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ABSTRACT 

 Synthetic aperture radar (SAR) is an invaluable part of the overarching information, 

surveillance, and reconnaissance (ISR) architecture. Traditional SAR elements, 

particularly aircraft and satellites, are detached from the consumers of SAR imagery. SAR 

imagery as a product is produced via the relative motion between the radar and the 

scattering centers of the target of interest. Thus, simulation is conducted to determine 

whether it is possible to develop a SAR system that can be used for imagery on the 

consumer level. Arbitrary rigid object motion autofocus (AROMA) simulates the pitch and 

roll of a surface vessel by way of a physical signal model designed to include both 

translational and rotational motion. AROMA uses this method to mitigate phase errors 

induced by target motion and generate images as though the target remained stationary, 

lending significant utility for maritime target identification. The validity of AROMA as a 

means of imagery production is evaluated through simulation of a SAR system with 

AROMA as an image processer, against a target experiencing varying sea state conditions. 
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I. INTRODUCTION 

Intelligence, surveillance, and reconnaissance (ISR) systems used by the 

intelligence community (IC) provide decision makers and warfighters the ability to 

determine the capabilities, patterns of life, and orientation of possible threats with high 

fidelity. However, the landscape of current ISR systems is far removed from the platforms 

and combatants that rely on this information to identify targets and develop firing solutions. 

In naval warfighting doctrine, particularly in the fire control and weapons systems 

disciplines, the concept of the detect-to-engage (DTE) sequence is considered a 

cornerstone of successful threat mitigation: the shorter the time from detection to 

engagement, the more likely it is for a platform to successfully neutralize any threat within 

an area of operation. The faster and more accurate the detection part of this sequence can 

be conducted, directly translates to a higher probability of defeating threats. Current pre-

planned responses (PPR), that include the DTE sequence, rely heavily upon organic 

systems, (i.e., radar), to identify targets due to the immediate collection and interpretation 

of information. Immediate identification and warning of threats are the main mission of the 

intelligence community and are essential in ensuring the proper targets are identified and, 

when necessary, are neutralized. 

Without the use of ISR, the amount of information available to a naval surface 

combatant is limited primarily to location, heading, and speed as determined via several 

radar systems and on-board processing. However, with the leveraging of ISR, the 

information available to decision makers is robust. Overhead imagery satellites are a key 

part in assessing possible threats, and while they are not readily available as a controllable 

resource to the average surface combatant, overhead imagery is a decision-making 

advantage, nonetheless. However, due to the nature of the orbits within which these 

satellites operate, these assets are limited to specific targets over specific periods of time 

to manage competing intelligence requirements. In that respect, the surface combatant is 

left mostly without access to these types of tools for decision making and will only be given 

the product of these systems in a time delayed fashion. 
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There is a need to provide as much information to surface combatants as quickly as 

possible. To do so, this research seeks to answer whether a system can be developed to 

deliver this type of information to the surface combatants more rapidly and be under the 

control of those individuals who would be responding to threats in the DTE sequence. 

Currently, the fastest way to do so is to use maritime patrol and reconnaissance aircraft that 

will fly different missions to gather different types of intelligence, not limited to but 

including, imagery. However, this method of imagery collection comes at a cost and is 

usually not within the control of an individual surface combatant. This project will 

investigate whether a SAR imagery capability onboard a surface vessel is a viable option, 

and will do so in varying sea state conditions. 
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II. BACKGROUND 

This chapter establishes the foundational knowledge necessary to understand the 

operation of synthetic aperture radar (SAR). The phenomenon of reflection, refraction, and 

diffraction are defined as likely scenarios of what ultimately occurs when any radar is 

operated, including SAR. Next, this chapter discusses the interactions between radio waves 

and the environment. The radar range equation (RRE) is introduced as an extension of 

understanding the propagation of radio waves as specifically applied to the transmission 

and receipt of radar emissions. Once a working knowledge of the RRE is established, this 

chapter then discusses the basic geometry and operating modes of SAR as well as the 

process in which SAR and inverse synthetic aperture radar (ISAR) imagery is formed. 

Furthermore, the mechanics of how the AROMA code mimics the motion of the ocean as 

it affects the roll, pitch, and yaw of a vessel via a power law random process are discussed. 

A. RADAR FUNDAMENTALS 

As an advanced application of a radar, SAR is an asset that allows for higher fidelity 

of target and threat recognition for decision makers and warfighters. SAR at its core 

develops images using wideband echoes at different positions through relative movement 

between the target and the collector [1]. To understand SAR, a deep understanding of radar 

fundamentals is necessary. 

Radar, as a means of understanding an operational environment and possible threat 

layout, is an essential aspect of military operations. As described in Principles of Modern 

radar Volume 1, radar is an electrically driven system that uses the radio frequency part of 

the electromagnetic (EM) spectrum to transmit radio waves towards an intended target or 

environment, and in doing so, a radar can fulfill three fundamental functions: find targets, 

track targets, and in the case of SAR, develop imagery [2]. Once these waves are 

transmitted, the reflection of these waves against targets is collected via a receiver and 

processed to a display that conveys whether there is a positive return or negative return. 

Radars can operate across the entire radio frequency part of the EM spectrum from ELF 

(0--300 Hz) to EHF (30--300 GHZ). [2] 
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In the radio frequency portion of the EM spectrum, the emissions that are 

transmitted are fundamentally the same as other parts of the spectrum and are simply just 

waves of energy. This energy is characterized by an electric field and magnetic field 

orthogonal to each other moving in the direction of propagation as the wave moves through 

free space [3]. Based upon the frequency, these waves can be classified as ground waves, 

space waves, or sky waves susceptible to three types of disturbances: reflection, refraction, 

diffraction [3]. For the purposes of this discussion, disturbances will be attributed to an 

individual classification of waves for simplicity. 

Of these disturbances that radio waves experience, reflection is the fundamental 

disturbance that allows for a radar to detect a signal return from an unknown object for 

follow on processing such as developing imagery. Reflection is the process by which an 

EM wave interacts with a dense environment and returns energy back towards the 

transmitter. In the EM wave propagation through the atmosphere, reflection happens  

most commonly in the ionosphere, 50–400 miles above the surface of the Earth [3]. The 

ionosphere is made up of charged particles that interact with ultraviolet radiation from the 

sun whereby the electrons in the outer shell of these particles are excited to a higher energy 

state in a process known as excitation. The excitation of charged particles makes the 

ionosphere denser and increases the rate of reflection EM waves encounter. Although  

there is not a singular start and end point to the range of frequencies that are affected  

by ionospheric reflection, this phenomenon usually affects medium frequency to low  

very high frequency waves [3]. Although all waves are susceptible to reflection, in radio 

wave propagation sky waves are normally the bulk of observable points of this type of 

interaction [3]. 

While reflection is an essential part of the operation of radar, when a radar transmits 

a signal through a medium this signal is not transmitted solely in a straight line. Reflection 

primarily occurs when the ionosphere contains more charged particles. However, when 

these charged particles are no longer experiencing excitation due to the solar UV rays, 

refraction is more likely to occur. Refraction is when a wave bends through a medium that 

has a different density than the originating medium [3]. This phenomenon is governed by 

Snell’s law, which states that when there is a difference in the density of two medias, a 
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wave propagating through one medium to another will have an incident angle and refracted 

angle proportional to each other via the sine trigonometric function as seen in Figure 1. As 

a wave propagates through differing layers of the atmosphere with differing densities and 

indexes of refraction, the wave will bend. The main effect of this phenomenon is that it is 

possible to extend radio wave transmissions farther than they would normally be capable 

of and is commonly exploited for long range high frequency communications [3]. 

 
Figure 1. Path of a ray through a horizontally stratified atmosphere.  

Source: [2, Fig. 4–11].  

Where refraction is the bending of waves in different media, which affects the travel 

of a radar return, diffraction is also seen as a bending of waves that affects both the 

transmission and return of radar emissions. Diffraction is when a wave curves around the 

edges of obstacles and can even spread into areas considered shadow zones where there is 

a complete absence of these waves in [2]. Diffraction happens most commonly with lower 

frequencies that propagate as ground waves as they interact with large physical 

obstructions similar in size to their wavelength [3]. This phenomenon is depicted in Figure 

2 and Figure 3. 
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Figure 2. Illustration of virtual sources for diffraction around an obstacle. 

Source: [2, Fig. 4–24]. 

 
Figure 3. Geometry for diffraction into shadow zones.  

Source: [2, Fig. 4–25]. 

B. RADAR RANGE EQUATION  

Although the function may be different, all radars are governed by the same laws 

of physics, and ultimately the same fundamental equation. The equation governing the 

ability of a radar to detect a target is the radar range equation (RRE), which describes the  
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signal to interference ratio (SIR) [2] of the radar. The SIR is the ratio of the total target 

signal power over all interfering signal power, and this value is more commonly written as 

the signal to noise ratio (SNR), as seen in the following equation from [2] where SNR is 

defined as  

    , 
 (1.1) 

where  

SNR = Signal to Noise Ratio, 
Pt = Power of the Transmitter, 
Gt = Gain of the Transmitter, 
Gr= Gain of the Receiver, 
λ = Wavelength of the transmitted signal, 
σ = radar cross section of the target, 
np= Number of pulses coherently combined, 
R = One way Range between radar and target, 
k = Boltzmann Constant,  
T0 = Standard Temperature, 
F = Noise Figure, 
B = Bandwidth of the signal, 
Ls = Total losses. 

C. SAR GEOMETRY 

A radar used for finding and tracking can be most easily described in two 

dimensions from platform to target. In the case of SAR, there is more geometry involved 

to develop images with enough resolution to be usable. Resolution in this case refers to 

coherently processed received signals to develop a usable image for human interpretation. 

Thus, the higher the resolution, the clearer the image [1]. 

1. Azimuth and Range Resolution 

Jiaguo Lu of the East China Research Institute of Electronic Engineering in the 

2019 publication “Design Technology of Synthetic Aperture Radar” discusses the two-

dimensional image resolution of a target in terms of range and azimuth resolution [1]. 
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Range resolution can be thought of as the distance between two clearly identifiable points 

along an arbitrary horizontal axis, as a function of the difference in the arrival times  

of a leading edge and trailing edge of pulse echo [1]. Range resolution is governed by 

Equation 1.2 

    ,  (1.2) 

where  

∆Rg = range resolution, ground 
∆Rs = range resolution, slant 
c= light speed 
η = incident angle between the antenna and the ground 
tp = signal pulse width 

and where the relationship between the speed of light, signal pulse width, and angle 

between the transmitter and a horizontal axis is used. An image of this relationship is 

represented in Figure 4. 

 
Figure 4. Sketch of range resolution geometry. Source: [1, Fig. 1.1]. 

While range resolution is a function of the distance between two points, in the case 

of defining azimuth resolution, the fundamental quality of SAR is due to relative motion 

between the two targets [1]. Exploitation of this motion leads to the formation of a virtual 
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antenna array, where the physical antenna is essentially replicated to increase the field of 

effect of the propagated wave. When this phenomenon occurs, the leading and trailing 

edges of the pulse echoes discussed in the definition of range resolution are stacked 

together in phase, and compression in the azimuth direction is performed to allow for high 

resolution, as seen in Figure 5. As a collection platform moves, the radar transmissions 

illuminate a greater area as though the aperture of the radar were larger. Thus, the azimuth 

resolution can be thought of as a measure of the fidelity of the resolution caused by what 

the new synthetic array is able to detect and process, it is described in [1] by Equation 1.3 

 , (1.3)  

where 

θs= Equivalent Bandwidth of the Synthetic Aperture 
R = Range 
λ = Wavelength 
Ls = Length of the Synthetic Aperture 
D = The size of the antenna in the azimuth direction.  
 

 
Figure 5. Diagram of synthetic aperture. Source: [1, Fig. 1.2].  
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2. Slant Range vs. Ground Range vs. Cross Range 

As part of the discussion of azimuthal and range resolution, the concept of slant and 

cross range are important in understanding the function of SAR. Professor David Garren 

in [4] defines slant range as “the distance from the antenna of the collection platform to  

the center of the intended collection target.”  This means from the point in 3D space that 

the antenna is located, to the center of the target. The ground range is similar in definition 

to range resolution and is the range purely across the ground from the collector to the  

target [4]. The slant and ground range are related as depicted in Figure 6, where the 

relationship between the two is a geometric approach. The cross range is heavily used for 

the purposes of imaging and is the range orthogonal to the range direction and lies within 

the ground plane. 

 
Figure 6. SAR collection geometry. Source: [4, Fig. 4]. 

D. SAR GEOMETRY 

Due to different mission requirements that may arise, different modes of operation 

for SAR are necessary to obtain images that match the necessary specific requirements. 

Three common modes of operation to achieve these goals are strip map, spotlight, and scan. 
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1. Strip Map 

As J. Lu discusses in the Design Technology of Synthetic Aperture Radar, the 

standard and simplest mode of SAR operation is strip map mode, which uses a fixed 

antenna that is pointed toward the ground so that the beam from it draws a “strip” on the 

ground as the collector moves [1]. The size of the imaged target is related to the size of  

the ground footprint of the radiation pattern of the radar, and the limiting factor in this 

mode is the time between transmissions of two consecutive pulses, also known as the  

pulse repetition interval (PRI) [1]. A schematic of this mode of operation is provided in 

Figure 7. 

 
Figure 7. Schematic diagram of strip map SAR. Source: [1, Fig. 2.2].  

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



12 

2. Scan SAR 

Scan mode in the context of SAR is used to ensure that a wide area can be imaged. 

In this mode of operation, the transmitter initially transmits a pulse and receives the return, 

repositions, and does the same process again in a different area [1]. The strip that is formed 

by the imaging and repositioning of the SAR allows for different parallel areas to be 

scanned, and a wider area is shown in the processed image [1]. The limiting quality of this 

mode of SAR is the decrease in azimuth resolution, and the requirement that the radar 

system be able to scan multiple areas quickly [1]. 

 
Figure 8. Diagram of scan SAR mode. Source: [1, Fig. 2.6].  

3. Spotlight SAR 

Spotlight SAR mode is specifically used for imaging a small area with very high 

resolution [1]. The increased resolution in both the range and azimuth domains is achieved 

by creating a synthetic aperture and focusing on a small target region for an extended period 

[1]. In a spotlight mode of operation, the collection platform maintains a straight-line path 

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



13 

and steady speed while the antenna array is pointed directly at the target [2]. A significant 

limit on the performance of the spotlight mode of operation occurs during situations where 

a longer collection period may be needed to image a specific target. The increased 

collection period then comes at the risk of erroneous returns from other regions along the 

specific flight path that may not contribute to a quality image of the target [2]. 

 
Figure 9. Diagram of spotlight SAR mode. Source: [1, Fig. 2.4].  

E. SAR/ISAR IMAGERY FORMATION 

Chen and Martorella discuss the fundamentals of ISAR imagery formation in their 

work “Inverse Synthetic Aperture Radar Imaging: Principles, Algorithms and 

Applications,” which will be used to lead the discussion in understanding how images are 

formed from SAR and ISAR platforms [5]. The fundamental difference between SAR and 

ISAR is the motion of the collector and target. In a SAR collection scenario, the motion of 

the radar antenna as it collects against a target is what produces the synthetic aperture. In 

the ISAR case, the roles are reversed such that target motion relative to the collector is 
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what causes the synthetic aperture. As will be discussed later in Chapter III, this thesis uses 

a scenario where both the collection platform and targeted platform are moving. However, 

the effects of the sea state do not affect the collection platform and therefore this scenario 

will be considered as an ISAR imagery scenario for the sake of discussion. 

1. Doppler Effect 

The first concept to introduce present in the formation of ISAR imagery is the 

Doppler effect [5]. The Doppler effect occurs when a radar transmits a signal towards a 

moving target, which causes the frequency of the received signal to be shifted from the 

frequency of transmission [5]. This shift in frequency is measured primarily in the 

frequency domain by taking the Fourier transform of the signal [5]. This allows for the 

shift in frequency to be easily identified via a view of the peaks and valleys present on a 

frequency domain graph commonly referred to as a Fourier spectrum plot. As mentioned 

in [5], the peak in the Fourier spectrum indicates the frequency shift that is caused by the 

velocity of the target movement, and for there to be accurate tracking of the target from the 

collecting radar transmitter, the transmitter must be driven by a highly stable source to 

assure that the received signal will be processed coherently. 

The Doppler frequency shift [5] can be expressed in terms of the transmitter 

frequency, the target velocity with respect to the radar, and the speed of light as 

  , (1.4)  

where 

• 𝑓𝑓𝐷𝐷= Doppler Frequency Shift 

• 𝑓𝑓 = Carrier Frequency 

• v(t) = Target Velocity 

• c = Speed of Light. 
 

As it relates to the formation of imagery, the frequency shift caused by the Doppler 

effect from the relative motion of the target creates an image referred to as the motion 

induced image [5]. 
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F. SIMULATED MOTION 

As a means of developing SAR images, this thesis uses MATLAB code to simulate 

the motion of a surface vessel caused by varying sea states using a power law random 

process. These sea states are categorized numerically and will be discussed further. 

However, the effects specifically studied for the purposes of developing imagery are the 

roll, pitch, and yaw caused by these sea states. 

1. Power Law Random Process and Phase Error 

In [8] Garren discusses the methodology used to create arbitrary motion within the 

AROMA code. Based upon the works of Jakowatz in [9] and [10], AROMA uses a power 

law pseudorandom process to simulate the movement of a rigid target, which in the case 

of this thesis is modeled after a military naval vessel. Specifically in AROMA, the code is 

written to induce complicated non-linear rotational and translational motion to produce 

appropriate SAR smears for image formation [8]. AROMA then applies a physical signal 

model of both the rotation angles and the distances between points arising from the motion 

between the target and imaging radar [8]. 

Jakowatz discusses in [10] that the image formed from SAR imaging is produced 

as a function of the phase errors. These phase errors according to Jakowatz are typically 

modeled as power law random processes, whose characteristic function has a spectral 

density in the form of a decaying exponential [10]. While a discussion of the working 

mechanism of the power law random process is better served in a mathematics context, the 

application comes into play with this thesis in the sense that high frequency phase error 

functions are modeled closely using a power law process [10]. Figures 10 and 11 provide 

a physical view in the Fourier domain as to what the power law phase errors produce in an 

image, as compared to the impulse response of the image. In Figure 10, the simulated phase 

error for an image following a power-law spectral characteristic is provided as a function 

of aperture position, effective range, and phase error in radians. In Figure 11, the dashed 

line represents the impulse response for the image degraded by the power law phase error 

function of Figure 10. The solid line is the impulse response of the original image without 

phase errors. 
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Figure 10. Simulated phase error with power-law spectral characteristics. 

Source: [10, Fig. 4.10].  

 
Figure 11. Diagram of impulse response vs. power law phase error function. 

Source: [10, Fig. 4.11].  
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2. Sea State Conditions 

The final component for simulating motion properly is to understand the effects 

that the conditions of the ocean have upon a surface vessel. The state of the ocean is 

commonly referred to as sea states, with the National Weather Service providing a 

numerical designator to varying conditions [11]. Common operating conditions separate 

from operating in a storm are nominally around sea state 4 and below, as it is in the best 

interest of operational vessels to avoid operating in more perilous conditions for both 

structural and personnel safety. 
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III. DESIGN METHODOLOGY 

Chapter III discusses the approach to answering the research question “is it possible 

to develop a SAR system that can be used for imagery on board U.S. naval vessels?” To 

do so, this chapter discusses two phases of the experiment used to build a framework of 

what a SAR imagery system for U.S. naval vessels could be. The first phase used the 

AROMA code to simulate two surface combatants moving across a sea state condition that 

provided zero roll, pitch, or yaw angles on the target. The second phase used the AROMA 

code to develop this collection situation further by investigating the effects on imaging 

caused by the roll, pitch, and yaw angles from sea state 0 to sea state 4. 

A. IMAGE FORMATION IN CALM SEAS 

The initial phase of this experiment primarily consisted of the scenario set up for 

the second portion of the experiment. Prior to discussion of the initial parameters set, for 

the sake of experimentation there are certain factors of developing and simulating a 

potential SAR/ISAR capability that are not studied in this thesis. First, there is no 

discussion about the possible physical characteristics of this system to include antenna 

type, antenna size, and possible power consumption. Additionally, this experiment assumes 

a cooperative electromagnetic environment, and does not take into consideration any 

specific modulation schemes for transmission and receipt. Changes in frequency, target 

placement, and background clutter are also not discussed within this experiment. This 

experiment is focused solely on the efficacy of this capability being able to exist and not a 

measure of how to make performance improvements. 

1. Target Development 

The target used in this case was modeled after a standard U.S. naval vessel, with 

equidistant scattering centers. The scattering centers were fed into a three-dimensional 

matrix with varying intensities to mimic the size and orientation of a surface vessel. The 

target was placed at a down range of 50m and cross range of 100m from the collector. In 

Figure 13, the overhead view of the simulated vessel is shown, with the collection of 
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scattering centers in the center representing the mast of the vessel. The vessel in question 

is modeled after the shape and size of an average U.S. naval surface combatant. 

 
Figure 12. Simulated target scattering centers in the form of a surface vessel.  

2. Sensor Parameters 

The sensor parameters used for this experiment were chosen to give the sensor as 

close to a realistic design as possible and are provided in Table 1. 
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Table 1. Sensor Parameters. 

Sensor Propagation Center Frequency 16.8 GHZ 

Collection Platform Speed 15 m/s (~30 kts) 

Propagation Ground Mid-Range 3000 m 

Sensor Elevation 30 m 

Elevation Angle 0 deg 

Squint Angle 0 deg 

Direction of Propagation Right 

Bandwidth 1.6 GHZ 

Number of Frequency Samples 2000 

Time duration 8 sec 

Number of Waveforms 8000 

 

The choice of the frequency to be 16.8 GHZ is such that any images produced will 

be high fidelity, as well as protected from possible electromagnetic interference due to the 

protected nature of EHF transmissions. Additionally, the choice of the speed of the 

collection platform, and sensor height, are in line with typical vessel speeds and mast 

heights from operational experiences. 

3. SAR Images in Calm Seas 

The use of the phrase “calm seas” as it relates to the development of SAR images 

for the purposes of this thesis will consist of the formation of a SAR image in sea state 0. 

The assumption for this phase of the experiment is that there is no change to the roll, pitch, 

or yaw in the formation of the image. 
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B. IMAGE FORMATION IN VARYING SEA STATES 

Using the standards provided in [11], several assumptions were made to delineate 

different sea states based on the roll and pitch angles. First, there was a central peak to the 

sea state waves on the roll and pitch. Second, as discussed in Armin W. Dorry’s “Ship 

Dynamics for Maritime ISAR Imaging,” there are design specifications with which the U.S. 

Navy designs their ships to [12]. Dorry states that typical pitch angles for sea state 4 are 

between one and two degrees, and roll angles are in the single digits in sea state 4 and 

below [12]. However, these values are not clearly attributed to the type of ship, therefore 

surveys of anecdotal experiences were collected from peers of the researcher, and ranges 

of angles were determined for roll and pitch based on sea states. Table 2 delineates the roll 

and pitch angles from sea states 0 to 4 that were used for this thesis. 

Table 2. Roll and Pitch Angles for Sea States 0 to 4. 

Sea State Roll Angle Pitch Angle 

0 <1 Degree <2 Degrees 

1 <2 Degrees <4 Degrees 

2 <5 Degrees <10 Degrees 

3 <10 Degrees <20 Degrees 

4 <20 Degrees <30 Degrees 
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IV. EXPERIMENTAL RESULTS 

Chapter IV discusses the experimental results of the two phases of experimentation. 

In the first phase of results, the output of the AROMA code SAR imagery against the 

simulated target in sea state 0 is provided. In the second phase of results, the simulated 

target was given a roll and pitch analogous to varying sea conditions. The AROMA 

software is then applied to the images produced in phase two, to investigate the proficiency 

of the refocusing algorithm and its possible proficiency in operational use.  

A. PHASE ONE—IMAGE FORMATION CALM SEAS (SEA STATE 0) 

Image formation in calm seas produces the clearest results in image formation as 

expected. In Figure 14, the target yaw angle is represented. Due to yaw in the context of 

ship motion being the rotation about a central axis, the yaw angle is directly related to the  

ship heading in the results. As represented in Figures 15 and 16, the magnitude of the pitch 

and roll angles are minimal which in turn do not affect the output of the SAR image in an 

appreciable way. In Figure 15, using the power law pseudorandom process, the target roll 

due to the sea state was developed in a way that provides maximum roll angles of 2 degrees 

in line with the sea state determinations discussed previously. In Figure 16, the same is 

done for pitch. Figure 17 shows the default image created with no roll and pitch, and 

subsequently Figure 18 shows the difference when there is a slight roll and pitch angle still 

within the sea state 0 bounds to serve as a benchmark for image quality.  

An aggregate representation of iterations one, five, ten, and fifteen of the AROMA 

image refocusing process is shown in Figure 19. As expected, in the later iterations of the 

AROMA process the image sharpness increases and the scattering centers are more clearly 

defined. The linear phase terms 𝜇𝜇, 𝜈𝜈, and 𝜁𝜁 are represented in Figures 20, 21, and 22, 

respectively. As described in [8] µ is the linear phase term that gives a cross range shift 

varying with ground down range, ν is the linear phase term that measures the warping effect 

with respect to the ground cross range, and 𝜁𝜁 is the linear phase term that is responsible for 

an offset in the cross range of the refocused image. These terms are represented across four 

iterations of the AROMA image refocusing processes. In each case, as the number of 
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refocusing iterations increases, the estimated value of these terms approaches the real value 

of the shifts as measured from the simulated target produced image. As the magnitude of 

the roll and pitch angles in sea state 0 are nearly zero, the linear phase shifts therefore are 

easily trackable. Due to yaw being directly related to the heading of the target, the 

representation of yaw depicted in Figure 14 will serve as the default for further imagery 

runs. 

 

Figure 13. Sea state 0 yaw.  

 

Figure 14. Sea state 0 roll angle.  
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Figure 15. Sea state 0 pitch angle.  

 
Figure 16. Default view of the target via SAR, absent from the  

effects of roll and pitch. 
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Figure 17. SAR image of target during sea state 0.  

 

Figure 18. Sea state 0 AROMA image reformation iterations  
one, five, ten, and fifteen.  
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Figure 19. Sea state 0 linear phase term 𝜈𝜈 for iterations  
one, five, ten, and fifteen.  
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Figure 20. Sea state 0 linear phase term 𝜇𝜇 for iterations  
one, five, ten, and fifteen. 
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Figure 21. Sea state 0 linear phase term 𝜁𝜁 for iterations  
one, five, ten, and fifteen. 

B. PHASE TWO—IMAGE FORMATION SEA STATES 1 TO 4

With the introduction of pseudorandom movement that shifts the placement of the

scattering centers as the roll and pitch of the target are increased, the produced images 

become blurred. In sea states 1 and 2, the magnitude of these angles is not enough to create 

a substantial amount of obscurity. At sea state 3, the motion of the scattering centers is 

great enough to produce noticeable and substantial smearing in the image chip. This 

smearing physically translates to parts of the forward and rear parts of the ship wrapping 

in on themselves. While not usable for operational applications that require a fine level of 
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precision, a cursory glance at the image would be enough to determine that there is what 

appears to be a ship-like structure.  

Upon the application of AROMA, the SAR images produced for each sea state 

show an improved level of focus as is intended by the software. In sea state 1, after full 

image propagation and refocusing, the SAR image in Figure 25 very closely matches the 

image of the simulated target in Figure 13. In sea state 2, a similar outcome is observed 

albeit with a minimal amount of smearing in the figure. Finally, in sea state 3, the 

improvement from AROMA is seen most effectively. There is still a noticeable amount of 

smearing, the autofocus localizes the scattering centers to a point where the form of the 

simulated target is more readily viewed.  

1. Sea State 1 Image Formation 

In sea state 1, the magnitude of the roll and pitch angles is minimal as compared to 

sea state 0. These angles are represented in Figures 23 and 24, respectively. There is  no 

significant change in the quality of the SAR image produced between sea states 0 and 1, 

with the horizontal smearing still present as observed in Figure 25. In this sea state, the 

overall shape of the target is still present. Figure 26 shows the result of AROMA image 

refocusing, where the horizontal smearing is greatly reduced. This is further evidenced in 

Figure 27, as iterations one, five, ten, and fifteen show the improvement between AROMA 

refocusing trials. The linear phase shift term 𝜈 is first represented in Figure 28, and while 

the estimated and true values of 𝜈 do not match perfectly, the later iterations begin to take 

the form of one another. Described differently, in the initial image formed the true value 

of the linear phase shift value is noticeably different than what the AROMA program uses 

for image reformation. As the AROMA program continues to sharpen the image, the 

simulated value of the linear phase shift approaches the true value. Figure 29 shows the 

linear phase shift term 𝜇, and in the later iterations the estimation follows the true value 

closely. Figure 30 is the plot for the linear phase shift term 𝜁, and by iteration fifteen, the 

estimated value is very close to the true value. The iterative approach used by AROMA 

draws the estimated value that is used for image refocusing closer to the truth of the image, 

which when translated to a physical sense is the removal of the smearing in the SAR image. 

_________________________________________________________
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Figure 22. Target roll angle from zero to two degrees, in accordance with  
sea state 1 angle estimates. 

 
 

Figure 23. Target pitch angle from zero to four degrees, in accordance with 
sea state 1 angle estimates. 
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Figure 24. SAR image of simulated target during sea state 1 conditions.  

 

Figure 25. Sea state 1 SAR image after AROMA full image autofocus.  
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Figure 26. Sea state 1 AROMA image refocusing for iterations  

one, five, ten, and fifteen. 
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Figure 27. Sea state 1 𝑣𝑣 AROMA refocusing for iterations  

one, five, ten, and fifteen. 
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Figure 28. Sea state 1 𝜇𝜇 AROMA refocusing for iterations 

 one, five, ten, and fifteen. 
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Figure 29. Sea state 1 AROMA refocusing 𝜁𝜁 for iterations  

one, five, ten, and fifteen. 
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2. Sea State 2 Image Formation 

The values of roll and pitch angles are greater at sea state 2, as evidenced in Figures 

31 and 32. While there is a slight increase in smearing in the SAR image produced in Figure 

33, the overall quality of the image is qualitatively like sea states 0 and 1. AROMA 

refocusing as depicted in Figure 34 shows a slight decrease of smearing, with the 

improvements shown in Figure 35 over 15 iterations of refocusing. Figures 36, 37, and 38 

show the improvements of the estimated values for the linear phase shift terms like 

previous sea states.  

 

Figure 30. Target roll angle from negative four to four degrees, in accordance 
with sea state 2 angle estimates. 

 

Figure 31. Target pitch angle from zero to ten degrees, in accordance with sea 
state 2 angle estimates. 
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Figure 32. SAR image of simulated target during sea state 2 conditions.  

 

Figure 33. Sea state 2 SAR image after AROMA full image autofocus.  
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Figure 34. Sea state 2 AROMA image refocusing for iterations  
one, five, ten, and fifteen. 
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Figure 35. Sea state 2 𝑣𝑣 AROMA image refocusing iterations  

one, five, ten, and fifteen. 
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Figure 36. Sea state 2 𝜇𝜇 AROMA image refocusing iterations  

one, five, ten, and fifteen. 
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Figure 37. Sea state 2 𝜁𝜁 AROMA image refocusing iterations  

one, five, ten and fifteen. 
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3. Sea State 3 Image Formation 

Sea State 3 is the limit of this thesis research for SAR image formation due to the 

common operating conditions experienced by the researcher. The roll and pitch angles are 

increased as shown in Figures 39 and 40, respectively. The SAR image produced in Figure 

41 shows the effect that the roll and pitch have on the produced image. Due to the increased 

roll and pitch angles, heavy smearing occurs as the scattering centers are disturbed. Of 

note, there is a slight aliasing effect observed in Figure 41, which when translated 

physically can be considered as edges of the simulated target wrapping upon each other. In 

Figure 42, AROMA refocusing is represented, and while smearing still exists, the 

brightness of the scattering centers in the middle of these smears matches relatively closely 

to the original position of the scattering centers. From a qualitative perspective, it is 

possible to discern the broad shape of the simulated target out of the smears, which 

constitutes a successful use of AROMA to refocus a simulated maritime target. However, 

the quality of this refocusing is not enough to provide a clear view of the estimated target. 

Further refinement of this process may prove fruitful, as well as the inclusion of more 

scattering centers. The improvement over 15 iterations of image refocusing is represented 

by Figure 43, and the drop off in horizontal smearing is substantial. Figures 44, 45, and 46 

show the estimated vs. true values of the linear phase shift terms, and of note there are still 

vast differences between the estimated and true values of these terms in each respective 

iteration. These differences are directly related to the smearing seen in the refocused SAR 

image of Figure 42.  

_________________________________________________________
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Figure 38. Target roll angle from zero to ten degrees, in accordance with  

sea state 3 angle estimates 

 
 

Figure 39. Target pitch angle from zero to twenty degrees, in accordance with 
sea state 3 angle estimates 
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Figure 40. SAR image of simulated target during sea state 3 conditions.  

 

Figure 41. Sea state 3 SAR image after AROMA full image autofocus.  
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Figure 42. Sea state 3 AROMA image reformation for iterations  

one, five, ten, and fifteen. 
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Figure 43. Sea state 3 𝜈𝜈 AROMA image reformation for iterations  

one, five, ten, and fifteen. 
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Figure 44. Sea state 3 𝜇𝜇 AROMA image reformation for iterations  

one, five, ten, and fifteen. 
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Figure 45. Sea state 3 𝜁𝜁 AROMA image reformation for iterations  

one, five, ten, and fifteen. 
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V. CONCLUSION AND FUTURE WORK 

This thesis investigated the hypothesis of whether readily available operational 

radar parameters have merit for the possibility of producing high fidelity imagery local to 

a surface combatant. Using MATLAB code, a data-driven solution is developed in support 

of the validity of the idea of a SAR being used for imagery purposes for service on-board 

U.S. maritime vessels. This would make it possible to provide higher fidelity imagery to 

decision makers and warfighters, provided appropriate conditions for design are 

implemented, to provide as much information to the surface combatant as quickly as 

possible and under the control of these individuals. The benefit of this system being 

developed is the decrease in time between detection and engagement in the DTE sequence, 

and more rapid positive identification of threats. There are several topics within this thesis 

that can be explored in future work to expand on the potential capability as discussed in 

the previous chapters. Increased complexity with the simulation of roll, pitch, and yaw 

could prove fruitful with increased fidelity in near real-world conditions. Additionally, 

changes in propagation characteristics of the intended sensor should be experimented on 

to increase the quality of images, as well as extend the possible range of the sensor. Finally, 

upon successful computer simulation, a hardware build would prove fruitful in bringing 

the concept of organic maritime SAR/ISAR imaging capability to reality. 
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