

Parameter Value 

Test Site Blue Springs Dam 

 Power Model Generalized Lambert Model 

 Average Noise Power -50 dB 

Oscillator Phase Noise 5 degree 

Refractivity Indices varies 

 

 

Table 5.2. Simulation Parameters for Noisy Scenario 

 

Parameter Value 

Test Site Blue Springs Dam 

 Power Models Generalized Lambert Model 

Average Noise Power -10 dB 

Oscillator Phase Noise 5 degree 

Refractivity Indices varies 
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5.2 SLC Simulated Power Results 

 

SLC power was simulated using a generalized Lambert model, which was 

described in chapter 3. Measurement SLC power is shown in Figure 5.1a. Simulated SLC 

power is shown in Figure 5.1b (i.e. noisy scenario) and Figure 5.1c (i.e. low-noise 

scenario). Since the RADAR position is near the left center of the dam, the middle part 

appears closer than two sides in this RADAR coordinate display. Whereas, the right most 

strip corresponds to the dam face closet to the radar. The other strips of high power return 

are primarily due to the sloped (i.e. toward the RADAR) topography leading up to the dam 

face. To the right of dam (i.e. the right most strip), the SLC power is low due primarily to 

being in the shadow region (i.e. since the dam is higher elevation than the water!); 

therefore, noise is the dominant power in this region.   

 

Qualitatively the measurement SLC compares well with the large-scale trends of 

the simulated SLCs. The measurement SLC is closest to the low-noise simulated scenario 

SLC in the shadow region; moreover, these cases are effectively high signal-to-noise ratio 

cases. The noisy simulated SLC is effectively a low signal-to-noise ratio case. There are a 

number of small-scale differences between the measurement and simulated SLCs; 

moreover, the differences are in part due to DEM accuracy. 
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(a)  

(b)  

 

(c)  

 
Figure 5.1. SLC image power for Blue Springs Dam is shown in RADAR coordinate of (a) measured data, 

(b) noisy simulated data, and (c) low noise simulated data.  
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5.3 Refractivity Change Profiles 

 

The simulation takes into account refractivity change, which often occurs due to 

atmospheric and other media effects with the MU GBIR. The refractivity change effects 

are often not negligible; therefore, a correction may be applied to actual measurement data 

to reduce its contribution.  

 

For simulation, four refractivity change profiles were manually generated. The 

refractivity change profiles are in the -100 to +100 range, which is typically encountered 

in actual measurements with the MU GBIR. The refractivity change (i.e. ΔN = N1 - N2) is 

the difference in SLC1 refractivity (i.e. N1) with SLC2 refractivity (i.e. N2). 

  

The four refractivity change profiles are summarized below. Case A has ΔN = -100 

for the entire image as shown in Figure 5.2. Case B has ΔN = 100 for the entire image as 

shown in Figure 5.3. Case C has ΔN = 0 and -100 for various regions in the image as shown 

in Figure 5.4. Case D has ΔN = 0 and 100 for various regions in the image as shown in 

Figure 5.5. 
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Figure 5.2. Refractivity change ΔN profile of Blue Springs Case A is shown. 

 

  



 27 

 

 

 

 

 

 

 

 
Figure 5.3. Refractivity change ΔN profile of Blue Springs Case B is shown. 
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Figure 5.4. Refractivity change ΔN profile of Blue Springs Case C is shown. 
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Figure 5.5. Refractivity change ΔN profile of Blue Springs Case D is shown. 
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5.4 Simulated Interferogram Results and Conclusion 

Using the methodology in chapter 3, we simulated interferograms for each 

refractivity change case (i.e. A, B, C, and D) and noise scenario (i.e. noisy, and low noise). 

The noisy-scenario large-scale phase trends are similar to the low-noise scenarios. There 

are some small-scale differences in the phase scenarios; moreover, the phase is nearly 

randomized in a few spots mainly associated with vegetative land cover while the phase 

fringes are preserved well on the dam structure and other persistent like structures. 

For case A with ΔN = -100, the phase of the simulation interferograms for Blue 

Springs Dam is shown in Figure 5.6a (i.e. noisy scenario) and Figure 5.6b (i.e. low-noise 

scenario). We looked at the phase fringes (i.e. a 2π change of phase), and computed a fringe 

distance, as shown in Table 5.3, to be about 87 m, which agrees well with the theoretical 

value of about 87.1 m since the distance of 1 pixel is about 0.75 m. The phase ramp 

direction of negative agrees with the theory as presented in Chapter 3. 

For case B with ΔN = 100, the phase of the simulation interferograms for Blue 

Springs Dam is shown in Figure 5.7a (i.e. noisy scenario) and Figure 5.7b (i.e. low-noise 

scenario). We looked at the phase fringes (i.e. a 2π change of phase), and computed a fringe 

distance, as shown in Table 5.3, to be about 87 m, which agrees well with the theoretical 

value of about 87.1 m since the distance of 1 pixel is about 0.75 m. The phase ramp 

direction of positive agrees with the theory as presented in Chapter 3. 
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For case C with ΔN = 0 and -100 for various regions, the phase of the simulation 

interferograms for Blue Springs Dam is shown in Figure 5.8a (i.e. noisy scenario) and 

Figure 5.8b (i.e. low-noise scenario). We looked at the phase fringes (i.e. a 2π change of 

phase) in the ΔN = -100 region, and computed a fringe distance, as shown in Table 5.3, to 

be about 87 m, which agrees well with the theoretical value of about 87.1 m since the 

distance of 1 pixel is about 0.75 m. The phase ramp direction of negative agrees with the 

theory as presented in Chapter 3. 

For case D with ΔN = 0 and 100 for various regions, the phase of the simulation 

interferograms for Blue Springs Dam is shown in Figure 5.9a (i.e. noisy scenario) and 

Figure 5.9b (i.e. low-noise scenario). We looked at the phase fringes (i.e. a 2π change of 

phase) in the ΔN = 100 region, and computed a fringe distance, as shown in Table 5.3, to 

be about 87 m, which agrees well with the theoretical value of about 87.1 m since the 

distance of 1 pixel is about 0.75 m. The phase ramp direction of positive agrees with the 

theory as presented in Chapter 3. 

Overall, this project was successful in simulating SLCs and interferograms of the 

MU GBIR.  

 

Table 5.3. Fringe range results are presented. There was 116 pixels for each fringe. 

 

Theoretical R2π Simulated R2π ΔN Phase Ramp Direction 

87.1 m 87.0 -100 Positive 

87.1 m 87.0 +100 Negative 
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(a)  

(b)  

 
Figure 5.6. Simulation interferogram, Inf, phase for Blue Springs Dam is shown in RADAR coordinates. 

Noisy (a) and low noise (b) scenarios for case A are shown. 
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(a)  

(b)  

 
Figure 5.7. Simulation interferogram, Inf, phase for Blue Springs Dam is shown in RADAR coordinates. 

Noisy (a) and low noise (b) scenarios for case B are shown.  
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(a)  

(b)  

 
Figure 5.8. Simulation interferogram, Inf, phase for Blue Springs Dam is shown in RADAR coordinates. 

Noisy (a) and low noise (b) scenarios for case C is shown. 
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(a)  

(b)  

 
Figure 5.9. Simulation interferogram, Inf, phase for Blue Springs Dam is shown in RADAR coordinates. 

Noisy (a) and low noise (b) scenarios for case D is shown.  
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CHAPTER 6. CONCLUSION & FUTURE WORK 

 

 

6.1 Conclusion 

I successfully simulated SLCs and interferograms of the MU GBIR system for our 

test site (i.e. Blue Springs Dam, Missouri). Using the methodology in chapter 3, we 

simulated interferograms for each refractivity change case (i.e. A, B, C, and D) and noise 

scenario (i.e. noisy, and low noise). The noisy-scenario large-scale phase trends are similar 

to the low-noise scenarios. The simulation capability of setting the refractivity could allow 

investigate of atmospheric effects in a controlled manner. In addition, the simulation can 

give a potential preview of the MU GBIR imagery before physically going to a site; 

furthermore, this can allow one to attempt to pre-choose a radar position before fielding 

the MU GBIR. 

  

6.2 Future Work 

For future work, an exhaustive investigation of simulation parameters and their 

effects on the simulation results could be investigated. Deformation effects could be 

investigated through simulation. Additional study sites could be investigated.   



 37 

CHAPTER 7. BIBLIOGRAPHY 

Curlander, J. C., and R. N. McDonough (1991), Synthetic Aperture Radar: Systems and 

Signal Processing, 647 pp., John Wiley, New York, 1991.  

Cherukumilli, S. (2012). GBIR Crosstalk Reduction of Fully Polarimetric Data from Blue 

Springs Dam. University of Missouri Master Thesis.  

Deng, H. (2012). Ground Based Interferometric RADAR Initial Look at Longview, Blue 

Springs, Tuttle Creek and Milford Dams. University of Missouri Master Thesis.  

Elachi, C. (1982), Radar images of the Earth from space, Sci. Am., 247(12), 46-53, 1982.  

Elachi, C., (1987), Introduction to the Physics and Techniques of Remote Sensing, 4, 13 

pp., John Wiley, New York, 1987.  

Elachi, C. and J. van Zyl (2006). Introduction To The Physics and Techniques of Remote 

Sensing, 2nd Edition. John Wiley & Sons, Inc., April 2006, 619 p., ISBN: 978-0-471-

47569-9  

GAMMA Remote Sensing AG (2011). GAMMA Portable Radar Interferometer II 

(GPIR-II), GAMMA Remote Sensing AG, Switzerland. Website: http://www.gamma-

rs.ch/ GDAL (2016). http://www.gdal.org/  

George T. (1970). Radar Cross Section Handbook. Battelle Memorial Institute, Columbus 

Laboratories, Columbus, Ohio, 678 p. Google Earth (2015). 

https://www.google.com/earth/  

Hanssen, R. (2001). Radar Interferometry Data Interpretation and Analysis, Kluwer, 

Dordrecht, 201p, 308 p.  

Kovaly, J . J. (1976), Synthetic Aperture Radar, 333 pp., Artech House, Dedham, Mass., 

1976.  

Massonnet, D.; Feigl, K. L. (1998), “Radar interferometry and its application to changes 

in the earth’s surface,” Review of Geophysics, vol. 36, no. 4, pp. 441-500.  

Prati, C., F. Rocca, A. Guarnieri, and E. Damonti (1990), “Seismic migration for SAR 

focusing: Interferometric applications,” IEEE Trans. Geosci. Remote Sens., 2 8, 627-640, 

1990.  

Raney, R. K. (1991), An "exact" wide field digital imaging algorithm, Int. J. Remote 

Sens., 13, 991-998, 1991.  



 38 

Raney, R. K., H. Runge, R. Bamler, I. G. Cumming ,and F. H. Wong (1994), “Precision 

SAR processing using chirp scaling,” IEEE Trans. Geosci. Remote Sens., 32, 786-799, 

1994.  

Richards, M. A. (2005). Fundamentals of radar signal processing. New York : McGraw-

Hill, 2005.  

Silva, T. (2002) Interferometria de imagens de radar de abertura sint´etica. Algoritmos e 

aplica¸c˜oes. Master’s thesis, Instituto Superior T´ecnico, Lisboa.  

Ulaby, F., A. Fung, and R. Moore (1986). Microwave remote sensing: active and passive. 

Volume II. Reading, Massachusetts: Addison-Wesley Pub. Co., Advanced Book 

Program/World Science Division, 1986.  

Wu, C., B. Barkan, B. Huneycutt, C. Leans, and S. Pang (1981), “An introduction to the 

interim digital SAR processor and the characteristics of the associated Seasat SAR 

imagery,” JPL Publ., 81-26, 123 pp., 1981.  

  



 39 

Appendix A. Coordinate Conversion Module 

A.1.  Overview of Coordinate Conversion Module 

The test script for the coordinate conversion module used the test parameters given 

in Table A.1. We used the test DEM shown in Figure A.1 in the test script. The DEM using 

the approximate calculation equations is shown in Figure A.2. The DEM using our 

MATLAB coordinate conversion module is shown in Figure A.3. The MATLAB module 

output is the same as the approximate calculation for all pixels except those near the 

elevation change boundaries (i.e. at the boundaries the values are interpolated across the 

boundary). 

 

Table A.1. Parameters used in Module 1 Test Script. 
Parameter Value 

MATLAB Interpolant function* TriScatteredInterp 

Earth semi major axis 6378137.0000 m 

Earth semi minor axis 6356752.3141 m 

RADAR Elevation           0 m 

RADAR Latitude              39.01410000°N 

RADAR Longitude              -94.34650000°E 

lpda 111016 m/° 

lpdo 86609 m/° 

DEM size  201 pixels by 201 pixels 

DEM pixels beyond first quadrant 2 pixels latitude, 2 pixels longitude 

DEM geodetic spacing 0.1 arc seconds 

E1 1 m 

E2 2 m 

E3 3 m 

E4 4 m 

RADAR Coordinates Start Angle 0° 

RADAR Coordinates Stop Angle 90° 

RADAR Coordinates Step Angle 0.5° 

RADAR Coordinates Start Range 50 m 

RADAR Coordinates Stop Range 450 m 

RADAR Coordinates Step Range 0.5 m 
* The MATLAB interpolation function choices are scatteredInteroplant (i.e. recommended for newer versions of MATLAB) and 

TriScatteredInterp (i.e. MATLAB 2012 and older versions).  
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Figure A.1. Test DEM shown in geodetic coordinates. 
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Figure A.2. Test DEM in RADAR coordinates using the approximate calculation equations. 

 

 

Figure A.3. Test DEM in RADAR coordinates using the MATLAB coordinate conversion module. 
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Appendix B. Local angle of incidence Module 

 

 

B.1.  Overview of Local angle of incidence Module 

             

A summary of two LOAI tests is provided here. Test 1 has the normal vector in the 

z direction (North Pole) and the radar 1-m above the North Pole (i.e. 0° angle). Test 2 has 

the normal vector in the z direction (North Pole) and the radar at 90° angle from the normal 

vector. The test parameters used in the Local angle of incidence module are listed in 

Table B.1. Module outputs compared to theoretical values are listed for the test script in 

Table B.2. 

        
Table B.1. Parameters used in Module Test Script are listed. 

Parameter Values (Case 1) Values (Case 2) 

Earth semi major axis 100.0000 m 100.0000 m 

Earth semi minor axis 100.0000 m 100.0000 m 

RADAR Latitude 90.0000°N 80.0000°N 

RADAR Longitude 0.0000°E 90.0000°E 

RADAR Elevation 1.0000 m 1.5427 m 

 
Table B.2. Module outputs compared to theoretical values are listed for the test script. 
Case Module Output θ Theoretical Value θ 

Test 1 0° 0° 

Test 2 90° 90° 
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Appendix C. Land type Conversion Module 

C.1. Overview of Land Type Conversion Module 

The test script for the coordinate conversion module used the test parameters given 

in Table C.1. We used the test Land type shown in Figure C.1 in the test script. The Land 

type using the approximate calculation equations is shown in Figure C.2. The Land type 

using the MATLAB Land type conversion module is shown in Figure C.3. The MATLAB 

module output is the same as the approximate calculation for all pixels except those near 

the elevation change boundaries (i.e. at the boundaries the values are interpolated across 

the boundary). 

Table C.1. Parameters used in Module Test Script. 

Parameter Value 

MATLAB Interpolant function* TriScatteredInterp 

RADAR Elevation           0 m 

RADAR Latitude              39.01410000°N 

RADAR Longitude              -94.34650000°E 

lpda 111016 m/° 

lpdo 86609 m/° 

Land type size  201 pixels by 201 pixels 

Land type pixels beyond first quadrant 2 pixels latitude, 2 pixels longitude 

Land type geodetic spacing 0.1 arc seconds 

T1 1 m 

T2 2 m 

T3 3 m 

T4 4 m 

RADAR Coordinates Start Angle 0° 

RADAR Coordinates Stop Angle 90° 

RADAR Coordinates Step Angle 0.5° 

RADAR Coordinates Start Range 50 m 

RADAR Coordinates Stop Range 450 m 
* The MATLAB interpolation function choices are scatteredInteroplant (i.e. recommended for newer versions of MATLAB) 

and TriScatteredInterp (i.e. MATLAB 2012 and older versions).  
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Figure C.1. Test Land type shown in geodetic coordinates. 
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Figure C.2. Test Land type in RADAR coordinates using the approximate calculation equations. 

 

 

Figure C.3. Test Land type in RADAR coordinates using the MATLAB coordinate conversion module. 
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Appendix D. Thermal Noise Module 

 

 

 

 

D.1.  Overview of Thermal Noise Module 

In MATLAB, we can produce the complex thermal noise signal by generating a 

Gaussian distribution with zero mean and unit variance for the I and Q parts. Figures D.1, 

D.2, and D.3 below show the results of the complex thermal noise signal using this module. 

Table D.1 shows the theoretical and estimated parameters values used in module test script. 

 

  

 (a) (b) 

Figure D.1. (a) Noise voltage amplitude distribution of thermal noise signal for 10000 samples (b) Noise 

voltage phase distribution from -180 to 180 degrees of thermal noise signal for 10000 samples 
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Figure D.2. Noise power in dB when the average noise power is 6 dB 

 

Figure D.3. A 10 by 10 windowing of noise power in dB when the average noise power is 6 dB     

 

 

Table D.1. Theoretical and estimated parameters values used in Module Test Script for 10000 samples. 

Parameter Theoretical Value  Estimated Value (Module Output) 

Average Noise Power 6 dB 5.9181 dB 

Rayleigh Parameter 1.4109 1.3975 

Phase Mean for Uniform Distribution 0 degrees 0.011273 degrees 
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Appendix E. System Phase Variation Module 

E.1.  Overview of System Phase Variation Module 

     In RADARs, another noise exists where the noise surrounds the carrier. This 

noise is generated in many oscillators and is known as phase noise. The phase noise is 

random with respect to the main carrier. Figure E.1 and Table E.1 shows the theoretical 

and estimated parameters values used in module test script.     

 

 

 

Figure E.1 System phase noise distribution for 1º variation. 

 

Table E.1. Theoretical and estimated parameters values used in Module Test Script  

Parameter for Uniform Distribution Theoretical Value in Degrees Estimated Value in Degrees (Module Output) 

System Phase Mean   0 -0.0034019 

System Phase Minimum  -0.5 -0.49993 

System Phase Maximum   0.5  0.49967 
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Appendix F. Modeled Signal Module 

 

 

 

 

F.1.  Overview of Modeled Signal Module 

The modeled signal voltage envelope is Rayleigh distributed and the signal phase 

is uniformly distributed as shown for SLC 1 in Figure F.1. Phase angle distribution is 

shown in F.2 for each test image (SLC1 and SLC2). Table F.1 shows the theoretical and 

estimated parameters values used in module test script.     

 

 

 

Figure F.1 Signal voltage amplitude and phase distribution for SLC 1. 
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Figure F.2 An image representation of phase angle distribution for SLC 1 and SLC 2 

 

 

(a)                                                                                   (b) 

Figure F.3 (a) Angle in degrees of SLC 1 multiplied by the conjugate of SLC 2. (b) A 10 by 10 windowing 

of SLC 1 multiplied by the conjugate of SLC 2. 

 

Table F.1. Theoretical and estimated parameters values used in Module Test Script for 10000 samples 

Parameter  Theoretical Value  Estimated Value (Module Output) 

SLC 1 
Rayleigh Parameter 0.074162 0.073878 

Phase Mean 0 degrees -0.28081 degrees 

SLC 2 
Rayleigh Parameter 0.074162 0.074022 

Phase Mean 0 degrees -0.39841 degrees 

Average SLC1*conj(SLC2) Phase 30 degrees 30.0362 degrees 
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Appendix G. USGS DEM file processing 

 

DEM files are downloaded from USGS official website (http://nationalmap.gov/ 

viewer.html) as an .img file. Using the viewer, we draw a box, which covers the dam. In 

the viewer, we click the corresponding .img file from the cart on the left side of the screen 

download the file.  

The tool we use to convert .img to .tif file is called GDAL and it can be downloaded 

from the link provided (http://www.gisinternals.com/sdk/). We choose the version of 

MSVC2010 (Win32) and installed according to the instructions. The converting scripts can 

be downloaded from the website (http://gisdata.usgs.gov/website/USGS_Raster 

_Conversion_Scripts.zip) as well. 

We convert the .img files to GeoTIFF files (i.e. *.tif) using GDAL. After having 

the .tif file, we crop the DEM to a desired size and this small area should cover the whole 

dam area. The cropped area is determined by the bounding box with the locations of its 

upper left and lower right points. The scripts are shown below for each site. 

Blue Springs: ned19_n39x25_w094x50_mo_jacksonco_2006.img 
 

cd C:\mu_file\teaching\classes\ece8730_radar\prj_info\DEM\USGS_Raster_Conversion_Scripts\IMG_Source 

 

GDAL_IMG_2_GeoTIFF C:\mu_file\research\res_prjts\ms_satya_nandigam\demdata\bluesprings\ned19_n39x25_w094x50_mo_jacksonco_2006.img 

C:\mu_file\research\res_prjts\ms_satya_nandigam\demdata\bluesprings\ned19_n39x25_w094x50_mo_jacksonco_2006.img_geotiff.tif 

 

cd C:\mu_file\research\res_prjts\ms_satya_nandigam\demdata\bluesprings 

 

GDAL_translate -projwin -94.3476 39.0191 -94.3274 39.0086 ned19_n39x25_w094x50_mo_jacksonco_2006.img_geotiff.tif bluesprings_full_crop.tif 

 

 

 

 

 


